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Promises and Problems of Mesoscale Materials Chemistry or Why Meso?


Markus Antonietti*[a] and Geoffrey A. Ozin*[b]


Introduction and Definitions


In our time, ™nano-∫ and ™meso∫-words have left the science
reservation and entered the public and political perception.
Indeed, bulk materials can be remodeled as nanomaterials
in two main ways through bottom-up chemistry and top-
down engineering-physics strategies: the first by reducing
one of their physical dimensions to the nanoscale and the
second by providing them with nanoscale porosity. When
talking about finely divided forms of bulk matter, nanoma-
terials characteristically exhibit physical and chemical prop-
erties different from the bulk, as a consequence of their
having at least one spatial dimension in the size range of 1±
100 nm. Nowhere is this better illustrated than in the emerg-
ing area of nanoclusters or quantum-dots[1] and nanowires.[2]


Solid-state properties, such as melting point and conductivi-
ty, show a strong dependence on the scale of some nanome-
ters; this has turned out to be relevant for nanotechnology
real devices and applications.


If we have ™nano∫, what is ™meso∫? Care has to be exer-
cised when asking this question. It is well known that differ-
ent materials properties, defined by physicochemical under-
lying principles, scale with the physical size with distinct
length scales in the meso region. Therefore, meso can mean
different things.


For instance, the International Union of Pure and Applied
Chemistry has imposed length scales on three different
ranges of porous materials, microporous <2 nm, mesopo-
rous 2±50 nm, macroporous >50 nm, whereby these desig-
nations strictly refer to the pore sizes and not the dimen-
sions of the material between pores.[3] So pore length scales
are set by a convention and in this context the mesoscale is
clearly intermediate between that of the microscale and
macroscale with no mention ever of nano when it comes to
pore dimensions. Meso is, however, only defined by a scale.


In soft matter science, again mesophases are ubiquitous
and become entangled in a scale of complexity when utilized
as structure-directing templates for making hard mesostruc-
tured forms of matter.[4] Again, ™nano∫ is not mentioned,
and ™meso∫ extends over a wider size range as for the
porous systems, say 2±500 nm. The nano-size, however, is
just a side aspect, as a mesophase is classified by its order
and its mode of self-organization.


Our understanding of ™meso∫ follows this model: ™meso∫
is not directly related to a length scale, but to a principle of
operation: it is ™in-between∫, that is, in-between molecular
and solid-state chemistry, in-between a molecular and a con-
tinuum approach, in-between covalent chemistry and micro-
mechanical techniques. It is where new and exciting science
is happening, which cannot be pre-described by laws on the
scale of atoms and molecules alone. It will turn out through-
out this article that this is much more than to be expected
by a scale alone, that is, ™nano∫, and this is why we use the
notation ™meso∫ throughout the next.


As this is sematics only, we prefer to move directly to the
scientifically and technologically more relevant question of:
™why meso∫? Mesostructured materials can be nowadays
routinely accessed, for instance with the right kind of supra-
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molecular approach by means of soft matter templates. It is
not the purpose of the present article to review and delin-
eate the different tools that have been recently developed to
perform materials chemistry on the mesoscale. There is al-
ready a number of papers and reviews that have described
(e.g., references [5±8]) in detail how diverse kinds of soft
matter can self-organize into different mesophases, and that
these mesophases can act as templates for creating repli-
cates made of hard matter, encompassing, for example, the
classical solid-state library of metals, semiconductors, insula-
tors, and nanoclusters, as well as soft matter agglomerates
and polymers thereof. After about ten years of intense activ-
ity in the field of making mesoscale matter, one can only
say that synthetic strategies to a wide composition and struc-
ture field are more-or-less under control, and that some idea
of property±function relations are emerging. On the other
hand, utility is still rather lacking, and the invention of meso-
porous solids, for instance, has led to intense research activi-
ty measured in thousands of papers, but not to a single real
application.


This is why we want to critically examine the evidence
and try to address the question if there is anything unique
about mesoscale materials chemistry, revealing essentially
not some type of photograph of all the details, but a sche-
matic roadmap of the field. By advancing, we will hopefully
identify the peculiarities and promises of the field, but also
try to mark some of the popular illusions and misunder-
standings.


The Tasks of Mesoscale Chemistry


Mesoscale chemistry can be defined at first as the controlled
generation of objects with characteristic features on the
mesoscale with chemical reactions and principles (™tools∫)
specific for this level of molecular assembly. It is not classi-
cal covalent chemistry to be applied on meso-objects, but
rather includes routes and chemical strategies especially de-
signed to be effective in the nano- and micro-range. Meso-
chemistry bridges the world of molecules connected by mo-
lecular bonds and the chemical engineering of micron-sized
structures (the lower end of the macro-world), such as lith-
ography, chemical vapor deposition, or coating techniques.[9]


It will turn out that ™meso∫ is indeed ™in-between∫, both in-
between the lines, fields, and the limits of the currently
™make-able∫.


Chemistry is the art of manipulating bonds, interactions,
and arrangements of atoms, groups, and components in a
controlled and reproducible fashion. But in the context of
the mesoscale, what can be meant by control?


1) Size, shape (the habitus), surface area, and curvature are
definitely something a chemist wants to control for meso-
components such as hybrids, composites, and porous sys-
tems.


2) Surface and interfacial chemistry, and texture (e.g.,
glassy, nanocrystalline, crystalline-like) are heirs from
the solid-state chemistry side, and are also key aspects to
control.


3) Mutual arrangement, morphology (from morphÿ: shape
or contour) and order are something more specific for
the mesoscale, as mesoscale structure can be orchestrat-
ed from a completely disordered to a partially ordered
to a completely ordered state of matter. The morphology
of mesoscale matter can be arranged through various
chemical and physical strategies to be finely divided par-
ticulate, fiber, film, monolith, sphere, superlattice and
patterned forms.


This gave rise to the notation ™morphosynthesis∫,[10]


which nicely catches the newly emerged possibility to syn-
thesize/control a ™morphÿ∫, with all the possibilities for ma-
terial science coupled to that.


It is appealing that modern chemistry returns with such
concepts to the very roots of its foundation. Aristoteles de-
fined ™physics∫, with a biological undertone, as the phenom-
enon that all matter is driven to adopt a form and an ap-
pearance (Scheme 1).


This concept goes well beyond the simple control of
purity and composition and is by its very core modern and
embodies the spirit of morphosynthesis. Note that classical
molecular and solid-state chemistry can be used to design a
specific geometry, but cannot provide a variation of mor-
phology nor curvature of a given structure. This is already a
first answer to ™why meso?∫.


4)
Last, but not least, it is highly desirable to control topologi-
cal defects. Defects are mostly misunderstood as the ™impur-
ities∫ of mesoscale chemistry, and just as there is no pure or-
ganic compound, there is no defect-free mesoscale system.
In fact, defects are not just impurities, as they can have a
quite strong influence on the shape and morphology of a
mesosystem, and a ™chemistry of defects∫ (= rational control
of defects) might turn into a very powerful tool in materials
chemistry as a whole. Defects in mesoscale hard matter
cannot yet be regarded as being under control. These de-
fects are not just of the classical solid-state intrinsic micro-
scale point, line, and planar kind, which are thermally popu-
lated (with a Boltzmann distribution) and abound in the
mesostructure, there are also controlled structures of higher
energy, which play a significant role in growth and form;
they may block diffusion pathways in low-dimensional
systems and can act as killer traps for charge carriers and
photons.


Scheme 1. Picture of Aristoteles× ™physics∫.
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The Importance of Mesoperiodicity and
Mesoregularity; Structural Features beyond


™Glasslike∫ and ™Crystalline∫


With this list of control options, it becomes evident that the
chemical approach towards such objects has to address at
least two levels or tiers at the same time; on a molecular
scale, it is still the crystalline, glassy-disordered, or nanocrys-
talline structure that is responsible for the properties of the
system, but on the mesoscale, the hybrid structure or porous
system can adopt a ™glassy-disordered∫, grain-boundary-
controlled nanocrystalline or perfectly periodic, crystalline-
like texture again. There are examples of periodic meso-
structures formed from a molecularly crystal-like organic
component integrated into a molecularly glassy inorganic
material.[11]


Because of these various ways of organizing matter at the
mesoscale, one needs to be alert as to how this intermediate
length scale can affect the materials properties. Such order
parameters not only influence magnetic behavior, electron
transport, the competition between radiative and nonradia-
tive processes, but also have an impact on how one needs to
think about their mechanical properties at the mesoscale, as
well as mass transport and diffusion behavior of gases and
liquids in confined mesoscale spaces. Figure 1 depicts some
of the modes of organization we are allowed to expect by
combination of order on the molecular and meso tiers.


Examples for mesoglasses are the condensed cluster hy-
brids by Schubert or Sanchez, et al. ;[12,13] examples for meso-
crystals (crystals of nanocrystals) were reported by Rogach,
Talapin, et al.[14] and by Liu, et al.[15] In addition, the order
at the mesoscale is not just restricted to be strictly periodic
or random, but it can also adopt a myriad of other structural
motifs; for instance, it can be patterned and regular beyond
the unit cell. Such structures simply cannot be realized on a
molecular scale due to energetic reasons (as argued above).


A valid question is, therefore, when do we need a meso-
structure to have periodic properties and when would a
random one be preferred? Also, when does the dimension-
ality and orientation of the mesostructure influence the rela-
tionship between structure and composition, and property
and function, which ultimately can impact upon utility
through the electronic structure, optical, magnetic, and elec-
trical properties.


Regularity with respect to the meso-object size (but not
the mutual arrangement) has always an advantage when a
model character or a sharp onset of a physical effect is de-
manded. This is true for all size-dependent effects, such as
the quantum size effect in spectroscopy, excitonic properties,
or the onset of gas adsorption. Such systems have just one
onset point, just one size to calculate with, just one single
site for catalysis, providing a certain clearness of argument
and understanding.


Regularity with respect to packing (involving potentially
more than one size or even a size distribution, as in foams)
gives the maximal space filling with a minimal surface area
involved; for example, cubic structures give the maximal
space filling with minimal surface areas of spheres, hexago-
nal packing does the same for rods. As Nature in most cases
tends towards maximal structural density (=optimization of
attractive dispersion forces and cohesion energy) and mini-
mal interfaces (=minimization of interface energy), those
structures are most stable and allow for the maximal effect
in a minimal volume.


A similar argument should hold for the mechanical stabil-
ity and performance of such mesostructured materials: regu-
lar foams with constant wall or pillar thickness show superb
material properties per gram of material;[16] as it was also
pointed out in a recent article on the mechanics of meso-
systems,[17] the honeycomb structure provides maximal stiff-
ness from wax with minimal material, and wood and bone
are mesostructured cellular materials with uncommon meso-


order (Figure 2).[18] To simplify
a longer story, constructions
have to be regular (but not nec-
essarily periodic, see Figure 1),
and so do mesostructured ob-
jects if they have to fulfill cer-
tain mechanical expectations.
Regularity, however, does not
mean strict long-range transla-
tional order, as cellular, foam-
like structures show comparable
and partly superior perform-
ance. The behavior of regular
structures opposes the so-called
aerogels, which are fractal or
statistical networks in which the
mechanical stress just goes
through certain gel strands,
whereas others do not contrib-
ute at all. This lowers the me-
chanical performance by sever-
al orders of magnitude.


Figure 1. ™Order on different scales∫: matter can form liquid or glass-like, liquid crystalline or crystalline mate-
rial. On the mesoscale, all three elemental order principles can reoccur, for example, there is a ™crystal-of-crys-
tals∫. In addition, regular noncrystalline and patterned arrangements can be made.
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As both regularity and periodicity give a maximal struc-
tural density with minimal surface area, it is exactly not
what you want for surface-based applications in porous sys-
tems, for example, if one looks for maximal adsorption area
or catalytic activity. A maximal structural density also gives
high back pressure, and makes all flow and transport though
the structure limited (diffusion or Knudsen transport),
which is impracticable for application. This was well caught
by Rolison in a very nice recent review article[21] about the
™unimportance of regularity∫ for catalytic nanostructures.
Both restrictions of surface area and back pressure are, how-
ever, no problem for meso-order, as other modes of organi-
zation with high surface area and high flow-through permea-
bility can be implemented. Sponges, for instance, have opti-
mized their living structure according to surface area and
ease of transport, and there is an analogue of their hierarch-
ical, noncrystalline but not disordered pore structure on the
mesoscale, for instance in high-performance chromatograph-
ic beads and separation gels.[22] Similar performance optimi-
zations were recently accomplished by foamlike, bimodal
pore structures.[23] It must be noted that in addition hierarch-
ical pore systems allow much higher overall porosities
(easily up to 90±95%) than ™crystal-like∫ systems, while pre-
serving the structural integrity.


Regularity of structural units and of their mutual arrange-
ment, however, can lead to the occurrence of the most excit-
ing meso-effects (opals, colloidal crystals, photonic crystals).
Here, because of superb periodicity, ™coherent∫ effects
evolve, for example, Bragg scattering in the optical range or
the development of photonic band gaps.[24,25] Bragg×s law is a
good tutorial on the sensitivity of the coherent effects on de-
fects. Debye±Waller type disorder, that is, positional disor-
der with a Gaussian distribution, will damp the peaks, a dis-
tribution of objects with positional precision leaves all peaks
intact, but gives a coherent structured background, and site-
defects serve only to lower the peaks and add an incoherent
background.


The understanding of the influence of changes of the mes-
ostructure on the optical properties is important for using
regularity for sensing (e.g., the construction of a Bragg or
photonic sensor). This sensor will be especially sensitive
where the change (refractive index by chemical sensing, ef-
fective wall thickness by regular adsorption) influences a
zero transition, that is, at the band gap or point of destruc-
tive interference. In this mode, a change of all sites is re-
quired, as these are coherent effects. If a single pore is


changed, for example, by the binding of a single big mole-
cule or deformation through a cell, the incoherence is in-
creased, and the signal is best seen at the point of maximal
constructive interference, that is, at the maximum of the
Bragg peak. At this point, the meso-arrangement expresses
by its color what is felt in a single pore.


A complete swelling of such a structure due to an outer
stimulus is obtained for so-called ™p-inks∫,[26] whereby an
electroactive polymer changes its color when put under the
appropriate voltage. This can become useful for addressable,
large, colored screen plate applications.


Going from the very regular to less regular structures, it is
to be stated that meso-analytical methods becomes very de-
manding, as neither microscopic nor macroscopic techniques
are really suitable, and new techniques, such as GISAXS
(gracing incidence small angle X-ray scattering), have to be
developed or improved. Also the assessment of mechanical
properties and the development of a compound theory on
this scale (™mesomechanics∫) is at the best an open ques-
tion, as continuum properties cannot be extrapolated to-
wards this scale, and the outcome of these assessments will
influence future applications for mesomaterials, for example,
in microelectronic packaging and electroactive devices like
fuel cells, solar cells, batteries, and sensors.


The Explosion of Complexity, the Entry of
Curvature and the Role of Nuclei and Defects


It already became evident that mesoscale structures are
richer than molecular structures; in addition to crystalline
and glassy structures, we can also find partly ordered struc-
tures, the patterned coexistence of different types of order,
hierarchical and scale invariant order, and so forth. Due to
increased complexity of the energy hypersurface and the
role of slowed-down kinetics, metastability of different
structures gains importance, much more can be made. Here,
chemistry develops conceptual similarities towards art, an
analogy recently pointed out by Lehn.[27] Also living Nature
can handle structural metastability in its most impressive
form. In one or the other sense, mesoscale chemistry is, to a
large extent, doomed to reinvent nature, with the only justi-
fication and hope being to extend it to other materials bases
and new, evolutionary not yet invented principles. This ™ex-
plosion∫ of structural complexity is presumably the most im-
portant answer to ™why meso?∫.


For instance, curved objects can be synthesized, either by
a rational control of noncrystalline self-assembly[28] or by the
interplay of defect-design and complex soft-matter order.[29]


In the latter case, nanomeso is not just ™games with words∫,
because nanoscale mesostructures do exist. The nanoscopic
nuclei of mesostructures can, for example, be captured by
quenching the early stages of the surfactant-templated as-
sembly of mesoporous silica,[30] or they can be trapped by
evaporation-induced self-assembly of surfactants and sili-
cates within the spatial confines of aerosol nanodroplets.[31]


The growth of siliceous mesostructures begins with the for-
mation of a seed, a co-assembly of surfactants and silicates;
however, what is special about this meso situation is the


Figure 2. Cellular structure of wood: a) regular structure of pine wood;
b) hierarchical pore structure of beech wood, an evolutionary more pro-
gressed species. Adapted from references [19, 20].
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nature and temporal evolution
of the ™viable nucleus∫ that is
initially created from the syn-
thesis nutrients. In the ™incuba-
tion∫ of the seed ™soft silica-
tropic matter∫ is generated
whose order and shape is dic-
tated not by crystallographic
physics, space groups, and the
underlying symmetry of a rigid
unit cell that creates platonic
form, but rather shape is deter-
mined by a nanoscale deforma-
ble mesophase that assumes a
form predicated instead by the
theory of elasticity. The critical
size of such an elastically de-
formable, ordered nucleus,
which is able to sustain growth
rather than simply re-dissolve,
is governed by the equality of
surface and bulk free energy.
This soft seed appears to be
around 50 nm in size, and, inter-
estingly, can be an association
of about ten surfactant aggre-
gates in each direction or
order.[32,33]


The structure of this nanomeso unit as well as the evolu-
tion of this kind of complex soft matter nucleus in time is of
special interest, because it is expected to involve a rather
complex interplay of subtle factors, each of which can have
a profound effect on the final form. Not a great deal is cur-
rently understood about this important aspect of morpho-
genesis with its biosilicification connotations. From the little
knowledge that does exist, it is clear that growth is intimate-
ly connected to colloidal interactions (electrical double-
layer repulsion and van der Waals attraction forces) operat-
ing between the evolving seed and the accreting surfactant±
silicate micelles for the particular choice of synthesis condi-
tions (ionic strength, dielectric constant, temperature). It is
also apparent that topological defects of particular strength
form within the emerging nanoscale mesophase, driving it to
assume a specific internal structure and shape that depends
on the synthesis conditions as well as surface and bulk elas-
tic free energy.[34] It is this intricate interplay of colloidal
and elastic forces that lead to the mesostructure organiza-
tion and impressive ™biomimetic∫ silicified curved shapes
(rods, gyroids, toroids, spirals, and spheres) observed for
mesoporous silica and organosilica materials templated by
surfactant micelles (see Figure 3, reproduced with permis-
sion from references [32,33,35]).


Another unusual aspect of this growth process is the grad-
ual rigidification, induced by hydrolytic polycondensation of
a silicatropic mesophases. This too is a complex topic and
much remains to be learned about the details. What is cur-
rently known is that polymerization of silicate species in an
emerging silicatropic nanomesophase leads to contraction-
induced stresses in the mesostructure; this results in fasci-


nating buckling patterns observed on mesoporous silica
curved forms (Figure 4). The design of these buckling pat-
terns is related to the organization of the mesostructure and
the anisotropy of contraction-induced stresses within the
curved form. Curved patterned shapes are definitely a dis-
tinctive feature of meso.[36]


If Molecules Are Substituted by Components,
What Is Mesobonding?


The question of mesospecific binding operations has to be
briefly discussed, as mesochemistry has the potential to join
very different nano- and mesostructures with linkages
beyond the covalent bond. As binding between larger units


Figure 3. Various morphologies of mesoporous silica, made by morphosynthesis and defect design.


Figure 4. Buckling patterns in mesofilms and objects.
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is complex and involves a number of bonds, it cannot be per-
formed by statistical means, that is, without control. Simple
heat-and-beat chemistry will not work, as we cannot sepa-
rate the side reactions from the correct connections, and
nondesired ill-posed structures or statistical aggregates
would be obtained. To avoid that, essentially three different
meso-binding techniques are employed:


1) Self assembly and reversible binding.
2) Template techniques.
3) Employment of physical binding, such as adaptation of


cohesion energy by adhesion layers or electrostatic bind-
ing layers.


Self-assembly is the mutual arrangement of components
by optimization of intermolecular potentials in a geometri-
cally controlled fashion. It is, by its modus operandi, reversi-
ble, that is, only the typical secondary interactions of supra-
molecular chemistry (e.g., hydrogen bridges, ligand binding,
amphiphilicity, some Coulomb binding) can be employed.
Again, by its very definition, the overall binding energy
must be of the order of some kT (say 8±10 kT), as the bond
must be sufficiently strong, but must have a certain proba-
bility to be ™open∫ for self-optimization and self-repair.[6,27]


Self-assembly is an integral part of many mesochemical op-
erations.


Template techniques also work for the stronger and irre-
versible covalent and ionic binding. A reaction is mesostruc-
turally directed by the fact that it is simply geometrically ex-
pelled from some compartments in space by regular fill-ins
or directed along outer forms.


If two different meso-objects cannot bind by their very
chemical nature, they can be ™glued∫ together by adhesion
layers. This technique–well known in the macroscopic
world–can be brought down to the mesoscale, thus creating
chemically very unusual heterojoints. Here, we want to
point to the work of Decher and Mˆhwald,[37,38] Mallouk,[39]


Kotov,[40] and Caruso,[41] who organized oppositely charged
polymers, clusters, and biopolymers with diverse composi-
tion and functions, by electrostatic gluing in a layer-by-layer
fashion to create designer mesoscale films on planar and
curved surfaces, thereby providing exciting opportunities
that cross the boundaries between most areas of materials
science.


Binding of micro- to millimeter sized objects by adapta-
tion of surface free energies, the coupled lateral capillary
forces, and shape recognition was employed by Whitesides
et al.[42, 43] Here, a certain ™reversibility∫ and self-optimiza-
tion was ensured by mechanical agitation, which takes the
role of thermal energy for larger objects. In another paper,
the same group provided the assembling system with func-
tions, that is, conductive wires and photodiodes, and the
whole structure was functional.[44]


The last example nicely illustrates that on the mesoscale,
the notation ™bonding∫ slowly transforms into ™interfacing∫
(analogue to its engineering sense), as not only the mechani-
cal connection by binding between the chemical components
has to be addressed (the physical plugging), but also the ex-
change of functionality, electrons, or information (the wiring


of the interface) has to be pre-described by chemical means.
This is not only true for the macroscopic world as in the
Whitesides× example, but goes down to nanometer-sized
structures whereby effective charge separation and transfer
between different components has to be encoded by band-
gap engineering.


Epitaxy, Mesoepitaxy, and Pattern Recognition


The concept of mesoepitaxy is a related issue that introdu-
ces some unique features on the mesoscale. In the semicon-
ductor chemistry and physics of planar electronic and opti-
cal devices, epitaxy, the matching of the lattice dimensions
of two crystalline solid-state materials at an interface, is a
pivotal consideration for controlling the properties and effi-
cacy of junction devices. There is a certain tolerance of lat-
tice mismatch that is permitted before elastic strain at the
interface creates defects of various kinds that can scatter
and trap charge carriers and photons, which degrades the
performance of the device. Such lattice mismatches can be
utilized to advantage for the physics-type self-assembly of
quantum nanostructures through the controlled develop-
ment and patterned release of strain in heteroepitaxial junc-
tions. A valid question, therefore, is what about matching
materials properties at the mesoscale beyond that of simply
atomic and molecular lattice dimensions, but to include phe-
nomena at supramolecular scales?


Here, again the aspect of increased metastability and the
rather soft potentials involved come into play, which makes
™mesoepitaxy∫ a broader and more general phenomenon. In
fact there is growing evidence in the literature that mesoepi-
taxial phenomena do indeed exist and have a major influ-
ence in the way that a mesophase interacts with single-crys-
tal surfaces like mica, graphite, and silicon, and that is dis-
tinct in behavior to the way it interacts with randomly struc-
tured surfaces like glassy silica and polymers. Because many
materials structured at the mesoscale are grown as films on
planar substrates, to achieve a particular property the struc-
ture, surface charge, hydrophobicity, or chemical functionali-
ty of the underlying substrate plays a special role in the nu-
cleation, growth, orientation, and form of the mesostruc-
ture[45,46]


Mesoepitaxial effects are seen in the preferred orientation
of hard mesoscale thin-film materials replicated from a soft
mesophase. The constituents of the mesophase clearly inter-
act in a specific way with particular surface sites and may or-
ganize with a preferred orientation on the substrate. In fact
even defects can in principle be eliminated and/or controlled
by careful selection of the structure and surface properties
of the substrate as well as with chemical patterning techni-
ques, for example, self-assembled monolayers (SAMs). A
particularly nice example for the intelligent use of mesoepi-
taxy in material science is the orientation of self-organizing
discotic semiconductors along directionally coated polytetra-
fluoroethylene-coated surfaces and the coupled increase of
electron conductivity.[47]


In this context it is interesting to contemplate the idea of
creating hetero-mesoepitaxial junctions between mesoscale
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components with intentional mismatch of the lattice dimen-
sions at the interface. In this way it should be possible to
induce elastic instabilities in one or both of the mesoscale
components; it is these instablilites that drive the formation
of patterns at a length scale determined by the bulk and in-
terfacial free energies of the system. Indeed buckling pat-
terns have been observed in hard mesostructures arising
from differential, polymerization-induced, contraction
stresses in an elastically deformable soft mesophase as it
gradually transforms to the hard replica material.[36]


It is important to denote that ™epitaxy∫ on the mesoscale
can be part of a much broader notation, namely pattern rec-
ognition. As we not only have access to periodic-crystalline
and glassy-disordered arrangements, but also to other regu-
lar and patterned structures, the interaction of objects can
be encoded in much finer detail than by classical epitaxy or
by the simple adjustment of polarity.


Figure 5 illustrates this statement. If ™grey∫ and ™white∫
denote two states of a surface whereby grey±grey or white±
white is bonding and grey±white is antibonding (e.g., hydro-
philic and hydrophobic spots of a surface), it is only those
patterns with similar periodicity and geometry that will bind
to each other, whereas all others do not sum up to an over-


all binding situation. That way, a large multiplicity of mutu-
ally recognizing surfaces can be made, giving rise to ad-
dressed hetero-assembly towards very complex objects by
the rational choice of surface structures.


Such pattern recognition is ™error-tolerant∫, because the
degree of binding is proportional to the ™similarity∫ of the
two patterns (defined by the convolution integral), so relat-
ed patterns or patterns with site defects are also recognized.
This error tolerance is again a specific meso feature, as a
sum over many secondary interactions can be employed. By
similar arguments, it also becomes clear that patterns involv-
ing structural or compositional gradients allow a mutual po-
sitioning with nanometer precision[48] or make objects
moving ™uphill∫.[49] These surface structures can be created
by microstamping, but also by lithographic techniques com-
bined with subsequent chemical reactions. There are also
certain indications that such a recognition of natural pat-


terns play a role in the highly selective, mutual alignment of
polymer- or ligand-coated nanocrystals towards mesohy-
brids,[50] partly with curvature and complex form.[51,52]


The work of Mallouk presents a fine and imaginative vari-
ety of pattern recognition on objects, including the self-as-
sembly of ™bar-coded∫ nanowires into mesoscale agglomer-
ates with predetermined geometry for logical and memory
circuit applications,[53] as well as nanorod mesophases from
selective surface functionalization of barcoded nanorods.[54]


The rational access to and the use of pattern recognition
for the controlled assembly and mutual positioning of meso-
objects is definitely another point on our ™why meso?∫ list.


Mesoprinting with Stamps and Tips


Since the discovery that alkanethiols self-assemble on gold
to form well-ordered monolayers and that alkanethiols can
be faithfully transferred from a patterned elastomeric poly-
dimethylsiloxane (PDMS) stamp to a gold substrate, termed
microcontact printing,[55] to form replica patterns at the
10000±100 nm scale, there has been a determined effort to
reduce the print scale to below 100 nm. The opportunities
for organizing matter at the sub-100 nm scale include
making metal contacts sufficiently minute for electrical con-
nections to molecules and polymers in electronic devices; to
create nanocluster and nanowire electronic, photonic, and
sensory circuits; and to assemble nanocrystal and nanorod
arrays for biodiagnostics.


In the last few years, major strides have been made to-
wards the realization of practical ways to perform mesocon-
tact printing. One such strategy utilizes mesoscale defect
patterns intentionally designed in SAMs.[56,57] These defects
form spontaneously at metal interfaces created, for example,
by a nanoscale thick film of Ag deposited on a Au substrate,
and are found to promote nucleation and growth of materi-
als like calcium carbonate with respect to ordered regions of
the SAM. Defects in SAMs have also been found less pro-
tective as etch resists on gold than ordered regions of the
SAM. Patterning mesoscale disorder in SAM resists, called
topologically directed etching, enables patterning of the un-
derlying substrate with sub-100 nm structures.


Mesoscale patterns of SAMs an order of magnitude small-
er has been achieved by directly writing alkanethiols on Au
by using the fine tip of a scanning probe microscope.[58] By
chemically matching the ink to be printed with the surface
chemistry of the substrate, it has proven feasible to directly
write patterns as fine as 10 nm of a variety of molecules, pol-
ymers, biomolecules,[59] and materials on disparate substrates
like metals, semiconductors, and dielectric materials.


Impressively small features have recently been achieved
through the combined use of V-shaped sharp and hard
PDMS stamps in which the contact area is below 50 nm and
high-molecular-weight dendrimer inks are employed to
avoid diffusive smearing of the patterns.[60] Unlike printing
mesoscale patterns with the tip of a scanning probe micro-
scope in a sequential writing mode,[61] the mesocontact print-
ing method enables the patterning of large areas of sub-
strates simultaneously, and it is anticipated that the use of


Figure 5. Illustration of the principle of pattern recognition. Assuming
the ™like∫ of similar colors and the ™dislike∫ of different colors, the pat-
terned surface on top will only bind to its counterpart on the left, but not
to the others, in spite of their apparent similarity.
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higher density V-stamps with features below 10 nm will fa-
cilitate single molecule, single-strand polymer, or protein
patterns to be deposited.


Armed with these straightforward protocols for perform-
ing top-down chemical patterning of mesoscale features and
the self-assembly chemistry methods described earlier, the
floodgates are now open wide to address a large number of
unanswered questions and problems in mesoscience. Direct-
ed self-assembly strategies that fuse mesoscale pattening
with self-assembly, provide a straightforward means of or-
ganizing and connecting molecules, polymers, and materials
into integrated chemical, physical, and biological systems
with a purpose.[62]


Case Studies: Some Selected Applications of
Mesoscale Materials and Their Promises


Let us return to the original question of why mesoscale ma-
terials and what is unique about this intermediate state of
matter? It is clear from the last decade or so of research by
polymer and materials chemists that they have recognized
the opportunity now exists to remodel the periodic table of
known compositions into materials fashioned at the meso-
scale. New mesoscale materials appear daily in the litera-
ture. It is important, therefore, to appraise some of the
™early∫ accomplishments of mesochemistry to try to identify
promising future directions for science and technology for
these intermediate length materials.


Low-k dielectrics : Low-k dielectrics are important as pack-
aging materials for future developments of smaller, more
densely packed, and faster microelectronics. Thin-film dense
silica has always been the material of choice for this applica-
tion and is likely to remain dominant in this role, because its
dielectric constant can be further reduced to meet electron-
ic-device-scaling law demands by introducing porosity at the
mesoscale and functional diversity by integrating organic
groups into the structure.[63] This is a classic case where the
mesoscale can offer a unique combination of advantages not
possible at other length scales.


Judicious choice of mesoscale organic templates, synthesis
conditions, integration of terminal or bridge-bonded organic
functional groups into the silica, and post-synthetic process-
ing can provide a mesoporous organosilica film with a pore
architecture that is simultaneously able to keep out water,
minimize electromigration from metal interconnects, pro-
vide mechanical stability, and deliver the desired low value
of the dielectric constant needed to optimize the perform-
ance of a microelectronic circuit.[64]


Metal-oxide-based gas sensors : Metal-oxide-based gas sen-
sors are the most widely used solid-state devices for detect-
ing gases in the environment and atmosphere, and for con-
trolling and monitoring gases in combustion engines and in-
dustrial processes. The sensitivity of these kinds of sensors
intimately depends on length scale of the active structural
elements, as the overall response of the device relies on
measurement of a change in surface conductivity. When the


Debye or space±charge depletion length of the metal oxide
comprising the sensor is comparable to the scale at which
the metal-oxide-active elements are structured, then all of
the material is surface and all surface sites are able to partic-
ipate in the detection of adsorbed gases. Tin oxide, often
modified by doping and additives, remains the industrial ma-
terial of choice for many sensing applications. When tin
oxide is templated into a periodic lattice with mesoscale
structural elements, then the sensitivity, selectivity, and re-
producibility of the sensor can be engineered in a rational
manner and the electrical response of such a structurally
well-defined sensor can be quantitatively analyzed in terms
of resistor network theory (Figure 6).[65]


Solid-oxide fuel cells (SOFC): Solid-oxide fuel cells (SOFC)
convert chemical to electrical energy. The solid-state materi-
als that comprise the anode, cathode, and electrolyte compo-
nents of the fuel cell must satisfy a number of stringent re-
quirements for the efficient operation of the device. In an
SOFC, a fuel is oxidized at the anode and oxygen is con-
sumed at the cathode. Mesochemistry provides a unique op-
portunity to develop a new generation of SOFC materials
that have mesoscale structural elements judiciously designed
to optimize transport of fuel (hydrogen, methanol, alkanes)
and oxygen into the electrodes, and their adsorption and re-
action at active sites, while at the same time maximizing the
mobility of oxide ions and electrons through electrode and
electrolyte construction units in the cell. Mesoporous yttri-
um zirconium oxide or mesoporous cerium oxide anodes
and a mesoporous lanthanum strontium manganate cathode
constructed from nanocrystallites of these materials organ-
ized by a templating mesophase can achieve many of the re-
quirements delineated above.[66,67] An electrocatalyst based
on metal nanoclusters of platinum or copper co-assembled
with these anode materials provides the active site for chem-
ical and electron-transfer reactions.


Following the arguments given above, nonperiodic hier-
archical mesoporosity coupled with nanocrystallinity has the
potential to enhance mass transport, ionic and electronic


Figure 6. A SnO2-opal and inverse-opal sensing array.
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mobility, and in particular maximize the three-phase-boun-
dary length that controls the simultaneous contact between
gaseous reactant, electrocatalyst, and electrode support,
while at the same time retaining structural stability under
the working conditions of the fuel cell.


Batteries, solar cells, and high-performance photocatalysts :
Batteries, solar cells, and high-performance photocatalysts
will certainly represent rather soon new application fields of
mesostructured materials. Nanocrystalline titania has been
extensively studied for applications such as lithium rocking-
chair-type batteries and solar cells. Electrochemical lithium
insertion into nanocrystalline anatase is the basis of electro-
chromic devices and lithium secondary batteries. Also, nano-
crystalline anatase is a promising material for dye-sensitized
solar cells.[68] Beside questions of optimized transport of
charges and matter and the coupling of the space charges
through the meso boundaries, the special electrochemistry
and photoelectrochemistry of regular nanocrystalline or
amorphous titania (which might be distinct to disordered
forms of nanocrystalline titiania) are ™mesochemical∫ ques-
tions.


There exists a profound difference, for example, in the
electrochemical and photoelectrochemical behavior of nano-
crystalline titania and mesoporous titania with amorphous
walls. Firstly, the electronic band gap of the latter is larger
than the former; this most likely arises from quantum size
effects and the amorphous nature of the thin channel walls
of the mesoporous titiania.[69] Marked differences in the
energy and distribution of surface and defect states were
identified in photoelectrochemical and spectroelectrochemi-
cal experiments. For instance, in contrast to a nanocrystal-
line titania anode in a Graetzel-type solar cell, it is observed
that mesoporous titania acted as a cathode. This is because
of the smaller Fermi energy of mesoporous titania relative
to nanocrystalline titiania; this arises from the presence of
many localized electronic states in close proximity to the
HOMO of the dye-sensitizer and inefficient electron trans-
fer in the thin amorphous channel walls.


Reiterating, it is an integral part of mesochemistry to
impart ™band-gap engineering∫ (or band-gap adaptation)
and a controlled chemistry of surface sites; this is a must to
control quantum efficiencies or increase light emission effi-
ciencies. Recent work has for instance shown that surface
engineering of CdWO4 nanocrystals with polymer modifiers
has made it possible to increase the photoluminescence of
this scintillator material by a factor of two.[70]


For the photochemical decomposition of chloroaromatic
systems, a mesostructured titania scaffold has been con-
structed by membrane nanocoating (Figure 7); this again
relies on a highly nanocrystalline anatase and the absence of
surface defects.[71] Such systems show at least as high photo-
catalytic activity as the industrially optimized nanoscale
powder, but with the advantage of being a solid heterogene-
ous system with optimized flow-through properties (hier-
archical pore architecture). Going from the directed homo-
assembly of titania nanoparticles towards hetero-assembly
with appropriate donor or acceptor nanoparticles (e.g.,
In2O3), it was possible to increase reactivity and make the


catalyst operate in a much broader pH range relative to that
of the industrial standard.[72]


This type of heterojunction engineering, well known in
semiconductor physics, is a rather new concept in colloid
chemistry, introduced by Henglein et al. for the ™attached
colloid∫ pair CdS/ZnO.[73] As mesochemistry also has the
potential to join different mesostructures (not only atoms
and groups) with linkages beyond the covalent bond, such
an approach goes well with its generalized philosophy. This
example also illustrates that ™bonding∫ is a part of ™interfac-
ing∫, as not only the mechanical connection between the
single particles, but also the exchange of electrons and infor-
mation has been chemically implemented by design. Clearly,
mesochemistry also adds here a new level of complexity and
potential.


Electrochromic devices and electronic ink : Electrochromic
devices and electronic ink, known as E-Ink, is an exciting
new display technology that exploits the coloring attributes
of electrophoretics and electrochromic materials in a range
of applications, such as at street, poster, and shop signs. To
amplify on the latter class of E-Ink materials, a color change
in an electrochromic material originates from a redox
change in the active material. In order for an electrochromic
material to function as a practical material in an E-Ink
device, certain key requirements must be satisfied, especially
a high color contrast between the two active redox states
and fast switching speed. One illustrative system is a violo-
gen-anchored nanocrystalline titania cathode in a solid-state
thin-film electrochemical cell.[74] Color response arises from
a one electron, redox reversible reaction of surface-tethered
viologen (V) V2+/V1+ couple. The color contrast is related
to the high surface area of the nanocrystalline titania sup-
port together with the associated large aerial density of V2+/
V1+ surface sites. Fast switching speed results from the fa-
vorable electron-transport properties of nanocrystalline tita-
nia and fast ion mobility of the charge-balancing lithium ion
component of the electrolyte.[75] Mesostructured electrochro-
mic materials may offer advantages over existing materials
due to the reasons discussed above.


Mesoporous materials : Mesoporous materials with control-
led porosity and well-defined textures and morphologies are


Figure 7. Mesostructured titania made by gel-coating; a) scanning elec-
tron micrograph, b) TEM of a microtomed slice of the same sample
showing the high quality of nanoparticle alignment along the former tem-
plate. The thickness of the single layers is between 30±50 nm.
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expected to function as improved-performance stationary
phases for separation processes. Because of the ability to
template porosity at the mesoscale, for example, in a variety
of inorganic materials, polymers, and carbon compounds, a
unique opportunity presents itself to create a new genera-
tion of materials that may be cast as films for thin-layer
chromatography or as separation membranes, as spheres for
traditional chromatographic columns, as monoliths for high-
speed chromatographic columns, and as micron scale ele-
ments for lab-on-chip analysis systems. The appeal of tem-
plated porous materials with regular structures that span
multiple length scales is that they can be straightforwardly
synthesized with particular pore sizes, tailored surface prop-
erties, and designed morphology. This can be rationally
tuned through chemistry to provide optimum molecule ad-
sorption and diffusion behavior that is reproducible from
sample to sample, the goal being to maximize the resolution
of chemical components of a mixture. It must, however, be
repeated that a periodic mesopore structure has in general
no specific advantage for chromatography or as a catalytic
support,[21] and in many cases periodic pore architectures
are by principle coupled to serious disadvantages, such as
non-optimal flow and surface area. This is one of the rea-
sons why even after ten years there is still no serious appli-
cation of MCM-type materials.


It is also to be underlined that current separation mem-
branes or chromatographic beads already possess a meso-
structured pore architecture, optimized by barely empirical
means, for instance, by de-mixing effects throughout the sol-
idification reaction (for a review of preparation techniques
of such materials, see reference [76]). Any filtering relies on
at least one homogeneous layer with the appropriate pores,
but the smaller the pores, the thinner this layer has to be, as
otherwise unacceptable backpressures would be built up.
This is why standard filter membranes, which already exist
down to the meso range, have a heterogeneous pore struc-
ture across the membrane. Adsorption chromatography rely
on high interface area, which means very small pores, but
also rapid flow through, which means very big pores. Here
complex multimodal channel systems have to be implement-
ed to fulfill both demands, which in addition have to be ir-
regular over a long range, or else the plate number would
decrease. There are a whole variety of techniques described
to make such well-structured separation media,[76±78] but ra-
tional approaches to design and implement channel systems
with pre-described properties are still at the horizon.


Porous materials with mesoscopic dimensions also offer
advantages as ™mesocuvettes and mesoreactors∫, for exam-
ple, as hosts for the synthesis and stabilization of semicon-
ductor clusters whose size dependent properties only appear
at the mesoscale. A good example concerns capped silicon
clusters, whereby interesting quantum size effects, especially
those relating to bright and fast visible photoluminescence
and electroluminescence, only appear below the exciton size
of bulk silicon, namely smaller than 5 nm, which falls in the
mesoscale range of dimensions.[79,80] To expand, recall that
the search for a silicon-based light emitting diode (LED),
which easily integrates with silicon microelectronics and has
utility in optoelectronics or photonics, has inspired materials


research for more than a decade. Canham discovered that
porous silicon made by electrochemical anodic oxidation of
p+-doped silicon wafers could emit light when driven by
photon and electron excitation.[81] This initiated intense re-
search activity in microfabrication and self-assembly ap-
proaches to different kinds of luminescent silicon structures
suitable for LEDs. However, this has not proven to be an
easy task, because a practical silicon-based LED must satisfy
numerous stringent criteria, which include high quantum ef-
ficiency emission at room temperature with nanosecond ra-
diative lifetimes; good charge-transport characteristics to fa-
cilitate effective electron-hole pair radiative recombination;
long-term chemical, thermal, and mechanical stability; and a
method of production that is straightforward, rapid, and
cost-effective. Spin-on mesoporous silica films have provid-
ed a useful vehicle for enabling the chemical vapor deposi-
tion of disilane and growth of silicon clusters within the
mesoscale channels of the film under extremely mild condi-
tions.[79] The silicon clusters display stable, room-tempera-
ture-visible photoluminescence and a radiative lifetime of
eight nanoseconds. This procedure for making technological-
ly interesting luminescent mesoscale forms of silicon bodes
well for the future development of spin-on silicon±silica
LEDs.


Another exciting application of silver clusters in mesopo-
rous silica was recently described by Treguer-Delapierre
et al.[82] Synthesis of an Ag cluster in mesoporous silica films
occurs for confinement reasons with a maximal density of
silver nanoparticles. If such a film is filled with a liquid,
practically all solute molecules are near to a silver cluster;
this in turn gives rise to plasmon enhanced fluorescence or
Raman spectroscopy. That way, such a mesostructured film
with clusters acts as an optical amplification device, for ex-
ample, to increase analytical sensitivity in very small liquid
samples, and also carries the promise for nonlinear optical
analytic materials.


Synthetic hybrid composite materials : Synthetic hybrid com-
posite materials, in which organic and inorganic components
are integrated by means of chemical, bottom-up, self-assem-
bly approaches are also beginning to reveal certain advan-
tages when fashioned at the mesoscale. Hybrid structures of
this type are interesting as their properties can significantly
transcend those of its component parts.


A well-known example for a natural pattern, which may
serve as a biomimetic example for material synthesis, is that
of the seashell, which is a layered mesohybrid of chitin and
calcium carbonate and is 2000 times as tough as the constitu-
ent minerals.[83] A simplified technical version was recently
described with exfoliated and polymer swollen clays,[84]


whereby the addition of 5±15 wt% of clay to standard poly-
mers, such as polyamides (nylon), significantly improved a
whole range of mechanical parameters and resulted in an
improved fire retardation.


Mesohybrid formation in the biomimetic sense is more
than the existence of a microphase-separated product, as the
added functional polymers lower surface energies and the
interaction potentials of mesocrystals, thereby modifying the
shape, orientation, and mutual alignment of the objects the
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hybrid is constructed from.[86] A particularly spectacular
case are nanofibers: as (macro)fiber reinforced materials
(e.g. carbon fiber) they are already omnipresent in high-tech
applications and the potential of layered carbon-nanotube
composites in the creation of a new generation of high-per-
formance materials has already been proven.[87,88] It is worth
mentioning that the ™mesotechnology∫ of polymer-modified
crystallization (Figure 8) allows the extension of nanofiber
composition from carbon to practically any crystalline
system, for example, apatites[89] and barium sulfate.[34]


Another recent example concerns hybrid materials called
periodic mesoporous organosilicas (PMOs), in which a wide
variety of bridging organic groups have been incorporated
within the framework.[90] By judicious selection of the organ-
ic group and the synthesis conditions it is possible to tem-
plate PMOs in which the organic and silicate materials com-
prising the channel walls are either randomly oriented
(glassy) or partially ordered, whereby just the organic con-
stituent is oriented but the silicate is disordered (crystalline-
like). There is great opportunity for this new class of meso-
scale composite materials in a range of applications as di-
verse as chiral chromatography and microelectronics.


The Importance of Hierarchy: Meso Is Not Only
the Next Step, but in Turn Leads to Further Steps


With the internalization of mesochemistry on top of classical
chemistry, it became evident that such an integration is not
an unitary event, but can be repeated on all length scales in
a modular fashion,[6] finally leading to hierarchically struc-
tured materials, such as bone and wood,[18] and hierarchical
chemical systems. Hierarchy is a defining feature of self-as-
sembly that has long been appreciated in biology and is now
emerging as a unique opportunity for making exciting new
materials in chemistry. Hierarchy involves the organization
of basic building entities in a serial or parallel, self-assembly,
co-assembly, or directed-assembly process, whereby the
process begins with the simplest construction units and as-
sembles them into more complicated objects; assembly con-
tinues until the highest level of structural complexity in the
hierarchy is attained. As the mesoscale is by its very nature


directly on top of the molecular scale it is uniquely placed
in the hierarchy of materials structure and properties design
considerations.


It was already stated that hierarchical construction of ma-
terials is omnipresent in nature, for example, wood and
bone. Although made of rather simple and well accessible
components, they show extraordinary, partly unparalleled
material performances in the so-called Ashby plots;[16] for
example, the compression stability per gram of bone is four
times higher than the one of steel. This makes the construc-
tion of hierarchical materials also appealing for purely syn-
thetic materials.


A spectacular and rather appealing recent example for a
three-stage encoding by chemical means only is illustrated
by the surfactant-templated synthesis of periodic mesopo-
rous benzenesilica, which displays order on three different
length scales.[11] At the molecule scale, incipient order is cre-
ated through interaction between aromatic groups in the
benzene silicate precursor. This ordering occurs simultane-
ously with ordering at the mesoscale, induced by the co-as-
sembly of pre-organized benzenesilicate construction units
with micellar templates. After hydrolytic polycondensation
of the silicate moieties this results in hexagonal close-
packed channels, whereby bridge-bound benzene groups are
locked in an ordered state within a glassy matrix of silica.
This process can evolve up to the overall macroscopic form
of periodic mesoporous benzenesilica, the morphology of
which can be curved and patterned in ways similar to those
delineated above for mesoporous silica.


More general hierarchical structures in technology are in-
evitably made by a combination of bottom-up and top-down
approach. Whereas the influence of processing and mechani-
cal or electrical fields is strong on the macroscale, material
chemists find themselves in the somewhat unfamiliar situa-
tion that they not only have to encode a hierarchy of inter-
actions within the assembly behavior of the building blocks
(nowadays up to three tiers by simultaneous encoding of dif-
ferent interactions), they also have to consider how to put
their ™structural reaction∫ under the correct outer stimuli.
This is of key importance for the upper meso-range at which
top-down and bottom-up approaches overlap.


To illustrate these ideas, soft lithography approaches have
been devised that fuse methods of microcontact printing
and micromolding together with a templating mesophase to
provide micronscale patterns and shapes on planar and
curved substrates like mesoporous silica. An example of this
involves micronscale patterns of mesoporous silica, which
integrates two levels of hierarchy in a single construct.[91] A
creative combination of latex colloidal crystal templating
and micromolding in capillaries in unison with a templating
mesophase is able to yield micronscale patterns of inverse
colloidal crystals comprised of mesoporous silica, a strategy
that in a single construct integrates three levels of hierar-
chy.[92] Another case amalgamates micromolding in inverted
polymer opal with a templating mesophase to create a mes-
oporous silica opal.[93] Finally the process of crystallizing mi-
crospheres exclusively within spatially and geometrically
pre-defined surface-relief patterns provides a novel route to
colloidal photonic crystals with controlled area; thickness;


Figure 8. Examples of single crystalline fibers and fiber superstructures
made by polymer-controlled crystallization. Adapted from reference [85].
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cross section and orientation; and high structural and optical
quality (Figure 9).[94,95]


The Pandemic Outlook: Gazing into the Mesoscale
Crystal Ball


In the paragraphs presented above we have taken a brief,
admittedly somewhat biased, yet critical look at mesoscale
materials, past, present, and future, to try to appraise the
original question is there is anything special about materials
fashioned as this intermediate scale of matter. Some answers
were given throughout the text, and the following list is just
a short summary of some of the diverse options stated.


* Mesochemistry allows morphosynthesis.
* Mesochemistry accesses curvature for solid-state chemis-


try.
* Defect and nucleus design by chemistry.
* Adjustment of order between and beyond ™glassy∫ and


™crystalline∫.
* Explosion of accessible complexity.
* Optimization of mechanical and transport properties by


scaffolding and hierarchy.
* Design of ™coherent effects∫, for example, photonic crys-


tals.
* Includes mesoepitaxy as a tool.
* Mesopatterns allow directed three-dimensional assembly


and self-positioning.
* Error tolerance of binding and recognition.
* Design of meso-heterojunctions between nanoparticles.


* ™Interfacing∫ on top of ™bonding∫, connection controls
geometry and exchange of electrons, photons and stress-
es.


* Control of materials hierarchy by a combination of
tecton layout and outer stimuli.


At this point in the development of mesoscale materials it
is pertinent to ask whether mesochemistry should be consid-
ered as a distinct field of endeavor in the framework of ma-
terials chemistry? Does this approach have the potential to
spawn new science and technology? At least we have evi-
dence that attempts to make a case for the uniqueness of
mesoscale matter indeed are adding previously unknown
possibilities and techniques to the toolbox of chemistry. The
answer to the questions posed above has to be left to the
judgment and imagination of the reader. It will be interest-
ing to watch the field unfold in the years ahead.
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Introduction


The transfer of chiral information to achiral or dynamically
racemic supramolecules and macromolecular helical systems
from nonracemic guest molecules through noncovalent


bonding interactions has attracted great interest in recent
years.[1] This is because chirality-transfer phenomenon can
be used for sensing chirality for a wide range of chiral mole-
cules, as well as for developing novel chiroptical devices and
chiral materials as enantioselective adsorbents and cata-
lysts.[2] In particular, when a receptor molecule is achiral,
but chromophoric, the noncovalent bonding to a chiral, non-
racemic guest may provide a characteristic induced circular
dichroism (ICD) in the absorption region of the receptor;
the Cotton effect sign can be used to determine the absolute
configuration of the guest.[1] Alternative methods for sensing
chirality have also been developed by means of designer
chiral receptors with a rigid concave cavity and/or functional
groups capable of interacting with a target chiral guest
through inclusion complexation by hydrogen bonding and/or
p±p and electrostatic interactions. Optically active cyclic
compounds, such as modified cyclodextrins, cyclophanes, and
crown ethers, are among the most extensively studied host
molecules.[3] Due to their rigidity and distinct conformation-
al scaffold, these chiral receptors usually exhibit a high spe-
cificity and enantioselectivity for the target guests in chiral
recognition events like enzymes. However, sensing chirality
by using CD seems to be laborious because of their high
specificity and the chiral nature of the receptor themselves.
Recently, we found a similar, but conceptually different


phenomenon for the complexes of optically inactive, but dy-
namic helical chromophoric polymers with chiral guests;
stereoregular, optically inactive poly(phenylacetylene)s
bearing various functional groups can change their struc-
tures into the prevailing, dynamic one-handed helices upon
complexation with specific chiral guests.[4] The complexes
showed characteristic ICDs in the UV-visible region of the
polymer backbone. The Cotton effect signs corresponding to
the helical sense can be used as a novel probe for the chiral-
ity assignments of the guest molecules.[5] Helical polymers,
in sharp contrast to the above-mentioned small receptor
molecules, are very sensitive to a chiral environment and ex-
hibit optical activity due to a one-handed helical chirality of
the polymer main chain through a significant cooperative in-
teraction with a considerable amplification of chirality.[6]


The nonempirical exciton-coupled CD method developed
by Nakanishi, Harada, and Berova has proved to be practi-
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Abstract: A unique feature of synthetic helical polymers
for the detection and amplification of chirality is briefly
described in this article. In sharp contrast to host±guest
and supramolecular systems that use small synthetic re-
ceptor molecules, chirality can be significantly amplified
in a helical polymer, such as poly(phenylacetylene)s
with functional pendants, which enable the detection of
a tiny imbalance in biologically important chiral mole-
cules through a noncovalent bonding interaction with
high cooperativity. The rational design of polymeric re-
ceptors can be possible by using chromophoric helical
polymers combined with functional groups as the pend-
ants, which target particular chiral guest molecules for
developing a highly efficient chirality-sensing system.
The chirality sensing of other small molecular and
supramolecular systems is also briefly described for
comparison.


Keywords: chiral amplification ¥ chirality ¥ circular
dichroism ¥ helical structures ¥ host±guest systems
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cally useful for determining the absolute configuration of a
variety of chiral molecules,[7] but this method usually re-
quires the introduction of chromophores through covalent
bonding suitable for the exciton coupling at particular func-
tional groups and is beyond the subject of this Concept arti-
cle. Here, we emphasize the helical polymers induced by
noncovalent bonding interactions as a powerful chirality-
sensing probe. Other noncovalent chirality-sensing molecu-
lar and supramolecular systems are also briefly described.


Chirality Sensing by Supramolecular Systems


Recently developed, novel chirality-sensing small molecules
are shown in Figures 1 and 2. These receptors may be classi-
fied into two types with respect to the mechanism or origin
of the chirality induced in the receptors from the chiral
guests; one is induced-fit type receptors (1±4) and the other
is inherently chiral receptors (5±8). The resocinol cyclote-
tramer, (1),[8] calixarenes (2),[9] and bis(zincporphyrin)
dimers (porphyrin tweezers) (3[10] and 4[11]) belong to the
former type. These molecules are flexible and achiral, but
upon the binding of specific chiral guests, such as chiral gly-
cols, sugars, ammonium groups, amino acid esters, and dia-
mines, the chirality transforms to the receptors, resulting in
the induced-fit generation of an enantiomeric C2 twisted
conformation at the diphenylmethane units in 1 and 2 and
porphyrin helicity in 3 and 4 ; therefore, the complexes ex-
hibited exciton-coupled ICDs whose sign can be used to
detect the chirality of the guest molecules. Particularly, the
porphyrin tweezer 4 with a powerful porphyrin chromo-


phore is useful for the microgram-scale chirality discrimina-
tion of diamines, amino acids, and amino alcohols.[11]


On the other hand, the receptors 5±8[12±15] exist as an
equal mixture of enantiomeric twisted or helical conformers,
which are in rapid equilibrium as shown in Figure 2. In the
presence of chiral guests, however, the equilibrium shifts to
one of the enantiomeric conformers (so-called asymmetric
transformation or enantiomerization takes place[16]) as a
result of the diastereoselective complexation with chiral
guests, thus leading to ICDs in the receptors× chromophore
regions. Therefore, these receptors are regarded as inherent-
ly chiral molecules, but they cannot be resolved into the
enantiomers, at least not at room temperature.[17]


p-Conjugated achiral oligomers of m-phenylene ethyny-
lene (8) solvophobically fold into right- and left-handed hel-
ical conformations in polar solvents, such as acetonitrile,
and in aqueous solution, which creates a specific tubular
cavity for hydrophobic guests. Both helices are at equilibri-
um, but in the presence of chiral monoterpenes, such as a-
pinene, one of helices predominantly forms and the complex
exhibits a characteristic ICD.[15]


These approaches are very interesting and promising for
the detection or senseing of the chirality of target chiral
molecules. The key point is how to design and synthesize
chromophoric achiral or dynamically racemic receptors
whose conformations change to chiral or nonracemic ones
as a result of binding to nonracemic guests. However, due to
the stoichiometric complexation mode in their host-guest
binding systems (1±8), chiral information of a guest transfers
to a complexed receptor and, therefore, further chirality am-
plification appears to be, so far, not possible.[18] Neverthe-
less, a very interesting chirality ™memory∫ effect was ob-


served for the saddle-shaped
porphyrin 6[13] and the cerium
double decker porphyrin 7;[14]


after removal of the chiral
guests followed by replacement
with achiral molecules, the
complexes still retained the
chiral information and the
memory persisted for hours.
This chirality memory effect
has now been observed in other
supramolecular systems[19] and
is particularly interesting be-
cause of its versatility for novel
molecular memory device sys-
tems as well as a chirality-sens-
ing probe. This process can be
considered as a typical example
of chiral amplification of the
supramolecular level.[20]


Chirality Sensing by
Helical Polymers


In 1995, we reported that mac-
romolecular helicity with an


Figure 1. Structures of achiral receptor molecules 1±4 and induced-fit generation of an enantiomeric twisted
porphyrin helicity in 4.
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excess helical sense could be induced in an optically inac-
tive, dynamic helical polymer by an optically active small
molecule.[4] A cis-transoidal stereoregular poly[(4-carboxy-
phenyl)acetylene] (9a in Figure 3) prepared by the polymer-
ization of the corresponding phenylacetylene monomer with
a rhodium catalyst was the first example of such a noncova-
lent, one-handed-helicity induction phenomenon using
chiral acid±base interactions. Upon acid±base complexation
with chiral amines in DMSO, a dynamic one-handed macro-
molecular helicity is induced in the polymer, resulting in
characteristic ICDs in the long wavelength region of the p-
conjugated polymer backbone (300±500 nm). The induced
Cotton effect signs corresponding to the helix-sense of 9a
can be used for the chirality assignment of the amines. Pri-
mary amines and amino alcohols of the same configuration
yield the same sign of the ICDs.[4,5] Before this finding, heli-
cal polymers with optical activity due to macromolecular
helicity have usually been prepared either by the polymeri-
zation of optically active monomers or by the asymmetric
polymerization of achiral or prochiral monomers with chiral
catalysts or initiators. In these cases, the helical structures
and their helix senses are controlled by chiral pendants co-


valently bonded to the polymer
backbone or kinetically during
the polymerization.[6] The ad-
vantages of the present system
with the p-conjugated polyace-
tylene are its long-wavelength
absorption, high sensitivity
without derivatization, and easy
preparation into a film. The
concept of this helicity induc-
tion through noncovalent chiral
molecular interactions is widely
applicable to the design and
synthesis of related chirality-re-
sponsive poly(phenylacety-
lene)s bearing various function-
al groups as the pendant. For
instance, the introduction of
amino (9b),[21] boronate (9c),[22]


phosphonate (9d, 9e),[23] and
sulfonate (9 f)[24] groups as the
pendant produced poly(phenyl-
acetylene)s that can respond to
the chirality of chiral acids,
sugars, amines, and ammonium
groups, respectively, and their
complexes show a characteristic
ICD depending on the stereo-
chemistry including the abso-
lute configurations of the guest
molecules.
This one-handed helicity in-


duction concept allows polymer
chemists to use dynamic helical,
chromophoric polymers or
oligomers as templates for mac-
romolecular helicity induction


systems. In fact, similar helicity induction in the presence of
chiral molecules capable of noncovalently interacting with
the polymer×s functional groups was achieved for aliphatic
polyacetylenes (10, 11),[25] polyphosphazene (12),[26] polyiso-
cyanate (13),[27] polyguanidine (14),[28] and polyisocyanide
(15)[29] by our group or others.[33] Inai et al. took advantage
of the helicity induction concept combined with the structur-
al feature of an achiral oligopeptide (16) as a template to
induce a predominantly one-handed helix by chiral carbox-
ylic acids.[31] The binding of chiral carboxylic acids to the N-
terminal amino group of the peptide produced an ICD de-
rived from the one-handed helical conformation of the
entire peptide chain. This phenomenon was called the ™non-
covalent domino effect∫.[32]


Chiral solvation, while its chiral bias seems to be very
weak, can also be used to induce a helical conformation
with a preferential screw-sense in the achiral poly(n-hexyl
isocyanate) (17)[33] and a polysilane (18).[34] The helicity in-
duction was detected by the appearance of CD in the UV-
visible region of the polymer backbone. Due to the com-
plexity of the interaction mechanism and practical unfeasi-
bility, this method may not be applicable for general use as


Figure 2. Structures of chiral receptor molecules 5±8 and possible enantiomerization mechanisms upon binding
to chiral guests.


Chem. Eur. J. 2004, 10, 42 ± 51 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 45


Chirality Sensors 42 ± 51



www.chemeurj.org





a chirality-sensing probe of chiral solvents. A similar achiral
stiff polysilane (19) also exhibited an ICD when the polymer
formed supramolecular aggregates with helical chirality in
solution that contained chiral alcohols as the co-solvent.[35]


The ICD signs reflect the position of the OH group and
their absolute configurations of
the alcohols. The underlying
principle is conceptually inter-
esting and may have great po-
tential to be of general use for
the chirality sensing of chiral al-
cohols.


Chiral Amplification by
Helical Polymers


Starting with the pioneering
work by Green and co-workers
on the structural and chiroptical
investigation of polyisocyanates,
a typical stiff, rigid rodlike poly-
mer with a long persistent
length, the substantial nature of


the dynamic macromolecular
helicity of polyisocyanates has
been experimentally and theo-
retically revealed.[6b,36] Green
discovered that the copolymeri-
zation of an achiral isocyanate
with a small amount of optically
active isocyanate (less than 1
mol%) produced an almost
perfect one-handed helical pol-
yisocyanate.[37,38] This is a typi-
cal and excellent example of
the chiral amplification of cova-
lent systems in a polymer and is
called the ™sergeants and sol-
diers effect∫. The underlying
principle for this phenomenon,
based on theoretical calcula-
tions, is considered to be that
even optically inactive, but dy-
namically racemic polyisocya-
nates such as poly(n-hexyl iso-
cyanate) (17) and poly(2-butyl-
hexyl isocyanate) (20), which
are devoid of stereogenic cen-
ters, are an equal mixture of
right- and left-handed helical


conformations separated by the helix reversal points that
readily move along the polymer backbone (Figure 4).[38]


Therefore, helical polyisocyanates at dynamic equilibrium
can be considered as an inherently chiral (or racemic) mac-
romolecule like 5±8. Green further demonstrated that co-
polymers composed of a mixture of (R)- and (S)-enantiom-
ers with a small enantiomeric excess (ee) also form a pre-
dominantly one-handed helical conformation, and only
12% ee was sufficient to give a single-handed helical poly-
mer for poly(2,6-dimethylheptylisocyanate).[39] The minority
units obey the helical sense of the majority units in order to
avoid introducing energetic helical reversals. This phenom-
enon (positive nonlinear effect in asymmetric synthesis) is


Figure 3. Schematic illustrations of the formation of a one-handed helical structure of achiral poly(phenylace-
tylene)s upon complexation with chiral compounds (9) and structures of induced helical polymers (10±15) and
an oligopeptide (16).


Figure 4. Characteristics of dynamic helical polyisocyanates.
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called the ™majority rule∫.[39]


Consequently, chiral informa-
tion of a tiny amount of a pend-
ant covalently bonded to the
polymer backbone is signifi-
cantly amplified and trans-
formed into an entire polymer
chain through a significant co-
operative manner, resulting in a
higher optical activity than that
expected from the monomer
unit components (chiral±achiral
or chiral±chiral (R/S) combina-
tion). This is the most impor-
tant feature of dynamic helical
polymers and is completely dif-
ferent from the above-mentioned small molecular and
supramolecular systems (1±8). Helical polyisocyanates are
very sensitive to a chiral environment, therefore, the helical
dynamically racemic polyisocyanate (17) exhibited optical
activity due to a helicity in nonracemic solvents as described
above.[33]


On the basis of these observations, the chirality-respon-
sive polyacetylenes (9) described above may be regarded as
an analogue of the dynamic helical polyisocyanates, al-
though these polymers are not stiff, but rather flexible be-
cause of their short persistent length.[40] In fact, noncovalent
™sergeants and soldiers∫ and ™majority rule∫ effects were
observed in the poly(phenylacetylene) 9a. Typically, when
9a was mixed with 50% ee of 2-amino-1-propanol in
DMSO, the complex showed an intense CD as that of
100% ee.[5a] The noncovalent chirality amplification was also
observed in the complexation of 9a in the presence of a
small amount of (S)-2-amino-1-propanol (0.3 equiv to the
monomer units of 9a) and excess achiral 2-aminoethanol.
The polymer complexed with the chiral amino alcohol ex-
hibited a weak ICD, because of the lack of one-handedness
in the helical conformation of the polymer. However, the
addition of an increasing amount of the achiral 2-aminoe-
thanol caused a dramatic increase in the ICD intensity,
which was ten times higher than that of the complex of 9a
with 0.3 equivalents of (S)-2-amino-1-propanol.[5a] Upon
complexation of 9a with the achiral amino alcohol, the pop-
ulation of the right- and left-handed helices may be remark-
ably altered and induce a more intense ICD.[40]


During the intensive exploration of the chirality amplifi-
cation mechanism, we observed an unusual, but interesting
macromolecular helicity memory in this dynamic helical pol-
ymer system; the macromolecular helicity of 9a induced by
optically active amines, such as (R)-1-(1-naphthyl)ethyla-
mine (21), can be memorized even after complete removal
and replacement of the amines with achiral ones (for in-
stance, 2-aminoethanol (22) or n-butylamine (23)) (Figure
5).[41] The macromolecular helicity memory was quite stable
and lasted for a long time (over two years). The chirality
memory effect has been observed for supramolecular sys-
tems (6, 7 and see ref. [19]), but never previously observed
in helical polymers. The chiral amplification combined with
the macromolecular helicity memory with achiral amines


will offer a highly sensitive, chirality detection method for
chiral molecules whose optical activity is too small to detect
by conventional spectroscopic means.
More recently, we have succeeded in the detection of an


extremely small enantiomeric imbalance in a-amino acids
by a poly(phenylacetylene) bearing the bulky crown ether
as the pendant for the amino acid binding site (24 in Figure
6).[42] The polymer was designed and synthesized on the
basis of an idea that the introduction of an achiral bulky
host group such as crown ether units as the pendant may im-
prove the rigidity of the polymer backbone, so as to act
analogously to the polyisocyanates in their stiff helical char-


Figure 5. Schematic illustration of memory of macromolecular helicity concept. The macromolecular helicity
induced on 9a by a chiral amine ((R)-21) is memorized after complete removal of the amine and replacement
with achiral amines (22, 23).


Figure 6. Structures of conjugated polymers bearing crown-ether pend-
ants (24±26), and a possible model for the induced helical 24 complexed
with l-alanine. The crown ether units are represented by yellow and blue
rings for clarity and arrange in a helical array with a predominant screw-
sense along the polymer backbone.
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acter with alternating left- and right-handed helical seg-
ments separated by rarely occurring helix reversals. In fact,
0.1 equivalents of l-alanine (l-Ala) induced an almost one-
handed helix on 24 in acetonitrile. Moreover, 24 exhibited
an apparent ICD even with 0.01 equivalents of l-Ala, indi-
cating a strong chiral amplification with cooperative interac-
tion in the pendants through noncovalent interactions. The
lower limit of detection of l-Ala was 70 ng for the appear-
ance of the ICD on 24. This means that a very small chiral
bias in the pendant crown units complexed with l-Ala is sig-
nificantly amplified to induce the same helix on the major
free crown ether units. The significant advantage of this pol-
ymer is that all the common 19 l-amino acids as well as
some amino alcohols derived from the amino acids pro-
duced the same Cotton effect signs. This indicates that for
detecting amino acid chirality, 24 is indeed among the most
sensitive and practically useful synthetic receptors.
An extremely strong chiral amplification was also ob-


served in this system despite the noncovalent bonding inter-
action (Figure 7). Even a 5% ee of Ala brought about the


full ICD as induced by 100% ee of l-Ala.[42] Complexation
of a slight excess of one enantiomeric Ala with the pendant
crown ether units gave rise to an excess of the helical sense
preferred by the majority enantiomer. Similar strong chiral
amplifications were also observed for leucine and trypto-
phan. This striking chiral amplification of 24 enabled detec-
tion of the chirality of Ala with a very small ee of less than
0.005% with good accuracy and reproducibility. A good
linear relationship between the ee (from 0.1 to 0.005%) and
the ICD intensities of the polymer was found.[42] It is inter-
esting to note that Ala is a typical amino acid frequently
found in several meteorites including the Murchison meteor-
ite, which will make it possible to detect very small enantio-
meric imbalances in a wide variety of amino acids and relat-
ed molecules of interest in studies of meteorites and other
objects.[43]


We expected that analogous dynamic helical polymers, in-
cluding poly(phenylacetylene)s bearing other achiral crown
ethers with different ring sizes or macrocyclic host pendants,
could also form a dynamically induced helix in the presence


of chiral compounds capable of interacting with the pend-
ants. In fact, a stereoregular poly(phenylacetylene) bearing
the aza[15]crown-5 ether as the pendant (25)[44] was found
to form a predominantly one-handed helix in the presence
of amino acids, amines, and amino alcohols in organic sol-
vents, thus leading to ICDs, although the sensitivity of 25 to
the amino acids chirality was not as high as that of 24. How-
ever, 25 showed a higher sensitivity to the chirality of secon-
dary amines and l-proline than 24. These polymers were
soluble in water and exhibited ICDs with amino acids, and
chiral aromatic amines and alcohols. Currently, we speculate
that the hydrophobic interaction between the polymers and
guests functions as a chiral bias for inducing an excess one-
handed helicity in water.
Subsequent to our reports of 24 and 25, Kakuchi and co-


workers utilized the helicity induction concept and synthe-
sized a polyisocyanate with benzo[18]crown-6 pendants
(26).[45] A similar one-handed helicity induction on 25, as re-
vealed by an appearance of the ICD in the polymer back-
bone region, was observed in organic solvents upon com-
plexation with amino acids. The chiral amplification effect
was, however, smaller than those for the crown-ether-bound
poly(phenylacetylene)s (24, 25).


Chiral Amplification by Supramolecular Assembly


Other examples of the chiral amplification phenomenon
have been reported for supramolecular assembly systems
that involve self-assemblies composed of achiral±chiral or
chiral±chiral (R/S) components in which the chiral units are
covalently bonded to the components.[3d,20,46] Supramolecular
assemblies occur through intermolecular, noncovalent p±p
stacking and/or hydrogen-bonded network between the
components and exhibit an optical activity derived from
supramolecular chirality. The chiroptical properties obey the
sergeants and soldiers principle or majority rule. The recent-
ly reported self-assembled helical rosette nanotubes by Fen-
niri et al. are one of the most interesting approaches for
chirality sensing (Figure 8).[47] They found that the heterocy-
clic base with the benzo[18]crown-6 unit (27) underwent a


Figure 7. Changes in ICD intensity of the second Cotton (De2nd) of 24
versus the % ee of alanine during the complexation with 24 in acetoni-
trile at 25 and �10 8C.[42a]


Figure 8. Schematic representations of supramolecular self-assembly of
27 to form a left-handed rosette nanotube with l-alanine.[47]
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hierarchical self-assembly to generate equal amounts of
right- and left-handed helical rosette nanotubes. The further
addition of l-Ala, however, spontaneously promoted the
change of the racemic nanotubes to the one-handed helical
ones as indicated by the appearance of the ICD. The majori-
ty rule effect was also observed in this system, which will
offer a useful probe for sensing the amino acid chirality
through a significant chiral amplification by a supramolec-
ular assembly.


Chirality Sensing in Water by Helical
Polyelectrolytes


Although a number of chiral receptor molecules have been
prepared for chiral or chirality recognition in organic
media,[3,19] chiral recognition of charged biomolecules in
water with charged, water soluble chiral receptors remains
very difficult.[1c,9,48] This is because small electrolytes pre-
dominantly dissociate into free ions in water by hydration,
so that attractive interactions such as hydrogen bonding and
electrostatic interactions may not be anticipated in water. In
sharp contrast, polyelectrolytes such as nucleic acids are
completely different from small electrolytes; that is, a por-
tion of the counterions are bound to polyelectrolytes of a
sufficiently high charge density, and, therefore, polyelectro-
lytes can effectively interact with small charged biomole-
cules even in water.[49] On the basis of these considerations,
we prepared a chromophoric polyelectrolyte bearing a phos-
phonate group as the pendant (9d, 9e), bioinspired by the
interaction motifs of nucleic acids, and found that these pol-
yelectrolytes could interact with a variety of charged and
noncharged biomolecules, including amino acids, aminosu-
gars, carbohydrates, and peptides, in water. The complexes
form supramolecular assemblies with controlled helicity
through electrostatic and hydrogen-bonding interactions in
water.[23,50] For instance, the assay of 19 of the common free
l-amino acids produced the ICDs of 9e with the same
Cotton effect signs, demonstrating that the polyelectrolyte
functions as the first powerful chirality-sensing probe in
water. This concept, that is, the
use of a chromophoric dynamic
helical polyelectrolyte, is prom-
ising for the construction of a
specific sensory system for a
target biomolecule by tuning
the functional group of the poly-
electrolyte.


Chirality Sensing by Helix
Inversion of Helical


Polymers


Several synthetic, optically
active polymers and biopoly-
mers are known to exhibit helix
inversion (helix±helix transi-
tion) between right- and left-


handed helical conformations by changing the external con-
ditions, such as solvent, temperature, or by the irradiation of
light.[6d,51] On the other hand, switching of the macromolecu-
lar helicity by chiral stimuli is quite rare, but can be used to
sense the chirality of chiral guests. We previously reported
the first example of such a helix inversion induced by exter-
nal chiral stimuli through diastereomeric, noncovalent acid±
base interactions. A poly(phenylacetylene) bearing an opti-
cally active functional group such as a (1R,2S)-norephedrin
residue (28 in Figure 9)[52] is an optically active polymer and
exhibited an ICD in the long-wavelength region due to a
predominantly one-handed helical conformation. However,
it underwent a transition from one helix to another in the
presence of (R)-mandelic acid (29) in DMSO, which induced
an inversion of the Cotton effect signs, whereas the ICD of
28 hardly changed even in the presence of (S)-29. These re-
sults suggest that the difference in the free energy between
the right- and left-handed helices of the polyacetylene is rel-
atively small and highly sensitive to the chirality of the
acids, and that there is a delicate balance between the heli-
ces, which may lead to such a helix inversion by responding
to the chirality of the acids. In this particular system, the
chirality can be determined by CD.
Taking advantage of a chromophoric, dynamic helical pol-


yacetylene backbone, we quite recently prepared a unique
polyacetylene (30) bearing an optically active bulky b-cyclo-
dextrin as the side group that exhibited the inversion of hel-
icity induced by inclusion complexation with chiral guest
molecules into the chiral cyclodextrin cavity as well as by
solvent and temperature.[53] The helicity inversion was ac-
companied by a color change due to a change in the twist
angle of the conjugated double bonds (tunable helical pitch)
that was readily visible with the naked eye and could be
quantified by absorption and CD spectroscopies. (R)-1-Phe-
nylethylamine (31) induced a negligible color change in the
DMSO-alkaline water mixture of 30. However, the polymer
exhibited a color change (from yellow to red) in the pres-
ence of (S)-31 accompanied by an inversion of the Cotton
effect sign. This system seems to be a conceptually new chir-
ality-sensing method using a helical polymer.


Figure 9. Structures of optically active poly(phenylacetylene) derivatives (28, 30) and schematic illustration of
interconvertible right- (red) and left-handed (yellow) helices of 30. The solution colors of 30 in the presence of
(S)- (red) and (R)-31 (yellow) are also shown.
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Conclusion


The most important feature of dynamic helical polymers is
high sensitivity to a chiral environment and, therefore, a
small chiral bias that occurred in the remote side chain
through chiral molecular interactions can be transformed
into a main-chain conformational change with a large ampli-
fication. Such systems might provide the basis to construct a
novel chirality-sensing probe. Moreover, if the main chain is
also chromophoric, as in conjugated polymers, the output
signal transmitted by the chirality of the guests may be sig-
nificantly enhanced when chiral conjugated polymers have a
dynamic helical structure. Furthermore, when chromophoric,
dynamic helical polymers are further functionalized with a
conformationally labile, inherently chiral supramolecular re-
ceptor as the pendant, it may exhibit an ideal sensing system
for the chirality of the desired guest molecules, whereby the
chiral information of the guest first transfers to the pendant
through noncovalent interactions. Subsequently, the induced
supramolecular chirality can be further amplified in the pol-
ymer backbone as an excess of a single-handed helix.
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Synthesis of Novel Chiral and Acentric Coordination Polymers by the
Reaction of Zinc or Cadmium Salts with Racemic 3-Pyridyl-3-
aminopropionic Acid


Zhi-Rong Qu,[a] Hong Zhao,[a] Yi-Ping Wang,[b] Xi-Sen Wang,[a] Qiong Ye,[a]


Yong-Hua Li,[a] Ren-Gen Xiong,*[a] Brendan F. Abrahams,*[c] Zhi-Guo Liu,[b]


Zi-Ling Xue,*[d] and Xiao-Zeng You*[a]


Introduction


Triboluminescence, second harmonic generation (SHG), pie-
zoelectricity, pyroelectricity, and ferroelectricity are only
found in noncentrosymmetric bulk materials.[1] Due to the
practical importance of these properties in many technologi-
cal applications, such as telecommunications, optical storage,
and information processing, there has been very strong in-
terest in employing crystal-engineering strategies to gener-
ate desirable materials. Such approaches have succeeded in
producing chiral or acentric coordination polymers and or-
ganic compounds.[2±3]


Ferroelectric materials in particular are of great interest,
because they can be rapidly switched between different
states by applying an external electric field. Furthermore,
they display good memory capacity in the absence of an ex-
ternal field due to their hysteresis-loop behavior. It is this
property that is of value in the aforementioned applications.
In ferroelectric compounds such as KDP (KD2PO4) and
TGS (triglycine sulfate, (NH2CH2COOH)3¥H2SO4) the hy-
drogen-bonding interactions are responsible for the arrange-
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Abstract: Under hydrothermal (solvo-
thermal) reaction conditions chiral
compounds 1, 2, and 3 and one acentric
compound 4 were obtained by the re-
action of Zn2+ or Cd2+ with racemic
3-(3-pyridyl)-3-aminopropionic acid
(rac-HPAPA). Compounds 1 and 2
crystallized in chiral space group
P212121. At 105 8C, racemic 3-pyridyl-3-
aminopropionic acid (rac-HPAPA) re-
acted with Zn(ClO4)2¥6H2O and dehy-
drogenated in situ to form the first
chiral coordination polymer [Zn{(E)-3-
C5H4N�C(NH2)=CH�COO}]ClO4 (1)
with a b-dehydroamino acid. Beyond
120 8C, the reaction of rac-HPAPA with


Zn(ClO4)2¥6H2O deaminates in situ to
form chiral coordination polymer
[Zn{(E)-3-C5H4N�CH=CH�COO}(OH)]
(2). At relatively low temperatures
(70 8C), the solvothermal reaction of
Zn(NO3)2¥6H2O with rac-HPAPA in
methanol does not lead to any change
in the ligand and results in the forma-
tion of a chiral (P212121) coordination
polymer [Zn(papa)(NO3)] (3). The
same reaction of Cd(ClO4)2¥6H2O with


HPAPA also does not lead to any
change in ligand and results in the for-
mation of noncentric (Cc) coordination
polymer [Cd(papa)(Hpapa)]ClO4¥H2O
(4). The network topology of both 1
and 3 is 10,3a, while 2 has a diamond-
oid-like (KDP-like, KDP=potassium
dideuterophosphate) network. Particu-
larly interesting from a topological per-
spective is that 4 has an unprecedented
three-dimensional network. Com-
pounds 1, 2, 3, and 4 are all second har-
monic generation (SHG) active with 1
exhibiting the strongest response, while
only 4 also displays good ferroelectric
properties.


Keywords: cadmium ¥ ferroelectric
materials ¥ nonlinear optics ¥
polymers ¥ zinc
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ments of the ions that lead to
the adoption of the polar-space
groups, Fdd2 and P21, respec-
tively. It is not unreasonable to
expect that the use of low-sym-
metry-bridging ligands in coor-
dination polymers may lead to
structures that also exhibit de-
sirable physical properties such
as ferroelectric behavior. In this
regard, crystal engineering
offers great scope in the quest
for new materials that exhibit
useful properties.
Of special interest to us is


the generation of polar metal-
coordination polymers using hy-
drothermal techniques. Under
such conditions, in situ hydroly-
sis[4a] and oxidation[4b] can lead
to the conversion of cyano,
ester, and aldehyde groups to
carboxylate. Recently it has
been demonstrated that hydro-
thermal conditions may be used
to form SHG-active coordina-
tion polymers incorporating tet-
razole-based ligands, formed in
situ by the 1,3-polar addition
reaction between cyano and
azide in the presence of metal
ions.[4c] It is worth noting that these products could not be
obtained using conventional solution synthesis techniques.
Although there has been recent interest in the employ-


ment of a-amino acids in the construction of novel supra-
molecular structures,[5] the use of b-amino acids as bridging
ligands in coordination polymers has remained largely unex-
plored. The chiral anion 3-pyridyl-3-aminopropionate
(PAPA, an anion of a b-amino acid) is an attractive ligand
for use in the generation of polar coordination polymers, es-
pecially when one considers that the ferroelectric compound
TGS possesses amino acid functionality. Not only does
PAPA have the capability to act as an asymmetric bridge be-
tween metal centers, but its potential to behave as a chelat-
ing anion is likely to enhance the stability of coordination
polymers in which it is incorporated. Accordingly, the solvo-
thermal reactions of zinc and cadmium salts (Zn(ClO4)2 or
Zn(NO3)2 and Cd(ClO4)2) with racemic 3-pyridyl-3-amino-
propionic acid (rac-HPAPA) were undertaken at a range of
temperatures (Scheme 1).


Results and Discussion


The hydrothermal reaction of Zn(ClO4)2 and rac-HPAPA in
the temperature range 105±115 8C yields a coordination
polymer with formula [Zn{(E)-3-C5H4N�C(NH2)=CH�
COO}]ClO4 (1). In this compound, dehydrogenation of the
PAPA anion has occurred to yield the anion of a b-dehy-


droamino acid. A strong peak at approximately 1120 cm�1 in
the IR spectrum of 1 indicates the presence of perchlorate,
while two peaks at 1549 and 1442 cm�1 are consistent with
the coordination of carboxylate to a Zn ion. A medium
broad peak at 3400±3247 cm�1 may be attributed to the
amino group in 1.
The IR spectrum of 1 is consistent with the structure de-


termination, which shows one unique ligand and one unique
zinc center. The double bond arising from the dehydrogena-
tion is indicated by a C�C separation of 1.368(17) ä. Steric
constraints prevent the pyridyl group from lying in the same
plane as the rest of the ligand. An oxygen of the carboxylate
and the amino nitrogen are the donor atoms of a six-mem-
bered chelate ring, while the other oxygen atom of the car-
boxylate and the pyridyl nitrogen atom bind to two other
equivalent zinc centers. Thus each ligand is bound to three
zinc centers and each zinc atom is bound to three ligands
(see Figure 1). The donor atoms form a distorted tetrahedral
environment around the metal center. Two oxygen atoms
belonging to perchlorate anions are very weakly coordinated
with Zn�O separations of ~2.6 ä. To the best of our knowl-
edge, 1 represents the first example of a coordination poly-
mer containing a b-dehydroamino acid anion as a bridging
ligand.
The ability of the pyridyl amino acid to act as a bridging


ligand results in the formation of a three-dimensional coor-
dination network. In this cationic network each ligand
serves as a three-connecting center, as does each metal


Scheme 1.
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center. The network has the topology of the 10,3a net–a
net that possesses a particularly high symmetry in its most
regular geometric form. The ideal net, which is represented
at the top of Figure 2, is characterized by fourfold helices
that run in three perpendicular directions and have all the
same handedness, resulting in a chiral net. The shortest cir-
cuit including a pair of connections from a single node is a
ten-membered circuit. At the bottom of Figure 2, two types
of three-connecting nodes are represented: one correspond-
ing to the position of the zinc center, the other indicating


the three-connecting ligand (the position of this point is ar-
bitrary). Although there is a severe geometric distortion of
the ideal 10,3a net, as shown in Figure 2 (bottom), it is clear
that the connectivity of the net is the same.[6] In Figure 3,
one of the ten-membered circuits of the real structure (five
ligands and five zinc centers) is represented. The intra-net-
work voids are occupied by perchlorate anions. An attempt
to exchange perchlorate with nitrate within the crystals was
unsuccessful.


When the hydrothermal reaction of Zn(ClO4)2 and rac-
HPAPA is repeated at 120 8C, deamination occurs, resulting
in the formation of a coordination polymer with formula
[Zn{(E)-3-C5H4N�CH=CH�COO}(OH)] (2) (see
Scheme 1). Two strong peaks at 1650±1596 and 1356 cm�1 in
the IR spectrum of 2 support the presence of a carboxylate
group, while the absence of a peak in the 3300 cm�1 region
is consistent with the loss of the amino group. The ligand,
which is essentially planar, is bound to only two zinc centers,
through a carboxylate oxygen atom and the pyridyl nitrogen
atom. Each zinc atom is coordinated by two such ligands
and two bridging hydroxide ions, giving rise to a distorted
tetrahedral environment (see top diagram of Figure 4 ). The
structure is supported by hydrogen-bonding interactions ex-
tending from the hydroxide ions to the coordinated oxygen
atom on neighboring zinc centers.
From a topological perspective each zinc center may be


considered as a four-connecting node, which links to equiva-
lent four-connecting centers through bridging ligands (two
hydroxides and two pyridyl propenoates). Since each of
these ligands is only two-connecting they are only consid-
ered as connections and not nodes in the resulting net. The
net has the same topology as that found in diamond, al-
though there is a considerable geometric distortion of the
ideal net (see bottom of Figure 4). The adamantane-type
unit, which is composed of ten nodes and four six-mem-
bered circuits, is a feature of all diamond nets and is repre-
sented in Figure 5 (left) in its most symmetrical form.[7] In
Figure 5 (right) the connections between the zinc centers in
an adamantane-type unit in 2 are represented by linear con-
nections. A comparison of the two diagrams in Figure 5
highlights the distortion of the net.


Figure 1. Part of the structure of the cationic framework of 1 (L=3-
amino-3-pyridylacrylate) showing the four-coordinate zinc atoms and the
ligand linking to three other zinc centers. H atoms and perchlorate have
been omitted for clarity. Typical bond lengths (ä): Zn�N 2.024(7)±
2.029(8); Zn�O 1.967(7)±2.005(7).


Figure 2. Top: The ideal cubic 10,3a network; bottom: The geometrically
distorted 10,3a network representing the connectivity of 1. Black spheres
represent the zinc centers, gray spheres represent the ligand, placed in an
arbitrary position.


Figure 3. A ™ten-membered circuit∫ in the structure of 1 constructed
from five ligands and five zinc centers. H atoms have been omitted for
clarity.
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The solvothermal reaction of Zn(NO3)2 with rac-HPAPA
in methanol at 70 8C does not lead to any change in the
ligand and results in the formation of a coordination poly-
mer with the formula [Zn(papa)(NO3)] (3). The IR spec-
trum shows a strong peak at 1200 cm�1 indicating the pres-
ence of nitrate, while a broad peak at approximately
3300 cm�1 is consistent with the presence of an amino group.
The coordination mode of the ligand is similar to that


found in 1. Each Zn center is bound to three PAPA ligands
and a monodentate nitrate anion resulting in a five-coordi-
nate environment (see Figure 6). As far as the network con-
nectivity is concerned, both the ligand and the zinc center


serve as three-connecting centers as in 1, and indeed the re-
sulting network has the 10,3a topology.
Crystals of [Cd(papa)(Hpapa)]ClO4¥H2O (4) were also ob-


tained by a methanothermal reaction at 70 8C. In this reac-
tion, Cd(ClO4)2¥6H2O and rac-HPAPA were heated over a
period of a week. A strong peak at about 1114±1036 cm�1


suggests the presence of perchlorate anion, while a broad
peak at approximately 3300 cm�1 is consistent with the pres-
ence of an amino group.
The coordination polymer is a three-dimensional anionic


network containing a unique cadmium atom and two unique
bridging ligands. The connectivity of the network is perhaps
most easily understood in terms of square-grid sheets that
extend in the ab plane (see Figure 7 (top)). The ligands that
extend down the page (vertical ligands) in Figure 7 (top) are
identical, but are different to the ligands that bridge Cd
atoms across the page (horizontal ligands). For the vertical
ligands, the primary amino groups are protonated, forming
primary ammonium groups. This nitrogen atom and the
non-coordinated carboxylate oxygen atom are involved in
an intra-ligand hydrogen bond.
The amino groups of the horizontal ligands coordinate to


Cd atoms of a symmetry-related sheet lying above the plane
of the sheet shown in Figure 7 (top). The Cd atoms are also
coordinated by nitrogen atoms from amino groups belong-
ing to a symmetry-related sheet lying below the plane. The
links between these three planes are indicated in Figure 7
(bottom) with the black spheres representing the atoms de-
picted in the upper part of Figure 7. Coordination bonds,
which extend from the amino groups of the black sheet to
the Cd atoms of the red sheet, are indicated by green bonds.
Yellow bonds from the amino groups of the blue sheet to
the Cd atoms of the black sheet also represent coordination
bonds. This stacking and linking of sheets extends in the c
direction with the blue and the red sheet, related by a unit-


Figure 4. Top: Asymmetric unit representation of 2. Typical bond lengths
(ä): Zn�N 2.055(2); Zn�O 1.911(2), 1.944(2)±1.951(2); bottom: A dia-
mond-like net representation in 2 showing that ten Zn atoms could be
composed of net.


Figure 5. Left: A typical diamond-like net representation; right: Distort-
ed diamond-like net representation of 2.


Figure 6. Asymmetric unit representation of 3 showing Zn center has a
five-coordinate mode in which its structural topology is similar to that
found in 1. Typical bond lengths (ä): Zn�O 1.988(3), 2.046(4)±2.054 (4);
Zn�N 2.054(5)±2.086(4).
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cell translation in the c direction. Interestingly, there is ex-
tensive hydrogen bonding between protonated amino
groups, perchlorate anions, and water, as is the case in TGS
(Figure 8 top diagram).
From a topological perspective the underlying network is


particularly interesting. Although the two unique ligands are
chemically similar, the roles they play in the net connectivity
are quite different. One of the ligands connects to three cad-
mium centers and is therefore considered as a three-con-
necting node in the network structure. These nodes are rep-
resented by the black spheres in Figure 8 (bottom) and have
been placed in an arbitrary position. The other type of
ligand is only two-connecting and for this reason it is not
treated as a node in the network. It is represented in the net
by direct connections between Cd centers (gray spheres).
Thus the net (Figure 8 bottom) contains equal numbers of
three- and five-connecting nodes that form the infinite
three-dimensional network. As far as we are aware this net


has not previously been observed; however, there is a close
relationship with the 10,3b net. If the direct connections be-
tween the gray spheres are ignored then all nodes are three-
connecting and the net has the same topology as 10,3b.[8]


Given that products 1, 2, and 3 all crystallize in a chiral
space group (P212121), while 4 adopts a polar space group,
an investigation of their optical properties was undertaken.
Preliminary examinations of powdered samples indicate that
1, 2, 3, and 4 are all SHG active, with 1 exhibiting the stron-
gest response. The presence of the amino group, which can
be considered as a very good donor, may be expected to en-
hance the electronic asymmetry (pull±push effect) that is es-
sential for nonlinear optical behavior, such as in the case of
1. The space group P212121 is associated with the point
group D2 and accordingly 1, 2, and 3 fail to display ferro-
electric properties. These cases are similar to that found for
SHG-active KDP (the hydrogen-bonded network is dia-
mond-like and it crystallizes in P212121). Interestingly, 4 crys-
tallizes in the space group Cc, which corresponds to the
polar point group Cs, one of the point groups required for
ferroelectric behavior. Experimental results indicate that 4
does indeed display ferroelectric behavior. Figure 9 clearly
shows there is an electric hysteresis loop that is a typical fer-
roelectric feature with a remnant polarization (Pr) of 0.18±


Figure 7. Top: Part of the structure of 4 showing a 2D sheet that extends
in the ab plane; bottom: The 3D structure of 4 showing the links between
neighboring sheets (yellow and green bonds). Typical bond lengths(ä):
Cd�N 2.334(4), 2.345(3)±2.372(4); Cd�O 2.322(6), 2.351(3)±2.552(4).


Figure 8. Top: A simplified network representation of 4 showing there
are many hydrogen bonds between perchlorate, water, and protonated
amino groups (not shown) along the c axis. Black, dark gray, and pale
gray balls represent O, Cl, and Cd atoms respectively; bottom: a topolog-
ical representation of 4. The gray spheres indicate Cd centers; the black
spheres represent the three-connecting ligands and the Cd�Cd connec-
tions represent the two-connecting ligands.
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0.28 mCcm�2 and coercive field (Ec) of 12 kVcm�1. The sat-
uration spontaneous polarization (Ps) of 4 is about 1.2±
1.8 mCcm�2, while that of ferroelectric KDP and TGS are
5.0 and 3.0 mCcm�2, respectively.[9] It is interesting to note
that comparable values are found for 4 and TGS, given that
both contain protonated amino groups which participate in
extensive hydrogen bonding. To the best of our knowledge,
4 represents the first example of a polar coordination poly-
mer that exhibits ferroelectric behavior.
In conclusion, the successful synthesis of chiral or acentric


coordination polymers with SHG and ferroelectric proper-
ties from the reaction of racemic, low-symmetry, multifunc-
tional ligands with metal salts under solvothermal conditions
has been achieved. Although it is difficult to predict the
nature of the ligand rearrangements and connectivity of the
resulting network, the results presented indicate that the
generation of interesting and perhaps technologically useful
asymmetric networks can be readily achieved using racemic
reactants and a relatively straightforward synthetic ap-
proach.


Experimental Section


General : In all cases only one-component pure crystals grew on the wall
of the Pyrex tube used and their powder X-ray diffraction pattern was
identical to that of single-crystal X-ray diffraction determination.


Preparation and analysis of C8H7ClN2O6Zn (1): Hydrothermal treatment
of Zn(ClO4)2¥6H2O (1.0 mmol) and HPAPA (1 mmol) over one day at
115 8C yielded colorless crystalline needles. Yield: ca. 35%, based on
HPAPA. IR (KBr): ñ=3448 (w), 3327 (w), 3246 (w), 1619 (w), 1576 (w),
1549 (s), 1492 (w), 1443 (s), 1396 (w), 1121 (vs), 1088 (s), 995 (w), 955
(w), 857 (w), 823 (w), 706 (m), 666 (w), 626 cm�1 (m); elemental analysis
calcd (%) for C8H7ClN2O6Zn: C 29.28, H 2.13, N 8.54; found C 29.36, H
2.06, N 8.72.


Preparation and analysis of C8H7NO3Zn (2): The procedure was identical
to that used for 1 except that the temperature was increased to above
120 8C. Colorless crystalline needles of 2 were formed with a 55% yield.
IR (KBr): ñ=3537 (w), 3061 (vw), 1650 (s), 1596 (s), 1479 (m), 1437 (m),
1356 (s), 1298 (w), 1208 (w), 1127 (m), 1058 (m), 986 (s), 903 (w), 882
(w), 815 (m), 744 (m), 686 (m), 654 (w), 611 (w),547 (w), 509 (w),


421 cm�1 (w); elemental analysis calcd (%) for C8H7NO3Zn: C 41.65, H
3.04, N 6.07; found: C 41.80, H 3.12, N 6.32.


Preparation and analysis of C8H9N3O5Zn (3): The procedure was identi-
cal to that used for 1 except that the temperature was decreased to 70 8C
and methanol was used instead of water. Colorless crystalline blocks of 3
were formed with a 25% yield. IR (KBr): ñ=3298 (w), 3243 (w), 3161
(w), 3077 (w), 2966 (w), 1604 (vs), 1568 (s), 1442 (vs), 1385 (s), 1323 (s),
1196 (w), 1118 (w), 1062 (w), 1042 (w), 1001 (w), 955 (w), 886 (w), 821
(w), 713 (m), 680 (w), 655 (w), 622 (w), 538 (w), 447 cm�1 (w); elemental
analysis calcd (%) for C8H9N3O5Zn: C 32.81, H 3.08, N 14.36; found: C
32.65, H 3.16, N 14.52.


Preparation and analysis of C16H21N4O9ClCd (4): The procedure was
identical to that used for 3 except that Cd(ClO4)2 was used instead of
Zn(NO3)2 and the mixture was heated for one week. Colorless crystalline
blocks of 4 were formed with a 25% yield. IR (KBr): ñ=3448 (w), 3325
(w), 3254 (w), 3085 (w), 3022 (w), 2963 (w), 2923 (w), 1550 (vs), 1483
(m), 1429 (s), 1127 (m), 1114 (vs), 1036 (vs), 995 (w), 945 (w), 923 (w),
890 (w), 880 (w), 856 (w), 843 (w), 823 (m), 810 (m), 712 (m), 651 (m),
634 (m), 538 (w), 548 (w), 496 cm�1 (w); elemental analysis calcd (%) for
C16H21N4O9ClCd: C 34.21, H 3.74, N 9.98; found: C 34.35, H 3.66, N
10.12.


X-ray crystallography


Crystal data for 1: Mr=327.88; orthorhombic; P212121; a=7.1497(8), b=
9.5284(10), c=16.0211(17) ä; V=1091.4(2) ä3; Z=4; 1calcd=


1.996 Mgm�3 ; R1=0.0727; wR2=0.1712; T=293 K; m=2.517 mm
�1; S=


1.090; Flack value: c=�0.04(5).
Crystal data for 2 : Mr=230.52; orthorhombic; P212121; a=5.3597(5), b=
9.9042(10), c=15.6760(16) ä; V=832.14(14) ä3; Z=4; 1calcd=


1.840 Mgm�3 ; R1=0.0206; wR2=0.0637; T=293 K; m=2.919 mm
�1; S=


0.578; Flack value: c=0.015(14).


Crystal data for 3 : Mr=292.55; orthorhombic; P212121; a=7.2039(9), b=
8.7309(11), c=16.234(2) ä; V=1021.1(2) ä3; Z=4; 1calcd=1.903 Mgm


�3 ;
R1=0.0561; wR2=0.1496; T=293 K; m=2.421 mm�1; S=0.946; Flack
value: c=0.08(3).


Crystal data for 4 : Mr=561.22; monoclinic; Cc ; a=14.0169(12), b=
13.5045(12), c=12.5050(11) ä; b=116.318(2)8 ; V=2121.7(3) ä3; Z=4;
1calcd=1.757 Mgm


�3 ; R1=0.0291; wR2=0.0867; T=293 K; m=


1.211 mm�1; S=0.797; Flack value: c=0.05(3).[10]


The crystal structures were solved with direct methods using the program
SHELXTL.[11] All the non-hydrogen atoms were located from the trial
structure and then refined anisotropically with SHELXTL using a full-
matrix least-squares procedure. The hydrogen-atom positions were fixed
geometrically at calculated distances and allowed to ride on the parent
carbon atoms. The final difference Fourier map was found to be feature-
less.


CCDC-202451±202454 contain the supplementary crystallographic data
(excluding structure factors) for this paper. This data can be obtained
free of charge via www.ccdc.cam.ac.uk/ conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


The measurement of SHG responses : Approximate estimations of the
second-order-nonlinear optical intensity were obtained by comparison of
the results obtained from a powdered sample (80±150 mm diameter) in
the form of a pellet (Kurtz powder test[12]), with that obtained for urea.
A pulsed Q-switched Nd:YAG laser at a wavelength of 1064 nm was
used to generate the SHG signal. The backward-scattered SHG light was
collected using a spherical concave mirror and passed through a filter
that transmits only 532 nm radiation. The SHG responses of 1±4 are
about 1.30, 0.40, 0.30, and 0.50 times than that of urea, respectively.


Measurement of the electric hysteresis loop : The ferroelectric property
of a solid-state sample was measured using a powdered sample in the
form of a pellet. An RT6000 ferroelectric tester was used at room tem-
perature with the sample immersed in insulating oil. The electric hystere-
sis loop was observed by Virtual Ground Mode. The relatively low Ps
values may be due to the sample being too thick to enable the use of
high voltages.


Figure 9. The electric hysteresis loop of 4 was observed by Virtual
Ground Mode for a powdered sample in the form of a pellet using an
RT6000 ferroelectric tester at room temperature.
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A Chiroptical Molecular Switch with Distinct Chiral and Photochromic
Entities and Its Application in Optical Switching of a Cholesteric Liquid
Crystal


Richard A. van Delden,[a] Tommaso Mecca,[b, c] Carlo Rosini,*[b] and Ben L. Feringa*[a]


Introduction


Molecular switches are prominent members of the toolbox
of nanotechnology.[1] The broad current interest in bistable
molecular systems, which can function as molecular
switches, has resulted in a large variety of organic structures
which potentially can be applied for example in optical data
storage and processing.[2] The most widely studied class of
molecular switches are based on photochromic molecules
where light can be used as a stimulus for switching.[3] Re-
quirements for applications of these systems, such as high
switching selectivity and fatigue resistance, have been met
by fine-tuning of the different molecular structures.[2] A
number of switching systems was also shown to function in
processable media, which is absolutely essential for any


nanotechnological application. Typical materials include
photochromic (doped) polymers[4] or polypeptides,[5] crys-
tals,[6] and liquid crystals.[7] Usually photochromism is moni-
tored by UV/Vis spectroscopy at the absorption maxima of
the bistable molecular system but in an application as light-
controlled molecular switches this implies destructive read-
out. In order to meet the requirement of non-destructive
read-out chiroptical molecular switches based on the photo-
chromism of chiral sterically overcrowded alkenes have
been developed.[8] These overcrowded alkenes are unique
because switching results in a reversal of the intrinsic chirali-
ty, changing the handedness of the helicity of the system.
Two types of switches based on sterically overcrowded al-
kenes were developed (Figure 1): A) enantiomeric photobi-
stable molecules where two enantiomers are interconverted
at a single wavelength by changing the handedness of the
circularly polarized light, and B) diastereomeric photobista-
ble molecules where the photochromic compound consists
of two pseudoenantiomeric forms of opposite helicity which
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Abstract: Two new structurally related
photoswitches are described, in which
azobenzene photochromism is com-
bined with the chirality of a 2,2’-dihy-
droxy-1,1’-binaphthyl unit. In system 1
the chiral binaphthyl moiety is bridged
by a methylene tether, locking the
biaryl chirality while in system 2 the
biaryl core is unbridged and has con-


siderable conformational flexibility.
Both compound are capable of induc-
ing cholesteric liquid crystalline phases
and proved to be good photoswitches


both in solution and in a liquid crystal-
line matrix. Compound 2 is capable of
completely reversing the liquid crystal-
line chirality which is unique for a chi-
roptical molecular switch where the
switching unit and the chiral moiety
are separate entities.


Keywords: biaryls ¥ chirality ¥
isomerization ¥ liquid crystals ¥
molecular switches ¥ photochromism


Figure 1. Schematic representation of different types of chiroptical molec-
ular switches (X*=chiral auxiliary group).
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can undergo photoisomerization
by irradiation at two different
wavelengths l1 and l2.
Both systems can be read-out


in a non-destructive manner by
optical rotation employing
wavelengths far outside the ab-
sorption bands of either of the
bistable molecular forms of the
switchable system. The photo-
modulation of intrinsic chirality
also offers the possibility of
using these systems as triggers
of liquid crystalline phase transi-
tions where the chirality of a
chiral nematic (cholesteric)
liquid crystal is fully controlled
by using a chiroptical molecular
switch as a dopant.[9] Steric hin-
drance resulting in an intrinsic helical structure is an essen-
tial feature in all the switchable chiral alkenes developed so
far. There are a number of other examples of chiral optical
switches but in most of these systems the photochromic part
and the chiral part are separate entities. In these cases
switching does not change the chirality of the system al-
though it can have a substantial influence on the chiral
properties (Figure 1C).[2,10] Some of these systems, which are
based on different types of photochromism, have been em-
ployed in liquid crystals and could influence the chiral prop-
erties of the systems but not control the handedness of the
cholesteric phase, that is, the magnitude but not the sign of
the cholesteric pitch could be switched by light in a reversi-
ble manner.[11] Very recently, for example, an axially chiral
photoswitchable compound based on azobenzene photo-
chromism combined with binaphthalene chirality was re-
ported.[12] With this system doped in nematic liquid crystal-
line hosts, it was possible to induce cholesteric phases by the
influence of the chiral binaphthyl part of the dopant and to
influence the chiral properties by photoinduced trans±cis
isomerization of the photochromic azobenzene part of the
dopant. The handedness of the liquid crystalline phase, how-
ever, remained the same. Here we report on two structurally
related systems, in which azobenzene photochromism is
combined with the chirality of 2,2’-dihydroxy-1,1’-binaphthyl
(BINOL), a source of chirality which is nowadays easily
available and has found a myriad of applications as chiral
ligand and catalyst in asymmetric synthesis.[13] The new pho-
tochromic compounds (S)-1 and (S)-2 are shown in
Scheme 1. These two compound were designed as phototrig-
gers for liquid crystalline phase transitions. Functionalized
1,1’-binaphthalenes are very efficient dopants to induce
chiral nematic LC phases and high helical twisting powers
are observed due to the intrinsic chirality of the binaphtha-
lene core (see below).[14] It was established that the chiral in-
duction is highly dependent on the dihedral angle (q) be-
tween the two naphthalene moieties.[15] In the most com-
monly observed cisoid conformation (q <908), an (S)-bi-
naphthalene compound induces a positive cholesteric phase
while in the transoid (q >908) conformation a negative cho-


lesteric phase is induced by an (S)-binaphthalene com-
pound.
For compounds 1 and 2, the intrinsic chirality of the bi-


naphthyl-based core should guarantee the induction (in a
nematic solvent) of cholesteric mesophases. The azobenzene
moieties are oriented in the same direction as the axis join-
ing the two naphthalene moieties. In LC hosts, binaphtha-
lenes are known to orient with this axis parallel to the nem-
atic director.[14a] In compound 1 the chiral binaphthalene
core is rigidified by a methylene bridge in order to minimize
the influence of azobenzene photoisomerization on rotation
around the biaryl bond as the compound is fixed in a cisoid
conformation (note that racemization cannot occur under
the present conditions). In compound 2 the chiral binaph-
thalene core has more rotational freedom and the influence
of photoisomerization of the azobenzene on the overall ge-
ometry of the molecule could be more pronounced. We an-
ticipated a major influence of azobenzene switching on the
overall conformation, and as a consequence the chirality, of
the compounds which could lead to chiroptical switching of
the handedness of these cholesteric phases.
The photochromic and chiral properties of these two sys-


tems were studied both in solution and in liquid crystalline
(LC) environment.


Results and Discussion


Synthesis : Compounds (S)-1 and (S)-2 were synthesized
starting from (S)-6,6’-dibromo-2,2’-dihydroxy-1,1’-binaphtha-
lene[16] in four steps: 1) protection of the hydroxy groups in
1,1’-position of the binaphthalene rings;[17] 2) substitution of
the two bromine atoms in 6,6’-position with two hydroxy
groups; 3) coupling reaction with the benzenediazonium tet-
rafluoborate salt and 4) methylation of the two hydroxy
groups in 6,6’-position of the binaphthalene moiety
(Scheme 1).
The presence of two azobenzene moieties in both com-


pound 1 and 2 allows the existence of three isomers, the en-
ergetically preferred all-trans C2-symmetric isomer (tt), the


Scheme 1. Synthesis of enantiomerically pure chiroptical molecular switches (S)-1 and (S)-2 starting from (S)-
6,6’-dibromo-2,2’-dihydroxy-1,1’-binaphthalene 3 : a) K2CO3, DMF, CH2I2, 80 8C, 78%;


[17] b) K2CO3, DMF,
CH3CH2Br, 80 8C, 88%; c) nBuLi, �78 8C; d) BF(OCH3)2, �78 8C; e) NaOH/H2O2, 0±20 8C (yields (S)-6 : 86%,
(S)-7: 72%); f) benzenediazonium tetrafluoroborate salt, pyridine and K2CO3 in anhydrous THF, �20 8C
(yields (S)-8 : 38%, (S)-9 : 43%), g) MeI/K2CO3 in DMF (yields (S)-1: 65%), (S)-2 : 66% yield).
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mixed cis±trans isomer (ct) and the all-cis C2-symmetric
isomer (cc). These forms can be interconverted by photoin-
duced isomerization of the photochromic azobenzene moiet-
ies (Scheme 2). A substantially steric influence of the bi-
naphthalene core on the overall geometry and chirality


upon photoisomerization is expected. Whereas in the all-
trans configuration of 1 and 2 the linear orientation around
the azo double bond allows for the phenyl group to simply
bend away, upon trans to cis isomerization steric interactions
are severely increased and the chiral binaphthyl unit is ex-
pected to exert an effect on the orientation of the azo-
phenyl moiety. Pure–energetically favorable–tt-(S)-1 and
tt-(S)-2 were obtained by heating any mixture of tt, ct and cc
isomers to allow thermal equilibration. The UV/Vis and CD
spectra of both tt-(S)-1 and tt-(S)-2 are depicted in Figure 2.
Upon comparison of compound 1 and 2 distinct differen-


ces in the UV/Vis absorption are observed. First of all, it is
interesting to compare the absorption spectra of (S)-1 and
(S)-2 with the corresponding spectra of (S)-2,2’-methylene-
dioxy-1,1’-binaphthyl (S)-10 and (S)-2,2’-dimethoxy-1,1’-bi-
naphthyl (S)-11, that is, the compounds which are the model
compounds of the core of (S)-1 and (S)-2 (Figure 3).[18]


In the spectra of those model compounds, two main
region of absorption, can be easily singled out: a) 350±
250 nm and b) 250±200 nm. As it is well known, region a is
due to the 1La transition (short axis polarization) while
region b) is due to the 1B transition (long axis polarization)
of the naphthalene chromophore.[18] Interestingly, the ab-
sorption of these model compounds is almost negligible at
250 nm and the extinction coefficient at about 300 nm is in
the range of 7000±8000, therefore the strong absorption
bands (e 20000 or even more), present in the spectra of
both (S)-1 and (S)-2 at wavelengths longer than 300 nm, are
related to the aromatic azo-moieties. As a matter of fact,
trans-phenyl-N=N-(1-naphthyl) shows absorptions at 454 nm
(emax 450, n!p* transition) and 371 nm (emax 22900, p!p*
transition),[19] therefore we can conclude that the bands ob-
served for (S)-1 and (S)-2 at about 460 and 400 nm are due
to the n!p* and p!p* transitions of the aromatic azo-
chromophore, respectively. The wavelength shift is due the
presence of the substituents in both (S)-1 and (S)-2. By con-
trast, the intense bands at l <250 nm are certainly due to
the binaphthyl chromophore, in particular the sequence of a


shoulder at about 230 nm followed by a maximum at about
220 nm is clearly indicative of the presence of a small dihe-
dral angle between the naphthyl rings (in fact (S)-1 is a
bridged binaphthyl compound) whilst the broad peak at
230 nm for (S)-2 clearly reveals a larger dihedral angle be-
tween the aromatic rings,[18] as it is certainly true for the
open derivative (S)-2. In the CD spectra, the excitations of
the azo-moieties (wavelengths longer than 300 nm) give rise
to only relatively weak Cotton effects, whilst a strong, posi-
tive couplet in the spectra of (S)-1 and (S)-2 shows clearly
the existence of cisoid binaphthyl chromophores, taking into
account that both these compounds have (S) absolute con-
figuration.[18] The absorption band at 390 nm of tt-(S)-1 is
bathochromically shifted to 405 nm for tt-(S)-2. Similarly,
the absorption band at 450 nm of cc-(S)-1 is red-shifted to
460 nm for cc-(S)-2. This effect can be ascribed to an in-


Scheme 2. Possible photochemical interconversions between three com-
pounds differing in azobenzene geometry.


Figure 2. UV/Vis and CD spectra of (S)-tt-1 (c) and (S)-tt-2 (a) in
n-heptane solution.


Figure 3. Model compounds (S)-10 and (S)-11.
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creased contribution of the lone pairs of the oxygens in 1,1’-
position of the binaphthyl group to the delocalized p elec-
tronic system.[20] This should have a small but distinct effect
on the photochemical properties.


Isomerization in solution : Solutions of pure tt-(S)-1 in
chloroform and n-heptane (10�5m) were irradiated at differ-
ent wavelength (391, 396, 450 nm) and the change in UV/
Vis absorption and circular dichroism (CD) was monitored.
From the ratio of the different absorption curves, the most
ideal wavelength for trans to cis and the reverse cis to trans
isomerization were determined to be 396 and 450 nm, re-
spectively. The UV/Vis and CD characteristics of compound
(S)-1 in chloroform and n-heptane are similar. The UV/Vis
and CD spectra corresponding to the two photostationary
states at 396 and 450 nm in n-heptane solution are depicted
in Figure 4, together with the UV/Vis absorption of the ini-
tial tt-(S)-1 solution.
The photostationary state ratios of the three forms


(Table 1) were analyzed by HPLC and the three geometrical
isomers could be assigned by diode-array UV/Vis analysis.
Only starting from chloroform solution full baseline separa-
tion of the three isomers was achieved and the ratios in this
solvent are reported. Analysis of the not fully separated


HPLC traces and UV/Vis and CD spectra from n-heptane
solution revealed similar switching selectivities in this sol-
vent. The first (least polar) eluted fraction shows a UV/Vis
spectrum coincident with the spectrum of the initial com-
pound after the thermal isomerization, and it was assigned
the trans±trans (tt) structure. The third (most polar) fraction
shows a UV/Vis spectrum characterized by the disappear-
ance of the absorption bands at l=390 nm and l=480 nm
and the appearance of a broad band at l=450 nm that is
typical of a cis-azobenzene moiety.[21] It was assigned the
cis±cis (cc) structure. The second substance eluted (inter-
mediate polarity) shows an UV/Vis spectrum that is exactly
the average of the spectra of the two previous compounds,
so it is safe to assign to this compound the cis±trans (ct)
structure.
After 396 nm irradition 58% of all azobenzene units are


switched to the cis configuration, subsequent irradiation at
450 nm results in a photostationary state in which 82% of
all azobenzene units are present in trans form. The presence
of an isosbestic point at 269 nm indicates a clean switching
process which was shown to be fully reversible. From the
photostationary state ratios and UV/Vis spectra, the absorp-
tion spectra of ct-1 and cc-1 could be calculated (Figure 5).
These spectra and also analysis of the UV/Vis spectra ob-
tained directly from the HPLC detector show that the ab-
sorption spectrum of ct-(S)-1 is the exact average of the
spectra of the all-trans and all-cis forms of (S)-1. In this C2-
symmetrical system, the two azobenzene units act as sepa-
rate entities. The ratios observed for both photostationary


Figure 4. UV/Vis and CD spectra of (S)-1 in n-heptane solution: c,
photostationary state at 450 nm (excess trans); a, photostationary
states at 396 nm (excess cis). The original spectra of pure tt-(S)-1 are
plotted for comparison (g).


Table 1. Ratios of the three geometrical isomers of (S)-1 at the photosta-
tionary states in chloroform.[a]


l [nm�1] tt-(S)-1 [%] ct-(S)-1 [%] cc-(S)-1 [%]


396 19 46 35
450 67 30 3


[a] As determined by HPLC analysis on silica gel using CHCl3/Et2O 98:2
at 0.25 mLmin�1 and 296 nm (which is an isosbestic point of the three
form this eluent) as a detection wavelength. The elution order is: tt-(S)-1
(16.5 min), ct-(S)-1 (23.0 min) and cc-(S)-1 (28.5 min).


Figure 5. Calculated UV/Vis spectra of the three isomers tt (c), ct
(a) and cc (S)-1 (g) in n-heptane.
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states are a near statistical distribution of the amount of
trans and cis azobenzene units. The most apparent feature
of these spectra is that the difference between the UV/Vis
spectra of the all-trans compound tt-(S)-1 and both cis-com-
pounds ct-(S)-1 and cc-(S)-1 is relatively small compared to
other azobenzene photochromic compounds reported.[22]


This small difference results in a relatively modest switching
efficiency but nevertheless it is shown here that compound
(S)-1 can readily function as a molecular switch in chloro-
form and n-heptane solution. From the CD spectra of both
photostationary states and the initial tt-(S)-1 isomer
(Figure 4) only a minor influence of azobenzene isomeriza-
tion on the overall geometry and chirality of this compound
is observed. This was expected since the intrinsic chirality of
the binaphthalene core is fixed by the methylene tether.
Compound (S)-2 was analyzed in the same manner using


a 10�5m solution of pure tt-(S)-2 in chloroform and n-hep-
tane. As for compound 1, UV/Vis and CD spectra as well as
switching selectivities were comparable in both solvents.
The most efficient wavelengths for the switching process
were determined to be 405 nm for the trans to cis isomeriza-
tion and 466 nm for the reverse process. The photoisomeri-
zation showed a clear isosbestic point at 271 nm (Figure 6).
The photostationary state ratios are shown in Table 2.
Comparable to compound 1, the HPLC analysis of the


photostationary states show the presence of three isomers


easily assignable to the tt, ct and cc (S)-2. Also for this com-
pound the absorption spectrum of ct-(S)-2 is the exact aver-
age of the spectra of the all-trans and all-cis forms of (S)-2,
and the absorption difference between the cis- and trans-
forms are less pronounced than expected. The calculated
spectra for ct-2 and cc-2 are depicted in Figure 7.


When the wavelength of 405 nm is used to promote the
trans- to cis-isomerization process, only 44% of all trans-
azobenzene moieties present are switched to the cis-form.
Subsequent irradiation at 466 nm results in a photostation-
ary state in which 76% of the azobenzenes units are present
in the trans-form. Also, the observed ratios reflect a near
statistical distribution of trans- and cis-azobenzene units and
no combined effect of the two units present in each mole-
cule is observed.
Also for compound 2 the effect of cis±trans isomerization


on the chirality of the compound was studied by circular di-
chroism (Figure 6). The most striking observation here is
that the effect of this isomerization is similar to the effect
observed for (S)-1. Although some changes in CD can be
observed upon irradiation the overall chirality of the system
is more or less retained even though the rotational freedom
of the binaphthalene core is far larger than for compound
(S)-1. The bisignate CD band around 240 nm reflecting the
chirality of the binaphthalene core is hardly changed upon
photoirradiation. The relative changes in the bathochromic
side of the spectrum are more pronounced, comparable to


Table 2. Photostationary state ratios of the three isomers of (S)-2 in
chloroform.[a]


l [nm�1] tt-(S)-2 [%] ct-(S)-2 [%] cc-(S)-2 [%]


405 33 46 21
466 56 40 4


[a] As determined by HPLC analysis on silica using CHCl3/Et2O 98:2
(0.25 mLmin�1) and HPLC analysis using the same conditions as for 1
using a detection wavelength of 245 nm (isosbestic point of the three
forms in this eluent). The elution order is the same as for compound 1:
tt-(S)-2 (13.8 min), ct-(S)-2 (18.3 min) and cc-(S)-2 (21.4 min).


Figure 6. UV/Vis and CD spectra of (S)-2 in n-heptane solution: c,
photostationary state at 466 nm (excess trans), a, photostationary
states at 405 nm (excess cis). The original spectra of pure tt-(S)-2 are
plotted for comparison (g).


Figure 7. Calculated UV/Vis spectra of the three isomers tt (c), ct
(a) and cc (S)-2 (g) in n-heptane.


Chem. Eur. J. 2004, 10, 61 ± 70 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 65


Chiroptical Molecular Switches 61 ± 70



www.chemeurj.org





the changes observed for compound (S)-1. Compound (S)-2
was shown to be a–though moderate–molecular switch in
these solution experiments. Both compounds were subse-
quently examined in liquid crystalline hosts.


Photomodulation of cholesteric liquid-crystalline mesophas-
es : The behavior of (S)-1 and (S)-2 was studied in E7 (a
commercially available nematic mixture of different biphe-
nylcarbonitrile-based mesogens, liquid crystalline up to
58 8C). All samples were prepared with a concentration of
active compound (tt-(S)-1 or tt-(S)-2) of three weight%. The
pitches of the induced cholesteric mesophases were deter-
mined by the Grandjean±Cano technique.[23] The sign of the
cholesteric phases was determined using a contact method
where mixing of the samples with a doped cholesteric
liquid-crystal of known negative screw sense was tested.[24]


The wavelengths used for photoswitching were the ideal
wavelength determined for CHCl3 solution.
For the LC sample doped with three weight% tt-(S)-1 a


clear cholesteric phase was observed with a pitch of +


2.12 mm, indicating a helical twisting power (b) of +


15.2 mm�1.[25] The positive screw sense of the cholesteric
packing induced by an (S)-binaphthalene based dopant is in
accordance with comparable compounds.[14] Irradiation with
396 nm increased the cholesteric pitch to +2.24 mm while
subsequent irradiation with 450 nm decreased the pitch to
+2.18 mm. The ratio of the three isomers tt-(S)-1, ct-(S)-1
and cc-(S)-1 in the photostationary states in the liquid-crys-
talline phase were determined by HPLC (Table 3).


Comparing these results in an LC phase with those of a
CHCl3 solution (Table 2), shows a less selective trans to cis
isomerization. The cis to trans isomerization on the other
hand is more selective. These minor effects can be attributed
to changes in the relative absorption of the various isomers
in a different environment. From the experimental photosta-
tionary ratios and the cholesteric pitches the helical twisting
powers of ct-(S)-1 and cc-(S)-1 could be calculated to be +


17.2 mm�1 and +13.0 mm�1. All three forms have comparable
helical twisting powers and azobenzene isomerization was
proven to occur in a liquid crystalline environment. The
switching selectivity in a LC host is similar to the switching
selectivity in chloroform solution but irradiation times are
prolonged. Because of the similar helical twisting powers
found for tt-1, ct-1 and cc-1, however, no efficient switching
of cholesteric phase chirality is possible for (S)-1. This was


already anticipated because the binaphthalene core, expect-
ed to be largely responsible for chiral induction in a liquid
crystal, is fixed by a methylene tether and azobenzene iso-
merization hardly has any effect on the chirality of the core
as already observed in CD experiments in chloroform solu-
tion.
Compound (S)-2, although structurally similar to (S)-1,


shows completely different behavior in a liquid crystalline
matrix. Again, three weight% of pure tt-(S)-2 in nematic E7
resulted in a clear cholesteric phase with a pitch of +


3.05 mm, indicating a relatively low helical twisting power of
+10.9 mm�1. Irradiation with 402 nm light inverted the cho-
lesteric pitch to �5.52 mm while subsequent irradiation at
466 nm reverted the pitch to +21.87 mm.[26] During these
photoinduced cholesteric helix inversions the Grandjean±-
Cano lines observed through a polarization microscope
moved outwards, then disappeared and upon continued irra-
diation appeared again. This is a unique case of direct obser-
vation of gradual cholesteric helix inversion via a compen-
sated nematic phase using a chiroptical molecular switch.
The photostationary state ratios of the three isomers tt-(S)-
2, ct-(S)-2 and cc-(S)-2 in the liquid-crystalline phase deter-
mined by HPLC, using the same method as for compound 1,
are summarized in Table 4.


Also thermal switching back to tt-(S)-2 starting from the
402 nm photostationary state was investigated and after
heating the sample to 50 8C (where the sample is still liquid
crystalline) the mixture fully reverts to >99% tt-(S)-2 as
confirmed by HPLC analysis. The helical twisting powers of
ct-(S)-2 and cc-(S)-2 were calculated to be �8.4 mm�1 and
�39.3 mm�1, respectively. Compound 2 can function as an ef-
ficient molecular switch in a liquid crystalline matrix and
photoswitching between three different forms can be in-
duced by light. Due to the differences in helical twisting
powers of the three forms, positive for tt-(S)-2 and negative
for ct-(S)-2 and cc-(S)-2, the helicity of a cholesteric liquid
crystal can efficiently be controlled. Essential here are the
opposite helical twisting powers for the all-trans and the iso-
merized forms of 2.
At this point it is difficult to provide a detailed interpreta-


tion of the very different behavior of (S)-1 and (S)-2, how-
ever by comparison with model compounds (S)-10 and (S)-
11 (Figure 3), respectively, we can make the following com-
ments. First of all, (S)-10, the model compound for the core


Table 3. Photostationary state ratios of the three isomers of (S)-1 doped
in mesogenic host E7 (3 wt%).[a]


l [nm�1] tt-(S)-1 [%] ct-(S)-1 [%] cc-(S)-1 [%] pitch [mm�1]


± 100 + 2.12
396 51 39 10 + 2.24
450 82 16 2 + 2.18


[a] As determined by HPLC analysis on silica gel using a gradient from
pure chloroform to chloroform/Et2O 98:2 (0.5 mLmin�1) and 296 nm
(which is an isosbestic point of the three form this eluent) as a detection
wavelength. The elution order is: tt-(S)-1 20.9 min, ct-(S)-1 22.2 min, cc-
(S)-1 23.3 min. Cholesteric pitches were determined by the Grandjean±
Cano method.


Table 4. Photostationary state ratios of the three isomers of (S)-2 doped
in mesogenic host E7 (3 wt%).[a]


l [nm�1] tt-(S)-2 [%] ct-(S)-2 [%] cc-(S)-2 [%] pitch [mm�1]


± 100 + 3.05
402 35 51 14 �5.52
466 58 37 5 + 21.87


[a] As determined by HPLC analysis on silica gel using a gradient from
pure chloroform to chloroform/ether 98:2 (0.5 mLmin�1) and 245 nm
(which is an isosbestic point of the three form this eluent) as a detection
wavelength. The elution order is: tt-(S)-1 20.7 min, ct-(S)-1 22.8 min, cc-
(S)-1 24.2 min. Cholesteric pitches were determined by the Grandjean±
Cano method.
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of (S)-1, shows a very strong HTP (b = ++85 mm�1) in PCB
(a biphenyl-like nematic liquid crystal),[14c] whilst the HTPs
of the three isomers of (S)-1 range between b=++13 and +


17 mm�1. This indicates that the main source of the cholester-
ic induction of (S)-1 is still the binaphthyl core which is
fixed in a cisoid conformation by the methylene bridge. The
significant reduction of HTP going from (S)-10 to (S)-1
could be ascribed to a more difficult alignment of the mole-
cules of the nematic liquid crystal around the (S)-1 solute,
as a result of the steric hindrance due to the azo-substitu-
ents. It is also interesting to note that the above variation of
HTP could also be related to a different alignment of the tt,
ct, cc isomers of (S)-1 in the nematic solvent, owing to the
different shape of these compounds. Ferrarini and Spada
et al. have in fact recently demonstrated that biphenyl com-
pounds with the same absolute configuration ((P), for in-
stance) can induce a (P)- or (M)-cholesteric phase in E7, de-
pending on their disk-like or rod-like behaviour, which is, in
turn, related to the molecular shape of these derivatives.[27]


On the contrary, the HTP of (S)-11, the model compound
for the core of (S)-2, in K15 (a nematic solvent structurally
similar to E7) is only +1.5 mm�1.[14b] Therefore the calculat-
ed HTP values of b+10.9, �8.4 and �39.3 mm�1 of tt-, ct-
and cc-(S)-2, respectively, could largely be attributed to the
geometry around the azobenzene moieties which changes
upon photoisomerization. It is remarkable that the changes
in HTP on passing from the tt-(S)-2 to ct-(S)-2 to cc-(S)-2
are almost additive, indicating that the effects on the overall
HTP value due to the two azobenzene isomerizations are
almost independent. Although the intervention of a cisoid±
transoid isomerization of the binaphthyl moiety cannot be
ruled out, the CD spectrum of (S)-2 shows only very little
changes after the photochemical irradiation in solution. A
positive couplet is always observable: this means that the
critical value of the dihedral angle for sign inversion of the
CD couplet (q = 1108) is not attained.[18] Therefore, both
before and after irradiation the dihedral angle of the binap-
thalene moiety of (S)-2 ranges between 90 and 1108. These
values can be easily accepted, considering that other 1,1’-bi-
naphthyl compounds with these characteristics are
known.[18b,c] Only in the case of 2,2’-bis(bromomethyl)-1,1’-
binaphthyl a dihedral angle larger than 1108 was repor-
ted.[14b]


However, it is interesting to note, as we did above, that
the variation of the HTP value increases with the extent of
trans±cis isomerization of the azobenzene moieties. This sup-
ports the major role of the azobenzene isomerization on the
overall geometry of the molecule. Next to a possible cisoid±
transoid passage of the core itself due to the different steric
hindrance around the binaphthyl moiety (see above), photo-
induced cis±trans isomerization of the azobenzene moieties
in (S)-2 can induce a change the overall geometry and helic-
ity of (S)-2. The observed variations of the HTP can be ex-
plained as follows; either one or two photoinduced trans to
cis isomerizations of the azobenzene moieties in (S)-2 give
rise to a compound with an overall helicity opposite to the
helicity of the binaphthyl core resulting in a reversal of the
handedness of the cholesteric phase. An alternative explana-
tion (following again Ferrarini, Spada et al.)[27] could be that


azobenzene isomerization changes the alignment of the
nematic solvent around the solute resulting in a different
cholesteric phase.


Conclusion


We have shown that optically active binaphthyl derivatives
containing two azobenzene chromophores can be prepared
by straightforward chemistry in satisfactory yields starting
from enantiomerically pure BINOL. Compounds (S)-1 and
(S)-2 show interesting photochromic properties and they can
act as molecular switches in solution. While compound (S)-1
in the liquid crystal host E7 shows only very small variation
of the cholesteric pitch, compound (S)-2 in the same liquid
crystalline host is capable of reversibly inverting the choles-
teric packing upon photoisomerization. The all-trans form of
(S)-2 has a positive helical twisting power whereas both
forms with cis-azobenzene moieties induce a negative helici-
ty. The helical twisting power of the all-cis form of (S)-2 is
remarkably large. These features were thus far only ob-
served for switches where photoisomerization resulted in a
full reversal of the chirality of the molecular structure (in-
herently dissymmetric chiroptical switches).
The present investigation clearly shows that the chemical


coupling of the photochemical properties of the azo-group
with the chirality of the BINOL skeleton constitutes a prac-
ticable approach to a new class of useful chiral molecular
switches. Compound (S)-2 is the first example of a chiropti-
cal molecular switch where the switching unit and the chiral
moiety are separate entities that is capable to completely re-
verse liquid crystalline chirality.


Experimental Section


General procedures : 1H NMR spectra were recorded in CDCl3 on a
Bruker Aspect 300 (300 MHz), Varian VXR-300 (300 MHz) or Varian
Gemini-200 (200 MHz). 13C NMR spectra were recorded in CDCl3 on a
Bruker Aspect 300 (75 MHz), Varian VXR-300 (75 MHz) or Varian
Gemini-200 (50 MHz). Chemical shifts are denoted in d unit (ppm) rela-
tive to CDCl3. The splitting patterns are designated as follows: s (singlet),
d (doublet), dd (double doublet), t (triplet), q (quartet), and m (multip-
let) for 1H NMR. For 13C NMR the carbon atoms are assigned as q (pri-
mary carbon), t (secondary carbon), d (tertiary carbon) and s (quaternary
carbon). Chemical ionization MS spectra were obtained with a AEI MS-
902 spectrometer. The EI-MS spectra were obtained with a Jeol JMS-600
spectrometer. HPLC analyses were performed on a Waters HPLC system
equipped of a 600E solvent delivery system and a 996 photodiode array
detector. CD and UV/Vis analyses were performed on a JASCO J-715
spectropolarimeter and a Hewlett±Packard HP 8453 FT Spectrophotome-
ter. Optical rotations were measured with a JASCO DIP-370 digital po-
larimeter and a Perkin±Elmer 241 polarimeter. THF was freshly distilled
prior its use on sodium/benzophenone and stored under nitrogen atmos-
phere. CH2Cl2 was distilled from P2O5 and stored over activated 4 ä mo-
lecular sieves. Pyridine was distilled over CaH2 and stored under nitrogen
on KOH. n-Butyllithium (Aldrich) was a 1.6m solution in n-hexane. Ad-
dition of organometallics were performed using syringe/septum cap tech-
niques under nitrogen atmosphere. Commercial reagents were used with-
out purification. Column chromatography was carried out with silica gel
Merck 60 (80±230 mesh).


Photochemical isomerizations : Photoirradiation in solution were per-
formed by irradiation of a sample in a 1 cm quartz cuvette with an 200 W
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Oriel 60100 Xe-lamp attached to an Oriel Cornerstone 260 monochroma-
tor. Photostationary states are ensured by monitoring composition
changes in time by taking UV spectra at distinct intervals until no
changes were observed. Ratios of the different isomers of the molecular
switches were determined by HPLC by monitoring at the isosbestic
point. Photoisomerizations in liquid crystalline films were performed
with the same light source monitoring the phase transitions through a
Olympus BX 60 polarization microscope. Ratios of the different isomers
were again determined by HPLC.


Preparation and analysis of liquid crystalline samples : The pitches of the
liquid crystalline phases were determined by the Grandjean±Cano techni-
que using an Olympus BX 60 polarization microscope.[28] Grandjean±Ca-
no textures were obtained by alignment of a cholesteric liquid crystalline
material on a polyimide-covered glass surface. For this purpose a glass
surface (typically 6.25 cm2) was carefully cleaned with aqueous detergent
and with organic solvent (2-propanol). This clean and dry surface was
spin-coated (at approximately 3000 rpm for 1 min) with commercially
available polyimide AL1051 (purchased from JSR, Belgium). These
coated glass surfaces were allowed to harden at 170 8C in vacuum over-
night. The surface was then linearly rubbed with a velvet cloth and the
LC material doped with the appropriate amount of dopant dissolved in
toluene (�5 mgmL�1) was slowly poured onto this alignment layer. After
evaporation of the solvent at room temperature a suitable aligned LC
film was obtained. The Grandjean±Cano texture was obtained by apply-
ing a plan-convex converging lens of known radius (R=25.119, 30.287,
40.388 or 50.481 mm; Linos Components; Radiometer) onto this liquid
crystalline covered surface. The sign of the cholesteric phases was deter-
mined using a contact method where mixing of the samples with a doped
cholesteric liquid crystal of known negative screw sense, consisting of
dopant ZLI-811, obtained from Merck in the appropriate liquid crystal-
line host, was tested.


Synthesis


(S)-6,6’-Dibromo-2,2’-methylenedioxy-1,1’-binaphthalene (4): K2CO3


(3.5 g, 25 mmol) was added to a solution of (S)-6,6’-dibromo-2,2’-dihy-
droxy-1,1’-binaphthalene (2.66 g, 6.0 mmol) in dry DMF (30 mL) under
nitrogen. The reaction mixture was stirred at 80 8C for 30 min, CH2I2
(0.72 mL, 9 mmol) was added and stirring continued overnight at 80 8C.
After cooling to RT, the reaction mixture was diluted with Et2O
(300 mL), washed with H2O and brine, the organic layer was dried over
anhydrous Na2SO4 and concentrated in vacuo. The product was purified
by column chromatography (silica gel, pet. ether/Et2O 85:15) and a suc-
cessive crystallization from Et2O/n-hexane affording pure (S)-6,6’-dibro-
mo-2,2’-methylenedioxy-1,1’-binaphthalene as white crystals (2.13 g,
78%). 1H NMR (250 MHz, CDCl3): d = 8.10 (d, 2H), 7.88 (d, J=9.0 Hz,
2H), 7.50 (d, 2H), 7.38 (dd, J=9.0, 1.9 Hz, 2H), 7.30 (d, 2H), 5.69 (s,
2H); EI-MS: m/z : calcd for C21H12Br2O2: 456.92; found: 456 [M


+].


(S)-6,6’-Dibromo-2,2’-diethoxy-1,1’’-binaphthalene (5): [16] K2CO3 (3.0 g,
22 mmol) was added under nitrogen to a solution of (S)-6,6’-dibromo-
2,2’-dihydroxy-1,1’-binaphthalene (2.22 g, 5.0 mmol) in dry DMF
(18 mL). The reaction mixture was stirred at 80 8C for 30 min, bromo-
ethane (1.1 mL, 15 mmol) was added and stirring continued overnight at
80 8C. After cooling to RT, the reaction mixture was diluted with Et2O
(300 mL), washed with H2O and brine, the organic layer was dried over
anhydrous Na2SO4 and concentrated in vacuo. The product was purified
by column chromatography (silica gel, CH2Cl2/n-hexane 4:6) and a suc-
cessive crystallization from Et2O/n-hexane affording pure (S)-6,6’-dibro-
mo-2,2’-diethoxy-1,1’-binaphthalene as white crystals (2.20 g, 88%).
1H NMR (400 MHz, CDCl3): d=8.01 (d, 2H), 7.85 (d, J=9.0 Hz, 2H),
7.42 (d, 2H), 7.27 (dd, J=9.0, 2.0 Hz, 2H), 6.96 (d, 2H), 4.1±4.2 (m, 4H),
1.06 (t, 6H); EI-MS: m/z : calcd for C24H20Br2O2: 497.98; found: 500 [M


+


].


Preparation of BF(OCH3)2 : B(OCH3)3 (6 mL, 74 mmol) and BF3¥Et2O
(2.86 mL, 23.3 mmol) were mixed and stirred at RT for 30 min. The pure
product was obtained by distillation collecting fractions between 50±
52 8C. The product was immediately used for the following reactions.


(S)-6,6’-Dihydroxy-2,2’-methylenedioxy-1,1’-binaphthalene (6): A solution
of nBuLi 1.6m in n-hexane (3.9 mL, 6.25 mmol) under nitrogen was
added at �70 8C to a solution of (S)-6,6’-dibromo-2,2’-methylenedioxy-
1,1’-binaphthalene (4 ; 1.140 g, 2.5 mmol) in dry THF (35 mL). The solu-
tion was stirred at �70 8C for 15 min, BF(OCH3)2 (0.750 mL, 6.25 mmol)


was added and the temperature was slowly increased until �10 8C. A sol-
ution of 30% aq. H2O2 (2.875 mL, 25 mmol) and 0.5m aq. NaOH (3 mL)
was added and the overall reaction mixture was stirred while reaching
RT. The reaction mixture was diluted with Et2O (200 mL), washed with
brine and the organic layer was dried over anhydrous Na2SO4 and con-
centrated in vacuo. The residue was purified by column chromatography
(silica gel, Et2O/n-hexane 8:2) affording pure (S)-6,6’-dihydroxy-2,2’-
methylenedioxy-1,1’-binaphthalene (6) as a white solid (710 mg, 86%).
1H NMR (300 MHz, CDCl3): d=7.74 (d, J=8.8 Hz, 2H), 7.37 (d, J=
8.8 Hz, 2H), 7.36 (d, J=9.2 Hz, 2H), 7.18 (d, J=2.5 Hz, 2H), 6.86 (dd,
J=9.2, 2.5 Hz, 2H), 5.60 (s, 2H), 4.9 (s, 2H); 13C NMR (300 MHz,
CDCl3): d = 100.5 (t), 107.5 (d), 115.4 (d), 119.0 (d), 123.7 (s), 124.8 (s),
126.1 (d), 126.2 (d), 130.5 (s), 146.9 (s), 150.2 (s); CI-MS: m/z : calcd for
C12H14O4: 330.09; found: 348 [M+NH4


+].


(S)-6,6’-Dihydroxy-2,2’-diethoxy-1,1’-binaphthalene (7): A solution of
nBuLi 1.6m in n-hexane (3.9 mL, 6.25 mmol) was added under nitrogen
at �70 8C to a solution of (S)-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphtha-
lene (5 ; 1.250 g, 2.5 mmol) in dry THF (35 mL). The solution was stirred
at �70 8C for 15 min, BF(OCH3)2 (0.750 mL, 6.25 mmol) was added and
the temperature was slowly increased to �10 8C. A solution of 30% aq.
H2O2 (2.875 mL, 25 mmol) and 0.5m aq. NaOH (3 mL) was added and
the overall mixture was stirred while reaching RT. The reaction mixture
was diluted with Et2O (200 mL), washed with brine and the organic layer
was dried over anhydrous Na2SO4 and concentrated in vacuo. The resi-
due was purified by column chromatography (silica gel, Et2O/n-hexane,
8:2) affording pure (S)-6,6’-dihydroxy-2,2’-diethoxy-1,1’-binaphthalene
(7) as a white solid (670 mg, 72%). 1H NMR (300 MHz, CDCl3): d =


7.74 (d, J=8.9 Hz, 2H), 7.38 (d, J=8.9 Hz, 2H), 7.12 (d, J=2.5 Hz, 2H),
7.03 (d, J=9.1 Hz, 2H), 6.81 (dd, J=9.1, 2.5 Hz, 2H), 4.91 (s, 2H), 4.0
(q, J=7.0 Hz, 4H), 1.05 (t, J=7.0 Hz, 6H); 13C NMR (300 MHz, CDCl3):
d = 12.6 (q), 63.2 (t), 106.9 (d), 114.6 (d), 115.6 (d), 118.7 (s), 124.9 (2d),
126.9 (s), 127.8 (s), 149.2 (s), 150.1 (s); CI-MS: m/z : calcd for C24H22O4:
374.15; found: 392 [M+NH4


+].


(S)-6,6’-Dihydroxy-5,5’-bisbenzeneazo-2,2’-methylenedioxy-1,1’-binaph-
thalene (8): Dry pyridine (0.4 mL, 5 mmol) and K2CO3 (690 mg, 5 mmol)
was added at �10 8C to a solution of (S)-6,6’-dihydroxy-2,2’-methylene-
dioxy-1,1’-binaphthalene (6 ; 363 mg, 1.1 mmol) in dry THF (20 mL)
under a nitrogen atmosphere. The solution was stirred at �10 8C for
5 min, dry benzenediazonium tetrafluoborate (634 mg, 3.3 mmol) was
added and the reaction mixture was stirred for 40 h at �10 8C. The red
solution was diluted with Et2O (200 mL), washed with NH4Cl, H2O and
brine. The organic layer was dried over anhydrous Na2SO4 and concen-
trated in vacuo. The residue was purified by two successive column chro-
matography (silica gel; toluene/Et2O 96:4, then silica gel, CH2Cl2) afford-
ing pure (S)-6,6’-dihydroxy-5,5’-bisbenzeneazo-2,2’-methylenedioxy-1,1’-
binaphthalene (8) as a red solid (225 mg, 38%). [a]25D = �150 (c=1.0 in
chloroform). 1H NMR (200 MHz, CDCl3): d=16.23 (s, 2H), 8.79 (d, J=
9.5 Hz, 2H), 7.81 (d, J=7.3 Hz, 4H), 7.45±7.6 (m, 8H), 7.36 (t, J=
7.3 Hz, 2H), 6.82 (dd, J=9.8, 2.2 Hz, 2H), 5.68 (s, 2H); 13C NMR
(300 MHz, CDCl3): d =100.5 (t), 116.5 (d), 116.6 (d), 120.1 (d), 121.4 (d),
122.6 (d), 124.4 (s), 124.8 (s), 125.5 (d), 127.1 (d), 127.5 (s), 129.3 (s),
134.4 (d), 142.8 (s), 148.7 (s), 166.5 (s); CI-MS: m/z : calcd for
C33H22N4O4: 538.16; found: 539 [M+H+].


(S)-6,6’-Dihydroxy-5,5’-bisbenzeneazo-2,2’-diethoxy-1,1’-binaphthalene
(9): Dry pyridine (about 0.2 mL, 3 mmol) and K2CO3 (414 mg, 3 mmol)
was added at �10 8C to a solution of (S)-6,6’-dihydroxy-2,2’-diethoxy-1,1’-
binaphthalene (7; 224 mg, 0.6 mmol) in dry THF (10 mL) under a nitro-
gen atmosphere. The solution was stirred at �10 8C for 5 min, dry benze-
nediazonium tetrafluoborate (345 mg, 1.8 mmol) was added and the reac-
tion mixture was stirred for 40 h at �10 8C. The red solution was diluted
with Et2O (150 mL), washed with NH4Cl, H2O and brine. The organic
layer was dried over anhydrous Na2SO4 and concentrated in vacuo. The
residue was purified by two successive column chromatography separa-
tions (silica gel, toluene/CH2Cl2/Et2O 70:27:3 then silica gel, n-hexane/
Et2O 6:4) affording pure (S)-6,6’-dihydroxy-5,5’-bisbenzeneazo-2,2’-dieth-
oxy-1,1’-binaphthalene (9) as a dark red solid (149 mg, 43%). [a]25D =


�28 (c=1.0 in chloroform). 1H NMR (300 MHz, CDCl3): d=16.15 (s,
2H), 8.64 (d, J=9.0 Hz, 2H), 7.48 (t, J=7.3 Hz, 4H), 7.35 (d, J=9.0 Hz,
4H), 7.28 (t, J=7.3 Hz, 2H), 7.20 (d, J=9.8 Hz, 2H), 6.66 (d, J=9.8 Hz,
2H), 4.06 (q, J=6.9 Hz, 4H), 1.14 (t, J=6.9 Hz, 6H); 13C NMR
(200 MHz, CDCl3): d=13.3 (q), 63.3 (t), 114.1 (d), 116.6 (d), 120.8 (s),
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121.5 (d), 124.1 (d), 125.3 (d), 126.2 (s), 127.1 (s), 128.1 (d), 128.9 (s),
136.8 (d), 143.1 (s), 153.4 (s), 171.2 (s); CI-MS: m/z : calcd for
C36H30N4O4: 582.23; found: 583 [M+H+].


(S)-6,6’-Dimethoxy-5,5’-bisbenzeneazo-2,2’-methylenedioxy-1,1’-binaph-
thalene (1): K2CO3 (138 mg, 1.0 mmol) was added under nitrogen at RT
to a solution of (S)-6,6’-dihydroxy-5,5’-bisbenzeneazo-2,2’-methylene-
dioxy-1,1’-binaphthalene (8 ; 108 mg, 0.20 mmol) in dry DMF (2 mL). The
solution was stirred at 60 8C for 30 min, MeI (38 mL, 0.60 mmol) was
added and the reaction mixture was stirred overnight at 60 8C. After cool-
ing to RT, the reaction mixture was diluted with Et2O (50 mL), washed
with H2O and brine, the organic layer was dried over anhydrous Na2SO4


and concentrated in vacuo. All the successive operations were performed
keeping the product away from light. The residue was dissolved in tolu-
ene, stirred at 80 8C for 1 h and concentrated in vacuo. The product was
purified by two successive column chromatography separations (silica
gel, CH2Cl2/pet. ether 85:15 then silica gel, n-hexane/Et2O 1:1) affording
pure (S)-6,6’-dimethoxy-5,5’-bisbenzeneazo-2,2’-methylenedioxy-1,1’-bi-
naphthalene (1) as a dark orange solid (73 mg, 65%). [a]25D=�78 (c=
0.05 in chloroform); 1H NMR (300 MHz, CDCl3): d=8.46 (d, J=9.0 Hz,
2H), 8.09 (m, 4H), 7.55±7.65 (m, 6H), 7.52 (d, J=9.0 Hz, 2H), 7.24 (d,
J=9.0 Hz, 2H), 5.71 (s, 2H), 3.98 (s, 6H); 13C NMR (200 MHz, CDCl3):
d = 55.9 (q), 101.6 (t), 113.6 (d), 121.0 (d), 121.3 (d), 124.0 (d), 124.3 (s),
125.7 (s), 126.4 (s), 127.7 (d), 127.9 (d), 129.7 (d), 135.4 (s), 145.6 (s),
148.8 (s), 151.9 (s); CI-MS: m/z : calcd for C35H26N4O4: 566.20; found:
567 [M+H+].


(S)-6,6’-Dimethoxy-5,5’-bisbenzeneazo-2,2’-diethoxy-1,1’-binaphthalene
(2): K2CO3 (104 mg, 0.75 mmol) was added at RT under nitrogen to a sol-
ution of (S)-6,6’-dihydroxy-5,5’-bisbenzeneazo-2,2’-diethoxy-1,1’-binaph-
thalene (9 ; 87 mg, 0.15 mmol) in dry DMF (1.5 mL). The solution was
stirred at 60 8C for 30 min, MeI (28 mL, 0.45 mmol) was added and the re-
action mixture was stirred overnight at 60 8C. After cooling to RT, the re-
action mixture was diluted with Et2O (40 mL), washed with H2O and
brine, the organic layer was dried over anhydrous Na2SO4 and concen-
trated in vacuo. All the successive operations were performed keeping
the product away from light. The residue was dissolved in toluene, stirred
at 80 8C for 1 h and concentrated in vacuo. The product was purified by
two successive column chromatography separations (silica gel, CH2Cl2/
pet. ether 85:15 then silica gel, n-hexane/Et2O 1:1) affording pure (S)-
6,6’-dimethoxy-5,5’-bisbenzeneazo-2,2’-diethoxy-1,1’-binaphthalene (2) as
a dark orange solid (60 mg, 66%). [a]25D=�445 (c=0.05 in chloroform);
1H NMR (300 MHz, CDCl3): d=8.47 (d, J=9.4 Hz, 2H), 8.05 (m, 4H),
7.5±7.65 (m, 6H), 7.45 (d, J=9.4 Hz, 2H), 7.15±7.25 (m, 4H), 4.02 (q, J=
6.9 Hz, 4H), 1.08 (t, J=6.9 Hz, 6H); 13C NMR (200 MHz, CDCl3): d=
13.6 (q), 56.0 (q), 63.8 (t), 113.9 (d), 116.1 (d), 119.0 (s), 121.2 (d), 122.6
(s), 123.0 (d), 127.2 (d), 127.7 (d), 128.6 (s), 129.4 (d), 135.1 (s), 145.4 (s),
151.9 (s), 152.1 (s); CI-MS: m/z : calcd for C38H34N4O4: 610.26; found:
611 [M+H+].
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Highly Efficient Biomimetic Total Synthesis and Structural Verification of
Bistratamides E and J from Lissoclinum bistratum


Shu-Li You and JefferyW. Kelly*[a]


Introduction


Numerous thiazole and/or thiazoline-containing natural
products have been isolated from marine organisms includ-
ing ascidians (sea squirts) over the past twenty years.[1] Their
cytotoxic activities as well as their metal binding capacity
has attracted the interest of several synthetic and natural
product chemists.[2] The thiazole±oxazoline and thiazole con-
taining peptide-derived macrocycles, bistratamides E (1) and
J (2), respectively, were very recently isolated from Lissocli-
num bistratum in the southern Philippines (Scheme 1).[3]


They exhibited moderate cytotoxic activity against a human
colon tumor (HCT-116) cell line. The antimicrobial, antitu-
mor and the anti-drug resistance properties of members of
this family of natural products warrant the synthetic efforts
published thus far to prepare natural products related to bis-
tratamides E and J.[4±6]


Construction of the thiazoles in these peptide-derived
macrocycles is central to their total synthesis. Commonly
used methods for the preparation of thiazoles include 1) a
modification of Hantzsch×s procedure using thioamides as


intermediates,[7] 2) a condensation reaction between cysteine
esters and N-protected imino esters,[8] and 3) the cyclodehy-
dration of b-hydroxythioamides using either Mitsunobu con-
ditions or the Burgess reagent.[9±10] Thiazolines synthesized
by the last two procedures are readily converted into thia-
zoles by oxidation. Recently, we reported that N-acylated
cysteine substructures when treated with bis(triphenyl) oxo-
diphosphonium trifluoromethanesulfonate afford thiazolines
efficiently.[11] In this approach, thiazolines are formed by a
nucleophilic attack of the cysteine thiol group on the phos-
phorus-activated amide carbonyl group of the preceding res-
idue, followed by dehydration via phosphine oxide forma-
tion. The reaction proceeds in high yield with excellent
chemo- and enantioselectivity without epimerization of the


[a] Dr. S.-L. You, Prof. Dr. J.W. Kelly
Department of Chemistry and
The Skaggs Institute for Chemical Biology
The Scripps Research Institute
La Jolla, CA 92037 (USA)
Fax: (+1)858-784-9899
E-mail : jkelly@scripps.edu


Abstract: The interesting biological ac-
tivities of heterocycle-containing cyclic
peptide-derived natural products, iso-
lated from marine organisms over the
past twenty years, have attracted the
interest of many synthetic and natural
products chemists. Bistratamides E±J,
members of this class of natural prod-
ucts that were isolated very recently
from Lissoclinum bistratum, exhibited
cytotoxic activity against a human
colon tumor (HCT-116) cell line. Here


we report the first total syntheses of
bistratamides E (1) and J (2) in overall
yields of 19 and 34%, respectively. The
thiazole substructures have been syn-
thesized by oxidation of their corre-
sponding thiazoline substructures,
which were obtained from cysteine


containing peptides using a novel bio-
mimetic approach wherein Val-Cys di-
peptide units were converted to thiazo-
lines by a bisphosphonium salt. The
final macrocyclization was promoted
efficiently using the combination of
PyBOP and DMAP. This approach
allows the use of readily available
Fmoc-protected amino acids to make
complex thiazole and oxazoline-con-
taining natural products.


Keywords: biomimetic synthesis ¥
bistratamides ¥ natural products ¥
thiazole ¥ total synthesis


Scheme 1. Retrosynthetic analysis for 1 and 2.
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chiral center of the neighboring amino acid residue. Thia-
zole-containing peptides can be obtained by oxidation of the
resulting thiazolines employing activated MnO2. Here, we
report the total synthesis of bistratamides E and J in overall
yields of 19 and 34%, respectively.


Results and Discussion


A retrosynthetic analysis for the preparation of 1 and 2 de-
picts how both macrocycles can be synthesized from the
common bis-thiazole intermediate 3, derived from a tetra-
peptide prepared from ordinary Fmoc-protected amino
acids (Scheme 1).


The preparation of 8, a specific analogue of 3 with allyl
and Fmoc protecting groups on the C- and N-termini, com-
mences with protecting the carboxylic acid of N-Fmoc-S-
trityl-cysteine (4) as an allyl ester (Scheme 2). Fmoc depro-


tection allows the resulting amine to be coupled with an
active ester of N-Fmoc-l-valine to afford the fully protected
dipeptide 5 (84% for three steps). Bis(triphenyl)oxodiphos-
phonium trifluoromethanesulfonate[12] was utilized to con-
vert the trityl protected cysteine residue in 5 to a thiazoline
yielding 6 (89%). Thiazoline 6 was oxidized to a thiazole 7
employing activated manganese oxide (94%; >96% ee).
The bis-thiazole 8 was prepared by a coupling between 7a
and 7b, differentially protected thiazoles derived from 7.
The carboxylic acid compound 7b was obtained by remov-
ing the allyl protecting group of 7 using a solid phase palla-
dium catalyst (generated from Pd(OAc)2 and polymer-sup-
ported triphenylphosphine) in the presence of phenylsi-
lane.[13] The use of a solid phase catalyst greatly simplified
workup of the reaction, as the product could be separated
from the catalyst by filtration through silica gel. The amine


donor compound 7a was prepared by removing the Fmoc
protecting group of 7 using diethylamine. Thiazoles 7a and
7b were coupled utilizing HBTU, HOBt and DIEA deliver-
ing tetrapeptide-derived bisheterocycle 8 in 91% yield.


N-Fmoc deprotection and coupling of 8 to N-Fmoc-O-
trityl-threonine afforded 9 (92%) which was Fmoc depro-
tected and coupled with N-Fmoc-l-valine to give 10 (93%),
Scheme 3. Macrocycle precursor 11 can be obtained from
hexapeptide 10 by removing the Fmoc and allyl groups as
described above affording reactive termini. Several methods
(DPPA,[14] FDPP,[15] PyBOP[16]) were evaluated to cyclode-
hydrate 11 affording 12. The combination of PyBOP and
DMAP gave the highest yield (93%), achieved by adding 11
[0.5 mmol in 30 mL CH2Cl2/DMF 2:1 v/v] into a solution of
PyBOP (1 mmol) and DMAP (1 mmol) in 120 mL CH2Cl2/
DMF (2:1 v/v) over 16 h with a syringe pump. The trityl
group was removed from the threonine residue in 12 by
treating the macrocycle with TFA (2%) in CH2Cl2 affording


bistratamide J (2), a colorless
solid. The 1H and 13C NMR
spectra were identical to those
reported by Perez and Faulk-
ner.[3] The structure of 2 was
also verified by X-ray crystal-
lography.[17]


The final steps of the syn-
thesis of bistratamide E (1) are
depicted in Scheme 4. Hexa-
peptide 14 was synthesized
from 8 after consecutive Fmoc
deprotections and couplings
with N-Fmoc-O-allo-threonine
and N-Fmoc-l-valine. Allo-
threonine was used to ensure
the correct stereochemistry in
a subsequent step because the
amide oxygen inverts the acti-
vated side chain upon nucleo-
philic attack in the preparation
of the oxazoline. Removal of
the Fmoc and allyl protecting
groups of 14 afforded the mac-
rocycle precursor 15 in quanti-


tative yield. Cyclodehydration of 15 to 16 was achieved in
81% yield by adding 15 [0.5 mmol in 30 mL CH2Cl2/DMF
2:1 v/v] into a solution of PyBOP (1 mmol) and DMAP
(1 mmol) in 120 mL CH2Cl2/DMF 2:1 (v/v) over 16 h with a
syringe pump. The Val-Thr substructure was then converted
to an oxazoline using the Burgess reagent, providing bistra-
tamide E (1) (63%). The 1H and 13C NMR of bistratamide E
(1) were identical to those reported by Perez and Faulk-
ner.[3]


In summary, bistratamides E and J have been synthesized
from cysteine containing peptides using a novel biomimetic
approach wherein Val-Cys dipeptide substructures are con-
verted to thiazolines by a bisphosphonium salt. This ap-
proach allows the use of readily available Fmoc-protected
amino acids to make complex natural products in high
yields with excellent regio and stereoselectivity.


Scheme 2. Synthesis of tetrapeptide 8. a) HOBt, HBTU, DIEA, allyl alcohol, DMF; b) DEA, CH3CN;
c) HOBt, HBTU, DIEA, N-Fmoc-l-valine, DMF, 84%; d) Ph3PO, Tf2O, CH2Cl2, �20 8C, 89%; e) activated
MnO2, CH2Cl2, 94% (>96% ee); f) DEA, CH3CN; g) Pd(OAc)2, PS-triphenylphosphine, PhSiH3, CH2Cl2;
h) HOBt, HBTU, DIEA, DMF, 91% for f)±h); DEA = N,N-diethylamine, DIEA = N,N-diisopropylethyl-


amine, DMF = N,N-dimethylformamide, HOBt = N-hydroxybenzo-
triazole, HBTU = 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate, PS-triphenylphosphine= polystyrene
triphenylphosphine.
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Experimental Section


General : Unless stated otherwise, all reactions were carried out in flame-
dried glassware under a dry argon atmosphere. All solvents were pur-
chased from Fisher and were dried prior to use. 1H NMR spectra were
measured at 600 MHz on a Bruker DRX spectrometer, and were refer-
enced to internal TMS (0.0 ppm). 13C NMR spectra were performed at
150 MHz on a Bruker DRX-600 instrument and were referenced to
CDCl3. The chemical shift assignments for major diastereomers, not for
minor diastereomers, were reported. Flash chromatography was per-
formed on silica gel 60 (230±400 mesh, E. Merck no. 9385).


Synthesis of dipeptide 5 : A solution of
Na-Fmoc-Cys(S-trityl)-OH (5.86 g,
10 mmol) in DMF (50 mL) was treated
with HOBt¥H2O (1.68 g, 11 mmol) and
HBTU (4.17 g, 11 mmol) at 25 8C.
After 10 min, allyl alcohol (1.36 mL,
20 mmol) and DIEA (3.65 mL,
21 mmol) were added separately. The
resulting mixture was stirred at 25 8C
overnight. The reaction mixture was
concentrated and the residue was dis-
solved in EtOAc and washed with
10% aqueous NaHCO3. The organic
layer was dried over Na2SO4, filtered
and concentrated.


Diethylamine (30 mL) was added to a
solution of the above crude ester in
CH3CN (30 mL) and the resulting mix-
ture was stirred at 25 8C for 30 min to
ensure complete removal of the Fmoc
protecting group. After concentration
in vacuo, the reaction mixture was
azeotroped to dryness with CH3CN
(2î30 mL) and the residue was dis-
solved in DMF (40 mL). In another
flask, a solution of Na-Fmoc-valine
(3.73 g, 11 mmol) in DMF (40 mL)
was treated with HOBt¥H2O (1.68 g,
11 mmol) and HBTU (4.17 g,
11 mmol). After 10 min, this mixture
and DIEA (3.65 mL, 21 mmol) were
sequentially added to the above free
amino ester. After stirring at 25 8C for
8 h. The reaction mixture was concen-
trated and the residue was dissolved in
EtOAc and washed with 10% aqueous
NaHCO3. The organic layer was dried
over Na2SO4, filtered and concentrat-
ed. The resulting crude product was
purified by flash chromatography using
a mixture of EtOAc/hexanes. Dipep-
tide 5 was obtained as a white foam
(6.09 g, 84%). [a]24


D = ++4.4 (c=1.61
in CHCl3);


1H NMR (600 MHz,
CDCl3, 25 8C, TMS): d = 7.76 (d, J=
7.5 Hz, 2H), 7.59 (t, J=7.0 Hz, 2H),
7.39 (m, 8H), 7.31±7.24 (m, 9H), 7.19
(dd, J=7.5, 7.0 Hz, 2H), 6.06 (m, 1H),
5.86 (m, 1H), 5.40 (m, 1H), 5.30 (d,
J=16.6 Hz, 1H), 5.25 (d, J=10.5 Hz, 1
H), 4.61±4.56 (m, 3H), 4.44 (dd, J=
8.3, 7.2 Hz, 1H), 4.35 (dd, J=10.1,
7.0 Hz, 1H), 4.22 (t, J=7.0 Hz, 1H),
4.01 (m, 1H), 2.76 (dd, J=12.3, 6.6 Hz,
1H), 2.08 (dd, J=12.3, 3.1 Hz, 1H),
2.08 (m, 1H), 0.96 (d, J=6.1 Hz, 3H),
0.91 (d, J=6.6 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d = 172.7, 169.7,
156.2, 144.1, 143.9, 143.8, 141.3, 131.3,
129.4, 128.0, 127.7, 127.0, 126.9, 125.1,
119.9 (2C), 118.9, 67.0, 66.3, 59.7, 51.2,


47.2, 33.4, 31.6, 19.0, 17.5; HRMS (MALDI-FTMS): calcd for
C45H44NaN2O5S: 747.2863, found: 747.2886 [M+Na]+ .


Synthesis of compound 6 : Trifluoromethanesulfonic anhydride (2.35 mL,
15 mmol) was added slowly at 0 8C to a solution of triphenylphosphine
oxide (8.35 g, 30 mmol) in dry CH2Cl2 (100 mL). The reaction mixture
was stirred for 10 min at 0 8C and then adjusted to �20 8C using a brine-
ice bath. Then a solution of 5 (7.25 g, 10 mmol) in CH2Cl2 (10 mL) was
added. The reaction progress was monitored by TLC and completed in
2 h. The reaction mixture was quenched with 10% aqueous NaHCO3.
The aqueous layer was extracted with CH2Cl2 and the combined organic


Scheme 3. The later steps of the synthesis affording 2. a) DEA, CH3CN; b) HOBt, HBTU, DIEA, N-Fmoc-O-
trityl-l-threonine, DMF, 92%; c) HOBt, HBTU, DIEA, N-Fmoc-l-valine, DMF, 93%; d) Pd(OAc)2, PS-triphe-
nylphosphine, PhSiH3, CH2Cl2; e) PyBOP, DMAP, CH2Cl2, DMF, 93%; f) TFA, PhSH, CH2Cl2, 96%; PyBOP
= benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate, DMAP = 4-(N,N-dimethyl)pyri-
dine, TFA = trifluoroacetic acid (other reagents defined in Scheme 2).


Scheme 4. The later steps of the synthesis affording 1. a) DEA, CH3CN; b) HOBt, HBTU, DIEA, N-Fmoc-
allo-threonine, DMF, 95%; c) HOBt, HBTU, DIEA, N-Fmoc-l-valine, DMF, 86%; d) Pd(OAc)2, PS-triphenyl-
phosphine, PhSiH3, CH2Cl2; e) PyBOP, DMAP, CH2Cl2, DMF, 81%; f) Burgess reagent, THF, reflux, 63%;
Burgess reagent= (methoxycarbonylsulfamoyl)triethylammonium hydroxide, inner salt (other reagents defined
in Schemes 2 and 3).
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layers were dried over Na2SO4, filtered and concentrated. The resulting
crude product was purified by flash chromatography. Compound 6 was
obtained as a colorless oil (4.135 g, 89%). [a]24


D = ++11.8 (c=1.00 in
CHCl3);


1H NMR (600 MHz, CDCl3, 25 8C, TMS): d = 7.76 (d, J=
7.5 Hz, 2H), 7.61 (dd, J=9.7, 8.3 Hz, 2H), 7.39 (t, J=7.5 Hz, 2H), 7.31
(t, J=7.5 Hz, 2H), 5.96±5.92 (m, 1H), 5.55 (d, J=9.2 Hz, 1H), 5.36 (t,
J=17.1 Hz, 1H), 5.28 (d, J=10.5 Hz, 1H), 5.17 (dd, J=8.8, 8.3 Hz, 1H),
4.70 (br, 2H), 4.57 (dd, J=9.2, 4.8 Hz, 1H), 4.43±4.37 (m, 2H), 4.24 (t,
J=7.0 Hz, 1H), 3.60±3.55 (m, 2H), 2.22±2.19 (m, 1H), 1.02 (d, J=7.0 Hz,
3H), 0.93 (d, J=7.0 Hz, 3H); 13C NMR (150 MHz, CDCl3): d = 175.5,
170.2, 156.1, 143.9, 143.7, 141.2, 131.4, 127.6, 127.0, 125.1, 119.9, 119.1,
77.4, 66.9, 66.2, 58.4, 47.2, 35.9, 32.3, 19.3, 16.6; HRMS (MALDI-FTMS):
calcd for C26H28N2O4S: 465.1842, found: 465.1858 [M+H]+ .


Synthesis of compound 7: Activated MnO2 (<5 micron, 85%, 7.16 g,
70 mmol) was added to a solution of 7 (3.25 g, 7 mmol) in CH2Cl2
(35 mL). The reaction mixture was stirred overnight at 25 8C, then fil-
tered through a short silica gel and Celite column and washed with
EtOAc. The organic solution was concentrated. The resulting crude prod-
uct was purified by flash chromatography. Compound 7 was obtained as
a white solid (3.04 g, 94%). M.p. 104±105 8C; [a]24


D = �43.4 (c=0.58 in
CHCl3);


1H NMR (600 MHz, CDCl3, 25 8C, TMS): d = 8.10 (s, 1H), 7.76
(d, J=7.0 Hz, 2H), 7.59 (m, 2H), 7.39 (m, 2H), 7.30 (m, 2H), 6.03 (m, 1
H), 5.59 (d, J=8.8 Hz, 1H), 5.41 (t, J=17.1 Hz, 1H), 5.30 (d, J=10.1 Hz,
1H), 4.94 (dd, J=8.8, 6.1 Hz, 1H), 4.85 (d, J=5.3 Hz, 2H), 4.44 (m, 2H),
4.22 (m, 1H), 2.43 (m, 1H), 0.96 (d, J=6.6 Hz, 3H), 0.94 (d, J=7.0 Hz, 3
H); 13C NMR (150 MHz, CDCl3): d = 172.2, 160.8, 156.0, 147.0, 143.8,
143.7, 141.3, 131.8, 127.7, 127.2, 127.0, 125.0 (2C), 119.9, 118.9, 66.9, 65.9,
58.5, 47.2, 33.4, 19.4, 17.6; HRMS (MALDI-FTMS): calcd for
C26H26N2O4S: 463.1686, found: 465.1668 [M+H]+ .


Synthesis of compound 8 : Pd(OAc)2 (11.2 mg, 0.05 mmol) and PS-triphe-
nylphosphine (252 mg, 1.59 mmolg�1, 0.4 mmol, purchased from Argo-
naut Technologies) were added to a flask containing CH2Cl2 (20 mL).
After stirring for 10 min, 7 (1.155 g, 2.5 mmol) and PhSiH3 (0.61 mL,
5 mmol) were added separately. TLC showed that the starting material
disappeared in 15 min. After removing the solvent, the residue was
passed through a short silica gel column and eluted with CHCl3/EtOH
1:1. The carboxylic acid 7b was used in next step without further purifica-
tion.


In separate flask, the Fmoc group in 7 (1.063 g, 2.3 mmol) was removed
using diethylamine as described in the synthesis of 5. The resulting free
amine 7a was dissolved in DMF (10 mL), then, a solution of the above
free carboxylic acid, HOBt¥H2O (383 mg, 2.5 mmol), HBTU (948 mg,
2.5 mmol) and DIEA (0.92 mL, 5.3 mmol) in DMF (10 mL) was added.
The resulting mixture was stirred for 8 h. Regular workup and purifica-
tion with flash chromatography using a mixture of EtOAc/hexanes gave
8 as a white foam (1.35 g, 91%). [a]24


D = �16.9 (c=0.45 in CHCl3);
1H NMR (600 MHz, CDCl3, 25 8C, TMS): d = 8.08 (s, 1H), 8.04 (s, 1H),
7.98 (d, J=8.8 Hz, 1H), 7.74 (d, J=7.0 Hz, 2H), 7.58 (dd, J=16.2,
7.0 Hz, 2H), 7.37 (m, 2H), 7.29±7.23 (m, 2H), 5.99 (m, 1H), 5.65 (m, 1
H), 5.36 (d, J=9.3 Hz, 1H), 5.33 (d, J=8.8 Hz, 1H), 5.25 (d, J=10.5 Hz,
1H), 4.93 (dd, J=8.3, 6.1 Hz, 1H), 4.79 (m, 2H), 4.47 (d, J=6.6 Hz, 2H),
4.23 (m, 1H), 2.62 (m, 1H), 2.40 (m, 1H), 1.04 (d, J=6.6 Hz, 3H), 1.00
(d, J=6.6 Hz, 6H), 0.95 (d, J=6.6 Hz, 3H); 13C NMR (150 MHz,
CDCl3): d = 172.1, 171.5, 160.7, 160.6, 156.0, 149.3, 146.9, 143.6 (2C),
141.2 (2C), 131.7, 127.6, 127.2, 127.0, 126.9, 124.9, 124.8, 123.5, 119.9,
118.7, 66.8, 65.8, 56.3, 47.1, 33.0 (2C), 19.6, 19.3, 18.0, 17.5; HRMS
(MALDI-FTMS): calcd for C34H36NaN4O5S2: 667.2019, found: 667.2046
[M+Na]+ .


Synthesis of compound 9 : Deprotecting the Fmoc group in 8 and cou-
pling with Na-Fmoc-Thr(O-trityl)-OH followed the procedure described
in synthesis of 5. Compound 9 was obtained in 92% yield as a white
foam. [a]24


D = �13.9 (c=0.56 in CHCl3);
1H NMR (600 MHz, CDCl3, 25


8C, TMS): d = 8.15 (s, 1H), 8.06 (s, 1H), 7.93 (d, J=9.2 Hz, 1H), 7.73
(d, J=7.5 Hz, 2H), 7.53 (m, 8H), 7.47 (d, J=8.4 Hz, 1H), 7.37±7.34 (m,
2H), 7.28±7.22 (m, 11H), 5.98 (m, 1H), 5.75 (br, 1H), 5.39±5.35 (m, 2H),
5.25 (d, J=10.1 Hz, 1H), 5.18 (dd, J=18.3, 6.6 Hz, 1H), 4.81 (d, J=
5.3 Hz, 2H), 4.34 (m, 1H), 4.29 (dd, J=9.7, 7.9 Hz, 1H), 4.24 (dd, J=
10.1, 7.5 Hz, 1H), 4.14±4.12 (m, 1H), 3.49 (br, 1H), 2.61 (m, 1H), 2.38
(m, 1H), 1.14 (m, 3H), 1.01±0.99 (m, 3H), 0.96 (d, J=6.6 Hz, 6H), 0.82
(d, J=6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3): d = 171.8, 169.5, 160.8,
160.7, 155.0, 149.2, 147.0, 143.7 (2C), 143.6, 141.1, 128.6, 128.1, 127.6,


127.5, 127.2, 126.9 (2C), 125.0, 124.9, 123.8, 119.8 (2C), 118.7, 88.6, 69.8,
66.8, 65.8, 56.9, 56.5, 46.9, 32.9, 32.8, 19.6, 19.5, 18.0, 17.8, 16.4; HRMS
(MALDI-FTMS): calcd for C57H57NaN5O7S2: 1010.3591, found:
1010.3613 [M+Na]+ .


Synthesis of compound 10 : Deprotecting the Fmoc group in 9 and cou-
pling with Na-Fmoc-valine followed the procedure described in synthesis
of 5. Compound 10 was obtained in 93% yield as a white foam. [a]24


D =


�19.9 (c=1.55 in CHCl3);
1H NMR (600 MHz, CDCl3, 25 8C, TMS): d =


8.11 (s, 1H), 8.06 (s, 1H), 7.95 (d, J=9.2 Hz, 1H), 7.75 (d, J=7.5 Hz, 2
H), 7.57±7.51 (m, 8H), 7.38 (m, 2H), 7.29±7.26 (m, 10H), 7.23 (dd, J=
14.0, 6.6 Hz, 2H), 6.83 (m, 1H), 5.98 (m, 1H), 5.41 (d, J=8.3 Hz, 1H),
5.39±5.35 (m, 2H), 5.27±5.25 (m, 1H), 5.13 (dd, J=8.3, 6.6 Hz, 1H), 4.82
(d, J=5.7 Hz, 2H), 4.41 (dd, J=10.1, 6.6 Hz, 2H), 4.31 (dd, J=10.5,
7.0 Hz, 1H), 4.19 (m, 1H), 4.01 (m, 1H), 3.66 (m, 1H), 2.60 (m, 1H),
2.33 (m, 1H), 2.06 (m, 1H), 1.07 (d, J=6.1 Hz, 3H), 0.99 (d, J=6.6 Hz, 3
H), 0.98 (d, J=6.6 Hz, 3H), 0.90 (d, J=7.1 Hz, 3H), 0.89 (d, J=6.1 Hz, 3
H), 0.84 (d, J=6.6 Hz, 3H), 0.82 (d, J=6.6 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d = 171.9, 171.7, 170.3, 169.4, 160.9, 160.8, 156.3,
149.2, 147.0, 143.7, 143.6, 141.2, 131.8, 128.9, 128.7, 127.6, 127.5, 127.2,
127.0, 125.0, 123.8, 119.9 (2C), 118.8, 88.5, 69.2, 67.0, 65.9, 57.0, 56.6, 55.9,
47.1, 32.9 (2C), 31.2, 19.6, 19.5, 18.0 (2C), 17.5, 16.9; HRMS (MALDI-
FTMS): calcd for C62H66NaN6O8S2: 1109.4276, found: 1109.4293
[M+Na]+ .


Synthesis of compound 12 : Deprotecting the Fmoc group in 10 (544 mg,
0.5 mmol) followed the procedure described in synthesis of 5. The allyl
group was removed using a palladium catalyst as described in synthesis
of 8. The resulting amino acid 11 was dissolved in CH2Cl2/DMF (30 mL,
2:1 v/v). This solution was added into a flask containing PyBOP (520 mg,
1 mmol) and DMAP (122 mg, 1 mmol) in CH2Cl2/DMF (120 mL, 2:1 v/v)
over 16 h using a syringe pump. After the completion of addition, the
mixture was stirred for 4 h. Regular workup and purification by flash
chromatography gave 12 as a white foam (375 mg, 93%). [a]24


D = �157.6
(c=0.50 in CHCl3);


1H NMR (600 MHz, DMSO, 25 8C): d = 8.38 (d, J=
10.1 Hz, 1H), 8.34 (s, 1H), 8.28 (d, J=9.2 Hz, 1H), 8.25 (s, 1H), 8.17 (d,
J=10.5 Hz, 1H), 7.92 (d, J=9.6 Hz, 1H), 7.48 (d, J=7.9 Hz, 6H), 7.31
(dd, J=7.9, 7.5 Hz, 6H), 7.24 (dd, J=7.5, 7.0 Hz, 3H), 5.35 (dd, J=9.7,
7.0 Hz, 1H), 5.22 (dd, J=9.2, 8.8 Hz, 1H), 4.62 (dd, J=10.1, 3.1 Hz, 1H),
4.33 (t, J=11.0 Hz, 1H), 3.71 (m, 1H), 2.24 (m, 1H), 2.16±2.11 (m, 2H),
1.01 (d, J=6.6 Hz, 3H), 0.98 (d, J=6.6 Hz, 3H), 0.97 (d, J=4.8 Hz, 3H),
0.95 (d, J=6.1 Hz, 3H), 0.87 (d, J=7.0 Hz, 3H), 0.79 (d, J=6.6 Hz, 3H),
0.68 (d, J=6.6 Hz, 3H); 13C NMR (150 MHz, DMSO): d = 170.3, 169.8,
169.6, 167.7, 159.8, 159.5, 149.0, 148.0, 144.6, 128.5, 127.7, 127.0, 125.9,
124.3, 57.9, 55.4, 55.2, 34.4, 33.9, 30.3, 19.6, 19.5, 19.4, 18.9, 18.6, 17.9;
HRMS (MALDI-FTMS): calcd for C44H50NaN6O5S2: 829.3176, found:
829.3190 [M+Na]+ .


Synthesis of bistratamide J (2): TFA (0.1 mL) and PhSH (21 mL,
0.2 mmol) were added to a flask containing 12 (161 mg, 0.2 mmol) in
CH2Cl2 (5 mL). TLC showed that 12 disappeared in 5 min. After remov-
ing all of the solvents, the residue was purified by flash chromatography.
Bistratamide J (2) was obtained as a colorless solid (108 mg, 96%). M.p.
165±167 8C; [a]25


D = �134.9 (c=0.50 in MeOH)[lit[3]: [a]D=�25.0 (c=0.5
in MeOH)]; 1H NMR (600 MHz, DMSO, 25 8C): d = 8.49 (d, J=
10.5 Hz, 1H), 8.43 (d, J=9.7 Hz, 1H), 8.30 (s, 1H), 8.24 (s, 1H), 8.13 (d,
J=9.7 Hz, 1H), 8.08 (d, J=10.1 Hz, 1H), 5.33 (dd, J=10.1, 7.4 Hz, 1H),
5.22 (t, J=4.8 Hz, 1H), 5.20 (dd, J=9.7, 9.2 Hz, 1H), 4.35 (t, J=11.0 Hz,
1H), 4.32 (dd, J=10.1, 2.0 Hz, 1H), 4.14 (m, 1H), 2.22 (m, 1H), 2.16±
2.11 (m, 2H), 1.11 (d, J=6.6 Hz, 3H), 1.05 (d, J=6.1 Hz, 3H), 1.04 (d,
J=5.8 Hz, 3H), 1.03 (d, J=6.6 Hz, 3H), 0.99 (d, J=6.6 Hz, 3H), 0.91 (d,
J=6.6 Hz, 3H), 0.81 (d, J=6.6 Hz, 3H); 13C NMR (150 MHz, DMSO): d
= 170.1 (2C), 169.4 (2C), 159.9, 159.7, 149.0, 148.3, 125.4, 124.2, 67.7,
61.3, 58.8, 55.4, 55.0, 34.7, 34.3, 30.8, 21.3, 19.8, 19.5, 19.4, 18.9, 18.8, 18.6;
HRMS (MALDI-FTMS): calcd for C25H36NaN6O5S2: 587.2081, found:
587.2062 [M+Na]+ .


Synthesis of compound 13 : Deprotecting the Fmoc group in 8 and cou-
pling with Na-allo-Fmoc-threonine followed the procedure described in
synthesis of 5. Compound 13 was obtained in 95% yield. [a]24


D = �41.0
(c=1.07 in CHCl3);


1H NMR (600 MHz, CDCl3, 25 8C, TMS): d = 8.28
(d, J=9.6 Hz, 1H), 8.09 (s, 1H), 8.04 (s, 1H), 7.76 (d, J=7.5 Hz, 2H),
7.58 (d, J=7.5 Hz, 2H), 7.43 (d, J=8.8 Hz, 1H), 7.39 (t, J=7.5 Hz, 2H),
7.30 (t, J=7.5 Hz, 2H), 6.03±5.96 (m, 1H), 5.94 (d, J=8.4 Hz, 1H), 5.39±
5.35 (m, 2H), 5.29±5.26 (m, 2H), 4.81 (d, J=5.7 Hz, 2H), 4.55 (d, J=
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5.3 Hz, 1H), 4.42±4.35 (m, 2H), 4.25±4.20 (m, 2H), 4.08±4.06 (m, 1H),
2.48±2.44 (m, 1H), 2.35±2.32 (m, 1H), 1.31 (d, J=6.1 Hz, 3H), 1.05 (d,
J=7.0 Hz, 3H), 1.00 (d, J=7.0 Hz, 3H), 0.99 (d, J=6.6 Hz, 3H), 0.93 (d,
J=7.0 Hz, 3H); 13C NMR (150 MHz, CDCl3): d = 171.2 (2C), 170.5,
160.8, 160.4, 156.5, 148.7, 146.6, 143.7, 143.6, 141.2, 131.6, 127.7, 127.2,
127.0, 125.0, 123.9, 120.0, 119.0, 69.1, 67.2, 66.0, 59.2, 56.5, 56.1, 47.0, 33.8,
33.5, 20.4, 19.5, 19.2, 18.2, 17.2; HRMS (MALDI-FTMS): calcd for
C38H43N5O7S2: 746.2677, found: 746.2677 [M+H]+ .


Synthesis of compound 14 : Deprotecting the Fmoc group in 13 and cou-
pling with Na-Fmoc-valine followed the procedure described in synthesis
of 5. Compound 14 was obtained in 86% yield: [a]24


D = �42.0 (c=0.92 in
CHCl3);


1H NMR (600 MHz, CDCl3, 25 8C, TMS): d = 8.26 (d, J=
9.7 Hz, 1H), 8.08 (s, 1H), 7.99 (s, 1H), 7.75 (d, J=7.5 Hz, 1H), 7.73 (d,
J=7.9 Hz, 2H), 7.57±7.53 (m, 2H), 7.49 (d, J=7.5 Hz, 1H), 7.39±7.35 (m,
2H), 7.29±7.25 (m, 2H), 5.98 (m, 1H), 5.91 (d, J=8.8 Hz, 1H), 5.39±5.34
(m, 2H), 5.27±5.24 (m, 2H), 4.80 (d, J=5.7 Hz, 2H), 4.65 (d, J=5.7 Hz,
1H), 4.53 (dd, J=7.5, 7.0 Hz, 1H), 4.38 (dd, J=10.1, 8.9 Hz, 1H), 4.24
(q, J=7.3 Hz, 1H), 4.18 (dd, J=7.5, 7.0 Hz, 1H), 4.13±4.12 (m, 1H),
2.48±2.46 (m, 2H), 2.32±2.30 (m, 1H), 2.12±2.08 (m, 1H), 1.27 (d, J=
6.1 Hz, 3H), 1.03 (d, J=7.0 Hz, 3H), 0.98±0.97 (m, 6H), 0.93 (d, J=
6.6 Hz, 3H), 0.92 (d, J=6.6 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d = 172.0, 171.3, 171.0, 170.7, 160.8, 160.4, 156.4,
148.7, 146.6, 143.7, 143.6, 141.2, 131.6, 127.6, 127.3, 127.0, 125.0, 123.8,
119.9, 118.9, 68.6, 67.0, 66.0, 60.1, 57.8, 56.6, 56.1, 47.0, 38.5, 33.6, 33.3,
31.5, 20.4, 19.5, 19.1, 18.2, 18.0, 17.1; HRMS (MALDI-FTMS): calcd for
C43H52NaN6O8S2: 867.3180, found: 867.3202 [M+Na]+ .


Synthesis of compound 16 : Compound 16 was synthesized from 14 in 81
% yield, following the procedure described in synthesis of 12. [a]24


D =


�124.6 (c=0.56 in CHCl3);
1H NMR (600 MHz, CDCl3, 25 8C, TMS): d


= 8.47 (d, J=8.8 Hz, 1H), 8.07 (s, 1H), 7.95 (d, J=10.1 Hz, 1H), 7.87 (d,
J=7.5 Hz, 1H), 7.75 (s, 1H), 7.72 (d, J=8.3 Hz, 1H), 5.24 (dd, J=8.8,
5.7 Hz, 1H), 5.10 (t, J=8.3 Hz, 1H), 4.66±4.62 (m, 2H), 4.37 (br, 1H),
3.61 (t, J=7.0, 1H), 2.53±2.50 (m, 1H), 2.26±2.16 (m, 2H), 1.27 (d, J=
6.6 Hz, 3H), 1.08 (d, J=7.0 Hz, 3H), 1.05 (d, J=6.6 Hz, 3H), 1.03 (d, J=
6.6 Hz, 3H), 0.99 (d, J=7.0 Hz, 6H), 0.97 (d, J=6.6 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d = 172.1, 170.3, 169.1, 168.9, 161.0, 160.0, 149.8,
147.8, 123.4, 123.3, 67.0, 62.2, 57.8, 56.1 (2C), 34.7, 34.4, 29.8, 20.2, 19.6,
19.1, 18.9, 18.6, 17.1; HRMS (MALDI-FTMS): calcd for
C25H36NaN6O5S2: 587.2081, found: 587.2059 [M+Na]+ .


Synthesis of bistratamide E (1): The Burgess reagent (48 mg, 97%,
0.2 mmol) was added to a solution of 16 (85 mg, 0.15 mmol) in THF
(8 mL). After stirring at 25 8C for 10 min, the mixture was refluxed for
2 h. Regular workup and purification with flash chromatography gave
bistratamide E (1) as a white solid (52 mg, 63%). M.p. 90±96 8C; [a]25


D =


�35.7 (c=0.53 in MeOH)[3]: [a]D=�31.0 (c=1.0 in MeOH)]; 1H NMR
(600 MHz, DMSO, 25 8C): d = 8.57 (d, J=8.3 Hz, 1H), 8.39 (s, 1H), 8.36
(s, 1H), 8.05 (d, J=9.7 Hz, 1H), 7.79 (d, J=8.8 Hz, 1H), 5.52 (dd, J=8.3,
4.4 Hz, 1H), 5.30 (dd, J=8.8, 5.3 Hz, 1H), 4.83 (m, 1H), 4.78 (dq, J=8.3,
6.1 Hz, 1H), 4.24 (dd, J=8.8, 1.8 Hz, 1H), 2.33 (m, 1H), 2.22 (m, 1H),
2.05 (m, 1H), 1.47 (d, J=6.1 Hz, 3H), 0.95 (d, J=7.0 Hz, 3H), 0.90 (d,
J=7.0 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H), 0.86 (d, J=6.1 Hz, 3H), 0.85 (d,
J=6.6 Hz, 6H); 13C NMR (150 MHz, DMSO): d = 169.4, 168.2, 168.0,
167.9, 159.4, 158.8, 148.1, 147.6, 125.2, 124.9, 82.0, 72.8, 54.8, 54.0, 51.2,
34.3, 34.2, 30.5, 21.4, 18.8, 18.1, 17.9, 17.5, 17.4, 16.0; HRMS (MALDI-
FTMS): calcd for C25H34N6O5S2: 547.2156, found: 547.2173 [M+H]+ .
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A Concave Fluorescent Sensor for Anions Based on 6-Methoxy-1-
methylquinolinium


Valeria Amendola, Luigi Fabbrizzi,* and Enrico Monzani[a]


Introduction


A variety of fluorophores exist that do not interact firmly
with the desired substrate, but give rise to occasional colli-
sions, which may lead to the quenching of the fluorophore
emission. This behaviour is typically regulated by the Stern±
Volmer equation: Io/I=1 + kqto[A]=1 + KSV[A], whose
plot makes it possible to determine quantitatively, over a
wide range, the concentration of analyte A from the mea-
sured fluorescence intensity I.[1]


A classical fluorophore typically used in Stern±Volmer
titrations is 6-methoxy-1-methylquinolinium (1), which,
being positively charged, is suitable for interaction with
anions, and is currently employed for the detection of ha-
lides (in particular chloride) in various media.[2,3] On excita-
tion of a solution of 1 at l=330 nm, a rather intense emis-


sion band develops at 440 nm. This band is quenched more
or less completely on addition of anions, depending upon
the pertinent KSV value.


Systems operating with a Stern±Volmer behaviour, even if
useful in particular circumstances, have to be considered
rather primitive sensing devices for analytes, whether charg-
ed or not. For several years, interest has developed for the
design of more sophisticated molecular systems (receptors,
R) capable of strongly interacting with the envisaged ana-
lyte (A), giving rise to an adduct with 1:1 stoichiometry,
characterised by a definite association constant Kass (related
to the equilibrium: R + AÐ[R¥A]). Such receptors must
contain multiple interaction sites for the analyte, symmetri-
cally positioned within their framework.[4,5] If the analyte is
an anion, these sites could be positively charged groups. Fol-
lowing this, we synthesised system 2, in which three 6-meth-
oxy-1-methylquinolinium fragments have been implanted on
a mesityl platform. The 1,3,5-functionalised benzene scaffold
has been frequently used in order to build up a variety of re-
ceptors.[6,7] In particular, system 2 possesses three symmetri-
cally placed positive charges and, as suggested by molecular
modelling, may generate a cavity suitable for anion inclu-
sion.


It will be shown that 2 behaves as an efficient receptor for
anions, giving rise to 1:1 adducts, whose logKass values, de-
termined through spectrophotometric and 1H NMR titra-
tions in MeCN, vary from 4.55 (for Cl�) to 3.40 (for NCS�).
Most interestingly, the spectrofluorimetric response of 2 is
remarkably enhanced relative to that of 6-methoxy-1-meth-
ylquinolinium alone. In particular, I0/I versus [anion] plots
of a much higher slope (and sensitivity) are produced, which
fit Stern±Volmer type equations containing both KSV and
Kass parameters.


[a] Dr. V. Amendola, Prof. L. Fabbrizzi, Dr. E. Monzani
Dipartimento di Chimica Generale
Universit‡ di Pavia
via Taramelli 12, 27100 Pavia (Italy)
Fax: (+39) 0382-528544
E-mail : luigi.fabbrizzi@unipv.it


Abstract: The ligand 2, in which three
fluorogenic 6-methoxy-1-methylquino-
linium fragments are appended to a
mesityl platform, in MeCN forms 1:1
adducts with halides and other inorgan-
ic anions. 1H NMR studies and molecu-
lar modelling indicate that 2 provides a
cavity for anion inclusion and estab-


lishes electrostatic interactions with the
guest. Anion inclusion induces quench-


ing of the fluorogenic fragments with
an efficiency decreasing along the
series Br�@ I�>NCS�@Cl�>NO3


�>


HSO4
� . The fluorimetric response of 2


to anions is orders of magnitude more
sensitive than that of just 6-methoxy-1-
methylquinolinium, ligand 1.


Keywords: anions ¥
fluorescence spectroscopy ¥
molecular recognition ¥ receptors ¥
sensors
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Results and Discussion


Spectrophotometric determination of the association con-
stants with anions : Reversible binding of a given anion X�


with the receptor 2 was investigated in MeCN , at 25 8C, by
means of spectrophotometric titration experiments. The 6-
methoxy-1-methylquinolinium fragment possesses push-pull
features that give rise to a charge-transfer transition in the
UV region. It is expected that the electrostatic interaction
of an anion with the positively charged nitrogen atoms
alters the dipole, thus modifying the absorption spectrum.


Indeed, this is observed with most of the investigated
anions. As an example, Figure 1 illustrates the family of
spectra obtained when a solution of 2 in MeCN (4 î10�4


m)
is titrated with a standard solution of benzyltributylammoni-
um bromide. The presence of two distinct isosbestic points
indicates that only two species are present at equilibrium.
The inset in Figure 1 shows the increase of the absorbance


at 344 nm on progressive addition of Br� (as equivalents).
This titration profile clearly indicates the formation of an
adduct of 1:1 stoichiometry. Nonlinear least-squares treat-
ment of spectral data (using the HYPERQUAD program)[8]


gave an association constant Kass of 4.42�0.04 log units for
the equilibrium given in Equation (1):


23þ þ Br� Ð ½2 � Br�2þ ð1Þ


Spectral changes and titration profiles indicating the for-
mation of 1:1 adducts were obtained for a variety of anions:
corresponding values of logKass are reported in Table 1. Ti-
tration with perchlorate and triflate anions did not induce
any spectral changes indicating no or extremely weak inter-
action with 23+ .


Table 1 indicates that the investigated receptor displays
the highest affinity towards chloride. Looking at the three
studied spherical anions (halides), the affinity decreases


along the series Cl�>Br�> I� , that is, with the charge densi-
ty on the substrate, a trend that demonstrates the dominat-
ing role of the electrostatic interaction. Among polyatomic
anions, NO3


� and HSO4
� , which display similar Kass values,


offer three oxygen atoms with partially negative charges
that may fit with the array of the three positive charges of
the quinolinium groups of the receptor. The lowest affinity
is observed with the rodlike triatomic anion NCS� .


It has to be noted that titration of 6-methoxy-1-methylqui-
nolinium (1) with the same family of anions did not induce
any spectral modification, even after the addition of a large
excess of anion, indicating no formation of an adduct or ion-
pair. Thus, it appears that the presence of three pre-posi-
tioned quinolinium groups is essential for the formation of a
solution stable complex.


1H NMR titration experiments : For chloride and bromide
anions, titration experiments were carried out in CD3CN at
25 8C and followed by 1H NMR analysis. A standard solu-
tion of the benzyltributylammonium salt (chloride or bro-
mide) in CD3CN was progressively added to a solution of 2
in CD3CN.


Some representative spectra collected during the titration
with chloride are reported in Figure 2. The most remarkable
shifts are assigned to the H3 and H4 atoms. In particular, on


Figure 1. UV/Vis titration of 2 (4 î 10�4
m) with a standard solution of


Br� , in MeCN; the addition of the anion makes the absorption of the
bands of the receptor increase (in particular at 340 nm). Inset: titration
profile (molar absorbance of 2 at 340 nm vs equivalents of bromide).


Table 1. Association constants Kass between 2 and anions in MeCN.


Anion 2/logKass
[a] 2/logKass


[b]


Cl� 4.55�0.03 4.64�0.06
Br� 4.42�0.04 4.28�0.05
I� 3.48�0.01
NO3


� 3.91�0.03
HSO4


� 3.79�0.02
NCS� 3.40�0.02
ClO4


� <2
CF3SO3


� <2


[a] Constants were calculated by nonlinear least-squares treatment of
spectrophotometric data at 25 8C in MeCN. [b] Constants were calculated
by nonlinear least-squares treatment of 1H NMR titration data at 25 8C
in CD3CN.
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addition of Cl� , the H3 signal undergoes a downfield shift
of about 1.5 ppm (Dd), reaching a limiting value of d=


10.15 ppm. The downfield shift of H4 is a more moderate
value of 0.2 ppm. These features can be accounted for by
considering that, on titration, 2 folds its 6-methoxy-1-meth-
ylquinolinium arms to give a cavity for anion inclusion. In
these circumstances, each H3 atom feels an electrostatic
field of increased positive charge, which induces the down-
field shift. Such an effect is lower for H4 atoms, which are
farther from the positive electrical charges. These results
point towards a stereochemical arrangement in which 2 has
adopted the shape of a bowl, containing the chloride ion.


Such a hypothesis is supported by molecular modelling. In
particular, molecular mechanics calculations, using the
AMBER package,[9] produced the model structure shown in
Figure 3: in the model, the receptor is arranged in such a
way to generate a well-defined cavity and the chloride ion
stays inside the bowl, close to the positively charged nitro-
gen atoms.


Figure 4 reports the variation of the chemical shift of H3
versus the equivalents of Cl� . The titration profile confirms
the formation of a 1:1 adduct, whose Kass, calculated through
least-squares nonlinear fitting, is 4.64�0.06 log units. This is
in excellent agreement with the value calculated from the
spectrophotometric titration.


Similar behaviour was observed on titration of 2 with a
benzyltributylammonium bromide standard solution. The
distinct downfield shift of the H3 signal was also observed,
but its limiting value was lower than that found for chloride:
d=9.91 ppm. This may be due to the fact that the larger
bromide ion induces the formation of a more open cavity, in
which the quinolinium centres are farther from each other.
Again, the H3 chemical shift versus equivalents of bromide
profile indicates the formation of a complex of 1:1 stoichi-
ometry, with logKass=4.28�0.05, in good agreement with
the value obtained from spectrophotometric titrations. It has
to be noted that trifurcated receptors based on the mesityl


Figure 2. 1H NMR spectra of the solution containing 2 and a) 0, b) 0.3,
c) 0.6, d) 0.9 and e) 2.5 equivalents of chloride (25 8C, CD3CN).


Figure 3. Molecular model of the [2¥Cl]2+ adduct obtained by the
AMBER program.


Figure 4. Titration profile of 2 with a standard solution of chloride (varia-
tion of the chemical shift of H3 vs equivalents of Cl�).
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core, whose side-chains contain the pyridinium fragment
and a variety of appendages, have been investigated by 1H
NMR titrations and a similar sequence of association con-
stants was found with halide ions.[11]


Spectrofluorimetric studies : As far as the fluorimetric re-
sponse is concerned, it seemed initially convenient to inves-
tigate the quenching of 1 when titrated by inorganic anions
in MeCN.


Figure 5 reports the I0/I values versus the concentration of
the added anion (I0 : fluorescence intensity before anion ad-
dition; I : fluorescence intensity during the addition). The
Stern±Volmer [Eq. (2)] equation fits the data well :


I0=I ¼ 1þ kqt0½Q� ¼ 1þKSV½Q� ð2Þ


as indicated by the least-squares straight lines in the figure.
Values of the Stern±Volmer constants KSV obtained from the
fitting are reported in Table 2.


It is observed that among halides KSV decreases along the
series I�>Br�>Cl� . This behaviour may be generically as-
cribed to the ™heavy atom effect∫.[10] However, if the fluo-
rescence-quenching is associated with the occurrence of an
electron-transfer process from the anion to the excited fluo-


rophore, the sequence parallels the reducing tendencies of
the halide ion. In this context, it has to be noted that a rela-
tively high value of KSV is observed also for the NCS� ion,
which displays distinct reducing tendencies ((NCS/NCS�)
potential: �1.50 V vs NHE).[12]


In the case of 2, I0/I versus [anion] plots do not fit the
simple Stern±Volmer equation [Eq. (2)]. Because the fluoro-
phore (receptor) and quencher (anion) form stable 1:1 ad-
ducts, more than just occasional collisions must be occurring.
Under these circumstances, we can consider two different
cases.


First we will consider the case in which the the 1:1 adduct
is not fluorescent at all (i.e. , the emission of the receptor±
fluorophore has been completely quenched by the included
anion). In this case, we can make use of Equation (3):[13]


I0=I ¼ ð1þKSV½Q�Þð1þKass½Q�Þ ð3Þ


This parabolic behaviour is shown by the anions I� , NCS�


and Br� (see Figure 6).


Pertinent KSV and Kass values, obtained through nonlinear
fitting on Equation (3), are reported in Table 2. Kass values
obtained from spectrofluorimetric data are in good agree-
ment with those obtained through spectrophotometric titra-
tion experiments and reported in Table 1. Quite surprisingly,


the Br� ion shows a linear,
rather than a parabolic curve:
this is due to the fact that, at
the investigated concentration
of quencher, 1 + KSV[Q]�1.
As a consequence, the slope of
the linear plot should corre-
spond to the association con-
stant Kass. The agreement is not
perfect, but satisfactory: logKass


fluorimetric: 4.55�0.05, spec-
trophotometric: 4.42�0.04;
NMR: 4.28�0.05). Therefore,


Figure 5. Stern±Volmer profiles obtained from the spectrofluorimetric
titrations of 1 with different anions.


Table 2. For compound 1 the Stern±Volmer constants KSV are calculated with different anions, by the fitting of
the I0/I versus [anion] data with the Stern±Volmer Equation (2).


Anion 1/logKSV 2/logKSV
[a] 2/logKass


[a] 2/logKSV
[b] 2/logKass


[b] 1


Cl� 2.99�0.03 3.16�0.02 4.60�0.04 0.71�0.01
NO3


� 2.86�0.02 2.26�0.06 3.87�0.01 0.31�0.01
HSO4


� 1.27�0.02 2.83�0.06 3.78�0.06[c] 0.98�0.04
Br� 3.04�0.04 ± 4.55�0.05
I� 3.16�0.04 4.09�0.03 3.48�0.01[c]


NCS� 3.16�0.03 3.91�0.05 3.40�0.02[c]


[a] Equation (3) was applied. [b] Equation (4) was applied; Equation (4) also contains the parameter 1, whose
refined values are obtained from the fitting. [c] In some cases, the spectrophotometrically determined Kass


values were employed in the fitting as fixed parameters.


Figure 6. I0/I profiles for the titrations of 2 with Br� , I� and NCS� .
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we are not able to determine the KSV value for the Br�/2 in-
teraction.


The second case we consider is that the 1:1 adduct itself is
fluorescent (i.e. , the emission of the receptor±fluorophore
has not been completely quenched by the included anion).
If we define 1 as the residual fluorescence of the 1:1 adduct,
we can write Equation (4) (see Appendix for its derivation):


I0=I ¼ ð1þKass½Q�Þð1þKSV½Q�Þ=ð1þ 1Kass½Q�Þ ð4Þ


This situation is observed in the case of Cl� .
Figure 7 displays the I0/I versus [Cl�] data, which fit Equa-


tion (4) very satisfactorily. Corresponding values of KSV and
Kass are reported in Table 2. The Kass values are in good


agreement with those reported in Table 1. Notice that the
calculated residual fluorescence 1 is 0.7. This means that the
Cl� ion included in the cavity is able to quench only 30 % of
the overall fluorescence of 2.


A similar behaviour is displayed by NO3
� and HSO4


� ; for
both the anions, the formation of the adduct with 2 causes
just partial quenching of the emission intensity. The fitting
of the titration data by Equation (4) leads to the calculation
of the residual fluorescence intensity 1 and both KSV and
Kass. The calculated results are reported in Table 2.


The general behaviour is summarised in Figure 8, where
I0/I values versus [anion] are reported for both 1 and 2 and
for all the investigated anions. The following features have
to be remarked: 1) compound 2 is much more anion sensi-
tive than 1; this is a result of the combination of KSV, gener-
ally higher for 2 than for 1, and of Kass, which allows a per-
manent contact between fluorophore and quencher; 2) com-
pound 2 displays the highest response to Br� , as a conse-
quence of the especially high value of Kass. The Cl� ion
shows an even higher association constant, but inside the in-
clusion complex it quenches only 30 % of the fluorescence
of 2. Besides, chloride presents a relatively low value of KSV,
not far from the one observed for 1.


Conclusion


Quenching of simple fluorophores can be used for the deter-
mination of a variety of analytes, in particular anions, by
benefitting from the Stern±Volmer equation, which corre-
lates the fluorescence intensity to the concentration of the
quenching analyte. We have demonstrated that organisation
of the fluorogenic fragments in an appropriate geometrical
array may generate a receptor capable of firmly interacting
with the anionic subtrate, giving rise to an inclusion com-
plex. This new situation astonishingly enhances the fluori-
metric response, increasing the sensitivity by several orders
of magnitude. Hence, in principle, selective or specific fluo-
rophores can be designed for any desired anionic guest by
choosing appropriate combinations of Kass and KSV. High
values of Kass can be obtained by synthesising receptors that
display selective interaction with the envisaged anion, possi-
bly introducing some rigidity in the molecular framework
and modulating shape and size of the cavity. On the other
hand, suitable values of KSV can derive from the choice of
fluorogenic fragments to be incorporated in the receptor. In
this context, tens of fluorophores are waiting on the shelf
(or in the chemical catalogues) to be chosen. In the very
end, the design of a fluorescent receptor, characterised by
convenient values of Kass and KSV, will lead to the achieve-
ment of analytically useful and especially sensitive I0/I
versus [anion] plots of the type illustrated in this work.


Experimental Section


General procedures and materials : All reagents were purchased from Al-
drich/Fluka and used without further purification. Spectrophotometric
and spetrofluorimetric grade solvents were used for spectroscopic meas-
urements.


UV/Vis spectra were recorded on a Varian CARY 100 spectrophotome-
ter, with a quartz cuvette (path length: 0.1 cm); spectrofluorimetric meas-
urements were carried out on a Perkin±Elmer LS-50 luminescence spec-


Figure 7. I0/I versus [Cl�] profile for the spectrofluorimetric titration of 2
with chloride. The curve was fitted by Equation (4) and the pertinent pa-
rameters are reported in Table 2.


Figure 8. Profiles of I0/I versus [anion] for both 1 (open symbols) and 2
(filled symbols) are reported. The same symbol shape is used to indicate
the titration profile of 1 and 2 with the same anion (circles: Br� ; squares:
I� ; triangles up: Cl� ; triangles down: HSO4


� ; diamonds: NO3
�).
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trometer, using quartz sample tubes (path length: 1 cm). NMR spectra
were recorded on a Bruker Avance 400 spectrometer, operating at 9.37 T.


Spectrophotometric titrations were performed at 25 8C on 5î 10�4
m solu-


tions of the ligand (1 or 2) in MeCN. Aliquotes of a fresh R4NX (R=


alkyl) standard solution were added and the UV/Vis spectra of the
sample were recorded. All spectrophotometric titration curves were
fitted with the HYPERQUAD program.[8] Spectrofluorimetric titrations
were carried out by adding a standard solution of the anion to a 2î
10�6


m solution of the ligand (the experiments were also repeated at
higher concentration, 10�5


m). In each spectrofluorimetric titration, the
excitation of the sample was performed at the wavelength value at which
only negligible variations of absorbance occurred.
1H NMR titrations were carried out as described before, but using
CD3CN as the solvent and working with high concentrations of the recep-
tor (>7 î 10�4


m).


Synthesis of 1: MeI (0.12 mL, 1.9 mmol) was added to a solution of 6-
methoxyquinoline (0.3 g, 1.88 mmol) in dry CHCl3 (5 mL). The mixture
was then heated at reflux for 1 h, under a dinitrogen atmosphere. A
yellow solid (1¥I�) was collected by filtration and washed with several
portions of Et2O. The crude product was dissolved in hot water and treat-
ed with an aqueous saturated solution of NH4PF6. 1¥PF6


� precipitated as
a white solid (0.41 g, 77 %). 1H NMR (400 MHz, CD3OD, TMS): d=9.15
(d, 1H, arom.), 9.08 (d, 1H, arom.), 8.42 (d, 1H, arom.), 8.01 (dd, 1 H,
arom.), 7.90 (dd, 1 H, arom.), 7.80 (d, 1H, arom.), 4.68 (s, 3 H, N+�CH3),
4.10 ppm (s, 3 H, O�CH3); elemental analysis calcd (%) for C11H12NOPF6


(319.1): C 41.40, H 3.79, N 4.38; found: C 41.05, H 3.90, N 4.23.


Synthesis of 2 : A solution of 6-methoxyquinoline (0.3 g, 1.9 mmol) in ace-
tonitrile (20 mL) was added dropwise to a refluxing solution of 2,4,6-tris-
(bromomethyl)mesitylene (0.2 g, 0.5 mmol) in acetonitrile (40 mL). The
reaction was followed by TLC (silica gel, CH2Cl2/MeOH 8:0.5; Rf=0.1).
After 24 hrs at reflux, the solvent was removed by rotary evaporation
and the crude product was washed with CH3CN, then with Et2O and pu-
rified by recrystallisation. Anion exchange yielded 0.35 g (65 %) 2¥3PF6


� .
1H NMR (400 MHz, CD3OD, TMS): d=9.11 (d, 1H, arom.), 8.77 (d, 1 H,
arom.), 8.75 (d, 1H, arom.), 8.08 (dd, 1 H, arom.), 8.01 (dd, 1 H, arom.),
7.88 (d, 1 H, arom.), 6.40 (s, 2H, N+�CH2), 4.10 (s, 3 H, O�CH3),
2.28 ppm (s, 3H, Ar�CH3); elemental analysis calcd (%) for
C42H42N3O3P3F18 (1071.4): C 47.08, H 3.95, N 3.92; found: C 46.80, H
4.15, N 3.73.


Appendix


Derivation of the equations for the fluorescence intensity in the presence
of dynamic quenching and partial static quenching : The here reported
approach considers the possibility for the molecule M to form, at the
ground state, a 1:1 complex (MQ) with the non-fluorescent species Q.
Both M and MQ are fluorescent and both excited states (M* and MQ*)
undergo dynamic quenching by species Q, according to Scheme 1, in
which (M*¥¥¥Q) and (MQ*¥¥¥¥Q) are the pair between Q and M* and
MQ* responsible for the dynamic quenching.


The decay of species M* and MQ* are described by the Equations (1 a)
and (2 a):


d½M*�
dt


¼ �
�


1
t0


þ kQ½Q�
�
½M*� ¼ � 1þ kQt0½Q�


t0
½M*� ¼ � 1þKSV½Q�


t0
½M*�


ð1 aÞ


d½MQ*�
dt


¼ �
�


1
t00
þ k0


Q½Q�
�
½MQ*� ¼ �


1þ k0
Qt


0
0½Q�


t00
½MQ*� ¼ � 1þK0


SV½Q�
t00


½MQ*�


ð2 aÞ


in which t0 and t00, kQ and k0
Q, KSV (=kQ ît0) and K0


SV (=k0
Q ît00) are the


excited state lifetimes, the dynamic quenching rate constants and the
Stern±Volmer constants for the species M and MQ, respectively. Both
equations were formulated by applying the Stern±Volmer approach[1] and
considering the quenching rate constants as time-independent. The
steady-state fluorescence intensity of species M (If(M)) and MQ (If(MQ))
are directly proportional to their concentration and inversely proportion-


al to their observed lifetime in the presence of quencher [Eqs. (3 a) and
(4 a)]:


IfðMÞ /
t0


1þKSV½Q� ½M� ð3aÞ


IfðMQÞ /
t00


1þK0
SV½Q� ½MQ� ð4aÞ


[MT] is the total concentration of the fluorescent receptor 2 (i.e., [MT]=
[M] + [MQ]). From this, I0, the steady-state fluorescence in the absence
of Q, can be obtained from Equation (3 a) considering that [M]= [MT]
[Eq. (5 a)]:


IfðMÞ / t0½MT� ð5 aÞ


In the presence of Q the global fluorescence intensity (If) is the sum of
that of species M and MQ; thus, from Equations (3 a)±(5 a), Equa-
tion (6 a) can be obtained:


If
I0


¼
IfðMÞ þ IfðMQÞ


I0
¼ 1


1þKSV½Q�
½M�
½MT�


þ t00=t0
1þK0


SV½Q�
½MQ�
½MT�


ð6 aÞ


The ratio t00/t0 can be indicated as the relative fluorescence intensity of
species MQ and M, namely 1. If M and MQ are at equilibrium, their con-
centration is ruled by the equilibrium constant (Kass), [Q] and [MT]. The
total Q concentration ([QT]) is: [QT]= [Q] + [MQ]. Treating the fraction
of Q bound to M as negligible with respect to free Q ([MQ]! [Q]), that
is, considering a low affinity equilibrium, the mass balance gives rise to
Equations (6 b) and (6 c):


½M�
½MT�


¼ 1
1þKass½Q� ð6 bÞ


½MQ�
½MT�


¼ Kass½Q�
1þKass½Q� ð6 cÞ


These can be substituted into Equation (6 a) to give Equation (7 a):


If
I0


¼ 1
1þKass½Q�


�
1


1þKSV½Q� þ
1Kass½Q�


1þK0
SV½Q�


�
ð7 aÞ


Taking the I0/If ratio, as in the Stern±Volmer relation, and assuming that
the Stern±Volmer constants for M and for MQ do not differ significantly
(KSV �K0


SV) Equation (7 a) can be reduced to Equation (8 a):


I0
If
¼ ð1þKass½Q�Þð1þKSV½Q�Þ


1þ 1Kass½Q� ð8 aÞ


Within the approximation indicated (i.e., [MQ]! [Q]), Equation (8 a) re-
produces the fluorescence pattern reported in Scheme 1. It must be
noted that when species MQ is not fluorescent (1=0), Equation (8 a) re-


Scheme 1.
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duces to the simpler equation valid for the coupled static and dynamic
quenching.[1]


This approach can be extended to the case in which the equilibrium con-
stant (Kass) is so high (high affinity limit) that the fraction of Q bound to
M cannot be neglected in the mass balance. In this situation the relation
[Q]= [QT]�[MQ] must be explicitly considered in both dynamic quench-
ing and ground state equilibrium. Applying the mass balance to M and
on Q and considering the equilibrium constant Kass, the concentrations at
equilibrium are given by the Equations (9 a)±(12a):


½MQ� ¼ Kassð½MT� þ ½QT�Þ þ 1�R
2Kass


ð9 aÞ


½M� ¼ Kassð½MT��½QT�Þ�1þ R
2Kass


ð10 aÞ


½Q� ¼ ½QT��
Kassð½MT� þ ½QT�Þ þ 1�R


2Kass
ð11 aÞ


R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2


assð½MT��½QT�Þ2 þ 2Kassð½MT� þ ½QT�Þ þ 1
q


ð12 aÞ


The ratio I0/If can be obtained upon substitution of Equations (9 a)±(11a)
into Equation (6 a) and assuming again that KSV�K0


SV [Eq. (13 a)]:


I0
If
¼ ½MT�


2Kass þKSV½Kassð½QT��½MT�Þ�1þ R�
2Kass½MT� þ ð1�1Þ½Kassð½QT� þ ½MT�Þ þ 1�R� ð13aÞ


Equation (13 a) differs from Equation (8 a), because the shape of the I0/If


versus [QT] curve depends on the initial M concentration. However, it
should be noted that for Kass!0 or [MT]!0 Equation (13 a) can be re-
duced to Equation (8 a). Equation (13 a) can also be applied when MQ is
not fluorescent, by simply using 1=0.
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Modular Solid-Phase Synthetic Approach To Optimize Structural and
Electronic Properties of Oligoboronic Acid Receptors and Sensors for the
Aqueous Recognition of Oligosaccharides


Duane Stones, Sukhdev Manku, Xiaosong Lu, and Dennis G. Hall*[a]


Introduction


The availability of small molecules capable of binding tight-
ly and selectively to complex biomolecules is crucial for ad-
vancements in chemical biology and medicinal chemistry.
Considerable success has been achieved with two of the
three types of natural biopolymers: polypeptides (proteins
and enzymes),[1] and nucleic acids (DNA and RNA).[2] In
contrast, there is yet no general approach for the generation
of selective ligands (or receptors) for complex oligosacchar-
ides.[3] Carbohydrate recognition under physiological condi-
tions still poses a formidable challenge to organic chemists.
Small oligosaccharide-binding molecules may enable effec-
tive control of biological recognition events involving solu-
ble and surface-associated oligosaccharides, which often act
as specific cell markers.[4] Their potential applications are


numerous, and include therapeutic uses, such as inhibition
of viral and bacterial invasion, diagnosis and selective drug
delivery, use as biological probes or analytical biosensors,
and supports for affinity purification. The use of boronic
acids in the reversible formation of cyclic boronate esters
with sugar diols,[5] as demonstrated by Wulff[6] , James, and
Shinkai[7] with monosaccharides,[8] shows promise in the
aqueous recognition of complex oligosaccharides. Because
of their structural and conformational complexity, oligosac-
charides may be best targeted with a combinatorial strategy
based on the screening of large libraries of oligoboronic acid
receptors.[9] The successful implementation of a combinatori-
al strategy, however, relies on the availability of an efficient
solid-phase approach to the controlled synthesis of structur-
ally diverse sets of receptors. Herein, we describe the first
entirely modular, parallel solid-phase approach to generate
well-defined polyamine oligoboronic acid receptors and
fluorescence sensors. Their binding to model disaccharides
was examined in a systematic fashion that led to the deter-
mination of the preferred electronic characteristics for the
arylboronate units.


[a] Dr. D. Stones, S. Manku, Dr. X. Lu, Prof. D. G. Hall
Department of Chemistry, Gunning-Lemieux Chemistry Centre
University of Alberta
Edmonton, AB T6G 2G2 (Canada)
Fax: (+1)780-492-8231
E-mail : dennis.hall@ualberta.ca


Supporting information for this article is available on the WWW
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Abstract: This article describes the
design and optimization of the first en-
tirely modular, parallel solid-phase syn-
thetic approach for the generation of
well-defined polyamine oligoboronic
acid receptors and fluorescence sensors
for complex oligosaccharides. The syn-
thetic approach allows an effective
building of the receptor polyamine
backbone, followed by the controlled
diversification of the amine benzylic
side chains. This approach enabled the
testing, in a modular fashion, of the
effect of different arylboronic acid
units substituted with unencumbering
para electron-withdrawing or electron-


donating groups. The feasibility of this
approach toward automated synthesis
was also investigated with the assembly
of a sublibrary of receptors by means
of the Irori MiniKan technology. Sever-
al sublibraries of anthracene-capped
sensors containing two or three aryl-
boronic acids were synthesized, and
their binding to a series of model disac-


charides was examined in neutral aque-
ous media. The calculation of associa-
tion constants by fluorescence titra-
tions confirmed that subtle changes in
the structures of the interamine spacers
in the polyamine backbone can have a
significant effect on the stability of the
resulting complexes. Most importantly,
this study led to the determination of
the preferred electronic characteristics
for the arylboronate units, and suggests
that a new generation of receptors con-
taining very electron-poor arylboronic
acids could lead to a significant im-
provement of binding affinities.


Keywords: boronic acids ¥
combinatorial chemistry ¥
fluorescence sensors ¥
oligosaccharides ¥ solid-phase
synthesis
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Results and Discussion


Design of oligoboronic acid receptors : Although several
simple diboronic acid receptors for monosaccharides have
been reported,[7] there are no reports addressing the possi-
bility of increasing a receptor×s potency by modulating the
electronic characteristics of the arylboronate units. Also left
unexplored is the potential role of a third boronic acid, es-
pecially in view of binding disaccharides and more complex
oligosaccharides.[10] Our design approach, shown in Figure 1,
addressed these two issues. Receptors would include up to
three ortho-alkylaminoboronic acid units with two intera-
mine spacers (CH2R


1 and CH2R
2). The choice of boronic


acid units with an ortho-methylamino group is based on the
well-precedented ability of this B±N coordination motif to
facilitate diol binding under neutral aqueous conditions.[7]


The synthetic approach should also allow the controlled di-
versification of the amines× benzylic side chains to test, in a
modular fashion, the inclusion of arylboronic acid units sub-
stituted with unencumbering para electron-withdrawing or
electron-donating groups (X1, X2, X3).


With the objective of assessing the efficiency of our syn-
thetic scheme and examining the role of a third boronate
unit in disaccharide binding, we first planned a small proto-
typical set of triboronic acid receptors devoid of substituents
(X1, X2, X3 = H) (Figure 2). Seven pseudosymmetric tribor-
onic acid receptors capped with an anthracene sensor were
made in a parallel fashion by varying one of the two intera-
mine positions R1 and R2 with four reduced amino acid resi-
dues (AmbR, AmcR, AccR, AhxR; see the Experimental Sec-
tion for the abbreviations), while one position was kept con-
stant with the reduced aminobenzoic acid unit (AmbR). The
anthracene unit was incorporated to allow the determination
of oligosaccharide binding affinities by monitoring photo-


electron transfer (PET)-induced fluorescence enhance-
ment.[11] Thus, in the first sublibrary, R1 was kept constant as
an AmbR residue and R2 was varied with the four residues
(Figure 2). The second sublibrary had R2 conserved as the
AmbR residue. It was anticipated that these two sublibraries
featuring pairs of isomeric sequences, which only differed in
the nature of the interamine spacer adjacent to the anthra-
cene sensor (R2), would address the role of a third arylboro-
nate unit in oligosaccharide binding. Indeed, when com-
pared to the corresponding diboronic acid receptors, a
larger association constant of similar value for two pseudo-
symmetric sequences would indicate that all three boronic
acids are involved in the complex. Conversely, a significantly
higher Ka for one of the two sequences would suggest a
complex spanning only two boronic acids, with a preference
for the interamine spacer adjacent to the anthracene unit.


Solid-phase synthesis and evaluation of triboronic acid re-
ceptors against model disaccharides : For each sequence
(Scheme 1), the Fmoc-terminal dipeptide was assembled
from the diamine-derivatized trityl resin 1. A polar diamine
linker was chosen in order to optimize the solubility in
aqueous solutions while its length should help avoid interfer-
ence from the anchoring amine, which could be used even-
tually for conjugation purposes. After cleavage of the Fmoc
group, the resulting deprotected dipeptide 2 was reduced
with diborane,[12] and the terminal primary amine was selec-
tively protected by reaction with 2-acetyldimedone.[13] The
resulting intermediate 3 was subjected to a double alkyla-
tion of the secondary amines with boronate-containing
benzyl bromide 4. Hydrolysis of the cyclic dioxaborolanes
and cleavage of the Dde group[14] provided intermediate 5.
The latter was functionalized with the requisite anthracene
unit through a carefully optimized reductive amination pro-
tocol with 9-anthracenyl aldehyde to afford 6. Final alkyla-


Figure 1. Modular approach to oligoboronic acid receptors for complex
oligosaccharides capped with an anthracene sensing unit. R = solid sup-
port or free linker. R1, R2 = interamine spacers. X1, X2, X3 = H, EWG
or EDG substituents.


Figure 2. Sublibraries 1 and 2: triboronic acid receptors with different in-
teramine spacers. Diboronic acid sublibrary 3 is a truncated version with
only one interamine spacer (R1). Superscripted R = reduced amino acid,
superscripted B = o-boronobenzyl-substituted.
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tion of the secondary amine of 6 followed by cleavage of
the supported product with dilute trifluoroacetic acid yield-
ed the crude triboronic acid receptors. Despite being assem-
bled through more than ten consecutive steps on a solid sup-
port, the crude materials were obtained in >80% purity ac-
cording to an HPLC analysis with ES-MS and UV detection
at several wavelengths.[15] Quite importantly, the HPLC/UV
trace at the optimal absorption for the anthracene unit re-
vealed the presence of a single peak. Receptors that were
not of satisfying homogeneity were purified by semiprepara-
tive HPLC. All receptors showed the presence of the molec-
ular ion [M+H]+ and/or the diagnostic dehydration peaks
[M+H�nH2O] from gaseous boronic anhydride formation.


The receptors were evaluated for binding to a set of four
model disaccharides: d-lactulose, d-melibiose, d-turanose
and d-trehalose (Figure 3). The first three share the ability
to isomerize between pyranose and furanose forms while
the glycoside trehalose is locked in the isomer shown as a
result of the absence of a reducing hydroxyl end. All these
disaccharides possess at least three 1,2- or 1,3-diol units that
may form cyclic boronate esters. Stability constants were
measured for each complex by monitoring the increase in
fluorescence intensity (l = 423 nm) of the receptors upon


addition of each disaccharide. All titrations were performed
in 0.010m phosphate buffer (pH 7.8) in a 1:1 water/methanol
mixture. The association constants listed in Table 1 (subli-
braries 1 and 2) were determined from the titration curves
with a modified Benesi±Hildebrand equation,[16] which as-
sumed a 1:1 binding stoichiometry.[15] Although other oligo-
saccharides may behave differently, inspection of the data
reveals that the formation of complexes involving three
tight boronate esters between the model disaccharides and
the triboronic acid receptors is unlikely. For example, lactu-
lose binds to the AmbR-B-AmcR-B-AnthrB receptor with
twice the affinity (Ka = 390m�1) as the inverse sequence
AmcR-B-AmbR-B-AnthrB (200m�1) and the diboronic acid re-
ceptor AmbR-B-AnthrB (220m�1). These results suggest a
preference for a putative diboronate complex spanning the
AmcR interamine spacer, which is supported by the higher
Ka (520m�1) found for the diboronic acid receptor AmcR-B-
AnthrB (Table 1, sublibrary 3).[17] Thus, this study also dem-
onstrates that small differences in the structure of intera-
mine spacers can have a significant effect on the stability of
the resulting complexes. For all receptors, none or negligible
binding was observed with trehalose. These observations
support the recent conclusions of Norrild and co-workers re-
garding the requirement for at least one rigid furanose cis-
1,2-diol unit,[18] which can only be attained with disacchar-
ides possessing an isomerizable reducing end. The higher af-
finity of the receptors for lactulose may be explained by its
converging furanose triol unit, which could provide an al-
koxyboronate ion.[18] In principle, the second boronic acid
unit could bind the 4,6-diol unit on the hexose ring.


Solid-phase synthesis and evaluation of diboronic acid re-
ceptors with para-substituted arylboronic acid units : It was
hoped that by incorporating various electron-donating and
electron-withdrawing groups onto the arylboronic acid units,
thus altering the Lewis acidity of the boron atom and the
strength of B±N coordination, stronger binding affinities to
the disaccharides could be observed. This was initially tested
through the incorporation of different substituents para to
the boronic acid functionality. Therefore, the same approach
was used as that described for the triboronic acid receptors:
we synthesized and evaluated a series of AmcR-B-AnthrB di-
boronic acid receptors with the electron-withdrawing sub-
stituents cyano, fluoro, as well as the electron-donating me-
thoxy group (Figure 4, sublibrary 4).[15,19] The binding meas-
urements performed with lactulose as the model disacchar-
ide clearly evidenced a qualitative trend showing that elec-
tron-poor arylboronic acid units are preferable in this
system (Table 1, sublibrary 4). These findings are consistent
with the hypothesis that a strongly coordinated tetrahedral
B±N adduct should help in alleviating ring strain in the re-
sulting boronic ester.[6,7] Further support for this important
conclusion comes from the best lactulose receptor, AhxR-


B(CN)-AnthrB(CN), which showed a six-fold improvement over
the unsubstituted analogue AhxR-B-AnthrB (Ka = 1870 vs
315m�1).


The ability of our efficient synthetic scheme to vary the
benzylic side chain of the amines in a controlled fashion
could be of paramount importance in the design of second-


Scheme 1. Modular solid-phase synthesis of anthracenyl-capped triboron-
ic acid receptors (sublibraries 1 and 2). a) i) HO2C-R1-NHFmoc, HBTU,
HOBT (2 equiv each), (iPr)2EtN (4 equiv), DMF, 2 h; ii) piperidine/DMF
1:4, 0.5 h. b) i) HO2C-R2-NHFmoc, HBTU, HOBT (2 equiv each),
(iPr)2EtN (4 equiv), DMF, 2 h; ii) 1:4 Piperidine/DMF, 0.5 h. c) i) 1.0m
BH3¥THF, 65 8C, 24±48 h; ii) piperidine, 65 8C, 16 h. d) 2-Acetyldimedone
(Dde-OH, 1.5 equiv), DMF, 30 min. e) i) 4, pempidine, THF, 65 8C, 24 h;
ii) 1:4 H2O/THF. f) 10% Ethanolamine in 1:2 EtOH/THF, 16 h. g) i) 9-
Anthracenyl aldehyde, TMOF/DMF; ii) NaBH4, AcOH, DMF. h) 5%
TFA/CH2Cl2.
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generation libraries. To demonstrate the potential of our
modular solid-phase approach, another small set of AmcR-B-
AnthrB diboronic acid receptors was synthesized by means
of the IRORI MiniKan rf-encoding technology (Figure 4,
sublibrary 5).[20] Instead of diversifying both nitrogens with
various arylboronic acid units, it was decided that the first
site only would be altered for this proof of concept. The
entire sequence for synthesizing the diboronic acid sensors,


Table 1. Association constants Ka [m�1] between oligoboronic acid receptors and the four model disaccharides of Figure 3.[a]


Disaccharides
Triboronic acid receptors[b] Lactulose Melibiose Turanose Trehalose


sublibrary 1
AmbR-B-AmbR-B-AnthrB 125 7 13 ±[c]


AmbR-B-AhxR-B-AnthrB 430 60 150 ±
AmbR-B-AmcR-B-AnthrB 390 6 4 ±
AmbR-B-4AccR-B-AnthrB 215 5 8 ±
sublibrary 2
AhxR-B-AmbR-B-AnthrB 140 12 15 ±
AmcR-B-AmbR-B-AnthrB 200 11 14 ±
4AccR-B-AmbR-B-AnthrB 185 23 18 ±
diboronic acid receptors[b]


sublibrary 3
AmbR-B-AnthrB 220
AhxR-B-AnthrB 315
AmcR-B-AnthrB 520
sublibrary 4
AmcR-B(OMe)-AnthrB(OMe) 150
AmcR-B(F)-AnthrB(F) 585
AmcR-B(CN)-AnthrB(CN) 1020
AhxR-B(CN)-AnthrB(CN) 1870
sublibrary 5
AmcR-B(OMe)-AnthrB(H) 590
AmcR-B(F)-AnthrB(H) 320
AmcR-B(CN)-AnthrB(H) 290
AmcR-B(CO2Me)-AnthrB(H) 280
AmcR-B(NO2)-AnthrB(H) 185


[a] Conditions for Ka measurements:[14] a titration was carried out by adding aliquots of saccharide to a solution of receptor in MeOH/H2O 1:1 at pH 7.8
(0.010m phosphate buffer). Fluorescence intensity was observed at l = 423 nm. Most entries over 100m�1 were duplicated. R2 range: 0.95±0.99. [b] See
Figures 2 and 4 for structures. Superscripted R = reduced amino acid, superscripted B = o-boronobenzyl-substituted. [c] No significant binding was ob-
served.


Figure 3. Set of four model disaccharides used in the binding measure-
ment studies (Table 1).


Figure 4. Sublibraries 4 and 5: AmcR based diboronic acid receptors with
different arylboronic acid units to probe the electronic requirements in
oligosaccharide binding. Superscripted R = reduced amino acid, super-
scripted B = o-boronobenzyl-substituted.
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including the harsh exhaustive reduction step, was per-
formed in the MiniKans, and employed an approach similar
to that described in Scheme 1.[15] At the first alkylation
stage, fifteen MiniKans were separated into five pools of
three, then the pools were treated with one of p-cyano, p-
nitro, p-fluoro, p-methoxycarbonyl, and p-methoxy-o-bro-
momethylphenylboronate. Following this operation, all the
vessels were combined and underwent all subsequent modi-
fications together. Final compounds cleaved from the solid
support showed comparable purity to reactions performed
on loose resin. Although the apparent Ka values obtained
for lactulose binding are difficult to interpret on account of
the unsymmetrical nature of these receptors, the inverse
electronic trend compared to sublibrary 4 reflects the ex-
pected bias for the binding of the furanose diol to the most
electron-deficient of the two arylboronic acid units. Indeed,
in all of these receptors, except for AhxR-B(OMe)-AnthrB(H),
the tightest boronate complex is located away from the sens-
ing unit and thus cannot contribute to the fluorescence re-
sponse. Most importantly, this sublibrary made with the
MiniKan technology suggests that a much larger number of
receptors could be rapidly synthesized by exhaustively diver-
sifying the interamine spacer (R1) and the second boronic
acid unit (X2) as well.


Conclusion


In summary, we have described the first entirely modular
solid-phase synthetic approach to oligoboronic acid recep-
tors and sensors for complex oligosaccharides. This ap-
proach allowed a systematic evaluation of the structural re-
quirements for disaccharide binding with receptors display-
ing two and three boronic acid units. While new types of
boronic acid units will be required for effective binding to
glycosides, our study led to the identification of the prefer-
red electronic characteristics for the arylboronate units in
the binding of isomerizable sugars. By leading us to the
design and synthesis of very electron-poor boronic acid
units, this work constitutes an exciting prelude to the use of
large libraries of receptors for the selective recognition of
complex oligosaccharides.


Experimental Section


Reagents and apparatus : Fmoc-protected amino acids were purchased
from NovaBiochem (La Jolla, California) or Advanced Chemtech (Louis-
ville, Kentucky). Fmoc amino acids not commercially available were pre-
pared by means of the procedure of Lapatsanis et al.[21] Polystyrene trityl
chloride resin (90±150 mm, and 150±300 mm) was purchased from Rapp-
Polymere (T¸bingen, Germany). The loading specified by the supplier
was used in all cases. THF (used in reactions and for resin washing) was
dried by distillation over sodium/benzophenone and used the same day;
CH2Cl2 and triethylamine over calcium hydride. Anhydrous DMF and
NMP were obtained from Aldrich. Commercially available boronic acids
were purchased from CombiBlocks (San Diego, California). All other
chemicals were purchased from Aldrich and used without further purifi-
cation. Solid-phase reactions that did not require external heat were per-
formed in polypropylene (PP) reaction vessels (10 mL, 20 mL or 70 mL,
BioRad Laboratories, Hercules, California). Sublibrary 5 was prepared


with a IRORI MiniKans, (Discovery Partners, La Jolla, California) and
25±30 mg of resin (dry weight). The MiniKans were then fitted with a ra-
diofrequency (RF) tag, and the reactions sorted with the IRORI Accu-
Tag100 sorting system.


Compound characterization and binding measurements : NMR spectra
were acquired on Varian INOVA 300 and 500 MHz spectrometers. The
residual solvent protons (1H) or solvent carbons (13C) were used as inter-
nal standards. 1H NMR data is presented as follows: chemical shift (d)
downfield from tetramethylsilane (multiplicity, coupling constant, inte-
gration). The following abbreviations are used in reporting NMR data: s:
singlet; br s: broad singlet; d: doublet; t: triplet; q: quartet; qt: quartet of
triplets; dd: doublet of doublets; dt: doublet of triplets. In the 13C NMR
of the para-substituted bromomethylphenyl boronate esters, some reso-
nances may be missing because of the weakly intense peaks of quaterna-
ry aromatic carbons. NOTE : NMR analysis of the final, cleaved oligobor-
onic acid receptors was not carried out for two reasons: i) their limited
solubility, and ii) the very complex spectra obtained, which was partly
due to the formation of equilibrating boronic anhydrides that result in
several indistinguishable peaks. HPLC/UV/ESMS was the main method
employed for assessing identity and purity of the oligoboronic acids (see
below). These analyses were carried out on a Hewlett-Packard/Agilent
1100MSD system (see below for specific conditions). High-resolution
electrospray mass spectra (HRMS) were recorded by the University of
Alberta Mass Spectrometry Services Laboratory with either electron
impact (EI) or electrospray (ES) ionization. As is customary with boronic
acids, peaks corresponding to gaseous dehydrative anhydride formation
are often observed ([M+H�(H2O)n]), and consequently the molecular
ion peak may be weak or absent. In some cases, a peak corresponding to
an oxidized phenol form of one boronic acid, [M�27], [M+H�BOH],
was observed in the HRMS and LCMS of the final compounds. We tenta-
tively attribute this to a gas-phase detection phenomenon as only a single
peak is always obtained on the HPLC chromatogram. Fluorescence titra-
tions were carried out on a Photon Technology International (PTI) fluo-
rimeter in a Hellma quartz glass SUPRASIL cuvette with a path length
of 1 cm.


Abbreviations : The following abbreviations were used throughout the
paper and the Experimental Section: Amb = 4-aminomethyl benzoyl,
Amc = 4-aminomethyl cyclohexanoyl, Acc = 4-aminocyclohexane car-
boxyl, Ahx = 6-aminohexanoyl; R = any of the above interamine resi-
dues; RR: superscript R indicates that the amide moiety of the residue
has been reduced to a methylene, RR-B(H): superscript R-B indicates that
the reduced amide, a secondary amine, has been alkylated with the (bro-
momethyl)phenyl boronate ester. The use of different para-substituted
boronate esters is indicated by the letters following B and also corre-
sponds to the use of the corresponding alkylating agents: RR-B(H) = (2-
bromomethyl)phenyl boronic acid (ester), RR-B(CN) = (2-bromomethyl-4-
cyano)phenyl boronic acid (ester), RR-B(F) = (2-bromomethyl-4-fluoro)-
phenyl boronic acid (ester), RR-B(NO2) = (2-bromomethyl-4-nitro)phenyl
boronic acid (ester), RR-B(CO2Me) = (2-bromomethyl-4-methoxycarbonyl)-
phenyl boronic acid (ester), RR-B(OMe) = (2-bromomethyl-4-methoxy)-
phenyl boronic acid (ester).


General procedures


Exhaustive amide reductions with BH3¥THF : The resin was weighed into
a 50 mL round-bottomed flask fitted with a condenser, under an inert at-
mosphere. The resin was allowed to swell, and was then suspended in dry
THF (5 mL). To this was added BH3¥THF (1m in THF, �10 equiv per
amide bond). The reaction mixture was then heated and stirred at 65 8C
for 24±48 h. The suspension was allowed to cool to RT. The resin was fil-
tered, washed with methanol, and re-suspended in piperidine (10±
15 mL). The suspension was reheated to 65 8C and gently stirred for 24 h
at this temperature. The suspension was allowed to cool to RT, and the
resin was filtered, washed with dry THF, methanol and dichloromethane
(3î each), then dried under a high vacuum overnight (<0.5 mmHg).


Dde protection of the terminal primary amine : To the resin in a 20 mL
PP vessel was added 2-acetyldimedone (1.5 equiv) and anhydrous DMF
(8 mL). The resulting suspension was gently vortexed for 30 min, filtered,
washed with DMF, methanol and dichloromethane (3î each), and dried
under high vacuum.


N-Alkylation with o-bromomethylphenyl boronate esters : The resin was
weighed into a 25 mL round-bottomed flask with a stirring bar and fitted
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with a condenser, under an inert atmosphere. The resin was suspended in
dry THF (10 mL) and to the suspension was added 1,2,2,6,6-pentamethyl-
piperidine (5 equiv per alkylation site), followed by the bromomethylbor-
onate ester to be attached (5 equiv per alkylation site), as a solution in
dry THF. The suspension was then stirred and heated to 65 8C for 24±
48 h, after which time it was allowed to cool to RT. The resin was fil-
tered, washed with dry THF (4î), and dried under high vacuum.


Removal of the Dde protecting group : The removal of the Dde protect-
ing group from the primary amine was done by one of two methods:


Method A : The resin was suspended in a 2% v/v solution of hydrazine in
DMF (5 mL), gently vortexed for 10 min, and then the solution was
drained. This process was repeated twice. The resin was then washed
with DMF, methanol, and dichloromethane (3î each), and dried under
high vacuum.


Method B : The resin was placed in a 25 mL round-bottomed flask fitted
with a condenser and suspended in a 10% v/v solution of ethanolamine
in ethanol (5 mL). To this suspension was added dry THF (5 mL) to facil-
itate swelling of the resin. The resulting suspension was then stirred at 65
8C for 24 h. The suspension was allowed to cool to RT, and the resin was
filtered, washed with THF, methanol and dichloromethane, and dried
under a high vacuum. (The resulting resin gave a positive Ninhydrin test
in each case.)


Reductive amination : The resin and 9-anthraldehyde (10 equiv) were
weighed into a 20 mL PP vessel. To this was added anhydrous trimethy-
lorthoformate (1 mL) followed by anhydrous DMF (6 mL). The resulting
suspension was vortexed for 5 min and shaken for 6 h. The suspension
was filtered, washed with DMF (5î), and partially dried under vacuum.
Sodium borohydride (10 equiv) was added to the dry resin which was sus-
pended in anhydrous DMF (5 mL) and vortexed gently for 2 min. To this
suspension was added glacial acetic acid (10 equiv), and the vessel was
shaken for 2 h, filtered, washed with DMF, methanol, dichloromethane
(3î each), then dried under a high vacuum overnight.


Final N-alkylation with bromomethylphenyl boronate esters : The N-alky-
lation of the final secondary amine was carried out as outlined above for
the first alkylation. After stirring at 65 8C for 24±48 h, the resin was fil-
tered and washed with dry THF and dried under a high vacuum. The dry
resin was resuspended in 1:1 H2O/THF and vortexed for 1 h. The resin
was filtered, washed with 1:1 H2O/THF, and THF. The resin was then
dried under a high vacuum overnight.


Cleavage of oligoboronic acid receptors from the solid support : The resin
was weighed into a 10 mL vial, with a stirbar, and suspended in a 5% v/v
solution of TFA in dichloromethane. After stirring for 40 min, the resin
beads had turned a deep red color. The resin was filtered through a glass
wool plug and washed with dichloromethane, 5% TFA in dichlorome-
thane and methanol (2î each). The combined filtrates were evaporated
under reduced pressure, giving a green/brown oil which was dried over-
night under a high vacuum.


Analysis of cleaved oligoboronic acid receptors by HPLC : LCMS/UV
analyses were performed on a Hewlett-Packard/Agilent 1100MSD by
means of one of the following separation methods.


Method A : Column: SB-C8 ZORBAX, 3.5 mm, 4.6î50 mm; eluent: 5%
MeCN (0.1% TFA) to 85% MeCN (0.1% TFA) in H2O (0.1% TFA)
over 5 min, then hold for 7 min, at 0.7 mLmin�1. Post run of 10 min.


Method B : Column: SB-C8 ZORBAX, 3.5 mm, 4.6î50 mm; eluent: 5%
MeCN (0.1% TFA) to 85% MeCN (0.1% TFA) in H2O (0.1% TFA)
over 5 min, then hold for 7 min, at 0.5 mLmin�1. Post run of 10 min.


In both cases, detection was carried out with a UV diode array detector
(l = 210 nm, 254 nm, and 370 nm (anthracene absorption)), coupled to a
ESMS detector (fragmentor voltage: 80 eV).


Semipreparative purifications : These were carried out when required by
means of the following general method: column: RX-C8 semipreparative,
5 mm, 9.4î250 mm; eluent: 5% MeCN (0.1% TFA) to 85% MeCN (0.1
% TFA) over 5 min, then hold for 7 min at 3 mLmin�1. Post run of
10 min, with manual collection of required peaks, determined by absorp-
tion at 370 nm.


All purities quoted for the final oligoboronic acid receptors is prior to
any purification by semipreperative HPLC. Post-HPLC purities >95%
in all cases.


Synthesis of sublibraries 1 and 2


4,7,10-Trioxy-1,13-tridecanediamine trityl polystyrene resin (1): In a
500 mL round-bottomed flask, 4,7,10-trioxa-1,13-tridecanediamine
(73.1 g, 72.8 mL, 331 mmol) was dissolved in dry dichloromethane
(300 mL) and gently stirred. To this stirring solution was added chlorotri-
tyl polystyrene resin (12 g, 1.38 mmolg�1Cl, 16.6 mmol) in portions (2±
3 g per addition, 20±30 min between additions). After complete addition
of the resin, the suspension was stirred gently overnight. The resin was
then transferred to a large PP vessel, washed with methanol, DMF/NEt3
4:1, methanol and dichloromethane (3î each), then dried overnight
under a high vacuum.


Synthesis of resin-bound Amb-R2NH2 : Resin 1 (5 g, 1.1 mmolg�1,
5.5 mmol) and Fmoc-Amb-OH (4.1 g, 11 mmol) were weighed into a
100 mL round-bottomed flask, suspended in anhydrous DMF (20 mL)
and stirred gently under an inert atmosphere. HOBt (1.68 g, 11 mmol)
and HBTU (4.17 g, 11 mmol) were each dissolved in anhydrous DMF
and added to the stirring suspension. After stirring for a few min,
DIPEA (2.84 g, 3.83 mL, 22 mmol) was added. The suspension was stir-
red for 6 h, and then the resin was filtered, washed with DMF, methanol
and dichloromethane (3î each), and dried under a high vacuum. The
Fmoc protecting group was removed by two treatments with 20% piperi-
dine in DMF [i) 15 min, ii) 45 min], then the mixture was filtered and
washed with DMF, methanol and dichloromethane (3î each), and dried
under a high vacuum. The resin (750 mg, 0.72 mmol) and the second resi-
due (2 equiv, 1.44 mmol) were weighed into a 20 mL PP vessel. HOBt
(0.3m in DMF, 4.8 mL, 1.44 mmol) and HBTU (0.3m in DMF, 4.8 mL,
1.44 mmol) were added to the PP vessel, and the mixture was vortexed
until all the second amino-acid residue had dissolved. DIPEA (0.37 g,
0.50 mL, 2.9 mmol) was then added and the mixture vortexed overnight.
The resin was filtered, washed with DMF, methanol and dichloromethane
(3î each) and dried under a high vacuum. Removal of the Fmoc group
with two treatments of 20% piperidine in DMF, as outlined above, was
performed again. The resin was washed with DMF, methanol and di-
chloromethane (3î each) and dried overnight under a high vacuum.


Synthesis of resin-bound R1-AmbNH2 : Resin 1 (0.90 g, 1.1 mmolg�1,
1.0 mmol) and the first residue (2 equiv, 2 mmol) were weighed into a
20 mL PP vessel. HOBt (0.3m in DMF, 6.7 mL, 2 mmol) and HBTU (0.3
m in DMF, 6.7 mL, 2 mmol) were added to the PP vessel, and the mixture
was vortexed until the first residue had dissolved. DIPEA (0.52 g,
0.70 mL, 4.0 mmol) was then added, and the suspension was vortexed for
4 h. After this time, the resin was filtered, washed with DMF, methanol
and dichloromethane (3î each) and dried under a high vacuum. The
Fmoc protecting group was removed by two treatments with 20% piperi-
dine in DMF [i) 15 min, ii) 45 min], then filtered and washed with DMF,
methanol and dichloromethane (3î each), and dried under a high
vacuum. The resin was then treated with the second residue, Fmoc-Amb-
OH (2 equiv, 2 mmol). HOBt (0.3m in DMF, 6.7 mL, 2 mmol) and
HBTU (0.3m in DMF, 6.7 mL, 2 mmol) were added to the PP vessel, and
the mixture was vortexed until the Fmoc-Amb-OH had dissolved.
DIPEA (0.52 g, 0.70 mL, 4.0 mmol) was then added and the mixture was
vortexed overnight. The resin was filtered, washed with DMF, methanol
and dichloromethane (3î each), and dried under a vacuum. Removal of
the Fmoc group with two treatments of 20% piperidine in DMF, as out-
lined above, was performed again. The resin was washed with DMF,
methanol and dichloromethane (3î each), and dried overnight under a
high vacuum.


Exhaustive amide reduction of resin-bound Amb-R2NH2 and R1-
AmbNH2 : This was carried out according to the general procedure.


Dde protection of resin-bound AmbR-R2,RNH2 and R1,R-AmbRNH2 : This
was carried out according to the general procedure.


Synthesis of resin-bound AmbR-B(H)-R2,R-B(H)NHDde and R1,R-B(H)-AmbR-


B(H)NHDde : This was carried out according to the general procedure for
N-alkylation.


Dde deprotection of resin-bound AmbR-B(H)-R2,R-B(H)NHDde and R1,R-B(H)-
AmbR-B(H)NHDde : This was carried out according to the general proce-
dure (Method A).


Reductive amination of resin-bound AmbR-B(H)-R2,R-B(H)NH2 and R1,R-B(H)-
AmbR-B(H)NH2 : This was carried out according to the general procedure.


Synthesis of resin-bound AmbR-B(H)-R2,R-B(H)-AnthrB(H) and R1,R-B(H)-
AmbR-B(H)-AnthrB(H): This was carried out according to the general proce-
dure for final N-alkylation.
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Cleavage of resin-bound AmbR-B(H)-R2,R-B(H)-AnthrB(H) and R1,R-B(H)-
AmbR-B(H)-AnthrB(H): This was carried out according to the general proce-
dure.


AmbR-B(H)AmbR-B(H)AnthrB(H): HPLC, Method B, tR = 8.337 min; purity
>85%; HRMS (ES): calcd for C62H68B3N4O6: 997.541802; found:
997.542094 [M+H�3H2O]+ .


AmbR-B(H)AmcR-B(H)AnthrB(H): HPLC, Method B, tR = 8.645 min; purity
>80%; HRMS (ES): calcd for C62H80B3N4O9: 1057.620447; found:
1057.620346 [M+H]+ .


AmbR-B(H)AccR-B(H)AnthrB(H): HPLC, Method B, tR = 8.558 min; purity >


80%; HRMS (ES): calcd for C61H72B3N4O9: 1041.589147; found:
1041.590924 [M+H�2H]+.


AmbR-B(H)AhxR-B(H)AnthrB(H): HPLC, Method B, tR = 8.042 min; purity
>80%; HRMS (ES): calcd for C60H67B3N4O6: 977.573103; found:
977.573344 [M+H�3H2O]+ .


AmcR-B(H)AmbR-B(H)AnthrB(H): HPLC, Method A, tR = 6.833 min; purity
>76%; HRMS (ES): calcd for C62H74B3N4O6: 1003.588753; found:
1003.588169 [M+H�3H2O]+ .


AccR-B(H)AmbR-B(H)AnthrB(H): HPLC, Method A, tR = 6.778 min; purity
>75%; HRMS (ES): calcd for C61H72B3N4O6: 989.573103; found:
989.573733 [M+H�3H2O]+ .


AhxR-B(H)AmbR-B(H)AnthrB(H): HPLC, Method A, tR = 7.175 min; purity
>85%; HRMS (ES): calcd for C60H72B3N4O6: 977.573101; found:
977.573073 [M+H�3H2O]+ .


Synthesis of sublibrary 3


Synthesis of resin-bound R1NH2 : Resin 1 was weighed into a 20 mL PP
vessel. To this was added the first amine residue, R1, either Fmoc-Amb-
OH, Fmoc-Amc-OH or Fmoc-Ahx-OH (2 equiv). To this was added
HOBt (2 equiv) and HBTU (2 equiv) both as solutions in DMF. The sus-
pension was vortexed for 5 min until the first amine residue had dis-
solved, and then DIPEA (4 equiv) was added. The PP vessel was shaken
for 6 h, then the suspension was filtered, washed with DMF, methanol
and dichloromethane, and dried under a high vacuum. Removal of the
Fmoc group with two treatments of 20% piperidine in DMF, as outlined
above, was performed again. The resin was washed with DMF, methanol
and dichloromethane (3î each) and dried overnight under a high
vacuum.


Exhaustive amide reduction of resin-bound R1NH2 : This was carried out
according to the general procedure.


Dde protection of R1,RNH2 : This was carried out according to the general
procedure.


Synthesis of resin-bound R1,R-B(H)NHDde : This was carried out according
to the general procedure for N-alkylation.


Dde deprotection of resin-bound R1,R-B(H)NHDde : This was carried out
according to the general procedure (Method B).


Reductive amination of resin-bound R1,R-B(H)NH2 : This was carried out
according to the general procedure.


Synthesis of resin-bound R1,R-B(H)-AnthrB(H): This was carried out accord-
ing to the general procedure for final N-alkylation.


Cleavage of sublibrary 3 : This was carried out according to the general
procedure.


AmcR-B(H)AnthrB(H): HPLC, Method B, tR = 8.462 min; purity >80%;
LCMS: for C47H63B2N3O7: 768 [M+H�2H2O], 786 [M+H�H2O], 804
[M+H], 826, [M+Na]+ .


AmbR-B(H)AnthrB(H): HPLC, Method B, tR = 8.652 min; purity >85%;
LCMS: for C47H57B2N3O7: 780 [M+H�H2O], 762 [M+H�2H2O].


AhxR-B(H)AnthrB(H): HPLC, Method B, tR = 8.338 min; purity >80%.


Synthesis of sublibrary 4


Synthesis of resin-bound AmcNH2 : Resin 1 (0.44 g, 1.1 mmolg�1,
0.48 mmol) and Fmoc-Amc-OH (0.36 g, 0.96 mmol) were weighed into a
20 mL PP vessel. Anhydrous DMF (3 mL) was added and the mixture
vortexed until the amino acid had dissolved. HOBt (47 mg, 0.96 mmol)
and HBTU (0.36 g, 0.96 mmol) were added as solutions in DMF. The
mixture was vortexed for 2 min and DIPEA (0.25 g, 0.33 mL, 1.9 mmol)
added. The mixture was vortexed again for 2 min, then gently shaken
overnight. The resin was filtered, washed with DMF, methanol and di-
chloromethane (3î each), and dried at the pump. Treatment of the resin


with two rounds of 20% piperidine in DMF [i) 15 min, ii) 45 min], afford-
ed the supported free primary amine.


Exhaustive amide reduction of resin-bound AmcNH2 : This was carried
out according to the general procedure.


Dde protection of resin-bound AmcRNH2 : This was carried out according
to the general procedure.


Synthesis of resin-bound AmcR-B(X)NHDde : This was carried out accord-
ing to the general procedure for N-alkylation.


Dde deprotection of resin-bound AmcR-B(X)NHDde : This was carried out
according to the general procedure (Method B).


Reductive amination of resin-bound AmcR-B(X)NH2 : This was carried out
according to the general procedure.


Synthesis of resin-bound AmcR-B(X)AnthrB(X): This was carried out accord-
ing to the general procedure for final N-alkylation.


Cleavage of resin-bound AmcR-B(X)AnthrB(X): This was carried out accord-
ing to the general procedure.


AmcR-B(OMe)AnthrB(OMe): HPLC, Method B, tR = 9.270 min; purity >75
%; HRMS (ES): calcd for C49H67B2N3O: 864.514167; found: 864.513954
[M+H]+ .


AmcR-B(F)AnthrB(F): HPLC, Method B, tR = 9.432 min; purity >75%.
LCMS (ES): 862 [M+Na]+ , 840 [M+H]+ , 822 [M+H�H2O].


AmcR-B(CN)AnthrB(CN): HPLC, Method B, tR = 9.221 min; purity >80%;
LCMS (ES): 854 [M+H]+ , 836 [M+H�H2O]. HRMS (ES): calcd for
C49H61B2N5O7: 854.483536; found: 854.483238 [M+H]+ .


AhxR-B(CN)AnthrB(CN): This compound was synthesized by means of the
previously outlined procedure for the Amc compounds in sublibrary 4,
substituting Fmoc-Ahx-OH for Fmoc-Amc-OH in the first step. HPLC,
Method B, tR = 8.743 min; purity >75%. LCMS (ES): 810
[M+H�H2O], 792 [M+H�2H2O].


IRORI Mini-Kan synthesis of sublibrary 5 : All reactions in Kans were
carried out according to the same general procedures as outlined for re-
actions with free resin except for the following points. All reaction times
were extended by 1.5±2 times to allow for sufficient diffusion of solvents
and reagents into the Kan. All reactions in THF were carried out at 60
8C as opposed to 65 8C on account of the instability of the polypropylene
Kans at the higher temperature. Finally, all washing times and amounts
were increased.


Synthesis of resin-bound AmcNH2 : Three IRORI Mini-kans (referred to
as Kans from here on) were fitted with a radio frequency (RF) tag fol-
lowed by 25 mg dry weight of resin 1. The Kans were capped and sus-
pended in DMF (30 mL) and stirred gently (NOTE : DMF was added to
the Kans in order to suspend the resin and remove any air bubbles from
the Kans). To the solution was added Fmoc-Amc-OH (0.15 g, 0.40 mmol,
4 equiv) followed by HOBt (61 mg, 0.40 mmol, 4 equiv) and HBTU
(0.15 g, 0.40 mmol, 4 equiv). The mixture was stirred again for 5 minutes
before DIPEA (0.10 g, 0.14 mL, 0.80 mmol, 8 equiv) was added. The mix-
ture was then stirred at room temperature for 10 h. The Kans were fil-
tered, washed with DMF, and then treated with two rounds of 20% pi-
peridine in DMF to remove the Fmoc protecting group. After washing
with DMF, methanol and dichloromethane, the Kans were dried under a
high vacuum.


Exhaustive amide reduction of resin-bound AmcNH2 : This was per-
formed according to the general procedure.


Dde protection of resin-bound AmcRNH2 : This was carried out accord-
ing to the general procedure.


Synthesis of resin-bound AmcR-B(X)NHDde : This was carried out accord-
ing to the general procedure for N-alkylation. NOTE : After this first N-
alkylation step, the Kans were all pooled together and underwent the
rest of the reaction steps in the same pot.


Dde deprotection of resin-bound AmcR-B(X)NHDde : This was carried out
according to the general procedure (Method B).


Reductive amination of resin-bound AmcR-B(X)NH2 : This was carried out
according to the general procedure.


Synthesis of resin-bound AmcR-B(X)-AnthrB(H): This was carried out ac-
cording to the general procedure for final N-alkylation.


When dry, the Kans were deconvoluted into the five different compounds
by scanning each Kan with the IRORI AccuTag-100 system.
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Cleavage of resin-bound AmcR-B(X)-AnthrB(H): This was carried out ac-
cording to the general procedure.


AmcR-B(OMe)AnthrB(H): HPLC, Method B, tR = 8.989 min; purity >80%.
LCMS (ES): 834 [M+H]+ , 816 [M+H�H2O].


AmcR-B(F)AnthrB(H): HPLC, Method B, tR = 8.796 min; purity >75%;
HRMS (ES): calcd for C47H62B2FN3O7: 822.483616; found: 822.483727
[M+H]+ .


AmcR-B(CN)AnthrB(H): HPLC, Method B, tR = 8.765 min; purity >75%;
HRMS (ES): calcd for C48H62B2N4O7: 822.483616; found: 822.483727
[M+H]+ .


AmcR-B(CO2Me)AnthrB(H): HPLC, Method B, tR = 8.769 min; purity >85%;
HRMS (ES): calcd for C49H65B2N3O9: 862.498517; found: 862.498165
[M+H]+ .


AmcR-B(NO2)AnthrB(H): HPLC, Method B, tR = 8.825 min; purity >80%;
HRMS (ES): calcd for C47H62B2N4O9 : 849.478116; found: 849.478833
[M+H]+ .


Measurements of binding constants : Accurately measured solutions of
the receptors were prepared by dissolution in a 0.010m phosphate buffer
(pH 7.8) in 1:1 water/methanol. A 3 mL amount of the solution was added
to a quartz cell and titrated with a 1.0m solution of the disaccharide dis-
solved in the buffer solution. The fluorescence emission spectrum (excita-
tion wavelength: 370 nm) was taken after each addition of the saccharide
solution. Titration curves were constructed by plotting the relative fluo-
rescence intensity at 423 nm vs concentration of the saccharide in the
cell. The stability constant, Ka, assumes 1:1 binding stoichiometry and was
determined with the Benesi±Hildebrandt equation by plotting 1/(I�Io)
vs 1/[saccharide] and obtaining the ratio between the intercept and the slope.


Synthesis of para-substituted bromomethylphenyl boronate esters :


(2-Bromomethyl)phenyl boronate ester (4):[7] o-Tolylboronic acid (9.90 g,
72.8 mmol) and 2,2-dimethyl-1,3-propanediol (9.89 g, 94.7 mmol) were
weighed into a round-bottomed flask and dissolved in toluene (250 mL).
The mixture was then refluxed under Dean±Stark conditions for 20 h.
After this time, the solvent was removed under reduced pressure, and the
mixture dissolved in dichloromethane. The solution was then purified by
flash chromatography through silica gel with dichloromethane as the
eluent to give the desired compound (14.6 g, 99%) as a clear oil. To the
oil (14.6 g, 71.7 mmol), dissolved in carbon tetrachloride (200 mL) was
added N-bromosuccinimide (13.4 g, 75.2 mmol) and AIBN (0.16 g,
0.99 mmol). The mixture was stirred and heated at reflux for 16 h. The
solution was allowed to cool to RT and was then filtered. The solvent
was evaporated under reduced pressure to give the title product as a
yellow oil (19.7 g, 97%). 1H NMR (500 MHz, CDCl3): d = 7.78 (d, J =


7.4 Hz, 1H), 7.34 (m, 2H), 7.25 (m, 1H), 4.91 (s, 2H), 3.79 (s, 4H), 1.05
(s, 6H); 13C NMR (125 MHz, CDCl3): d = 143.5, 135.6, 130.2, 127.6,
72.4, 34.5, 21.9.


(2-Bromomethyl-4-cyano)phenyl boronate ester : 4-Bromo-3-methylben-
zonitrile (1.0 g, 5.1 mmol) was dissolved in dry THF under N2. The solu-
tion was cooled to �98 8C and nBuLi (1.58m in hexanes, 4.84 mL,
7.65 mmol) was added dropwise to the solution. After completion of the
addition, the solution was stirred for 15 min, then trimethyl borate
(1.06 g, 1.16 mL, 10.2 mmol) was added slowly to the solution. Stirring
was continued at �98 8C for 30 min and then the solution was allowed to
warm to room temperature for 3 h. The solvent was removed under re-
duced pressure and the residue was dissolved in ether. After washing
with 1m HCl and water, the solution was evaporated to dryness. The
crude compound was purified by column chromatography (silica gel,
ethyl acetate/hexanes 3:1 to 100% ethyl acetate) to afford the 4-cyano-2-
methylphenylboronic acid as a clear oil (0.63 g, 77%). The boronic acid
was then protected and the methyl group brominated as outlined above
for the unsubstituted analogue, to give the (2-bromomethyl-4-cyano)phe-
nylboronate ester as a red/brown solid (1.22 g, 91% from (2-methyl-4-cy-
ano)phenylboronic acid). 1H NMR (500 MHz, CDCl3): d = 7.87 (d, J =


7.0 Hz, 1H), 7.60 (d, J = 1.2 Hz, 1H), 7.51 (dd, J = 7.0 Hz, 1.2 Hz, 1H),
4.85 (s, 2H), 3.80 (s, 4H), 1.05 (S, 6H); 13C NMR (125 MHz, CDCl3): d
= 144.7, 136.2, 133.1, 130.5, 118.4, 114.0, 72.6, 32.2, 21.8; HRMS (EI):
calcd for C13H15


11B79BrNO2: 307.03793; found: 307.03762 [M]+ ; for
C13H15


11B81BrNO2: 309.03589; found: 309.03599 [M]+ .


(2-Bromomethyl-4-fluoro)phenyl boronate ester : (2-Methyl-4-fluoro)phe-
nylboronic acid (0.40 g, 2.6 mmol) was protected with 2,2-dimethyl-1,3-


propane diol (0.30 g, 2.9 mmol) as outlined above for the unsubstituted
analogue. Bromination of the ortho-methyl group with N-bromosuccini-
mide (0.46 g, 2.8 mmol) and AIBN (14 mg, 0.08 mmol), under the condi-
tions described above afforded the title compound as a clear yellow oil
(0.73 g, 94% from (2-methyl-4-fluorophenyl)boronic acid). 1H NMR
(500 MHz, CDCl3): d = 7.78 (t, J = 6.8 Hz, 1H), 7.05 (dd, J = 9.8 Hz,
2.4 Hz, 1H), 6.93 (td, J = 8.5 Hz, 2.4 Hz, 1H), 4.85 (s, 2H), 3.80 (s, 4H),
1.10 (S, 6H); 13C NMR (125 MHz, CDCl3): d = 165.4, 163.6, 146.3, 137.9,
117.0, 114.5, 72.3, 33.2, 21.8; HRMS (EI): calcd for C12H15


11B79BrFO2


[M]+ : 300.03326; found: 300.03358; for C12H15
11B81BrFO2 [M]+ :


302.03119; found: 302.03123.


(2-Bromomethyl-4-methoxy)phenyl boronate ester : (2-Methyl-4-methoxy)-
phenylboronic acid (0.50 g, 3.0 mmol) was protected with 2,2-dimethyl-
1,3-propane diol (345 mg, 3.31 mmol) as outlined above for the unsubsti-
tuted analogue. Bromination of the ortho-methyl group with N-bromo-
succinimide (0.55 g, 3.34 mmol) and AIBN (16 mg, 0.09 mmol), under the
conditions described above for the unsubstituted analogue afforded the
title compound as a clear yellow oil (0.82 g, 85% from (2-methyl-4-me-
thoxy)phenylboronic acid). 1H NMR (500 MHz, CDCl3): d = 7.74 (d, J
= 8.4 Hz, 1H), 6.88 (s, 1H), 6.78 (d, J = 8.4 Hz, 1H), 4.88 (s, 2H), 3.80
(s, 3H), 3.76 (s, 4H), 1.02 (s, 6H); 13C NMR (125 MHz, CDCl3): d =


161.2, 145.6, 137.5, 115.8, 113.0, 72.3, 55.1, 34.4, 21.9; HRMS (EI): calcd
for C13H18


11B79BrO3 [M]+ : 312.05322; found: 312.05354; for
C13H18


11B81BrO3 [M]+ : 314.05118; found: 314.05196.


(2-Bromomethyl-4-methoxycarbonyl)phenyl boronate ester : 4-Bromo-3-
methylbenzoic acid (2.15 g, 10.0 mmol) was dissolved in dry diethyl ether
(30 mL) and stirred under an argon atmosphere. The solution was cooled
to �100 8C and nBuLi (1.6m in hexanes, 18.8 mL, 30 mmol) was added
dropwise to the solution, at a pace slow enough to maintain the tempera-
ture below �90 8C. After complete addition, the mixture was stirred for
30 min, then trimethylborate (5.7 mL, 50 mmol) was slowly added. The
reaction was stirred at �100 8C for 1 hour then the bath was removed,
and the reaction mixture was allowed to warm to room temperature
under stirring for 5 h. After this time, the reaction mixture was poured
onto 1m aqueous HCl (30 mL) and extracted with ether. The boronic
acid was then purified by column chromatography and isolated in 75%
yield. The boronic acid was dissolved in methanol and refluxed for 16 h
in the presence of catalytic sulfuric acid. The solvent was removed under
reduced pressure and the boronic acid residue was protected with 2,2-di-
methyl-1,3-propanediol (1.1 equiv), as described above for the unsubsti-
tuted analogue. The ortho-methyl group (320 mg, 1.22 mmol) was then
brominated with NBS (239 mg, 1.34 mmol) and AIBN (61 mg,
0.37 mmol) as described above, to afford the title compound after flash
column chromatography (silica gel) as an off-white/pink solid (340 mg,
70% yield from the boronic acid). 1H NMR (500 MHz, CDCl3): d =


7.98±7.83 (m, 3H), 4.90 (s, 2H), 3.89 (s, 3H), 3.79 (s, 4H), 1.04 (s, 6H);
13C NMR (125 MHz, CDCl3): d = 166.5, 143.7, 135.6, 131.7, 130.8, 128.2,
72.5, 52.2, 33.6, 31.9, 22.0; HRMS (EI): calcd for C14H18


11B79BrO4 [M]+ :
340.04816; found: 314.04754; for C14H18


11B81BrO4 [M]+ : 342.04611;
found: 342.04556.


(2-Bromomethyl-4-nitro)phenyl boronate ester : 2-Iodo-5-nitrotoluene
(1.00 g, 3.80 mmol) was dissolved in dry diethyl ether (10 mL) and stirred
under an argon atmosphere. The solution was cooled to �100 8C and
nBuLi (1.6m in hexanes, 3.60 mL, 5.76 mmol) was added dropwise to the
solution. This addition was slow enough to maintain the reaction temper-
ature below �90 8C. After complete addition, the mixture was stirred for
25 min, then trimethylborate (1.30 mL, 11.4 mmol) was slowly added to
the solution. After addition, the solution was stirred at �100 8C for a fur-
ther 40 minutes. The bath was removed, and the mixture allowed to
warm to room temperature. After 5 h, the solution was poured into 1m
aqueous HCl (30 mL), and the product extracted with diethyl ether. The
boronic acid was protected with 2,2-dimethyl-1,3-propanediol (1.1 equiv)
as outlined above for the unsubstituted analogue. The ortho-methyl
group was then brominated with N-bromosuccinimide (416 mg,
2.34 mmol) and AIBN (105 mg, 0.64 mmol) under the conditions descri-
bed above to afford the title compound as a dark solid (570 mg, 82%
from 2-iodo-5-nitrotoluene). 1H NMR (500 MHz, CDCl3): d = 8.17±7.94
(m, 3H), 4.91 (s, 2H), 3.82 (s, 4H), 1.06 (s, 6H); 13C NMR (125 MHz,
CDCl3): d = 149.1, 145.4, 136.7, 124.4, 121.8, 72.6, 32.2, 31.8, 21.9;
HRMS (EI): calcd for C12H15


11B79BrNO4: 327.02774; found: 327.02748
[M]+ ; calcd for C12H15


11B81BrNO4: 329.02570; found: 329.02595 [M]+ .
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Crystal, Molecular and Electronic Structure of N,N’-Diphenyl-N,N’-bis(2,4-
dimethylphenyl)-(1,1’-biphenyl)-4,4’-diamine and the Corresponding Radical
Cation


Paul J. Low,*[a] Michael A. J. Paterson,[a] Horst Puschmann,[a] Andrÿs E. Goeta,[a] Judith
A. K. Howard,[a] Christoph Lambert,[b] Julian C. Cherryman,[c] Daniel R. Tackley,[c]


Stephen Leeming,[c] and Bev Brown[c]


Introduction


At the present time there is intense interest in the structure
and electronic properties of N,N,N’,N’-tetraaryl-(1,1’-biphen-
yl)-4,4’-diamines, as these materials are used as the vital
hole injecting and transporting layers in a wide range of
electro-optic devices.[1] Establishing relationships between
the molecular structure of these compounds and physical
characteristics such as oxidation (or ionisation) potential,[2]


packing arrangement in the solid state,[3] reorganisation


energy upon charge transfer,[4] and environmental stability[5]


is of considerable interest, as each of these properties will
influence the hole transport performance of the compound
in a device.


The hole transport properties of a compound can be rep-
resented in terms of a hopping model, which can be approxi-
mated in terms of an electron transfer event between a
neighbouring neutral molecule, N, and its corresponding
radical cation, N+ C [Eq. (1)].[6]


NA þ ½NB�þ C ! ½NA�þ C þNB ð1Þ


Since the components on the left and right side of the
equation are the same, the net free energy for the reaction
DG 0 is zero and the activation barrier to intermolecular
charge migration, DG�, should be l/4, where l is the re-or-
ganisation energy associated with geometric rearrangement
from both the neutral to charged state and from the charged
state to the neutral, and will include a contribution from the
supporting medium. It follows that minimising l is one
factor that may lead to improved hole mobility. Therefore, a
detailed understanding of the molecular parameters associ-
ated with both the neutral and radical forms of a charge
transport material would be of great interest.


Malagoli and Brÿdas have recently reported a computa-
tional study of the reorganisation energy associated with the
oxidation of N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Oxidation of N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-(1,1’-biphen-
yl)-4,4’-diamine (TPD, 1a) and N,N’-di-
phenyl-N,N’-bis(2,4-dimethylphenyl)-
(1,1’-biphenyl)-4,4’-diamine (1b) with
SbCl5 affords the corresponding radical
cations quantitatively. The crystal and
molecular structure of 1b and
[1b]SbCl6, the first tetraphenyl benzi-
dene derivatives to be characterised


crystallographically in both the neutral
and radical cation states, reveal molec-
ular parameters in agreement with the
predictions made on the basis of DFT


studies. Analysis of the NIR transition
in the radical cations [1]+ C allows an es-
timate of the electronic coupling pa-
rameter V (1a+ C 3200 cm�1; 1b+ C 3300
cm�1), the reorganisation energy l(1a+ C
7500 cm�1; 1b+ C 7800 cm�1), and the
linear coupling constant l (1a+ C 3100
cm�1; 1b+ C 2700 cm�1) of the symmetric
mode.


Keywords: amines ¥ biaryls ¥ charge
carrier injection ¥ electron transfer ¥
radical ions
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biphenyl)-4,4’-diamine (TPD, 1a), a classic polyarylamine
based hole transport material.[4a] This work concluded that,
at least in an idealised gas environment, oxidation would be
accompanied by planarisation and adoption of partial qui-
noidal character in the biphenyl group, with rotation of the
peripheral aryl groups about the N�Caryl bond to positions
approximately orthogonal to the biphenyl plane. Given the
relatively low energy of aryl ring rotation about a single
bond, it was suggested that the reorganisation energy term
associated with the hole transport process should be domi-
nated by structural changes associated with the biphenyl
moiety.[4] However, experimental evidence for these struc-
tural changes is scarce. We now report the solid state struc-
tures of both N,N’-diphenyl-N,N’-bis(2,4-dimethylphenyl)-
(1,1’-biphenyl)-4,4’-diamine (1b) and the radical cation de-
rived from this material by chemical oxidation, [1b]SbCl6.
This latter compound is the first crystallographically charac-
terised example of an oxidised hole-transport material. In
addition to the solid state structure, we also provide an anal-
ysis of the electronic spectra of these materials, including
the NIR, or IVCT, absorption band in the radical cations,
which provides insight into the role of the peripheral groups
on the electronic structure of these radical cations.


Results and Discussion


Compounds 1a and 1b were prepared via standard Ullmann
coupling protocols. Closely related procedures have been
described previously.[7] Compound 1b differs from 1a by
virtue of the methyl group ortho and para to the amine cen-
tres on two of the four peripheral ring systems The ortho
groups were expected to have some impact on the overall
geometry of the compound in both the neutral and oxidised
forms, particularly with respect to the orientation adopted
by the peripheral phenyl rings, and were introduced to im-
prove the solubility and crystallinity of the product.


Cyclic voltammetry (CV) studies of 1a and 1b revealed
two, reversible one electron waves associated with the for-
mation of the cation radicals [1a]+ C, [1b]+ C and dications
[1a]2+ , [1b]2+ (Table 1). The first oxidation of the bis-me-


thylated compound 1b was thermodynamically more favour-
able than in the case of 1a, possibly due to the inductive
effect of the methyl groups in the ortho and para positions.
The second oxidation potentials were essentially the same.
The potential difference between these two redox processes
allows an estimate of the thermodynamic stability of the
radical cation, 1+ C, with respect to disproportionation to 1
and 12+ at ambient temperature (1a Kc=4300, 1b Kc=


20500).[8] For similar systems, Kc values of similar magnitude
are common;[2b] this suggests that the radical cations may be
suitable targets for preparative studies.


In order to assess the kinetic stability of these compounds,
and to follow the oxidation event in situ, room temperature
UV/Vis-NIR spectroelectrochemical studies were undertak-
en. The observation of sharp isosbestic points during the
electrolytic cycle 1!1+ C!12+!1+ C!1, and recovery of the
original spectra of 1 at the end of the cycle confirm both the
chemically reversible nature of the redox system in CH2Cl2
and the chemically distinct nature of each member of the
redox series (Figure 1).


For each compound, a set of p±p* bands are observed in
the electronic spectrum, which shift to lower energy upon
the oxidation from the neutral material (1a 310, 353 nm, 1b
305, 350 nm), through the radical cations (1a+ C 484; 1b+ C
476 nm) to the dications (1a2+ 730; 1b2+ 749 nm). The radi-
cal cations 1+ C also display unique bands in the NIR region
(1a 1400; 1b 1347 nm). These electronic transitions are ana-
lysed in more detail below. At this point we simply wish to
note that the p±p* transitions in the dicationic species are
essentially identical in energy and band shape to those ob-
served for oxidised triaryl (mono)amines [NAr3]


+ C ;[9] this in-
dicates that 12+ can be described approximately in terms of
two localised triaryl cations. However, 12+ is ESR silent at
room temperature, presumably due to strong antiferromag-
netic coupling.


Chemical oxidation of 1a with one equivalent of SbCl5 in
CH2Cl2 resulted in the immediate formation of a dark
orange solution of the radical cation, although we have not
yet succeeded in isolating crystalline material from this solu-
tion. Oxidation of 1b produced a similarly coloured solu-
tion, from which dichroic, needle-like crystals of [1b]SbCl6
with a metallic lustre were obtained, following addition of
hexane. The electronic spectrum of material isolated in this
way was essentially identical to that observed spectroelec-
trochemically for the radical cation, with only minor devia-
tions in band shape and energy of the NIR band arising
from ion-pairing effects with the supporting electrolyte.


To the best of our knowledge, there is only a single report
describing the solid state structures of N,N,N’,N’-tetraaryl-


Table 1. Half-wave Potential (E1=2
vs Fc/Fc+) and difference between first


and second redox process (DE) for 1a, 1b and 2.


1a[a] 1b[a] 2[b]


E1=2 [V] 0.292 0.250 0.085
E1=2 [V][a] 0.507 0.505 0.305
DE [V] 0.215 0.255 0.220
Kc 4300 20500 5250


[a] 0.1m NBu4BF4/CH2Cl2 at 100 mVs�1. [b] 0.1m NBu4PF6/CH2Cl2 at 250
mVs�1 (from ref. [17a]).
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(1,1’-biphenyl)-4,4’-diamine derivatives which were deter-
mined using synchrotron based single crystal and powder X-
ray diffraction methods, with the single-crystal data compli-
cated by a significant degree of rotational disorder.[10] No
solid state structural data from the radical cations derived
from such materials have been reported to date. Given the
interest in molecular conformation of species such as 1 and
1+ C single crystal X-ray diffraction studies of 1b¥CH2Cl2 and
[1b]SbCl6¥0.5CH2Cl2 were undertaken, using crystals grown
from CH2Cl2/hexane mixtures (Table 2).


For the neutral molecule 1b¥CH2Cl2 (Figure 2, Table 3), a
planar conformation is found at the nitrogen centres, with
N�C(7,13) bond lengths of 1.417(5) and 1.441(5) ä, the
longer N�C distance associated with the 2,4-dimethyl substi-
tuted ring. The N�C4(biphenyl) bond length is 1.415(5) ä. The
central C1�C1’ bond in the biphenyl moiety is 1.483(7) ä,
and the bond lengths within the rings of the biphenyl group
range between 1.387(5)±1.410(5) ä. There are no unusual
C�C bond lengths within the peripheral phenyl groups. The
torsion angles are summarised in Table 3, and define the
propeller-like geometry about the nitrogen centres with re-
spect to the plane defined by the three N�C bonds. A two-
fold axis passes mid-way between C1 and C1’ and relates


the two halves of the molecule. The twist angle between the
symmetry related rings of the biphenyl moiety is 37.1(3)8
[C2-C1-C1’-C6’]. When compared to the orientation of the
unsubstituted ring [C4-N1-C7-C8 �34.3(6)8], the methyl
substituted ring [C13�C18] is twisted considerably out of
the NC3 plane [C4-N1-C13-C14 �66.0(5)8], no doubt due to
the steric effect of the C19 methyl group. The decreased
overlap between the aromatic p system and the nitrogen
lone pair which results is responsible for the increased
N�C13 bond length noted above. With the exception of
these steric constraints, the structure is very similar to the
optimised geometry of 1a obtained using DFT methods
(Table 3).


The molecular packing of 1b¥CH2Cl2 (Figure 3) shows a
layered structure with the layers running perpendicular to
the b axis. The molecules of each layer are out of register
with those in the layer immediately above and below, giving
an ABA motif. When viewed along the b axis, the molecules
form column-like stacks, with the adjacent stacks interdigi-
tated to accommodate the para methyl groups. The disor-
dered solvent molecules are found in the channels formed
between these columns.


Figure 1. UV/ Vis-NIR spectroelectrochemistry of 1b during sequential oxidation to 1b+ C (left) and 1b2+ (right) (CH2Cl2, 0.1m NBu4BF4). The arrows in-
dicate the bands which grow and decay during the electrolysis. l(cm�1)/e (mol�1dm3cm�1) 1a 28410/40150; 1b 27170/35300; 1a+ C 7500/37800; 1b+ C 7800/
30680; 1a2+ 13740/74800; 1b2+ 13330/56590.


Table 2. Crystal data and structure refinement parameters for 1b¥CH2Cl2
and [1b]SbCl6¥0.5CH2Cl2.


1b¥CH2Cl2 [1b]SbCl6¥0.5CH2Cl2


formula C41H38Cl2N2 C40.5H37Cl7N2Sb
Fw 629.63 921.62
T [K] 100(2) 120(2)
l [ä[ (MoKa) 0.71073 0.71073
dimensions [mm3] 0.38î0.10î0.08 0.46î0.13î0.05
crystal system monoclinic orthorhombic
space Group C2/c Pccn
a [ä] 26.379(2) 23.631(2)
b [ä] 9.332(1) 11.282(1)
c [ä] 15.022(1) 15.767(1)
b [8] 111.07(3) 90
V [ä3] 3450.7(8) 4203.7(7)
Z 4 4
1calcd 1.212 1.456
m [mm�1] 0.219 1.132
2qmax 51.98 56.56
refls colld (unique) 14624 (3406) 24596 (5210)
maxmin�1 transmission 0.983/0.921 0.937/0.747
R (I>2sIo)/wR (all data) 0.0921/0.2726 0.0854/0.3037


Figure 2. A 50% probability ORTEP plot of 1b showing the atom label-
ling scheme. In this and subsequent Figures, H-atoms are omitted for
clarity.
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The radical cation 1b+ C (Figure 4, Table 3) also displays a
planar geometry about the nitrogen centres, and the N�
C(7,13) bond lengths to the peripheral aryl ring systems
[1.420(8), 1.445(9) ä] are similar to those found in 1b. The
substituted ring is disordered over two sites (66/34 occupan-
cy), which are related by a 1808 rotation around the N1�
C13 bond. In contrast to the structure of 1b, the radical
cation 1b+ C has Ci symmetry. The biphenyl group has rotat-
ed into a position closer to the NC3 plane [C3-C4-N1-C13
�16.5(9)8], and the twist angle between the biphenyl ring
systems [C6-C1-C1’-C2’] has decreased to only 4.1(1.1)8. The
N�C4(biphenyl) bond length [1.391(4) ä] is significantly shorter
than the N�C(7,13) bonds in either structure. However, the
C1�C1’ bond length [1.46(1) ä] in 1b+ C is equivalent, within
error, to that in 1b. While not strictly of statistical signifi-


cance, it is still worth noting
that C2�C3 [1.386(9) ä] and
C5�C6 [1.366(8) ä] fall at the
shorter end of the range of C�C
bond lengths in the biphenyl
rings [1.366(8)±1.419(9) ä].


Electronic structure calcula-
tions indicate that the HOMO
in species such as 1b+ C is delo-
calised over the N-C6H4-6H4-N
moiety.[12] Consequently, the
bond lengths in 1b and 1b+ C are
not expected to be particularly
sensitive to the oxidation state
of the compound, as the frac-
tion of electronic charge lost
upon oxidation will be divided
over all the atoms in the benzi-
dene moiety. Nevertheless, the
net result of oxidation is a mar-
ginal decrease in the N¥¥¥N sepa-
ration from 9.981(6) ä in 1b to
9.89(1) ä in the radical cation


1b+ C. When the structure of the radical cation 1b+ C is com-
pared with that of the neutral molecule 1b, using the C4-
C7-C13 plane as a point of reference, the greatest changes
to the structure are associated with the relative orientation
of the C7�C12 aryl ring and the biphenyl moiety. These geo-
metric changes observed between 1b and 1b+ C are largely in
agreement with those predicted using high-level calculations
(Table 3).[4a]


In the crystal structure of [1b]SbCl6¥0.5CH2Cl2, layers of
radical cations are found arranged perpendicular to the a
axis, in a herringbone motif. Between these layers, the
SbCl6


� anions and molecules of CH2Cl2 are found forming a
second layer. The crystal structure can be regarded there-
fore as alternating layers of opposite charges, which is simi-
lar to the structural motifs found in many conducting organ-
ic materials (Figure 5). Within the solvent and anion layer,
the anions form chains aligned with the c axis by symmetry
constraints, with an inter-anion Cl¥¥¥Cl distance of 3.202(5)
ä, which is 0.3 ä less than twice the van der Waals radius of
Cl. In addition to the electrostatic interactions between the
layers of opposite charge, there is a close contact between
H3 of the biphenyl moiety and Cl4 of the SbCl6


� anion
(H3¥¥¥Cl4 2.75 ä, C3-H3-Cl4 145.48). Each SbCl6 anion re-
sides in a vacancy created by four cations and the location
of the anion with respect to the nitrogen centres in any one
cation is distinctly asymmetric [N1¥¥¥Sb 6.974(5) ä, N1’¥¥¥Sb
9.276(5) ä]. However, within the extended lattice each N
centre is found in an identical environment, being located
6.974(5) ä from two anions and 7.446(5) ä from two others.


Formally, the radical cations 1+ C can be considered as or-
ganic ™mixed-valence∫ compounds, and the NIR absorption
bands present in these species are related to the inter-va-
lence charge transfer (IVCT) band described in Hush
theory for moderately coupled (Class II) mixed-valence
compounds.[11,12] As the reorganisation energy of the system,
l, decreases relative to the coupling energy, V, the thermal


Table 3. Bond lengths [ä], bond and torsion angles [8] for 1a, 1a+ C, 1b, 1b+ C.


1a[a] 1a+ C[a] 1b 1b+ C
[a] [b] [a] [b]


N1�C4 1.422 (1.42) 1.401 (1.39) 1.419 1.415(5) 1.397 1.391(8)
N1�C7 1.425 (1.42) 1.431 (1.43) 1.423 1.417(5) 1.429 1.420(8)
N1�C13 1.426 1.432 1.436 1.441(5) 1.439 1.445(9)
C1�C1’ 1.482 (1.48) 1.467 (1.46) 1.480 1.483(7) 1.463 1.458(11)
C1�C2 1.414 (1.41) 1.422 (1.42) 1.413 1.410(5) 1.423 1.419(9)
C2�C3 1.396 (1.39) 1.388 (1.38) 1.397 1.392(5) 1.388 1.386(9)
C3�C4 1.412 (1.40) 1.421 (1.42) 1.412 1.396(6) 1.421 1.392(9)
C4�C5 1.412 1.421 1.414 1.400(5) 1.423 1.409(9)
C5�C6 1.396 1.388 1.395 1.387(5) 1.387 1.366(8)
C4-N1-C7 120.1 (120) 120.8 (120) 121.5 122.2(3) 121.6 122.3(5)
C4-N1-C13 120.0 (120) 120.7 (120) 119.3 119.3(3) 120.4 119.5(5)
C7-N1-C13 119.9 (120) 118.5 (120) 118.6 118.1(3) 117.9 118.1(5)
C2-C1-C1’-C6’ 34.7 (33.8) 24.8 (23.0) 32.1 37.1(3) 24.0 4.1(11)
C7-N1-C4-C3 39.3 (42.0) 29.8 (25.8) �40.2 �37.1(6) 151.0 166.3(7)
C13-N1-C4-C3 39.6 29.9 149.0 150.4(4) �24.4 �16.5(9)
C4-N1-C7-C8 41.0 (40.6) 45.3 (47.6) �30.9 �34.3(6) �40.1 �54.7(10)
C13-N1-C7-C8 40.6 45.2 140.0 138.3(4) 135.5 128.1(8)
C4-N1-C13-C14 41.3 (42.3) 44.4 (49.3) �63.1 �66.0(5) 120.2 110.7(8)[c]


C7-N1-C13-C14 41.7 44.5 125.8 121.2(4) �55.4 �71.9(9)[c]


[a] DFT optimised structural parameters, with data from ref. [4a] in parentheses for comparison. [b] Crystallo-
graphically determined parameters. [c] Values from main component of the disordered substituted phenyl ring.


Figure 3. Molecular packing in the crystal of 1b¥0.5CH2Cl2 viewed down
the b axis. The disordered solvent molecules have been omitted for clari-
ty.
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barrier to intramolecular elec-
tron transfer, DG*, decreases
(DG*=l/4�V + V 2/l) and be-
comes zero when l=2 V.[12] At
this point, the system is said to
be Class III (delocalised), and
the Gaussian-shaped ™IVCT∫
band is ™cut-off∫ at l=2 V. In
the delocalised (Class III) sys-
tems, where neither intra-mo-
lecular charge transfer nor
formal oxidation states associat-
ed with different sites are ap-
propriate concepts, the use of
terms such as ™IVCT∫ are not
precise, but in the absence of a
more descriptive language, and
in keeping with convention, we
use this term to describe the


NIR transition. There is a great deal of interest at present in
the analysis of systems at the borderline between Class II
and Class III,[14,15] and we have taken advantage of the avail-
ability of samples of [1b]SbCl6 to record spectra in a range
of solvents without the complications of supporting electro-
lyte inherent in spectroelectrochemically generated data.
The spectrum of 1a+ C in pure CH2Cl2 was obtained by titra-
tion of a CH2Cl2 solution of 1a with a solution of SbCl5 in
the same solvent.


While the high energy side of the NIR band in [1]SbCl6
can be fitted to a single Gaussian function, the band as a
whole is distinctly non-Gaussian in shape, as expected for
these strongly coupled radicals (Table 4).[14]�[18] In the case
of 1b+ C the band energy,ñmax, and shape was remarkably in-
dependent of solvent, only shifting appreciably from the
values measured in CH2Cl2 in strongly polar solvents, such
as propionitrile, where the band maximum is about 400 cm�1


higher in energy.[19]


The asymmetric band shape, and independence of the
band maximum with solvent observed for 1b+ C, suggests


Figure 4. A 50% probability ORTEP plot of the cation 1b+ C showing the atom labelling scheme. For the sub-
stituted phenyl ring, only the main component of the disordered ring is shown.


Figure 5. Molecular packing in the crystal of [1b]SbCl6¥CH2Cl2 showing
the layered structure viewed down the b axis. The disordered solvent has
been omitted for clarity.


Table 4. NIR band and derived parameters from of 1a+ C,[a] 1b+ C[a] and 2+ C[b] at 298 K.


1b+ C 1b+ C 1b+ C 1b+ C 1a+ C 1b+ C 2+ C
PhBr CHCl3 PhCN EtCN CH2Cl2 CH2Cl2 CH2Cl2/NBu4PF6


ñmax [cm�1] 7363 7363 7545 7770 7120 7380 6360
e [m�1 cm�1] 22600 30750 23160 16700 37800 24600 28040
ET


N 0.209 0.259 0.333 0.401 0.309 0.309 0.323[c]


ñ1=2 (high) [cm�1][d] 3574 3614 3650 3360 3630 3880 3750
ñ1=2 (low) [cm�1][e] 2526 2486 2590 2490 2400 2460 2590
ñ1=2 (obs) [cm�1][f] 3050 3050 3120 2925 3015 3170 3170
ñ1=2 (HTL) [cm�1][g] 4113 4113 4164 4225 4045 4118 3820
ñ1=2 (high)/ 0.87 0.87 0.87 0.79 0.89 0.94 0.98
ñ1=2 (HTL)


ñ1=2 (high)/ 1.41 1.45 1.41 1.35 1.51 1.57 1.45
ñ1=2 (low)


V [cm�1] 3200 3300 2800[h]


l [cm�1] 7500 7800 6800[h]


l [cm�1] 3100 2700 2800[h]


DG� [cm�1] 50 50 60[h]


[a] As SbCl6
� salt. [b] Spectroelectrochemically generated data from ref. [17a]. [c] Pseudo-ET


N parameter calculated to allow for the effects of the support-
ing electrolyte used in the spectroelectrochemical experiment; see ref. [17a]. [d] Twice the bandwidth at half-height of the high-energy side. [e] Twice the
bandwidth at half-height of the low-energy side. [f] Observed halfwidth at half-height. [g] Calculated from ñ1/2(HTL)=47.94[ñmax]


1=2 . [h] These values were
obtained by the same fit procedure as described in the text for 1b+ .
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that, at least in a relatively non-polar media, these cations
are approaching fully delocalised (Class III) structures. As
such, the electronic coupling parameter V for 1a+ C/1b+ C can
be estimated to be 3560/3680 cm�1 in CH2Cl2 [Eq. (2)].


Alternatively, semi-classical Marcus±Hush theory for the
degenerate case may be used to extract the relevant param-
eters from the spectroscopic data. In order to perform this
analysis, a vibronic matrix [Eq. (3)] with one asymmetric
mode x (the ET coordinate) and one totally symmetric
mode y, similar to the one given by Piepho[20] and Schatz,[21]


was constructed.


The vibronic matrix is presented here in the context of a
localised electronic basis, where the basis functions repre-
sent diabatic (non-interacting) states in which the hole (or
unpaired electron) is localised at one of the two redox cen-
tres. The diabatic potentials are expanded as power series
which are terminated after the quadratic terms for the diag-
onal elements and after the linear terms for the off-diagonal
elements. In this matrix, V is the electronic coupling param-
eter, lx and ly are the reorganisation energies for the x and
y mode, respectively, lx and ly are the linear vibronic cou-
pling constants. The (dimensionless) displacement of the
upper adiabatic surface and the ground state surface along
the y mode is given by dQy = ly/ly and along the x mode it
is dQx= lx/2lx. Thus, choosing lx=lx places the minima of
the diabatic potentials at x = �0.5. Furthermore, we make
the simplification that lx=ly=l. Diagonalisation of the
matrix gives two adiabatic potential energy surfaces. Using a
Boltzmann distribution of infinitesimally spaced vibrational
states and the energy difference between the two adiabatic
potential energy surfaces, we calculated the absorption spec-
tra.[22] As long as the coupling V is rather strong, the spectra
can be fitted accurately by adjusting V, ly and l. Thus, in
contrast to the traditional one-dimensional Marcus±Hush
theory, no assumptions about any effective (diabatic) elec-
tron transfer distance are necessary. We note that similar
spectral simulations using this vibronic matrix but with the
full dynamic solutions in the diabatic approximation have
been reported by Coropceanu et al. for 2+ C.[18a]


Fitting the experimental spectra of 1a+ C and 1b+ C (see for
example, Figure 6) in the manner described by Equation (2)
allows an estimate of not only the electronic coupling pa-
rameter V (1a+ C 3200 cm�1; 1b+ C 3300 cm�1), but also the re-
organisation energy l(1a+ C 7500 cm�1; 1b+ C 7800 cm�1), and
the linear coupling constant l (1a+ C 3100 cm�1; 1b+ C 2700
cm�1) of the symmetric mode (Table 4). These parameters
are similar to those derived from the radical cation derived
from N,N,N’,N’-tetra-4-methoxyphenyl-4,4’-diamino-1,1’-bi-
phenyl (2) (Table 4), which has been shown to fall near the
Class II/III borderline and exhibits a modestly solvent de-


pendent IVCT band.[14,15,18a] This band in the NIR region
has been shown to contain a significant contribution from
redistribution of charge from the peripheral aromatic rings
to the benzidene core, and should therefore be expected to
be sensitive to the solvent and substituent groups.[18a] In the
case of 2+ C the internal contribution to the reorganisation
energy has been evaluated from plots of the NIR band
energy against the Dimroth±Reichardt solvent parameters.
Extrapolation of the plot to the gas phase gives lv=3200
cm�1, a value approximately half of the total reorganisation
energy l= ñmax in 0.1m NBu4PF6/CH2Cl2 (6360 cm�1). Similar
treatment of data from 1b+ C gives lv=6830 cm�1, or about
90% of the total reorganisation energy in CH2Cl2 (Table 4).
Clearly, direct comparisons between the results from 1 and 2
are to be made with caution as the influence of the solvent
medium, including supporting electrolyte in the case of 2, on
the transition energy and band shape are not entirely clear
at present.


The fit of the IVCT bands of 1a+ , 1b+ and 2+ also yields
the activation barrier DG� of the intramolecular ET which
is about 50 cm�1 for all radical cations. Together with the
symmetrical structure of 1b+ derived from X-ray crystallog-
raphy, the optical features and the parameters derived by
the IVCT band fit strongly suggest that the benzidine radi-
cal cations are on the border between Class II and Class III.


It is useful to consider the electronic transitions in terms
of the molecular orbitals involved, which in turn are best
displayed graphically. Time dependent DFT methods
(TDDFT), as contained within the Guassian 98 package,
were employed to model the transitions in each of 1an+ ,
1bn+ and the parent compound 1cn+ (n=0, 1), and the re-
sults displayed graphically using Molekel, as described in
the Experimental Section. Geometry optimisations [BPW91/
6-31G(d,p)] for both the neutral and radical cation states
were carried out, and the results found to be in excellent
agreement with the data determined crystallographically.
While the B3LYP6-31G** optimised geometry of 1a and
1a+ C have been reported previously,[14] we include our re-
sults for consistency in the comparisons.


Analysis of the electronic transitions using TDDFT meth-
ods gave essentially identical results for each compound,


V ¼ ~nnmax=2 ð2Þ


Figure 6. NIR band of [1b]SbCl6 (solid line: experiment, diamonds: theo-
retical fit).


¹ 2004 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 83 ± 9188


FULL PAPER P. J. Low et al.



www.chemeurj.org





which are summarised in
Table 5, and the agreement
between calculated transition
energies and the experimen-
tally observed results (<0.06
eV) are remarkably good. The
critical orbitals involved in the
major transitions are illustrat-
ed for 1c (Figure 7) and 1c+ C
(Figure 8). Those of 1a,bn+


are similar. The lowest energy
absorption band in the neutral
species arises from the
HOMO±LUMO transition.
The HOMO contains appreci-
able character from the amine
nitrogen centres, the biphenyl
moiety and the ortho and para
carbons of the peripheral ring
systems. The LUMO is heavily
centred on the biphenyl
group, and may be described
approximately as the biphenyl
p* system. The higher energy
UV transition comprises two
almost degenerate transitions
arising from HOMO±
(LUMO+2) and HOMO±
(LUMO+3). These higher
lying unoccupied orbitals dis-
play extensive aromatic p*
character localised on the pe-
ripheral ring systems. The two
transitions in the UV spec-
trum of the neutral tetraaryl-
benzidene moiety can there-
fore be described satisfactorily
in terms of p±p*biphenyl and
p±p*peripheral transitions.


Upon oxidation, these p±p*
bands are replaced by a new
transition in the visible region.
Not surprisingly, analysis of
the TDDFT results indicates
this transition to be the
SOMO±LUMO (a-spin) tran-
sition while the NIR absorp-
tion band corresponds to the
(HOMO�1)±SOMO (b-spin)
transition, in keeping with
conventional ideas. The graph-
ical representation of these or-
bitals (Figure 8) clearly shows
the (HOMO�1) and SOMO
to be delocalised over the molecular framework which sup-
ports strongly the conclusions drawn from the band shape
analysis described above. We note again for emphasis the
confusion which may arise from the description of this tran-
sition as an IVCT band.


Conclusion


The crystallographically determined structures of 1b and
[1b]SbCl6 display changes in geometry which confirm the
predictions made from DFT calculations. The introduction


Figure 7. Graphical representation of the HOMO (a), LUMO (b), (LUMO+2) (c) and (LUMO+3) (d) of 1c.


Table 5. Calculated (TDDFT) and observed electronic transitions.


lmax


Observed Calculated
[nm] [eV] [nm] [eV]


1a 310, 353 3.9995, 3.5123 305, 306, 358 4.0588, 4.0508, 3.4604
1a+ C 484, 1400 2.5616, 0.8856 426, 1423 2.9105, 0.8709
1b 305, 350 4.0651, 3.5424 304, 353 4.0792, 3.5041
1b+ C 476, 1347 2.6047, 0.9205 422, 1359 2.9347, 0.9120
1c 304, 357 4.0719, 3.4682
1c+ C 424, 1417 2.9210, 0.8744


Figure 8. Graphical representation of the (HOMO�1) (b) (a), SOMO (a, occupied)) (b), SOMO (b, virtual)
(c), LUMO (a, virtual) (d) orbitals of 1c+ C.
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of pendant groups on the peripheral aryl rings plays some
role in determining the static solid state geometry, but the
single ortho methyl group used in this study does not signifi-
cantly influence the overall reorganisation energy associated
with intramolecular charge transfer, as evidenced by the
similar profile of the IVCT band in the compounds 1a+ C,
1b+ C and 2+ C. All three systems are borderline Class II/III
radical cations. However, the greatly reduced solvatochro-
mic nature of the IVCT band in 1b+ C when compared with
2+ C suggests that solvent interactions with the peripheral
ring systems, and consequently the substituents on them, do
play a role in the ™IVCT∫ process. This is consistent with
the structure of the orbitals involved in the low energy
(NIR) transition which feature appreciable character de-
rived from the para and ortho carbons of the peripheral ring
systems.


Experimental Section


Compounds 1a and 1b were prepared by minor modifications of litera-
ture procedures, and the spectroscopic data are in good agreement.[7b]


Recrystallisation of 1b by slow diffusion of methanol into a concentra-
tion CH2Cl2 solution afforded small transparent block shaped crystals
suitable for single crystal X-ray diffraction.


Treatment of a solution of 1b (101 mg, 0.18 mmol) in CH2Cl2 (5 mL)
with a solution of SbCl5 (150 mg, 0.18 mmol) in CH2Cl2 (150 mL) resulted
in the immediate formation of a dark orange solution. The solvent was
removed in vacuo and the dark brown residue obtained re-dissolved in a
minimum volume of CH2Cl2, and filtered. The filtrate was treated with
hexanes (10 mL), and allowed to slowly evaporate to give red-green
needle-like crystals of [1b]SbCl6¥0.5CH2Cl2 with a metallic lustre which
were suitable for X-ray diffraction. ES(+)-MS: m/z : 544 [M�SbCl6]


+];
ES(�)-MS: m/z : 335 [SbCl6]


� , 263 [SbCl4]
� .


Cyclic voltammetry was carried out on solutions in CH2Cl2 containing
0.1m NBu4BF4 as supporting electrolyte, and values obtained referenced
against an internal ferrocene standard (0.46 V vs SCE). Each wave satis-
fied the established criteria for electrochemical reversibility. Spectroelec-
trochemical studies were carried out in an OTTLE cell (1 mm path-
length) of standard design,[23] using a 0.5 mm solution of 1 in CH2Cl2 con-
taining 0.1m NBu4BF4 supporting electrolyte.


X-ray Crystallography : Crystallographic data for 1b¥CH2Cl2 and
[1b]SbCl6¥0.5CH2Cl2 are listed in Table 2. The data were collected on a
Bruker SMART 1 K diffractometer equipped with a CCD-type area de-
tector and an Oxford Cryosystems open flow Nitrogen gas cooling
device.[24] Series of narrow w-scans (0.38) were performed at several f-
settings in such a way as to cover a sphere of data to a maximum resolu-
tion of 0.81 ä (0.75 ä). Cell parameters were determined and refined
using the SMART software[25] from the centroid values of 928 (653) re-
flections with 2q values between 4.48 (20.68) and 50.68 (378). Raw frame
data were integrated using the SAINT program[26] . The reflection intensi-
ties were corrected for absorption effects by the multi-scan method based
on multiple scans of identical and Laue equivalent reflections[27] (min/
max transmission factors=0.921/0.983) and by numerical integration
based on measurements and indexing of the crystal faces[28] (min/max
transmission factors=0.747/0.937), respectively. The structures were
solved using Direct Methods and refined by full-matrix least squares on
F 2 using SHELXTL.[28]


All non-hydrogen atoms in [1b], and all in [1b]SbCl6 except the ones in
the substituted phenyl ring, were refined with anisotropic atomic dis-
placement parameters (adps). Hydrogen atoms were placed geometrical-
ly and allowed to ride on their parent C atom with Uiso(H)=1.2 Ueq(C)
(1.5 for methyl hydrogens). Idealized C�H distances were fixed at 0.95 ä
(0.98 ä for methyl hydrogens). Disordered dichloromethane is also pres-
ent in both structures. In the first case a whole molecule of DCM is disor-
dered over 4 positions (related by symmetry in pairs) and it was modelled


with fixed occupancies of 25% each. The C and Cl atoms were refined
with isotropic adps, while the H atoms were neither found nor geometri-
cally placed. In the second case, half a molecule of CH2Cl2 is disordered
over two positions (related by symmetry), modelled with fixed occupan-
cies of 25% each. Again the C and Cl atoms were refined with isotropic
adps, but this time the H atoms were geometrically placed (C�H 0.96 ä)
and their positions fixed before the final least-squares refinement cycles.


CCDC-209320 and -209321 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223±336033; or email: deposit@ccdc.cam.ac.uk.


Computational work : All calculations were run using the Gaussian 98
program.[29] For each molecule, the geometry was optimised for both the
neutral and radical cation states at a DFT level using the BPW91 func-
tional (Becke×s 1988 exchange functional,[30] with Perdew and Wang×s
1991 gradient-corrected correlation functional[31]) in conjunction with the
6-31G(d,p) basis set.[32] Where possible, molecular symmetry constraints
were used to simplify the calculations and to aid the interpretation of the
results. Using the optimised geometries, Time-Dependent Density Func-
tional Theory (TDDFT) based calculations were solved for excited states.
For these calculations, the PBE1PBE functional was used in conjunction
with the 6-31G(d) basis set.[33] The TDDFT calculation was solved for 10
excited states in the case of the neutral species and 20 excited states in
the case of the radical cation species. In both cases, the calculation was
only solved for singlet excitations. Post-processing for visualisation of the
molecular orbitals generated by the TDDFT calculation was performed
using the Molekel programme.[34]
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Zirconium-Mediated Cross-Coupling of Terminal Alkynes and Vinyl
Bromides: Selective Synthesis of Cyclobutene and 1,3-Diene Derivatives


Josÿ Barluenga,* Fÿlix RodrÌguez, LucÌa çlvarez-Rodrigo, and Francisco J. FaÊanµs[a]


Introduction


Low-valent metals from the two ends of the transition series
have been widely used for the reductive coupling of unsatu-
rated molecules.[1] Usually, this process occurs through a
metallacycle intermediate which can be easily transformed
into a variety of interesting products.[2] In the last few years,
the development of new synthetic methodologies mediated
by organozirconium compounds has provided a variety of
possibilities for the efficient preparation of a multitude of
organic molecules.[3] Particularly interesting is the function-
alization of unactivated alkynes through the formation of
zirconacycles from a zirconocene±alkyne complex.[4] The
Negishi system,[5] which is used for the generation of these
zirconocene±alkyne complexes, has become a powerful tool
in organic synthesis. This reagent has been successfully used
in the key step in the synthesis of several natural products.[6]


However, a major restriction of this system is that substrates
containing terminal alkynes cannot be used, presumably due
to the ready oxidative addition of the electron-rich metallo-
cene to the acidic acetylene hydrogen atom.[7] An alternative
method for the formation of zirconocene±alkyne complexes
involves a b-hydrogen activation process.[8] By using this ap-
proach we reported the first zirconium-mediated intramolec-
ular coupling of terminal alkynes.[9] Moreover, back in 1995


we published for the first time zirconium-mediated coupling
reactions with electron-rich olefins to obtain functionalized
1,3-butadienes (Scheme 1).[10]


Herein we report a more detailed study of this reaction.
Thus, we have used different vinyl lithium derivatives as
synthetic equivalents of terminal alkynes in zirconium-medi-
ated coupling reactions with vinyl bromides and vinyl
ethers. These reactions allowed us to access different 1,3-bu-
tadiene regioisomers by just varying the nature of the olefin
used.


Results and Discussion


Zirconium-mediated cross-coupling of N-methyl-N-proparg-
yl aniline and vinyl bromides : As shown in Scheme 1, treat-
ment of N-(2-bromoallyl)-N-methylaniline (1) with tert-bu-
tyllithium at �78 8C followed by reaction with zirconocene
methyl chloride at temperatures ranging between �78 and
20 8C affords the zirconacyclopropene 2. As reported in our
previous communication, [10a] complex 2 reacts with vinyl
bromide 4a (R=H) to form dienes 3 (57% yield) or 6 (59%


[a] Prof. Dr. J. Barluenga, Dr. F. RodrÌguez, L. çlvarez-Rodrigo,
Dr. F. J. FaÊanµs
Instituto Universitario de QuÌmica Organometµlica ™Enrique Moles∫
Unidad Asociada al CSIC, Universidad de Oviedo
Juliµn ClaverÌa 8, 33006 Oviedo (Spain)
Fax: (+34)985-103450
E-mail : barluenga@sauron.quimica.uniovi.es


Keywords: dienes ¥ C�C coupling ¥
cross-coupling ¥ cyclobutenes ¥
zirconium


Abstract: A diastereoselective synthesis of 1,3-butadiene or cyclobutene deriva-
tives by a zirconium-mediated reaction of alkenyllithium compounds and vinyl
bromides is reported. The key steps involve the generation of zirconocene±alkyne
complexes from haloalkenes and subsequent coupling with alkenyl bromides. Thus,
formally the process supposes the cross-coupling reaction between a terminal
alkyne and an alkenyl bromide. Moreover, the use of butyl vinyl ether instead of
vinyl bromide as the unsaturated system allows an alternative access to different
1,3-butadiene regioisomers.


Scheme 1. Zirconium-mediated cross-coupling reaction of alkenyl bro-
mides and enol ethers or vinyl bromide. Cp=cyclopentadiene.
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yield) depending on the electrophile used in last step of
the reaction (iodine or aqueous hydrochloric acid, respec-
tively; Scheme 2). However, in a careful study of this reac-


tion we have also observed the formation of dienes 5a (28%
yield) and 5b (30% yield) as minor products of the reaction.
Note that dienes 5a and 5b are regioisomers of 3 and 6,
respectively. When we tried to extend the reaction to
other vinyl bromides such as 1-bromo-1-propene (4b ;
R=Me), surprisingly, only dienes 5c,d were obtained in
high yield and the expected diene regioisomers analogous
to 3 or 6 were not observed
(Scheme 2).


Zirconium-mediated coupling
reactions of alkenyllithium de-
rivatives and vinyl bromides :
Taking into account the results
described above for the prop-
argyl aniline±zirconocene com-
plex 2, we decided to investi-
gate the behavior of other vinyl
lithium derivatives as synthetic
equivalents of terminal alkynes
in zirconium-mediated coupling
reactions with vinyl bromides.
Thus, the reaction of organo-
lithium compounds 8, easily ob-
tained from the corresponding
vinyl bromides 7 and tert-butyl-


lithium at �78 8C, with zirconocene methyl chloride in tetra-
hydrofuran at temperatures ranging between �78 and �608C,
followed by addition of different vinyl bromides 4 and
warming to 65 8C, led after reaction with the appropriate
electrophile to dienes 9 or 10 in different ratios depending
on the structure of the starting organolithium compound
and the structure of the vinyl bromide used (Scheme 3 and
Table 1).


From the analysis of the results summarized in Table 1
some trends can be inferred. The use of vinyl bromide 4a
led to mixtures of dienes 9 and 10 when the R1 group of the
alkenyllithium 8 was an alkyl chain (Table 1, entries 1,2).
However, the major products of the reactions were the


dienes 10, which were easily separated from the minor prod-
ucts 9. To our surprise, when the reactions were carried out
with organolithium compounds 8c,d, where R1 is an aromat-
ic group, we obtained exclusively the−extended× dienes 9 and
the corresponding−branched× dienes 10 were not observed in
the crude mixtures of the reactions (Table 1, entries 3,4).
When the phenyl-substituted vinyl bromide trans-4c was
used in the reaction with alkyl-substituted organolithium de-
rivatives 8a,b, the reaction also afforded mixtures of the
dienes 9 and 10, with the former being the major regioisom-
er (Table 1, entries 5,6). Interestingly, all experiments car-
ried out with alkyl-substituted vinyl bromides 4b,d led, in-
dependently of the structure of the starting organolithium


Abstract in Spanish: Se describe una sÌntesis diastereoselecti-
ve de 1,3-butadienos o ciclobutenos a travÿs de una reacciÛn
entre compuestos alquenillitio y bromuros de alquenilo pro-
movida por complejos de zirconio. Los pasos claves de este
proceso son la generaciÛn de un complejo alquino-zirconoce-
no a partir de un haloalqueno y la posterior reacciÛn de aco-
plamiento con bromuros de alquenilo. AsÌ, formalmente el
proceso supone el acoplamiento entre un alquino terminal y
un bromuro de alquenilo. Ademµs, el uso de vinilÿteres como
sistema insaturado en lugar de bromuro de vinilo permite ac-
ceder alternativamente a los 1,3-butadienos regioisÛmeros.


Scheme 2. Zirconium-mediated cross-coupling reaction with alkenyl bro-
mides 4. Scheme 3. 1,3-butadienes 9 and/or 10 from the zirconium-mediated cross-


coupling reaction of organolithium derivatives 8 and alkenyl bromides 4.


Table 1. 1,3-butadienes 9 and/or 10 from organolithium derivatives 8 and alkenyl bromides 4.


Entry R1 8 R 4 E+ (E) Product Yield [%][a]


1 PhCH2 8a H 4a H2O (H) 9a/10a 22/60
2 Ph(CH2)3 8b H 4a H2O (H) 9b/10b 24/62
3 Ph 8c H 4a H2O (H) 9c 69
4 4-MeC6H4 8d H 4a H2O (H) 9d 72
5 PhCH2 8a Ph trans-4c H2O (H) 9e/10c 54/32
6 Ph(CH2)3 8b Ph trans-4c H2O (H) 9f/10d 55/35
7 PhCH2 8a Me 4b[b] H2O (H) 10e 88
8 PhCH2 8a Me 4b[b] D2O (D) 10f 83
9 PhCH2 8a Me cis-4b D2O (D) 10f 77


10 PhCH2 8a Me trans-4b D2O (D) 10f 80
11 Ph(CH2)2 8e Me 4b[b] H2O (H) 10g 70
12 Ph(CH2)3 8b Me 4b[b] H2O (H) 10h 71
13 Ph 8c Me 4b[b] I2 (I) 10 i 65
14 4-MeC6H4 8d Me 4b[b] I2 (I) 10j 71
15 tBu 8 f Me 4b[b] I2 (I) 10k 69
16 PhCH2 8a Hex trans-4d H2O (H) 10 l 81
17 Ph(CH2)3 8b Hex trans-4d H2O (H) 10m 77


[a] Isolated yield based on starting alkenyl halides 7. [b] 1:1 cis/trans mixture.
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compound 8, to the exclusive isolation of the corresponding
branched dienes 10e±m, while extended dienes 9 were not
observed in the crude mixtures of any of these reactions
(Table 1, entries 7±17). Highly remarkable are the results
from the zirconium-promoted coupling reaction of 8a and 1-
bromo-1-propene (4b ; cis, trans, or a mixture of both stereo-
isomers), in which, independently of the stereochemistry of
4b, the same stereoisomer of diene 10 f is formed when deu-
terium oxide was used as the electrophile (Table 1, en-
tries 8±10).


Preparation of cyclobutene derivatives: To gain some insight
into the mechanism of the reaction we performed a set of
experiments with several organolithium compounds 8 and
vinyl bromides 4 while varying the temperature of the reac-
tion. Also, with these experiments we wanted to study the
influence of the temperature on the ratio of dienes 9/10 in
those cases where mixtures of both were obtained. The reac-
tions were carried out as described above but the tempera-
ture was maintained at 25 8C for 18 h. Under these condi-
tions formation of the expected dienes 10 was not observed
and instead cyclobutenes 11 were isolated (Scheme 4 and
Table 2). The structure of cyclobutenes 11 was determined
by NMR spectroscopy experiments.


Analysis of Table 2 showed us several interesting features.
For example, when vinyl bromide 4a was used, variable
amounts of dienes 9 were obtained together with major
products 11 (Table 2, entries 1,2). It should be noted that in
these cases the amount of 9 is similar to that obtained when
the reaction was carried out at 65 8C (see Scheme 3 and
Table 1, entries 1,2). More interesting results were obtained
from several experiments performed with organolithium
compound 8a and 1-bromo-1-propene (4b). As mentioned
before, at 25 8C the reaction gave exclusively cyclobutenes


11c,d depending only on the electrophile used in last step of
the reaction (Table 2, entries 3,4). However, when the reac-
tion was warmed to 40 8C for 2 h, a mixture of diene 10 f
and cyclobutene 11d was obtained (Table 2, entry 5). At this
point it should be remembered that the reaction at 65 8C led
exclusively to diene 10 f (see Scheme 3 and Table 1, entry 8).
Moreover, when this reaction was slowly warmed from 25 to
65 8C and followed by thin-layer chromatography (TLC),
formation of cyclobutene 11 could be observed at first and
then the spot corresponding to this product slowly vanished
and a new spot corresponding to diene 10 appeared; finally,
after 1 h at 65 8C only the spot corresponding to the latter
compound was observed. Even more surprising results were
obtained when the reaction was carried out with cis-4b,
trans-4b, or the mixture of both stereoisomers (Table 2, en-
tries 4,6, 7). All these experiments led to the same diaster-
eoisomer of the cyclobutene 11d, as unequivocally deter-
mined by NMR spectroscopy experiments.


Zirconium-mediated coupling reactions of alkenyllithium
derivatives and butyl vinyl ether : As shown in Scheme 3 and
Table 1 (entries 1,2), the reaction of zirconocene±alkyne
complexes derived from an alkyl-substituted organolithium
compound 8a,b with vinyl bromide 4a led to separable mix-
tures of dienes 9 and 10, with the branched diene 10 being
the major product of the reaction. Intrigued by the possibili-
ty of obtaining diene 9 as the main product of the reaction
and taking into account our previously reported results on
the reaction of zirconocene±alkyne complexes with vinyl
ethers,[10a] we decided to carry out a set of experiments with
different organolithium compounds 8 and butyl vinyl ether
(Scheme 5 and Table 3). If this succeeded, we would be able
to obtain either diene 9 or 10 only by choosing between
vinyl bromide or butyl vinyl ether as the counterpart in the
zirconium-mediated coupling reaction of organolithium de-
rivatives 8.


The reaction was performed
following a procedure similar to
the one before described. Thus,
after addition of the butyl vinyl
ether at �60 8C the solution
was allowed to warm first to
room temperature and then to
65 8C for one hour. After addi-
tion of the corresponding elec-
trophile the reaction was
worked up to obtain extended
dienes 9 (Scheme 5 and


Scheme 4. Cyclobutene derivatives 11 from the zirconium-mediated
cross-coupling reaction of organolithium derivatives 8 and alkenyl bro-
mides 4.


Table 2. Cyclobutenes 11 from organolithium derivatives 8 and alkenyl bromides 4.


Entry R1 8 R 4 T [oC] E+ (E) Product Yield [%][a]


1 PhCH2 8a H 4a 25 H2O (H) 11a[b] 56
2 Ph(CH2)2 8e H 4a 25 H2O (H) 11b[c] 61
3 PhCH2 8a Me 4b[d] 25 H2O (H) 11c 72
4 PhCH2 8a Me 4b[d] 25 D2O (D) 11d 75
5 PhCH2 8a Me 4b[d] 40 D2O (D) 10 f/11d 35/44
6 PhCH2 8a Me cis-4b 25 D2O (D) 11d 68
7 PhCH2 8a Me trans-4b 25 D2O (D) 11d 72
8 Ph(CH2)2 8e Me 4b[d] 25 H2O (H) 11e 70
9 Ph(CH2)3 8b Me 4b[d] 25 H2O (H) 11 f 66


[a] Isolated yield based on starting alkenyl halides 7. [b] 24% of 9a was also isolated. [c] 21% of 9b was also
isolated. [d] 1:1 cis/trans mixture.


Scheme 5. 1,3-butadienes 9 from the zirconium-mediated cross-coupling
reaction of organolithium derivatives 8 and butyl vinyl ether.
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Table 3). No traces of regioisomer dienes 10 were observed
in any case in the crude mixtures of the reactions. Maybe,
the most interesting results were obtained from the reaction
with alkyl-substituted organolithium compounds 8a,b,e
(Table 3, entries 1±3). These results can be considered com-
plementary to those obtained from the reaction with vinyl
bromide 4a (see Scheme 3 and Table 1, entries 1,2). On the
other hand, the reactions with aromatic-substituted organo-
lithium derivatives 8c,d led to extended dienes 9c,d with
either vinyl bromide (Table 1, entries 3,4) or butyl vinyl
ether (Table 3, entries 4,5).


Mechanisms of the reactions : A plausible mechanism that
explains the formation of dienes 9 or 10 and cyclobutene 11
is outlined in Scheme 6. First, addition of organolithium


compound 8 to zirconocene methyl chloride gives the meth-
yl(vinyl)zirconocene complex 12. A cyclometalation reaction
and subsequent elimination of methane leads to zircono-
cene±alkyne derivative 13. The insertion of the double bond
of the vinyl bromide takes place regioselectively at the less
hindered zirconium±carbon bond of 13. However, depending
on the orientation of the vinyl bromide during the insertion
step, two different zirconacyclopentene derivatives, 14A or
14B, can be obtained. Intermediate 14A can undergo b


elimination of bromine to give butadiene zirconocene deriv-
ative 15, which gives diene 9 after reaction with an electro-


phile (path a in Scheme 6). Reaction with butyl vinyl ether
also follows this mechanism to give diene 9 in all cases. On
the other hand, formation of diene 10 and cyclobutene 11
can be understood from intermediate 14B through an intra-
molecular migratory insertion process to afford cyclobu-
tene±zirconocene complex 16.[11] Quenching of this inter-
mediate with the electrophile leads to cyclobutene deriva-
tive 11. Moreover, thermal cleavage of cyclobutene complex
16 affords the new diene±zirconocene complex 17, which
gives diene 10 after reaction with the electrophile. Forma-
tion of diene 10 and cyclobutene 11 from the same inter-
mediate 16 seems undoubted from analysis of the results
summarized in Tables 1 and 2 (compare entries 4 and 5 of
Table 2 with entry 8 of Table 1). Thus, the experiments car-
ried out at room temperature led to cyclobutene 11, whereas
at higher temperatures the ring-opening process is favored
to give 17 and finally diene 10.


The different outcome of the reaction leading to dienes 9
or 10 when vinyl bromides 4a±d are used can be explained
by a combination of electronic and steric effects. As repre-
sented in Scheme 6 formation of one or the other diene
only depends on the orientation of the vinyl bromide in the
insertion process to afford 14A or 14B. The electronic ef-
fects favor the orientation depicted in Scheme 7 to give re-


gioisomer 14B and finally diene 10.[12] However, steric hin-
drance between the Cp ligands of the zirconocene moiety
and the bromide or the R group also has to be taken into
account. Thus, when vinyl bromide 4a (R=H) is used, the
electronic effects favor formation of 14B but the steric fac-
tors favor the regioisomer 14A. These two opposite effects
would explain the formation of mixtures of dienes 9 and 10
in certain cases. When the vinyl bromide has an alkyl sub-
stituent (4b or 4d) there is a comparative hindrance be-
tween the Cp ligands and the bromine atom or R group. In
these cases the electronic effects dominate and formation of
14B and finally diene 10 is preferred. The formation of mix-
tures of dienes 9 and 10 when b-bromostyrene (4c) is used
could presumably be attributed to the comparative steric
and electronic effects between the bromine and the phenyl
group. Thus, both orientations are possible in the insertion
reaction of 4c into 13 and mixtures of 9 and 10 are obtained.
Finally, in the insertion reaction of vinyl ethers, both the
electronic and steric effects favor the formation of diene 9
from an intermediate analogous to 14A, as depicted in
Scheme 7 (see also Scheme 6).[12]


Probably, the most surprising and intriguing results descri-
bed in this work are those that refer to the formation of the
same diastereoisomer of cyclobutadiene 11d independently


Table 3. 1,3-butadienes 9 from organolithium derivatives 8 and butyl
vinyl ether.


Entry R1 8 E+ (E) Product Yield [%][a]


1 PhCH2 8a I2 (I) 9g 82
2 Ph(CH2)2 8e H2O (H) 9h 85
3 Ph(CH2)3 8b H2O (H) 9b 86
4 Ph 8c H2O (H) 9c 78
5 4-MeC6H4 8d H2O (H) 9d 80


[a] Isolated yield based on starting alkenyl halides 7.


Scheme 6. Proposed mechanism for the formation of dienes 9 and 10 and
cyclobutenes 11.


Scheme 7. Orientation of alkenyl bromides and enol ethers during the in-
sertion process. Electronic and steric effects.
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of the cis or trans geometry of the vinyl bromide 4b. Al-
though more detailed studies must be done, we tentatively
propose the mechanism depicted in Scheme 8 to explain
these facts. Thus, we think that the insertion of vinyl bro-
mide 4b into the zirconium±carbon bond is a nonsynchro-
nous process, which formally generates intermediates I or II
from trans-4b or cis-4b, respectively.[13] Rotation around the
s bond would allow the conversion of one intermediate into
the other. Formation of compounds 10 and 11 could be ex-
plained both from trans-14B and from cis-14B. From trans-
14B, a migratory insertion reaction with retention of config-
uration would lead to 16. Alternatively, a migratory inser-
tion reaction with inversion of configuration on cis-14B
would also lead to compound 16. Finally, a conrotatory
cleavage of intermediate 16 affords diene 17 (precursor of
diene 10), or reaction of 16 with the corresponding electro-
phile gives cyclobutene 11 where the Me and E groups are
in a cis arrangement.


Conclusion


We have reported a diastereoselective synthesis of 1,3-buta-
diene or cyclobutene derivatives by a zirconium-mediated
reaction of alkenyllithium compounds and vinyl bromides.
The reaction is proposed to proceed through the formation
of an alkyne±zirconocene intermediate and thus, formally,
this process supposes the cross-coupling reaction between a
terminal alkyne and an alkenyl bromide. Remarkably, the
insertion reaction occurs with complete regioselectivity with
respect to the zirconium complex and also with respect to
the alkenyl bromide in those cases where this is alkyl-substi-
tuted. Moreover, the use of butyl vinyl ether instead of vinyl
bromide as the unsaturated system allowed an alternative
access to different 1,3-butadiene regioisomers.


Experimental Section


General : All reactions involving organometallic species were carried out
under an atmosphere of dry N2 with oven-dried glassware and syringes.


Tetrahydrofuran (THF), hexane, and Et2O were distilled over sodium
benzophenone ketyl under N2 immediately prior to use, and CH2Cl2 was
distilled over P2O5. The solvents used in column chromatography, hexane
and EtOAc, were distilled before use. TLC was performed on aluminum-
backed plates coated with silica gel 60 with F254 indicator (Scharlau).
Flash column chromatography was carried out on silica gel 60, 230±240
mesh. 1H NMR (200, 300, 400 MHz) and 13C NMR (50.5, 75.5, 100 MHz)
spectra were measured at room temperature on Bruker AC-200, AC-300,
and AMX-400 instruments, respectively, with tetramethylsilane (d=
0.0 ppm, 1H NMR) or CDCl3 (d=77.00 ppm, 13C NMR) as the internal
standard. Carbon multiplicities were assigned by DEPT techniques.
High-resolution mass spectra (HRMS) were determined on a Finnigan
MAT 95 spectrometer. Elemental analyses were carried out on a Perkin±
Elmer 2400 microanalyzer.


General procedure for the preparation of dienes 3, 5, 6, 9, and 10 : tert-
Butyllithium (2 mmol) was added to a stirred solution of the required al-
kenyl bromide (or iodide) 1 or 7 (1 mmol) in dry THF (10 mL) at �78
8C. After being stirred at this temperature for 30 min, the solution was
added dropwise through a cannula to a stirred solution of bis(cyclopenta-
dienyl)zirconium methyl chloride (1.2 mmol) in dry THF (10 mL) at �78
8C. After 30 min at this temperature, an excess of the appropriate alkenyl
bromide 4 (3±10 mmol; 10 mmol of butyl vinyl ether can also be used,
see Table 3) was added. The mixture was allowed to warm to room tem-
perature and then heated to reflux for 3 h. The reaction was cooled to
room temperature and the required electrophile was added (an excess of
water, deuterium oxide, or iodine (2 mmol)). After 1 hour, the reaction
was worked up by addition of water (20 mL) or a saturated solution of
sodium thiosulphate (20 mL, when iodine was used as electrophile) and
extracted with diethyl ether (3î10 mL). The combined organic layers
were dried over anhydrous sodium sulphate and concentrated, and the
residue was purified by column chromatography to give compounds 3, 5,
6, 9, or 10.


N-[(Z)-2-Iodo-2,4-pentadienyl]-N-methylaniline (3) and N-{2-[(E)-2-io-
domethylene]-3-butenyl}-N-methylaniline (5a): Alkenyl bromide 1
(0.23 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of vinyl
bromide 4a (0.35 mL, 5 mmol). After addition of iodine (0.52 g, 2 mmol)
and the extractive work-up, the resulting crude product was purified by
silica gel column chromatography (hexane/CH2Cl2 (4:1)). 3 : 1H NMR
(300 MHz, CDCl3): d=7.31±7.21, 6.82±6.71 (2îm, 5H; ArH), 6.90 (dt,
J=16.6, 9.8 Hz, 1H; CH=CH2), 6.72 (d, J=9.8 Hz, 1H; CI=CH), 5.81±
5.63 (m, 2H; CH=CH2), 4.60 (s, 2H; NCH2), 3.42 (s, 3H; NCH3) ppm;
13C NMR (100 MHz, CDCl3): d=148.4, 138.0, 132.2, 129.1, 121.0, 117.0,
111.9, 107.2, 65.2, 38.3 ppm; HRMS (EI): calcd for C12H14IN: 299.0170;
found: 299.0164; elemental analysis: calcd (%) for C12H14IN: C 48.18, H
4.72, N 4.68; found: C 48.35, H 4.63, N 4.51. 5a : 1H NMR (300 MHz,
CDCl3): d=7.41±7.28, 6.92±6.72 (2îm, 6H; ArH and CH2d=CH), 6.39 (s,
1H; CHI), 5.53 (d, J=17.8 Hz, 1H; CHH=CH), 5.46 (d, J=11.4 Hz, 1H;
CHH=CH), 4.20 (s, 2H; NCH2), 3.05 (s, 3H; NCH3) ppm; 13C NMR
(100 MHz, CDCl3): d=148.9, 139.9, 136.8, 129.0, 117,4, 116.6, 111.8, 81.9,
56.0, 38.3 ppm; HRMS (EI): calcd for C12H14IN: 299.0170; found:
299.0166; elemental analysis: calcd (%) for C12H14IN: C 48.18, H 4.72, N
4.68; found: C 48.28, H 4.63, N 4.56.


N-[(E)-2,4-Pentadienyl]-N-methylaniline (6) and N-methyl-N-(2-methyl-
ene-3-butenyl)aniline (5b): Alkenyl bromide 1 (0.23 g, 1 mmol) was
treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of vinyl bromide 4a (0.35 mL,
5 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane/CH2Cl2 (4:1)). 6 :
1H NMR (300 MHz, CDCl3): d=7.31±7.22, 6.81±6.71 (2îm, 5H; ArH),
6.50±6.10 (m, 2H; CH=CH=CH2), 5.75 (dt, J=14.7, 5.5 Hz, 1H;
NCH2CH=CH), 5.20±5.00 (m, 2H; CH=CH2), 4.0 (d, J=5.5 Hz, 2H;
NCH2), 3.00 (s, 3H; NCH3) ppm; 13C NMR (100 MHz, CDCl3): d=140.4,
136.3, 132.0, 129.8, 129.0, 116.5, 116.4, 112.4, 54.2, 37.9 ppm; HRMS (EI):
calcd for C12H15N: 173.1204; found: 173.1204; elemental analysis: calcd
(%) for C12H15N: C 83.19, H 8.73, N 8.08; found: C 83.30, H 8.58, N 8.11.
5b : 1H NMR (300 MHz, CDCl3): d=7.31±7.21, 6.78±6.67 (2îm, 5H;
ArH), 6.53 (dd, J=17.9, 11.2 Hz, 1H; CH2=CH), 5.27 (d, J=17.9 Hz, 1
H; CHH=CH), 5.17 (s, 1H; C=CHH), 5.16 (d, J=11.2 Hz, 1H; CHH=
CH), 5.06 (s, 1H; C=CHH), 4.12 (s, 2H; NCH2), 3.05 (s, 3H;
NCH3) ppm; 13C NMR (100 MHz, CDCl3): d=149.4, 140.5, 137.4, 129.0,


Scheme 8. Proposed mechanism for the formation of the same diaster-
eiosomer of 10 or 11 from trans-4b or cis-4b.


Chem. Eur. J. 2004, 10, 101 ± 108 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 105


Zirconium-Mediated Cross-Coupling 101 ± 108



www.chemeurj.org





116.0, 115.6, 113.4, 111.7, 53.7, 38.3 ppm; HRMS (EI): calcd for C12H15N:
173.1204; found: 173.1205; elemental analysis: calcd (%) for C12H15N: C
83.19, H 8.73, N 8.08; found: C 83.29, H 8.64, N 8.01.


N-{2-[(E)-Iodomethylene]-3-pentenyl}-N-methylaniline (5c): Alkenyl
bromide 1 (0.23 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (0.86 mL, 10 mmol). After addition of iodine (0.52 g,
2 mmol) and the extractive work-up, the resulting crude product was pu-
rified by silica gel column chromatography (hexane/CH2Cl2 (4:1)). 5c :
1H NMR (300 MHz, CDCl3): d=7.40±7.10, 6.85±6.60 (2îm, 5H; ArH),
6.50 (d, J=16.1 Hz, 1H; CH3CH=CH), 6.18±5.85 (m, 2H; CH3CH and
CHI), 4.10 (s, 2H; NCH2), 2.98 (s, 3H; NCH3), 1.89 (d, J=6.7 Hz, 3H;
CH3CH) ppm; 13C NMR (100 MHz, CDCl3): d=140.3, 134.3, 131.5, 129.6,
129.0, 116.6, 112.4, 111.8, 78.5, 56.5, 38.3, 18.8 ppm; HRMS (EI): calcd
for C13H16IN: 313.0327; found: 313.0324; elemental analysis: calcd (%)
for C13H16IN: C 49.86, H 5.15, N 4.47; found: C 49.94, H 5.06, N 4.33.


N-Methyl-N-(2-methylene-3-pentenyl)aniline (5d): Alkenyl bromide 1
(0.23 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (0.86 mL, 10 mmol). After the extractive work-up, the
resulting crude product was purified by silica gel column chromatography
(hexane/CH2Cl2 (4:1)). 5d : 1H NMR (300 MHz, CDCl3): d=7.29±7.15,
6.80±6.60 (2îm, 5H; ArH), 6.21 (d, J=16.1 Hz, 1H; CH3CH=CH), 6.76
(dq, J=16.1, 6.7 Hz, 1H; CH3CH), 5.06 (s, 1H; C=CHH), 4.88 (s, 1H;
C=CHH), 4.06 (s, 2H; NCH2), 2.98 (s, 3H; NCH3), 1.83 (d, J=6.7 Hz, 3
H; CH3CH) ppm; 13C NMR (100 MHz, CDCl3): d=149.4, 140.3, 131.7,
128.9, 124.9, 115.9, 112.8, 111.6, 54.2, 38.2, 18.5 ppm; HRMS (EI): calcd
for C13H17N: 187.1361; found: 187.1360; elemental analysis: calcd (%) for
C12H15N: C 83.37, H 9.15, N 7.48; found: C 83.45, H 9.13, N 7.37.


(E)-5-Phenyl-1,3-pentadiene (9a) and 2-benzyl-1,3-butadiene (10a): Al-
kenyl iodide 7a (0.24 g, 1 mmol) was treated with tBuLi (1.2 mL,
2 mmol) and [Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by ad-
dition of vinyl bromide 4a (0.35 mL, 5 mmol). After the extractive work-
up, the resulting crude product was purified by silica gel column chroma-
tography (hexane). Spectral data for 9a[14] and 10a[15] were in complete
accordance with literature values.


(E)-7-Phenyl-1,3-heptadiene (9b) and 2-(3-phenylpropyl)-1,3-butadiene
(10b): Alkenyl iodide 7b (0.27 g, 1 mmol) was treated with tBuLi
(1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was fol-
lowed by addition of vinyl bromide 4a (0.35 mL, 5 mmol) or butyl vinyl
ether (1.29 mL, 10 mmol). After the extractive work-up, the resulting
crude product was purified by silica gel column chromatography
(hexane). Spectral data for 9b[16] were in complete accordance with liter-
ature values. 10b : 1H NMR (300 MHz, CDCl3): d=7.38±7.20 (m, 5H;
ArH), 6.41 (dd, J=17.7, 10.7 Hz, 1H; CH=CH2), 5.32 (s, 1H; C=CHH),
5.23 (d, J=17.7 Hz, 1H; CH=CHH), 5.09 (d, J=10.7 Hz, 1H; CH=


CHH), 5.07 (s, 1H; C=CHH), 2.70 (t, J=7.5 Hz, 2H; PhCH2), 2.30 (t,
J=7.5 Hz, 2H; Ph(CH2)2CH2), 1.95±1.70 (m, 2H; PhCH2CH2) ppm;
13C NMR (100 MHz, CDCl3): d=146.0, 142.3, 138.8, 128.3, 128.2, 125.6,
115.7, 113.1, 35.6, 30.8, 29.7 ppm; elemental analysis: calcd (%) for
C13H16: C 90.64, H 9.36; found: C 90.73, H 9.26.


(E)-1-Phenyl-1,3-butadiene (9c): Alkenyl bromide 7c (0.13 mL, 1 mmol)
was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of vinyl bromide 4a (0.35 mL,
5 mmol) or butyl vinyl ether (1.29 mL, 10 mmol). After the extractive
work-up, the resulting crude product was purified by silica gel column
chromatography (hexane). Spectral data for 9c[14] were in complete ac-
cordance with literature values.


(E)-1-(4-Tolyl)-1,3-butadiene (9d): Alkenyl iodide 7d (0.24 g, 1 mmol)
was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of vinyl bromide 4a (0.35 mL,
5 mmol) or butyl vinyl ether (1.29 mL, 10 mmol). After the extractive
work-up, the resulting crude product was purified by silica gel column
chromatography (hexane). Spectral data for 9d[17] were in complete ac-
cordance with literature values.


(E)-1,5-Diphenyl-1,3-pentadiene (9e) and (E)-3-benzyl-1-phenyl-1,3-bu-
tadiene (10c): Alkenyl iodide 7a (0.24 g, 1 mmol) was treated with tBuLi
(1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was fol-
lowed by addition of alkenyl bromide trans-4c (0.40 mL, 3 mmol). After
the extractive work-up, the resulting crude product was purified by silica


gel column chromatography (hexane). Spectral data for 9e[18] were in
complete accordance with literature values. 10c : 1H NMR (300 MHz,
CDCl3): d=7.50±7.12 (m, 10H; ArH), 6.90 (d, J=16.4 Hz, 1H; PhCH=
CH), 6.62 (d, J=16.4 Hz, 1H; PhCH=CH), 5.33 (s, 1H; C=CHH), 5.01
(s, 1H; C=CHH), 3.71 (s, 2H; PhCH2) ppm; 13C NMR (100 MHz,
CDCl3): d=144.8, 139.2, 137.1, 130.5, 128.9, 128.7, 128.4, 128.2, 127.4,
126.3, 126.0, 118.6, 38.5 ppm; elemental analysis: calcd (%) for C17H16: C
92.68, H 7.32; found: C 92.79, H 7.19.


(E,E)-1,7-Diphenyl-1,3-heptadiene (9 f) and (E)-1-phenyl-3-(3-phenyl-
propyl)-1,3-butadiene (10d): Alkenyl iodide 7b (0.27 g, 1 mmol) was
treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of alkenyl bromide trans-4c
(0.40 mL, 3 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 9f :
1H NMR (300 MHz, CDCl3): d=7.52±7.14 (m, 10H; ArH), 6.85 (dd, J=
15.6, 10.4 Hz, 1H; PhCH=CH), 6.51 (d, J=15.6 Hz, 1H; PhCH=CH),
6.29 (dd, J=15.0, 10.4 Hz, 1H; PhCH=CH=CH), 5.91 (dt, J=15.0,
7.0 Hz, 1H; C=CHCH2), 2.73 (t, J=7.5 Hz, 2H; PhCH2), 2.26 (td, J=7.5,
7.0 Hz, 2H; Ph(CH2)2CH2), 1.84 (quintuplet, J=7.5 Hz, 2H;
PhCH2CH2) ppm; 13C NMR (100 MHz, CDCl3): d=142.2, 137.5, 135.1,
130.8, 130.0, 129.2, 128.4, 128.2, 127.0, 126.0, 125.6, 35.2, 32.2, 30.8 ppm;
elemental analysis: calcd (%) for C19H20: C 91.88, H 8.12; found: C 91.85,
H 8.10. 10d : 1H NMR (300 MHz, CDCl3): d=7.48±7.18 (m, 10H; ArH),
6.85 (d, J=16.4 Hz, 1H; PhCH=CH), 6.53 (d, J=16.4 Hz, 1H; PhCH=


CH), 5.20 (s, 1H; C=CHH), 5.12 (s, 1H; C=CHH), 2.74 (t, J=7.6 Hz, 2
H, PhCH2), 2.41 (t, J=7.7 Hz, 2H; Ph(CH2)2CH2), 1.98±1.87 (m, 2H;
PhCH2CH2) ppm; 13C NMR (100 MHz, CDCl3): d=145.7, 142.2, 137.2,
130.8, 128.4, 128.2, 127.9, 127.3, 126.3, 125.7, 116.3, 35.6, 31.4, 29.9 ppm;
elemental analysis: calcd (%) for C19H20: C 91.88, H 8.12; found: C 92.04,
H 7.93.


(E)-2-Benzyl-1,3-pentadiene (10e): Alkenyl iodide 7a (0.24 g, 1 mmol)
was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 10e :
1H NMR (400 MHz, CDCl3): d=7.42±7.19 (m, 5H; ArH), 6.17 (dq, J=
15.7, 1.5 Hz, 1H; CH3CH=CH), 5.77 (dq, J=15.7, 6.7 Hz, 1H; CH3CH),
5.07 (s, 1H; (Z)C=CHH), 4.80 (s, 1H; (E)C=CHH), 3.56 (s, 2H; PhCH2),
1.77 (dd, J=6.7, 1.5 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3):
d=145.0, 139.7, 132.8, 128.7, 128.1, 125.9, 125.8, 115.4, 38.7, 18.2 ppm; el-
emental analysis: calcd (%) for C12H14: C 91.08, H 8.92; found: C 91.17,
H 8.82.


(1Z,3E)-2-Benzyl-1-deuterio-1,3-pentadiene (10 f): Alkenyl iodide 7a
(0.24 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (or cis-4b or trans-4b ; 0.86 mL, 10 mmol). After addi-
tion of D2O (1 mL) and the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane). 10 f :
1H NMR (300 MHz, CDCl3): d=7.40±7.17 (m, 5H; ArH), 6.17 (dq, J=
15.7, 1.5 Hz, 1H; CH3CH=CH), 5.77 (dq, J=15.7, 6.7 Hz, 1H; CH3CH),
4.79 (s, 1H; C=CHD), 3.56 (s, 2H; PhCH2), 1.77 (dd, J=6.7, 1.5 Hz, 3H;
CH3) ppm; 13C NMR (100 MHz, CDCl3): d=144.8, 139.7, 132.8, 128.7,
128.2, 125.9, 125.8, 115.1 (t, J=14 Hz), 38.7, 18.2 ppm.


(E)-2-(2-Phenylethyl)-1,3-pentadiene (10g): Alkenyl iodide 7e (0.26 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 10g :
1H NMR (300 MHz, CDCl3): d=7.41±7.10 (m, 5H; ArH), 6.15 (d, J=
15.9 Hz, 1H; CH3CH=CH), 5.73 (dq, J=15.9, 6.7 Hz, 1H; CH3CH), 4.94
(s, 1H; C=CHH), 4.90 (s, 1H; C=CHH), 2.84 (t, J=7.8 Hz, 2H; PhCH2),
2.49 (t, J=7.8 Hz, 2H; PhCH2CH2), 1.83 (d, J=6.7 Hz, 3H, CH3) ppm;
13C NMR (100 MHz, CDCl3): d=145.4, 141.6, 133.1, 128.3, 128.1, 125.6,
124.6, 113.1, 34.6, 34.0, 18.1 ppm; elemental analysis: calcd (%) for
C13H16: C 90.64, H 9.36; found: C 90.73, H 9.25.


(E)-2-(3-Phenylpropyl)-1,3-pentadiene (10h): Alkenyl iodide 7b (0.27 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 10h :
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1H NMR (300 MHz, CDCl3): d=7.41±7.18 (m, 5H; ArH), 6.13 (d, J=
15.8 Hz, 1H; CH3CH=CH), 5.73 (dq, J=15.8, 6.7 Hz, 1H; CH3CH), 4.95
(s, 1H; C=CHH), 4.91 (s, 1H; C=CHH), 2.70 (t, J=7.8 Hz, 2H; PhCH2),
2.29 (t, J=7.9 Hz, 2H; Ph(CH2)2CH2), 1.95±1.80 (m with d, J=6.7 Hz, 5
H; PhCH2CH2 and CH3) ppm; 13C NMR (100 MHz, CDCl3): d=145.8,
142.3, 133.2, 128.3, 128.1, 125.6, 124.6, 112.9, 35.6, 31.7, 29.8, 18.1 ppm; el-
emental analysis: calcd (%) for C14H18: C 90.26, H 9.74; found: C 90.38,
H 9.61.


(E,E)-1-Iodo-2-phenyl-1,3-pentadiene (10 i): Alkenyl bromide 7c
(0.13 mL, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (0.86 mL, 10 mmol). After addition of iodine (0.52 g,
2 mmol) and the extractive work-up, the resulting crude product was pu-
rified by silica gel column chromatography (hexane). 10 i : 1H NMR
(200 MHz, CDCl3): d=7.39±7.18 (m, 5H; ArH), 6.61 (d, J=15.4 Hz, 1H;
CH3CH=CH), 6.17 (s, 1H; CHI), 5.71 (dq, J=15.4, 6.7 Hz, 1H; CH3CH),
1.85 (d, J=6.7 Hz, 3H; CH3) ppm; 13C NMR (75 MHz, CDCl3): d=149.2,
140.3, 134.8, 132.9, 128.6, 128.0, 127.6, 78.3, 18.5 ppm; elemental analysis:
calcd (%) for C11H11I: C 48.91, H 4.10; found: C 48.80, H 4.01.


(E,E)-1-Iodo-2-(4-tolyl)-1,3-pentadiene (10 j): Alkenyl iodide 7d (0.24 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After addition of iodine (0.52 g, 2 mmol) and the ex-
tractive work-up, the resulting crude product was purified by silica gel
column chromatography (hexane). 10 j : 1H NMR (300 MHz, CDCl3): d=
7.16, 7.11 (2îd, J=8.2 Hz, 4H; ArH), 6.60 (d, J=15.4 Hz, 1H; CH3CH=


CH), 6.14 (s, 1H; CHI), 5.72 (dq, J=15.4, 6.8 Hz, 1H; CH3CH), 2.37 (s,
3H, CH3C6H4), 1.84 (d, J=6.8 Hz, 3H; CH3CH) ppm; 13C NMR
(100 MHz, CDCl3): d=149.0, 137.5, 137.4, 134.6, 133.0, 128.7, 128.4, 78.0,
21.1, 18.4 ppm; elemental analysis: calcd (%) for C12H13I: C 50.73, H
4.61; found: C 50.77, H 4.53.


(E,E)-2-tert-Butyl-1-Iodo-1,3-pentadiene (10k): Alkenyl iodide 7 f
(0.21 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (0.86 mL, 10 mmol). After addition of iodine (0.52 g,
2 mmol) and the extractive work-up, the resulting crude product was pu-
rified by silica gel column chromatography (hexane). 10k : 1H NMR
(300 MHz, CDCl3): d=6.16 (s, 1H; CHI), 5.86 (d, J=15.9 Hz, 1H;
CH3CH=CH), 5.74 (dq, J=15.9, 5.1 Hz, 1H; CH3CH), 1.85 (d, J=5.1 Hz,
3H; CH3CH), 1.08 (s, 9H; 3îCCH3) ppm; 13C NMR (100 MHz, CDCl3):
d=157.5, 132.0, 129.9, 74.6, 38.7, 29.3, 18.3 ppm; elemental analysis:
calcd (%) for C9H15I: C 43.22, H 6.04; found: C 43.30, H 5.94.


(E)-2-Benzyl-1,3-decadiene (10 l): Alkenyl iodide 7a (0.24 g, 1 mmol) was
treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of alkenyl bromide trans-4d
(0.57 g, 3 mmol). After the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane). 10 l :
1H NMR (300 MHz, CDCl3): d=7.38±7.15 (m, 5H; ArH), 6.19 (d, J=
15.9 Hz, 1H; CH2CH=CH), 5.80 (dq, J=15.9, 6.9 Hz, 1H; CH2CH=CH),
5.12 (s, 1H; C=CHH), 4.85 (s, 1H; C=CHH), 3.61 (s, 2H; PhCH2), 2.18±
2.02 (m, 2H; CH2CH=CH), 1.45±1.20 (m, 8H; CH3(CH2)4), 0.92 (t, J=
7.0 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=145.0, 139.7,
131.5, 131.4, 128.7, 128.1, 125.8, 115.4, 38.8, 32.7, 31.6, 29.2, 28.7, 22.5,
14.0 ppm; elemental analysis: calcd (%) for C17H24: C 89.41, H 10.59;
found: C 89.52, H 10.45.


(E)-2-(3-Phenylpropyl)-1,3-decadiene (10m): Alkenyl iodide 7b (0.27 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide
trans-4d (0.57 g, 3 mmol). After the extractive work-up, the resulting
crude product was purified by silica gel column chromatography
(hexane). 10m : 1H NMR (300 MHz, CDCl3): d=7.35±7.14 (m, 5H;
ArH), 6.05 (d, J=15.6 Hz, 1H; CH2CH=CH), 5.63 (dq, J=15.6, 6.7 Hz,
1H; CH2CH=CH), 4.90 (s, 1H; C=CHH), 4.86 (s, 1H; C=CHH), 2.64 (t,
J=7.7 Hz, 2H; PhCH2), 2.24 (t, J=7.8 Hz, 2H; Ph(CH2)2CH2), 2.10±1.92,
1.90±1.70, 1.42±1.20 (3îm, 12H; CH3(CH2)5 and PhCH2CH2), 0.89 (t, J=
7.0 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=145.9, 142.4,
131.7, 130.3, 128.3, 128.1, 125.6, 113.0, 35.6, 32.7, 31.6, 29.9, 29.3, 28.8,
22.5, 14.0 ppm; elemental analysis: calcd (%) for C19H28: C 88.99, H
11.01; found: C 89.08, H 10.89.


(Z)-4-Iodo-5-phenyl-1,3-pentadiene (9g): Alkenyl iodide 7a (0.24 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of butyl vinyl ether
(1.29 mL, 10 mmol). After addition of iodine (0.52 g, 2 mmol) and the ex-
tractive work-up, the resulting crude product was purified by silica gel
column chromatography (hexane). 9g : 1H NMR (300 MHz, CDCl3): d=
7.41±7.12 (m, 5H; ArH), 6.49 (dt, J=16.9, 9.7 Hz, 1H; CH2=CH), 6.25
(d, J=9.7 Hz, CI=CH), 5.44 (d, J=16.9 Hz, 1H; CH=CHH), 5.33 (d, J=
9.7 Hz, 1H; CH=CHH), 3.94 (s, 2H; PhCH2) ppm; 13C NMR (100 MHz,
CDCl3): d=138.8, 138.1, 135.1, 129.0, 128.4, 126.8, 120.5, 108.4, 51.7 ppm;
elemental analysis: calcd (%) for C11H11I: C 48.91, H 4.10; found: C
45.05, H 4.02.


(E)-6-Phenyl-1,3-hexadiene (9h): Alkenyl iodide 7c (0.26 g, 1 mmol) was
treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of butyl vinyl ether (1.29 mL,
10 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane). Spectral data for
9h[19] were in complete accordance with literature values.


General procedure for the preparation of cyclobutenes 11: tert-Butyllithi-
um (2 mmol) was added to a stirred solution of the appropriate alkenyl
bromide (or iodide) 1 or 7 (1 mmol) in dry THF (10 mL) at �78 8C.
After stirring at this temperature for 30 min, the solution was added
dropwise through a cannula to a stirred solution of bis(cyclopentadienyl)-
zirconium methyl chloride (1.2 mmol) in dry THF (10 mL) at �78 8C.
After 30 min at this temperature, an excess of the required alkenyl bro-
mide 4 (3±10 mmol) was added. The mixture was allowed to warm to
room temperature and the stirring continued for 18 h. An excess of water
or deuterium oxide was added and then the mixture was extracted with
diethyl ether (3î10 mL). The combined organic layers were dried over
anhydrous sodium sulphate and concentrated, and the residue was puri-
fied by column chromatography to give compounds 11.


1-Benzylcyclobutene (11a): Alkenyl iodide 7a (0.24 g, 1 mmol) was treat-
ed with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol).
This was followed by addition of vinyl bromide 4a (0.35 mL, 5 mmol).
After the extractive work-up, the resulting crude product was purified by
silica gel column chromatography (hexane). 11a : 1H NMR (300 MHz,
CDCl3): d=7.39±7.20 (m, 5H; ArH), 5.69±5.68 (m, 1H; C=CH), 3.37 (s,
2H; PhCH2), 2.48±2.43 and 2.38±2.36 (2îm, 4H; 2îCH2) ppm;
13C NMR (100 MHz, CDCl3): 148.5, 138.8, 128.7, 128.5, 128.2, 125.9, 38.1,
31.0, 26.5 ppm; elemental analysis: calcd (%) for C11H12: C 91.61, H 8.39;
found: C 91.70, H 8.28.


1-(2-Phenylethyl)cyclobutene (11b): Alkenyl iodide 7e (0.26 g, 1 mmol)
was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of vinyl bromide 4a (0.35 mL,
5 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane). 11b : 1H NMR
(300 MHz, CDCl3): d=7.42±7.21 (m, 5H; ArH), 5.79±5.68 (m, 1H; C=
CH), 2.80 (t, J=7.5 Hz, 2H; PhCH2), 2.60±2.30 (m, 6H; 3îCH2) ppm;
13C NMR (100 MHz, CDCl3): d=149.8, 142.1, 128.2, 127.2, 125.6, 33.0,
32.8, 31.1, 26.5 ppm; elemental analysis: calcd (%) for C12H14: C 91.08, H
8.92; found: C 91.16, H 8.82.


1-Benzyl-3-methylcyclobutene (11c): Alkenyl iodide 7a (0.24 g, 1 mmol)
was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of vinyl bromide 4b (0.86 mL,
10 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane). 11c : 1H NMR
(400 MHz, CDCl3): d=7.37±7.23 (m, 5H; ArH), 5.77 (s, 1H; C=CH),
3.38 (s, 2H; PhCH2), 2.76±2.73 (m, 1H; CH3CH), 2.62 (dd, J=12.9,
4.1 Hz, 1H; CHCHH), 1.93 (d, J=12.9 Hz, 1H; CHCHH), 1.15 (d, J=
6.8 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=146.3, 138.7,
134.0, 128.7, 128.2, 125.8, 38.5, 37.9, 34.0, 19.8 ppm; elemental analysis:
calcd (%) for C12H14: C 91.08, H 8.92; found: C 91.19, H 8.79.


cis-1-Benzyl-4-deuterio-3-methylcyclobutene (11d): Alkenyl iodide 7a
(0.24 g, 1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of al-
kenyl bromide 4b (or cis-4b or trans-4b ; 0.86 mL, 10 mmol). After addi-
tion of D2O (1 mL) and the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane). 11d :
1H NMR (400 MHz, CDCl3): d=7.37±7.20 (m, 5H; ArH), 5.77 (s, 1H;
C=CH), 3.38 (s, 2H; PhCH2), 2.76±2.70 (m, 1H; CH3CH), 2.60 (s, 1H;
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CHCHD), 1.93 (d, J=12.9 Hz, 1H; CHCHH), 1.13 (d, J=6.8 Hz, 3H;
CH3) ppm; 13C NMR (100 MHz, CDCl3): d=146.3, 138.8, 134.1, 128.7,
128.2, 125.8, 38.5, 37.9 (t, J=20 Hz), 33.9, 19.8 ppm.


3-Methyl-1-(2-phenylethyl)cyclobutene (11e): Alkenyl iodide 7e (0.26 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 11e :
1H NMR (300 MHz, CDCl3): d=7.39±7.20 (m, 5H; ArH), 5.84 (s, 1H;
C=CH), 2.85±2.75 (m, 3H; PhCH2 and CH3CH), 2.65 (dd, J=12.8,
4.2 Hz, 1H; CHCHH), 2.38 (t, J=7.6 Hz, 2H; PhCH2CH2) 1.96 (dd, J=
12.8, 1.2 Hz, 1H; CHCHH), 1.18 (d, J=6.8 Hz, 3H; CH3) ppm; 13C NMR
(100 MHz, CDCl3): d=147.5, 142.1, 132.9, 128.3, 128.2, 125.6, 38.6, 34.1,
33.1, 32.7, 19.8 ppm; elemental analysis: calcd (%) for C13H16: C 90.64, H
9.36; found: C 90.72, H 9.25.


3-Methyl-1-(3-phenylpropyl)cyclobutene (11 f): Alkenyl iodide 7b (0.27 g,
1 mmol) was treated with tBuLi (1.2 mL, 2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of alkenyl bromide 4b
(0.86 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane). 11f :
1H NMR (300 MHz, CDCl3): d=7.31±7.21 (m, 5H; ArH), 5.77 (s, 1H;
C=CH), 2.75±2.60 (m, 3H; PhCH2 and CH3CH), 2.57 (dd, J=12.9,
4.1 Hz, 1H; CHCHH), 2.03 (t, J=7.3 Hz, 2H; Ph(CH2)2CH2) 1.96 (d, J=
12.9 Hz, 1H; CHCHH), 1.76 (quintuplet, J=7.6 Hz, 2H; PhCH2CH2),
1.18 (d, J=6.7 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=


147.9, 142.4, 132.7, 128.4, 128.1, 125.5, 38.5, 35.5, 34.0, 30.4, 28.5,
20.0 ppm; elemental analysis: calcd (%) for C14H18: C 90.26, H 9.74;
found: C 90.37, H 9.61.
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Zirconium-Mediated Coupling Reactions of Amines and Enol or Allyl
Ethers: Synthesis of Allyl- and Homoallylamines


Josÿ Barluenga,* Fÿlix RodrÌguez, LucÌa çlvarez-Rodrigo, Josÿ M. Zapico, and
Francisco J. FaÊanµs[a]


Introduction


Nitrogen-containing organic molecules are without any
doubt among the most important compounds in organic
chemistry. Proof of this can be found in the fundamental bi-
ological activity of compounds such as amino acids[1] or al-
kaloids.[2] For the synthesis of these kinds of molecules, allyl-
amines are considered ideal building blocks, and thus, in
recent years many methods for the racemic and asymmetric
synthesis of allylamines have appeared.[3] These compounds
are also used as starting materials in important industrial
processes.[4] In this context, Buchwald et al. described some
years ago an elegant method to prepare allylamine deriva-
tives from simple amines.[5] As shown in Scheme 1, this proc-
ess relies on the formation of a h2-imine±zirconocene com-
plex from a methylzirconocene amide and its entrapment
with an alkyne to give an azazirconacyclopentene derivative,
which affords the desired allylamine on protic work-up.[6]


This sequence constitutes a powerful synthetic transfor-
mation since it accomplishes both a C�H activation and a
carbometalation process, reactions which are difficult to ach-
ieve with conventional reagents. However, the method has
some limitations. For example, simple allylamines, unsubsti-
tuted at the 2- and 3-positions are not experimentally easy


(or are impossible) to obtain since it would require the use
of acetylene as the alkyne counterpart. Also, the use of un-
symmetrical alkynes generally leads to mixtures of re-
gioisomers. Finally, the method always affords geometrically
pure E allylamines but Z allylamines cannot be obtained.


As part of a program concerned with the development of
new reactions involving zirconocene complexes,[7] we wish to
report herein our findings on the reaction of enol ethers
with h2-imine±zirconocene complexes. This unprecedented
reaction allowed us to overcome some of the limitations
mentioned above to obtain unsubstituted allylamines and Z
allylamines. Moreover, an extensive study on the reaction of
the zirconocene complexes with allyl ethers is presented.


Results and Discussion


Insertion reactions of enol ethers and imine±zirconocene
complexes : Successive treatment of amines 1 with one
equivalent of butyllithium at �40 8C and zirconocene methyl
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Abstract: An easy and efficient zirconi-
um-mediated synthesis of allylamines
from simple amines and enol ethers is
described. This strategy also allows the
synthesis of amino alcohol derivatives
containing a Z double bond in their
structure when 2,3-dihydrofuran is
used. Simple conventional modification


of these amino alcohols leads to 2-sub-
stituted piperidine derivatives. By ap-
plying this approach, a formal total
synthesis of the alkaloid coniine is


easily achieved from a protected butyl-
amine. Finally, the zirconium-mediated
reaction of amines and allyl phenyl
ether furnishes homoallylamines or
amino ethers depending on the struc-
ture of the starting amine.Keywords: allylamines ¥ C�C


coupling ¥ coniine ¥ zirconium


Scheme 1. Zirconium-mediated coupling of amines and alkynes. Cp=
cyclopentadiene.
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chloride at temperatures ranging between �50 and 20 8C,
followed by addition of the appropriate enol ether 2 and fur-
ther heating to 80 8C in a sealed tube, led after 18 h to allyl
amines 3 with high yields in most cases (Scheme 2 and
Table 1).


The first examples were performed with butyl vinyl ether
(2 a) and the results were satisfactory in all the cases at-
tempted (Table 1, entries 1±7). When the reaction was car-
ried out with an a-substituted enol ether, 2-methoxypropene
(2 b), the reaction only proceeded with N-methylaniline (1 a ;
Table 1, entry 8). With all the other amines tried the reac-
tion did not produce the expected allyl amines analogous to
3 h and unreacted starting amine was recovered. Interesting
results were obtained when cyclic enol ethers were used.


Thus, the reaction with 2,3-dihydrofuran (2 c) led to amino
alcohols 3 i±n (Table 1, entries 9±14). It is important to note
that in all cases we observed the exclusive formation of the
allylamine with Z stereochemistry in the double bond. This
stereochemistry is opposite to that obtained from the previ-
ously reported coupling of alkynes and h2-imine±zircono-
cene complexes, where the exclusive formation of E olefins
was observed.[5] Next, we tried to extend this reaction to
other cyclic enol ethers such as 3,4-dihydro-2H-pyran. How-
ever, the reaction did not produce the expected coupling
products and unreacted starting amines 1 were recovered in
all cases.[8]


Synthesis of 2-substituted piperidines: Formal total synthesis
of coniine : Taking into account the results described above


about the zirconium-mediated
coupling reactions of amines
and 2,3-dihydrofuran (2 c) to
give compounds 3 i±n contain-
ing a Z double bond in their
structures, we devised a simple
method to easily transform
these products into 2-substitut-
ed piperidines (Scheme 3).[9]


Thus, for example, the reaction
between amino alcohols 3 k, l, n,
obtained from the zirconium-
mediated reaction described
above, and tosyl chloride in di-
chloromethane led to piperi-
dine derivatives 4 a±c in a single
step and high yield, as shown in
Scheme 4.


Next, we decided to apply this strategy to the synthesis of
the alkaloid coniine.[10] Thus, starting from PMP-protected
butylamine 1 h, we carried out the coupling reaction with
2,3-dihydrofuran (2 c) to obtain allylamine 3 o in 76 % yield


Abstract in Spanish: Se describe una sÌntesis fµcil y eficiente
de alilaminas a partir de aminas sencillas y enol ÿteres pro-
movida por zirconio. Esta estrategia tambiÿn permite la sÌnte-
sis de derivados de aminoalcoholes que contienen en su es-
tructura un doble enlace con estereoquÌmica Z cuando se usa
2,3-dihidrofurano. Una modificaciÛn simple y convencional
de estos aminoalcoholes da lugar a derivados de piperidina
sustituidas en posiciÛn 2. Aplicando esta aproximaciÛn, se ha
logrado la sÌntesis formal del alcaloide coniÌna a partir de
una butilamina protegida. Finalmente, la reacciÛn de aminas
y alil fenil ÿter promovida por zirconio genera homoalilami-
nas o aminoÿteres dependiendo de la estructura de la amina
de partida.


Scheme 2. Zirconium-mediated coupling of amines 1 and enol ethers 2.
Synthesis of allylamines 3. THF= tetrahydrofuran.


Table 1. Zirconium-mediated synthesis of allylamines 3 from amines 1 and enol ethers 2.


Entry Starting R1 R2 Enol R3 R4 R5 Product R6 Yield
amine ether [%][a]


1 1 a Ph H 2a H H Bu 3a H 83
2 1 b Ph Me 2a H H Bu 3b H 68
3 1 c Ph Pr 2a H H Bu 3c H 70
4 1 d Ph Ph 2a H H Bu 3d H 96
5 1 e Bn[b] Ph 2a H H Bu 3e H 85
6 1 f Ph Ar[c] 2a H H Bu 3f H 87
7 1 g Ph Ar[d] 2a H H Bu 3g H 84
8 1 a Ph H 2b Me H Me 3h H 61
9 1 a Ph H 2c H (CH2)2 3 i (CH2)2OH 68


10 1 b Ph Me 2c H (CH2)2 3j (CH2)2OH 60
11 1 d Ph Ph 2c H (CH2)2 3k (CH2)2OH 62
12 1 e Bn Ph 2c H (CH2)2 3 l (CH2)2OH 64
13 1 f Ph Ar[c] 2c H (CH2)2 3m (CH2)2OH 75
14 1 g Ph Ar[d] 2c H (CH2)2 3n (CH2)2OH 70


[a] Yield based on starting amine 1. [b] Bn=benzyl. [c] Ar=4-MeOC6H4. [d] Ar=4-BrC6H4.


Scheme 3. Strategy devised for the synthesis of 2-substituted piperidines.


Scheme 4. Synthesis of 2-substituted piperidines 4. Ts= toluene-4-sulfo-
nyl= tosyl, DMAP=4-dimethylaminopyridine, DCM=dichloromethane.
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(Scheme 5). Tosylation of the hydroxy group and subsequent
cyclization led, in a single step, to unsaturated piperidine 4 d
in 79 % yield. Further hydrogenation of the double bond
quantitatively gave the N-protected piperidine 5 (PMP-pro-
tected coniine).


Thus, this sequence describes the formal synthesis of the
alkaloid coniine from protected butylamine 1 h in only three
steps (Scheme 4; note that the zirconium-mediated coupling
is a one-pot process and can be considered as a single step).
Following this strategy, many other biologically active com-
pounds and natural products with structures related to 4 or
5 can be easily prepared.


Mechanism of the insertion reaction of enol ethers and
imine±zirconocene complexes : The zirconium-mediated for-
mation of allylamines 3 from amines 1 can be explained by
the mechanism depicted in Scheme 6. Treatment of amine 1
with butyllithium generates the corresponding lithium
amide, which reacts with zirconocene methyl chloride to
give zirconocene complex 6. A cyclometalation with subse-
quent elimination of methane leads to h2-imine complex 7.
Insertion of the double bond of enol ether 2 a takes place re-


gioselectively on the zirconium±carbon bond of 7. More-
over, the insertion of enol ether 2 a occurs with the appro-
priate orientation to furnish the zirconaazacyclopentane de-
rivative 8. Both electronic and steric effects favor this orien-
tation of the enol ether as depicted in I (bottom of
Scheme 6).[11] The intermediate 8 can undergo b elimination
of the alkoxy group to give zirconocene derivative 9, which
after hydrolysis gives rise to allylamine 3.


The mechanism for the reaction of amines 1 with 2,3-dihy-
drofuran (2 c) is analogous to that described above. Howev-
er, the exclusive formation of Z amino alcohols 3 i±o, could
be justified by the formation of bicyclic intermediate 10,
which after the b elimination process leads to the Z-oxaaza-
zirconacyclooctene 11 and finally to amino alcohols 3 i±o
with Z configuration in the double bond (Scheme 7).


Insertion reactions of allyl ethers and imine±zirconocene
complexes : After our study on the coupling reactions of
enol ethers and h2-imine±zirconocene complexes we turned
our attention to the behavior of allyl ethers with this kind of
complexes. In a paper that appeared in 1990,[12] Whitby and
co-workers described a single example of the reaction of the
h2-imine complex derived from tetrahydroquinoline and an
allyl ethyl ether to give a mixture of two products (a homo-
allylamine and an amino ether). As far as we know this is
the only example of this reaction reported in the literature.
We decided to initiate a study into the zirconium-mediated
coupling reaction of different amines 1 and allyl phenyl
ether (12). Thus, successive treatment of amines 1 with one
equivalent of butyllithium and zirconocene methyl chloride
in the conditions described above, followed by addition of
excess allyl phenyl ether (12) and further heating to 80 8C in
a sealed tube, led to mixtures of homoallylamines 13 and
amino ethers 14 in different ratios depending on the struc-
ture of the initial amine 1 (Scheme 8 and Table 2).


Analysis of Table 2 showed us several interesting features.
For example, the use of N-methylaniline (1 a) as starting ma-
terial basically led to amino ether 14 a in 70 % yield (ratio


Scheme 5. Formal total synthesis of coniine. PMP=para-methoxyphenyl.


Scheme 6. Top: Proposed mechanism for the formation of allylamines 3.
Bottom: Orientation of the allyl ether during the insertion process.


Scheme 7. Prposed mechanism for the formation of Z alkene derivatives
3 i±o.


Scheme 8. Zirconium-mediated coupling of amines 1 and allyl phenyl
ether 12.
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14 a :13 a, 14:1; Table 2, entry 1). It has to be noted that the
starting amine 1 a is unsubstituted in the a position (R2=


R3=H). Moreover,−more substituted× amines 1 b (R2=Me)
and 1 c (R2=Pr) led to mixtures of homoallylamines 13 b,c
and amino ethers 14 b, c, respectively (Table 2, entries 2, 3).
Finally, the sterically more demanding amines 1 i (R2= iPr)
and 1 j (R2=R3=Me), and aryl-substituted amines 1 d±g ex-
clusively led to homoallylamines 13 d±i (Table 2, entries 4±
9). From these results, it seems that the bulkiness of groups
R2 and R3 in amines 1 is directly related with the formation
of homoallylamines 13 or amino ethers 14. Thus, formation
of 14 is favored when the starting amine 1 contains small R2


and R3 groups and, on the contrary, bigger R2 and R3 groups
favor the formation of 13.


Finally, in Scheme 9 two examples are depicted that are
intended to show that this zirconium-mediated coupling re-
action might be useful to access more elaborate frameworks


from simple starting materials.[13] Thus, the reaction of
amines 1 a, d with the−symmetric allyl ether× 1,4-dihydro-1,4-
epoxynaphthalene (15) led to amino alcohols 16 a, b, respec-
tively, in high yield. Interestingly, compound 16 a was ob-
tained as a single diastereoisomer while 16 b was isolated as
a 1.6:1 mixture of two diastereiosomers.


Mechanism of the insertion reaction of allyl ethers and
imine±zirconocene complexes : In the first place, we must
consider the h2-imine complex 7 as described before (see
Scheme 6). Insertion of the double bond of allyl ether 12
leads to the two regioisomers 17 A and 17 B depending on
the orientation of 12 during the insertion step (Scheme 10).


Thus, when R2=R3=H, approach of the allyl ether to 7
takes place with the alkoxy group oriented far from the zir-
conocene moiety to avoid steric interactions with the Cp
groups; this gives intermediate 17 A as the main product.
On the other hand, when the bulkiness of R2 increases or R2


and R3¼6 H, intermediate 17 B is formed as the major or ex-
clusive regioisomer. Presumably, in these cases the steric in-
teractions between the alkoxy and R2/R3 groups are more
important than the interaction between the alkoxy and the
Cp groups. Intermediate 17 A is stable and its hydrolysis
generates amino ether 14. On the other hand, intermediate
17 B can evolve through a process of b elimination of the
alkoxy group to give zirconocene derivative 18, which after
hydrolysis gives homoallylamine 13 (Scheme 10).


Formation of compounds 16 from amines 1 a, d and 15 fol-
lows the same mechanism. As indicated before, this reaction
gives a single product when 1 a is used as the starting materi-
al, but a mixture of two diastereiosomers is observed from
amine 1 d. This fact can be explained as depicted in
Scheme 11. Thus, we propose that the insertion reaction of


the double bond of 15 into 7 takes place from the less-hin-
dered face of 15. Moreover, an initial coordination of the
oxygen atom of 15 to the zirconium atom can also be in-


Table 2. Zirconium-mediated synthesis of homoallylamines 13 and amino
ethers 14 from amines 1 and allyl phenyl ether 12.


Entry Starting R1 R2 R3 Product Yield
amine [%][a]


1 1a Ph H H 14a 70[b]


2 1b Ph Me H 13b/14 b 18/52
3 1c Ph Pr H 13c/14 c 26/52
4 1 i Ph iPr H 13d 81
5 1j Ph Me Me 13e 73
6 1d Ph Ph H 13f 96
7 1e Bn Ph H 13g 86
8 1f Ph 4-MeOC6H4 H 13h 95
9 1g Ph 4-BrC6H4 H 13 i 84


[a] Yield based on starting amine 1. [b] The crude mixture of the reac-
tion showed a 14:1 mixture of 14a/13 a by 1H NMR spectroscopy. The
major diastereisomer 14a was easily separated.


Scheme 9. Synthesis of amino alcohols 16 from amines 1 a,d and ether
15.


Scheme 10. Proposed mechanism for the formation of homoallylamines
13 and amino ethers 14.


Scheme 11. Proposed mechanism for the formation of amino alcohols 16.
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voked to justify the coordination of the double bond of 15
from the face where the oxygen atom is placed. However,
two different orientations of 7 are possible and two inter-
mediates 19 A and 19 B can be formed. Each of these inter-
mediates undergoes b elimination of the alkoxy group to fi-
nally generate a mixture of compounds 16 and diast-16. For
1 a, R2 is H, in which case 16 and diast-16 are the same prod-
uct. Only if R2¼6 H, can the two diastereiosomers be ob-
served (for example, with 1 d).


Conclusions


We have described a new, easy, and efficient strategy to gen-
erate allylamines from simple amines and enol ethers
through the formation of a h2-imine±zirconocene complex.
The use of 2,3-dihydrofuran as the enol ether counterpart al-
lowed access to new amino alcohol derivatives containing a
Z double bond in their structure. Further conventional mod-
ification of these amino alcohols permitted the synthesis of
piperidine derivatives closely related with the structure of
many alkaloids and other biologically active products. As an
example, a three-step formal total synthesis of coniine from
PMP-protected butylamine was achieved. Moreover, a study
of the zirconium-mediated coupling reactions of amines and
allyl ethers was carried out. Thus, it was observed that this
reaction could generate homoallylamines or amino ethers
depending on the structure of the starting amine. The zirco-
nium-promoted reactions of amines with both enol and allyl
ethers can be formally considered as a sequential Ca�H acti-
vation of the amine followed by a nucleophilic substitution
of the alkoxy group. Moreover, all the products obtained
following the strategies described here are of high interest
in organic chemistry. Investigations directed toward the de-
velopment of asymmetric, and also catalytic, versions of
these processes are in progress.


Experimental Section


General : All reactions involving organometallic species were carried out
under an atmosphere of dry N2 with oven-dried glassware and syringes.
THF, hexane and Et2O were distilled over sodium benzophenone ketyl
under N2 immediately prior to use, and CH2Cl2 was distilled over P2O5.
The solvents used in column chromatography, hexane and EtOAc, were
distilled before use. TLC was performed on aluminum-backed plates
coated with silica gel 60 with F254 indicator (Scharlau). Flash column
chromatography was carried out on silica gel 60, 230±240 mesh. 1H NMR
(200, 300, 400 MHz) and 13C NMR (50.5, 75.5, 100 MHz) spectra were
measured at room temperature on Bruker AC-200, AC-300 and AMX-
400 instruments, respectively, with tetramethylsilane (d=0.0, 1H NMR)
or CDCl3 (d=77.00, 13C NMR) as the internal standard. Carbon multi-
plicities were assigned by DEPT techniques. High-resolution mass spec-
tra (HRMS) were determined on a Finnigan MAT 95 spectrometer. Ele-
mental analyses were carried out on a Perkin±Elmer 2400 microanalyzer.


General procedure for the preparation of compounds 3 : Butyllithium
(1.2 mmol) was added to a stirred solution of the required amine 1
(1 mmol) in dry THF (10 mL) at �40 8C. After stirring at this tempera-
ture for 30 min, the solution was added dropwise through a cannula to a
stirred solution of bis(cyclopentadienyl)zirconium methyl chloride
(1.2 mmol) in dry THF (10 mL) in a sealed tube at �50 8C. After 30 min
at this temperature the mixture was allowed to warm to room tempera-


ture and an excess of the appropriate enol ether 2 (10 mmol) was added.
The sealed tube containing the reaction mixture was heated to 80 8C for
18 h. The reaction was cooled to room temperature, worked up by addi-
tion of water (20 mL) and then extracted with diethyl ether (3 î 10 mL).
The combined organic layers were dried over anhydrous sodium sulphate
and concentrated, and the residue was purified by column chromatogra-
phy to give compounds 3. Compound 3a is commercially available and
its analytical data were compared with those of an authentic sample. An-
alytical data for compounds 3b,[14] 3 d,[15] 3e,[16] and 3 h[17] were in com-
plete accordance with literature values.


N-(1-Propyl-2-propenyl)aniline (3 c): Amine 1c (0.15 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of butyl vinyl ether (2a ;
0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (10:1)) to give 3c as a pale yellow oil. Rf=0.57 (hexane/ethyl ace-
tate (5:1)); 1H NMR (300 MHz, CDCl3): d=7.38±7.20, 6.88±6.62 (2 î m, 5
H; ArH), 5.87 (ddd, J=16.4, 10.8, 6.5 Hz, 1H; CH=CH2), 5.34 (d, J=
16.4 Hz, 1H; CH=CHH), 5.24 (d, J=10.1 Hz, 1H; CH=CHH), 3.95 (q,
J=6.2 Hz, 1H; NHCH), 3.72 (br s, 1 H; NH), 1.80±1.45 (m, 4H;
(CH2)2CH3), 1.08 (t, J=7.0 Hz, 3H; CH3) ppm; 13C NMR (100 MHz,
CDCl3): d=147.4, 140.0, 128.9, 116.8, 114.7, 113.1, 55.4, 37.8, 18.9,
13.8 ppm; HRMS (EI): calcd for C12H17N: 175.1361; found: 175.1364; ele-
mental analysis: calcd (%) for C12H17N: C 82.23, H 9.78, N 7.99; found:
C 82.34, H 9.69, N 7.96.


N-[1-(4-Methoxyphenyl)-2-propenyl]aniline (3 f): Amine 1 f (0.23 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of butyl vinyl ether (2
a ; 0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (7:1)) to give 3 f as a pale yellow oil. Rf=0.32 (hexane/ethyl ace-
tate (10:1)); 1H NMR (300 MHz, CDCl3): d=7.40±6.60 (m, 9H; ArH),
6.08 (ddd, J=16.2, 10.2, 5.8 Hz, 1 H; CH=CH2), 5.33 (d, J=16.2 Hz, 1 H;
CH=CHH), 5.27 (d, J=10.2 Hz, 1 H; CH=CHH), 4.95 (d, J=5.8 Hz, 1H;
NHCH), 4.05 (br s, 1H; NH), 3.84 (s, 3 H; OCH3) ppm; 13C NMR
(100 MHz, CDCl3): d=158.7, 147.1, 139.0, 133.8, 128.9, 128.1, 117.3,
115.6, 113.9, 113.4, 60.0, 55.1 ppm; HRMS (EI): calcd for C16H17NO:
239.1310; found: 239.1310; elemental analysis: calcd (%) for C16H17NO:
C 80.30, H 7.16, N 5.85; found: C 80.41, H 7.07, N 5.93.


N-[1-(4-Bromophenyl)-2-propenyl]aniline (3 g): Amine 1g (0.28 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of butyl vinyl ether (2
a ; 0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (7:1)) to give 3g as a pale yellow oil. Rf=0.37 (hexane/ethyl ace-
tate (10:1)); 1H NMR (300 MHz, CDCl3): d=7.60±6.50 (m, 9H; ArH),
6.06 (ddd, J=16.4, 10.6, 6.0 Hz, 1 H; CH=CH2), 5.29 (d, J=16.4 Hz, 1 H;
CH=CHH), 5.28 (d, J=10.6 Hz, 1 H; CH=CHH), 4.95 (d, J=6.0 Hz, 1H;
NHCH), 4.08 (br s, 1 H; NH) ppm; 13C NMR (100 MHz, CDCl3): d=


146.7, 140.7, 138.5, 131.7, 129.0, 128.7, 121.0, 117.8, 116.5, 113.4,
60.1 ppm; HRMS (EI): calcd for C15H14BrN: 287.0304; found: 287.0301;
elemental analysis: calcd (%) for C15H14BrN: C 62.52, H 4.90, N 4.86;
found: C 62.62, H 4.80, N 4.79.


(Z)-5-Phenylamino-3-penten-1-ol (3 i): Amine 1 a (0.11 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of enol ether 2c (0.76 mL,
10 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane/ethyl acetate
(2:1)) to give 3 i as a pale yellow oil. Rf=0.19 (hexane/ethyl acetate
(2:1)); 1H NMR (300 MHz, CDCl3): d=7.40±7.20, 6.90±6.55 (2 î m, 5 H;
ArH), 5.76 (dt, J=10.8, 6.5 Hz, 1H; NHCHCH=CH), 5.65 (dt, J=10.8,
6.7 Hz, 1H; NHCHCH=CH), 3.79 (d, J=6.5 Hz, 2 H; NHCH2), 3.67 (t,
J=6.7 Hz, 2H; CH2OH), 3.40 (br s, 1 H; OH), 2.41 (q, J=6.7 Hz, 2 H;
CH=CHCH2) ppm; 13C NMR (100 MHz, CDCl3): d=147.9, 129.0, 128.9,
128.8, 117.5, 113.0, 61.4, 40.8, 30.7 ppm; HRMS (EI): calcd for
C11H15NO: 177.1154; found: 177.1150; elemental analysis: calcd (%) for
C11H15NO: C 74.54, H 8.53, N 7.90; found: C 74.66, H 8.46, N 7.96.


(Z)-5-Phenylamino-3-hexen-1-ol (3 j): Amine 1b (0.12 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of enol ether 2c (0.76 mL,
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10 mmol). After the extractive work-up, the resulting crude product was
purified by silica gel column chromatography (hexane/ethyl acetate
(2:1)) to give 3 j as a yellow oil. Rf=0.25 (hexane/ethyl acetate (2:1));
1H NMR (300 MHz, CDCl3): d=7.30±7.18, 6.82±6.59 (2 î m, 5H; ArH),
5.59±5.39 (m, 2H; CH=CH), 4.29 (quintet, J=6.6 Hz, 1H; NHCH), 3.68
(t, J=6.4 Hz, 2 H; CH2OH), 2.95 (br s, 2H; OH and NH), 2.55±2.35 (m, 2
H; CH=CHCH2), 1.31 (d, J=6.6 Hz, 3H; CH3) ppm; 13C NMR
(100 MHz, CDCl3): d=147.1, 136.6, 129.0, 126.5, 117.5, 113.6, 61.8, 46.4,
31.1, 21.8 ppm; HRMS (EI): calcd for C12H17NO: 191.1310; found:
191.1307; elemental analysis: calcd (%) for C12H17NO: C 75.35, H 8.96, N
7.32; found: C 75.41, H 8.88, N 7.41.


(Z)-5-Phenyl-5-phenylamino-3-penten-1-ol (3 k): Amine 1 d (0.18 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of enol ether 2 c
(0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (2:1)) to give 3 k as a pale yellow oil. Rf=0.25 (hexane/ethyl ace-
tate (2:1)); 1H NMR (300 MHz, CDCl3): d=7.50±6.55 (m, 10H; ArH),
5.73 (dd, J=10.7, 8.6 Hz, 1H; NHCHCH=CH), 5.60 (dt, J=10.7, 7.6 Hz,
1H; NHCHCH=CH), 5.21 (d, J=8.6 Hz, 1H; NHCH), 3.71 (t, J=
6.4 Hz, 2 H; CH2OH), 2.80 (br s, 2H; OH and NH), 2.60±2.40 (m, 2H;
CH=CHCH2) ppm; 13C NMR (100 MHz, CDCl3): d=147.1, 142.9, 134.3,
129.0, 128.6, 127.7, 127.0, 126.4, 117.6, 113.6, 61.6, 55.5, 31.3 ppm; HRMS
(EI): calcd for C17H19NO: 253.1467; found: 253.1466; elemental analysis:
calcd (%) for C17H19NO: C 80.60, H 7.56, N 5.53; found: C 80.74, H 7.47,
N 5.60.


(Z)-5-Benzylamino-5-phenyl-3-penten-1-ol (3 l): Amine 1e (0.20 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of enol ether 2 c
(0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (2:1)) to give 3 l as a pale yellow oil. Rf=0.35 (hexane/ethyl ace-
tate (1:2)); 1H NMR (300 MHz, CDCl3): d=7.35±6.25 (m, 10H; ArH),
5.79 (dd, J=10.7, 8.7 Hz, 1H; NHCHCH=CH), 5.62 (dt, J=10.7, 7.4 Hz,
1H; NHCHCH=CH), 4.61 (d, J=8.7 Hz, 1H; NHCH), 3.75 (s, 2 H;
CH2Ph), 3.75±3.55 (m, 2H; CH2OH), 2.78 (br s, 2H; OH and NH), 2.52
(dq, J=14.4, 7.4 Hz, 1 H; CH=CHCHH), 2.38 (dq, J=14.4, 7.4 Hz, 1H;
CH=CHCHH) ppm; 13C NMR (100 MHz, CDCl3): d=142.4, 139.1, 134.1,
128.3, 128.1, 127.6, 126.9, 126.8, 126.7, 60.8, 58.1, 50.5, 31.3 ppm; HRMS
(EI): calcd for C18H21NO: 267.1618; found: 267.1608; elemental analysis:
calcd (%) for C18H21NO: C 80.86, H 7.92, N 5.24; found: C 80.93, H 7.82,
N 5.17.


(Z)-5-(4-Methoxyphenyl)-5-phenylamino-3-penten-1-ol (3 m): Amine 1 f
(0.23 g, 1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of enol
ether 2c (0.76 mL, 10 mmol). After the extractive work-up, the resulting
crude product was purified by silica gel column chromatography (hexane/
ethyl acetate (2:1)) to give 3m as a pale yellow oil. Rf=0.65 (hexane/
ethyl acetate (1:2)); 1H NMR (300 MHz, CDCl3): d=7.40±6.55 (m, 9 H;
ArH), 5.74 (dd, J=10.9, 8.3 Hz, 1H; NHCHCH=CH), 5.59 (dt, J=10.9,
7.1 Hz, 1H; NHCHCH=CH), 5.18 (d, J=8.3 Hz, 1 H; NHCH), 3.95±3.60
(m with s at 3.82, 5 H; CH2OH and OCH3), 2.58±2.48 (m, 2H; CH=


CHCH2) ppm; 13C NMR (100 MHz, CDCl3): d=158.6, 147.1, 134.8, 128.9,
127.5, 127.3, 117.6, 114.0, 113.6, 61.8, 55.1, 54.9, 31.3 ppm; HRMS (EI):
calcd for C18H21NO2: 283.1572; found: 283.1569; elemental analysis: calcd
(%) for C18H21NO2: C 76.29, H 7.47, N 4.94; found: C 76.41, H 7.41, N
5.01.


(Z)-5-(4-Bromophenyl)-5-phenylamino-3-penten-1-ol (3 n): Amine 1 g
(0.28 g, 1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of enol
ether 2c (0.76 mL, 10 mmol). After the extractive work-up, the resulting
crude product was purified by silica gel column chromatography (hexane/
ethyl acetate (2:1)) to give 3 n as a pale yellow oil. Rf=0.70 (hexane/
ethyl acetate (1:2)); 1H NMR (300 MHz, CDCl3): d=7.60±6.50 (m, 9 H;
ArH), 5.85±5.55 (m, 2 H; CH=CH), 5.21 (d, J=7.6 Hz, 1H; NHCH), 3.70
(t, J=6.4 Hz, 2H; CH2OH), 2.62±2.36 (m, 2 H; CH=CHCH2) ppm;
13C NMR (100 MHz, CDCl3): d=146.7, 141.9, 133.4, 131.5, 128.9, 128.0,
120.5, 117.7, 113.5, 61.3, 54.8, 31.1 ppm; HRMS (EI): calcd for
C17H18BrNO: 331.0566; found: 331.0559; elemental analysis: calcd (%)
for C17H18BrNO: C 61.46, H 5.46, N 4.22; found: C 61.56, H 5.37, N 4.30.


(Z)-5-(4-Methoxyphenylamino)-3-octen-1-ol (3 o): Amine 1 h (0.18 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of enol ether 2 c
(0.76 mL, 10 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (2:1)) to give 3 o as a pale yellow oil. Rf=0.30 (hexane/ethyl ace-
tate (2:1)); 1H NMR (300 MHz, CDCl3): d=6.75 (d, J=9.0 Hz, 2H;
ArH), 6.58 (d, J=9.0 Hz, 2H; ArH), 5.47 (dt, J=10.4, 7.2 Hz, 1 H;
NHCHCH=CH), 5.29 (t, J=10.4 Hz, 1H; NHCHCH=CH), 4.05±3.85 (m,
1H; NHCH), 3.71 (s, 3 H; OCH3), 3.70±3.50 (m, 2H; CH2OH), 3.05 (br s,
2H; OH and NH), 2.50±2.20 (m, 2H; CH=CHCH2), 1.70±1.20 (m, 4 H;
(CH2)2CH3), 0.91 (t, J=6.7 Hz, 3H; CH3) ppm; 13C NMR (100 MHz,
CDCl3): d=152.0, 141.2, 135.1, 127.2, 115.3, 114.4, 61.6, 55.3, 51.6, 37.7,
31.2, 18.8, 13.8 ppm; HRMS (EI): calcd for C15H23NO2: 249.1729; found:
249.1733; elemental analysis: calcd (%) for C15H23NO2: C 72.25, H 9.30,
N 5.62; found: C 72.33, H 9.19, N 5.53.


General procedure for the preparation of compounds 4 : Tosyl chloride
(1.2 mmol), Et3N (1.5 mmol), and a catalytic amount of DMAP were
added to a solution of the appropriate amino alcohol 3 (1 mmol) in di-
chloromethane (10 mL). After stirring for 6 h the reaction was quenched
by addition of water (10 mL). The aqueous layer was separated and ex-
tracted with CH2Cl2 (3 î 5 mL). The combined organic layers were dried
over anhydrous sodium sulphate and concentrated, and the residue was
purified by column chromatography to give compounds 4.


1,2,3,6-Tetrahydro-1,6-diphenylpyridine (4 a): Amino alcohol 3k (0.25 g,
1 mmol) was treated with TsCl (0.23 g, 1.2 mmol), Et3N (0.21 mL,
1.5 mmol), and a catalytic amount of DMAP. After the extractive work-
up, the resulting crude product was purified by silica gel column chroma-
tography (hexane/ethyl acetate (5:1)) to give 4 a as a pale yellow oil. Rf=


0.55 (hexane/ethyl acetate (2:1)); 1H NMR (300 MHz, CDCl3): d=7.42±
7.18, 6.97±6.75 (2 î m, 10H; ArH), 6.11±5.95 (m, 2H; CH=CH), 5.19 (s, 1
H; PhCH), 3.69 (dt, J=12.9, 5.0, 1 H; NCHH), 3.46 (ddd, J=12.9, 9.2,
4.2 Hz, 1H; NCHH), 2.46 (ddd, J=14.5, 9.2, 5.0, 1H; CHHCH=CH),
2.29±2.15 (m, 1 H; CHHCH=CH) ppm; 13C NMR (100 MHz, CDCl3): d=
149.9, 141.8, 129.2, 128.9, 128.3, 126.9, 126.7, 125.6, 117.9, 115.4, 59.8,
42.0, 24.3 ppm; HRMS (EI): calcd for C17H17N: 235.1355; found:
235.1351; elemental analysis: calcd (%) for C17H17N: C 86.77, H 7.28, N
5.95; found: C 86.84, H 7.21, N 5.90.


1-Benzyl-1,2,3,6-tetrahydro-6-phenylpyridine (4 b): Amino alcohol 3 l
(0.30 g, 1 mmol) was treated with TsCl (0.23 g, 1.2 mmol), Et3N (0.21 mL,
1.5 mmol), and a catalytic amount of DMAP. After the extractive work-
up, the resulting crude product was purified by silica gel column chroma-
tography (hexane/ethyl acetate (5:1)) to give 4b as a pale yellow oil. Rf=


0.50 (hexane/ethyl acetate (2:1)); 1H NMR (300 MHz, CDCl3): d=7.70±
7.10 (m, 10H; ArH), 5.92±5.80 (m, 1H; CH2CH=CH), 5.67 (dd, J=9.8,
1.2 Hz, 1 H; CH2CH=CH), 4.05 (s, 1 H; PhCH), 3.88 (d, J=13.6 Hz, 1 H;
PhCHH), 3.21 (d, J=13.6 Hz, 1 H; PhCHH), 3.09±2.93 (m, 1H;
CHHCH=CH), 2.51±2.34 (m, 2H; NCH2), 2.17±2.01 (m, 1 H; CHHCH=


CH) ppm; 13C NMR (100 MHz, CDCl3): d=143.5, 139.4, 130.4, 128.5,
128.3, 127.9, 127.0, 126.6, 124.2, 66.2, 58.8, 47.2, 25.8 ppm; HRMS (EI):
calcd for C18H19N: 249.1517; found: 249.1522; elemental analysis: calcd
(%) for C18H19N: C 86.70, H 7.68, N 5.62; found: C 86.84, H 7.58, N 5.56.


6-(4-Bromophenyl)-1,2,3,6-tetrahydro-1-phenylpyridine (4 c): Amino al-
cohol 3n (0.33 g, 1 mmol) was treated with TsCl (0.23 g, 1.2 mmol), Et3N
(0.21 mL, 1.5 mmol), and a catalytic amount of DMAP. After the extrac-
tive work-up, the resulting crude product was purified by silica gel
column chromatography (hexane/ethyl acetate (5:1)) to give 4 c as a pale
yellow oil. Rf=0.58 (hexane/ethyl acetate (2:1)); 1H NMR (300 MHz,
CDCl3): d=7.50±7.15, 6.98±6.75 (2 î m, 9 H; ArH), 6.12±5.92 (m, 2 H;
CH=CH), 5.13 (s, 1 H, BrC6H4CH), 3.65 (dt, J=12.5, 4.5 Hz, 1H;
NCHH), 3.42 (ddd, J=12.5, 8.9, 4.5 Hz, 1 H; NCHH), 2.55±2.38 (m, 1 H;
CHHCH=CH), 2.31±2.17 (m, 1 H; CHHCH=CH) ppm; 13C NMR
(100 MHz, CDCl3): d=149.8, 141.0, 131.3, 129.0, 128.8, 128.6, 126.1,
120.5, 118.5, 115.9, 59.4, 42.3, 24.4 ppm; HRMS (EI): calcd for
C17H16BrN: 313.0466; found: 313.0471; elemental analysis: calcd (%) for
C17H16BrN: C 64.98, H 5.13, N 4.46; found: C 65.06, H 5.08, N 4.40.


1,2,3,6-Tetrahydro-1-(4-methoxyphenyl)-6-propylpyridine (4 d): Amino al-
cohol 3o (0.23 g, 1 mmol) was treated with TsCl (0.23 g, 1.2 mmol), Et3N
(0.21 mL, 1.5 mmol), and a catalytic amount of DMAP. After the extrac-
tive work-up, the resulting crude product was purified by silica gel


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 109 ± 116114


FULL PAPER J. Barluenga et al.



www.chemeurj.org





column chromatography (hexane/ethyl acetate (7:1)) to give 4 d as a pale
yellow oil. Rf=0.75 (hexane/ethyl acetate (2:1)); 1H NMR (300 MHz,
CDCl3): d=6.93 (d, J=9.0 Hz, 2H; ArH), 6.85 (d, J=9.0 Hz, 2H; ArH),
6.95±6.78 (m, 2 H; CH=CH), 3.98±3.85 (m, 1H; CH3(CH2)2CH), 3.78 (s, 3
H; OCH3), 3.39 (ddd, J=12.6, 5.5, 3.5 Hz, 1H; NCHH), 3.21 (ddd, J=
12.6, 8.9, 4.3 Hz, 1H; NCHH), 2.39±2.19 (m, 1H; CHHCH=CH), 2.14±
1.97 (m, 1H; CHHCH=CH), 1.50±1.20 (m, 4 H; CH3(CH2)2), 0.91 (t, J=
6.7 Hz, 3 H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=152.9, 144.9,
129.8, 125.1, 118.9, 114.3, 56.8, 55.4, 43.1, 34.7, 24.4, 19.3, 14.1 ppm;
HRMS (EI): calcd for C15H21NO: 231.1618; found: 231.1610; elemental
analysis: calcd (%) for C15H21NO: C 77.88, H 9.15, N 6.05; found: C
78.00, H 9.09, N 5.97.


1-(4-Methoxyphenyl)-2-propylpiperidine (5): Amine 4 d (0.23 g, 1 mmol)
was added to a suspension of palladium (10 wt % on carbon, 0.70 g) in
ethyl acetate (10 mL). The suspension was stirred under hydrogen
(1 atm) for 1 h and then filtered through a plug of silica gel to give, after
removal of the solvents, pure compound 5 as a colorless oil. Rf=0.75
(hexane/ethyl acetate (2:1)); 1H NMR (300 MHz, CDCl3): d=6.94 (d,
J=9.0 Hz, 2 H; ArH), 6.85 (d, J=9.0 Hz, 2H; ArH), 3.79 (s, 3 H; OCH3),
3.47±3.31 (m, 1 H; CH3(CH2)2CH), 3.12±2.90 (m, 2 H; NCH2), 1.90±0.90
(m, 10H; CH3(CH2)2 and aliphatic ring), 0.88 (t, J=6.7 Hz, 3 H;
CH3) ppm; 13C NMR (100 MHz, CDCl3): d=153.4, 145.7, 120.3, 114.1,
57.7, 55.3, 47.9, 30.4, 28.7, 25.9, 20.5, 19.7, 14.1 ppm; HRMS (EI): calcd
for C15H23NO: 233.1780; found: 233.1781; elemental analysis: calcd (%)
for C15H23NO: C 77.21, H 9.93, N 6.00; found: C 77.26, H 9.88, N 5.97.


General procedure for the preparation of compounds 13 and 14 : The
procedure is analogous to that described before for the synthesis of com-
pounds 3. Instead of addition of the appropriate enol ether, in these
cases allyl phenyl ether (12 ; 2 mmol) was used. Analytical data for com-
pounds 13e,[18] 13 f,[19] 13 g,[20] and 13h[21] were in complete accordance
with literature values.


N-(1-Methyl-3-butenyl)aniline (13 b): Amine 1 b (0.12 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of allyl phenyl ether (12 ;
0.27 mL, 2 mmol). After the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane/ethyl ace-
tate (10:1)) to give 13b as a pale yellow oil. Rf=0.26 (hexane/ethyl ace-
tate (20:1)); 1H NMR (300 MHz, CDCl3): d=7.40±7.11, 6.85±6.52 (2 î m,
5H; ArH), 5.85±5.70 (m, 1 H; CH=CH2), 5.14 (d, J=17.0 Hz, 1H; CH=


CHH), 5.12 (d, J=10.0 Hz, 1H; CH=CHH), 3.65±3.49 (m, 1H; NHCH),
2.48±2.26 (m, 2 H; NHCHCH2), 1.22 (d, J=6.4 Hz, 3 H; CH3) ppm;
13C NMR (100 MHz, CDCl3): 147.2, 134.8, 129.2, 117.4, 116.9, 113.2, 47.8,
40.7, 20.2 ppm; HRMS (EI): calcd for C11H15N: 161.1204; found:
161.1205; elemental analysis: calcd (%) for C11H15N: C 81.94, H 9.38, N
8.69; found: C 82.05, H 9.28, N 8.63.


N-(1-Propyl-3-butenyl)aniline (13 c): Amine 1c (0.15 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of allyl phenyl ether (12 ;
0.27 mL, 2 mmol). After the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane/ethyl ace-
tate (10:1)) to give 13 c as a pale yellow oil. Rf=0.50 (hexane/ethyl ace-
tate (10:1)); 1H NMR (300 MHz, CDCl3): d=7.25±7.10, 6.73±6.54 (2 î m,
5H; ArH), 5.88±5.70 (m, 1H; CH=CH2), 5.18±5.05 (m, 2 H; CH=CH2),
3.60±3.35 (m, 2 H; NH and NHCH), 2.38±2.25 (m, 2H; NHCHCH2),
1.65±1.25 (m, 4 H; CH3(CH2)2), 0.93 (t, 3H; CH3) ppm; 13C NMR
(100 MHz, CDCl3): 162.2, 147.7, 134.9, 129.1, 117.4, 116.7, 113.0, 52.0,
38.4, 36.5, 19.1, 14.0 ppm; HRMS (EI): calcd for C13H19N: 189.1517;
found: 189.1517; elemental analysis: calcd (%) for C13H19N: C 82.48, H
10.12, N 7.40; found: C 82.53, H 10.02, N 7.41.


N-(1-Isopropyl-3-butenyl)aniline (13 d): Amine 1 i (0.15 g, 1 mmol) was
treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of allyl phenyl ether (12 ;
0.27 mL, 2 mmol). After the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane/ethyl ace-
tate (10:1)) to give 13d as a pale yellow oil. Rf=0.50 (hexane/ethyl ace-
tate (10:1)); 1H NMR (300 MHz, CDCl3): d=7.40±7.10, 6.80±6.55 (2 î m,
5H; ArH), 5.96±5.80 (m, 1H; CH=CH2), 5.21±5.07 (m, 2 H; CH=CH2),
3.58 (br s, 1 H; NH), 3.33 (dt, J=7.4, 5.1 Hz, 1 H; NHCH), 2.46±1.88 (m,
3H; NHCHCH2 and CH(CH3)2), 1.03 (d, J=7.4 Hz, 3 H; CH3), 1.01 (d,
J=7.4 Hz, 3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): 148.1, 135.5,


129.1, 116.9, 116.5, 113.0, 57.7, 35.5, 30.7, 18.5, 18.3 ppm; HRMS (EI):
calcd for C13H19N: 189.1517; found: 189.1519; elemental analysis: calcd
(%) for C13H19N: C 82.48, H 10.12, N 7.40; found: C 82.55, H 10.01, N
7.36.


N-[1-(4-Bromophenyl)-3-butenyl]aniline (13 i): Amine 1g (0.28 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of allyl phenyl ether
(12 ; 0.27 mL, 2 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (7:1)) to give 13 i as a pale yellow oil. Rf=0.40 (hexane/ethyl ace-
tate (10:1)); 1H NMR (200 MHz, CDCl3): d=7.57 (d, J=8.4 Hz, 2H; 4-
BrC6H4), 7.35 (d, J=8.4 Hz, 2H; 4-BrC6H4), 7.29±6.55 (m, 5H; ArH),
5.86 (ddt, J=17.0, 10.0, 6.7 Hz, 1H; CH=CH2), 5.30 (d, J=17.0 Hz, 1H;
CH=CHH), 5.28 (d, J=10.0 Hz, 1 H; CH=CHH), 4.46 (dd, J=7.7,
5.2 Hz, 1H; NHCH), 4.28 (br s, 1H; NH), 2.80±2.45 (m, 2 H;
NHCHCH2) ppm; 13C NMR (100 MHz, CDCl3): d=146.6, 142.3, 133.8,
131.3, 128.8, 127.8, 120.3, 118.3, 117.3, 113.2, 56.2, 42.7 ppm; HRMS (EI):
calcd for C16H16BrN: 301.0461; found: 301.0456; elemental analysis: calcd
(%) for C16H16BrN: C 63.59, H 5.34, N 4.63; found: C 63.63, H 5.28, N
4.68.


N-(2-Methyl-3-phenoxypropyl)aniline (14 a): Amine 1 a (0.11 g, 1 mmol)
was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g,
1.2 mmol). This was followed by addition of allyl phenyl ether (12 ;
0.27 mL, 2 mmol). After the extractive work-up, the resulting crude prod-
uct was purified by silica gel column chromatography (hexane/ethyl ace-
tate (7:1)) to give 14a as a yellow oil. Rf=0.40 (hexane/ethyl acetate
(10:1)); 1H NMR (300 MHz, CDCl3): d=7.55±6.66 (m, 10H; ArH), 4.06
(dd, J=9.0, 5.2 Hz, 1H; PhOCHH), 4.00 (dd, J=9.0, 6.3 Hz, 1H;
PhOCHH), 3.41 (dd, J=12.5, 7.0 Hz, 1 H; PhNHCHH), 3.25 (dd, J=
12.5, 6.3 Hz, 1H; PhNHCHH), 2.90 (br s, 1H; NH), 2.55±2.30 (m, 1 H;
CHCH3), 1.24 (d, J=6.6 Hz, 3H; CH3) ppm; 13C NMR (100 MHz,
CDCl3): d=158.7, 148.2, 129.4, 129.1, 120.7, 117.4, 114.4, 112.6, 71.0, 47.4,
33.0, 15.3 ppm; HRMS (EI): calcd for C16H19NO: 241.1467; found:
241.1467; elemental analysis: calcd (%) for C16H19NO: C 79.63, H 7.94, N
5.80; found: C 79.78, H 7.79, N 5.71.


N-(1,2-Dimethyl-3-phenoxypropyl)aniline (14 b): Amine 1 b (0.12 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of allyl phenyl ether
(12 ; 0.27 mL, 2 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (7:1)) to give 14b as a pale yellow oil. Rf=0.18 (hexane/ethyl ace-
tate (20:1)); 1H NMR (300 MHz, CDCl3): d=7.51±6.65 (m, 10 H; ArH),
4.10 (dd, J=9.1, 7.4 Hz, 1 H; PhOCHH), 3.98 (dd, J=9.1, 5.5 Hz, 1 H;
PhOCHH), 3.95±3.85 (m, 1H; PhNHCH), 3.75 (br s, 1H; NH), 2.45±2.30
(m, 1 H; PhOCH2CH), 1.33 (d, J=5.4 Hz, 3 H; CH3), 1.20 (d, J=7.1 Hz,
3H; CH3) ppm; 13C NMR (100 MHz, CDCl3): d=158.6, 147.6, 129.2,
129.1, 120.5, 116.7, 114.3, 112.5, 69.9, 50.1, 37.4, 17.1, 12.7 ppm; HRMS
(EI): calcd for C17H21NO: 255.1623; found: 255.1628; elemental analysis:
calcd (%) for C17H21NO: C 79.96, H 8.29, N 5.49; found: C 80.08, H 8.23,
N 5.39.


N-[1-(1-Methyl-2-phenoxyethyl)butyl]aniline (14 c): Amine 1c (0.15 g,
1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and [Cp2Zr(Me)Cl]
(0.34 g, 1.2 mmol). This was followed by addition of allyl phenyl ether
(12 ; 0.27 mL, 2 mmol). After the extractive work-up, the resulting crude
product was purified by silica gel column chromatography (hexane/ethyl
acetate (7:1)) to give 14 c as a pale yellow oil. Rf=0.41 (hexane/ethyl ace-
tate (10:1)); 1H NMR (300 MHz, CDCl3): d=7.49±6.65 (m, 10 H; ArH),
4.02 (t, J=9.0 Hz, 1H; PhOCHH), 3.88 (dd, J=9.0, 5.6 Hz, 1H;
PhOCHH), 3.77 (br s, 1 H; NH), 3.68±3.46 (m, 1 h; PhNHCH), 2.42±2.39
(m, 1 H; CHCH3), 1.70±1.30 (m, 4 H; (CH2)2CH3), 1.10 (d, J=6.5 Hz, 3
H; CHCH3), 1.00 (t, J=6.9 Hz, 3H; (CH2)2CH3) ppm; 13C NMR
(100 MHz, CDCl3): d=158.7, 148.6, 129.2, 129.1, 120.4, 116.5, 114.4,
112.8, 70.2, 53.9, 36.5, 35.2, 19.9, 14.0, 11.7 ppm; HRMS (EI): calcd for
C19H25NO: 283.1936; found: 283.1937; elemental analysis: calcd (%) for
C19H25NO: C 80.52, H 8.89, N 4.94; found: C 80.61, H 8.86, N 5.04.


General procedure for the preparation of compounds 16 : The procedure
is analogous to that described before for the synthesis of compounds 3.
Instead of addition of the appropriate enol ether, in these cases 1,4-dihy-
dro-1,4-epoxynaphthalene (15 ; 2 mmol) was used.
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(1R*,2S*)-1,2-Dihydro-2-phenylaminomethyl-1-naphthol (16 a): Amine 1
a (0.11 g, 1 mmol) was treated with BuLi (0.75 mL, 1.2 mmol) and
[Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by addition of 1,4-
dihydro-1,4-epoxynaphthalene (15 ; 0.29 g, 2 mmol). After the extractive
work-up, the resulting crude product was purified by silica gel column
chromatography (hexane/ethyl acetate (5:1)) to give 16a as a colorless
oil. Rf=0.55 (hexane/ethyl acetate (2:1)); 1H NMR (300 MHz, CDCl3):
d=7.50±6.70 (m, 9H; ArH), 6.65 (d, J=9.5 Hz, 1H; ArCH=CH), 5.93
(dd, J=9.5, 3.2 Hz, 1H; ArCH=CH), 4.85 (d, J=4.9 Hz, 1H; CHOH),
3.58 (dd, J=12.8, 8.9 Hz, 1H; NHCHH), 3.45 (dd, J=12.8, 5.8 Hz, 1 H;
NHCHH), 3.22 (br s, 2 H; OH and NH), 2.98±2.84 (m, 1H; CH=


CHCH) ppm; 13C NMR (100 MHz, CDCl3): d=147.8, 136.0, 132.4, 129.1,
128.1, 128.0, 127.4, 127.0, 126.1, 117.6, 113.2, 69.7, 43.7, 39.3 ppm; HRMS
(EI): calcd for C17H17NO: 251.1309; found: 251.1305; elemental analysis:
calcd (%) for C17H17NO: C 81.24, H 6.82, N 5.57; found: C 81.31, H 6.78,
N 5.49.


(1R*,2S*)-1,2-Dihydro-2-(1-phenyl-1-phenylaminoethyl)-1-naphthol (16
b): Amine 1d (0.18 g, 1 mmol) was treated with BuLi (0.75 mL,
1.2 mmol) and [Cp2Zr(Me)Cl] (0.34 g, 1.2 mmol). This was followed by
addition of 1,4-dihydro-1,4-epoxynaphthalene (15 ; 0.29 g, 2 mmol). After
the extractive work-up, the resulting crude product was purified by silica
gel column chromatography (hexane/ethyl acetate (5:1)) to give 16b as a
colorless oil and as mixture of two diastereiosomers. Rf=0.60 (hexane/
ethyl acetate (2:1)); major diastereoisomer: 1H NMR (300 MHz, CDCl3):
d=7.50±6.60 (m, 15H; ArH and ArCH=CH), 6.15 (dd, J=9.7, 2.2 Hz, 1
H; ArCH=CH), 5.00±4.92 (m, 1 H; CHOH), 4.64±4.51 (m, 1 H; NHCH),
2.93±2.84 (m, 1 H; CH=CHCH) ppm; minor diastereiosomer: 1H NMR
(300 MHz, CDCl3): d=7.50±6.60 (m, 15H; ArH and ArCH=CH), 5.92
(dd, J=9.6, 2.9 Hz, 1H; ArCH=CH), 4.88 (d, J=7.1 Hz, 1H; CHOH),
4.71 (d, J=3.8 Hz, 1H; NHCH), 3.04±2.95 (m, 1 H; CH=CHCH) ppm;
13C NMR (100 MHz, CDCl3): d=147.0 (maj), 146.9 (min), 141.7 (maj),
141.1 (min), 136.2 (maj), 136.0 (min), 132.6 (min), 132.2 (maj), 129.3,
128.5, 128.4, 127.7, 127.6, 127.4, 127.0, 126.7, 126.5, 126.4, 117.5 (maj),
117.4 (min), 113.9 (min), 113.6 (maj), 69.6 (maj), 59.5 (min), 57.5 (maj),
47.4 (maj), 45.8 (min) ppm (maj=major diastereoisomer, min=minor di-
astereoisomer); HRMS (EI): calcd for C23H21NO: 327.1633; found:
327.1618; elemental analysis: calcd (%) for C23H21NO: C 84.37, H 6.46,
N 4.28; found: C 84.46, H 6.35, N 4.18.
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Synthesis and Spectroscopic and Electrochemical Studies of Novel Benzo- or
2,3-Naphtho-Fused Tetraazachlorins, Bacteriochlorins, and
Isobacteriochlorins


Takamitsu Fukuda,[a] Elena A. Makarova,[b] Evgeny A. Luk’yanets,*[b] and
Nagao Kobayashi*[a]


Introduction


Aza-bridged isoindole macrocycles such as phthalocyanines
(Pcs) and tetraazaporphyrins (TAPs) are representative ad-
vanced dye and pigment molecules, which are in practical
use as catalysts, deodorants, write±read discs, and so forth.[1]


On the other hand, methine-bridged pyrrolic macrocycles,
that is, porphyrins, are widely distributed in nature as heme
proteins and chlorophylls and their biology and chemistry
have been thoroughly studied. Moreover, in the last
30 years, many types of artificial porphyrin derivative have
been synthesized and intensively characterized by using a
wide range of chemical and physical methods.[2] However, to
date only few papers have been reported on the hydrogenat-
ed derivatives of TAP, such as tetraazachlorin (TAC), tetraa-
zabacteriochlorin (TABC), and tetraazaisobacteriochlorin
(TAiBC), although they are similarly of interest from a syn-


Abstract: Benzene- or 2,3-naphthalene-
ring-expanded tetraazachlorins (TACs),
tetraazabacteriochlorins (TABCs), and
tetraazaisobacteriochlorins (TAiBCs)
have been synthesized by using tetra-
methylsuccinonitrile as a source of hy-
drogenated sites. The derived com-
pounds were characterized by using
NMR spectroscopy, X-ray crystallogra-
phy, electronic and magnetic circular
dichroism (MCD) spectroscopy, and
electrochemical and spectroelectro-
chemical methods. X-ray analysis re-
vealed that the benzene-fused TAiBC
deviates slightly from planarity at the
hydrogenated sites as a result of the
presence of sp3 carbons, which prefer a
nonplanar tetrahedral conformation.
The spectral data were analyzed by
using a band deconvolution technique.
In the electronic absorption spectra of


TAC and TABC species, the Q band
splits into two intense components and
smaller splittings were observed for the
2,3-naphthalene-fused derivatives rela-
tive to the benzo-fused species. In con-
trast, in the case of TAiBCs, the
Q band splitting was apparently not ob-
served in absorption spectra, as expect-
ed from the C2v molecular symmetry.
However, MCD signals of the Q band
in TAiBCs showed Faraday B terms,
implying that the accidental degenera-
cy of the LUMO and LUMO+1 was
broken even for adjacently ring-fused
species. Relative molecular orbital en-
ergies were estimated by using cyclic


and differential pulse voltammetry. The
first reduction potentials were close for
TACs and TABCs, although those of
TAiBCs shifted to more negative po-
tentials. In contrast, although TABCs
and TAiBCs exhibited similar first oxi-
dation potentials, those of TACs ap-
peared at more positive potentials.
These properties were reproduced and
rationalized by molecular orbital and
configuration interaction calculations
within the framework of the ZINDO/S
Hamiltonian. DFT-level frequency cal-
culations have succeeded in reproduc-
ing the IR spectra for low-symmetry
tetraazaporphyrin (TAP) derivatives
for the first time. The relationship be-
tween structures and spectral features
is discussed.
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thetic, theoretical, and spectroscopic point of view owing to
their characteristic electronic and molecular structures. In
particular, these properties may lead to potential applica-
tions, for example, as photosensitizers in photodynamic
cancer therapy and model compounds for the photosynthet-
ic center.[3] One of the reasons for the scarcity of previous
studies seems to lie in the difficulties in the synthesis of hy-
drogenated TAPs. General approaches to hydrogenated
TAP derivatives frequently cause auto-oxidation at the hy-
drogenated sites and give rise to non-hydrogenated com-
pounds or even decomposition of the molecule. The first
and until recently the only attempt to prepare hydrogenated
derivatives of TAP was by Linstead et al. in 1958,[4] in which
TACs were synthesized by catalytic hydrogenation of alkyl-
substituted MgTAPs in the
presence of Pd black, although
the TAC structures were not
characterized sufficiently. Re-
cently, well-characterized di-
benzobarreleno-substituted
metal-free TACs and TABCs
were prepared by one of our
groups by using the Diels±Ald-
er reaction of an unsubstituted
TAP as dienophile and anthra-
cene derivatives as dienes.[5,6]


However, in these TACs and
TABCs, substitution effects
could not be completely exclud-
ed from the interpretation of
the spectroscopic properties,
since aromatic substituents pos-
sibly interact with aromatic
macrocycles through coupling
of transition dipole moments.
As another example of a ring-
hydrogenated derivative, Hoff-
man×s group showed that an un-
symmetrical TAP could be con-
verted into the corresponding
cis-dihydroporphyrazinediol
upon reaction with OsO4. This
diol further underwent reaction
with Ni(OAc)2 in the presence
of air to give a seco-porphyra-
zine with a cleaved pyrrole b,b’-
bond.[7]


Another possible route to the
synthesis of hydrogenated
TAPs is based on mixed con-
densation of vicinal (1,2) ali-
phatic dinitriles with cyano
groups bonded to sp3 carbons.
We recently reported that self-
condensation of succinonitrile
in the presence of lithium dime-
thylaminoethylate could work
as a method for preparing un-
substituted TAC and TAP.[8]


However, mixed condensation of succinonitrile or diimino-
pyrrolidine with diiminoisoindoline led to a mixture of Pc
and tribenzotetraazaporphyrin instead of the desired triben-
zotetraazachlorin (TBTAC).[9,10] During our investigation,
unsubstituted TBTAC was found to be less stable against
oxidation relative to unsubstituted TAC, as a consequence
of expansion of the p-conjugation system.[11,12] To overcome
these difficulties, we employed saturated dinitriles, that is,
tetramethylsuccinonitrile, which is readily accessible by ther-
mal decomposition of azoisobutyronitrile, and we have pre-
pared novel benzene-[13] or naphthalene-ring-fused TACs,
TABCs, and TAiBCs, which are more stable against oxida-
tion (Scheme 1). The presence of quaternary carbon atoms
with geminal dimethyl groups effectively prevents transfor-


Scheme 1. Synthesis of target benzo- or 2,3-naphtho-fused tetraazachlorins, bacteriochlorins, and isobacterio-
chlorins.
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mation of the macrocycle into the corresponding TAP deriv-
atives, and therefore allows, for the first time, spectroscopic
and electrochemical investigation of unsymmetrical hydro-
genated TAPs without significant substitution effects. We
shall describe in detail their structural characterization
based on NMR spectroscopy, X-ray crystallography, and
spectroscopic and electrochemical properties, and discuss
the results of the molecular orbital (MO) calculations in
order to correlate the theoretical and experimental aspects.


Results and Discussion


Synthesis : The metal-free benzene- or naphthalene-fused
TACs were synthesized by the reaction of tetramethylsucci-
nonitrile and phthalonitrile or 2,3-dicyanonaphthalene in the
presence of lithium dimethylaminoethylate in dimethylami-
noethanol (DMAE) at reflux (Scheme 1A). Triaromatic
ring-fused 1 and 2 were obtained in low yields (ca. 1.5%),
but their separation from the main products Pc or 2,3-naph-
thalocyanine (Nc) was relatively easy. Owing to the pres-
ence of two quaternary carbon atoms bonded to methyl
groups, and probably the deviation from planarity, 1 and 2
were much more soluble than Pc or Nc, which allowed their
extraction with chlorobenzene or trichlorobenzene followed
by purification by alumina column chromatography. Howev-
er, formation of TABC or TAiBC derivatives was negligible
with these synthetic methods. For the origin of such regiose-
lectivity, we considered alkyloxy adducts of the starting dini-
triles as key intermediates, that is, that the stability of the
negatively charged intermediates could control the final
products. Figure 1 illustrates an isodensity surface
(0.26 eau�3) for the two hypothetical anion intermediates
derived from phthalonitrile (a) and tetramethylsuccinonitrile
(b).[14] These types of intermediate have rarely been isolat-
ed:[15] Leznoff×s group reported regioselective synthesis via
the so-called half Pc intermediates which were formed and
isolated under very mild conditions.[16a] Hanack et al. also


postulated this type of intermediate in the cyclization of 3-
substituted phthalonitriles.[16b] Moreover, our recent results
also supported the existence of the abovementioned type of
intermediates during the lithium method reaction.[12a,17] As
intuitively conjectured, the intermediate (a) retains the reso-
nance structure over the whole molecule, while the density
in (b) is more localized on the nitrogen and oxygen atoms.
Therefore, in the present case, the exclusive formation of
H2TACs might be attributed to the relative stabilities of the
alkyloxy-linked intermediates. It is conceivable that phthalo-
nitrile (or 2,3-dicyanonaphthalene) reacted predominantly
by themselves to afford mainly Pc (or Nc) and some amount
of H2TACs.


The best yields were attained when the mixed condensa-
tion of tetramethylsuccinonitrile and phthalonitrile was per-
formed in boiling quinoline in the presence of metal salts
(VCl3 or NiCl2). Since metal template macrocyclization re-
actions are known not to proceed via an anion intermedi-
ate,[18] the interaction of equimolar amounts of tetramethyl-
succinonitrile and phthalonitrile with NiCl2 in boiling quino-
line for 2 h led to a mixture of NiPc and three new com-
pounds: NiTBTAC (3) in 20% yield, together with opposite-
ly (NiDBTABC, 4) or adjacently (NiDBTAiBC, 5) dibenzo-
fused derivatives in low yields, which were separated by
column chromatography on neutral alumina (Scheme 1B).
Even when the molar ratio of tetramethylsuccinonitrile and
phthalonitrile was increased to 3:1, the yields of dibenzo-
fused 4 and 5 remained low. The variation of conditions in
this reaction (molar ratio of dinitriles, reaction time, and
temperature) led either to a slight improvement or a consid-
erably decreased yield of 3, and did not improve the yields
of 4 and 5. The highest yield achieved for 3 was 21%.


Although not described in great detail here, we found
that other derivatives (e.g., anhydride or imide) of phthalic
acid in the presence of urea and diiminoisoindoline could
also be used as starting materials for the preparation of
TBTAC metal complexes in the mixed condensation with
tetramethylsuccinonitrile in boiling quinoline, sulfolane, or
nitrobenzene.


We have also succeeded in synthesizing Ni complexes of
tri(2,3-naphtho)tetraazachlorin (NiTNTAC, 9), di(2,3-naph-
tho)tetraazabacteriochlorin (NiDNTABC, 10), and di(2,3-
naphtho)tetraazaisobacteriochlorin (NiDNTAiBC, 11) by
reaction of tetramethylsuccinonitrile with 2,3-naphthalenedi-
carboxylic anhydride or imide in the presence of NiCl2 and
urea in boiling sulfolane under an argon atmosphere (Sche-
me 1C). The separation of the reaction mixture was ach-
ieved by extraction of di(2,3-naphtho)-fused 10 and 11 with
toluene, followed by column chromatography on neutral
alumina, and 9 was then separated from NiNc by extraction
with o-dichlorobenzene (o-DCB) followed by recrystalliza-
tion from the same solvent. When the same reaction was
carried out under aerobic conditions, a mixture of 9, 10, and
11 was obtained, but their purification was much more com-
plicated (9 alone was separated). Mass spectra of the other
two products, which were isolated in small quantities be-
cause of their decomposition during attempts to isolate by
repeated thin-layer chromatography on silica, had a molecu-
lar ion peak at m/z 882, corresponding to a bacteriochlorin


Figure 1. Isodensity surface (0.26 eau�3) for cation intermediates derived
from a) phthalonitrile and b) tetramethylsuccinonitrile.
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substituted with one molecule of 2,3-naphthalimide. This
kind of substitution probably occurred because of cation
radical formation due to the low oxidation potentials of
these compounds and subsequent addition of 2,3-naphthali-
mide to them. Attempts to use 2,3-dicyanonaphthalene as a
starting compound in the mixed condensation with tetrame-
thylsuccinonitrile in the presence of NiCl2 led to the prefer-
ential formation of NiNc and a very small amount of 9.


Structural determinations : Figure 2 shows 1H NMR spectra
of benzo-fused 3, 4, and 5. The spectra of the other metal-
free and 2,3-naphtho-fused nickel complexes are supplied in


the Supporting Information. All
spectra are entirely consistent
with the expected molecular
structures. In the case of oppo-
sitely diaromatic ring-fused 4
and 10, eight methyl groups are
in a chemically equivalent envi-
ronment so that one singlet
signal (d=1.64 and 1.73 ppm,
respectively) was observed.
Similarly, the methyl groups of
triaromatic ring-fused 3 and 9
had singlet peaks at d=1.70
and 1.83 ppm, respectively. On
the other hand, there are clear-
ly two types of methyl group in
the adjacently diaromatic ring-fused 5 and 11, one of which
is close to the fused aromatic rings, so that pairs of distin-
guishable singlet signals (d=1.37, 1.48 and 1.44, 1.58 ppm,
respectively) were observed. The aromatic region also had
reasonable spectral envelopes and intensity ratios that were
sufficient to support the expected molecular structures. In-
terestingly, a and a’ protons (Scheme 1B) of 5 showed two
separate doublet signals, whereas a protons of 4 (Figure 2)
showed fine-structured signals, indicating the presence of
long-range spin±spin coupling. In the case of b and b’ pro-


tons, a similar tendency was observed: two double doublets
and one fine-structured signal appeared for 5 and 4, respec-
tively. However, in the case of NiTBTAC (3), two of the
three types of signal (a, a’, and b, b’) had simple spectral
features and the others (a’’ and b’’) had complicated cou-
plings. Although this fact has not yet been explained clearly,
this is an example in which the local structure on the large
aromatic plane has affected the electronic structure resulting
in peculiar NMR spectra.


The temperature dependence of the 1H NMR spectra of 1
is shown in Figure 3. As shown by the arrows, the signals
become sharper and pyrrole proton (d�0.75±1.00 ppm) and
b, b’, and b’’ proton signals (ca. d=7.64±7.89 ppm) shift
downfield, while the methyl (d=1.88±1.87 ppm) and a, a’,
and a’’ proton signals (d�9.28±9.5 and 9.4±9.55 ppm) shift
upfield with increasing temperature. These apparently com-
plex data are, however, reasonably interpreted by consider-
ing that the macrocyclic loop-current decreases with rising
temperature by a single loop model, although NMR spectra
of Pc derivatives have often been interpreted as the result
of interaction between the central macrocyclic loop-current
and outer local loop-current (the so-called five loop
model).[19,20] In a single loop-current model, it has long been
postulated that a black region exists around peripheral pro-
tons closest to the Pc core,[19a,c] that is, a, a’, and a’’ protons
in the present case. Here, signals of protons to the inner
side of this region shift downfield with decreasing ring cur-
rent, while those to the outer side shift upfield. Accordingly,
the data in Figure 3 indicates more precisely that this
region, that is, the loop in the single loop-current model,
passes between the a and b protons.


X-ray-quality crystals of adjacently dibenzo-fused VODB-
TAiBC (8) were grown by slow diffusion of methanol into a
solution of the complex in toluene. Table 1 provides a sum-
mary of the crystal data and data collection and refinement
parameters for 8. One of the hydrogenated sites ((CH3)2C�
C(CH3)2) was disordered over two partial occupancy (60:40)
orientations. Figure 4 shows the numbering of the atoms and
an ORTEP view of 8 (A) and their packing arrangements
(B). First, the molecular structure has been unambiguously
confirmed as an isobacteriochlorin derivative. Since the sp3


Figure 2. 1H NMR spectra of benzo-fused 3, 4, and 5 (from top to
bottom) in [D8]toluene.


Figure 3. Variable-temperature 1H NMR spectra of 1 in benzene-d6. Arrows indicate direction of shift of the
signal.
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carbons are substituted by methyl groups, the geometry of
these sites deviates slightly from planarity. For example, the
deviations from the 4Npyrrole plane that is defined by the
four pyrrole nitrogens are �0.0498, �0.1246, 0.4579, and
0.1633 ä for C25, C26, C27, and C28, respectively, indicating
ruffling distortion around the V±Npyrrole axis. On the other
hand, the values for C1, C2, C7, and C8 are 0.0883, 0.1281,
0.0872, and 0.0151 ä, respectively, indicating that they are
approximately in the 4N plane relative to the hydrogenated
sites. However, this structure may not always be correct, in
particular in solution, because the methylated sites might
flutter up and down from the 4N plane, which would lead to
an averaged quasiplanar structure. Nevertheless, the fluores-
cence spectrum (Figure 5) of H2TBTAC (1) reveals a Stokes
shift (ca. 70 cm�1) comparable to that of typical H2Pcs (ca.
80 cm�1), indicating rigidity of the aromatic core of 1 at
room temperature. Slipped, stacked packing arrangements
result from the p±p stacking at the fused benzene moieties
and the steric hindrance between methyl groups that pro-
trude outwards from the molecular plane. This produces a
characteristically large porosity along the b axis.


IR spectroscopy is one of the most important analytical
methods for molecular structure characterization. Typical
unsubstituted metal Pcs with D4h symmetry are composed of
57 atoms and therefore have 165 vibrational freedoms. How-
ever, many of these are forbidden bands due to selection
rules, though compounds in this study should show more
complicated IR spectra as a result of lowering of molecular
symmetry.[21] Figure 6 shows experimental IR spectra (solid
lines) and calculated harmonic vibrational frequencies
(bars) of six nickel complexes. The calculated modes were
assigned to experimental bands based on both the frequency
and intensity data. Some assignable vibrational modes are il-


lustrated in Figure 7 as a vector model and are summarized
in Table 2. The frequencies corresponding to the modes in
Figure 7 are indicated by arrows in Figure 6. As shown here,
the correspondence between experiments and calculations is
very good. General semiempirical quantum-chemical calcu-
lation methods were known to be ineffective for frequency
calculations such that until recently only a few reports have
appeared on the frequency calculations of Pc or TAP deriva-


Table 1. Crystal data and experimental details of VODBTAiBC.


Parameter Value


empirical formula C32H32N8OV
Mr 595.60
crystal color, habit dark blue, platelet
crystal dimensions [mm] 0.20î0.20î0.15
crystal system monoclinic
a [ä] 27.554(3)
b [ä] 12.843(2)
c [ä] 18.535(2)
b [8] 100.362(2)
V [ä3] 6452(1)
space group C2/c (no. 15)
Z 8
1calcd [gcm�3] 1.226
F000 2488.00
m(MoKa) [cm�1] 3.44
radiation MoKa (l=0.71069 ä)
T [K] 200
2qmax [8] 50.1
reflections measured total: 19600


unique: 5701 (Rint=0.032)
observations with I>2.00s(I) 4458
residuals (R/Rw) 0.042/0.123
goodness-of-fit indicator 0.97
maximum peak in final diff. map [eä3] 0.64
minimum peak in final diff. map [eä3] �0.18


Figure 4. View of the molecular structure of 8 (A) and its packing ar-
rangement (B). Displacement ellipsoids are shown at the 50% probabili-
ty level. Hydrogen atoms are omitted for clarity.


Figure 5. Fluorescence emission (solid line) and excitation (dashed line)
of 1 in chlorobenzene.
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Figure 6. Experimental IR spectra (solid lines) and calculated harmonic
vibrational frequencies (bars) of benzo-fused (left) and 2,3-naphtho-fused
(right) TAC, TABC, and TAiBC derivatives (from top to bottom, respec-
tively).


Figure 7. Atomic movements at the selected predicted frequencies.


Table 2. Experimental and calculated IR frequencies and intensities
shown in Figure 7.


Compound nexp [cm�1] ncalcd [cm�1] Intensity


NiTBTAC 1084.1 1130.6 388.3
1124.6 1208.2 133.7
1333.0 1390.8 207.4
1541.3 1603.5 237.3


NiDBTABC 1053.3 1106.5 1438.6
1255.8 1298.7 303.7
1323.3 1392.8 202.2
1520.1 1570.6 229.8


NiDBTAiBC 1080.3 1122.8 306.6
1317.5 1356.5 167.8
1375.4 1390.9 116.7
1533.6 1605.4 521.2


NiTNTAC 750.4 767.3 79.0
1086.1 1124.0 828.3
1361.9 1413.3 734.4
1541.3 1600.5 208.9


NiDNTABC 893.1 908.2 233.4
1066.8 1110.2 1567.0
1253.9 1299.3 575.4
1334.9 1409.2 552.7


NiDNTAiBC 877.7 902.3 53.5
1074.5 1123.3 600.8
1375.4 1415.5 396.6
1541.3 1602.5 427.8
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tives employing the DFT method.[22] In addition, no fre-
quency calculations for low-symmetry Pc or TAP derivatives
have been performed to date. In synthesizing low-symmetry
Pc analogues, large substituents are generally required to in-
crease solubilities to allow column chromatography. Howev-
er, unlike calculations for electronic absorption spectra, fre-
quency calculation demands the involvement of all substitu-
ents, and this increased molecular size and flexibility makes
calculations more difficult and ambiguous. In this work,
however, since methyl groups were the only substituents, it
was possible to reproduce the IR spectra of low-symmetry
TAP derivatives with reasonable precision. The DFT-opti-
mized structures of TABCs and TAiBCs have nearly planar
aromatic cores, which were consistent with an X-ray struc-
ture of VODBTAiBC (8) (Figure 4). In contrast, oppositely
fused aromatic rings (benzene or naphthalene) in optimized
TABCs are distorted around the long axis of the molecules
by about 218 and 228 for 4 and 10, respectively. The fused
aromatic rings themselves are planar. The average Ni±Npyrrole


distances were 1.907 and 1.898 ä for hydrogenated sites and
aromatic-ring-fused sites, respectively, suggesting a weaker
coordination ability of the hydrogenated sites. IR spectral
features reflected the molecular
symmetry. In particular, differ-
ences between isomeric D2h


TABCs and C2v TAiBCs were
reproduced well by the calcula-
tions. Out-of-plane motion of
the fused aromatics appeared in
the energy region below
1000 cm�1. For example, bands
at 767.3 and 902.3 cm�1 for 9
and 11, respectively, are typical
vibrational modes of this type,
although their intensity is rela-
tively low. Most of the assigned
modes result from in-plane
motion of the peripheral hydro-
gens. This type of mode spreads
over the whole spectral region
shown (400±1700 cm�1). The
bands at 1208.2, 1298.7, 1124.0,
and 1110.2 cm�1 of 3, 4, 9, and
10, respectively, are of this type.
The vibrational modes localized
within the inner 18-p system
(the TAP skeleton) were rarely recognized and generally
had low intensity. However, medium-intensity bands at
1605.4 cm�1 (for 5) and 1602.5 cm�1 (for 11) were significant-
ly affected by the inner skeletal vibrational modes. Similar
modes were also calculated for C2v-type 3 (1603.5 cm�1) and
9 (1600.5 cm�1). These are energetically very close, despite
having different symmetry and size. In the case of TABCs
with D2h symmetry, this kind of vibrational mode was hard
to find due to their low intensity. Vibrational modes local-
ized on the methyl groups sometimes contribute to intense
bands. Examples are bands at 908.2 and 1299.3 cm�1 for 10.
The effect of the naphthalene ring appeared mainly at local
structures of the spectra and was characterized by relatively


intense bands at approximately 1200±1400 cm�1. The above
results illustrate that the DFT calculations are able to satis-
factorily reproduce the experimental IR spectra and to dis-
tinguish the IR spectra of isomeric species. Vanadyl com-
plexes had essentially similar spectral envelopes to the cor-
responding nickel complexes, with some unassignable minor
differences in the spectral region from 400 to 2000 cm�1.


Electronic absorption and MCD spectroscopy: The optical
properties of TACs, TABCs, and TAiBCs resemble TAPs
and Pcs rather than the corresponding porphyrin derivatives
because replacement of meso-carbons to nitrogen atoms
causes marked stabilization of the HOMO-1 energy level.
Absorption spectra of hydrogenated TAP derivatives are
characterized by intense principal absorption bands (Q band
in the visible region and Soret (B) band in the near-ultravio-
let region).[6] Absorption and MCD data collected in the ab-
sence of aggregation (Beer×s law experiments) are summar-
ized in Table 3.[23]


Metal-free tribenzo- or tri(2,3-naphtho)-TACs (1 or 2)
showed split Q bands in the region of 900±500 nm (Figure 8,
left). The Q band position of 2 appeared at a longer wave-


length than that of 1, and the corresponding MCD spectra
were also consistent with those expected, that is, Faraday
B terms with negative and positive envelopes on going from
longer to shorter wavelength were observed at the energy
close to the Q absorption bands. In the case of 1, the split-
ting energy was approximately 3130 cm�1 with an intensity
ratio of about 3:1 (from longer-wavelength to shorter-wave-
length components). Upon addition of tetrabutylammonium
hydroxide (TBAOH), the splitting energy is reduced to
about 2400±2900 cm�1 (with approximately equivalent inten-
sities) (Figure 8, right, dotted lines). From the spectroscopic
changes accompanying a set of isosbestic points, this spec-
trum was attributed to its monoanion. Further addition of


Figure 8. MCD (top) and absorption (bottom) spectra of H2TBTAC (1) (left, solid lines) and H2TNTAC (2)
(left, broken lines) in chlorobenzene and of deprotonated TBTAC (right, solid lines) and TNTAC (right,
broken lines) in chlorobenzene.
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TBAOH resulted in decomposition of the molecule. Howev-
er, when DMSO and NaOH/KOH were used as solvent and
base, respectively, a double-peaked Q band developed at
717 and 595 nm (Figure 8, right, solid lines), which was as-
signed to its dianion. Addition of acetic acid recovered the
initial spectra. Similar spectral features were reported for
TAPs, for which the spectrum of the monoanion showed a
triple-peaked Q band, while the dianion displayed a single
Q band.[24] On the other hand, 2,3-naphtho-fused 2 had a
fairly complicated spectrum due to overlap of vibronic
bands on the shorter-wavelength component. Its MCD spec-
tra allowed us to evaluate the splitting energy as approxi-
mately 2560 cm�1, which was 18% less than that of benzo-
fused 1. The splitting energy of the deprotonated TNTAC
was, however, approximately 2490 cm�1, which was about
14% smaller than that of deprotonated TBTAC
(2890 cm�1). Moreover, in this case, the intensity ratio of the
two Q bands was approximately 3:1. Despite such a versatil-
ity of the Q band region, the Soret band region (ca. 300±
450 nm) apparently had single peaks with molar absorption
coefficients of approximately 40000±60000 dm3mol�1 cm�1,
and the corresponding MCD signals had smaller intensity
than that of the Q band, thus supporting a smaller angular
momentum nature of the Soret band. It was noted that, on
deprotonation of pyrrole protons, the Q and Soret bands
shifted to shorter and longer wavelengths, respectively.


Figure 9 compares the spectra of benzo-fused (3±5) (left-
hand side) and 2,3-naphtho-fused (9±11) nickel complexes


(right-hand side). In each case, the spectra are arranged in
the order of triaromatic, oppositely, and adjacently ring-
fused compounds, respectively, on going from top to
bottom. To estimate the parameters quantitatively, the
Q band regions of both the absorption and MCD spectra
were analyzed by band deconvolution simultaneously, and
the results of the Q band region are also shown in Figure 9
as broken lines; selected parameters are summarized in
Table 4. The main results may be summarized as follows:
1) The Q bands of 2,3-naphtho-fused compounds appear at
longer wavelength than those of the corresponding benzo-
fused compounds. This is different from the previously re-
ported monoaromatic and adjacently diaromatic ring-fused
systems for which the split Q band component at shorter
wavelength shows little or no change in its position.[12a,25±27]


The Soret bands of 2,3-naphtho-fused species were con-
versely observed at shorter wavelength than those of the
benzo-fused species. 2) Triaromatic ring-fused and opposite-
ly diaromatic ring-fused compounds had split Q bands. How-
ever, it was difficult to determine whether the Soret band
was split or not because there is a possibility that the short-
er-wavelength component of the split band might lie at a
wavelength shorter than the solvent limit. 3) Compared to
compounds with the same symmetry, the splitting of the
Q band is larger for benzo-fused species than 2,3-naphtho-
fused species, which is unusual for the known low-symmetry
ring-expanded Pcs.[12] For example, the splitting of tribenzo-
fused 3 is 3110 cm�1 compared with 2260 cm�1 of tri-2,3-


Table 3. Absorption and MCD data in chlorobenzene.


Compound Absorption[a] MCD[b]


H2TBTAC 341(0.68) 606(0.37) 326(0.44) 352(�0.92) 605(1.76)
677(0.13) 711(0.16) 673(0.47) 709(0.41) 749(�1.80)
748(0.95)


H2TNTAC 347(0.54) 679(0.29) 316(0.34) 377(�0.41) 680(1.51)
725(0.32) 768(0.34) 714(1.46) 739(�0.33) 759(0.42)
824(1.45) 781(�0.68) 823(�3.31)


NiTBTAC 325(0.33) 414(0.05) 337(�0.39) 592(2.67) 652(�0.38)
592(0.61) 663(0.17) 724(�1.74)
724(1.11)


NiDBTABC 331(0.19) 497(0.09) 338(�0.14) 494(0.16) 538(0.82)
538(0.32) 756(0.15) 843(�0.39)
797(0.30) 842(1.03)


NiDBTAiBC 313sh(0.23) 576(0.18) 313(�0.24) 401(0.01) 443(�0.06)
645(0.35) 671(1.41) 576(0.87) 636(0.82) 672(�4.83)


VOTBTAC 334(0.49) 625(0.40) 323(0.36) 351(�0.65) 624(1.80)
697(0.21) 765(1.03) 701(�0.69) 764(�1.70)


VODBTABC 338(0.22) 536(0.09) 346(�0.14) 540(0.21) 575(0.49)
575(0.18) 807sh(0.18) 900(�0.23)
852(0.34) 901(0.59)


VODBTAiBC 324(0.48) 719(1.11) 310(0.20) 334(�0.56) 627(0.87)
698(1.06) 722(�3.97)


NiTNTAC 309(0.83) 681(0.38) 301(0.26) 322(�0.37) 373(�0.15)
763(0.21) 806(1.13) 475(0.05) 679(1.70) 719(�0.43)


762(�0.38) 804(�1.90)
NiDNTABC 304(0.92) 463(0.05) 302(0.03) 331(�0.23) 383(�0.02)


601(0.07) 646(0.16) 463(0.11) 602(0.15) 646(0.47)
793(0.17) 844(0.30) 798(�0.12) 846(�0.15) 891(�0.46)
892(1.15)


NiDNTAiBC 301(0.62) 498(0.05) 311(�0.23) 336(0.02) 358(�0.07)
634(0.16) 716(0.33) 638(0.76) 703(0.51) 750(�3.14)
751(1.09)


[a] l [nm�1] (10�5e [dm3mol�1 cm�1]). [b] l [nm�1] (10�5 [q]M [degdm3mol�1 cm�1T�1]).
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naphtho-fused 9. 4) Of the split Q absorption bands, the in-
tensity of the longer-wavelength component is always larger
than that at shorter wavelength, and their intensity ratio
(longer/shorter-wavelength components) is always larger for
2,3-naphtho-fused species. For example, these values are 2.1
and 2.6 for benzo-fused 3 and 2,3-naphtho-fused 9, respec-
tively, after band deconvolution (values can be calculated
from the D0 values in Table 4). 5) Adjacently diaromatic


ring-fused 5 and 11 gave
very sharp, apparently un-
split Q absorption bands in
accordance with the results
previously reported for adja-
cently substituted Pcs and
TAPs,[20,28±33] and symmetry-
adapted perturbation (SAP)
theory.[34] However, band de-
convolution analysis clearly
revealed that the Q bands
are split in these compounds,
too, suggesting that the first-
order perturbation cannot
explain the Q bands of these
C2v-type compounds. 6) The
centers of the split Q band
of D2h-type TABCs (15230
and 13350 cm�1 for 4 and 10,
respectively) were close to
the Q band of the corre-
sponding C2v-type TAiBCs
(14900 and 13320 cm�1 for 5
and 11, respectively). 7) In
the band deconvolution, vi-
bronic bands were required
at the shorter-wavelength
side of the Q00 band at inter-
vals of approximately 600±
700 cm�1, which is compara-
ble to normal Pcs.[35±37] 8) All
MCD bands closely corre-
sponded to the absorption
peaks (Faraday B terms),


which is consistent with their molecular symmetry and
therefore the absence of orbital degeneracy.[38,39] For the
split Q band, the MCD sign pattern was always �/+ with
increasing energy, indicating that the splitting of the HOMO
is larger than that of the LUMO.[40] 9) Small absorption
peaks observed at 498 nm for 11 and 463 nm for 10 may be
a naphthalene-centered transition.[12b,20,27] Most of the above
spectral characteristics including the splitting energy and in-


Figure 9. MCD and absorption spectra of benzo-fused 3, 4, and 5 (left, from top to bottom) and of 2,3-naph-
tho-fused 9, 10, and 11 (right, from top to bottom) in chlorobenzene.


Table 4. Band fitting parameters of the Q bands.[a]


Compound n [cm�1] l [nm] 10�5emax Dn [cm�1] <e> 0 D0 f 10�5MCD int Band type <eM> 0 103B0 103(B0/D0)


NiTBTAC (3) 13796 725 1.06 473 3874 11.9 0.23 �1.65 B �1.83 �12.0 �1.01
16901 592 0.58 512 1875 5.74 0.14 2.45 B 2.40 15.7 2.74


NiDBTABC (4) 11876 842 0.97 431 3767 11.5 0.19 �0.33 B �0.38 �2.51 �0.22
18564 539 0.29 464 777 2.38 0.06 0.72 B 0.58 3.82 1.60


NiDBTAiBC (5) 14895 671 1.40 269 2688 8.23 0.17 �4.35 B �2.53 �16.6 �2.02
15536 644 0.31 729 1525 4.67 0.10 0.87 B 1.31 8.62 1.85


NiTNTAC (9) 12410 806 1.09 432 4029 12.3 0.22 �1.87 B �2.10 �13.8 �1.11
14670 682 0.33 639 1517 4.65 0.10 1.44 B 2.03 13.3 2.86


NiDNTABC (10) 11201 893 1.12 415 4419 13.5 0.21 �0.47 B �0.56 �3.67 �0.30
15460 647 0.14 716 712 2.18 0.05 0.44 B 0.66 4.31 1.98


NiDNTAiBC (11) 13329 750 1.03 296 2437 7.46 0.14 �3.14 B �2.25 �14.7 �1.98
14238 702 0.11 813 690 2.11 0.04 0.49 B 0.91 5.96 2.82


[a] n : calculated band center energy [cm�1]; emax: extinction coefficient of the band center [dm3cm�1mol�1]; Dn : bandwidth [cm�1]; <e> o: the zeroth
moment of the absorption band intensity; D0 : dipole strength [Debye], D0=<e> 0/326.6; f : oscillator strength; <eM> 0 : zoroth moment for B terms; B0:
Faraday terms, B0=<eM> 0/152.5.
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tensity ratio are reasonably re-
produced by MO calculations in
the following section.


Electrochemistry and molecular
orbital calculations : The first
oxidation and reduction poten-
tials are important in determin-
ing the relationship with the
Q bands.[41] Figure 10 displays
the cyclic voltammograms of
nickel and vanadyl complexes
in o-DCB containing
0.1 moldm�3 TBAP; experimen-
tal redox potentials are collect-
ed in Table 5 and Figure 11. All
of the measurements were car-
ried out at approximately 5î
10�4 moldm�3. In this concen-
tration range, no significant ag-
gregation was observed electro-
chemically. Some of the redox
potentials, in particular the
second oxidation potentials of
naphthalene-fused derivatives,
were difficult to read directly
off the cyclic voltammetry (CV)
curves because of the instability
of the second oxidation prod-


Figure 10. Cyclic voltammograms in o-DCB containing 0.1 molL�1 TBAP. Sweep rate=30 mVs�1. Differential pulse voltammograms are also shown;
solid lines indicate cathodic scan and dashed lines anodic scan.


Table 5. Redox potential data (versus Fc+/Fc) for nickel and vanadyl derivatives in o-DCB containing 0.1m
TBAP.[a]


Couple E1/2 [V] DEp [mV] Couple E1/2 [V] DEp [mV]


NiTBTAC (3) NiTNTAC (9)
L(+1)/L(0)[b] +0.69
L(0)/L(�1)[b] +0.44 L(0)/L(�1)[b] +0.41
L(�1)/L(�2) +0.15 180 L(�1)/L(�2) �0.09 145
L(�2)/L(�3) �1.48 100 L(�2)/L(�3) �1.54 120
L(�3)/L(�4) �1.85 100 L(�3)/L(�4)[b] 1.87


NiDBTABC (4) NiDNTABC (10)
L(0)/L(�1)[b] +0.56 L(0)/L(�1) +0.28 90
L(�1)/L(�2) �0.13 185 L(�1)/L(�2) �0.30 90
L(�2)/L(�3) �1.44 145 L(�2)/L(�3) �1.53 90
L(�3)/L(-4) �1.84 150 L(�3)/L(-4) �1.88 120


NiDBTAiBC (5) NiDNTAiBC (11)
L(0)/L(�1)[b] +0.52 L(0)/L(�1)[b] +0.30
L(�1)/L(�2) �0.07 203 L(�1)/L(�2) �0.28 105
L(�2)/L(�3) �1.79 160 L(�2)/L(�3) �1.80 100


VOTBTAC (6) VODBTAiBC (8)
L(+1)/L(0)[b] +0.81 L(0)/L(�1)[b] +0.63
L(0)/L(�1)[b] +0.56 L(�1)/L(�2) �0.01 120
L(�1)/L(�2) +0.24 110 L(�2)/L(�3) �1.53 115
L(�2)/L(�3) �1.22 135 L(�3)/L(�4)[b] �2.15
L(�3)/L(�4) �1.56 120


VODBTABC (7)
L(0)/L(�1)[b] +0.57
L(�1)/L(�2) �0.08 130
L(�2)/L(�3) �1.21 70
L(�3)/L(�4)[b] �1.46
L(�4)/L(�5)[b] �1.79


[a] DEp [mV] indicates the potential differences between cathodic and anodic peak potentials at a sweep rate
of 30 mVs�1. L represents ligand. [b] Data from differential pulse voltammogram.
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ucts; hence, the differential pulse voltammetry (DPV) data
were employed complementarily. This feature is consistent
with previously reported Pc derivatives fused with naphtha-
lene rings, which are known to be unstable with respect to
oxidation.[12a,27,42,43] On the basis of their peak-to-peak po-
tential separations, all of the couples were one-electron
processes that can be assigned as ring-oxidation or ring-re-
duction processes, since nickel and vanadyl ions do not un-
dergo redox processes over this potential range. The first ox-
idation and reduction couples were reversible for all the
compounds. Reduced species were stable (particularly
benzo-fused species).


The first reduction potentials of NiTACs and NiTABCs
are similar, while NiTAiBCs have more negative first reduc-
tion potentials. The first oxidation potentials shifted nega-
tively with increasing size of the p system. The potential dif-
ference (DE) between the first oxidation and reduction cou-
ples decreased in the order NiTAiBCs>NiTACs>Ni-
TABCs, which is similar to those previously reported for
metal-free TAC, TABC, and TAiBC[6] and for hydrogenated
porphyrins.[44±49] Both of the oxidation and reduction poten-
tials of the vanadyl complexes shifted positively compared
to the corresponding Ni complexes by 0.1±0.4 V, which
made the observation of the second reduction potential of 8
possible.


Molecular orbitals, transition
energies, and oscillator strength
(f) of the six nickel complexes
were calculated by the ZINDO/
S Hamiltonian. The geometries
used for the calculations were
those obtained by the DFT cal-
culations. Partial MO energy di-
agrams and four frontier orbi-
tals are shown in Figure 12 and
Figure 13, respectively, and cal-
culated transition energies and
oscillator strengths (f) are sum-
marized in Table 6. The first ox-
idation and reduction potentials
correlate well with the calculat-
ed HOMO and LUMO ener-
gies, respectively. Large energy
gaps exist between the HOMO
and HOMO-1 such that the
Q bands are dominated by the
HOMO to LUMO (or
LUMO+1) excitation, because
contribution from the other
configurations is small. In the
case of TAiBCs, a small but not
negligible energy splitting be-
tween the LUMO and
LUMO+1 leads to two slightly
split, close-lying Q bands, in ac-
cordance with the band decon-
volution results (Table 4).
Benzo-fused complexes have
larger energy splitting between


the LUMO and LUMO+1 than the corresponding 2,3-
naphtho-fused derivatives, which was not the case for the
known low-symmetry ring-expanded or ring-reduced Pc ana-
logues.[12] However, this result is consistent with the experi-
mental absorption data, that is, that a larger splitting was
observed for benzo-fused derivatives (Table 4). Of the split
Q bands, the relative intensity of the longer-wavelength
component was always higher, which was also consistent
with the experimental data. In the case of low-symmetry Pc
derivatives with D2h symmetry, each of the LUMO and
LUMO+1 has large MO coefficients along the shorter or
longer axes of the molecule.[12b] This results in large energy
splitting between the LUMO and LUMO+1, that is, large
splitting in its split Q bands. In contrast, as shown in
Figure 13, both the LUMO and LUMO+1 of the TABCs
have large MO coefficients along the longer molecular axes,
and only small coefficients are distributed to the hydrogen-
ated sites. These are the major differences between the low-
symmetry Pcs and hydrogenated Pc derivatives, and could
be the reason that the splitting of the Q band of dibenzo-
fused 4 (6690 cm�1) is larger than that of dinaphtho-fused 10
(4260 cm�1).


Figure 14 shows the calculated spectra. For TACs and
TABCs, calculated Q bands lie at longer wavelength than
experimental spectra. Of the split Q bands, the transitions at


Figure 11. Electrochemically obtained redox data of nickel derivatives in o-DCB.
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shorter wavelength are estimated at 622, 581, and 647 nm, in
the order of 3, 4, and 5, respectively, while those at longer
wavelength are calculated at 762, 805, and 675 nm, in the
above order, reproducing the trend observed experimentally
(Figure 9). This is also true for the naphtho-fused derivatives
for which the transitions at shorter wavelength are estimated
at 774, 663, and 710 nm, in the order of 9, 10, and 11, respec-
tively, and those at longer wavelength are calculated at 855,
862, and 749 nm, in the above order. The calculated splitting
energies are 2950, 4790, 640, 1220, 3480, and 730 cm�1 for 3,
4, 5, 9, 10, and 11, respectively; this trend is comparable
with the experimental results (ca. 3110, 6690, 640, 2260,
4260, and 910 cm�1 in the above order). Experimentally ob-
served low-intensity bands in the range 450±500 nm for 10
and 11 were calculated as transitions contributed mainly by
the HOMO!LUMO+3, though the HOMO!LUMO+2
transition also appeared in this region in the calculation of
11.


Spectroelectrochemistry: One-
electron-oxidized species of
the nickel complexes were ob-
tained electrochemically and
spectroscopy of these has been
carried out. Figure 15 shows the
development of the spectra
during the first oxidation of iso-
meric D2h 4 (left) and C2v 5
(right). Compound 11 with C2v


symmetry showed practically
identical changes to that of the
benzo-fused derivative 5 (see
Supporting Information). Since
nickel ions show no couples, the
final spectra are those of the
ring-oxidized species. During
the course of the oxidation of 4,
two Q band peaks lost intensity,
and instead, bands developed
on the longer-wavelength side
(1054 and 584 nm). MCD
showed a positive Faraday
B term (a negative envelope)
and presumably pseudo-Fara-
day A term corresponding to
the 1054 and 584 nm bands, re-
spectively, indicating the exis-
tence of closely lying bands at
around 580 nm, and therefore
that magnetic interaction be-
tween the 580 and 1054 nm
bands was weak. The Soret
band region diminished by half
on oxidation. The apparently
single Q band of 5 also lost in-
tensity during the course of the
oxidation, and new bands ap-
peared at both the longer and
shorter wavelengths (850 and
512 nm). MCD of these bands


had positive and negative Faraday B terms (negative and
positive envelopes), respectively. These trends are quite sim-
ilar to previously reported results on the one-electron-oxi-
dized species of an adjacently dianthracene-fused NiTAP
derivative,[12a] although a broad band due to dimerization of
cationic radical species, which is frequently seen for Pc de-
rivatives,[50] was not observed in the near-IR region. This im-
plies that the electronic states of the oxidized species reflect
molecular symmetry similarly to neutral species.


Conclusion


A series of benzene- or 2,3-naphthalene-ring-fused hydro-
genated tetraazaporphyrin analogues have been synthesized
and characterized by various spectroscopic and electrochem-
ical methods, including NMR spectroscopy, X-ray crystallog-
raphy, absorption and MCD spectroscopy, and electrochemi-


Figure 12. Partial energy diagram for the nickel derivatives.
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cal measurements. These physicochemical data were ana-
lyzed together with the results of molecular orbital calcula-
tions. The synthetic procedure has been carefully optimized,
allowing unusual aromatic complexes such as NiDNTABC
(10) to be obtained. The main results are summarized as fol-


lows: 1) Syntheses of metal-free benzo- or 2,3-naphtho-
fused TACs were achieved by the so-called lithium method
by using tetramethylsuccinonitrile and phthalonitrile or 2,3-
dicyanonaphthalene in a 1:1 molar ratio, although the yields
were not particularly high. Metal complexes of TACs,


Figure 13. Four frontier orbitals of the nickel derivatives.


Figure 14. Calculated absorption spectra for the nickel derivatives within
the framework of the ZINDO/S approximation.


Figure 15. Development of the absorption and MCD spectra with time
during the oxidation of D2h 4 (left) at +0.7, C2v 5 (right) at +0.7 V
versus Ag/AgCl in o-DCB (0.3m TBAP) to ring-oxidized cation radicals.
The directions of spectroscopic changes are shown by the bold arrows.
The MCD spectrum of the starting neutral species is shown as a broken
line, and that of the electrolyzed species as a solid line. Note the encir-
cled magnification factor for the MCD spectrum of oxidized species of 5.
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TABCs, and TAiBCs have been synthesized by mixed con-
densation of phthalonitrile and tetramethylsuccinonitrile in
boiling quinoline in the presence of VCl3 or NiCl2. In these
cases, the highest yield was 20% for NiTBTAC (3). 2,3-
Naphtho-fused derivatives have been prepared similarly by
using sulfolane as the solvent instead of quinoline.
2) 1H NMR spectra of the new compounds were entirely
consistent with the expected molecular structures: the D2h-
symmetric NiDBTABC (4) and NiDNTABC (10) gave clear
singlet signals for the methyl groups. In contrast, the corre-
sponding signal of NiTAiBCs had two distinguishable singlet
signals. 3) An X-ray crystal structure of adjacently dibenzo-
fused VODBTAiBC (8) revealed deviation from planarity
at the methyl-group-substituted sites, though the structures
of the other aromatic cores were quite similar to known
TAP or Pc derivatives. 4) DFT calculations closely repro-
duced the observed IR spectra, not only in energy but also
intensity. 5) Optical properties of the hydrogenated deriva-
tives resembled TAPs and Pcs rather than the corresponding
porphyrin derivatives. The electronic absorption Q band of
TACs and TABCs split into two, with a larger splitting
energy being observed for the benzo-fused derivatives. The
Q bands of TAiBC derivatives could apparently be fitted by


using unsplit Gaussian line shapes. However, MCD signals
corresponding to the Q band were not characterized by an
A term, but instead could be fitted by two Faraday B terms
of opposite signs, indicating breaking of the degeneracy of
the LUMO and LUMO+1. 6) Trends in the change of
redox potentials from species to species correlate reasonably
with the results of calculated MO energies. Configuration in-
teraction calculations within the framework of the ZINDO/
S method reproduced the experimental spectral features
nicely. 7) Spectroelectrochemistry revealed that the elec-
tronic states of the oxidized species reflect geometrical mo-
lecular symmetry similarly to neutral species.


Experimental Section


Measurements : Mass spectra were obtained by using a JEOL JMS-
HX110 mass spectrometer with m-nitrobenzylalcohol as matrix (FAB
mass) and a Micromass LCT Spectrometer (ESI-TOF mass). Electronic
absorption and magnetic circular dichroism (MCD) measurements were
made with a JASCO J-725 spectrophotometer equipped with a JASCO
electromagnet that produces magnetic fields of up to 1.09 T. Its magni-
tude was expressed in terms of molar ellipticity per tesla ([q]M/deg -
mol�1dm3cm�1T�1). The 400 MHz 1H NMR spectral measurements were
made with a JEOL-GSX-400 instrument. IR spectra were run on a Shi-
madzu FTIR-8100m spectrometer by using KBr disks. Crystal structural
analysis was performed at 200 K on a Bruker SMART 1000/CCD area
detector system with graphite monochromated Mo Ka radiation. The
structure was solved by heavy-atom Patterson methods and expanded by
using Fourier techniques. The non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were refined isotropically. Cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) experiments were
carried out with conventional three-electrode cells, in which a platinum
wire auxiliary electrode, a glassy carbon working electrode (0.07 cm2),
and an Ag/AgCl wire reference electrode were employed. o-Dichloro-
benzene (o-DCB, Nacalai Tesque, specially prepared for HPLC) was
used as supplied for electrochemical measurements. Tetrabutylammoni-
um perchlorate (TBAP) was used as an electrolyte. The ferrocenium/fer-
rocene (Fc+/Fc) couple was used as an internal standard. In o-DCB con-
taining 0.1m TBAP, the Fc+/Fc couple was observed at approximately +


535�10 mV versus AgCl/Ag. All electrochemical work was carried out
under an atmosphere of dry nitrogen. CV data were collected with a
Hokuto Denko HA-501 potentiostat/galvanostat connected to a Hokuto
Denko HB-104 function generator and a Rika Denki RY-11 X-Y record-
er. DPV data were recorded with a Yanaco P-1100 polarographic ana-
lyzer connected to a Watanabe WX4401 XY recorder. Spectroelectro-
chemical measurements were made with a 1-mm-pathlength optically
transparent thin-layer electrode (OTTLE) cell utilizing a Pt minigrid,[51]


in conjunction with a Hokuto Denko HA-111 potentiostat/galvanostat
and an Hitachi U-3410 spectrophotometer, with a TBAP concentration
of 0.3m.


Computational method : The GAUSSIAN 98 program[52] running on a
NEC SX-4/128H4 super computing system operated by Tohoku Universi-
ty Supercomputing System Information Synergy Center was used to per-
form DFT calculations. The B3LYP with 6-31G(d) basis set was used for
both geometry optimization and frequency calculations. An optimum
scaling factor of 0.9613 was applied to the calculated frequencies in order
to compare with the experimental data.[53] The initial geometry for
NiDBTAiBC (5) was taken from the X-ray data of VODBTAiBC (8)
from which the VO was simply replaced with Ni.


Gaussian curve fits of the pairs of associated absorption and MCD spec-
tral data of the Q band regions were carried out by using the SIMPFIT
program developed by Stillman×s group.[54] MO calculations were per-
formed with HyperChem software[55a] within the ZINDO/S level, in
which overlap weighting factors for s±s and p±p were 1.267 and 0.585,
respectively. For the configuration interaction (CI) calculations, all singly
excited configurations of up to 10 eV were included. The employed mo-
lecular geometries were those optimized for the frequency calculations.


Table 6. Calculated transition energies and oscillator strength (f) for the
nickel complexes.


Energy [cm�1] l [nm] f Energy [cm�1] l [nm] f


NiTBTAC (3) NiTNTAC (9)
13122 762 1.05 11698 855 1.24
16068 622 0.73 12919 774 0.72
23199 431 0.10 15437 648 0.06
24536 408 0.05 18456 542 0.07
27463 364 0.03 19537 512 0.19
29434 340 0.10 23405 427 0.03
30254 331 0.08 26416 379 0.13
31702 315 0.20 27749 360 0.04
32306 310 0.11 28983 345 0.01


29715 337 0.07
30463 328 0.07
31208 320 0.04
31337 319 0.04
32789 305 0.05
33117 302 0.02


NiDBTABC (4) NiDNTABC (10)
12420 805 1.51 11608 862 1.83
17214 581 0.48 15085 663 0.45
21465 466 0.01 17169 583 0.01
26111 383 0.01 21480 466 0.07
28828 347 0.02 26648 375 0.14
28955 345 0.11 31359 319 0.05
31617 316 0.21 32538 307 0.06


32938 304 0.32
NiDBTAiBC (5) NiDNTAiBC (11)


14815 675 1.03 13357 749 1.16
15462 647 0.39 14095 710 0.52
23097 433 0.15 18664 536 0.07
25507 392 0.18 20745 482 0.15
27663 362 0.01 24313 411 0.11
28995 345 0.02 25738 389 0.10
30052 333 0.03 28723 348 0.03
31078 322 0.27 29552 338 0.11
32599 307 0.45 31695 316 0.25


31979 313 0.32
32150 311 0.43
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All calculations for the X-ray analysis were performed by using the
teXsan crystallographic software[55b] on a Silicon Graphics O2 computer.


Synthesis :[56] Tetramethylsuccinonitrile was prepared as described in the
literature.[57]


b,b,b’,b’-Tetramethyltribenzotetraazachlorin (H2TBTAC, 1): Lithium
(0.09 g, 13 mmol) was dissolved in hot dimethylaminoethanol (30 mL), to
which a mixture of tetramethylsuccinonitrile (0.44 g, 3.2 mmol) and
phthalonitrile (0.41 g, 3.2 mmol) was added at room temperature. The
solution was slowly heated to reflux with stirring and then maintained at
that temperature for 20 h, with occasional (every 5 h) addition of tetra-
methylsuccinonitrile (in total ca. 0.1 g, 0.7 mmol). After cooling to room
temperature, the reaction mixture was poured into water (200 mL), the
precipitate filtered, washed with hot water and 60% EtOH until the
washings were nearly colorless. The crude residue was transferred to a
Soxhlet apparatus and extracted with EtOH to remove impurities and
then with chlorobenzene to elute the macrocycles. The chlorobenzene
solution was concentrated to approximately 10 mL under reduced pres-
sure and purified by silica gel column with chloroform as eluent. A blue
fraction was collected to give, after evaporation of the solvent, the de-
sired compound 1 (0.009 g, 1.6% based on the phthalonitrile). MS
(FAB): m/z : 522 [M+]; elemental analysis calcd (%) for C32H26N8: C
73.54, H 5.01, N 21.44; found: C 73.52, H 5.68, N 20.76; 1H NMR (C6D6,
400 MHz): d=0.75 (s, 2H; NH), 1.88 (s, 12H; CH3), 7.77 (dd, 2H; benzo
H), 7.82±7.86 (m, 4H; benzo H), 9.33 (d, 2H; benzo H), 9.50±9.54 ppm
(m, 4H; benzo H); UV/Vis (chlorobenzene): lmax(e)=341 (68000), 606
(40000), 677 (14000), 711 (22000), 748 nm (127000 mol�1dm3cm�1).


b,b,b’,b’-Tetramethyltri(2,3-naphtho)tetraazachlorin (H2TNTAC, 2): The
same procedure described above for H2TBTAC was employed but using
an equimolar amount of tetramethylsuccinonitrile (0.44 g, 3.2 mmol) and
2,3-dicyanonaphthalene (0.57 g, 3.2 mmol) as starting materials and a
reflux time of 12 h. The crude residue was transferred to a Soxhlet appa-
ratus and extracted with EtOH and then trichlorobenzene. The trichloro-
benzene solution was briefly passed through a short neutral alumina
column, concentrated to about 10 mL, cooled and diluted with hexane
(100 mL) to induce precipitation. The precipitate was filtered off, and re-
crystallized from trichlorobenzene/hexane, to give the desired compound
2 (0.011 g, 1.5% based on the 2,3-dicyanonaphthalene). MS (FAB): m/z :
672 [M+]; elemental analysis calcd (%) for C44H32N8: C 78.55, H 4.79, N
16.66; found: C 79.21, H 5.18, N 17.56; 1H NMR ([D8]toluene, 90 8C,
400 MHz): d=1.93±1.95 (12H; CH3), 7.45±7.54 (m, 6H; naphtho H),
8.13±8.19 (m, 2H; naphtho H), 8.24±8.30 (m, 2H; naphtho H), 9.68 (s,
2H; naphtho H), 9.76 (s, 2H; naphtho H), 9.87 ppm (s, 2H; naphtho H);
high temperature was required to increase the solubility, but still the NH
proton signals were too weak to assign; UV/Vis (chlorobenzene):
lmax(e)=347 (68000), 679 (33000), 725 (36000), 768 (35000), 824 nm
(164000 mol�1dm3cm�1).


Nickel b,b,b’,b’-tetramethyltribenzotetraazachlorin (NiTBTAC, 3), nickel
b,b,b’,b’-octamethyldibenzotetraazabacteriochlorin (NiDBTABC, 4), and
nickel b,b,b’,b’-octamethyldibenzotetraazaisobacteriochlorin (NiDB-
TAiBC, 5): A mixture of tetramethylsuccinonitrile (0.5 g, 3.7 mmol),
phthalonitrile (0.47 g, 3.7 mmol), anhydrous NiCl2 (0.47 g, 3.6 mmol), and
a catalytic amount of ammonium molybdate was stirred in boiling quino-
line (5 mL) for 2 h. After cooling to room temperature, the reaction mix-
ture was diluted with 50% EtOH (50 mL). The resulting precipitate was
filtered and washed with hot water and then hot 60% EtOH until the
washings were colorless. The crude residue was transferred to a Soxhlet
apparatus and extracted with toluene for 10 h and then with chloroben-
zene. The toluene solution was concentrated to approximately 10 mL and
purified by column chromatography on neutral alumina. Elution with tol-
uene yielded three fractions with Rf values of 0.78, 0.69, and 0.60. The
first, pink fraction afforded 4 (0.012 g, 1.1%). The second, blue fraction
was 3 (0.04 g). The third, blue fraction containing a trace amount of 3
was purified further by silica gel column chromatography with chloro-
form as eluent to give 5 (0.022 g, 2.0%). The chlorobenzene solution was
filtered through alumina, evaporated under reduced pressure, and com-
bined with the above second fraction, followed by recrystallization from
chloroform/EtOH to yield 3 (0.14 g, 20% based on the phthalonitrile).


NiTBTAC (3): MS (ESI-TOF): m/z : 578 (M+); elemental analysis calcd
(%) for C32H24N8Ni¥H2O: C 64.35, H 4.39, N 18.76; found: C 64.79, H
4.34, N 18.27; 1H NMR ([D8]toluene, 400 MHz): d=1.70 (s, 12H; CH3),


7.67 (dd, 2H; benzo H), 7.73 (dd, 2H; benzo H), 7.79 (dd, 2H; benzo
H), 9.05 (d, 2H; benzo H), 9.24 (d, 2H; benzo H), 9.34 ppm (dd, 2H;
benzo H).


NiDBTABC (4): MS (FAB): m/z : 586 (M+); elemental analysis calcd
(%) for C32H32N8Ni: C 65.44, H 5.49, N 19.08; found: C 66.30, H 5.88, N
18.30; 1H NMR ([D8]toluene, 400 MHz): d=1.65 (s, 24H; CH3), 7.61 (dd,
4H; benzo H), 9.00 ppm (dd, 4H; benzo H).


NiDBTAiBC (5): MS (FAB): m/z : 586 (M+); elemental analysis calcd
(%) for C32H32N8Ni: C 65.44, H 5.49, N 19.08; found: C 64.55, H 5.44, N
18.53; 1H NMR ([D8]toluene, 400 MHz): d=1.37 (s, 12H; CH3), 1.48 (s,
12H; CH3), 7.57 (dd, 2H; benzo H), 7.65 (dd, 2H; benzo H), 8.88 (d,
2H; benzo H), 9.09 ppm (d, 2H; benzo H); relatively high solubility of 5
enabled us to record 13C NMR spectrum: 13C NMR (toluene-d8,
400 MHz): d=22.58, 23.13 (CH3), 120.39, 120.82, 125.19, 125.74, 132.69,
135.70, 160.59, 163.96, 174.98 ppm.


Vanadyl b,b,b’,b’-tetramethyltribenzotetraazachlorin (VOTBTAC, 6), va-
nadyl b,b,b’,b’-octamethyldibenzotetraazabacteriochlorin (VODBTABC,
7), and vanadyl b,b,b’,b’-octamethyldibenzotetraazaisobacteriochlorin
(VODBTAiBC, 8): By following the procedure described above for
NiTBTAC, NiDBTABC, and NiDBTAiBC, a reaction mixture of tetra-
methylsuccinonitrile (0.53 g, 3.9 mmol), phthalonitrile (0.50 g, 3.9 mmol),
anhydrous VCl3 (0.41 g, 2.6 mmol), and a catalytic amount of ammonium
molybdate gave three colored fractions in column chromatography on
neutral alumina with toluene as eluent. The first, lilac fraction (Rf=0.58)
afforded 7 (0.010 g, 0.86%). The third, blue±green fraction (Rf=0.35)
after repeated column chromatography on silica gel with chloroform as
eluent gave 8 (0.023 g, 2.0%). The second, blue±green fraction (Rf=0.43)
combined with the product obtained after evaporation of the chloroben-
zene solution after precipitation with CHCl3/EtOH gave 6 (0.14 g, 18%
based on the phthalonitrile).


VOTBTAC (6): MS (FAB): m/z : 587 [M+]; elemental analysis calcd (%)
for C32H24N8VO¥H2O: C 63.47, H 4.33, N 18.50; found: C 64.13, H 4.17,
N 18.48.


VODBTABC (7): MS (FAB): m/z : 595 [M+]; elemental analysis calcd
(%) for C32H32N8VO: C 64.53, H 5.42, N 18.81; C 64.17, H 5.70, N 18.36.


VODBTAiBC (8): MS (FAB): m/z : 595 [M+]; elemental analysis calcd
(%) for C32H32N8VO: C 64.53, H 5.42, N 18.81; found: C 64.50, H 5.46, N
18.66.


Nickel b,b,b’,b’-tetramethyltri(2,3-naphtho)tetraazachlorin (NiTNTAC,
9), nickel b,b,b’,b’-octamethyldi(2,3-naphtho)tetraazabacteriochlorin
(NiDNTABC, 10), and nickel b,b,b’,b’-octamethyldi(2,3-naphtho)tetraa-
zaisobacteriochlorin (NiDBTAiBC, 11): A mixture of tetramethylsucci-
nonitrile (0.5 g, 3.7 mmol), 2,3-naphthalenedicarboxylic anhydride (0.72 g,
3.6 mmol), urea (1.29 g, 21.5 mmol), anhydrous NiCl2 (0.48 g, 3.7 mmol),
and a catalytic amount of ammonium molybdate was stirred in boiling
sulfolane (15 mL) under argon for 1 h. After cooling, the reaction mix-
ture was diluted with water, the precipitate filtered off, and washed with
hot water, then hot 60% EtOH until the washings were colorless. The
crude residue was transferred to a Soxhlet apparatus and extracted with
toluene for 10 h and then o-DCB. The toluene solution was concentrated
to approximately 10 mL and purified by column chromatography on neu-
tral alumina with toluene as eluent. The first, green fraction (Rf=0.74)
gave 10 (0.014 g, 1.1%). The second, green fraction (Rf=0.60) afforded
11 (0.045 g, 3.6%). The o-DCB solution was diluted with hexane and the
precipitate was filtered off and recrystallized from o-DCB to give 9
(0.19 g, 22% based on the 2,3-naphthalenedicarboxylic anhydride).


NiTNTAC (9): MS (FAB): m/z : 728 [M+]; elemental analysis calcd (%)
for C44H30N8Ni: C 72.45, H 4.15, N 15.36; found: C 71.44, H 4.28, N
15.10; 1H NMR ([D8]toluene, 400 MHz): d=1.83 (s, 12H; CH3), 7.43±
7.50 (m, 6H; naphtho H), 8.08 (d, 2H; naphtho H), 8.24 (d, 4H; naphtho
H), 9.46 (s, 2H; naphtho H), 9.73 (s, 2H; naphtho H), 9.77 ppm (s, 2H;
naphtho H); UV/Vis (chlorobenzene): lmax(e)=309 (95000), 681 (52000),
763 (27000), 806 nm (154000 mol�1dm3cm�1).


NiDNTABC (10): HRMS (FAB): m/z : calcd for C40H36N8Ni [M+]:
686.2416; found: 686.2430; elemental analysis calcd (%) for
C40H36N8Ni¥2H2O: C 66.40, H 5.57, N 15.49; found: C 67.20, H 5.22, N
14.63; 1H NMR ([D8]toluene, 400 MHz): d=1.73 (s, 24H; CH3), 7.38±
7.41 (m, 4H; naphtho H), 8.06±8.08 (m, 4H; naphtho H), 9.52 ppm (s,
4H; naphtho H); UV/Vis (chlorobenzene): lmax(e)=304 (122000), 646
(18000), 793 (24000), 844 (37000), 892 nm (140000 mol�1dm3cm�1).
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NiDBTAiBC (11): HRMS (FAB): m/z calcd for C40H36N8Ni [M+]:
686.2416; found: 686.2403; elemental analysis calcd (%) for
C40H36N8Ni¥2H2O: C 66.40, H 5.57, N 15.49; found: C 66.56, H 5.43, N
14.78; 1H NMR ([D8]toluene, 400 MHz): d=1.44 (s, 12H; CH3), 1.58 (s,
12H; CH3), 7.38±7.45 (m, 4H; naphtho H), 8.11 (d, 2H; naphtho H),
8.22 (d, 2H; naphtho H), 9.47 (s, 2H; naphtho H), 9.71 ppm (s, 2H;
naphtho H); UV/Vis (chlorobenzene): lmax(e)=301 (66000), 634 (18000),
716 (40000), 751 nm (136000 mol�1dm3cm�1).


CCDC-215479 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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Acid±Base Sensors Based on Novel Quinone-Type Dyes


Mourad Elhabiri,[a] Olivier Siri,[b] Alejandra Sornosa-Tent,[a] Anne-Marie Albrecht-
Gary,*[a] and Pierre Braunstein*[b]


Introduction


Spectrophotometric chemosensors constitute a large class of
™reporter∫ molecules able to bind to other molecules or ions
and signal their presence.[1] In particular, acid±base sensors
capable of indicating the presence or absence of protons are
of great importance in for example life sciences, detectors
responding to environmental changes, and memories or
logic gates in nanotechnology.[2,3] Fluorescent sensors are es-
pecially interesting due to the high sensitivity of this method
and numerous fluorescent systems displaying bimodal re-
sponse ™on∫ and ™off∫ at near-neutral pH 4.5±8 have been
reported and have led to practical applications for intracel-
lular pH measurements.[4] Cyanine dyes, which constitute a
subgroup of the polymethine dyes, have been used as sensor
molecules for the fluorescent detection of analytes in diag-
nostics.[5,6] Despite their success, only few examples of fluo-
rescent cyanine biosensors sensitive to proton concentration
have been reported,[6] mainly due to difficulties associated
with photodecomposition, self-aggregation or hydrolysis in


aqueous media. Therefore, synthetic efforts are currently in
progress in order to overcome these limitations and to pro-
duce new and stable spectrophotometric sensors based on
cyanine-type dyes. Other interesting candidates as spectro-
photometric chemosensors are molecules exhibiting a quino-
noid structure, which have attracted the interest of a large
community for decades[7] owing to their chemical and physi-
cal properties. More specifically, research on the relation be-
tween colour and structure has, since a long time, involved
benzoquinonediimines such as L, which are used as colo-
rants for various applications. These 12p electron molecules
should actually be better considered as constituted of two
6p subsystems,[8] chemically connected by C�C single bonds
but electronically not conjugated (Scheme 1).[9,10]


We have previously shown that N-neopentyl p-benzoqui-
nonediimine[9] L1 undergoes significant spectrophotometric
changes as a function of pH.[10] Upon successive protonation
of L1, ™mono∫ and ™double∫ cyanine-type chromophores are
generated in solution.


An X-ray crystal structure analysis of the monoprotonat-
ed derivative (L1)H+ established that protonation occurred
at one of the imine functions and generated an iminium ion
stabilised by intramolecular delocalisation, so that the posi-
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Abstract: We present a detailed study
on the acid±base behaviour of a family
of ™potentially antiaromatic∫ p-benzo-
quinonediimine ligands. These 12p
electron molecules can be considered
as constituted of two chemically con-
nected but electronically not conjugat-
ed 6p-electron subunits. Upon succes-
sive protonation, ™mono∫ and


™double∫ cyanine-type chromophores
are generated in solution and allow a
precise and sensitive spectrophotomet-
ric detection. These molecules repre-


sent a new class of tunable quinones
whose electronic and structural proper-
ties can be triggered by proton input,
as established by a complete physico-
chemical study involving a combination
of potentiometric and spectrophoto-
metric methods (absorption and emis-
sion).


Keywords: absorption ¥
benzoquinonediimine ¥ fluorescence
spectroscopy ¥ protonation ¥ sensors


Scheme 1. Resonance forms in 2,5-diamino-1,4-benzoquinonediimines.
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tive charge is delocalised over the NPCPCPCPN subunit.[10]


Therefore (L1)H+ contains in the solid state two different
conjugated p-systems, with and without delocalisation. The
X-ray structure analysis of the diprotonated species
(L1)H2


2+ similarly showed that each positive charge is delo-
calised, leading to a double cyanine-type chromophore for


which the 6p-subsystems are connected to each other by
two C�C single bonds.[10] Since L1 appeared to be the first
molecule of its kind with two separated, conjugated and lo-
calised 6p electron systems that can be tuned by protonation
to become delocalised, this prompted us to evaluate such
systems as spectrophotometric sensors for proton detection.
The electronic situation in our molecules is novel with re-
spect to previously reported cyanine or cyanine-type dyes.[7,
11] In related systems 1±3 involving a quinoxalino-phenazine
backbone, the two ™face-to-face∫ p-systems are not fully in-
dependent owing to a ™peripheral∫ C=C connection be-
tween the endocyclic protonations sites which allows conju-
gation between the two 6p electron systems.[12±18]


Herein, we wish to report the synthesis and full character-
isation of the new N-substituted p-benzoquinonediimine L2


which contains benzyl groups as the light emitting compo-
nents and four nitrogen atoms as the protonation sites. By
analogy with aryl-containing polyamines receptors,[19,20] the
use of benzyl groups as N-substituents is expected to lead to
fluorescent sensors for which photophysical properties could
be triggered by proton input, thus allowing ™on/off∫ switch-
ing of the luminescence.[6,21] The stability of L2 and of its
neopentyl analogue L1 in aqueous media allowed their phys-
ico-chemical and electronic properties to be determined in
methanol/water (80/20 w/w). Their protonated forms have
been fully characterised by a combination of spectrophoto-
metric methods (absorption and/or emission) and potenti-
ometry.


Results and Discussion


Synthesis and characterisation : The N,N’,N’’,N’’’-tetrabenzyl-
2,5-diamino-1,4-benzoquinonediimine base, noted L2, was
prepared in two steps similarly to the neopentyl analogue L1


(Scheme 2).[9,10] Tetraaminobenzene was first reacted with
benzoyl chloride in acetonitrile and NEt3, to afford the tet-
rabenzamidobenzene (4) which was fully characterised. This
intermediate was then reduced with LiAlH4 in THF yielding
L2 as an orange solid after aerobic workup.


The successive protonations of L (L = L1 or L2) led to
the formation of ™mono∫ and ™double∫ cyanine-type sys-
tems LH+ and LH2


2+ , respectively (Scheme 3). Compounds
L2, (L2)H+ and (L2)H2


2+ were fully characterised by
1H NMR spectroscopy and elemental analyses. Further pro-
tonation leads to LH3


3+ and LH4
4+ which will be character-


ised by spectrophotometric methods.
UV/Vis absorption : Compounds L1 and L2 are soluble in


dichloromethane, tetrahydrofuran or acetonitrile, sparingly
soluble in methanol and insoluble in water whereas their
protonated forms are more soluble in methanol and soluble


Scheme 2. i) PhC(O)Cl/NEt3/CH3CN/Ar; ii) LiAlH4/Ar, THF/aerobic
workup.


Scheme 3. Protonation of N,N’,N’’,N’’’-tetrasubstituted-2,5-diamino-1,4-benzoquinonediimine-type ligands (L1: R=benzyl and L2 : R=neopentyl).
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in water (ca. 10�4m). L1 is much more soluble in organic sol-
vents than L2, which facilitates purification by crystallisation
of its protonated forms. The acido±basic properties were
thus examined in a mixture methanol/water (80/20 w/w). p-
Benzoquinonemonoimine and p-benzoquinonediimine de-
rivatives are known to undergo rapid hydrolysis in water
and fast mixing techniques (e.g. stopped-flow) are generally
required to determine their protonation constants.[22,23] Inter-
estingly, L1 and L2 were found to be stable under our experi-
mental conditions and not altered by reversible variations of
pH. The UV/Vis absorption spectra of L1 and L2 were re-
corded in a large span of pH values (Figure 1).


The processing[24,25] of the spectrophotometric and poten-
tiometric data led to the respective protonation constants of
L1 and L2 (Table 1).


b1 and b2 were attributed to the protonation of the imine
functions, in agreement with literature data available for
closely related compounds.[22,26,27] A comparison between
1,4-benzoquinonemonoimine (logb1=3.72�0.06),[22] 1,4-ben-


zoquinonediimine (logb1=5.75; logb2 <7.25),[22] L1 and L2


clearly shows a drastic increase of the respective protonation
constants mainly due to inductive and mesomeric effects. In
a statistical model, a difference between two successive pro-
tonation constants of two identical and independent sites of
a molecule is expected to be DlogK=0.6.[28] However, a
much larger DlogK value (�2.2 for L1 and �2.5 for L2) was
observed between K1 and K2, that could be explained by
strong electrostatic repulsions between the two independent
conjugated subunits in (L1)H2


2+ and (L2)H2
2+ (Scheme 3


and Table 1).[28] Under very acidic conditions, low constants
could be determined for further protonation of L1 and L2


(Table 1). For L2, b3 was easily
attributed to the protonation of
one of the four equivalent ni-
trogen sites of (L2)H2


2+


(Scheme 3). Its low value
(logb3=14.6�0.2) could be ex-
plained by the resulting loss of
the optimal delocalisation and
symmetry occurring in (L2)-
H2


2+ .[10, 29] Owing to the de-
crease of conjugation, protona-
tion of (L2)H3


3+ could be ex-
pected to follow a mechanism
with less interactions and then
closer to a statistical process.[28]


The influence in the chemical
structure of the N-substituents,
neopentyl in L1 and benzyl in
L2, respectively, does not signif-
icantly affect the protonation
constants owing to the presence
of a common methylenic spacer
in L1 and L2, which is a poor
electronic relay.


As an example, the corre-
sponding distribution dia-
gram[30] of the species resulting


from protonation of L1 versus pH is given in Figure 2. It
shows that under suitable conditions of acidity, L1, (L1)H+


and (L1)H2
2+ can be isolated almost quantitatively as pure


species.[10]


The electronic spectra of the protonated species of L1 and
L2 are given in Figure 3.


Figure 1. Absorption spectra of L1 and L2 as a function of pH. Solvent: methanol/water (80/20 w/w); T=


25.0�0.2 8C; I=0.5m (N(nBu)4ClO4); l=1.0 cm; a) [L1]tot=5.76î10�5m, 1) pH 2.66, 2) pH 10.19; b) [L1]tot=
5.23î10�5m, 1) pH 2.20, 2) pH 1.31; c) [L2]tot=4.23î10�5m), 1) pH 2.86, 2) pH 8.03; d) [L2]tot=4.35î10�5m,
1) pH 2.52, 2) pH 1.30.


Table 1. Protonation constants of ligands L1 and L2.[a]


Equilibrium L1 L2


logbn�3s logbn�3s


L + H+ b1
�! �


LH+ 8.28�0.01[b] 7.96�0.05[b]


8.09�0.09[c] 7.5 �0.2[c]


L + 2H+ b2
�! � LH2


2+ 14.03�0.09[b] 13.76�0.09[b]


13.7 �0.2[c] 12.9 �0.2[c]


L + 3H+ b3
�! � LH3


3+ ± 14.6 �0.2[c]


L + 4H+ b4
�! �


LH4
4+ 16.5 �0.2[c] ±


[a] methanol/water (80/20 w/w); T=25.0 � 0.2 8C. [b] I=0.1m
(NEt4ClO4). [c] I=0.5m (N(nBu)4ClO4). [d] L + NH+ bn


�! �LHnþ
n 1�n�4


and L=L1 or L2.


Figure 2. Distribution diagram of the species resulting from protonation
of L1. Solvent: methanol/water (80/20 w/w); T=25.0�0.2 8C; I=0.5m
(N(nBu)4ClO4). [L


1]tot=5.00î10�5m.
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A comparison between the spectrophotometric data for
1,4-benzoquinonemonoimine (7) (lmax=262 nm)[22] , 1,4-ben-
zoquinonediimine (12) (lmax=265.5 nm)[22] , L1 (lmax=


338 nm) and L2 (lmax=345 nm) shows that substitution of
positions 2 and 5 by amine functions leads to a bathochro-
mic shift of the intraquinone transitions of about 80 nm
(Table 2). N-Substitution of the imine functions of 7 and 12
by aryl groups leads to large bathochromic shifts (>
200 nm) of the maximum of the intraquinone p!p* absorp-
tion band[22,26,31,32] as shown in indoaniline (9, 10 and 11), N-
phenyl benzoquinonediimine (13, 14) or phenazine (15) type
compounds. This indicates the presence of more extended
p-systems most likely due to significant delocalisation
through the ™peripheral∫ N-substituents (Table 2). Further-
more, N-substitution of the amine and imine nitrogen atoms
by aryl groups (5, 6) similarly results in red shifts of the in-
traquinone p!p* absorption band compared to that of neo-
pentyl or benzyl derivatives L1 and L2. The presence of
methylenic spacers in the N-substituents of the latter two
molecules interrupts electronic communication and results
in confined systems with shorter wavelength absorptions.
The larger red shift for 6[12] compared with azophenine (5)[33]


is due to a ™peripheral∫ C=C connection between the endo-
cyclic protonations sites which allows conjugation between
the two 6p electron systems. The intraquinone p!p* transi-
tions for (L1)H+ and (L1)H2


2+ are similar and experience
bathochromic shifts of about 25±30 nm compared to L1


(Figure 3 and Table 2). This is in agreement with recent
DFT calculations on L1 to be published elsewhere[10] as well
as with data obtained for 5 (Table 2). Compared to L2, the
intraquinone p!p* transitions for (L2)H+ and (L2)H2


2+ are
shifted to longer wavelengths by 7 and 24 nm, respectively
(Figure 3 and Table 2).[33]


Fluorescence : When the p-benzoquinonediimine system was
N-substituted by an alkyl (R = neopentyl, L1) or an aryl (R
= phenyl, 5) group, no significant emission signal was ob-
served. In contrast, compound L2 with benzylic moieties as
N-substituents revealed interesting emission properties and
the effect of pH on the fluorescence spectra of L2 was inves-
tigated. The absorbance at the chosen excitation wavelength
(lexc=358 nm) was kept lower than 0.1 to minimise resorp-
tion processes and remained constant throughout the fluo-
rescence titration (Figure 4). Upon excitation into the transi-
tions at 358 nm, a maximum of emission arising from the
1pp* state was observed at 480 nm at pH 10.53 (Figure 4).


Upon successive protonation of
the imine functions, the ligand-
centred fluorescence signifi-
cantly decreased to almost zero,
with a concomitant shift to
longer wavelengths (lem=
529 nm), when both imine re-
ceptors are protonated
(Figure 4).


The processing of the spec-
trofluorimetric data led to pro-


tonation constants close to those obtained in the ground-
state by absorption spectrophotometry (Table 3).


The absolute quantum yield scarcely varies between
pH 9.8 and 6.6 (~0.18), whereas it significantly decreases
below pH 6.6 and amounts to 0.03 at pH 2.8 (Figure 5a), in
agreement with the relative quantum yield calculated from
the emission fluorescence titration (Figure 5b).[34]


1H NMR spectroscopy of L2 clearly showed that a fast in-
tramolecular double proton transfer, which involves two tau-
tomers, occurs in solution and leads to a structure of higher
symmetry (Scheme 4a). Upon the first protonation, a de-
crease of one quarter of the total fluorescence intensity
could be expected and this is consistent with our experimen-
tal observations (Figure 5b, Scheme 4a and Table 3). The


Figure 3. Electronic spectra of the different species resulting from protonation of a) L1 and b) L2 ; solvent:
methanol/water (80/20 w/w); T=25.0�0.2 8C; I=0.5m (N(nBu)4ClO4).


Figure 4. Fluorescence spectra of L2 (7.58î10�6m) as a function of pH.
Solvent: methanol/water (80/20 w/w); T=25.0�0.2 8C; I=0.1m
(N(C2H5)4ClO4); l=1 cm, lexc=358 nm. Spectra: 1) pH 3.34; 2) pH 10.53.
Excitation and emission slits: 3 nm.


Scheme 4. Tautomeric equilibria of a) L2 and b) (L2)H+ in solution.
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1H NMR spectrum of (L2)H+


revealed a C2 symmetry in sol-
ution which could be explained
similarly by a fast proton trans-
fer involving two tautomers
(Scheme 4b). Further protona-
tion leads to a more symmetri-
cal (L2)H2


2+ species, for which
the four equivalent light-emit-
ting benzylic groups are
switched off (Scheme 3, Fig-
ures 5 and 6).


According to the thermody-
namic Fˆrster cycle method,[35]


the frequency difference be-
tween absorption and emission
could nevertheless be used to
approximate the K* values for
L2.[36] logK1* and logK2* values
amount to 9.0�0.2 and 8.8�
0.3, respectively. These values
are consistent with earlier re-
sults which showed that the ni-
trogens of the imine functions
become more basic in the ex-
cited state S1.[37] Moreover,
these results suggest a decrease
of the repulsive interactions
between the two positively
charged halves of the (L2)H2


2+


species in the excited state
(Scheme 4). For aryl-contain-
ing polyamine receptors, it has
been demonstrated that unpro-
tonated amine and/or imine
groups are in most cases effi-
cient intramolecular electron
transfer quenchers of the aro-
matic excited state (photoin-
duced electron transfer,
PET).[19,20,38, 39] Our system
stands in interesting contrast,
which may be explained by an
intramolecular charge transfer
state (ICT)[40] from the amino
to the imino nitrogen functions
in L2 (Scheme 4). Theoretical
calculations were performed
on a model of L for which the
N-substituent is a hydrogen. Its
p molecular orbitals can be de-
duced from an interaction dia-
gram between p orbitals of
[HN-(CH)3-NH2] and/or [H2N-
(CH)3-NH2]


+ fragments
(Figure 6).[10] A comparison be-
tween the p orbitals of the pro-
tonated fragment [H2N-(CH)3-
NH2]


+ and the neutral [HN-


Table 2. Spectrophotometric data (p!p* transition) for benzoquinone mono- and diimine derivatives.[a]


Ligand L LH+ LH2
2+ Ref.


lmax (loge
lmax


) [nm] lmax (loge
lmax


) [nm] lmax(log el
max


) [nm]


338 (4.40) 368 (4.30) 368 (4.32) [a]


345 (4.30) 352 (4.23) 369 (4.29) [a]
344 (4.26) [b]


389 (4.33) [b], [33]


505 (4.10) 530 (4.18) ± [12]


262 (7) ± [23]
275 (8)


554 (4.05) ± [31]


511 (3.98) (10) ± ± [26]
492 (3.96) (11) 428 (3.55) (11) ±


257 (4.43) ± ± [22]
265.5 (4.42)


484 (3.91) 672 (4.6) ± [32]
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(CH)3-NH2] moiety shows a lowering of the symmetry from
C2v to Ci, respectively with a concomitant increase of the p-
orbital coefficient of the imine group in L.


Therefore, electronic excitation leads to an intramolecular
charge transfer from the donor (amino group) to the accep-
tor end (imino group), in agreement with the enhancement


of the emission signal observed
until pH �6.5. To explain the
unexpected fluorescence
quenching with decreasing pH,
we suggest that the PET
quenching mechanism occurs
by protonation of the imine
units in the excited state with
the loss of the ICT character as
shown in the interaction dia-
gram between the p levels of
two [H2N-(CH)3-NH2]


+ frag-
ment.[10] The small difference
between the K1* and K2* values
suggests a decrease of the p-
electron delocalisation. The
fluorescence quenching ob-
served under acidic conditions
is therefore mainly due to a
possible PET deactivation
mechanism.


Conclusion


Absorption and/or fluorescence spectrophotometric titra-
tions of p-benzoquinonediimine derivatives (ligands L1 and


Table 2. (Continued)


Ligand L LH+ LH2
2+ Ref.


lmax (loge
lmax


) [nm] lmax (loge
lmax


) [nm] lmax(log el
max


) [nm]


480 (3.51) 520 (3.93) ± [27]


448 (3.80) 517 (3.99) ± [27]


[a] This work; solvent: CH3OH/H2O (80/20 w/w); T=25.0�0.2 8C; I=0.5m. [b] This work; solvent: CH2Cl2;
T=25.0�0.2 8C. Ref. [12]: solvent: CH3CN/water (70/30 v/v); T=25 8C. Ref. [22]: solvent: water; T=25 8C; ki-
netic determinations. Ref. [23]: solvent: water; T=20 8C; kinetic determinations. Ref. [26]: solvent: water; T=


25 8C; kinetic determinations. Ref. [27]: solvent: water; T=25 8C; kinetic determinations. Ref. [31]: solvent:
water; T=25 8C; kinetic determinations. Ref. [32]: solvent: water; T=25 8C; kinetic determinations. Solvent:
CH2Cl2; T=25.0 � 0.2 8C. Ref. [33]: solvent: CH2Cl2; T=25.0 8C.


Figure 5. Ligand-centred emission quantum yields (a) and recalculated,
normalised fluorescence spectra of L2, (L2)H+ and (L2)H2


2+ (b) Solvent:
methanol/water (80/20 w/w); T=25.0�0.2 8C; I=0.1m (NEt4ClO4).
a) Protonation constants of Table 1; [L2]tot=7.58î10�6m ; standard: qui-
nine sulfate in 0.05m H2SO4, Qabs=0.546.


Table 3. Protonation constants and emission data of ligand L2.[a]


Equilibrium logbn�3s lmax
em [nm][b] Q rel


LHnþ
n
/Q rel


L
[c]


L2 ± 480 1.00
L2 + H+ b1


�! � (L2)H+ 7.9�0.3 477 0.91
L2 + H+ b2


�! � (L2)H2
2+ 13.9�0.4 530 0.22


[a] Solvent: methanol/water (80/20 w/w); T=25.0�0.2 8C; I=0.1m (NEt4ClO4). [b] lexc=358 nm; excitation
and emission slits: 3 nm. [c] Determined from recalculated, normalised fluorescence spectra. The errors are es-
timated to 1 nm for the wavelengths and to 10% for the quantum yields.


Figure 6. Orbital interaction diagram obtained for a model of L with R=


H (Scheme 1) by means of EHT calculations. Imino nitrogen (left) and
amino nitrogen (right).
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L2), over a wide pH range, have enabled the determination
of their acid±base properties in the ground and excited
states. The structural changes observed in the solid state
upon protonation are retained in solution as demonstrated
by the complete physico-chemical studies presented here.
The resonance effects in the protonated forms of L1 and L2


are triggered by protonation and especially lead to a fluores-
cent ™on/off∫ switch L2 modulated by proton input. Fluores-
cent cyanine-type dyes can be used as markers for different
bio-applications,[6,21] and the detection of protons is of ongo-
ing interest for monitoring the acidity regulation in biologi-
cal media.[41] Valuable pH sensitive fluorescent dyes for bio-
logical applications require acid±base properties within the
critical intracellular pH range (pH 5±8).[4] Molecule L2


which was found to be sensitive in the interesting pH range
between 4 and 7, gave rise to an unexpected large fluores-
cence decrease under acidic conditions (~80%). Therefore,
L2 can be regarded as a sensitive H+ chemosensor with
large Stokes shift (>120 nm) by comparison with the con-
ventional fluorophores, such as fluorescein (25 nm at
pH 9).[42] In conclusion, 2,5-diamino-1,4-benzoquinonedii-
mines bearing methylene groups could constitute stable and
tunable spectrophotometric probes with predetermined
physico-chemical properties in aqueous solution.


Experimental Section


General : Analytical-grade reagents were obtained from commercial sup-
pliers and were used as received. Azophenine (5) is a long known 2,5-dia-
mino-1,4-benzoquinonediimine which can be obtained in various ways[43]


from aniline. Solvents were distilled under argon prior to use and dried
by standard methods. Distilled water was further purified by passing
through a mixed bed of ion-exchanger (Bioblock Scientific R3-83002,
M3-83006) and activated carbon (Bioblock Scientific ORC-83005) col-
umns and was boiled for two hours and saturated with argon before use.
Spectrophotometric grade methanol (Merck, SeccoSolv, p.a.) was also sa-
turated with free-CO2 and O2 argon prior to use (Sigma Oxiclear car-
tridge).


CAUTION : Perchlorate salts combined with organic ligands are potential-
ly explosive and should be handled in small quantity and with the necessa-
ry precautions.[44]


1H NMR spectra were recorded in CDCl3 and [D6]DMSO on a AC300
Bruker spectrometer, operating at 300 MHz for 1H NMR spectra. Chemi-
cal shifts are reported in d units, in parts per million (ppm) relative to
the singlet at d=7.26 for CDCl3. Splitting patterns are designed as s, sin-
glet; m, multiplet; br, broad. In the 1H NMR spectra of the protonated
forms of L2, the NH resonance could not be identified. This could result
from rapid proton exchange with the other protonated forms present in
small amount. Elemental analyses were performed by the ™Service de mi-
croanalyses de L×Institut de Chimie∫, Strasbourg. EI mass spectral analy-
ses were recorded on a Finnigan TSQ 700. The EHT calculations have
been carried out as detailed in ref. [10].


1,2,4,5-Tetrabenzamidobenzene (4): Similarly to the procedure described
for the synthesis of analogues,[10] tetraaminobenzene tetrahydrochloride
(500 mg, 1.76 mmol) was reacted with benzoyl chloride (990 mg,
7.04 mmol) to afford 4 as a white solid (720 mg, 74%). 1H NMR
([D6]DMSO): d = 7.5 (m, 12H, Harom), 7.95 (m, 8H, Harom), 8.01 (s, 2H,
Harom), 10.15 ppm (s, 4H, NH); MS (40 eV, EI): m/z : 554 [M +]: elemental
analysis calcd (%) for C34H26N4O4: C 73.63, H 4.73, N 10.10; found: C
72.53, H 4.67, N 10.03.


L2 : Similarly to the procedure described for the synthesis of analogues,[10]


compound 4 (720 mg, 1.30 mmol) was reduced with LiAlH4 and L2 was
obtained as a deep orange solid (458 mg, 71%). 1H NMR (CDCl3): d =


4.44 (s, 8H, CH2), 5.40 (s, 2H, Holefinic), 6.90 (br s, 2H, NH), 7.29 ppm (m,
20H, Harom); MS (40 eV, EI): m/z : 496 [M +]; elemental analysis calcd
(%) for C34H32N4: C 82.21, H 6.50, N 11.29; found: C 80.96, H 6.49, N
11.23.


(L2)H+ : Similarly to the procedure described for the synthesis of ana-
logues[10] but using acetone as solvent instead of Et2O during the work-
up, a few drops of diluted HCl were added to a solution of L2 dissolved
in THF until the colour changed from yellow to deep red. (L2)H+ was
obtained as a red solid (145 mg, 56%). 1H NMR (CDCl3): d = 4.51 (br s,
8H, CH2), 5.33 (br s, 2H, Holefinic), 7.20±7.26 (m, not integrated owing the
CDCl3 resonance, Harom), 7.30±7.35 ppm (m, 12H, Harom); elemental anal-
ysis calcd (%) for C34H33ClN4


.H2O: C 74.10, H 6.40, N 10.17; found: C
72.93, H 6.05, N 10.06.


(L2)H2
2+ : Similarly to the procedure described for the synthesis of ana-


logues,[10] a large excess of HCl was added to a solution of L2 dissolved in
THF. (L2)H2


2+ was obtained as a green solid (118 mg, 67%). 1H NMR
(CDCl3): d = 4.63 (s, 8H, CH2), 5.33 (br s, 2H, Holefinic), 7.19±7.24 (m, 8
H, Harom), 7.30±7.35 ppm (m, 12H, Harom); elemental analysis calcd (%)
for C34H34Cl2N4: C 71.70, H 6.02, N 9.84; found: C 70.71, H 6.09, N 9.68.


Potentiometric and UV/Vis titrations : All solutions were prepared using
an AG 245 Mettler Toledo analytical balance (precision 0.01 mg). The
ionic strength was adjusted to 0.1m or 0.5m with tetraethylammonium
perchlorate (Fluka, purum) and tetrabutylammonium perchlorate (Fluka,
purum), respectively. Solutions of L1 (5.23î10�5m and 5.76î10�5m) and
L2 (4.23î10�5m and 4.35î10�5m) were prepared by quantitative dissolu-
tion of a solid sample in methanol/water (80/20 w/w). An aliquot of
40 mL was introduced into a jacketed cell (Metrohm) maintained at
25.0�0.2 8C by the flow of a Haake FJ thermostat. The free hydrogen
ion concentrations were measured with a combined glass electrode (Met-
rohm 6.0234.500, Long Life). The Ag/AgCl reference electrode was filled
with 0.1m NaCl (Fluka, p.a.) in MeOH/H2O (80/20 w/w). Potential differ-
ences were given by a Tacussel Isis 20.000 millivoltmeter. Standardisation
of the millivoltmeter and verification of the linearity (2.00<pH<13.60)
of the electrode were performed using buffers according to classical
methods.[45] The titration of L1 (2.66<pH<10.19, [L1]=5.76î10�5m) and
L2 (2.86<pH<8.03, [L2]=4.23î10�5m) were carried out by addition of
known volumes of 8.27î10�3m tetrabutylammonium hydroxide solution.
The titration of L1 (1.31<pH<2.20, [L1]=5.23î10�5m) and L2 (1.30<
pH<2.52, [L2]=4.35î10�5m) were carried out by addition of known vol-
umes of a 9.98î10�1m perchloric acid solution. Special care was taken to
ensure that complete equilibration was attained. Simultaneous pH and
UV/Vis measurements (230±600 nm) were recorded. Absorption spectra
were recorded using a Varian CARY 50 (Varian) probe UV/Vis spectro-
photometer fitted with Hellma optical fibres (Hellma, 041.002-UV) and
immersion probe made of quartz suprazil (Hellma, 661.500-QX).


Potentiometric and fluorescence titrations : A stock solution of L2 (7.58î
10�6m, I=0.1m NEt4ClO4, Fluka, puriss) was prepared by dilution of a
mother solution (3.76î10�6m) and an aliquot of 40 mL was introduced
into a jacketed cell (Metrohm) maintained at 25.0�0.2 8C by the flow of
a Haake FJ thermostat. The initial pH was adjusted at 3.34 with perchlor-
ic acid (1.15m), and the titration of L2 was carried out by addition of
known volumes of a 4.05î10�2m tetrabutylammonium hydroxide solu-
tion. An aliquot (2 mL) was taken after each addition of base, and fluo-
rescence emission spectra (350±700 nm) were recorded versus pH with
1 cm quartz optical cell (Hellma, 110-QS) on a Perkin±Elmer LS-50B
maintained at 25.0�0.2 8C by the flow of a Haake FJ thermostat. The ex-
citation wavelength was 358�1 nm and the slit widths were set at 3 nm
for both excitation and emission. The light source was a pulsed xenon
flash lamp with a pulse width at half peak height < 10 ms and power
equivalent to 20 kW. Absorption spectra were also measured along the
fluorescence titration by using a Varian CARY 300 spectrophotometer.


Refinement of the data : The spectrophotometric data were processed
with both the Specfit[24] and Letagrop-Spefo[25] programs, which adjust
the stability constants and the corresponding extinction coefficients of
the species formed at equilibrium. Letagrop-Spefo[25] uses the Newton±
Raphson algorithm to solve mass balance equations and a pit-mapping
method to minimise the errors and determine the best values of the pa-
rameters. Specfit[24] uses factor analysis to reduce the absorbance matrix
and to extract the eigenvalues prior to the multiwavelength fit of the re-
duced data set according to the Marquardt algorithm.[46]
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Polyoxotungstate Photoinduced Alkylation of Electrophilic Alkenes by
Cycloalkanes


Daniele Dondi,[a] Maurizio Fagnoni,[a] Alessandra Molinari,[b] Andrea Maldotti,[b] and
Angelo Albini*[a]


Introduction


Photoexcited polyoxometalate anions, such as the decatung-
state W10O32


4�,[1] react with organic molecules in solution.
Much work has been devoted to the mechanistic aspects of
these photochemical processes[2] or to applications such as
photomicrolithography[3] and the photocatalytic decontami-
nation of toxic materials.[4] However, these reactions are not
destitute of synthetic interest, in particular when applied to
the generation of alkyl radicals from alkanes [Eq. (1)],[5]


thus contributing a mild activation path for the activation of
aliphatic C�H bonds.[6]


W10O
4�*
32 þRH ! Hþ W10O


5�
32 þRC ð1Þ


The reaction as represented in Equation (1) actually is a
gross oversimplification, and much work has been devoted
to clarify mechanistic questions, such as which of the excited
states of the decatungstate participates into the chemical
step, which is the protonation state of the reduced species,
most often designed as H+ W10O32


5�, and whether the alkyl


radical (and possibly other radical intermediates formed in
the course of the reaction) remains bonded to the polyoxo-
tungstate.[2,7] As for the reactions of the alkane, it has been
demonstrated that alkyl radicals add to ethylene, 1-hexene,
acetylene,[8] carbon monoxide,[9] nitriles[10] and cyanofor-
mate[11] forming a C�C bond, besides adding to oxygen to
give hydroperoxides and alcohols and ketones from them.[7,12]


Somewhat surprising, the most typical reaction of alkyl radi-
cals, addition to electrophilic alkenes[13] has not been ex-
plored. Since the most useful synthetic paths for organic
compounds via alkyl radicals are based on the last reaction,
due to the well known nucleophilic character of such spe-
cies, we deemed it worthwhile to explore the potential of
decatungstate photocatalysis in this direction.


Results


The experiments were carried out by irradiating 0.002m tet-
rabutylammonium decatungstate (TBADT) in acetonitrile.
The solutions were degassed by freeze-degas-thaw cycles.
When a 0.5m cyclohexane solution was used, 0.025m each of
both bicyclohexyl and cyclohexyl methyl ketone were
formed by a 3 h irradiation. An analogous experiment in the
presence of 0.1m 1-hexene gave some hexylcyclohexane (1,
4 % with respect to the starting alkene) and a reduced yield
of the above products (Scheme 1, Table 1). Both experi-
ments duplicated the results previously obtained by Hill
under essentially identical conditions and, again as in his
case, prolonged irradiation only marginally increased the
yield of the products.[8]
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Abstract: Alkyl radical obtained by ir-
radiation of tetrabutylammonium deca-
tungstate in acetonitrile in the presence
of cycloalkanes (C5H10, C6H12, C7H14)
are efficiently trapped by electrophilic
alkenes (acrylonitrile, isopropylyden-
malonitrile, isopropylydencyanoace-
tate) to give the corresponding alkylat-
ed aliphatic nitriles. The reaction can


be carried out up to complete conver-
sion of the alkene with reasonable (in
most cases 60±65 %) yields. Addition
of the radicals to the alkene is followed


by electron transfer from reduced dec-
atungstate regenerating the sensitizer
(turn over number up to 60). Steady-
state measurements, EPR evidence,
deuteration experiments and attempted
intramolecular trapping of the adduct
radical support the mechanistic propos-
al.


Keywords: alkylation ¥ C±H
activation ¥ photocatalysis ¥
photochemistry ¥ radicals
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However, the use of an electrophilic alkene such as acryl-
onitrile (AN, 0.1m) led to a much more efficient reaction,
yielding 63 % of cyclohexylpropionitrile (2, Scheme 1) in
3 h. Furthermore, very little (<1 %) of bicyclohexyl and the
ketone were formed under this condition and no other prod-
uct was detected. Preparative experiments for products sep-
aration and identification were similarly carried out in argon
flushed solutions (see Experimental Section). Competition
experiments with 1-hexene and AN both present (both 0.1
m) gave >100 AN trapping versus cyclohexene trapping.


When a 1m rather than 0.1m AN concentration was used,
a more complex product distribution resulted, and products
containing two and three AN units (compounds 3 and 4)
were among the major products, with 3 actually the most
abundant one.


The reaction could be easily extended to other cycloal-
kanes, as shown in Scheme 1 and Table 1, at least for those
sufficiently soluble in acetonitrile, such as cyclopentane and
cycloheptane (0.1m), which yielded nitriles 5 and 6.


We then used further electrophilic alkenes. With isopropy-
lydenmalononitrile (IPMN) alkylation was successful giving
malononitrile 7 and similarly adduct 8 was obtained from
isopropylydencyanacetate (IPCA). On the other hand, using
tetracyanoethylene (TCNE, 0.001m) caused the rapid devel-
opment of yellow color and no alkylated product was
formed.


The course of the alkylation was further probed by using
a w-alkenyl derivative of IPMN, 2-cyano-3-methylhept-6-di-
enecarbonitrile, CMHN. A single product was obtained in
this case and recognized as the 3-(w-alkenyl)-3-cyclohexyl-
hept-6-enecarbonitrile (9). On the contrary, cyclized dinitrile
10 that we had previously obtained through radical addition
onto CMHN under different conditions (see Scheme 2)[14]


was not formed in the present case.


The origin of the a-hydrogen atom in the alkylated ni-
triles obtained was tested. Thus, using perdeuterocyclohex-
ane in the reaction with AN led to no detectable deutera-
tion, while adding 0.5 % D2O led to substantial deuterium
incorporation (50 %, see Table 2). Duplication of the experi-
ment with IPMN was precluded by the fast proton exchange
of the resulting dinitrile.[15a]


In the above experiments with TBADT and cyclohexane
the solution turned to the blue color characteristic of the
H+ W10O32


5�/H2W10O32
4� mixture, as previously describe-


d.[10a, 15b] The color developed also in the presence of the
electrophilic alkenes and the course of the reaction was fol-
lowed by determining the amount of reduced polyanion and
alkylated product on the same sample under degassed con-
ditions at various irradiation times. The results are reported
in Figure 1. In order to have a mechanistic significance, the
data are presented in the form of number of electrons ac-
cepted by the polyoxotungstate to yield the blue reduced
form (left-hand ordinate) and moles of alkylated nitrile
formed (right-hand ordinate). As it appears from the figure,
reduced polyoxotungstate developed in minutes when irradi-


Scheme 1.


Scheme 2.


Table 2. Deuteration in the alkylated nitriles.


Reagents Solvent a-Deuteration


C6D12, AN CH3CN a[D]2, <5%
C6H12, AN CH3CN, 0.5% D2O a[D]2, 50%


Table 1. Alkylation of unsaturated nitriles by cycloalkanes upon deca-
tungstate photocatalysis.


Alkane, 0.5m Trap, 0.1m Products (% Yield)[a]


R�R RCOMe Adducts


cyclohexane none 5 5
1-hexene 1 1.5 1 (4)
AN 2 (63)
AN (1m) 2 (21), 3 (31), 4 (11)
IPMN 7, 66
IPCA 8, 58
CMHN 9, 45


cyclopentane AN 5, 30
cycloheptane AN 6, 51


[a] After 3 h irradiation with 0.002m TBADT, see Experimental Section.
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ated in the presence of cyclohexane in MeCN. The color de-
veloped faster when acrylonitrile was added, while it grew
at a somewhat slower rate in the presence of IPMN, at least
in the first part of the conversion. In all cases, a plateau was
reached and this was not much different in the three experi-
ments, corresponding to 60±70 % conversion of the polyoxo-
tungstate into the reduced form (using the published e


values for the two reduced forms, see below).[15b] The alky-
lated adducts with both AN and IPMN developed at rough-
ly the same rate and in a molar amount much larger than
that of reduced TBADT accumulating.


It is apparent from Table 1 that TBADT is acting as a
photocatalyst, since about 0.06 moles products are formed
when 0.002 moles of it are used. For mechanistic indication,
we considered as turn-over number the ratio between the al-
kylated products formed and the electrons accepted by the
photocatalyst, calculated from Figure 1. In the alkylation of
AN, the ratio was 6 at the beginning of the reaction (4 %
AN converted) and grew to 46 in the advanced phase (60 %
AN converted) and it similarly grew from 12 to 60 with
IPMN.


EPR experiments were also carried out. Irradiation of
TBADT in an oxygen-equilibrated 0.3m cyclohexane solu-
tion in MeCN in the presence of 0.05m a-phenyl N-tert-bu-
tylnitrone (PBN) gave rise to a triplet of doublets attributa-
ble to the trapping of the cyclohexyl radical, in agreement
with previous work.[16] When a similar experiment was car-
ried out in a nitrogen-flushed solution to which 0.1m AN
had been added, the same signal was initially observed but
after 20 min was superseded by a new triplet of doublets,
corresponding to the trapping of a different C-centered radi-
cal (Figure 2). Using 0.1m IPMN gave a similar result, with
the second radical being revealed earlier (5 min, Figure 3).


Indeed, this signal appeared also with a 1 î10�3
m concentra-


tion of IPMN, though the reaction was slower and the
second radical developed at a longer time (ca. 20 min). The
spectra of the second radical had a different structure with
the two alkenes, as showed by the different coupling con-
stants. No significant signals were detected when omitting
TBADT or cyclohexane or when leaving the solution in the
dark. With 1 î10�3


m TCNE the nine-lines signals corre-
sponding to the TCNE radical anion was present from the
beginning along with the triplet of doublets resulting from
the trapping of the cyclohexyl radical.


The role of oxygen was also investigated. Repeating the
small-scale experiments with cyclohexane and AN omitting
degassing showed that, while the deep blue color of reduced
polyoxotungstate did not develop, alkylation to yield prod-
uct 2 proceeded steadily, though at rate about one forth
than in oxygen-free solution. In preparative experiments, ir-


Figure 1. Results from the irradiation of 0.002m tetrabutylammonium
decatungstate (TBADT) in acetonitrile in the presence of 0.5m cyclohex-
ane. Filled symbols (left-hand scale): moles of electrons accepted by the
decatungstate as measured by the formation of the two reduced forms.
Empty symbols (right-hand scale): moles of alkylated products formed.
(*) No additive; (&) 0.1m 1-hexene; (~,~) 0.1m AN; (^,^) 0.1m IPMN.


Figure 2. EPR spin trapping spectra obtained irradiating (l> 300 nm)
TBADT (0.002m) in a nitrogen-flushed solution containing cyclohexane
(0.3m), AN (0.1m) and PBN (0.05m). A) After a few seconds irradiation
(aN=13.9 G, aH=2.2 G, light line); B) after 20 min irradiation (aN=14.3
G, aH=3.4 G, heavy line).


Figure 3. EPR spin trapping spectra obtained irradiating (l>300 nm)
TBADT (0.002m) in a nitrogen-flushed solution containing cyclohexane
(0.3m), IPMN (0.1m) and PBN (0.05m). A) After a few seconds irradia-
tion (aN=13.9 G, aH=2.2 G, light line); B) after 5 min irradiation (aN=


15.0 G, aH=2.9 G, heavy line).
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radiation of TBADT in non de-aerated solutions containing
cyclohexane led to small amounts of cyclohexanone and cy-
clohexanol, but in the presence of AN or IPMN, alkylated
nitriles 2 and 5 were formed in good yield also when omit-
ting degassing.


Discussion


The basic photochemical reactions of polyoxotungtate com-
plexes have been fully clarified by extensive mechanistic in-
vestigations.[2,7] In essence, electron and hydrogen transfer
generate alkyl radicals according to Equation (1). Reverse
hydrogen atom transfer [Eq. (2)] then competes with cou-
pling [Eq. (3)] or trapping [by a suitable reagent X, Eq. (4)]
of the radicals. Hydrogen transfer to the adduct radicals
formed in the latter case may occur according to Equa-
tion (5). Furthermore, the reduced polyoxotungstate dispro-
portionates on a relatively long (up to seconds) time scale
yielding the diprotonated two-electron reduced anion
[Eq. (6)].


Hþ W10O
5�
32 þRC ! W10O


4�
32 þRH ð2Þ


2RC ! products ðR2; alkenes etc:Þ ð3Þ


RC þX ! R-XC ð4Þ


Hþ W10O
5�
32 þR-XC ! W10O


4�
32 þR-XH ð5Þ


Hþ W10O
5�
32 ! W10O


4�
32 þH2W10O


4�
32 ð6Þ


Formation of alkyl radicals according to Equation (1) has
been well documented, for example by spin trapping,[16] as
has their trapping by aliphatic alkenes and alkynes.[8] Such
addition processes are interesting as a way for the direct
functionalization of inactivated C�H bonds, but occur
slowly (F <0.05) and only up to a low extent. As an exam-
ple, Hill reported that ethylcyclohexane is formed from cy-
clohexane and ethene with 83 % selectivity and 8±9 % con-
version after 78 h, and conversion could not be brought over
10 %.[8] This is probably due to the ™persistent radical ef-
fect∫,[7b, 17] namely to the fact that, while highly reactive alkyl
radicals are consumed through various paths (dimerization,
disproportionation to alkenes and other unidentified), a
more persistent species such as H+ W10O32


5� builds up and
this in turn increases the role of reverse reactions such as
that in eq. 2, thus inhibiting the progress of the addition.
Therefore, the process has limited synthetic interest, except
when a good trap for the nucleophilic radical is available, as
in the case for CO or cyanoformates. In particular, the reac-
tion in the presence of oxygen has been studied in detail.
This leads rather efficiently to alcohols or ketones (F 0.35).
Dioxygen traps the alkyl radicals and the resulting peroxyl
radicals are reduced to hydroperoxides by H+ W10O32


5�.[7a,12a]


Table 1 shows that in the absence of any trap cyclohexyl
radicals couple to bicyclohexyl, disproportionate or add to
acetonitrile. The last process gives cyclohexyl methyl ketone


and has been suggested to involve previous reduction of the
radical to the carbanion.[10] All of the products were ob-
tained in a low yield, in keeping with the literature.[8] When
present, 1-hexene is alkylated, again in a low yield. This is
due to the fact that reaction of the cyclohexyl radical with a
nucleophilic alkene is not favored and thus the persistent
radical effect limits the conversion, just as in the absence of
traps.


The present experiments show that with an electrophilic
alkene the TBADT photoinduced reaction of cyclohexane is
rather efficient (F 0.25) and can be carried out up to elevate
conversion with no declining of the yield (Figure 1). As one
may expect from the well known behavior of alkyl radicals
in solution,[13] addition to AN is more than 100 times as ef-
fective as addition to 1-hexene. The rate constant for the ad-
dition of cyclohexyl radical to methyl acrylate has been re-
cently measured as 3.3 î106


m
�1 s�1 at 25 8C.[18]


The detailed mechanism of the formation of radicals has
been previously explored and both a hydrogen abstraction
and an electron transfer-radical cation deprotonation mech-
anism have been considered, the former one appearing
more likely.[2a,7a] The present trapping corresponds to the
first step of the classical conjugate radical addition,[13] but
since there is no hydrogen donor in solution, the stabilized
(and much less electrophilic) adduct radical 11 is reduced by
the persistent H+ W10O32


5� species to anion 12 (see
Scheme 3). Reduction of the a-cyano radical 11, character-
ized by a high electron affinity,[19] is efficient, while this is


not the case for the starting alkyl radical (compare Ered for
TBADT, �1.2 V,[2a] and for sec-butyl radical, ca. �1.35 V vs
SCE,[20] and take into account that other reactions including
alternative paths, such as Equations (3), (4), limit its steady
state concentration). As mentioned above,[10] reduction of R .


to R� has a role in the absence of traps and probably ex-
plains the formation of small amounts of methyl ketone via
attack of the carbanion to the solvent acetonitrile and hy-
drolysis of the resulting imine.


Deuteration experiments (Table 2) support the role of
anion 12 by the positive result with D2O. On the other hand,
the negative result with C6D12 indicate that neither hydrogen
back donation from reduced polyoxotungstate, nor hydrogen


Scheme 3.
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abstraction from the alkane by the adduct radical (at any
rate thermodynamically unfeasible) have any role. In neat
MeCN, the a proton reasonably arises from traces of water
present.


In keeping with this hypothesis, incorporation of further
AN units becomes significant (accounting for 2=3 of the iso-
lated products) at 1m AN, when concentration is high
enough to make relatively slow addition by nucleophilic rad-
ical 11 to AN (rate constant ca. 1 î104


m
�1 s�1) competitive


with reduction. Addition yields radical 13 (Scheme 3). Incor-
poration of two or three alkene units has been previously
detected in some conjugate alkylation reactions of radicals
to acrylonitrile, though the products have not been isolat-
ed.[21]


The intermediacy of both cyclohexyl radical and of adduct
radicals 11 with both AN and IPMN is also evidenced by
trapping by phenyl-tert-butylnitrone to give the correspond-
ing nitroxyl radicals 14 (Figures 2 and 3). EPR experiments
also show that the highly stabilized a,a-dicyano radical
adduct from IPMN builds up to a larger concentration than
in the case of the monocyano radical from AN.


Further support to the mechanism comes from the fact
that when using CMHN as the trap, no cyclization takes
place, while this is the main process (cyclized 10 vs open
chain 9 3 to 1)[14] when the cyclohexyl radical is generated
by an alternative method, for example hydrogen abstraction
from cyclohexane by triplet benzophenone. Under the pres-
ent conditions, on the contrary, the 5-hexenyl radical 15 is
reduced by H+ W10O32


5� accumulated to a significant con-
centration to give anion 16, so that cyclization is completely
inhibited (Scheme 2).


Electron transfer to the radical adduct regenerates the
starting polyoxometalate that is used in catalytic amounts
and operates with an initial turn-over number of 6 with AN
and 12 with IPMN. The latter trap scavenges alkyl radicals
more efficiently and also yields a more easily reduced
adduct radical. Regeneration of TBADT is not complete
and part of H+ W10O32


5� undergoes disproportionation
(known rate constant 1 î 107


m
�1 s�1)[7f] to give the two-elec-


trons reduced form H2W10O32
4� (see Figure 1). As men-


tioned above, the efficiency of this step is lower in the reac-
tion with IPMN due to the faster reoxidation. During irradi-
ation, an increasing fraction of the polyoxoanion is accumu-
lated in the reduced form, arriving at about 2=3 with the elec-
trophilic alkenes (up to 4=5 in their absence, see Figure 1),
but a sufficient amount of it remains to make the photocata-
lytic action continue, also thanks to the choice of the irradia-
tion wavelength at 310 nm, where TBADT absorbs strongly.
Thus, the turn over number at high conversion is about 60,


that is 60 moles of the alkene are alkylated for every elec-
tron accepted by TBADT to give H+ W10O32


4�. The prepara-
tive significance of the method is indicated by alkylation
yields attaining 66 % with the photocatalyst used in a 1 to
50 proportion with respect to the alkene.


The mechanism requires that the electrophilic alkene
added functions as a trap, not interfering with the sensitiza-
tion cycle (Scheme 3). Indeed, this holds true for AN (Ered


= �2.6 V vs SCE)[22] and IPMN (�1.75),[22] but the limits of
the method are clearly shown by the fact that TCNE (+
0.23)[23] is reduced to the radical anion [Eq. (7), as indicated
by the EPR and by the yellowing of the solution], making
alkylation impossible.


Hþ W10O
5�
32 þTCNE ! W10O


4�
32 þTCNEC� þHþ ð7Þ


Importantly, this is a stoichiometric process in terms of
light absorbed, not a photoinitiated chain process, that
would be impossible due to the stability of the radical
adduct. This makes the process less oxygen-sensitive. In fact,
oxygen slows down the alkylation but does not inhibit it,
which is not quite surprising when one takes into account
that this is no chain process. Thus, the oxygen effect is limit-
ed to the competition with the alkene (the latter being a
hundred times more concentrated) for the radical, but the
multiplicative effect of chain reactions is lacking. Actually,
we found that the preparative alkylation could be carried
out to a satisfactory conversion also when omitting de-aera-
tion. Apparently, the slowing down of the alkylation due to
radical trapping by oxygen is in part compensated for by the
much lower conversion of the polyoxometallate into the re-
duced form, which is re-oxidized by oxygen (the solution re-
mains of a pale blue), and thus by the greater light fraction
absorbed by the active species.


Conclusion


Photocatalysis by polyoxoanions, and in particular by
TBADT, can be considered a mild and efficient method for
the generation of alkyl radicals from alkanes. The mecha-
nism of the primary steps in the TBADT±alkane±MeCN
system has been studied in detail elsewhere. For the present
purpose, the significant point is that radicals are trapped by
electrophilic alkenes in a reaction (Scheme 3) that follows a
path quite similar to that proved for the trapping by oxygen
to give hydroperoxides. In this way, conjugate alkylations
have been obtained that extend the classical radical alkyla-
tion reactions since the radical precursor is an alkane, rather
than a bromide or iodide, and represent a mild method for
the activation of aliphatic C�H bond with C�C bond forma-
tion. This significantly adds to the synthetic appeal of poly-
oxoanions photoinduced reactions.


Experimental Section


Materials : Tetrabutylammonium decatungstate (TBADT) was prepared
according to a published procedure.[24] The electrophilic alkenes IPMN,
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IPCA[25] and CMHN[14] were prepared as previously reported. The other
materials and the solvents were of commercial origin.


Preparative irradiations : These were carried out in 1 cm diameter quartz
tubes containing a solution (6 mL) of TBADT (40 mg, 0.002m), the
alkane (0.5m) and the electrophilic alkene (0.1m). These were purged
with purified Argon for 10 min, serum capped and irradiated for 15±20 h
in a multilamp apparatus fitted with six 15 W phosphor-coated lamps
(center of emission 310 nm). The irradiated solution was flushed with
oxygen until colorless, passed through a 4 cm layer of neutral alumina
and evaporated. The residue was first examined by GC/MS and then
chromatographed on silica gel by using cyclohexane and cyclohexane/
ethyl acetate 98:2. With IPMN essentially the same results were obtained
also when omitting degassing.


Compounds 2, 5, 6 and 9 were identical to samples prepared through al-
ternative procedures.[14] Hexylcyclohexane was recognized by comparison
of the GC/MS spectrum with literature data,[26] bicyclohexyl and cyclo-
hexylmethylketone by comparison of the GC/MS spectrum with that of
authentic samples.


2-Cyclohexylmethylpentanedicarbonitrile (3): colorless syrup; 1H NMR
(300 MHz, CDCl3): d=0.8±1.8 (m, 13H), 1.95 (m, 2H; 3-H2), 2.6 (m, 2 H;
4-H2), 2.85 (m, 1 H; 2-H); 13C NMR (75 MHz, CDCl3, TMS): d = 15.8
(CH2; 4-C), 26.2 (CH2), 26.3 (CH2), 26.6 (CH2; cyclohexyl ring), 28.7
(CH), 29.0 (CH2), 32.7 (CH2), 33.8 (CH2), 35.8 (CH), 39.8 (CH2), 118.0
(CN), 120.4 (CN); GC/MS: m/z (%): 190 (68), 150 (25), 135 (62), 122
(18), 108 (43), 95 (37), 82 (48), 65 (100).


4-Cyano-2-cyclohexylmethylheptanedicarbonitrile (4): (diastereoisomers
mixture; the sample obtained by chromatography was somewhat conta-
minated by dinitrile 3), colorless syrup; 1H NMR (300 MHz, CDCl3,
TMS): d=0.8±1.9 (m, 13H), 2.05 (m, 2 H; 6-H), 2.6 (m, 2H; 3-H), 2.9±3.1
(two m, 2H; 2-H, 4-H ; 13C NMR (75 MHz, CDCl3): d=15.6 (CH2), 26.3
(CH2), 26.6 (CH2), 27.0 (CH), 28.0 (CH2), 29.0 (CH), 30.3 (CH), 32.7
(CH2), 33.9 (CH2), 40.2 (CH2), 118.5 (CN), 120.2 (CN), 120.3 (CN); GC/
MS (two peaks with almost identic pattern): m/z (%): 243 (8), 203 (12),
188 (15), 150 (18), 137 (20), 122 (12), 108 (24), 82 (23), 55 (100).


2-(1-Cyclohexyl-1-methylethyl)propanedicarbonitrile (7): colorless solid;
m.p. 48±50 8C; elemental analysis calcd (%) for C 75.7, H 9.7, N 14.5;
found: C 75.74, H 9.54, N 14.72; 1H NMR (300 MHz, CDCl3, TMS): d=
1.2 (s, 6H; Me2), 1.0±1.95 (several m, 11 H; cyclohexyl), 3.7 (s, 1H; 2-H);
13C NMR (75 MHz, CDCl3): d = 21.7 (CH3), 25.9 (CH2), 26.3 (CH2),
27.1 (CH2), 33.5 (CH), 41.0, 44.1 (CH), 112.1 (CN); IR (melt): ñ =


2253 cm�1; GC/MS: m/z (%): 190 (1) [M+], 175 (1), 125 (4), 107 (3), 83
(100).


Ethyl 2-cyano-3-cyclohexyl-3-methylbutanoate (8): colorless syrup;
1H NMR (300 MHz, CDCl3, TMS): d =1.1 (s, 3H; Me), 1.3 (s, 3 H, Me),
1.0±1.9 (several m, 11 H; cyclohexyl), 1.35 (t, 3 H; Me), 3.6 (s, 1H; 2-H),
4.25 (q, 2H; CH2); 13C NMR (75 MHz, CDCl3): d =13.4 (CH3), 20.9
(CH3), 21.7 (CH3), 25.6 (CH2), 25.9 (CH2), 26.1 (CH2), 26.4 (CH2), 26.6
(CH2), 40.3, 44.9 (CH), 46.5 (CH), 61.6 (CH2), 116.3 (CN), 165.6 (CO);
IR (neat): ñ = 2246, 1742 cm�1; GC/MS: m/z (%): 237 (10) [M+], 164
(18), 140 (21), 124 (65), 114 (42), 82 (100).


Steady state measurements : Solutions (2 mL) of 0.002m TBADT in
MeCN containing the appropriate additives in 1 cm optical path spectro-
photometric couvettes were degassed by five freeze-degas-thaw cycles (to
10�6 Torr). The samples were irradiated by means of a focalised Osram
150 W high-pressure mercury arc fitted by an interference filter at
313 nm or a band-pass filter (the first one for quantum yield measure-
ments, the latter for comparing reactivities, see the results after 3 h irradi-
ation in Table 1). Light absorbed was determined by using a photometer
and the light flux was measured through ferrioxalate actinometry. Forma-
tion of the alkylated products was determined by GC on the basis of cali-
bration curves by using an internal standard (biphenyl). Formation of the
two reduced forms of TBADT was monitored by spectroscopy in the visi-
ble on the basis of the known molecular extinction coefficient of such
molecules.[15b]


EPR Measurements : EPR spectra were recorded with a X-band Bruker
220 SE spectrometer that was calibrated by using a,a’-diphenylpicrylhy-
drazyl. EPR spin trapping experiments were performed using a-phenyl,
N-tert butyl nitrone (PBN) as a spin trap. In a typical experiment CH3CN
solution containing TBADT (0.002m), C6H12 (0.3m), PBN (0.05m) and an
alkene (AN or IPMN, 0.1m, or TCNE 0.001m) were deoxygenated by ni-


trogen flushing and put in the EPR cell under inert atmosphere. An anal-
ogous experiment has been carried out with an oxygen equilibrated solu-
tion in the absence of the alkene. Then, photochemical excitation was
carried out with light of wavelength higher than 300 nm directly inside
the instrument cavity, using a flat quartz cell as the reaction vessel. Anal-
ogous experiments were performed irradiating in the absence of TBADT,
or in the absence of C6H12, or in the dark.
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Metal-Induced Tautomerization of p- to o-Quinone Compounds:
Experimental Evidence from CuI and ReI Complexes of Azophenine and
DFT Studies
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Dedicated to Professor Hans Bock on the occasion of his 75th birthday


Introduction


Metal-dependent quinoproteins[1,2] are known with the qui-
nonoid cofactors pyrroloquinolinequinone (PQQ),[3] topa-
quinone (TPQ)[4] or lysine tyrosylquinone (LTQ).[5] Depen-
ding on the substitution pattern, an o- (PQQ,TPQ) or p-qui-
none form (TPQ)[6] is favored, however, o/p tautomeric
high-energy species can be conveniently formulated in all in-
stances (Scheme 1). The favored tautomers either avoid the
formation of imine instead of carbonyl functions (PQQ,
LTQ) or exhibit the established preference[7] for the p- over
the o-tautomer (TPQ).


Using the all-nitrogen compound azophenine Lp, a long
established p-quinonoid compound[8] with a hardly explored
ligand potential in coordination chemistry,[9,10] we have pre-
viously shown that coordination of phosphine-stabilized cop-
per(i) can cause tautomerization to the chelating o-quino-
noid tautomer Lo (Scheme 2), supported by interionic ring-
forming hydrogen bonding between the newly o-positioned
NHPh substituents with one fluorine atom of the BF4


� coun-
terion.[11]


Metal-induced tautomerization is a phenomenon that has
been discussed especially in connection with PtII±nucleobase
interaction where stabilization of the ™wrong∫ tautomer
could lead to mispairing in nucleic acids.[12] Furthermore,
metal-induced proton migration in coordination compounds
is an important feature of functional systems devised for the
field of molecular electronics.[13]


In this report we describe that the metal-induced tauto-
merization of azophenine can also occur in non-ionic sys-
tems by example of a structurally and spectroscopically
characterized organorhenium(i) complex. To explore this
phenomenon in a more general manner we also present
DFT calculations on the model ligands p-quinonediimine
and 2,5-diamino-p-quinonediimine and their ortho-quino-
noid forms. These calculations were performed with and
without Li+ or Cu+ present to evaluate the function of
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Abstract: Azophenine (7,8-diphenyl-
2,5-bis(phenylamino)-p-quinonediimine,
Lp) reacts with [Cu(PPh3)4](BF4) or
[Re(CO)5Cl] to yield the (Ph3P)2Cu


+


or [(OC)3ClRe] complex of the tauto-
meric form 7,8-diphenyl-4,5-bis(phenyl-
amino)-o-quinonediimine, Lo, as evi-
dent from structure determinations and
from very intense metal-to-ligand
charge transfer (MLCT) transitions in
the visible region. Time-dependent
DFT (TD-DFT) calculations on model


complexes [(N\N)Re(CO)3Cl] confirm
the spectroscopic results, showing con-
siderably higher oscillator strengths of
the MLCT transition for the o-quinone-
diimine complexes in comparison to
compounds with N\N=1,4-dialkyl-1,4-
diazabutadiene. The complexes are ad-


ditionally stabilized through hydrogen
bonding between two now ortho-posi-
tioned NHPh substituents and one
fluoride of the BF4


� anion (Cu com-
plex) or the chloride ligand (Re com-
plex). DFT Calculations on the model
ligands p-quinonediimine or 2,5-diami-
no-p-quinonediimine and their ortho-
quinonoid forms with and without Li+


or Cu+ are presented to discuss the
relevance for metal-dependent quino-
proteins.


Keywords: copper ¥ density
functional calculations ¥ quinones ¥
rhenium ¥ tautomerism
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metal coordination. Coordination compounds of o-qui-
nones[14] and especially o-quinonediimines[14±16] have raised
interest because of strong metal±ligand p interaction as evi-
dent from intense charge transfer bands, the potentially
non-innocent behavior of the ligands,[14,15] and the capacity
of intercalation into DNA.[16]


Experimental Section


Instrumentation : 1H NMR spectra were taken on a Bruker AC 250 spec-
trometer, IR spectra were obtained using Perkin Elmer 684 and 1760X
instruments. UV/Vis/NIR absorption spectra were recorded on Shimadzu
UV160 and Bruins Instruments Omega 10 spectrophotometers. Cyclic
voltammetry was carried out at 100 mVs�1 scan rate in 0.1m Bu4NPF6
solutions using a three-electrode configuration (glassy carbon electrode,
Pt counter electrode, Ag/AgCl reference) and a PAR 273 potentiostat
and function generator. The ferrocene/ferrocenium couple served as in-
ternal reference.


Synthesis : The preparation of [(Lo)Cu(PPh3)2](BF4) has been described
previously.[11]


[(Lo)Re(CO)3Cl]: [Re(CO)5Cl] (140 mg, 0.39 mmol) and azophenine
(180 mg, 0.41 mmol) were heated under reflux for 25 min in toluene
(30 mL). The deep purple solution was evaporated to dryness. The solid
was dissolved in a mixture of n-hexane and dichloromethane (3:1) and
cooled to �25 8C. After 10 h a deep purple precipitate was collected,
washed with n-hexane and dried under vacuum to yield the product
(250 mg, 86%). Elemental analysis calcd (%) for C33H24ClN4O3Re
(746.24): C 53.11, H 3.24, N 7.51; found: C 53.11, H 3.16, N 7.40;
1H NMR (CD2Cl2): d = 6.11 (s, 2H, H3,6), 6.53 (br s, 2H, N-H), 7.05±7.46
(m, 20H, Ph); IR: ñNH = 3288 cm�1 (KBr); ñCO = 2015, 1927, 1898 cm�1


(CH2Cl2); UV/Vis (CH2Cl2): lmax (e)
= 268(22300), 289(sh), 389(12600),
567(20100), 625(sh).


Crystallography : Purple needles of
[(Lo)Re(CO)3Cl] were obtained
through slow evaporation from an ace-
tone solution layered with pentane. X-
ray data were collected at 293(2) K on
a four-circle diffractometer (Kappa-
CCD, NONIUS) using graphite mono-
chromated MoKa radiation (l=
0.71073 ä). The structure was solved
via direct methods using the pro-
gramme SHELXS-97.[17a] Refinement
was carried out by the full-matrix
least-squares method employing the
programme SHELXL-97:[17b] All non-
hydrogen atoms were refined aniso-
tropically. The C�H hydrogen atoms
were introduced at appropriate posi-
tions with coupled isotropic factors
using the riding model, the N�H hy-
drogen atoms were refined freely. Two
crystallographically independent mole-
cules were found in the unit cell. Ab-
sorption correction was performed nu-


merically using the programme HABITUS.[18] Crystal data and selected
structure parameters are listed in Tables 1 and 2.


CCDC-217559 contains the suppplementary crystallographic data for this
paper. These data can be obtaind free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336-
033; or deposit@ccdc.cam.ac.uk).


DFT Calculations : Ground state electronic structure calculations were
done by density functional theory (DFT) methods using the Gaussian98
program package.[19] The lowest excited states of the closed shell com-
plexes were calculated by time-dependent DFT (TD-DFT). Double z


basis sets 6-311G*[20] were employed for the H, C, N, O, Cl, Li and Cu


Scheme 1.


Scheme 2.


Table 1. Crystallographic data of (Lo)Re(CO)3Cl.


empirical formula C33H24ClN4O3Re
formula weight 746.24
crystal size [mm] 0.4î0.2î0.2
T [K] 293(2)
l [ä] 0.71073
crystal system orthorhombic
space group P212121 (No. 19)
a [ä] 9.4207(1)
b [ä] 20.3916(2)
c [ä] 34.1560(4)
cell volume [ä3] 6561.47(12)
1calcd [gcm


�3] 1.511
m [mm�1] 3.82
max. 2q [8] 45.97
index ranges �10�h�10


�22�k�22
�37� l�37


formula units per cell, Z 8
reflections collected 69619
unique reflections 9115
Rint/Rs 0.0798/0.0487
GOF/F 2 1.125
data/restraints/parameters 9115/0/770
Flack x parameter 0.00(1)
extinction 0.00033(5)
R indices (all data)
R1 0.0588
wR2 0.0964
largest res. e� densities [eä�3] 0.95, �0.73
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atoms, and quasirelativistic effective core pseudopotentials with a corre-
spondingly optimized set of basis functions were used for Re.[21] Within
TD-DFT calculations Dunning×s polarized valence double z basis sets[22]


were employed for the H, C, N, O and Cl atoms. In these calculations,
the hybrid Becke×s three parameter functional[23] with the Lee, Yang and
Parr correlation functional (B3LYP) was used. The comparative TD-
DFT calculations were performed using Becke×s functional half-and-half
exchange mixing[24] with LYP correlation (BHandHLYP).


Geometry optimization was performed for all systems and the vibrational
frequencies were calculated for each stationary point. Energy minima
were characterized either by the absence of imaginary frequencies or
very low imaginary frequencies corresponding to the substituent rotation.


[(Lo)Re(CO)3Cl] was modeled by the [(Meap)Re(CO)3Cl] complex
(Meap=7,8-dimethyl-4,5-bis(methyl)-o-quinonediimine) in which the
phenyl substituents on the nitrogen atoms of Lo were all replaced by
methyl groups.


Results and Discussion


Formation of the complexes [(Lo)Cu(PPh3)2](BF4) and
[(Lo)Re(CO)3Cl] occured in straightforward fashion from Lp


and the precursors [Cu(PPh3)4](BF4) or [Re(CO)5Cl]. Dinu-


clear complex formation was
not observed even in the pres-
ence of a 1:2 ligand-to-metal
ratio. Whereas NMR and ab-
sorption spectra suggest only
indirectly the formation of the
above complexes with tauto-
merized azophenine, the struc-
ture determinations yielded
straightforward evidence. The
structure of the copper complex
(Scheme 2) has been reported
previously[11] (cf. also Table 2),
the crystallographic data of the
rhenium complex are given in
Table 1. Figure 1 shows the
structure of one of the two crys-
tallographically independent
but structurally very similar
molecules fac-(Lo)Re(CO)3Cl,
experimental and DFT-calculat-
ed essential bond parameters
are summarized in Table 2.
In both the copper and rheni-


um complexes the metal is co-
ordinated to form a five-mem-
bered chelate ring involving the
a-diimine part of Lo. The o-qui-
none form of the azophenine
ligand is evident from the C�C
bond lengths within the qui-
none ring and from the distan-
ces between ring carbon atoms
and the nitrogen atoms. For
both the copper(i)[11] and the
rhenium(i) complex the average
values are about 1.36 ä for the


C�N bonds and 1.31 ä for the C=N bonds. Also in agree-
ment with a recently published bond length pattern for
o-quinonoid ligands in different oxidation states[25] the C=C
bonds of coordinated Lo average at about 1.36 ä whereas
the C�C distances lie at about 1.41 ä for the C2�C3 and C6�
C1 bonds or at ca. 1.49 ä for the C1�C2 and C4�C5 bonds, re-
spectively.


Table 2. Selected bond lengths and angles of [(Lo)Re(CO)3Cl] (experimental) and [(Meap)Re(CO)3Cl] (DFT
calculated[a]).


Bond lengths [ä] Exptl Calcd Bond lengths [ä] Exptl Calcd


Re1�C1 1.930(11) 1.932 N1�C4 1.342(11) 1.317
Re2�C51 1.910(14 N6�C56 1.293(12)
Re1�C2 1.948(13) 1.932 N2�C5 1.290(11) 1.317
Re2�C52 1.895(14) NS�C55 1.314(12)
Re1�C3[b] 1.961(18) 1.962 C4�C5 1.507(13) 1.481
Re2�C53[b] 1.843(14) C54�C55 1.482(14)
Re1�N1 2.141(7) 2.155 C4�C9 1.403(13) 1.429
Re2�N6 2.153(9) C54�C59 1.426(13)
Re1�N2 2.161(7) 2.155 C5�C6 1.401(13) 1.429
Re2�N5 2.160(8) C55�C56 1.400(13)
Re1�Cl1 2.500(3) 2.522 C6�C7 1.381(13) 1.368
Re2�Cl2 2.508(3) C56�C57 1.369(14)


C8�C9 1.337(13) 1.368
C58�C59 1.345(14)
C7�N3 1.375(13) 1.389
C57�N7 1.361(13)
C8�N4 1.353(14) 1.389
C58�N8 1.380(13)
C7�C8 1.493(14) 1.465
C57�C58 1.526(14)


Bond angles [8] Exptl Calcd Bond angles [8] Exptl Calcd


C1-Re1-C2 88.6(4) 91.4 C1-Re1-Cl1 92.8(4) 88.8
C51-Re2-C52 88.1(6) C51-Re2-Cl2 95.4(4)
C1-Re1-C3 89.1(5) 90.0 C2-Re1-Cl1 91.9(3) 88.8
C51-Re2-C53 88.2(5) C52-Re2-Cl2 91.7(4)
C2-Re1-C3 90.1(4) 90.9 C3-Re1-Cl1 177.3(3) 179.3
C52-Re2-C53 84.9(5) C53-Re2-Cl2 175.0(4)
C2-Re1-N1 97.9(4) 96.9 N1-Re1-Cl1 84.3(2) 84.9
C52-Re2-N6 102.6(4) N6-Re2-Cl2 81.5(2)
C1-Re1-N2 98.8(4) 96.9 N2-Re1-Cl1 83.2(2) 84.9
C51-Re2-N5 95.0(4) N5-Re2-Cl2 85.1(2)
C3-Re1-N1 93.5(3) 95.7 C4-N1-Re1 118.0(6) 116.6
C53-Re2-N6 95.6(4) C54-N6-Re2 47.6(7)
C3-Re1-N2 94.6(4) 95.7 C5-N2-Re1 117.3(6) 116.6
C53-Re2-N5 98.1(4) C55-N5-Re2 117.1(7)
N1-Re1-N2 74.6(3) 74.3 N1-C4-C5 112.8(8) 115.1
N6-Re2-N5 74.1(3) N6-C54-C55 116.0(8)


N2-C5-C4 116.6(8) 115.1
N5-C55-C54 114.9(9)


[a] Symmetry averaged. [b] Bond to axial CO.


Figure 1. Molecular structure of [(Lo)Re(CO)3Cl] in the crystal.
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Unlike [(Lo)Cu(PPh3)2](BF4) the non-ionic [(Lo)Re-
(CO)3Cl] does not contain a free anion to coordinate with
the two potentially chelating NHPh groups (Scheme 2).
However, a closer inspection of the crystal structure reveals
intermolecular hydrogen-bonding interactions between
NHPh functions of one molecule and the rhenium-bound
chloride ligand of the neighboring molecule, resulting in in-
finite chains. The average Cl±(H)N distances at 3.28 ä
(Cl1�N3: 3.287 ä, Cl1�N4: 3.254 ä, Cl2�N7: 3.237 ä, Cl2�
N8: 3.352 ä) support the presence of hydrogen bonding.[26]


Apparently, the rather short calculated Cl�H(N) distances
Cl2�H7 (2.303 ä) and Cl2-H8 (2.287 ä) for molecules 2 cor-
relate with a considerable shortening of the Re2�C(O)ax
bond to 1.843(14) ä and a lengthening of the Re2�Cl2 bond
to 2.508(3) ä (Table 2). Typical Re�Cl distances in com-
plexes of fac-[Re(CO)3Cl] with acceptor ligands are about
2.47 ä.[27a]


Like the relatively long Re�C(O)eq bonds at about 1.92 ä
the rather high carbonyl stretching frequencies confirm the
strong p accepting character of Lo.[27] Generally, the experi-
mental geometry of [(Lo)Re(CO)3Cl] is reasonably well re-
produced by the DFT calculations on the [(Meap)Re-
(CO)3Cl] model complex (Table 2), slightly larger deviations
for molecule 2 are attributed to the pertubation caused by
stronger intermolecular hydrogen bonding.
A characteristic feature of the two complexes are very in-


tense long-wavelength absorptions at 525 nm (Cu complex)
and 567 nm (Re complex, Figure 2) in dichloromethane so-
lution.


We attribute these absorp-
tions to metal-to-ligand charge
transfer (MLCT) transitions
from d orbitals of the electron-
rich metal centers with d6 (ReI)
or d10 (CuI) configuration to the
p* orbital of the o-quinonedii-
mine p system which is largely
concentrated at the coordinat-
ing a-diimine part. Such long-
wavelength MLCT transitions
have been observed for numer-
ous a-diimine complexes of


(Ph3P)2Cu
+ or [(OC)3ClRe] with typical extinction coeffi-


cients e of about 2000±4000m�1 cm�1,[27±29] however, the very
high intensities with e=12500m�1 cm�1 for the CuI complex
and even 20100m�1 cm�1 for the ReI compound of Lo is char-
acteristic for complexes of p- and of o-quinonediimines as
has been reported before mainly for ruthenium(ii) com-
pounds.[15] The second main band occurs at 395 nm (Cu com-
plex) or 389 nm (Re compound) with e=12000m�1 cm�1.
Time-domain (TD-)DFT calculations for the fac-tricarbonyl-
chlororhenium complex with the 7,8-dimethyl-4,5-bis(methyl-
amino)-o-quinonediimine (Meap) model ligand (Scheme 3)
confirm the MLCT identity and high oscillator strength of


the long-wavelength transition (Table 3). The set of two
closely lying highest occupied molecular orbitals (HOMO)
is formed by MOs with large contributions from Re 5d or-
bitals interacting with 3p(p) orbitals of Cl. The LUMO of
[(Meap)Re(CO)3Cl] is formed by the p* orbital which is de-
localized to large extent over the whole Meap ligand
(Figure 3). The calculations allow us to assign the lowest


Figure 2. Absorption spectrum of [(Lo)Re(CO)3Cl] in dichloromethane.


Scheme 3.


Figure 3. Shapes of the LUMOs of [(Meap)Re(CO)3Cl] (top) and [(Me-
dab)Re(CO)3Cl] (bottom) complexes.


Table 3. Selected low-lying singlet excitation energies for [(N\N)Re(CO)3Cl].
TD-DFT (N\N=Meap) Experiment[b]


State Character (B3LYP) (HBandHLYP) (N\N=Lo)


Transition Osc. str. Transition Osc. str. lmax [nm]
energy [eV][a] energy [eV][a] (e [m�1 cm�1])


b 1A MLCT/LLCT 1.98 (626) 0.105 2.44 (507) 0.217 567 (20100)[c]


Re,Cl ! Meap
c 1A MLCT/LLCT 2.20 (563) 0.032 2.72 (456) 0.041


Re,Cl!Meap
d1A MLCT/LLCT 2.62 (473) 0.013 3.14 (394) 0.021 400 (12000)


Re,Cl!Meap
e1A LLCT 3.10 (399) 0.325 3.82 (324) 0.311 300 (23000)


p(Cl)!p*(Meap),
p!p*(Meap)


[a] Wavelengths [nm] in parentheses. [b] From spectroscopy in CH2Cl2. [c] Shoulder at 630 nm.
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lying transition to a HOMO-1 ! LUMO excitation having
mixed MLCT/LLCT character.
In order to reproduce and understand the unusually large


intensity of this transition comparable TD-DFT calculations
were performed on the complex [(Me-dab)Re(CO)3Cl]
(Table 4, Me-DAB=1,4-dimethyl-1,4-diaza-1,3-butadiene).


Experimental data are available for [(tBu-dab)Re-
(CO)3Cl]


[27] and [(iPr-dab)Re(CO)3Cl].
[28] In agreement with


the experiments, the lowest transition within [(Meap)Re-
(CO)3Cl] is calculated at a longer wavelength with the oscil-
lator strength about three times larger in comparison with
[(Me-dab)Re(CO)3Cl], using the same functional. The tran-
sition moment of the lowest transition of the Meap complex
is much larger due to the more delocalized LUMO
(Figure 3). The second, less intense transition around
400 nm has a similar character as the lowest one, the next
intense feature around 300 nm can be assigned to an LLCT
transition (mixing of p(Meap)!p*(Meap) and p(Cl)!
p*(Meap) transitions).
IR spectroscopy shows the presence of NH through bands


at 3374 cm�1 (Cu complex, KBr) and 3288 cm�1 (Re com-
plex, KBr), respectively. The 1H NMR spectra exhibit
H(NH) resonances at 7.96 ppm (Cu complex, CDCl3) or
6.53 ppm (Re complex, CD2Cl2), the broader signal of the
latter reflecting the absence of possible hydrogen bonding
with an anion. Oxidation and reduction are irreversible for
both systems at peak potentials of about +0.70 V and
�1.25 V (Cu complex) or �1.05 V (Re complex, only reduc-
tion) versus (C5H5)2Fe


+ /o, respectively.
Since the rhenium complex demonstrates that metal-in-


duced tautomerization of azophenine can occur also with
non-ionic species we have explored the phenomenon of p!
o-quinone ligand tautomerization at a more elementary
level using DFT methodology. The possibility of a p!
o-semiquinone isomerization has been discussed before in
connection with the bis(2,2’-bipyridine)ruthenium(ii) com-
plex of deprotonated and semi-oxidized 2,4,5-trihydroxo-
toluene (a model of topasemiquinone, TPQC�) which had
shown well resolved EPR spectral features.[30]


DFT calculations on o/p-quinonediimines and their diami-
no forms (Scheme 4) show that the p-forms are more stable


than the o-forms by 0.36 and 0.88 eV for quinonediimine
and diamino-quinonediimine, respectively (Table 5). Con-
trary to the free ligands, however, the o-forms of all metal
complexes with quinonediimines become more stable than
the corresponding p-tautomers. Due to the interaction with
metal cations, the o-forms of Li+ and Cu+ complexes with


the diamino-quinonediimine
are stabilized by about 0.37 eV
in comparison with the p-forms
(the stabilization is about
0.7 eV for unsubstituted quinone-
diimine complexes). Figure 4
shows the optimized structure
of the Cu+ complex of 4,5-di-
amino-o-quinonediimine, the
complex with Li+ has a similar
structure. The calculated bond
length Cu�N is 1.955 ä, the
Li�N distance in the Li+ com-
plex is 1.941 ä.
The metal-ion induced p!


o-quinone tautomerism of azo-


phenine is now well documented experimentally, also sup-
ported by DFT calculation results for more general systems.
To approach the functional cooperation of metal and cofac-


Table 4. Selected low-lying singlet excitation energies for [(R-dab)Re(CO)3Cl}.


TD-DFT (R=Me) Experiment[b] (R= tBu)
State Character (B3LYP) (HBandHLYP)


Transition Osc. Transition Osc. lmax [nm]
energy [eV][a] str. energy [eV] [a] str. (e [m�1 cm�1])


a 1A’ MLCT/LLCT 2.22 (558) 0.036 2.85 (435) 0.075 432 (2300)
Re,Cl!Me-DAB


b1A’ MLCT/LLCT 2.33 (532) 0.032 2.99 (414) 0.005
Re,Cl!Me-DAB


e1A’ LLCT 3.45 (359) 0.325 4.28 (289) 0.067
p(Cl)!p*(Me-DAB),
p!p*(Me-DAB)


[a] Wavelengths [nm] in parentheses. [b] From spectroscopy in 1,2-dichloroethane.


Scheme 4.


Table 5. DFT (B3LYP) calculated free energies [eV] of quinonediimines
and their complexes (Scheme 3).


Free ligand Li+ complex Cu+ complex


o-quinonediimine �9297.22 �9498.83 �53928.85
p-quinonediimine �9297.58 �9498.00 �53928.29
o/p-difference 0.36 �0.83 �0.56
4,5-diamino-o-quinonediimine �12309.79 �12512.08 �56942.05
2,5-diamino-p-quinonediimine �12310.67 �12511.70 �56941.68
o/p-difference 0.88 �0.38 �0.37


Figure 4. The optimized structure of the (4,5-diamino-o-quinonediimine)-
copper(i) complex with calculated bond lengths in ä.
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tor in amine oxidases we now plan to study the role of the
second biochemical substrate, dioxygen. Preliminary experi-
ments with azophenine and free copper(i) containing solu-
tions in dichloromethane have shown that the admission of
O2 results in the bleaching of long-wavelength absorptions l
> 1000 nm which will be investigated further.
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Redox-Controllable Amphiphilic [2]Rotaxanes
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Margherita Venturi,*[c] Vincenzo Balzani,[c] and J. Fraser Stoddart*[a]


Abstract: With the fabrication of mo-
lecular electronic devices (MEDs) and
the construction of nanoelectrome-
chanical systems (NEMSs) as incen-
tives, two constitutionally isomeric,
redox-controllable [2]rotaxanes have
been synthesized and characterized in
solution. Therein, they both behave as
near-perfect molecular switches, that is,
to all intents and purposes, these two
rotaxanes can be switched precisely by
applying appropriate redox stimuli be-
tween two distinct chemomechanical
states. Their dumbbell-shaped compo-
nents are composed of polyether
chains interrupted along their lengths
by i) two p-electron rich recognition
sites–a tetrathiafulvalene (TTF) unit
and a 1,5-dioxynaphthalene (DNP)
moiety–with ii) a rigid terphenylene
spacer placed between the two recogni-
tion sites, and then terminated by iii) a
hydrophobic tetraarylmethane stopper
at one end and a hydrophilic dendritic
stopper at the other end of the dumb-
bells, thus conferring amphiphilicity
upon these molecules. A template-di-
rected protocol produces a means
to introduce the tetracationic cyclo-
phane, cyclobis(paraquat-p-phenylene)
(CBPQT4+), which contains two p-
electron accepting bipyridinium units,


mechanically interlocked around the
dumbbell-shaped components. Both
the TTF unit and the DNP moiety are
potential stations for CBPQT4+ , since
they can establish charge-transfer and
hydrogen bonding interactions with the
bipyridinium units of the cyclophane,
thereby introducing bistability into the
[2]rotaxanes. In both constitutional iso-
mers, 1H NMR and absorption spec-
troscopies, together with electrochemi-
cal investigations, reveal that the
CBPQT4+ ring is predominantly locat-
ed on the TTF unit, leading to the exis-
tence of a single translational isomer
(co-conformation) in both cases. In ad-
dition, a model [2]rotaxane, incorporat-
ing hydrophobic tetraarylmethane stop-
pers at both ends of its dumbbell-
shaped component, has also been syn-
thesized as a point of reference. Molec-
ular synthetic approaches were used to
construct convergently the dumbbell-
shaped compounds by assembling pro-
gressively smaller building blocks in


the shape of the rigid spacer, the TTF
unit and the DNP moiety, and the hy-
drophobic and hydrophilic stoppers.
The two amphiphilic bistable [2]rotax-
anes are constitutional isomers in the
sense that, in one constitution, the TTF
unit is adjacent to the hydrophobic
stopper, whereas in the other, it is next
to the hydrophilic stopper. All three bi-
stable [2]rotaxanes have been isolated
as green solids. Electrospray and fast
atom bombardment mass spectra sup-
port the gross structural assignments
given to all three of these mechanically
interlocked compounds. Their photo-
physical and electrochemical properties
have been investigated in acetonitrile.
The results obtained from these investi-
gations confirm that, in all three [2]ro-
taxanes, i) the CBPQT4+ cyclophane
encircles the TTF unit, ii) the
CBPQT4+ cyclophane shuttles between
the TTF and DNP stations upon elec-
trochemical or chemical oxidation/re-
duction of the TTF unit, and iii) folded
conformations are present in which the
CBPQT4+ cyclophane, while encircling
the TTF unit, interacts through its p-
accepting bipyridinium exteriors with
other p-donating components of the
dumbbells, especially those located
within the stoppers.


Keywords: molecular shuttle ¥
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processes ¥ self-assembly ¥
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Introduction


Supramolecular chemistry[1] and self-assembly[2] have
emerged as a powerful vehicle and key concept, respectively,
for the development of synthetic chemistry[3] to a point
where making rotaxanes using template-directed protocols[4]


is now routine. A [2]rotaxane is a molecule composed of a
ring and a dumbbell-shaped component.[5] The ring compo-
nent encircles the linear, rod-like portion of the dumbbell-
shaped component and is trapped mechanically by two
bulky stoppers. If two identical recognition sites for the ring
component are located within the dumbbell-shaped compo-
nent, then the outcome is a degenerate equilibrium state in
which the ring shuttles back and forth along the linear por-
tion of the dumbbell. Such a [2]rotaxane constitutes a mo-
lecular shuttle.[6] When the two different recognition sites
which are incorporated into the dumbbell component differ
in their constitutions, then the [2]rotaxane can exist in two
different equilibrating translational isomers[7] or co-confor-
mations;[8] their populations reflect the relative free ener-
gies, as determined primarily by the strengths of the two dif-
ferent sets of noncovalent bonding interactions present in
the mechanically interlocked molecules. Moreover, these
molecules can be activated by switching the recognition sites
on and off between the components chemically,[9] electro-
chemically,[10] electrically,[11] and optically,[12] such that their
components perform relative motions–that is, overall, the
[2]rotaxane behaves as a controllable molecular shuttle[6]


wherein the movement of the ring component can be in-
duced by an appropriate stimulus to shuttle in a linear fash-
ion between the two recognition sites. Since the ring and
dumbbell-shaped components of these highly ordered inter-
locked molecules can be induced to perform these relative
internal motions, rotaxanes are now prime candidates for
the construction of artificial molecular machines,[13,14] which,
in the appropriate solid-state settings, become the blueprints
for the fabrication[11,15] of molecular electronic devices
(MEDs) and the engineering of nanoelectromechanical sys-
tems (NEMSs).


Not so long ago, we described[16] the template-directed
syntheses[4] of amphiphilic, bistable rotaxanes composed of
dumbbell-shaped components with two recognition sites–
namely a monopyrrolo-tetrathiafulvalene (MP-TTF) unit
and a 1,5-dioxynaphthalene (DNP) moiety–and a common
ring component, that is, cyclobis(paraquat-p-phenylene)[17]


(CBPQT4+). In the ideal switch, [p±p] stacking and other
interactions[18] involving the CBPQT4+ ring and the stronger
(MP-TTF) of the two p-electron-donating recognition sites
would result in these [2]rotaxanes existing as a single trans-
lational isomer with the CBPQT4+ ring encircling only the
MP-TTF unit. In practice, however, electrochemical studies,
supported by spectroscopic results, have shown[16,19] that, in
these particular rotaxanes, both translational isomers are
present in approximately 1:1 ratios in Me2CO solutions at
room temperature. It follows that, if this equilibrium is the
starting point, then oxidation of the MP-TTF units will only
activate half of the molecules, that is, only 50% of them are
available to undergo switching. This inherent lack of precise
mechanical control compromises the performance of these


[2]rotaxanes when it comes to fabricating MEDs and engi-
neering NEMSs.


In an attempt to produce [2]rotaxanes which will function
as linear motor-molecules with 100% precision, we have
elected to employ a simple disubstituted TTF unit in compe-
tition with the DNP moiety. Since we already knew that
TTF forms a strong green 1:1 complex (Ka=10000m�1 in
MeCN)[6b,20] with CBPQT4+ , whereas 1,5-dihydroxynaphtha-
lene forms a much weaker red 1:1 complex (Ka=770m�1 in
MeCN)[21] with CBPQT4+ , the idea seemed to be a poten-
tially productive one. Moreover, a closely related non-de-
generate [2]catenane, based on identical TTF and DNP rec-
ognition sites has been demonstrated to behave as a nearly
perfect switch, both in solution[22a,b] and in a solid-state de-
vice.[22c]


In a recent preliminary communication,[23] we have describ-
ed i) the synthesis of the model [2]rotaxane 1¥4PF6 in
which the ring component is CBPQT4+ and the dumbbell-
shaped component contains both TTF and DNP recognition
sites, separated by a rigid terphenylene spacer and terminat-
ed by two hydrophobic tetraarylmethane stoppers, and
ii) the characterization by UV/Vis and 1H NMR spectroscop-
ies of the ™clean∫ redox switching action in solution of this
bistable rotaxane, wherein a relative mechanical movement
of several nanometers on the part of the CBPQT4+ ring
occurs along the axis of the dumbbell, assuming the gross
structure of its rod section to be linear, as portrayed in
Figure 1.


In order to investigate the properties and characteristics
of solid-state devices, based on this nearly perfect electro-
mechanical switch, we have identified, as synthetic targets,
two amphiphilic bistable [2]rotaxanes, 3¥4PF6 and 5¥4PF6 in
which the ring component (CBPQT4+) and the rod sec-
tion–containing TTF and DNP recognition sites separated
by a terphenylene spacer–of the dumbbell-shaped compo-
nent are retained but in which one of the two hydrophobic
stoppers is replaced in turn by a hydrophilic dendritic one.
It is clear from a perusal of Figure 1 that these two rotax-
anes are constitutional isomers in the sense that, in 34+ , the
TTF unit encircled by the CBPQT4+ ring, is adjacent to the
hydrophobic stopper, whereas, in 54+ , it is next to the hydro-
philic stopper. Although we would expect these two bistable
rotaxanes, because of their amphiphilic character, to be
largely elongated within Langmuir monolayers at the air-
water interface, and in Langmuir±Blodgett (LB) films in
device settings (Figure 1b and c), the fact that all three of
these rotaxanes, namely 14+ , 34+ , and 54+ , are relatively long
and flexible means that quite a number of alongside intra-
molecular interactions involving the CBPQT4+ ring and the
DNP moiety, as well as p-electron rich aromatic units pres-
ent in the hydrophilic-dendritic and hydrophobic stoppers of
34+ and 54+ , could lead to some rather contorted and exotic
conformations[10c,19, 24] being populated in solution. It is im-
portant that the solution-state properties of these bistable
amphiphilic [2]rotaxanes are understood at the same time as
their performances in devices are being evaluated.


In this paper, we describe the template-directed synthesis
of the three bistable [2]rotaxanes shown in Figure 1–
namely i) the model rotaxane 1¥4PF6 and ii) the two consti-
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tutional isomers 3¥4PF6 and 5¥4PF6, prior to iii) presenting
and discussing the results of mass spectrometry and
1H NMR spectroscopic, photophysical, and electrochemical
investigations carried out on all
three [2]rotaxanes, as well as on
the corresponding dumbbell
compounds 2, 4, and 6
(Schemes 3±5) and their model
compounds (Figure 2)–namely,
10, 35, CBPQT4+ (364+), 37,[25]


38,[19] and 39[26] The discussion
is concluded by iv) presenting
the results of redox-switching
experiments carried out on all
three bistable [2]rotaxanes.


Results and Discussion


Design and synthetic strategy :
Retrosynthetic analyses of the
model [2]rotaxane 1¥4PF6 and


the amphiphilic [2]rotaxanes
3¥4PF6 and 5¥4PF6 revealed a
considerable range of possible
synthetic pathways. Common to
all of these possible routes is
the key clipping reaction to
form the CBPQT4+ ring around
the dumbbell-shaped com-
pounds, a template-directed
procedure which always consti-
tutes the last step of the synthe-
ses, which are presented in
Schemes 1±5. In order to obtain
the dumbbell compounds 2, 4,
and 6 as conveniently as possi-
ble, a modular synthetic ap-
proach was adopted for the
progressive assembly of the five
different fragments–namely
i) the hydrophobic tetraaryl-
methane stopper[11c,27] 12
(Scheme 1), ii) the hydro-
philic dendritic stopper[11c,26]


(Schemes 4 and 5), iii) the TTF
building block 10, (Scheme 1),
iv) the DNP building block[25]


24 (Scheme 4), and v) the ter-
phenylene spacer which was in-
troduced by first incorporating
the biphenyl 16 into an inter-
mediate compound, followed
by coupling (Schemes 2 and 4)
with the Grignard reagent 19.
Since all the synthetic pathways
share these common intermedi-
ates, the syntheses of [2]rotax-
anes 1¥4PF6, 3¥4PF6, and 5¥4PF6


can be achieved efficiently with reasonably little effort.
Moreover, the reactions, which were chosen (Schemes 1±5)
for connecting each fragment, are nucleophilic substitutions


Figure 1. a) Structural formulas of the bistable [2]rotaxane 1¥4PF6 and amphiphilic bistable [2]rotaxanes
3¥4PF6 and 5¥4PF6. b) and c) Idealized graphical representations of the two constitutional isomers 34+ and 54+ ,
respectively, in device settings between polysilicon and Ti/Al electrodes. The LB technique is used in the first
place to self-organize these two amphiphilic bistable [2]rotaxanes.


Figure 2. Structural formulas of the cyclophane 36¥4PF6, and of the compounds used as models.
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between the bromides or monotosylates and the appropriate
alcohols in the presence of basic reagents and these reac-
tions are usually high yielding and reproducible. Using this
modular strategy, the model [2]rotaxane 1¥4PF6, and the two
amphiphilic [2]rotaxanes 3¥4PF6 and 5¥4PF6, were obtained
(Schemes 1±5) with relative ease.


Synthesis : The route for the synthesis of the model [2]rotax-
ane 1¥4PF6 is described in Schemes 1±3. The dumbbell-
shaped compound 2 was obtained (Scheme 3) in 47% yield
by alkylating the phenol 21 (produced in Scheme 2), with
the tosylate 14 (produced in Scheme 1) using LiBr and
[18]crown-6 as catalysts in the presence of K2CO3 as base.
The preparation of the TTF-containing half-dumbbell com-
pound 14 (Scheme 1) begins with alkylation of the diol[28] 7
by the iodide[29] 8 in THF using eight equivalents of NaH.
Without purification, the resulting compound 9 was convert-
ed into the diol 10 by HCl-catalyzed deprotection in a
MeOH/CH2Cl2 solvent mixture with an overall yield of 60%
for the two steps. Subsequent tosylation of the diol 10 with


one equivalent of TsCl afforded
the monotosylate 11 in 45%
yield after flash column chro-
matography. The high yielding
(95%) alkylation of the phenol-
ic tetraarylmethane stopper[11c,
27] 12 with the monotosylate 11
was achieved in MeCN with
LiBr and [18]crown-6 as cata-
lysts in the presence of K2CO3


as base. Tosylation of the result-
ing alcohol 13 gave the tosylate
14 in 88% yield. The prepara-
tion of the DNP-containing
half-dumbbell-shaped com-
pound 21 is outlined in
Scheme 2. Using conventional
alkylation conditions (K2CO3/
LiBr/[18]crown-6/MeCN), 4-
bromo-(1,1’-biphenyl)-4-ol (16)
was treated with the bromide[16,


19] 15 to give compound 17 in 77% yield. The synthesis of
the terphenylene compound 20 was accomplished by means
of a Pd0-catalyzed cross-coupling reaction in THF with the
freshly prepared Grignard reagent 19 from the THP-ether
18 of p-bromophenol. HCl-Catalyzed deprotection of com-
pound 20 gave the phenol 21 in 71% yield overall. The
[2]rotaxane 1¥4PF6 was obtained (Scheme 3) by a template-
directed synthesis, using the dumbbell compound 2 as a tem-
plate, to form a CBPQT4+ ring from its dicationic precur-
sor[30] 22¥2PF6 and a,a’-dibromoxylene (23). The [2]rotaxane
1¥4PF6 was isolated in 39% yield as an analytically pure
green solid after chromatography on silica gel using a 1%
NH4PF6 solution in Me2CO as the eluent.


The sequence of steps employed in the synthesis of the ro-
taxane 3¥4PF6 and its precursor dumbbell compound 4 is
summarized in Scheme 4. The monobromination of the
diol[25] 24 with CBr4 and PPh3 afforded in 35% yield the
bromide 25 which was subsequently treated with TBDMSCl
to obtain the silyl ether 26 in quantitative yield. Alkylation
of 26 with 4-bromo-(1,1’-biphenyl)-4-ol (16) gave compound


Scheme 1. Synthesis of the TTF containing half-dumbbell compound 14.


Scheme 2. Synthesis of the DNP containing half-dumbbell compound 21.
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27 in 62% yield. The synthesis of the terphenylene deriva-
tive 28 was accomplished by the cross-coupling reaction be-
tween 27 and the freshly prepared Grignard reagent 19 in
the presence of [Pd(PPh3)4]. TFA-Catalyzed deprotection of
28 gave the phenol 29 in 71% yield overall. The TTF-DNP-
containing half-dumbbell 30 was obtained in 82% yield by
carrying out an alkylation between phenol 29 and tosylate
14 with K2CO3 as base in MeCN. In the presence of
NaH, the half-dumbbell compound 30 was treated with the
dendritic chloride[11c,26] 31 with NaI and [15]crown-5 as cata-
lysts to afford the dumbbell compound 4 in 51% yield. The
template-directed synthesis of the [2]rotaxane 3¥4PF6 pro-
ceeded in 60% yield when the reaction of the dumbbell
compound 4, the dicationic salt 22¥2PF6 and dibromide 23,
using exactly the same reaction and isolation conditions of
those employed in the preparation of 1¥4PF6, was carried
out.


The template-directed synthesis of the rotaxane 5¥4PF6


from its dumbbell-shaped precursor 6 is summarized in
Scheme 5. The half-dumbbell 32 was obtained in 64% yield
from a substitution reaction (K2CO3/LiBr/[18]crown-6/
MeCN) carried out between monotosylate 11 and phenol
21. The dendritic chloride[11c,26] 31 and the half-dumbbell 32
were treated in the presence of NaH, NaI and [15]crown-5
to afford the dumbbell compound 6 in 66% yield. Once
again, the template-directed synthesis of the [2]rotaxane
5¥4PF6 was achieved, this time in 57% yield from the dumb-


bell compound 6, using the protocol already described for
making 3¥4PF6.


The model compound 35 was synthesized (Scheme 6) by
alkylation of the diol[31] 33 with the chloride 34 in DMF in
the presence of K2CO3 and LiBr.


Mass spectrometric investigation : Mass spectral data for the
[2]rotaxanes 1¥4PF6, 3¥4PF6, and 5¥4PF6 are summarized in
Table 1. The model [2]rotaxane 1¥4PF6 was characterized by
electrospray (ES) mass spectrometry. The ES mass spectrum
of 1¥4PF6 revealed five peaks which correspond to the
doubly positively-charged ions [M�2PF6]


2+ and [M�3PF6]
2+,


the triply positively-charged ion [M�3PF6]
3+ , and the


quadruply positively-charged ion [M�4PF6]
4+ . The amphi-


philic [2]rotaxanes 3¥4PF6 and 5¥4PF6 were characterized by
fast atom bombardment (FAB) mass spectrometry. In both
cases, six major peaks, corresponding to the singly positive-
ly-charged ions [M�2PF6]


+ , [M�2PF6]
+ , and [M�3PF6]


+


and doubly positively charged ions [M�2PF6]
2+ ,


[M�3PF6]
2+ , and [M�4PF6]


2+ , were observed in their FAB
mass spectra.


1H NMR Spectroscopic investigation : Only one translational
isomer–the one in which the CBPQT4+ ring encircles the
TTF unit–is indicated by 1H NMR spectroscopy to be pres-
ent in the intensely green CD3CN solutions of each of the
three [2]rotaxanes 1¥4PF6, 3¥4PF6, and 5¥4PF6 recorded at


Scheme 3. Synthesis of the bistable [2]rotaxane 1¥4PF6.


Chem. Eur. J. 2004, 10, 155 ± 172 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 159


Redox-Controllable Amphiphilic [2]Rotaxanes 155 ± 172



www.chemeurj.org





room temperature. The 1H NMR spectra (Figure 3) of all
three of these compounds in CD3CN at 500 MHz exhibit a
highly characteristic signature±-that is, in each case, two
pairs of signals of unequal intensities resonating at d 5.98,
6.06, 6.17, and 6.23 for 1¥4PF6 (Figure 3a), at d 5.96, 6.06,
6.16, and 6.22 for 3¥4PF6 (Figure 3b), and at d 5.92, 5.98,
6.10, and 6.20 for 5¥4PF6 (Figure 3c)–for the constitutional-
ly heterotopic methine protons on the CBPQT4+-encircled
TTF units with equilibrating (slow on the 1H NMR time-
scale but fast on the isolation one) pairs of cis and trans iso-
mers as a result of torsion about the formal double bond in
the midst of the disubstituted TTF units. So far, we have not
been able to assign the two pairs of singlets of unequal in-
tensities to the cis and trans isomers, but we believe they are
the only two species that are significantly populated in solu-
tions of 14+ , 34+ , and 54+ as their 4PF6


� salts. Variable tem-
perature 1H NMR experiments were performed on all three
compounds in both CD3CN and CD3COCD3 over 170 8
ranges between 190 and 360 K. No temperature dependent
behavior was observed that might be indicative of more
than one translational isomer existing in solutions of these
[2]rotaxanes. They do, however, exist as a mixture of major


and minor isomers in relation to the cis-trans configurations
associated with the CBPQT4+-encircled TTF units in 14+ ,
34+ , and 54+ . Incontroversial evidence for the presence in
these three rotaxanes of folded conformations, wherein p-
donating residues in the dumbbell components associate
themselves with the p-accepting bipyridinium exteriors of
the CBPQT4+ rings, will be presented subsequently in the
subsections (see below) of this Results and Discussion sec-
tion on photophysical and electrochemical investigations.
We just wish to make the point here that there is some cir-
cumstantial evidence, from a comparison (Table 2 and
Figure 3) of the 1H NMR spectra of the three rotaxanes, not
only for the existence of such folded conformations, but also
for their different proportions, and possibly structures as
well. Parts a), b), and c) of Figure 3 show, respectively, the
1H NMR spectra of the rotaxanes 14+ , 34+ , and 54+ recorded
in CD3CN at room temperature. Disregarding the peaks in
the spectrum (Figure 3b) for 34+ that result from the por-
tions in the hydrophilic stopper, it is evident from close in-
spections of the relevant spectra (Figure 3a and b) that ro-
taxane 14+and 34+ display a very similar array of signals. By
contrast, the spectrum (Figure 3c) for the rotaxane 54+ is


Scheme 4. Synthesis of the amphiphilic, bistable [2]rotaxane 3¥4PF6.
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significantly different from those (Figure 3a and b) of the
other two. This point is further emphasized by the chemical
shift data presented in Table 2 for selected proton probes in
the three rotaxanes. The d values shown in italics for
5¥4PF6, differ significantly from those for 1¥4PF6 and 3¥4PF6,
which are themselves very similar, one with the other. These


observations anticipate the more detailed analysis (see
below), based on electrochemical data, wherein 14+and 34+


are found to behave quite similarly, while 54+ is the odd one
out. It should be noted that the 1H NMR spectroscopic data
is concentration independent, an observation which rules
out intermolecular aggregation as a significant contribution
to the overall picture.[32]


Photophysical investigations : The photophysical properties
were studied in air-equilibrated MeCN solutions at room
temperature. Each dumbbell component in the three [2]ro-
taxanes contains five distinct chromophoric units–namely, a
TTF unit, a DNP moiety, a terphenylene spacer, and two
stoppers, the same in 14+ and different in 34+ and 54+ . In ad-
dition, all three of the [2]rotaxanes contain, of course, the
CBPQT4+ ring which consists of two equivalent and non-in-
teracting[33] bipyridinium chromophoric units.


Scheme 5. Synthesis of the amphiphilic, bistable [2]rotaxane 5¥4PF6.


Scheme 6. Synthesis of the terphenyl compound 35.


Table 1. MS data for the [2]rotaxanes 1¥4PF6, 3¥4PF6 and 5¥4PF6.


[2]Rotaxane M[a] [M�PF6]
+ [M�2PF6]


+ [M�3PF6]
+ [M�2PF6]


2+ [M�3PF6]
2+ [M�4PF6]


2+ [M�3PF6]
3+ [M�4PF6]


4+


1¥4PF6
[b] (3020) ± ± ± 1366 1293 ± 862 610


3¥4PF6
[c] (3324) 3179 3034 2888 1517 1445 1372 ± ±


5¥4PF6
[c] (3324) 3178 3035 2889 1517 1446 1372 ± ±


[a] The peaks corresponding to the molecular ion were not observed. The molecular weights are shown in parentheses. [b] ESI-MS data. [c] FAB-MS
data.
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The photophysical investigations were carried out on
three major groups of compounds, i) the reference com-
pounds, namely the cyclophane[17] CBPQT4+ (364+) and the


model compounds 10, 35, 37,[25]


38,[19] and 39[26] (Figure 2),
ii) the dumbbell compounds 2,
4, and 6, and iii) the model
[2]rotaxane 14+ and the consti-
tutionally isomeric [2]rotaxanes
34+ and 54+ .


Cyclophane CBPQT4+ (364+)
and model compounds 10, 35,
37, 38, and 39 : The absorption
spectra of 364+ and the model
compounds, serving as referen-
ces for the appropriate chromo-
phore units of the dumbbell
components 2, 4, and 6 are
shown in Figure 4. None of
these compounds shows absorp-
tion bands in the visible region
with the exception of com-
pound 10 which has a very
weak absorption band with a
maximum at around 450 nm.
Compounds 35, 37, and 38 dis-
play, as expected,[34] strong fluo-
rescence bands in the region of
300±400 nm (Figure 4, inset)
whereas compound 10, the cy-
clophane 364+ and compound
39 do not show any emission.
The lack of emission by 39,
which contains potentially fluo-
rescent aryloxy subunits, has
been noted previously.[19] The
lowest energy emission band
(lmax=360 nm) is that exhibited


by the dialkoxyterphenylene spacer 35 : it is characterized by
a very high quantum yield (0.95) and a short lifetime (1.4 ns).


Dumbbells 2, 4, and 6 : The absorption spectra of the dumb-
bell compounds 2, 4, and 6 are very similar to the sum of
the spectra of the model compounds 10, 35, 37, 38, and 39
for their component units. None of the dumbbells, however,
exhibit any emission, which shows that the potentially fluo-
rescent excited states of components 35, 37, and 38 are
quenched very efficiently.[35] This observation indicates that,
in the ground state, there is no significant intramolecular in-
teraction among the various chromophoric groups present in
the dumbbell compounds. This result is not unexpected
since, in the dumbbells, the lowest excited state is that of
the non-emitting TTF unit 10[22b] as shown by the absorption
spectra displayed in Figure 4. In fact, i) the fluorescent excit-
ed states of the DNP moiety and the aryloxy units of the tet-
raarylmethane stopper reference compounds 37 and 38, re-
spectively, can be quenched efficiently by Fˆrster-type
energy transfer[36] since their emission bands overlap the ab-
sorption bands of the TTF and spacer model compounds 10
and 35, respectively, and ii) the fluorescent excited state of
the terphenylene reference compound 35, in its turn, can be


Figure 3. 1H NMR Spectra of the rotaxanes a) 1¥4PF6, b) 3¥4PF6 and c) 5¥4PF6 recorded in CD3CN at 500 MHz
at room temperature.


Figure 4. Absorption spectra of the free cyclophane 364+ and of the
model compounds of the chromophoric units incorporated in dumbbell-
shaped compounds 2, 4, and 6. The emission spectra of the fluorescent
compounds 35, 37, and 38 are shown in the inset (air equilibrated MeCN
solution, room temperature).


Table 2. Selected chemical shifts (d values) from the 1H NMR spectra[a] of the [2]rotaxanes 1¥4PF6, 3¥4PF6 and
5¥4PF6


[2]Rotaxane Ha
[b] TTF Protons[b] -(CH2O)3C6H2CH2O-[b] -CH2-N


+ [b]


1¥4PF6
[c] 8.97, 8.87, 8.79 6.23, 6.17, 6.06, 5.98 ± 5.76±5.47


3¥4PF6
[c] 8.95, 8.86, 8.77 6.22, 6.16, 6.06, 5.96 4.90, 4.80 5.71±5.43


5¥4PF6
[c] 8.88, 8.76, 8.62 6.20, 6.10, 5.98, 5.92 4.80, 4.74 5.66±5.32


[a] The 1H NMR spectra were recorded at 500 MHz in CD3CN at ambient temperature with concentrations of
approximately 1 mm. [b] The protons mentioned are depicted on the structural formulas in Figure 1. [c] The
1H NMR spectra corresponding to 1¥4PF6, 3¥4PF6, and 5¥4PF6 are shown in a), b), and c), respectively, in
Figure 9.
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quenched efficiently since its fluorescence band overlaps the
absorption band of the TTF compound 10. Moreover, a re-
ductive electron transfer of the excited states of the DNP
moiety, the terphenylene spacer, and the hydrophobic stop-
per by the ground state of the TTF unit can also be expect-
ed in view of its low oxidation potential (+0.35 V vs SCE)
and the high energies of the excited states.


[2]Rotaxanes 14+ , 34+ , and 54+ : A comparison between the
absorption spectra of the rotaxanes 14+ , 34+ , and 54+ with
the sum of the spectra of the CBPQT4+ cyclophane and of
the respective dumbbells, 2, 4, and 6 shows that there are
small differences in the UV spectral region and a generally
higher absorbance in the rotaxane spectra above 350 nm,
characterized by a broad and relatively weak band with
lmax=840 nm (see, for example, Figure 5). Such an absorp-


tion band is typical of charge transfer (CT) interactions aris-
ing when a TTF unit is encircled by the CBPQT4+ cyclopha-
ne.[22b] It is also known that the CT interaction, arising when
the CBPQT4+ cyclophane encircles a DNP moiety (which is
more difficult to oxidize than a TTF unit), results[22a] in an
absorption band at 520 nm. CT Bands at higher energies are
expected to arise from the interactions between the cyclo-
phane CBPQT4+ and other, weaker electron-donor units
present within the dumbbells. It should be noted (inset in
Figure 5) that the spectra of the three rotaxanes 14+ , 34+ ,
and 54+ in the CT region are similar but not identical. The
presence of absorption bands with maxima at 840 nm and
the absence of bands around 520 nm demonstrate that, in all
cases, by far the most predominant, if indeed not the only,
translational isomer populated is the one in which the
CBPQT4+ cyclophane encircles the TTF unit as portrayed
by the structural formulas shown in Figure 1. This conclu-
sion is entirely consistent with the results obtained from
1H NMR spectroscopy (see above) and electrochemistry


(see below). The non-negligible absorbance in the 350±
550 nm region shows, however, that the CBPQT4+ cyclo-
phane, while encircling the TTF unit, is also involved in CT
interactions with other electron-donor residues. This obser-
vation is consistent with folded conformations; their pres-
ence is also indicated by the results of 1H NMR spectroscop-
ic and electrochemical experiments. In view of the small dif-
ferences in the absorbance values and the wide variety of
possible CT interactions that can arise in folded conforma-
tions, we believe that further speculation concerning which
moiety (or moieties) of the dumbbells is (are) engaged in
alongside interactions with the CBPQT4+ cyclophane would
be premature. The existence of folded conformations could
also affect the interaction between the CBPQT4+ cyclo-
phane and the encircled TTF units, a situation which could
account for the differences in the values of the molar ab-
sorption coefficients for the three rotaxanes at 840 nm.


Electrochemical investigations : Electrochemical experi-
ments–namely, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV)–were carried out in argon-
purged MeCN solutions at room temperature. All potential
values are referred to SCE. Since the redox-active bistable
rotaxanes 14+ , 34+ , and 54+ contain several electrochemically
active units, they display a rather complex electrochemical
behavior. In order to render a potentially daunting task a
practical one, we have focused our investigations on the oxi-
dation processes associated with the p-electron-rich units,
that is, the TTF unit and the DNP moiety, in the dumbbell
components, and on the reduction processes involving the p-
electron deficient bipyridinium units of the cyclophane com-
ponent. For comparison purposes, the electrochemical prop-
erties of the free dumbbell compounds 2, 4, and 6, the free
cyclophane 364+ and the model compounds 10, 35, 37, 38,
and 39 for the electro-active units contained in the dumb-
bells have also been investigated. Some of the results from
the electrochemical investigations are summarized in
Table 3.


Figure 5. Comparison of the absorption spectrum of [2]rotaxane 34+


(solid line) and the sum (dashed line) of the spectra of its dumbbell (4)
and ring (364+) components. The inset shows the CT region of the ab-
sorption spectra of the [2]rotaxanes 14+ , 34+ and 54+ (MeCN solution,
room temperature).


Table 3. Electrochemical data[a] for the TTF and DNP model compounds
10 and 37, the dumbbell compounds 2, 4, and 6, the ring component
CBPQT4+ and the [2]rotaxanes 14+ , 34+ , and 54+ .


Compounds TTF[b] DNP[b] 4,4’-bipyridinium[b]


Eox [V] Eox [V][c] Ered [V]


10 +0.35 +0.71 ± ±
37 ± +1.17 ±


dumbbell 2 +0.35 +0.72 +1.17 ±
dumbbell 4 +0.35 +0.73 +1.17 ±
dumbbell 6 +0.35 +0.73 +1.18 ±
CBPQT4+ ± ± �0.29[d] �0.71[d]


[2]rotaxane 14+ +0.74[d,e] >+1.30 �0.30 �0.37 �0.82[d]


[2]rotaxane 34+ +0.74[d,e] >+1.30 �0.31 �0.36 �0.81[d]


[2]rotaxane 54+ +0.73[d,e] >+1.30 �0.31 �0.40 �0.83[d]


[a] Argon-purged MeCN, room temperature, tetraethylammonium hexa-
fluorophosphate (TEAPF6) as supporting electrolyte, glassy carbon as
working electrode; potential values in V vs. SCE; reversible and mono-
electronic process, unless otherwise indicated. [b] Unit involved in the
observed process. [c] Irreversible process; potential value estimated by
the DPV peak. [d] Bielectronic process. [e] Process affected by kinetic
complications; potential value estimated by the DPV peak.
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Model compounds 10, 35, 37, 38, and 39 : These five com-
pounds undergo only oxidation processes in the potential
window examined (�2.0/+2.0 V). Compound 10, a model
for a free TTF unit, exhibits (Table 3) two one-electron re-
versible oxidation processes at +0.35, +0.71 V, characteris-
tic of TTF.[38] Compound 37 shows (Table 3) an irreversible
oxidation process at +1.17 V, that can be easily assigned to
the DNP moiety.[22b,37] The other model compounds for the
terphenylene spacer 35, the tetraarylmethane hydrophobic
stopper 38 and the dendritic hydrophilic stoppers 39 can
only be oxidized at higher potentials: three oxidation pro-
cesses at +1.29, +1.43 and +1.52 V, two at +1.55 and
+1.76 V, and four at +1.27, +1.32, +1.59 and +1.73 V
were obtained, respectively, for compounds 35, 38, and 39.


Dumbbell compounds 2, 4, and 6 and the CBPQT4+ cyclo-
phane 364+ : The free dumbbell compounds 2, 4, and 6 ex-
hibit several oxidation processes. The two reversible and
mono-electronic processes observed at +0.35 and +0.72 V
can be assigned clearly to the TTF unit by comparison with
the model compound 10, and the irreversible process that
follows at +1.17 V can be assigned to the DNP moiety by
comparison with the behavior of the reference compound 37
(Table 3). At more positive potentials, several overlapping
processes, related to the oxidation of the spacer and stop-
pers, can be observed. In conclusion, the electrochemical
properties of the dumbbell components are those expected
from the redox behavior of their model compounds, without
evidence of inter-component interactions. The electron-ac-
cepting cyclophane CPBQT4+ shows (Table 3) the well-
known[21a,22b,33,39] reversible and bielectronic reduction pro-
cesses at �0.29 and �0.71 V which can be assigned to the
first and, respectively, second reduction of the two equiva-
lent non-interacting bipyridinium units.


[2]Rotaxanes 14+ , 34+ , and 54+ : Prior to an analysis of the
results obtained for these three redox-active, bistable [2]ro-
taxanes, it is worth contemplating the anticipated effects
upon the redox processes of the cyclophane and dumbbell
components brought about by their being interlocked. The
oxidation of a TTF unit or a DNP moiety is strongly condi-
tioned by the presence of an encircling CBPQT4+ because
of i) the presence of donor±acceptor interactions and ii) the
strong electrostatic repulsion arising between the generated
radical cation and the tetracationic cyclophane. The oxida-
tion of the encircled TTF unit or DNP moiety should hardly
be affected, however, by conformational folding because of
the shielding effect provided by the surrounding tetracation-
ic cyclophane toward external interactions. By contrast, it is
known that the reduction of the 364+ cyclophane is weakly
influenced by threading an uncharged electron donor be-
cause electrostatic effects are not involved. However, the re-
duction processes should be affected by folding since the
highly charged cyclophane is strongly exposed to external
interactions.[21,33] It follows that the oxidation processes
should give information on the nature of the translational
isomerism and, when appropriate, on the occurrence of shut-
tling movements, whereas the reduction processes should
reveal the occurrence of conformational folding.


1) Oxidation processes : For the rotaxanes 14+ , 34+ , and 54+ ,
the first oxidation process (Table 3 and Figure 6) is bielec-
tronic and occurs at +0.74 V. This result shows that the two
reversible and monoelectronic oxidation processes associat-


ed with the TTF unit, which are well separated in the model
compound 10, as well as in the dumbbells 2, 4, and 6, take
place at the same potential. The lack of an oxidation process
taking place around +0.35 V, at least within the limits of
the experimental error, and the large shift (ca. 400 mV)
toward more positive potential values of the first oxidation
process, shows that, in each rotaxane, there is only one
translational isomer that is populated–namely, that in
which the CBPQT4+ cyclophane encircles the TTF unit. The
electron-accepting tetracationic cyclophane increases the
first oxidation potential of the encircled TTF unit for two
reasons–i) it engages the TTF unit in donor±acceptor inter-
actions and ii) it makes more difficult the formation of a
monocationic TTF+ C species inside the cyclophane. The
second oxidation process of the TTF unit in the rotaxanes
takes place (Table 3 and Figure 6) at the same potential
value as that of the corresponding dumbbell. This result and
the observation that the cyclic voltammetric pattern corre-
sponding to the TTF unit is affected by kinetic complica-
tions demonstrate that, after the first oxidation process in-
volving the TTF unit, the CBPQT4+ cyclophane moves
away from this unit. It should also be noted (Table 3 and
Figure 6) that, in all three rotaxanes, the oxidation of the
DNP moiety is shifted toward more positive potential
values, compared to those observed in the dumbbells. Al-
though, in all cases, the exact potential associated with the
DNP oxidation process is difficult to establish, because of
the presence of processes involving other units of the dumb-
bell above +1.30 V, the observed shift shows that, after
TTF oxidation, the CBPQT4+ cyclophane moves onto the
DNP moiety, thereby destabilizing the formation of its radi-
cal cation.[40] In conclusion, the results obtained from elec-


Figure 6. Anodic DPV patterns of the model compound 10, the dumbbell
compound 6 and the [2]rotaxane 54+ . The current intensities have been
corrected to take into account differences in concentrations and diffusion
coefficients (Argon purged MeCN solution, room temperature, scan rate
4 mVs�1, pulse height 10 mV).
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trochemical oxidation show that, in all three rotaxanes, the
CBPQT4+ cyclophane is originally located around the TTF
unit and shuttles between the TTF and DNP ™stations∫
upon ox-red stimulation. These results are fully confirmed
by the chemical oxidation/reduction experiments described
in the final subsection of this paper. It is interesting to note
that the nature and relative positions of the stoppers do not
seem to play any role regarding the location of the tetracat-
ionic cyclophane and the occurrence of the shuttling pro-
cess, whereas, in similar rotaxanes[19] the nature of the stop-
pers influences the relative populations of the two transla-
tional isomers.


2) Reduction processes : The CBPQT4+ cyclophane in MeCN
solutions shows[21a,22b,33,39] two reversible, bielectronic pro-
cesses at �0.29 and �0.71 V, assigned to the first and, respec-
tively, second reductions of the two equivalent and non-in-
teracting bipyridinium units. The electrochemical properties
of CBPQT4+ (364+) are known to change when this cyclo-
phane is threaded by a p-electron donor. The first bielec-
tronic reduction process is expected to and, in fact, does
i) move slightly toward more negative potential values in
pseudorotaxanes[41] and rotaxanes,[35b] and ii) split into two
distinct processes in catenanes[21a,22b,33] in which the two bi-
pyridinium units are topologically non-equivalent. Splitting,
however, has also been observed in the case of some pseu-
dorotaxanes[22b] and rotaxanes.[19,42]


For the rotaxanes 14+ , 34+ , and 54+ the first bielectronic
reduction process of the tetracationic cyclophane splits
(Table 3 and Figure 7) into two distinct processes, indicating
that the equivalence of the two bipyridinium units is lost.
This result can be accounted for by assuming that the cyclo-
phane, while encircling the TTF unit, is also involved in
other non-symmetric alongside interactions. Such behavior
requires the presence of folded conformations, an explana-
tion previously advanced for other long and flexible pseu-
dorotaxanes[22b] and rotaxanes.[19] Interestingly, whereas the
presence of folded conformations is required to explain the
splitting of the first bielectronic reduction for each one of
the three rotaxanes, a detailed examination of the electro-
chemical data shows that each compound displays some pe-
culiar features. Since the three rotaxanes differ only in the
nature and relative positions of the stoppers, it seems likely
that these appendages are directly involved in determining
the observed differences.


In the case of the rotaxane 14+ , which contains two identi-
cal tetraarylmethane stoppers, deconvolution of the DPV
peaks shows (Figure 7) that the first reduction process
occurs at �0.30 V, that is, at a potential slightly more nega-
tive than that (�0.29 V) of the free CBPQT4+ , but slightly
less negative than that expected[22b,41] for a bipyridinium unit
engaged in CT interactions with a threaded TTF unit. The
second process occurs at a considerably more negative po-
tential (�0.37 V), suggesting that there are bipyridinium
units that are also involved in alongside interactions in
folded conformations. Deconvolution of the DPV peaks
shows also that the first and second processes account for
1.3 and 0.7 exchanged electrons, respectively, indicating that
35% of the bipyridinium units are involved in the folded in-


teractions. Interestingly, the successive reduction of the two
bipyridinium units of the cyclophane takes place at the same
potential which is shifted toward more negative values com-
pared with (Table 3) the free tetracationic cyclophane.[43]


This result shows that, after the first reduction process, the
two bipyridinium units still interact with p-electron-donating
units, but then become equivalent, suggesting that unfolding
takes place after one-electron reduction of the two bipyridi-
nium units.


That electrochemical stimulation can cause not only shut-
tling, but also conformational folding and unfolding process-
es in long and flexible rotaxanes is a novel, yet clearly not
unexpected result, since such folding and unfolding process-
es in proteins are known[44] to be redox controlled.


The behavior (Table 3 and Figure 7) of the rotaxane 34+ is
very similar, but not identical to that of 14+ . Replacement of
the tetraarylmethane stopper, which is distant from the tet-
racationic cyclophane encircling the TTF unit with an aryl-
oxy dendritic stopper apparently has a very weak perturbing
effect.


In the case of the rotaxane 54+ , the first process takes
place (Table 3 and Figure 7) at a potential similar to that of
14+ and 34+ , while the second process is displaced toward
more negative potentials. Furthermore, the first and second
processes observed in the case of 54+ involve an electron
each, suggesting that, in this rotaxane, 50% of the bipyridi-
nium units are engaged in folding interactions. The different
behavior of the constitutionally isomeric rotaxanes 34+ and
54+ confirms the presence of folded conformations and
demonstrates that the dendritic stopper plays a more impor-
tant role when it is closer to the tetracationic cyclophane.
The successive reduction of the two bipyridinium units
occurs at the same potential also in rotaxane 54+ indicat-
ing that, once again, after the first reduction, unfolding
occurs.


Figure 7. Cathodic DPV patterns of the cyclophane 364+ and of the [2]ro-
taxanes 14+ , 34+ and 54+ . The current intensity has been corrected to
take into account differences in concentrations and diffusion coefficients
(Argon purged MeCN solution, room temperature, scan rate 4 mVs�1,
pulse height 10 mV).
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Chemical oxidation/reduction and shuttle control : It is
known[22] that TTF can be oxidized stoichiometrically to the
mono and dicationic forms, TTF+ C and TTF2+ , by FeIII per-
chlorate. Such an oxidation process can be followed by
changes in the absorption spectra[45] (TTF+ C : l=434 nm, e=
15000m�1 cm�1 and l=577 nm, e=4000m�1 cm�1; TTF2+ :
l=348 nm, e=9000m�1 cm�1). We have verified that the
TTF units contained within compound 10 and the dumbbell
components 2, 4, and 6, as well as the rotaxanes 14+ , 34+ ,
and 54+ , can be oxidized stoichiometrically by FeIII perchlo-
rate. In the rotaxanes, the absorption band with lmax=


840 nm, assigned to the CT interactions between the TTF
unit and the tetracationic cyclophane, disappears (Figure 8)
upon addition of a stoichiometric amount of FeIII perchlo-


rate. An isobestic point is maintained at l=645 nm through-
out the titration. Addition of a second equivalent of FeII


leads to the two-electron oxidized species with an isobestic
point at 415 nm. These processes are reversible. Addition of
silver powder regenerates the starting species. When the
spectra of mono-oxidized dumbbells are subtracted from the
spectra of the corresponding mono-oxidized rotaxanes, weak
absorption bands with maxima at about 520 nm are ob-
tained, confirming that the tetracationic cyclophane shuttles
between the TTF and DNP ™stations∫ upon ox/red stimula-
tion.


Previously, some of us had described[23] how the chemical-
ly controlled shuttling of the rotaxane 14+ could be moni-
tored by 1H NMR spectroscopy. In order to confirm the fact
that the addition of the hydrophilic stopper has no major
effect on the redox-based chemical switching, an identical
procedure was performed on the rotaxane 54+ . After record-
ing the 1H NMR spectrum (Figure 9a) in CD3CN at 243 K,
2.2 equivalents of the oxidant, tris(p-bromophenyl)ammini-
um hexafluoroantimonate were added.[46] The low tempera-
ture was employed to ensure the stability of the oxidized ro-
taxane. When the 1H NMR spectrum was recorded again


(Figure 9b) after this oxidation, the signals for the hetero-
topic protons on the TTF unit were observed to move from
d 6.15, 6.19, 6.30, and 6.35–reflecting the fact that the TTF
unit in 54+ is in its slowly interconverting cis and trans iso-
meric states and encircled by the CBPQT4+ ring–to d 9.12
and 9.22, characteristic of the free TTF2+ dication in the oxi-
dized version of the rotaxane. Further evidence for the
translation of the CBPQT4+ ring from the oxidized TTF
unit to the DNP moiety can be found in the dramatic
changes of the chemical shifts of the DNP protons. In the
starting rotaxane 54+ , the resonances appear at d 6.86 and
6.88 (H-4/8), d 7.28 and 7.32 (H-3/7) and d 7.72 and 7.74 (H-
2/6) as expected. Upon oxidation of the rotaxane, the signals
for the DNP moiety experience large upfield shifts to d 2.28
and 2.29 (H-4/8), d 5.92 and 5.94 (H-3/7), and d 6.21 and
6.23 (H-2/6) on account of the shielding effect of the encir-
cling CBPQT4+ ring. Reduction with zinc dust restores the
original spectrum. The chemically controlled shuttling,
within the rotaxane 54+ , of the CBPQT4+ ring between the
dumbbell×s TTF and DNP ™stations∫, on oxidation of the
TTF unit and its subsequent reduction, is summarized in
Figure 10.


Figure 8. Absorption spectra of the [2]rotaxane 34+ and of its mono- and
di-oxidized forms 35+ and 36+ obtained by Fe(ClO4)3 oxidation of the
TTF station in MeCN. Addition of silver powder to the oxidized solu-
tions restores the original spectrum.


Figure 9. a) 1H NMR Spectrum recorded at 500 MHz for the [2]rotaxane
54+ in CD3CN at 243 K. The solid box highlights the peaks for the H-c/t
(cis/trans) in the neutral TTF unit encircled by the CBPQT4+ cyclophane.
The dashed box highlights the region that contains the resonances for the
ring protons of the DNP system that is ™free∫ in 54+ . b) 1H NMR Spec-
trum recorded at 500 MHz of the bis-oxidized 56+ in CD3CN at 243 K.
The solid box highlights the peaks for the ™free∫ dicationic TTF2+ resi-
dues and the dashed boxes indicate the peaks for H-2/6 and H-3/7 (at
lower field) and for H-4/8 (at higher field) in the DNP ring system encir-
cled by the CBPQT4+ cyclophane.
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Conclusion


A systematic photophysical, electrochemical and spectro-
scopic investigation of the three [2]rotaxanes introduced in
Figure 1 has indicated that, although the nature and relative
positions of the hydrophobic and hydrophilic stoppers do
not appear to have any noticeable effect on the shuttling
properties of the rotaxanes, they do play a perceptible role
in the formation of folded conformations wherein presum-
ably stopper components interact in a stabilizing manner with
the exterior surface of the ring component. Whereas ox/red
stimulation of the tetrathiafulvalene ™station∫ causes shut-
tling of the tetracationic cyclophane between the dumbbell×s
two ™stations∫, ox/red stimulation of the cyclophane initiates
the unfolding/folding processes. These results are important
in the context of designing, synthesizing and fabricating
nanoscale systems and devices. Since the mechanically
active molecules come into contact with substrates and elec-
trodes in nanoscale systems and solid-state devices, it is un-
likely that all their fine solution-state, structural features
will be carried over into the condensed matter phase[47]


(Figure 11). Nonetheless, forewarned of complexity means
prepared for the unexpected.


Experimental Section


General methods : Chemicals were purchased from Aldrich and used as
received. The compounds 4,4’(5’)-bis(hydroxymethyl)-D2,2’-bi-1,3-di-
thiole[28] (7), 2-[2-(2-iodoethoxy)-ethoxy]tetrahydropyran[29] (8), 4-[bis(4-
tert-butylphenyl)-(4-ethylphenyl)methyl]phenol[27] (12), compound[16] 15,
a,a’-[1,4-phenylenebis(methylene)]bis(4,4’-bipyridium) bis(hexa-fluoro-
phosphate)[30] (22¥2PF6), 2-(2-{5-[2-(2-hydroxy-ethoxy)ethoxy]naphthalen-
1-yloxy}ethoxy)ethanol[25] (24), the dendritic hydrophilic stopper[11c,26] 31
and [1,1’:4’,1’’]terphenyl-4,4’’-diol[31] (33) were all prepared according to
literature procedures. Solvents were dried following methods described
in the literature.[48] All reactions were carried out under an anhydrous
argon atmosphere. Thin-layer chromatography (TLC) was performed on
aluminum sheets coated with silica gel 60F (Merck 5554). The plates
were inspected by UV light and, if required, developed in I2 vapor.
Column chromatography was carried out by using silica gel 60 (Merck
9385, 230±400 mesh). Melting points were determined on an Electrother-
mal 9100 melting point apparatus and are uncorrected. All 1H and
13C NMR spectra were recorded on either i) a Bruker ARX400
(400 MHz and 100 MHz, respectively), ii) a Bruker ARX500 (500 MHz
and 125 MHz, respectively) or iii) a Bruker Avance500 (500 MHz and
125 MHz, respectively), using residual solvent as the internal standard.
Samples were prepared using CDCl3, CD3COCD3 or CD3CN purchased
from Cambridge Isotope Labs. All chemical shifts are quoted using the d


scale, and all coupling constants (J) are expressed in Hertz (Hz). Fast
atom bombardment (FAB) mass spectra were obtained using a ZAB-SE
mass spectrometer, equipped with a krypton primary atom beam utilizing
a m-nitrobenzyl alcohol matrix. Cesium iodide or poly(ethylene glycol)
were employed as reference compounds. Electrospray mass spectra
(ESMS) were measured on a VG ProSpec triple focusing mass spectrom-
eter with MeCN as the mobile phase. Microanalyses were performed by
Quantitative Technologies, Inc.


Compound 10 : A solution of the iodide 8 (9.09 g, 30.3 mmol) in THF
(200 mL) was added dropwise under an Ar atmosphere to a solution
(900 mL) of the diol 7 (2.00 g, 7.89 mmol) and NaH (1.39 g, 60.6 mmol)
in THF (900 mL) and the reaction mixture was heated under reflux for
1 h. The mixture was then stirred under reflux for 48 h before being
cooled down to room temperature. After the addition of MeOH (20 mL),
the mixture was filtered though silica gel and the solution was evaporated
in vacuo to obtain the crude compound 9 as a brown oil which was dis-
solved in MeOH/CH2Cl2 (1:1, 200 mL). A conc. HCl aqueous solution
(0.5 mL) was added and the reaction mixture was stirred at room temper-
ature for 2 h. 1n NaOH aqueous solution (200 mL) was added to the re-
action mixture and it was extracted by CH2Cl2 (3î100 mL) and dried
(MgSO4). After removal of the solvent, the residue was purified by
column chromatography (silica gel: CH2Cl2/MeOH 100:3) to give the
diol 10 (2.08 g, 60%) as an orange oil. 1H NMR (CD3CN, 400 MHz): d=
2.48 (br, 2H), 3.30±3.60 (m, 16H), 4.26 (s, 4H), 6.38 (s, 2H); 13C NMR
(CD3CN, 100 MHz): d=62.0, 68.6, 70.2, 70.9, 73.4, 117.8, 117.9, 118.3,


135.5, 135.6; MS (FAB): m/z (%): 440
(100) [M]+ .


Monotosylate 11: A solution of TsCl
(634 mg, 3.3 mmol) in CH2Cl2 (10 mL)
was added dropwise to a solution of
the diol 10 (1.63 g, 3.7 mmol), Et3N
(2.57 mL, 18.5 mmol) and DMAP
(15 mg) in CH2Cl2 (90 mL) at 0 8C.
The mixture was then stirred for 16 h
at room temperature. After addition
of Al2O3 (10 g, neutral, Brockmann I),
the mixture was evaporated and sub-
jected to column chromatography
(silica gel: CH2Cl2/EtOH 100:3). The
second yellow band was collected to
give the monotosylate 11 (989 mg, 45
%) as a yellow oil. 1H NMR (CD3CN,
500 MHz): d=2.42 (s, 2H), 2.74 (t, 1
H, J=3.7 Hz), 3.45±3.47 (m, 6H),
3.53±3.60 (m, 8H), 4.09 (t, 2H, J=
4.3 Hz), 4.21 (s, 2H), 4.25 (s, 2H), 6.34
(s, 1H), 6.37 (s, 1H), 7.41 (d, 2H, J=


Figure 10. Idealized graphical representation of redox switching in the
amphiphilic, bistable [2]rotaxane 54+ .


Figure 11. Idealized graphical representations drawing attention to the possible differences between amphiphil-
ic, bistable [2]rotaxane molecules a) equilibrating between folded and unfolded conformations in the solution
state, and b) self-organized in a condensed matter phase.
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8 Hz), 7.76 (d, 2H, J=8 Hz); 13C NMR (CD3CN, 125 MHz): d=20.6,
60.7, 68.1, 68.9, 69.1, 69.8, 69.8, 69.9, 72.2, 116.7, 116.8, 127.7, 129.9, 132.7,
134.4, 134.5, 134.6, 145.3; MS (FAB): m/z (%): 748 (6) [M]+ , 594 (51),
307 (100).


Compound 13 : A solution of the monotosylate 11 (990 mg, 1.67 mmol),
the tetraarylmethane stopper 12 (2.38 g, 5.00 mmol), K2CO3 (1.38 g,
10 mmol), LiBr (10 mg), and [18]crown-6 (10 mg) in dry MeCN (50 mL)
was heated under reflux for 16 h. After cooling down to room tempera-
ture, the reaction mixture was filtered and the residue was washed with
MeCN (50 mL). The combined organic phase was concentrated in vacuo
and the crude product was purified by column chromatography (silica
gel: CH2Cl2/EtOH 100:3) to give compound 13 (1.59 g, 95%) as a yellow
solid. M.p. 40±42 8C; 1H NMR (CDCl3, 500 MHz): d=1.16 (t, J=7.5 Hz,
3H), 1.25 (s, 18H), 2.57 (q, J=7.5 Hz, 2H), 2.70 (br s, 1H), 3.40±3.47 (m,
2H), 3.52±3.61 (m, 10H), 3.71±3.74 (m, 2H), 4.03±4.05 (m, 2H), 4.20±
4.25 (m, 4H), 6.30, 6.33 (2îs, 2H), 6.75±6.78 (m, 2H), 7.06±7.13 (m, 10
H), 7.23±7.27 (m, 4H); 13C NMR (CD3CN, 125 MHz): d=14.8, 25.1, 27.6,
30.4, 33.8, 60.9, 63.0, 67.3, 67.4, 69.1, 69.2, 69.8, 70.0, 70.1, 70.2, 72.2,
113.3, 116.6, 116.7, 116.7, 124.3, 126.9, 130.2, 130.5, 131.6, 134.5, 134.6,
139.5, 141.5, 144.4, 144.7, 148.3, 156.6; MS (FAB): m/z (%): 898 (42),
[M]+ , 383 (100); elemental analysis calcd (%) for C51H62O6S4 (898): C,
68.11; H, 6.95; found: C 67.99, H 5.65.


Compound 14 : A solution of compound 13 (853 mg, 0.95 mmol), TsCl
(362 mg, 1.9 mmol), DMAP (10 mg) and Et3N (1.1 mL, 7.6 mmol) in an-
hydrous CH2Cl2 (50 mL) was stirred for 16 h at room temperature. After
addition of Al2O3 (5 g, neutral, Brockmann I), the mixture was concen-
trated and the residue was subjected to column chromatography (silica
gel: CH2Cl2/EtOH 100:3). The first yellow band was collected and afford-
ed compound 14 (880 mg, 88%) as a yellow solid. M.p. 45±47 8C;
1H NMR (CD3CN, 500 MHz): d=1.17 (t, J=7.6 Hz, 3H), 1.27 (s, 18H),
2.40 (s, 3H), 2.57 (q, J=7.6 Hz, 2H), 3.45±3.48 (m, 4H), 3.55±3.62 (m, 6
H), 3.73 (t, J=4.7 Hz, 2H), 4.03±4.05 (m, 2H), 4.09±4.12 (m, 2H), 4.17±
4.19 (m, 2H), 4.22 (m, 2H), 6.26, 6.29 (2îs, 2H), 6.75±6.78 (m, 2H),
7.05±7.13 (m, 10H), 7.26 (m, 4H), 7.38 (d, J=8.3 Hz, 2H), 7.76 (d, J=
8.3 Hz, 2H); 13C NMR (CDCl3, 125 MHz): d=14.6, 20.6, 27.6, 30.5, 33.8,
63.1, 67.4, 67.5, 68.2, 69.1, 69.3, 69.3, 69.3, 69.7, 70.0, 70.2, 110.0, 110.0,
110.1, 113.4, 113.4, 116.3, 116.4, 116.5, 124.2, 126.7, 127.6, 129.9, 130.2,
130.5, 131.7, 133.1, 134.5, 134.6, 134.6, 134.7, 139.6, 141.6, 144.4, 144.7,
145.1, 148.4, 156.7; MS (FAB): m/z (%): 1052 (50) [M]+ , 383 (100);
HRMS (MALDI-TOF): calcd for C58H68O8S5Na: 1075.3415; found:
1075.3414.


Compound 17: A mixture of compound 15 (1.72 g, 2.0 mmol), K2CO3


(0.42 g, 3.0 mmol) and 4-bromo-(1,1’-biphenyl)-4-ol (16) (0.74 g,
3.0 mmol) was suspended in MeCN (20 mL) and heated under reflux for
16 h. After the reaction mixture had been allowed to cool down to room
temperature, it was filtered and the residue was washed with MeCN
(50 mL). The combined organic phases were concentrated in vacuo and
the crude product was purified by column chromatography (silica gel:
CH2Cl2/MeOH 99:1) to afford compound 17 (1.58 g, 77%) as a white
solid. M.p. 133±135 8C; 1H NMR (CDCl3, 500 MHz): d=1.23 (t, J=
7.6 Hz, 3H), 1.30 (s, 18H), 2.62 (q, J=7.6 Hz, 2H), 3.99 (t, J=4.8 Hz, 2
H), 4.03 (t, J=4.8 Hz, 2H), 4.05±4.10 (m, 4H), 4.15 (t, J=4.8 Hz, 2H),
4.21 (t, J=4.8 Hz, 2H), 4.30±4.34 (m, 4H), 6.80 (d, J=8.0 Hz, 2H), 6.83
(d, J=8.7 Hz, 2H), 6.99 (d, J=8.8 Hz, 2H), 7.04±7.11 (m, 10H), 7.22 (d,
J=8.6 Hz, 4H), 7.31 (t, J=8.7 Hz, 2H), 7.39 (d, J=8.6 Hz, 2H), 7.45 (d,
J=8.6 Hz, 2H), 7.52 (d, J=8.6 Hz, 2H), 7.87 (d, J=8.7 Hz, 2H);
13C NMR (CDCl3, 125 MHz): d=15.3, 28.2, 31.4, 34.3, 53.4, 63.1, 67.4,
67.7, 68.0, 68.0, 70.0, 70.0, 70.1, 105.7, 113.2, 114.6, 114.7, 115.1, 120.8,
124.1, 125.1, 126.6, 126.8, 126.8, 127.9, 128.3, 130.7, 131.0, 131.8, 132.2;
139.7, 141.4, 144.2, 144.6, 148.3, 154.3, 154.3, 156.5, 158.6; MS(FAB): m/z
(%): 1026 (37) [M+2]+ , 1025 (100) [M+H]+ , 1024 (39) [M]+ .


Preparation of 1.0m Grignard reagent 19 : A solution of the 2-(4-bromo-
phenoxy)-tetrahydropyran (18) (2.57 g, 10 mmol) and Mg powder
(36.5 mg, 15 mmol) in THF (10 mL) was stirred at room temperature for
2 h. A clear 1.0m Grignard reagent 19 in THF was obtained after precipi-
tation of the insoluble inorganic residue.


Compound 21: A solution of the 1.0m Grignard reagent 19 (3 mL,
3 mmol) was added to a solution of 16 (800 mg, 0.8 mmol) and
[Pd(PPh3)4] (80 mg, catalytic amount) in anhydrous THF (10 mL), and
the reaction mixture was heated under reflux for 16 h. After cooling


down to room temperature, the solvent was evaporated, yielding com-
pound 20 as an yellow oil, which was then dissolved in CH2Cl2 (25 mL).
A concentrated aqueous HCl solution (0.5 mL) was added to the mixture
and it was stirred at room temperature for another 16 h. H2O (20 mL)
was added and the mixture was extracted with CH2Cl2 (3î30 mL) and
dried (MgSO4). After removal of the solvent, the residue was subjected
to column chromatography (silica gel: EtOAc/hexanes 1:2) to yield 21
(1.58 g, 71%) as a white solid. M.p. 121±123 8C; 1H NMR (CDCl3,
500 MHz): d=1.31 (t, J=7.6 Hz, 3H), 1.36 (s, 18H), 2.68 (q, J=7.6 Hz, 2
H), 4.05 (t, J=4.8 Hz, 2H), 4.08±4.13 (m, 4H), 4.15 (t, J=4.8 Hz, 2H),
4.19±4.22 (m, 2H), 4.27 (t, J=4.6 Hz, 2H), 4.36 (t, J=4.8 Hz, 2H), 4.39
(t, J=4.8 Hz, 2H), 6.86 (d, J=8.9 Hz, 2H), 6.89 (d, J=8.0 Hz, 1H), 6.90
(d, J=8.0 Hz, 1H), 6.94 (d, J=8.6 Hz, 2H), 7.05 (d, J=8.6 Hz, 2H),
7.10±7.18 (m, 10H), 7.29 (d, J=8.6 Hz, 4H), 7.38 (t, J=8.0 Hz, 1H), 7.39
(t, J=8.0 Hz, 1H), 7.52 (d, J=8.6 Hz, 2H), 7.59 (d, J=8.6 Hz, 2H), 7.59±
7.64 (m, 4H), 7.94 (d, J=8.0 Hz, 1H), 7.95 (d, J=8.0 Hz, 1H); 13C NMR
(CDCl3, 125 MHz): d=15.3, 28.2, 30.9, 31.3, 34.2, 63.1, 67.3, 67.6, 67.9,
67.9, 69.9, 70.0, 70.0, 105.7, 113.1, 114.6, 114.7, 115.0, 115.7, 124.0, 125.1,
126.6, 126.7, 126.9, 126.9, 127.9, 128.1, 130.6, 131.0, 132.2, 133.1, 133.4,
138.9, 139.0, 139.8, 141.3, 144.1, 144.6, 148.2, 154.2, 154.3, 155.3, 156.5,
158.2; MS(FAB): m/z (%): 1038 (20) [M]+, 1025 (15); elemental analysis
calcd (%) for C71H74O7 (1038): C 82.05, H 7.18; found: C 82.09, H 7.16.


Compound 2 : A solution of compound 21 (727 mg, 0.70 mmol), 14
(733 mg, 0.70 mmol), K2CO3 (484 mg, 3.5 mol), LiBr (5 mg) and
[18]crown-6 (5 mg) in anhydrous MeCN (20 mL) was heated under reflux
for 16 h. After cooling down to room temperature, the reaction mixture
was filtered and the residue was washed with MeCN (30 mL). The com-
bined organic phase was concentrated in vacuo and the crude product
was purified by column chromatography (silica gel: EtOAc/hexanes 1:2)
to give the dumbbell-shaped compound 2 (664 mg, 47%) as a light
yellow solid. M.p. 106±108 8C; 1H NMR (CD3COCD3, 500 MHz): d=1.22
(t, J=7.6 Hz, 6H), 1.31 (s, 36H), 2.63 (q, J=7.6 Hz, 4H,), 3.62±3.64 (m,
2H), 3.64±3.68 (m, 4H), 3.70±3.73 (m, 2H), 3.79±3.82 (m, 2H), 3.85±3.87
(m, 2H), 3.96 (t, J=4.8 Hz, 2H), 4.01 (t, J=4.8 Hz, 2H), 4.04 (t, J=
4.7 Hz, 2H), 4.07 (t, J=4.7 Hz, 2H), 4.10±4.13 (m, 2H), 4.18 (t, J=
4.8 Hz, 2H), 4.20±4.23 (m, 2H), 4.25 (t, J=4.7 Hz, 2H), 4.30±4.38 (m, 8
H), 6.44, 6.46, 6.47 (3îs, 2H), 6.81±6.86 (m, 4H), 6.94±6.99 (m, 2H),
7.02±7.07 (m, 4H), 7.09±7.20 (m, 18H), 7.30±7.35 (m, 10H), 7.56±7.68 (m,
8H), 7.87 (d, J=8.3 Hz, 2H), 7.89 (d, J=8.3 Hz, 2H); MS (FAB): m/z
(%): 1920 (100) [M]+ ; elemental analysis calcd (%) for C122H134O12S4


(1920): C 76.29, H 7.03; found: C 76.13, H 7.06.


[2]Rotaxane 1¥4PF6 : A solution of compound 2 (588 mg, 0.31 mmol), the
dicationic salt[30] 22¥2PF6 (648 mg, 0.92 mmol) and a,a’-dibromo-p-xylene
(23) (242 mg, 0.92 mmol) in anhydrous DMF (30 mL) was stirred for 10 d
at room temperature. The reaction mixture was subjected directly to
column chromatography (silica gel) and unreacted 2 was eluted with
Me2CO, whereupon the eluent was changed to Me2CO/NH4PF6 (1.0 g
NH4PF6 in 100 mL Me2CO) and the green band containing 1¥4PF6 was
collected. Most of the solvent was removed under vacuum. After adding
H2O (50 mL) to the residue, the precipitate was collected by filtration,
washed with Et2O (30 mL), and dried in vacuo to afford 1¥4PF6 (357 mg,
39%) as a green powder. M.p. 228 8C (decomposed without melting);
1H NMR (CD3CN, 500 MHz): d=1.20 (two triplets, 6H, J=7.5 Hz),
1.26±1.30 (m, 36H), 2.61 (q, J=7.5 Hz, 4H), 3.82±4.42 (m, 36H), 5.53±
5.70 (m, 8H), 6.03, 6.11, 6.22, 6.28 (4îs, 2H), 6.55 (d, J=8.6 Hz, 1H),
6.59 (d, J=8.6 Hz, 1H), 6.65 (d, J=8.6 Hz, 1H), 6.72 (d, J=8.6 Hz, 1H),
6.79 (d, J=8.7 Hz, 2H), 6.94 (d, J=8.7 Hz, 2H), 7.02±7.19 (m, 24H),
7.18±7.45 (m, 10H), 7.50±7.70 (m, 16H), 7.72±7.92 (m, 8H), 8.84±9.01 (m,
8H); MS (ESI): m/z (%): 1366 (23) [M�2PF6]


2+ , 862 (40) [M�3PF6]
3+ ,


610 (23) [M�4PF6]
4+ ; elemental analysis calcd (%) for


C158H166F24N4O12P4S4 (3024): C 62.81, H 5.54, N 1.85; found: C 62.55, H
5.57, N 1.81; UV/Vis (MeCN): lmax=846 nm, e=3700 Lmol�1 cm�1.


Compound 25 : PPh3 (2.16 g, 8.24 mmol) was added in portions during
15 min to a stirred solution of compound 24[25] (2.52 g, 7.49 mmol) and
CBr4 (2.74 g, 8.26 mmol) in dry THF (25 mL) at room temperature. The
reaction mixture was stirred for 2 h and then Et2O (50 mL) was added.
The mixture was filtered and concentrated in vacuo to give a brown oil
which was then subjected to column chromatography (silica gel: CH2Cl2/
MeOH 24:1) to afford compound 25 (1.04 g, 35%) as a white solid. M.p.
79±81 8C; 1H NMR (CDCl3, 200 MHz): d=2.20 (s, 1H), 3.52 (t, J=
6.2 Hz, 2H), 3.69±3.80 (m, 4H), 3.92±4.03 (m, 6H), 4.27±4.31 (m, 4H),
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6.84 (d, J=8.0, 2H), 7.37 (t, J=8.0 Hz, 2H), 7.88 (d, J=8.0 Hz, 2H);
13C NMR (CDCl3, 50 MHz): d=30.5, 61.9, 61.9, 68.0, 69.8, 69.8, 71.5,
72.7, 105.9, 105.9, 114.7, 114.8, 125.2, 125.3, 126.8, 126.8, 154.3, 154.3; MS
(FAB): m/z (%): 401 (58) [M+H+2]+ , 400 (100) [M+2]+ , 399 (61)
[M+H]+ , 398 (96) [M]+ ; elemental analysis calcd (%) for C18H23O5Br
(399): C 54.15, H 5.81; found: C 53.91, H 5.71.


Compound 26 : A solution of compound 25 (4.07 g, 10.2 mmol) tert-butyl-
chlorodimethyl silane (1.95 g, 13 mmol) and imidazole (0.88 g, 13 mmol)
in anhydrous DMF (20 mL) was stirred at room temperature for 16 h.
The reaction mixture was then poured into H2O (20 mL) and extracted
with Et2O (3î200 mL). The combined organic layers were washed with
H2O and brine, and dried (MgSO4). The solvent was evaporated in vacuo
to give a crude product as a yellow oil, which was purified by column
chromatography (silica gel: CH2Cl2/hexanes 1:9) to yield compound 26
(5.19 g, 99%) as a colorless oil. 1H NMR (CDCl3, 500 MHz): d=0.09 (s,
6H), 0.92 (s, 9H), 3.51 (t, J=6.2 Hz, 2H), 3.71 (t, J=5.2 Hz, 2H), 3.82 (t,
J=5.2 Hz, 2H), 3.95 (t, J=6.2 Hz, 2H), 3.97±4.02 (m, 4H), 4.26±4.30 (m,
4H), 6.84 (d, J=8.0, 1H), 6.84 (d, J=8.0, 1H), 7.35 (t, J=8.0 Hz, 1H),
7.35 (t, J=8.0 Hz, 1H), 7.87 (d, J=8.0 Hz, 1H), 7.90 (d, J=8.0 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d=�5.3, 18.3, 25.9, 30.3, 62.8, 67.8, 67.9,
69.6, 69.8, 71.4, 72.9, 105.6, 105.6, 114.4, 114.8, 124.9, 125.0, 126.6, 126.7,
154.0, 154.3; MS (FAB): m/z (%): 514 (70) [M+2]+ , 513 (100) [M+H]+ ,
512 (61) [M]+ ; HRMS (FAB): calcd for C24H37BrO5Si: 512.1594; found:
512.1597.


Compound 27: A solution of compound 26 (1.60 g, 3.11 mmol), K2CO3


(0.85 g, 6.22 mmol), 4-bromo-(1,1’-biphenyl)-4-ol (16) (1.16 g, 4.66 mmol),
and [18]crown-6 (20 mg, cat. amount) in dry MeCN (20 mL) was heated
under reflux for 16 h. After cooling down to room temperature, the reac-
tion mixture was filtered and the solid was washed with CH2Cl2
(100 mL). The combined organic solution was concentrated and the resi-
due was purified by column chromatography (silica gel: CH2Cl2) to
afford compound 27 (1.31 g, 62%) as an off-white powder. M.p. 89±91
8C; 1H NMR (CD3Cl3, 500 MHz): d=0.07(s, 6H), 0.90 (s, 9H), 3.71 (t,
J=5.3 Hz, 2H), 3.82 (t, J=5.3 Hz, 2H), 4.00 (t, J=5.0 Hz, 2H), 4.03 (t,
J=4.8 Hz, 2H), 4.09 (t, J=4.8 Hz, 2H), 4.22 (t, J=4.8 Hz, 2H), 4.27 (t,
J=5.0 Hz, 2H), 4.34 (t, J=4.8 Hz, 2H), 6.83 (d, J=6.8 Hz, 1H), 6.85 (d,
J=6.8 Hz, 1H), 6.98 (d, J=8.8 Hz, 2H), 7.32 (dd, J=6.8, 9.1 Hz, 1H),
7.34 (dd, J=6.8, 9.1 Hz, 1H), 7.40 (d, J=8.5 Hz, 2H), 7.46 (d, J=8.8 Hz,
2H), 7.52 (d, J=8.5 Hz, 2H), 7.86 (d, J=9.1 Hz, 1H), 6.83 (d, J=9.1 Hz,
1H); 13C NMR (CDCl3, 125 MHz): d=�5.2, 18.4, 25.9, 62.9, 67.7, 68.0,
68.0, 69.9, 70.0, 73.0, 105.6, 105.7, 114.5, 114.8, 115.1, 120.8, 125.0, 125.1,
126.8, 126.8, 127.9, 128.3, 131.8, 132.7, 139.7, 154.3, 154.4, 158.6; MS
(FAB): m/z (%): 683 (80) [M+H]+ , 682 (100) [M]+ , 681 (84) [M�H]+ ;
HRMS (MALDI-TOF): calcd for C36H45BrO6SiNa: 703.2067; found:
703.2061.


Compound 29 : A solution of the Grignard reagent 19 (5 mL, 5 mmol)
was added to a solution of compound 27 (1.93 g, 2.83 mmol) and
Pd(PPh3)4 (0.16 g, cat. amount) in anhydrous THF (10 mL), and the mix-
ture was heated under reflux for 16 h. After cooling down to room tem-
perature, the solvent was evaporated yielding a yellow powder, which
was dissolved in CH2Cl2 (25 mL). Trifluoroacetic acid (0.5 g, cat. amount)
was added to this mixture and it was stirred at room temperature for an-
other 16 h, whereupon the mixture was poured into H2O (50 mL), ex-
tracted with CHCl3 and dried (MgSO4). The combined organic layers
were concentrated and the residue was subjected to column chromatogra-
phy (silica gel: EtOAc/hexanes 1:2) to yield compound 29 (1.58 g, 71%)
as a white powder. M.p. 166±168 8C; 1H NMR (CD3COCD3, 500 MHz):
d=3.57 (br s, 1H), 3.64±3.66 (m, 4H), 3.94 (t, J=4.7 Hz, 2H), 3.98 (t, J=
4.7 Hz, 2H), 4.05 (t, J=4.7 Hz, 2H), 4.23 (t, J=4.7 Hz, 2H), 4.27 (t, J=
4.7 Hz, 2H), 4.33 (t, J=4.7 Hz, 2H), 6.91 (d, J=4.7 Hz, 2H), 6.91 (d, J=
8.6 Hz, 2H), 6.94 (d, J=8.7 Hz, 1H), 6.97 (d, J=7.6 Hz, 1H), 7.03 (d, J=
8.6 Hz, 2H), 7.33 (dd, J=4.7, 9.0 Hz, 1H), 7.34 (dd, J=4.7, 9.0 Hz, 1H),
7.53 (d, J=8.6 Hz, 2H), 7.59 (d, J=8.7 Hz, 2H), 7.81 (d, J=9.0 Hz, 1H),
7.83 (d, J=9.0 Hz, 1H), 8.42 (s, 1H); MS (FAB): m/z (%): 580 (100)
[M]+ ; elemental analysis calcd (%) for C36H36O7 (580): C 74.46, H 6.25;
found: C 74.11, H 6.29.


Half-dumbbell-shaped compound 30 : A solution of compound 14
(842 mg, 0.80 mmol), compound 29 (465 mg, 0.8 mmol), K2CO3 (484 mg,
4.0 mol), LiBr (10 mg, cat. amount) and [18]crown-6 (10 mg, cat. amount)
in anhydrous MeCN (10 mL) was heated under reflux for 16 h. After
cooling down to room temperature, the reaction mixture was filtered and


the solid was washed with Me2CO (30 mL). The combined organic solu-
tion was concentrated and the residue was purified by column chroma-
tography (silica gel: CH2Cl2/EtOH 100:3) to give the half-dumbbell-
shaped compound 30 (664 mg, 82%) as a yellow powder. M.p. 115±117
8C; 1H NMR (CDCl3, 400 MHz): d=1.22 (t, J=7.5 Hz, 3H), 1.29 (s, 18
H), 2.10 (t, J=5.8 Hz, 1H), 2.61 (q, J=7.5 Hz, 2H), 3.59±3.63 (m, 4H),
3.70±3.79 (m, 8H), 3.80±3.85 (m, 2H), 3.88±3.93 (m, 2H), 4.00±4.08 (m, 4
H), 4.08±4.14 (m, 4H), 4.17±4.25 (m, 4H), 4.27±4.37 (m, 8H), 6.20, 6.21
(2îs, 2H), 6.76 (d, J=8.7 Hz, 2H), 6.86 (d, J=8.7 Hz, 2H), 6.97±7.11
(m, 14H), 7.23 (d, J=8.5 Hz, 4H), 7.31±7.42 (m, 2H), 7.50±7.63 (m, 8H),
7.85 (d, J=9.0 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=15.1, 28.2, 29.6,
31.2, 34.2, 61.4, 63.1, 67.5, 67.6, 67.6, 67.9, 67.9, 68.1, 68.2, 68.3, 69.2, 69.3,
69.5, 70.0, 70.2, 70.5, 72.6, 105.6, 113.1, 114.6, 114.7, 116.0, 116.6, 116.6,
124.0, 125.0, 126.4, 126.8, 126.8, 127.8, 130.2, 130.5, 133.4, 134.2, 134.3,
134.4, 134.4, 139.0, 139.7, 141.7, 143.2, 144.9, 147.3, 154.2, 156.4, 158.1;
MS(FAB): m/z (%): 1460 (100) [M]+ ; HRMS (FAB): calcd for
C87H96O12S4: 1460.5785; found: 1460.5785.


Dumbbell-shaped compound 4 : A solution of compound 30 (100 mg,
0.07 mmol), the dendritic chloride 31 (109 mg, 0.14 mmol), NaH (48 mg,
2.0 mol), NaI (10 mg, cat. amount) and [15]crown-5 (10 mg, cat. amount)
in anhydrous THF (10 mL) was heated under reflux for 16 h. After cool-
ing down to room temperature, MeOH (1 mL) was added to the reaction
mixture. The solvent was evaporated and the residue was purified by
column chromatography (silica gel: EtOAc/CH2Cl2 1:2) to give the
dumbbell-shaped compound 4 (80 mg, 51%) as a yellow powder. M.p.
65±68 8C; 1H NMR (CD3COCD3, 500 MHz): d = 1.20 (t, J=7.5 Hz, 3H),
1.30 (s, 18H), 2.57 (q, J=7.5 Hz, 2H), 3.28 (s, 6H), 3.29 (s, 3H), 3.47±
3.51 (m, 6H), 3.59±3.70 (m, 16H), 3.75±3.80 (m, 10H), 3.81±3.83 (m, 2
H), 3.97 (t, J=4.7 Hz, 4H), 4.03 (t, J=4.7 Hz, 2H), 4.08±4.14 (m, 8H),
4.18±4.21 (m, 2H), 4.23 (t, J=4.7 Hz, 2H), 4.28±4.32 (m, 8H), 4.47 (s, 2
H), 4.90 (s, 2H), 4.98 (s, 4H), 6.32, 6.44, 6.59 (3îs, 2H), 6.73 (s, 2H),
6.78±6.85 (m, 4H), 6.91±6.96 (m, 6H), 7.00±7.04 (m, 4H), 7.04±7.14 (m,
10H), 7.25±7.35 (m, 12H), 7.55±7.65 (m, 8H), 7.85 (d, J=8.2 Hz, 1H),
7.87 (d, J=8.2 Hz, 1H); 13C NMR (CD3COCD3, 125 MHz): d=14.6, 27.7,
29.1, 30.6, 33.8, 57.8, 63.1, 67.5, 67.5, 67.5, 67.6, 67.6, 67.7, 68.1, 69.3, 69.4,
69.5, 69.5, 69.6, 69.6, 70.3, 70.4, 70.4, 70.7, 71.7, 72.5, 74.2, 105.9, 105.9,
107.2, 107.2, 113.3, 114.0, 114.3, 114.4, 115.0, 116.1, 116.2, 123.9, 124.9,
126.5, 126.6, 126.6, 126.9, 127.5, 127.6, 129.1, 129.7, 129.7, 130.5, 130.7,
131.8, 132.9, 134.1, 134.3, 134.7, 134.9, 137.8, 138.8, 139.4, 141.3, 144.3,
144.6, 148.2, 152.8, 154.4, 157.0, 158.7, 158.8; MS(FAB): m/z (%): 2224
(70) [M]+ , 1460 (100); elemental analysis calcd (%) for C130H150O24S4: C
70.18, H 6.79; found: C 69.88, H 6.87.


[2]Rotaxane 3¥4PF6 : A solution of dumbbell-shaped compound 4
(200 mg, 0.10 mmol), the dicationic salt 22¥2PF6 (212 mg, 0.30 mmol) and
a,a’-dibromo-p-xylene (23) (79 mg, 0.30 mmol) in anhydrous DMF
(10 mL) was stirred for 10 d at room temperature (after approximately
2 d, the color changed to dark green and a white precipitate formed).
The green suspension was subjected to column chromatography (silica
gel) and the unreacted compound 4 was eluted with Me2CO. Thereafter,
the eluent was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL
Me2CO) and a green band containing the rotaxane 3¥4PF6 was collected.
Most of the solvent was removed under vacuum. After adding H2O
(50 mL) to the residue, the precipitate was collected by filtration, washed
with Et2O (30 mL), and dried in vacuo to afford the rotaxane 3¥4PF6


(210 mg, 60%) as a green powder. M.p. 115 8C (decomposed without
melting); 1H NMR (CD3CN, 500 MHz): d=1.18 (2ît, J=7.5 Hz, 3H),
1.26±1.30 (m, 18H), 2.57 (q, J=7.5 Hz, 2H), 3.26 (s, 9H), 3.45±3.48 (m, 6
H), 3.57±3.61 (m, 6H), 3.71±3.80 (m, 8H), 3.85±4.28 (m, 40H), 4.42 (s, 2
H), 4.78 (s, 2H), 4.89 (s, 4H), 5.43±5.70 (m, 8H), 6.03, 6.11, 6.22, 6.28
(4îs, 2H), 6.50 (d, J=6.8 Hz, 1H), 6.55 (d, J=6.8 Hz, 1H), 6.60±6.70
(m, 4H), 6.71±6.94 (m, 6H), 6.96±7.12 (m, 14H), 7.14±7.37 (m, 16H),
7.42±7.62 (m, 14H), 7.64±7.82 (m, 8H), 8.84±9.01 (m, 8H); MS (FAB):
m/z : 3179 [M�PF6]


+ , 3034 [M�2PF6]
+ , 2888 [M�3PF6]


+ , 1517
[M�2PF6]


2+ , 1445 [M�3PF6]
2+ , 1372 [M�4PF6]


2+ ; elemental analysis
calcd (%) for C166H182F24N4O24P4S4 (3324): C 59.96, H 5.52, N 1.68;
found: C 59.69, H 5.43, N 1.65; UV/Vis (MeCN): lmax=846 nm, e=


2900 Lmol�1 cm�1.


Half-dumbbell-shaped compound 32 : A solution of compound 21
(519 mg, 0.50 mmol), compound 11 (297 mg, 0.50 mmol), K2CO3 (267 mg,
2.0 mol), LiBr (10 mg, cat. amount) and [18]crown-6 (10 mg, cat. amount)
in anhydrous MeCN (10 mL) was heated under reflux for 16 h. After
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cooling, the reaction mixture was filtered and the solid was washed with
Me2CO. The combined organic solution was concentrated, and the resi-
due was purified by column chromatography (silica gel: CH2Cl2/EtOH
100:3) to give the half-dumbbell-shaped compound 32 (467 mg, 64%) as
a yellow powder. M.p. 106±108 8C; 1H NMR (CDCl3, 400 MHz): d = 1.23
(t, J=7.6 Hz, 3H), 1.30 (s, 18H), 2.15 (br s, 1H), 2.62 (q, J=7.5 Hz, 2H),
3.58±3.63 (m, 4H), 3.64±3.68 (m, 4H), 3.72±3.77 (m, 4H), 3.89 (t, J=
4.4 Hz, 2H), 3.98 (t, J=4.8 Hz, 2H), 4.04 (t, J=4.8 Hz, 2H), 4.06 (t, J=
4.9 Hz, 2H), 4.09 (t, J=4.8 Hz, 2H), 4.15 (t, J=4.8 Hz, 2H), 4.20 (t, J=
4.8 Hz, 2H), 4.23 (t, J=4.8 Hz, 2H), 4.28 (s, 2H), 4.30 (s, 2H), 4.31±4.34
(m, 4H), 6.19, 6.20 (2îs, 2H), 6.76 (d, J=8.9 Hz, 2H), 6.84 (d, J=
8.7 Hz, 2H), 7.01 (d, J=8.8 Hz, 2H), 7.02 (d, J=8.9 Hz, 2H), 7.03±7.10
(m, 10H), 7.22 (d, J=8.5 Hz, 4H), 7.31 (t, J=8.7 Hz, 1H), 7.32 (t, J=
8.7 Hz, 1H), 7.54 (d, J=8.8 Hz, 2H), 7.56 (d, J=8.8 Hz, 2H), 7.60 (s, 4
H), 7.86 (d, J=8.70 Hz, 1H), 7.87 (d, J=8.7 Hz, 1H); 13C NMR (CDCl3,
125 MHz): d=15.2, 28.1, 29.6, 31.3, 34.2, 61.7, 63.0, 67.2, 67.4, 67.6, 67.9,
67.9, 68.1, 68.2, 68.2, 69.1, 69.2, 69.2, 69.3, 69.8, 69.9, 69.9, 70.0, 70.2, 70.7,
72.3, 105.6, 113.1, 114.5, 114.6, 114.9, 114.9, 116.2, 116.3, 116.5, 124.0,
125.0, 126.5, 126.7, 126.9, 127.8, 130.6, 130.9, 132.1, 133.4, 134.2, 134.3,
134.4, 134.4, 139.0, 139.7, 141.3, 144.0, 144.5, 148.2, 154.2, 154.2, 156.4,
158.2; MS (FAB): m/z (%): 1460 (100) [M]+ ; HRMS (MALDI-TOF):
calcd for C87H96O12S4Na: 1483.5682; found: 1483.5684.


Dumbbell-shaped compound 6 : A solution of compound 32 (350 mg,
0.24 mmol), the dendritic chloride 31 (278 mg, 0.35 mmol), NaH (18 mg,
0.75 mol), NaI (10 mg, cat. amount) and [15]crown-5 (10 mg, cat.
amount) in anhydrous THF (20 mL) was heated under reflux for 16 h.
After the reaction had been cooled down to room temperature, the sol-
vent was evaporated and the residue was purified by column chromatog-
raphy (silica gel: EtOH/CH2Cl2 2:100) to give the dumbbell-shaped com-
pound 6 (352 mg, 66%) as a yellow powder. M.p. 78±80 8C; 1H NMR
(CD3COCD3, 500 MHz): d=1.18 (t, J=7.5 Hz, 3H), 1.27 (s, 18H), 2.57
(q, J=7.5 Hz, 2H), 3.27 (s, 9H), 3.47 (t, J=4.8 Hz, 6H), 3.55±3.68 (m, 16
H), 3.74±3.81 (m, 8H), 3.92 (t, J=4.8 Hz, 2H), 3.95 (t, J=4.8 Hz, 2H),
3.99 (t, J=4.8 Hz, 2H), 4.01 (t, J=4.8 Hz, 2H), 4.08 (t, J=4.8 Hz, 2H),
4.08±4.16 (m, 8H), 4.20 (t, J=4.8 Hz, 2H), 4.26 (s, 2H), 4.28±4.32 (m, 8
H), 4.43 (s, 2H), 4.90 (s, 2H), 5.01 (s, 4H), 6.39, 6.40, 6.41, 6.43 (4îs, 2
H), 6.73 (s, 2H), 6.78±6.81 (m, 4H), 6.91±6.94 (m, 6H), 6.98±7.02 (m, 4
H), 7.04±7.14 (m, 10H), 7.23±7.31 (m, 8H), 7.36 (d, J=8.3 Hz, 4H), 7.53±
7.64 (m, 8H), 7.82 (d, J=8.3 Hz, 1H), 7.84 (d, J=8.3 Hz, 1H); 13C NMR
(CD3COCD3, 125 MHz): d=14.6, 27.7, 29.1, 30.6, 33.8, 57.8, 63.1, 67.5,
67.5, 67.5, 67.6, 67.6, 67.7, 68.1, 69.3, 69.4, 69.5, 69.5, 69.6, 69.6, 70.3, 70.4,
70.4, 70.7, 71.7, 72.5, 74.2, 105.9, 105.9, 107.2, 107.2, 113.3, 114.0, 114.3,
114.4, 115.0, 116.1, 116.2, 123.9, 124.9, 126.5, 126.6, 126.6, 126.9, 127.5,
127.6, 129.1, 129.7, 129.7, 130.5, 130.7, 131.8, 132.9, 134.1, 134.3, 134.7,
134.9, 137.8, 138.8, 139.4, 141.3, 144.3, 144.6, 148.2, 152.8, 154.4, 157.0,
158.7, 158.8; MS(FAB): m/z (%): 2224 (100) [M]+ , 1460 (50); elemental
analysis calcd (%) for C130H150O24S4 (2224): C 70.18, H 6.79; found C
69.96, H 6.81.


[2]Rotaxane 5¥4PF6 : A solution of dumbbell-shaped compound 6
(320 mg, 0.14 mmol), the dicationic salt 22¥2PF6 (304 mg, 0.43 mmol) and
a,a’-dibromo-p-xylene (23) (114 mg, 0.43 mmol) in anhydrous DMF
(20 mL) was stirred for 10 d at room temperature (after approximately
2 d the color changed to dark green and a white precipitate formed). The
green suspension was subjected to column chromatography (silica gel)
and unreacted compound 6 was eluted with Me2CO, whereupon the
eluent was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO)
and a green band containing the rotaxane 5¥4PF6 was collected. Most of
the solvent was removed under vacuum. After adding H2O (50 mL) to
the residue, the precipitate was collected by filtration, washed with Et2O
(30 mL), and dried in vacuo to afford the rotaxane 5¥4PF6 (265 mg, 57%)
as a green powder. M.p. 185±187 8C; 1H NMR (CD3CN, 500 MHz): d =


1.20 (t, J=7.6 Hz, 3H), 1.29 (s, 18H), 2.61 (q, J=7.5 Hz, 2H), 3.30 (s, 6
H), 3.31 (s, 3H), 3.50±3.52 (m, 6H), 3.63±3.65 (m, 6H), 3.79±3.83 (m, 10
H), 3.84±3.93 (m, 8H), 3.97±3.99 (m, 6H), 4.02±4.19 (m, 16H), 4.26±4.32
(m, 10H), 4.79 (s, 2H), 4.81 (s, 2H), 4.83 (s, 2H), 5.38±5.64 (m, 8H),
5.97, 6.03, 6.16, 6.24 (4îs, 2H), 6.47 (d, J=8.4 Hz, 2H), 6.76±6.87 (m, 6
H), 6.92±6.96 (m, 6H), 7.03 (d, J=8.8 Hz, 1H), 7.04 (d, J=8.8 Hz, 1H),
7.10±7.17 (m, 10H), 7.24 (d, J=8.4 Hz, 4H), 7.29±7.37 (m, 8H), 7.48 (d,
J=8.8 Hz, 1H), 7.49 (d, J=8.8 Hz, 1H), 7.53±7.67 (m, 18H), 7.69±7.74
(m, 4H), 7.81 (d, J=8.8 Hz, 1H), 7.83 (d, J=8.8 Hz, 1H), 8.65±8.95 (m,
8H); MS (FAB): m/z : 3178 [M�PF6]


+ , 3035 [M�2PF6]
+ , 2888


[M�3PF6]
+ , 1517 [M�2PF6]


2+, 1446 [M�3PF6]
2+ , 1372 [M�4PF6]


2+ ; ele-
mental analysis calcd (%) for C166H182F24N4O24P4S4: C 59.96, H 5.52, N
1.68; found: C 59.74, H 5.55, N 1.65; UV/Vis (MeCN): lmax=850 nm, e=
4200 Lmol�1 cm�1.


Photophysical experiments : All the measurements were performed at
room temperature in air-equilibrated MeCN solutions (2î10�5±1î10�4


m). UV/Vis absorption spectra were recorded with a Perkin-Elmer
Lambda 40 spectrophotometer. Uncorrected fluorescence spectra were
obtained with a Perkin-Elmer LS-50 spectrofluorimeter equipped with a
Hamamatsu R928 phototube. The estimated experimental errors are:
2 nm on band maxima, �5% on the molar absorption coefficients and
fluorescence intensity. The emission quantum yield of the p-dimethoxy-
terphenyl spacer was obtained using 1,5-dimethoxynaphthalene as a ref-
erence (fem=0.38 in aerated MeCN solution).[49] An Edinburgh
199 single-photon counting apparatus was used for lifetime measure-
ments. The experimental error on the lifetime values is estimated to be
�10%.


Electrochemical experiments : Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in argon-purged
MeCN solution at room temperature with an Autolab 30 multipurpose
instrument interfaced to a personal computer. The working electrode was
a glassy carbon electrode (0.08 cm2, Amel); its surface was routinely pol-
ished with 0.05 mm alumina/water slurry on a felt surface, immediately
prior to use. In all cases, the counter electrode was a Pt spiral, separated
from the bulk solution with a fine glass frit, and an Ag wire was used as
a quasi-reference electrode. 1,1-Dimethylferrocene[50] (+0.30 V vs SCE)
was present as an internal standard for all rotaxanes. For the dumbbells,
because of peak overlapping problems, it was more convenient to use
decamethylferrocene[51] as internal standard (�0.11 V vs SCE). The con-
centrations of the compounds were in the range 1î10�4±5î10�4


m ; the
experiments were carried out in the presence of 0.05m tetraethylammoni-
um hexafluorophosphate as supporting electrolyte. Cyclic voltammo-
grams were obtained with sweep rates in the range 0.05±1.0 Vs�1; the
DPV experiments were performed with a scan rate of 20 or 4 mVs�1


(pulse height 75 and 10 mV, respectively) and a duration of 40 ms. The
reversibility of the observed processes was established by using the crite-
ria of i) separation of 60 mV between cathodic and anodic peaks, ii) the
close to unity ratio of the intensities of the cathodic and anodic currents,
and iii) the constancy of the peak potenial on changing sweep rate in the
cyclic voltammograms. The same halfwave potential values were ob-
tained from the DPV peaks and from an average of the cathodic and
anodic CV peaks, as expected for reversible processes. For irreversible
processes the potential values were estimated from the DPV peaks. The
number of exchanged electrons in the redox processes of the investigated
dumbbells and rotaxanes was measured by comparing the current intensi-
ty of the CV waves and the area of the DPV peaks with those found for
the two reversible and bielectronic reduction processes of the cyclopha-
ne[21a, 33,39] 364+ after correction for differences in concentration and diffu-
sion coefficients.[52] The fitting and deconvolution of the DPV peaks were
obtained by employing the equations proposed by Parry and Oster-
young.[53] The experimental error on the potential values was estimated
to be �10 mV and �20 mV for reversible and irreversible processes, re-
spectively.


Chemical redox experiments : Titration with a standardized Fe(ClO4)3 so-
lution was performed in MeCN solution at room temperature. The con
centration of [2]rotaxane solution was 2.0î10�5


m. In the NMR spectro-
scopic experiments, 2.2 equivalents of the oxidant, tris(p-bromophe-
nyl)amminium hexafluroantimonate,[23] were added to a 1 mm solution of
5¥4PF6 in CD3CN at 243 K.
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Solid-Phase Synthesis and Screening of Macrocyclic Nucleotide-Hybrid
Compounds Targeted to HepatitisCNS5B


Michael Smietana,[a] Robert B. Johnson,[b] Q. May Wang,[b] and Eric T. Kool*[a]


Introduction


Cyclic molecules are frequently found in nature. The discov-
ery of numerous naturally occurring cyclic metabolites has
encouraged scientists to systematically study the chemical,
physical, and biological properties of these compounds. In
this context, cyclic DNAs and RNAs play a key role reflect-
ed by their unusual chemical and biological activities.[1] Such
molecules are attractive targets for study as they combine
two favorable properties: i) reduced conformational flexibili-
ty of the backbone, which can enhance receptor selectivity
and binding affinity, and ii) lowered susceptibility to degra-
dation in biological systems.[2,3] Both aspects make such
cyclic molecules potentially good leads for drug discovery.[1]


However, macrocyclic molecules, such as cyclic oligonucleo-
tides, are more difficult to synthesize than linear congeners
because of the entropic cost of ring closure. Typically, the
preparation of large cyclic DNAs (>�30 nucleotides) in-
volves a template-directed ligation of a linear precursor oli-
gonucleotide. The template can be provided as a separate


sequence[4] or it can involve an internal secondary struc-
ture.[5] Template-free methodologies on a modified solid
support have been described for the synthesis of small- to
medium-sized cyclic DNAs[6] and RNAs.[7,8]


We recently described the first solid-phase synthesis of
cyclic oligonucleotides that utilizes the standard b-cyano-
ethylphosphoramidite method,[9] which is based on a rapid
and inexpensive automated 5’-iodination method developed
in our laboratory.[10] The main advantage of this method is
that cyclization occurs spontaneously during deprotection of
the oligonucleotide, leading to cyclic compounds bearing a
5’-bridging phosphorothioate linkage with good-to-excellent
yields (Scheme 1, R = H).[9] Since the chemical diversity of
natural nucleotides is limited, we sought to increase the
chemical and structural variation by replacing natural mono-
mers with modified nucleotides and non-nucleotide moiet-
ies. We now report on the extension of this methodology to
the preparation of cyclic 2’-(OMe) RNA, and cyclic DNA-
hybrid threoninol derivatives. The preparation of a library
of such compounds targeted to viral polymerases is also de-
scribed. Screening of this library against the replicative poly-
merase of the hepatitisC virus revealed a member that is in-
hibitory at low micromolar concentrations.


Results and Discussion


Our goals in this work were to investigate whether our pre-
viously developed chemistry could be adapted to the prepa-
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Abstract: A convergent strategy for
the synthesis of cyclic nucleotide-
hybrid molecules on controlled pore
glass is reported. A major advantage of
the approach is the lack of restrictions
on the sequence and structural varia-
tion, allowing the incorporation of
modified ribonucleosides (such as 2’-
OMe-ribonucleotides), as well as threo-
ninol derivatives. This methodology
allows a fully automated assembly by
means of standard phosphoramidite


chemistry and is based on a recently
published procedure for the prepara-
tion of cyclic oligodinucleotides in the
DNA series (M. Smietana, E. T. Kool,
Angew. Chem. 2002, 114, 3856±3859;
Angew. Chem. Int. Ed. Engl. 2002, 41,
3704±3707). A library of potential


cyclic hybrid inhibitor compounds tar-
geting hepatitisC virus NS5B enzyme
(the replicating polymerase of HCV)
was generated by means of the paral-
lel-pool strategy. Screening of the li-
brary revealed that cyclic hybrid c(COME-
EthenodA) was a significant inhibitor
of NS5B, with an IC50 of 40 mm. Pre-
liminary structure±activity studies of
this lead compound are described.


Keywords: antiviral agents ¥ DNA
structures ¥ solid-phase synthesis ¥
structure±activity relationships


Chem. Eur. J. 2004, 10, 173 ± 181 DOI: 10.1002/chem.200305402 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 173


FULL PAPER







ration of more structurally and chemically diverse mole-
cules, and whether such molecules might be active as inhibi-
tors of viral polymerases. Although the conditions previous-
ly described work well for the preparation of cyclic DNAs,
as exemplified by the synthesis of c(QQ)[11] (Table 1,
entry 1), cyclic oligoribonucleotides, because of their greater
reactivity, are much more difficult to prepare than the corre-
sponding 2’-deoxy analogues. To circumvent the difficulties
generally encountered with the classic 2’-tert-butyldimethyl-
silyl-protected amidites, the use of the 2’-O-triisopropylsilyl-
oxymethyl (TOM) protecting group has been described.[8]


A strict application of the conditions developed in our labo-
ratory for cyclic DNAs showed us that 2’-O-methoxyribonu-
cleotides are well-iodinated on the 5’-end, furnishing high
yields of cyclic, mixed ribo- and deoxy-oligonucleotides
(Table 1, entry 2). However, the synthesis of cyclic oligo-di-
(2’-OMe)-ribonucleotides appeared more difficult to ach-
ieve. A brief investigation revealed sulfurization to be the
step that failed. Our initial conditions were based on a pro-
tocol that required a single delivery of Beaucage reagent
(0.05m, 15 equiv), followed by a waiting period of 30 s.[12] A
series of experiments were executed in which the number of
equivalents of Beaucage reagent and the reaction times
were varied. Complete sulfurization efficiency was achieved
with two deliveries of 20 equiv of reagents, each one fol-
lowed by a waiting period of 500 s. Clearly, the requirements
for sulfurization of 2’-substituted linkages are more stringent
than for their DNA counterparts. Application of these con-
ditions allowed cyclization of mixed cyclic oligonucleotides


(entry 3) as well as cyclic oligodi-(2’-OMe)-ribonucleotides
without any restrictions on the nucleobases (entries 4±7)
(Scheme 1, R = OMe). These conditions also allow the
preparation of fully modified trimers (entry 8).
We then turned our attention toward the formation of


cyclic nucleotide-hybrid compounds. Cyclic peptide-DNA
hybrids with ring sizes of 30±40 atoms have already been de-
scribed in the literature with respect to their potential pro-
tein-binding properties.[13] In order to preserve the more
rigid and smaller 12-membered ring structure of cyclic oligo-
dinucleotides, we decided to use d-threoninol derivatives as
the hybrid backbone. Both l- and d-threoninol enantiomers
have already been synthesized and introduced into ODNs
for several purposes;[14] however, they have never been part
of cyclic structures. The d-threoninol backbone was chosen
for three reasons: i) it mimics the spacing of the traditional
ribose moiety, which has three carbons between the primary
and secondary alcohols, ii) it can be modified to be suitable
for standard phosphoramidite chemistry, and iii) the second-
ary amino group can be condensed with a series of carboxyl-
ic sidechains to provide the diversity necessary for the syn-
thesis of a library.
The synthesis of cyclic hybrids 5 is shown is Scheme 2.


The secondary amino group of d-threoninol was modified
by means of an amide linkage with a variety of carboxylic
acids, by treatment with DCC (1 equiv), HOBt (1 equiv),
and diisopropylethylamine (1.2 equiv) in DMF. For the pur-
pose of selective protection of the primary alcohol, either
4,4’-dimethoxytrityl (DMT) or 4-monomethoxytrityl (MMT)


groups were used. The latter
could be completely removed
by following the standard pro-
tocol on a DNA synthesizer. Fi-
nally, the secondary hydroxyl
group was activated with bis
(diisopropylamino)-2-cyanoethyl-
phosphine. In the purification
of such products by silica-gel
column chromatography, 2%
triethylamine was typically
used to prevent decomposition.
Compounds 4 were used along
with standard nucleobases on
an automated DNA synthesizer
following the conditions used
for 2’-O-methoxyribonucleo-


Scheme 1. Formation of cyclic oligonucleotides.


Table 1. Synthesis and characterization of cyclic compounds.


Entry Product 31P NMR Yield[b] [%] Mass[c]


P(O)[a] P(S)[a] calcd found


1 c(QQ) �0.12 20.32 45 636.1 637.1
2 c(UOMeT) �0.81 20.45 85 638.0 638.9
3 c(TUOMe) �0.36 19.33 90 638.0 638.9
4 c(COMeCOMe) �0.98 19.47 70 652.1 653.1
5 c(COMeUOMe) �0.42 19.27 93 653.1 654.1
6 c(COMeGOMe) �1.04 19.40 77 692.1 693.1
7 c(COMeAOMe) �0.77 19.46 75 676.1 677.1
8 c(QQCOMe) �0.31, �0.21 17.98 38 952.1 953.1
9 c(Ts) �0.55 19.18 96 579.1 580.0
10 c(vs) �0.34 19.08 37 565.1 588.0
11 c(Tp) �0.53 18.92 75 616.1 616.9
12 c(xT)[d] �0.51, �0.35 19.65, 19.71 80 618.1 619.1


[a] 31P chemical shift measured with respect to 85% H3PO4 as an external standard. [b] Absolute HPLC yield
determined as a percentage of all areas displayed. [c] Electrospray MS. [d] Serinol derivative.
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tides. Deprotection of bases, release from the solid support,
and cyclization with aqueous ammonia at room temperature
overnight gave cyclic DNA-hybrids 5. Structural characteri-
zation of 5 included 31P NMR spectroscopy and ES-MS
(Table 1). Exploratory experiments showed that these deriv-
atives can be incorporated as the primary as well as the sec-
ondary substrate on the column (entries 9±11), even though
complete hybrid structures led to more complex mixtures of
products in some cases.
An exception was noted with amino acid derivatives 4v


and 4x ; if incorporated as the secondary substrate, alkaline
deprotection liberates the free amino group which is ideally
placed for an intramolecular attack on the 5’-iodo inter-
mediate, leading to a six-membered cycle. To circumvent
this side reaction, these derivatives–which were synthesized
for potentially enhanced membrane permeability on account
of their ionizable N-termini–had to be placed in the pri-
mary position (entries 10 and 12), or in the middle of a
trimer. In case of compound x, prochiral serinol condensed
with phenylalanine was used in place of d-threoninol lead-
ing to two diastereomeric dimers (entry 12). Although no di-
astereomer was clearly apparent in 31P NMR (Table 1,
entry 10), or by HPLC, we cannot rule out the possibility
that some racemization might occur at the amino acid
moiety during alkaline deprotection.
With these optimized conditions, we envisioned the feasi-


bility of a library. For this purpose, the synthesis of 11 threo-
ninol-like core structures containing heteroatomic and
amino acid sidechains was achieved. Associated with stan-
dard or modified nucleobases, a set of 24 monomers was ob-
tained (Scheme 3). A parallel-pool library strategy that in-
corporates the well-known techniques of split-mix and paral-
lel combinatorial synthesis was chosen.[15] In this way, small
pools of dimers (4 members each) were synthesized through
a unique mixing and splitting step. Each pool can be as-


sessed in a particular biological assay, and if positive, decon-
voluted by synthesis of subpools and unique members. In
this strategy, the CPG support was functionalized with
5’end-ODMT derivatives in the four separate columns of an
ABI394 DNA synthesizer yielding intermediates 6. Each
pool was then mixed in equal amounts, and split into four
batches. Each refilled column 7 was then reacted with a dif-
ferent 5’end-ODMT derivative to produce sets of supported
dimers. Treatment with ammonium hydroxide liberated a li-
brary of 256 cyclic dimers as pools of 4 members (Figure 1).
All pools were purified as a mixture by preparative


HPLC, although in most cases four well-separated chroma-
tographic peaks were visible. For more than 80% of the


Scheme 2. Synthesis of cyclic DNA hybrids.


Figure 1. Parallel-pool synthesis of a library of cyclic dinucleotides and
nucleotide-hybrid molecules (B1±4 = natural and modified bases).
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pools only minor amounts of other compounds were evi-
dent, as exemplified by pool 8 (Figure 2).
Finally, we investigated the potency of the library pools


toward the RNA-dependent RNA polymerase NS5B encod-
ed by the hepatitisC virus; this was carried out following an
elongation assay already described.[16] Each pool was indi-
vidually examined for antiviral activity. Although significant
inhibition was exhibited by some pools (Figure 3), unique
members obtained after deconvolution displayed lower ac-
tivities than the initial pool.[17] We surmise that a small un-
identified synthesis side product was active, or that multiple
compounds were active only in combination. Nevertheless,
despite this complication, we were able to identify cyclic
hybrid c(COMeEthenodA) (c(il) in Scheme 3) (Table 2) as an
active compound in our library with an IC50 value in the mi-
cromolar range (IC50 40 mm).


Preliminary structure±activity relationship studies were
carried out on second-generation analogues of this com-
pound, again by the use of our solid-supported synthesis
procedure. The results show that both the etheno and the 2’-
OMe parts of the molecule are necessary for activity
(Table 2, entries 1±3). As expected, the position of the sulfur
bridge does not influence the IC50 value (entry 4). Interest-
ingly, the IC50 value obtained with c(UOMeEthenodA)
(entry 5) suggests that hydrogen bonding with the cytosine
enhances the potency of the inhibitor. Further modification
at the 2’-O-alkyl position may be the most promising strat-
egy to provide a further increase in the biological activity of
this lead compound.


Scheme 3. Monomers present in the library.
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Conclusion


In conclusion, we have developed a solid-phase synthesis of
cyclic DNA/RNA and d-threoninol-DNA- or -RNA hybrids.
This approach allows fully automated assembly of commer-
cial and modified phosphoramidite derivatives. More diverse
libraries are created by condensing the threoninol amino
group with a larger number of carboxylic acids. The advan-
tages in synthetic efficiency offered by the parallel-pool syn-
thesis, as well as all mixture-based synthetic combinatorial
libraries, are tempered by the false positives or additive ef-
fects that these mixtures may induce. Nevertheless, this


methodology enables rapid preparation of hundreds of com-
pounds that may be separated and screened individually. In
doing so, we have demonstrated that members of this library
have biological activities that can serve as leads for the pos-
sible development of new therapeutic agents in the treat-
ment of chronic HCV disease.


Experimental Section


General : All commercially available chemical reagents were used with-
out purification. 1H and 13C NMR spectra were recorded on a INOVA
500 spectrometer at 500 and 125 MHz, respectively. The signals of the re-
sidual protonated solvent (CDCl3 or CD3OD) were used as reference
signal. 31P NMR spectra were recorded on a INOVA300 spectrometer at
121.5 MHz. 31P chemical shifts were measured with respect to 85%
H3PO4 as an external standard. Mass spectra were measured on a Finni-
gan LCQ for ESI-MS (analysis performed in the negative mode for cyclic
oligonucleotides and cyclic hybrids). HRMS analyses were performed on
a VGZAB2SE high resolution mass spectrometer (UC Riverside). Cyclic
structures were synthesized on a 1 mmol scale with a ABI394 DNA syn-
thesizer (Applied Biosystems) according to standard protocol in ™trityl-
off∫ mode. HPLC purifications were performed on a Shimadzu system.
A Hypersil BDSC18 5 mm column (250î4.6 mm, flow rate 1 mLmin�1,
Alltech) was used for analytical purification and a HS Hyper prep 100
BDSC18 8 m-column (250î10 mm, flow rate 3 mLmin�1 Alltech) for
preparative purification, with a linear gradient of acetonitrile (0±20%) in
50 mm triethylammonium acetate (TEAA, pH 7.0). For determination of
oligonucleotide concentrations, the following extinction coefficients (l =


260 nm) [Lmol�1 cm�1] were used: adenosine 15300, guanosine 11700, cy-
tosine 7400, uridine 9900, thymine 8400, ethenodA 4800, 2’-OMe-cyto-
sine 7000, 2’-OMe-uridine 9750. [a-32P]-Uridine triphosphate was pur-
chased from Amersham. Autoradiography was performed with a Molecu-
lar Dynamics Storm860 Phosphorimager.


Preparation of active HCVNS5B enzyme was performed by RBJ and
QMW at Lilly Research Laboratories following a procedure described
previously.[16] The library synthesis, assay of activity[16] and screening of
compounds was performed by MS and ETK at Stanford University.


Monomers synthesis


General procedure for the coupling step : DCC (1 equiv) and HOBT
(1 equiv) were dissolved in a 0.4m solution of the acid (1 equiv) in DMF.
After 1 h at room temperature, d-threoninol in DMF was added, and the
resulting mixture was stirred overnight. The mixture was then filtered,
and the DMF was removed by distillation. The crude compound was pu-
rified by silica-gel chromatography (usually AcOEt/MeOH 1:1).


General procedure for the protection of the primary alcohol : 0.3 equiv
DMAP and 1.5 equiv DIPEA were added to a solution of the threoninol
derivative in dry pyridine. A solution of 4,4’-dimethoxytrityl (DMT) chlo-
ride (or 4-momethoxytrityl chloride (MMT)) (1.2 equiv) in pyridine was
added slowly over a period of 45 min. The reaction was followed by TLC
analysis, and quenched with methanol after completion. The pyridine was
evaporated, and the compound was purified by silica-gel chromatography.


General procedure for the protection of the secondary alcohol : The
DMT ether (or MMT ether) was dissolved in dry dichloromethane (0.4m
solution), and DIPEA (1.2 equiv) and N,N’-diisopropylchlorophosphor-
amidite (1.5 equiv) were added. The reaction mixture was stirred for
90 min at room temperature and then quenched by the addition of a satu-
rated solution of NaCl. The organic layer was extracted, washed with
water, dried, and purified by silica-gel chromatography. The compound
was obtained as a mixture of two diastereoisomers.


N-(2-Hydroxy-1-hydroxymethylpropyl)-6-methyl-nicotinamide (2n): Rf


= 0.2 (AcOEt/MeOH 8.5:1.5); yield: 92%; 1H NMR (500 MHz,
CD3OD): d = 1.20 (d, J = 6.5 Hz, 3H), 2.56 (s, 3H), 3.71 (dd, J =


6.5 Hz, 1H), 3.77 (dd, J = 5.5 Hz, 1H), 4.07 (m, 2H), 4.96 (s, 2H), 7.36
(d, J = 8.0 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 8.88 (s, 1H); 13C NMR
(125 MHz, CD3OD): d = 20.55, 23.89, 58.34, 62.65, 67.27, 124.56, 129.31,
137.46, 148.65, 162.43, 168.35; MS (ESI): m/z : 225.1 (100) [M+H]+ ;
HRMS (EI): m/z : calcd for C11H17N2O3: 225.1233; found: 225.1239).


Figure 2. Analytical HPLC chromatogram of crude pool 8, containing
four discrete library members.


Figure 3. Inhibition of NS5B by pools 1±64. Each pool contains four
cyclic compounds. Each assay was performed in duplicate at a concentra-
tion of 100 mm of each compound by pool.


Table 2. Inhibition of hepatitisC virus NS5B by cyclic dinucleotides.


Entry B1
[a] B2


[a] IC50 [mm]
[b]


1 C(OMe) EthenodA 40
2 C(OMe) A >1000
3 C EthenodA >1000
4 EthenodA C(OMe) 40
5 U(OMe) EthenodA 800
6 5-Me-C(OMe) EthenodA >1000
7 2’-F-C EthenodA 1000


[a] Corresponding to Scheme 3: C(OMe): i ; EthenodA: L ; C: c ; U(OMe): j.
[b] The IC50 values are the mean of three separate experiments.
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N-(2-Hydroxy-1-hydroxymethylpropyl)-1-methyl-1H-indole-3-carboxa-
mide (2o): Rf = 0.5 (AcOEt/MeOH 8:2); yield: 66%; 1H NMR
(500 MHz, CD3OD): d = 1.23 (d, J = 6.5 Hz, 3H), 3.68 (s, 3H), 3.77 (m,
2H), 4.07 (m, 1H), 4.14 (m, 1H), 7.20 (m, 2H), 7.31 (d, J = 8.0 Hz, 1H),
7.79 (s, 1H), 8.04 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CD3OD): d
= 20.73, 33.31, 56.99, 63.04, 67.15, 110.63, 111.00, 121.53, 122.24, 123.49,
127.28, 133.40, 138.56, 168.13; MS (ESI): m/z : 263.0 (100) [M+H]+ ;
HRMS (EI): m/z : calcd for [C14H19N2O5]


+ : 263.1396; found: 263.1401.


N-(2-Hydroxy-1-hydroxymethylpropyl)-2-(3-methylisoxazol-5-yl)aceta-
mide (2p): Rf = 0.3 (AcOEt/MeOH 8:2); yield: 60%; 1H NMR
(500 MHz, CD3OD): d = 1.14 (d, J = 6.0 Hz, 3H), 2.24 (s, 3H), 3.60
(dd, J = 6.5 Hz, 1H), 3.66 (dd, J = 6.0 Hz, 1H), 3.77 (d, 2H), 3.85 (m, 1
H), 3.99 (m, 1H), 4.87 (s, 2H), 6.20 (s, 1H); 13C NMR (125 MHz,
CD3OD): d = 11.22, 20.36, 34.88, 57.68, 62.67, 66.89, 104.95, 161.57,
168.50, 169.95; MS (ESI): m/z : 229.0 (100) [M+H]+ ; HRMS (EI): m/z :
calcd for C10H17N2O4: 229.1188; found: 229.1196.


N-(2-Hydroxy-1-hydroxymethylpropyl)-2-oxo-2H-chromene-3-carboxa-
mide (2q): Rf = 0.15 (AcOEt) Yield: 70%; 1H NMR (500 MHz,
CD3OD): d = 1.04 (d, J = 6.5 Hz, 3H), 3.58 (d, J = 5.5 Hz, 2H), 3.83
(m, 1H), 4.01 (m, 1H), 4.31 (br s, 2H), 7.24 (m, 2H), 7.53 (m, 2H), 8.68
(s, 1H); 13C NMR (125 MHz, CD3OD): d = 19.49, 55.61, 62.14, 65.94,
116.13, 118.11, 125.06, 129.58, 134.06, 148.28, 154.03, 160.97, 162.20; MS
(ESI): m/z : 278.2 (100) [M+H]+ ; HRMS (EI): m/z : calcd for C14H16NO5:
278.1028; found: 278.1031.


N-(2-Hydroxy-1-hydroxymethylpropyl)-1H-benzimidazole-5-carboxamide
(2r): The synthesis of this product was realized in a mixture of NMP/
DMF (1:1). Rf = 0.4 (AcOEt/MeOH 8:2); yield: 93%; 1H NMR
(500 MHz, CD3OD): d = 1.22 (d, J = 6.5 Hz, 3H), 3.72 (dd, J = 6.0 Hz,
1H), 3.77 (dd, J = 5.5 Hz, 1H), 4.12 (m, 2H), 5.07 (s, 3H), 7.62 (d, J =


8.5 Hz, 1H), 7.80 (d, J = 8.5 Hz, 1H), 8.17 (s, 1H), 8.28 (s, 1H); 13C
NMR (125 MHz, CD3OD): d = 20.60, 58.23, 62.79, 67.33, 115.75, 116.39,
123.17, 130.47, 138.83, 140.69, 144.68, 171.01; MS (ESI): m/z : 250.1 (100)
[M+H]+ ; HRMS (EI): m/z : calcd for C12H16N3O3: 250.1192; found:
250.1192.


N-(2-Hydroxy-1-hydroxymethylpropyl)-hexa-2,4-dienamide (2 s): Rf =


0.4 (AcOEt/MeOH 9.5:0.5); yield: 70%; 1H NMR (500 MHz, CD3OD):
d = 1.18 (d, J = 6.5 Hz, 3H), 1.87 (d, J = 6.5 Hz, 3H), 3.65 (dd, J =


6.0 Hz, 1H), 3.70 (dd, J = 6.0 Hz, 1H), 3.93 (m, 1H), 4.05 (m, 1H), 4.96
(br s, 3H), 6.01 (m, 1H), 6.11 (m, 1H), 6.22 (m, 1H), 7.14 (m, 1H); 13C
NMR (125 MHz, CD3OD): d = 18.65, 20.36, 57.42, 62.77, 67.08, 122.81,
131.12, 138.74, 142.33, 169.48; MS (ESI): m/z : 200.0 (100) [M+H]+ ;
HRMS (EI): m/z : calcd for C10H18NO3: 200.1287; found: 200.1278.


N-(2-Hydroxy-1-hydroxymethylpropyl)-benzamide (2 t): Rf = 0.6
(AcOEt/MeOH 8:2); yield: 60%; 1H NMR (500 MHz, CD3OD): d =


1.14 (d, J = 6.5 Hz, 3H), 3.76 (d, J = 4.6 Hz, 2H), 3.94 (m, 1H), 4.14
(m, 1H), 7.32 (m, 3H), 7.74 (d, J = 8.0 Hz, 2H), 8.12 (br s, 2H); 13C
NMR (125 MHz, CD3OD): d = 20.04, 55.48, 63.34, 67.23, 126.98, 128.36,
131.53, 133.96, 168.67; MS (ESI): m/z : 210.0 (100) [M+H]+ ; HRMS (EI):
m/z : calcd for C11H16NO5: 210.1130; found: 210.1134.


9H-Fluoren-9-ylmethyl ester of [1-(2-hydroxy-1-hydroxymethylpropylcar-
bamoyl)-2-methyl-butyl]-carbamic acid (2u): Rf = 0.34 (AcOEt); yield:
62%; 1H NMR (500 MHz, CD3OD): d = 0.84 (m, 6H), 0.97 (d, J =


6.5 Hz, 3H), 1.12 (m, 1H), 1.41 (m, 1H), 1.74 (m, 1H), 2.50 (s, 1H),
3.28±3.46 (m, 2H), 3.63 (m, 1H), 3.92 (m, 2H), 4.21 (m, 2H), 4.61 (m, 2
H), 7.30±7.45 (m, 2H), 7.74 (m, 2H), 7.89 (d, J = 7.5 Hz, 2H); 13C NMR
(125 MHz, CD3OD): d = 11.73, 16.18, 20.71, 24.92, 37.20, 47.37, 56.30,
60.13, 60.88, 64.45, 66.32, 120.80, 126.03, 127.76, 128.34, 141.39, 144.44,
144.61, 156.71, 172.03; MS (ESI): m/z : 441.0 (100) [M+H]+ ; HRMS
(FAB): m/z : calcd for C25H33N2O5: 441.2389; found: 441.2377.


9H-Fluoren-9-ylmethyl ester of [1-(2-hydroxy-1-hydroxymethylpropylcar-
bamoyl)-3-methylsulfanylpropyl]-carbamic acid (2v): Rf = 0.55 (AcOEt/
MeOH 9.5:0.5); yield: 80%; 1H NMR (500 MHz, CD3OD): d = 1.14 (d,
J = 6.5 Hz, 3H), 1.93 (m, 2H), 2.11 (s, 3H), 2.55 (m, 2H), 3.64 (m, 2H),
3.81 (m, 1H), 4.03 (m, 1H), 4.26 (m, 2H), 4.42 (m, 2H), 4.92 (br s, 4H),
7.35 (m, 2H), 7.41 (m, 2H), 7.68 (m, 2H), 7.81 (m, 2H); 13C NMR
(125 MHz, CD3OD): d = 14.10, 19.40, 30.06, 31.79, 54.66, 56.23, 61.57,
65.49, 66.78, 119.77, 125.03, 127.02, 127.63, 141.44, 143.92, 144.22, 157.34,
173.63; MS (ESI): m/z : 458.9 (100) [M+H]+ ; HRMS (FAB): m/z : calcd
for C24H31N2O5S: 459.1954; found: 459.1949.


9H-Fluoren-9-ylmethyl ester of [1-(2-hydroxy-1-hydroxymethylpropylcar-
bamoyl)-2-(1H-indol-2-yl)-ethyl]-carbamic acid (2w): Rf = 0.62 (AcOEt/
MeOH 9.5:0.5); yield: 70%; 1H NMR (500 MHz, CD3OD): d = 0.91 (d,
J = 6.5 Hz, 3H), 3.11 (m, 1H), 3.60 (m, 2H), 3.78 (m, 1H), 3.92 (m, 1
H), 4.13 (m, 1H), 4.21 (m, 1H), 4.30 (m, 1H), 4.49 (m, 1H), 7.08 (m, 3
H), 7.28 (m, 2H), 7.37 (m, 3H), 7.55 (m, 2H), 7.66 (d, J = 7.5 Hz, 1H),
7.76 (d, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CD3OD): d = 18.84,
28.09, 47.14, 56.13, 56.64, 61.29, 65.42, 66.91, 109.90, 111.16, 118.26,
118.71, 119.71, 121.28, 123.46, 125.05, 127.01, 127.58, 136.94, 141.35,
144.06, 157.17, 173.82; MS (ESI): m/z : 514.1 (100) [M+H]+ , 536.2 (30)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C30H32N2O5: 514.2342; found:
514.2319.


9H-Fluoren-9-ylmethyl ester of [1-(2-hydroxy-1-hydroxymethylpropylcar-
bamoyl)-2-phenylethyl]-carbamic acid (2x): Rf = 0.5 (AcOEt); yield: 75
%; 1H NMR (500 MHz, CD3OD): d = 2.90 (m, 1H), 3.15 (m, 1H), 3.51
(m, 1H), 3.63 (d, J = 5.5 Hz, 2H), 3.91 (m, 1H), 4.15 (m, 1H), 4.36 (m,
2H), 7.31 (m, 8H), 7.59 (m, 2H), 7.80 (d, 2H); 13C NMR (125 MHz,
CD3OD): d = 12.21, 26.07, 26.75, 34.76, 54.31, 58.01, 61.59, 68.00, 120.91,
126.17, 127.75, 128.77, 129.45, 130.44, 142.54, 145.19, 174.08; MS (ESI):
m/z : 483.1 (100) [M+Na]+ ; HRMS (FAB): m/z : calcd for C27H28N2O5Na:
483.1896; found: 483.2319.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-6-methyl-nicotinamide
(3n): Rf = 0.40 (AcOEt/Et3N 98:2); yield: 67%; 1H NMR (500 MHz,
CDCl3): d = 1.21 (d, J = 6.5 Hz, 3H), 2.55 (s, 3H), 3.35 (dd, J = 3.5 Hz,
1H), 3.56 (dd, J = 4.5 Hz, 1H), 3.75 (s, 6H), 4.12 (m, 1H), 4.22 (m, 1H),
6.79 (m, 5H), 7.19 (m, 6H), 7.52 (d, J = 7.0 Hz, 1H), 7.80 (d, J =


7.5 Hz, 2H), 8.31 (d, J = 7.0 Hz, 1H), 9.15 (s, 1H); 13C NMR (125 MHz,
CDCl3): d = 17.9, 20.9, 56.0, 57.2, 64.2, 68.5, 88.8, 114.6, 124.3, 126.6,
128.4, 129.0, 129.4, 135.3, 137.2, 143.0, 152.1, 157.1, 159.5, 167.6; MS
(ESI): m/z : 549.2 (100) [M+H]+ ; HRMS (EI): m/z : calcd for
C32H34N2O5Na: 549.2365; found: 549.2337.


N-(2-Hydroxy-1-O-[4-monothoxytrityl]-propyl)-1-methyl-1H-indole-3-
carboxamide (3o): Rf = 0.33 (AcOEt/hexane/Et3N 60:38:2); yield: 78%;
1H NMR (500 MHz, CDCl3): d = 1.27 (d, J = 6.5 Hz, 3H), 3.4 (m, 1H),
3.64 (m, 1H), 3.75 (s, 6H), 3.77 (s, 3H), 4.26 (m, 2H), 6.82 (m, 3H),
7.21±7.36 (m, 10H), 7.48 (d, J = 7.0 Hz, 4H), 7.71 (s, 1H), 8.08 (d, J =


8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): d = 20.04, 33.07, 53.42, 55.01,
65.32, 68.78, 86.84, 109.97, 110.40, 113.11, 120.02, 121.44, 122.37, 125.13,
126.93, 126.96, 127.87, 128.06, 130.16, 132.51, 134.77, 137.09, 143.76,
143.91, 158.50, 165.35; MS (ESI): m/z : 557.1 (100) [M+Na]+ ; HRMS
(FAB): m/z : calcd for C34H34N2O4Na: 557.2444; found: 557.2416.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-2-(3-methylisoxazol-5-
yl)-acetamide (3p): Rf = 0.5 (AcOEt/Et3N 98:2); yield: 77%;


1H NMR
(500 MHz, CDCl3): d = 1.11 (d, J = 6.5 Hz, 3H), 2.26 (s, 3H), 3.26 (dd,
J = 3.5 Hz, 1H), 3.41 (dd, J = 4.5 Hz, 1H), 3.74 (s, 2H), 3.94 (s, 6H),
3.95 (m, 1H), 4.08 (m, 1H), 6.84 (d, J = 7.0 Hz, 4H), 7.23±7.37 (m, 9H);
13C NMR (125 MHz, CDCl3): d = 11.38, 19.90, 34.88, 53.72, 55.18, 64.85,
68.42, 86.73, 104.08, 113.26, 126.99, 127.78, 127.99, 129.82, 135.09, 135.30,
144.19, 158.56, 160.15, 165.74, 166.75; MS (ESI): m/z : 553.1 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C31H34N2O6Na: 553.2315;
found: 553.2340.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-2-oxo-2H-chromene-3-
carboxamide (3q): Rf = 0.44 (AcOEt/hexane/Et3N 49:49:2); yield: 57%;
1H NMR (500 MHz, CDCl3): d = 1.18 (d, J = 6.5 Hz, 3H), 3.20 (br s,
1H), 3.37 (dd, J = 3.5 Hz, 1H), 3.52 (dd, J = 4.5 Hz, 1H), 3.77
(s, 6H), 4.18 (m, 2H), 6.84 (m, 4H), 7.20±7.41 (m, 10H), 7.69 (m, 2H),
8.89 (s, 1H), 9.51 (d, J = 8.5 Hz, 1H); 13C NMR (125 MHz, CDCl3):
d = 20.04, 54.38, 55.11, 64.64, 68.77, 86.67, 113.16, 116.61, 118.28, 118.51,
125.20, 126.83, 127.92, 129.73, 129.93, 134.06, 135.29, 135.45, 144.24,
148.35, 154.45, 158.43, 161.09, 161.98; MS (ESI): m/z : 602.1 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C35H33NO7Na: 602.2155; found:
602.2131.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-1H-benzimidazole-5-car-
boxamide (3r): Rf = 0.5 (AcOEt/hexane/Et3N 90:8:2); yield: 90%; 1H
NMR (500 MHz, CDCl3): d = 1.02 (d, J = 6.5 Hz, 3H), 3.74 (s, 6H),
3.86 (m, 2H), 4.06 (m, 1H), 4.22 (m, 1H), 6.44 (d, J = 7.0 Hz, 1H), 6.62
(d, J = 7.0 Hz, 1H), 6.79 (d, J = 8.0 Hz, 4H), 6.98±7.12 (m, 4H), 7.28
(m, 3H), 7.42 (m, 1H), 7.54 (d, J = 7.0 Hz, 1H), 7.91 (s, 1H), 7.98 (s, 1
H); 13C NMR (125 MHz, CDCl3): d = 20.33, 54.97, 55.12, 64.03, 67.96,
113.33, 127.93, 128.06, 128.63, 128.71, 129.48, 130.93, 133.00, 134.35,
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158.91, 168.11; MS (ESI): m/z : 574.1 (100) [M+Na]+ ; HRMS (FAB):
m/z : calcd for C33H34N3O5: 552.2498; found: 552.2496.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-hexa-2,4-dienamide (3s):
Rf = 0.25 (AcOEt/hexane/Et3N 40:58:2); yield: 80%; 1H NMR
(500 MHz, CDCl3): d = 1.13 (d, J = 6.5 Hz, 3H), 1.82 (d, J = 6.0 Hz, 3
H), 3.28 (m, 1H), 3.42 (m, 1H), 3.73 (s, 6H), 4.03 (m, 1H), 4.12 (m, 1H),
5.82 (m, 1H), 6.06 (m, 1H), 6.14 (m, 1H), 6.38 (m, 1H), 6.81 (d, J =


8.5 Hz, 4H), 7.18±7.31 (m, 7H), 7.40 (d, J = 7.5 Hz, 2H); 13C NMR
(125 MHz, CDCl3): d = 19.36, 19.78, 54.88, 60.15, 64.56, 67.84, 86.34,
112.98, 121.21, 126.66, 127.68, 127.70, 129.46, 129.69, 135.26, 135.39,
137.70, 141.25, 144.32, 158.28, 166.55; MS (ESI): m/z : 524.2 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C31H35NO5Na: 524.2413; found:
524.2434.


N-(1-O-[4,4’-Dimethoxytrityl]-2-hydroxypropyl)-benzamide (3 t): Rf =


0.45 (AcOEt/hexane/Et3N 49:49:2); yield: 67%; 1H NMR (400 MHz,
CDCl3): d = 1.21 (d, J = 6.5 Hz, 3H), 3.35 (dd, J = 3.5 Hz, 1H), 3.56
(dd, J = 4.5 Hz, 1H), 3.75 (s, 6H), 4.12 (m, 1H), 4.22 (m, 1H), 6.79 (m,
5H), 7.25 (m, 6H), 7.44 (m, 5H), 7.80 (d, J = 7.5 Hz, 2H); 13C NMR
(125 MHz, CDCl3): d = 17.2, 56.4, 57.6, 64.3, 68.5, 89.8, 126.2, 127.3,
128.4, 129.2, 131.9, 133.5, 135.3, 143.0, 159.5, 171.1; MS (ESI): m/z : 512.1
(100) [M+H]+ ; HRMS (EI): m/z : calcd for C32H34NO5: 512.2498; found:
512.2437.


9H-Fluoren-9-ylmethyl ester of (1-{1-O-[4,4’-dimethoxytrityl]-2-hydroxy-
propylcarbamoyl}-2-methylbutyl)-carbamic acid (3u): Rf = 0.5 (AcOEt/
hexane/Et3N 40:58:2); yield: 60%; 1H NMR (500 MHz, CDCl3): d =


0.81±0.90 (m, 6H), 1.03 (d, J = 6.5 Hz, 3H), 1.42 (m, 2H), 1.81 (m, 1H),
3.15 (m, 1H), 3.34 (m, 1H), 3.64 (s, 6H), 3.82±4.31 (m, 6H), 6.72 (d, J =


8.5 Hz, 4H), 7.14±7.29 (m, 13H), 7.43 (m, 2H), 7.66 (d, J = 7.5 Hz, 2H);
13C NMR (125 MHz, CDCl3): d = 11.34, 14.09, 15.48, 19.93, 24.63, 37.56,
47.06, 53.63, 55.04, 59.87, 64.77, 66.95, 68.07, 86.63, 113.20, 119.85, 125.00,
126.89, 126.98, 127.59, 127.85, 127.91, 129.80, 129.83, 135.21, 135.43,
141.17, 143.63, 144.23, 156.15, 158.53, 171.38; MS (ESI): m/z : 765.2 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C46H50N2O7Na: 765.3516;
found: 765.3552.


9H-Fluoren-9-ylmethyl ester of (1-{1-O-[4,4’-dimethoxytrityl]-2-hydroxy-
propylcarbamoyl}-3-methylsulfanylpropyl)-carbamic acid (3v): Rf = 0.3
(AcOEt/hexane/Et3N 40:58:2); yield: 50%;


1H NMR (500 MHz, CDCl3):
d = 1.06 (d, J = 6.5 Hz, 3H), 1.99 (m, 5H), 2.51 (t, J = 7.0 Hz, 2H),
3.00 (br s, 1H), 3.20 (m, 1H), 3.35 (m, 1H), 3.66 (s, 6H), 4.05 (m, 3H),
4.40 (m, 3H), 6.75 (d, 4H), 7.11±7.32 (m, 15H), 7.68 (d, J = 8.0 Hz, 2H);
13C NMR (125 MHz, CDCl3): d = 15.03, 19.87, 29.90, 53.77, 54.97, 60.23,
64.36, 66.88, 67.92, 86.50, 113.11, 119.77, 124.92, 126.81, 126.92, 127.54,
127.82, 129.78, 135.19, 135.39, 141.07, 143.46, 143.76, 144.23, 155.87,
158.42, 171.33; MS (ESI): m/z : 783.2 (100) [M+Na]+ ; HRMS (FAB):
m/z : calcd for C45H48N2O7SNa: 783.3080; found: 783.3046.


9H-Fluoren-9-ylmethyl ester of [1-{1-O-[4,4’-dimethoxytrityl]-2-hydroxy-
propylcarbamoyl}-2-(1H-indol-2-yl)-ethyl]-carbamic acid (3w): Rf = 0.28
(AcOEt/hexane/Et3N 40:58:2); yield: 50%;


1H NMR (500 MHz, CDCl3):
d = 0.87 (d, J = 6.5 Hz, 3H), 2.84 (br s, 1H), 3.15±3.30 (m, 4H), 3.88 (s,
6H), 4.01 (m, 2H), 4.06 (m, 3H), 4.32 (m, 2H), 4.58 (m, 1H), 6.70 (d, J
= 8.5 Hz, 4H), 7.15±7.45 (m, 19H), 7.70 (d, J = 7.5 Hz, 2H), 8.24 (s, 1
H); 13C NMR (125 MHz, CDCl3): d = 19.47, 20.81, 28.67, 46.86, 54.07,
54.92, 60.21, 63.93, 66.95, 86.34, 110.06, 111.29, 113.02, 118.48, 119.55,
119.74, 122.03, 123.28, 124.95, 126.75, 126.91, 127.13, 127.49, 127.74,
129.79, 135.16, 135.28, 136.11, 141.03, 143.47, 143.67, 144.37, 155.88,
158.35, 171.65; MS (ESI): m/z : 838.3 (100) [M+Na]+ ; HRMS (FAB):
m/z : calcd for C51H49N3O7Na: 838.3468; found: 838.3504.


9H-Fluoren-9-ylmethyl ester of (1-{1-hydroxymethyl-2-O-[(-[4-monome-
thoxytrityl]-ethylcarbamoyl}-2-phenylethyl)-carbamic acid (3x): Rf =


0.45 (AcOEt/hexane/Et3N 80:18:2); yield: 70%; 1H NMR (500 MHz,
CDCl3): d = 3.14 (m, 2H), 3.33 (m, 1H), 3.69 (m, 1H), 3.50 (m, 1H),
3.76 (m, 4H), 4.12 (m, 1H), 4.29 (m, 1H), 4.37 (m, 1H), 4.46 (m, 1H),
4.59 (m, 1H), 6.85 (d, J = 8.5 Hz, 4H), 7.19±7.47 (m, 18H), 7.53 (d, J =


7.5 Hz, 2H), 7.58 (d, J = 7.5 Hz, 1H), 7.79 (m, 2H); 13C NMR
(125 MHz, CDCl3): d = 38.72, 46.76, 51.12, 54.89, 56.10, 60.24, 62.08,
62.37, 66.80, 83.35, 112.99, 119.72, 124.85, 126.69, 126.84, 127.53, 127.72,
128.03, 128.09, 128.32, 128.44, 129.09, 130.06, 134.86, 136.27, 141.00,
143.50, 143.89, 155.75, 158.39, 171.04; MS (ESI): m/z : 755.1 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C47H44N2O6Na: 755.3113;
found: 755.3097.


3-O-[4,4’-Dimethoxytrityl]-1-methyl-2-[(6-methylpyridine-3-carbonyl)-
amino]-propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite
(4n): Rf = 0.30 (AcOEt/hexane/Et3N 40:58:2); yield: 60%; 1HNMR
(500 MHz, CDCl3): d = 1.01 (d, J = 7.0 Hz, 3H), 1.13±1.31 (m, 12H),
2.38 (m, 2H), 2.61 (s, 3H), 3.32 (d, J = 5.5 Hz, 2H), 3.55 (m ; 2H), 3.77
(s, 6H), 4.38 (m, 1H), 4.43 (m, 1H), 6.81 (m, 4H), 7.28 (m, 8H), 7.43 (d,
J = 7.0 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H), 8.88 (s, 1H); 13C NMR
(125 MHz, CDCl3): d = 19.62, 20.10, 24.38, 42.97, 54.63, 55.02, 57.97,
62.49, 68.80, 85.94, 112.92, 117.66, 122.88, 126.62, 126.66, 127.25, 127.66,
127.95, 128.03, 129.86, 129.91, 135.18, 135.73, 144.60, 147.39, 158.28,
161.46, 165.31; MS (ESI): m/z : 727.1 (100) [M+H]+ , 749.3 (45) [M+Na]+


; HRMS (FAB): m/z : calcd for C41H52N4O6P: 727.3625; found: 727.3595.


3-O-[(4-Monomethoxytrityl]-1-methyl-2-[(1-methyl-1H-indole-3-carbon-
yl)-amino]-propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphorami-
dite (4o): Rf = 0.33 (AcOEt/hexane/Et3N 40:58:2); yield: 65%;


1HNMR
(500 MHz, CDCl3): d = 11.18 (d, J = 7.0 Hz, 6H), 1.20 (d, J = 7.0 Hz,
6H), 1.37 (d, J = 6.5 Hz, 3H), 2.36 (dt, J = 6.25 Hz, 2H), 3.28 (dd, J =


7.0 Hz, 1H), 3.43 (dd, J = 7.0 Hz, 1H), 3.52±3.62 (m, 4H), 3.79 (s, 3H),
3.82 (s, 3H), 4.59 (m, 2H), 6.41 (d, J = 9.0 Hz, 1H), 6.83 (d, J = 9.0 Hz,
2H), 7.24 (m, 3H), 7.29±7.39 (m, 5H), 7.37 (m, 3H), 7.50 (d, J = 8.5 Hz,
4H), 7.75 (s, 1H), 7.99 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz,
CDCl3): d = 19.61, 20.03, 24.27, 25.52, 53.72, 55.06, 58.10, 68.93, 69.05,
86.21, 110.02, 110.71, 112.92, 117.66, 119.89, 121.18, 122.28, 125.02, 126.76,
127.67, 127.70, 128.37, 128.41, 130.32, 132.68, 135.42, 137.12, 144.26,
144.31, 158.35, 164.72; MS (ESI): m/z : 757.4 (100) [M+Na]+ ; HRMS
(FAB): m/z : calcd for C43H51N4O5PNa: 757.3495; found: 757.3513.


3-[4,4’-Dimethoxytrityl]-1-methyl-2-[2-(3-methylisoxazol-5-yl)-acetylami-
no]-propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4
p): Rf = 0.35 (AcOEt/hexane/Et3N 60:38:2); yield: 70%; 1H NMR
(500 MHz, CDCl3): d = 11.11 (d, J = 6.5 Hz, 6H), 1.14 (d, J = 7.0 Hz,
6H), 1.18 (d, J = 6.5 Hz, 3H), 2.19 (s, 3H), 2.38 (m, 2H), 3.18 (d, J =


6.0 Hz, 2H), 3.48 (m, 4H), 3.68 (s, 2H), 3.75 (s, 6H), 4.20 (m, 1H), 4.31
(m, 1H), 6.06 (s, 1H), 6.82 (d, J = 8.5 Hz, 4H), 7.19±7.30 (m, 7H), 7.41
(d, J = 8.5 Hz, 2H); 13C NMR (125 MHz, CDCl3): d = 11.03, 19.20,
19.92, 19.97, 23.94, 24.00, 24.30, 24.36, 34.56, 42.68, 42.78, 54.28, 54.32,
54.84, 57.80, 57.95, 62.24, 68.16, 68.28, 85.71, 103.72, 112.74, 117.79,
126.46, 127.48, 127.83, 129.75, 129.77, 135.50, 135.55, 144.44, 158.12,
159.68, 165.81, 166.18; MS (ESI): m/z : 753.3 (100) [M+Na]+ ; HRMS
(EI): m/z : calcd for C40H51N4O7PNa: 753.3393; found: 753.3395.


3-O-(4,4’-Dimethoxytrityl)-1-methyl-2-[(2-oxo-3,8a-dihydro-2H-chro-
mene-3-carbonyl)-amino]-propyl ester of 1-(2-cyanoethyl)-N,N-diisopro-
pylphosphoramidite (4q): Rf = 0.4 (AcOEt/hexane/Et3N 30:68:2); yield:
80%; 1H NMR (500 MHz, CDCl3): d = 1.00±1.16 (m, 15H), 2.43±2.58
(m, 4H), 3.22 (m, 1H), 3.37 (m, 1H), 3.53 (m, 2H), 3.75 (s, 6H), 4.40 (m,
2H), 6.82 (m, 4H), 7.18±7.36 (m, 8H), 7.47 (m, 2H), 7.61 (m, 2H), 8.92
(d, J = 8.5 Hz, 1H), 9.07 (m, 1H); 13C NMR (125 MHz, CDCl3): d =


19.30, 19.92, 24.10, 24.27, 42.79, 45.93, 54.30, 54.50, 54.87, 57.70, 62.54,
68.56, 85.82, 122.81, 116.23, 117.54, 118.22, 124.95, 126.41, 127.52, 127.95,
129.48, 129.82, 133.76, 135.68, 135.82, 144.61, 148.07, 154.14, 158.11,
160.82, 161.26; MS (ESI): m/z : 802.2 (100) [M+Na]+ ; HRMS (FAB):
m/z : calcd for C44H52N3O8PNa: 802.3233; found: 802.3251.


2-[(1H-Benzimidazole-5-carbonyl)-amino]-3-O-[4,4’-dimethoxytrityl]-1-
methylpropyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite
(4r): Rf = 0.75 (AcOEt/hexane/Et3N 60:38:2); yield: 60%; 1H NMR
(500 MHz, CDCl3): d = 1.07±1.19 (m, 15H), 2.57 (m, 4H), 3.55 (m, 4H),
3.68 (s, 6H), 4.22 (m, 2H), 6.77 (m, 4H), 7.01±7.25 (m, 10H), 7.42±7.95
(m, 3H); 13C NMR (125 MHz, CDCl3): d = 19.10, 20.02, 24.27, 42.75,
54.49, 54.90, 58.07, 74.59, 113.06, 113.12, 115.23, 117.43, 117.57, 119.63,
122.29, 127.66, 127.80, 127.87, 129.30, 130.73, 132.93, 133.01, 134.38,
136.66, 141.06, 143.97, 145.22, 145.84, 146.64, 158.71, 166.69, 167.37; MS
(ESI): m/z : 774.3 (100) [M+Na]+ ; HRMS (FAB): m/z : calcd for
C42H50N5O6PNa: 774.3396; found: 774.3577.


3-O-[4,4’-Dimethoxytrityl]-2-hexa-2,4-dienoylamino-1-methylpropyl ester
of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4s): Rf = 0.42
(AcOEt/hexane/Et3N 30:68:2); yield: 70%;


1H NMR (500 MHz, CDCl3):
d = 1.01 (d, J = 7.0 Hz, 3H), 1.13±1.28 (m, 12H), 1.83 (d, J = 6.5 Hz, 3
H), 2.40 (m, 1H), 2.57 (m, 1H), 3.53 (m, 4H), 3.78 (s, 6H), 4.28±4.42 (m,
2H), 5.72±5.95 (m, 2H), 6.09 (m, 1H), 6.16 (m, 1H), 6.83 (m, 4H), 7.18±
7.33 (m, 7H), 7.43 (d, J = 7.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): d
= 19.87, 20.58, 20.66, 24.67, 24.80, 43.27, 43.37, 54.20, 55.44, 58.14, 68.90,
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69.95, 86.33, 118.11, 118.28, 121.94, 126.99, 128.06, 128.43, 128.52, 129.99,
130.32, 130.42, 136.27, 137.92, 141.48, 145.12, 158.66, 166.50; MS (ESI):
m/z : 724.4 (100) [M+Na]+ ; HRMS (FAB): m/z : calcd for
C40H52N3O6PNa: 724.3491; found: 724.3497.


2-Benzoylamino-3-O-[4,4’-dimethoxytrityl]-1-methylpropyl ester of 1-(2-
cyanoethyl)-N,N-diisopropylphosphoramidite (4 t): Rf = 0.45 (AcOEt/
hexane/Et3N 30:68:2); yield: 92%; 1H NMR (500 MHz, CDCl3): d =


0.90±1.21 (m, 15H), 2.36 (t, J = 6.5 Hz, 2H), 2.47 (m, 2H), 3.29 (m, 1H),
3.47 (m, 3H), 4.19 (m, 2H), 7.76 (d, J = 9.0 Hz, 4H), 7.18±7.45 (m, 12
H), 7.76 (m, 2H); 13C NMR (125 MHz, CDCl3): d = 13.18, 19.42, 23.32,
23.54, 42.07, 42.31, 53.89, 54.18, 57.14, 59.35, 61.86, 85.18, 112.20, 125.91,
125.99, 126.06, 126.93, 127.29, 127.35, 127.67, 129.24, 130.53, 133.86,
135.13, 135.25, 144.032, 157.66, 166.29; MS (ESI): m/z : 734.3 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C41H50N3O6PNa: 734.3335;
found: 734.3356.


3-O-(4,4’-Dimethoxytrityl)-1-methyl-2-((N-Fmoc-isoleucine)-amino)-
propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4u):
Rf = 0.55 (AcOEt/hexane/Et3N 30:68:2); yield: 70%; 1H NMR
(500 MHz, CDCl3): d = 0.84±0.99 (m, 8H), 1.03±1.22 (m, 15H), 2.32 (t, J
= 6.0 Hz, 2H), 2.49 (m, 1H), 3.11 (m, 2H), 3.46 (m, 4H), 3.68 (s, 6H),
4.01±4.31 (m, 4H), 6.75 (d, J = 8.5 Hz, 4H), 7.10±7.48 (m, 15H), 7.69 (d,
J = 7.5 Hz, 2H) ; 13C NMR (125 MHz, CDCl3): d = 11.51, 15.38, 19.79,
20.19, 24.25, 24.62, 37.74, 42.92, 43.16, 47.07, 55.07, 57.96, 59.84, 62.46,
66.91, 86.03, 112.99, 119.83, 125.07, 126.68, 127.59, 127.71, 128.15, 130.04,
135.84, 141.15, 143.96, 144.67, 156.41, 158.36, 171.15; MS (ESI): m/z :
948.2 (100) [M+H]+ , 965.3 (30) [M+Na]+ ; HRMS (FAB): m/z : calcd for
C55H67N4O8PNa: 965.4594; found: 965.4598.


3-O-(4,4’-Dimethoxytrityl)-1-methyl-2-((N-Fmoc-methionine)-amino)-
propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4v):
Rf = 0.50 (AcOEt/hexane/Et3N 40:58:2); yield: 75%; 1H NMR
(500 MHz, CDCl3): d = 0.90±1.21 (m, 15H), 2.02 (m, 5H), 2.32 (t, J =


7.0 Hz, 2H), 2.50 (m, 2H), 3.13 (m, 2H), 3.44 (m, 4H), 3.69 (s, 6H),
4.10±4.33 (m, 4H), 6.77 (m, 4H), 7.12±7.50 (m, 15H), 7.70 (d, J =


7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3): d = 15.15, 19.66, 20.25, 24.16,
24.48, 29.97, 32.32, 42.93, 43.18, 47.06, 54.18, 55.10, 62.41, 66.98, 86.04,
113.00, 119.88, 125.05, 126.72, 127.01, 127.63, 127.74, 128.16, 130.04,
135.86, 141.17, 144.67, 158.39, 170.85; MS (ESI): m/z : 983.4 (100)
[M+Na]+ ; HRMS (FAB): m/z : calcd for C54H65N4O8PSNa: 983.4158;
found: 983.4174.


3-O-[4,4’-Dimethoxytrityl]-1-methyl-2-((N-Fmoc-trypthophane)-amino)-
propyl ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4w):
Rf = 0.38 (AcOEt/hexane/Et3N 40:58:2); yield: 75%; 1H NMR
(500 MHz, CDCl3): d = 0.89±1.31 (m, 15H), 2.27 (t, J = 6.0 Hz, 3.05±
3.24 (m, 4H), 3.72±3.76 (s, 6H), 4.13±4.25 (m, 4H), 6.79 (m, 4H), 7.24±
7.83 (m, 22H); 13C NMR (125 MHz, CDCl3): d = 14.09, 19.07, 20.00,
24.11, 24.46, 27.92, 42.86, 45.78, 47.02, 54.00, 55.08, 57.82, 57.97, 60.29,
62.67, 67.00, 68.64, 68.77, 86.01, 111.42, 112.88, 117.94, 118.33, 119.79,
120.91, 121.97, 122.04, 123.66, 125.02, 126.71, 126.95, 127.00, 127.49,
128.22, 130.09, 135.72, 135.76, 141.11, 143.55, 143.78, 144.94, 155.89,
158.34, 171.05; MS (ESI): m/z : 1038.4 (100) [M+Na]+ , HRMS (FAB): m/
z : calcd for C60H66N5O8PNa: 1038.4547; found: 1038.4576.


3-O-(4-Monomethoxytrityl)-2-(2-((N-Fmoc-phenylalanine)-amino)-propyl
ester of 1-(2-cyanoethyl)-N,N-diisopropylphosphoramidite (4x): Rf =


0.28 (AcOEt/hexane/Et3N 30:68:2); yield: 70%; 1H NMR (500 MHz,
CDCl3): d = 1.09±1.20 (m, 12H), 2.46 (m, 2H), 3.09±3.28 (m, 4H), 3.55±
3.77 (m, 12H), 4.21±4.44 (m, 4H), 6.83 (m, 2H), 7.17±7.56 (m, 23H), 7.78
(d, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3): d = 20.08, 20.76,
24.28, 34.46, 42.67, 42.79, 46.79, 49.57, 54.85, 55.97, 57.81, 58.01, 58.19,
60.10, 60.92, 66.68, 86.10, 112.84, 117.66, 119.68, 124.89, 126.69, 126.80,
127.44, 127.58, 128.09, 128.28, 128.38, 128.44, 129.05, 130.10, 134.94,
134.99, 136.22, 140.96, 143.44, 143.56, 143.85, 155.52, 158.29, 170.84; MS
(ESI): m/z : 933.1 (100) [M+H]+ , 955.4 (95) [M+Na]+ ; HRMS (FAB):
m/z : calcd for C56H61N4O7PNa: 955.4176; found: 955.4167.


Cyclic oligonucleotide synthesis : All cyclic oligonucleotides and cyclic hy-
brids were prepared on a DNA synthesizer by means of standard phos-
phoramidite chemistry and standard synthesis cycles. After coupling the
second nucleotide (DMT-off), the columns were removed and 1 mL sy-
ringes were attached to both ends of the columns. (PhO)3PCH3I (1 mL,
0.5m in anhydrous DMF) was then passed from one syringe, through the
column, to the other syringe for 5 min before the sample was put on a


shaker at room temperature for 25 min. The iodination reagent was then
removed and the column washed with CH2Cl2 (10 mL), CH3CN (10 mL),
and CH2Cl2 (10 mL). Cleavage and cyclization of the nucleotides was
achieved by soaking the beads in concentrated ammonia at room temper-
ature for 24 h. Cyclic compounds were purified by preparative reverse-
phase HPLC with a gradient of 0±20% of acetonitrile over 20 min at a
flow rate of 3 mLmin�1.


HCV assay : Poly(A) was used as the template (10 mgmL�1), oligu(U)12 as
the primer (1 mgmL�1), 10 mm a-UTP and 0.025 mCi of [a-32P]UTP as the
substrate, in a total volume of 5 mL reaction mix containing 20 mm tris-
HCl pH 7.5, 5 mm MgCl2, 25 mm KCl, and purified NS5B sample
(0.04 mgmL�1). The reaction was started by adding the template, primer,
enzyme, and buffer at 0 8C for 1 h. The inhibitor and the substrate were
then added and the reaction mixture was incubated at 30 8C for 60 min.
Reactions were terminated by adding 1 volume of stop buffer (95% form-
amide, 20 mm EDTA (pH 8.0), 0.05% xylene cyanol a,d-bromophenol
blue), and reactions mixtures were kept 1 h at �20 8C.
Aliquots of each reaction mixture (2 mL) were then spotted uniformly
onto a HybondN+ nylon membrane filter, kept at ambient temperature
for 15 min, and washed with phosphate buffer (pH 7). Finally, the filter
was thoroughly dried and the amount of 32P that remained bound to the
Hybond paper was quantified by PhosphoImager analysis.
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Structure Investigation of TiIV-BODOLates Involved in the Catalytic
Asymmetric Reduction of Ketones Using Catecholborane


Ian Sarvary,[a] Per-Ola Norrby,*[b] and Torbjˆrn Frejd*[a]


Introduction


The versatility of titanium diolates as catalysts in asymmet-
ric synthesis has motivated considerable interest in their
structural and dynamic behavior; one of the most studied
group of TiIV complexes is the alkoxides.[1] Of particular in-
terest was the discovery by Sharpless and Katsuki in 1980
that Ti-tartrates worked amazingly well as catalysts in asym-
metric epoxidation of allylic alcohols.[2] Other Ti-diolates
based on BINOLs and TADDOLs have been established as
benchmark catalysts for various other enantioselective reac-
tions.[3]


As suggested by Sharpless and Finn the major titanium±
tartrate in solution formed by mixing diethyltartrate with
[Ti(OiPr)4] in a 1:1 ratio is a m-oxo bridged dimer of the
M2L2-type (Figure 1a).


[4] Very recently the crystal structure
of a 1:1 complex between BINOL and [Ti(OiPr)4] formed in
chloroform was reported with high resolution and shown to
be a trimer of composition [(BINOLate)Ti(OiPr)2]3¥CHCl3
(Figure 1b).[5] The four-membered m-oxo bridging motif was
present in both the tartrate and the BINOL complexes. On
the other hand this motif was apparently not present in the
corresponding Ti-TADDOLate. In this case the structure
was shown to be a monomeric Ti-diolate of composition


[(TADDOLate)Ti(OiPr)2] (Figure 1c).
[6] It should be noted


that the structure and composition of the complexes formed
are strongly dependent on the diol to [Ti(OiPr)4] ratio used
on mixing the components. In this report we will focus on
the 1:1 complexes, which do not contain halogens or semi-
hydrated alcoholates. Such complexes are also of consider-
able interest as catalysts and have been investigated.[7]


In the examples shown above, and in most other cases of
titanium±alcoholates used in catalysis, 1,2- or 1,4-diols have
been used a chiral ligands, while only few examples are
found for 1,3-diols. As the overall composition and structure
of titanium diolates are very dependent on the structure of
the diol we were interested in studying the behavior of Ti-
diolates based on some bicyclic 1,3-diols that were available
to us. Some time ago we found that a catalytic system based
on bicyclic[2.2.2]octanediols (BODOL) 1 or 2 (Figure 2) to-
gether with [Ti(OiPr)4] worked well in asymmetric catalytic
reductions of ketones using catecholborane as the reducing
agent.[8,9] Wandrey et al. have already applied diol ligands of
the TADDOL-type earlier, and used these under general re-
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Abstract: The complexes formed by the reaction of [Ti(OiPr)4] and bicyclo-octane-
diols (BODOLs) 1 and 2 (1:1) are useful as chiral catalysts in asymmetric reduc-
tions and were investigated by 1H NMR spectroscopy and computational methods.
A consistent picture emerged of head-to-tail dimers being kept together via a Ti-
O-Ti-O m-oxo bridge similar to the Ti-tartrates but different from the correspond-
ing Ti-BINOLates and Ti-TADDOLates.


Figure 1. Schematic representations of the a) Ti-tartrate, b) Ti-BINOLate
and c) Ti-TADDOLate formed with a 1:1 stoichiometry of diol and
[Ti(OiPr)4].
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action conditions.[10] We found that the BODOLs gave
higher ee values than the TADDOLs and became curious
about the details of this reaction.
Apparently, very different structures may result from the


mixing of a diol and [Ti(OiPr)4], even at a 1:1 ratio, depen-
ding on the structure of the diol and the method of prepara-
tion. This observation encouraged an investigation of Ti-
BODOLates, which may be regarded as precatalysts in the
catalytic asymmetric reduction of ketones with catecholbo-
rane. Coordination of BODOL 1 to TiIV would result in no-
ticeable 1H NMR chemical shifts of several of its resonances.
This was indeed the case and was already mentioned in our
earlier report.[9] In continuation of this work we now present
evidence for a M2L2 complex being formed in situ under the


conditions of the reduction. Since it was not possible to
obtain crystalline complexes suitable for X-ray diffraction,
this investigation is based upon NMR spectroscopy together
with computational chemistry. The lack of crystal structures
is not a disadvantage as structural information of complexes
in solution may have a better bearing on the actual catalyst,
which still may be impossible to identify with a high degree
of accuracy.
The following convention is being used throughout this


report: the complex formed from (+)-1 and [Ti(OiPr)4] 1:1
is complex 3, the corresponding diastereomeric complex
formed from (� )-1 is 4, that from (+)-2 is 5, the mixed com-
plex formed from (+)-1, (+)-2 and [Ti(OiPr)4] is complex 6
and the complex of (� )-2 is 7.


Results and Discussion


To investigate the stoichiometry of the complex formed be-
tween 1 and [Ti(OiPr)4]


1H NMR spectra were recorded in
[D6]benzene solutions of 1, to which increasing amounts of
[Ti(OiPr)4] were added in portions of 0.1 equivalents
(Figure 3). Already after the first portion, the OH signals at
d 4.40 and 4.50 ppm were broadened, but no other changes
of the spectrum of the free ligand were observed (Figure 3,
trace B). Peaks from displaced iPrOH were present as indi-
cated by the signal at d3.80 ppm. This spectral appearance


Figure 2. BODOL ligands and complex compositions investigated.


Figure 3. A) Free ligand 1, B) 1 with 0.1 equiv [Ti(OiPr)4], C) 1 with 0.4 equiv [Ti(OiPr)4], and D) 1 with 1 equiv [Ti(OiPr)4] (complex 3).
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remained essentially the same until 0.4 equivalents of
[Ti(OiPr)4] were added, except that the peak amplitude of
the resonances of 1 gradually decreased, and the signals
from the displaced iPrOH increased (Figure 3, trace C). The
reduction in the amplitude of 1 is clearly seen in the aromat-
ic region where several broad peaks of low amplitude ap-
peared.
At the 0.5 equivalent level the spectrum of the ligand had


almost disappeared (not shown). This may be due to a slow
exchange; however, an increase of the temperature to
+85 8C, or decrease to �65 8C did not result in noticeable
changes in the spectrum. (The temperature dependent NMR
spectra were recorded in [D8]toluene as this allowed a
broader temperature range in the NMR experiments. The
NMR spectra from the titration were identical for toluene
and benzene, although the spectral quality was better in
benzene.) A more plausible explanation is the formation of
oligomeric or polymeric compounds, which may not give a
clear NMR spectrum under normal NMR conditions. Thus,
larger aggregates may be formed at the 2:1 ratio of 1 to
[Ti(OiPr)4] and therefore it is not likely that that a well de-
fined complex of the TiL2-type exists.
A new set of sharp lines, substantially shifted towards


lower field, gradually appeared upon increasing amounts of
[Ti(OiPr)4] beyond the 0.5 equivalent level. At 1 equivalent
a clear spectrum appeared, which seemed to originate from
a single complex. It should be noted that two different CH
heptets of Ti-coordinated isopropoxides were clearly seen at
d 4.4 and 5.0 ppm, respectively (Figure 3, trace D). The
NMR spectrum of the 1:1 complex did not change upon in-
creasing the temperature from �65 to +85 8C or the re-
verse; this shows that the complex is rather stable during
the relatively short period of time required for NMR re-
cording and that we are far from coalescence.
Further addition of [Ti(OiPr)4], up to 3 equivalents, or the


addition of more iPrOH (4 equiv) did not result in any sig-
nificant changes in the spectrum. Thus, a complex with the
general composition [BODOLate/Ti(OiPr)2] seemed to be
indicated, although the number of such units could not be
determined at this point. The insensitivity of the spectral ap-
pearance on addition of additional amounts of [Ti(OiPr)4]
was surprising since other complexes would be expected in
light of what has been reported in the literature. For exam-
ple, a reagent made from a 2:1 Ti/tartrate mixture was used
for the chlorohydroxylation of allylic alcohols that shows
the opposite enantiofacial selectivity compared with the 1:1
complex.[11] Moreover, the BINOL and the TADDOL sys-
tems gave quite different complexes depending on the
Ti:diol ratios.[5,6]


The fact that resonances of only one type of BODOL unit
was observed implied that the complex had a high symme-
try. The two non-equivalent isopropyl group signals indicat-
ed that we were examining a single complex, and not an
average signal from multiple complexes. A rapid complex
equilibration would most likely also render the isopropyl
groups equivalent, and a monomeric complex would be ex-
pected to show rapid associative exchange of the isopropoxy
groups. As this is not observed, the most likely composition
seems to be a dimer with C2 symmetry.


Unfortunately, no information regarding the composition
of the complex could be obtained by mass spectroscopy (EI,
FAB and ESP). Only a variety of mass peaks were observed
over a large interval, none of which could be regarded as
relevant. We therefore used NMR spectroscopy to try to es-
tablish the composition of the complex. As mentioned
above, the Ti-coordinated diol 1 showed several downfield
shifts in comparison with the free ligand.
The largest change was observed for the Hc resonance,


which shifted from d 4.05 to 5.10 ppm. Also, a large down-
field shift for the signal of OMe was noted, from d 3.05 to
3.55 ppm. Minor downfield shifts were noticed for the aro-
matic signals (0.1±0.3 ppm), as well as for the bicyclic sig-
nals.
We previously reported a positive nonlinear effect (NLE)


for the reduction of acetophenone with catecholborane cata-
lyzed by 10 mol% of a complex presumably formed from a
1:1 mixture of 1 and [Ti(OiPr)4].


[9] The NLE indicated that
at least two ligands were involved in the catalytic system,
which may be denoted MLn. (We have used the original (M)
notation from Kagan, in which M denotes the metal part of
the catalyst and includes achiral ligands such as iPrO.) The
presence of two or more ligands in the catalyst offered the
possibility to assemble diastereomeric complexes if the
ligand is supplied as a mixture of enantiomers. As a conse-
quence, one would expect a difference in catalytic activity of
the homochiral versus the heterochiral complexes as well as
different sets of lines in their NMR spectra. The NLE
model of Kagan et al.[12] involves MLn complexes as cata-
lysts, which is in line with our observations. This model is
often suggested when NLEs are present in TiIV-catalyzed re-
actions. An extension of Kagans MLn model was introduced
by Noyori et al.[13] and is often cited in cases where NLEs
have been noted in the R2Zn addition to aldehydes cata-
lyzed by amino alcohols. In this model the dimers (or larger
aggregates) are supposed to be catalytically inactive, but are
in equilibria with the monomeric enantiomers of the respec-
tive catalytically active species. The basis for a NLE then
lies in the different equilibria between the diastereomeric
dimers and the enantiomeric monomers. Thus, even though
we have determined a positive NLE this does not prove that
the true catalyst was of the (M)Ln type since it could also be
an ML catalyst according to the Noyori model.
As mentioned, an (M)Ln complex using scalemic mixtures


of 1 together with an equimolar amount of [Ti(OiPr)4]
would give NMR signals for at least two diastereomeric
complexes. Indeed, two such sets of signals were observed
as we previously reported.[9] One set was from the previous-
ly observed complex while the new set of signals was differ-
ent but similar, suggesting the formation of a diastereomeric
complex. A new peak at d 7.3 ppm and other peaks shadow-
ing the aromatic peaks, as well as a new methoxy signal at d
3.6 ppm revealed this new complex. Also, a new set of peaks
was present in the region of d=2.9±2.4.
At this stage a (TiL)2/2TiL equilibrium model for the


composition of the complex seemed justified as a first ap-
proximation based on: 1) the 1:1 stoichiometry of the com-
plex as revealed by the NMR titration and that no free
ligand could be observed, 2) the formation of two diaster-
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eomers using scalemic 1, 3) the possibility of a C2-symmetric
complex and 4) the NLE. This equilibrium model is compat-
ible with the NMR data and the following alternatives could
be considered:


a) Homochiral and heterochiral complexes originating from
the composition M2L2:


ðþÞ-1 þ ð�Þ-1 þ Ti Ð ðþÞ-12 Ti2 þ ðþÞ-1Ti2 ð�Þ-1þð�Þ12 Ti2


b) A monomeric (enantiomeric) complex together with a
dimeric heterochiral complex.


ðþÞ-1 þ ð�Þ-1 þ Ti Ð ðþÞ-1Ti þ ðþÞ-1Ti2 ð�Þ-1


To distinguish between alternatives a) and b), a mixed com-
plex from a solution of (+)-1 and (+)-2 together with
[Ti(OiPr)4] was prepared (in the ratios 1:1:2). This resulted
in the formation of three different, but similar spectra
(Figure 4). Two of these spectra were identical to those of
the separate Ti-complexes 3 and 5. This is shown in Figure 4
traces A and B, respectively. The new spectrum originated
from a third complex, and shares the spectral features of
previous spectra (Figure 4 trace C). The only peak which
was not affected appeared at d 6.70 ppm (originating from
3). Thus, we believe that the new set of signals originated


from a complex 6 with a ratio of (+)-1:(+)-2 :Ti2. As a con-
sequence, it seems likely that all of our complexes were of
the dimeric Ti2L2-type.
The complexes in Figure 4 trace C (3, 5 and 6), were


formed with the integral ratio 1:1:1, which fits the statistical
formation of these complexes very well, assuming an equilib-
rium constant close to 1. (Due to the C1 symmetry of the
mixed complex, the relative integrals of the signals of this
complex were 1=2 of the intensity noted for the complexes of
only 1 and 2.) Ti-alcoholates are known to rapidly exchange
ligands and in our case a fast exchange between the com-
plexes was also indicated by the following experiment. Two
separate solutions of 3 and 5 were mixed, resulting in an
identical spectrum (Figure 4C). As the 1:1:1 mixture of the
three complexes was formed within minutes a rapid ex-
change of ligands was evident. The equilibrium system of
the components is shown below. As no NMR signals could
be detected for the free ligands when combined with an
equimolar portion of [Ti(OiPr)4] the equilibrium constants
for the formation of the complexes (K1±K3) should be much
greater than unity. Moreover, the formation of the mixed
complex, together with the ligand-homogeneous complexes
in the 1:1:1 ratio, as depicted in the last equation, strongly
indicates that the equilibrium constant K4 was �1.
The equilibria of the Ti complexes investigated between


the ligands 1 and 2 and Ti(OiPr)4 are given in the following
equations:


Figure 4. The complex 3 (A), complex 5 (B), the mixture of complexes 3, 5 and 6 (C).
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2 ðþÞ-1 þ 2Ti Ð ðþÞ-12 Ti2 K1 � 1


2 ðþÞ-2 þ 2Ti Ð ðþÞ-22 Ti2 K2 � 1


ðþÞ-1 þ ðþÞ-2 þ 2Ti Ð ðþÞ-1 ðþÞ-2Ti2 K3 � 1


ðþÞ-12 Ti2 þ ðþÞ-22 Ti2 Ð 2 ðþÞ-1ðþÞ-2Ti2
K4 ¼ K2


3=ðK1 
K2Þ � 1


With this information we reinvestigated the proportions of
the complexes formed with the scalemic mixtures. When
using diol 1 of 82 and 62% ee, respectively, the integrals of
the peaks arising from the diastereomeric complexes 3 and 4
corresponded very well with the expected values using an
equilibrium constant of 1 (in the first case: found 65% de,
calculated 67% de ; and in the second case: found 38% de,
calculated 39% de).
When examining the NLE of the catalytic reductions a


fair amount of THF was present in the reaction mixture.
The coordinative qualities of THF may significantly alter
the composition or structure of the complexes, for example,
by shifting the equilibrium towards a monomeric complex.
To investigate this, NMR spectra were recorded of solutions
with the mixed complex 6, and an increasing amount of
THF was added to the [D6]benzene solution. The dilution
with THF resulted in shift changes, which we interpreted as
a result of solvation by THF and not dissociation of the
complex. A reduction in the amplitude of the spectra,
caused by dilution was of course also noticed. However, the
relative intensity of each complex (1:1:1) was not altered.
Furthermore, by using the C6HD5 residue in [D6]benzene as
an internal standard, we noted that the amount of the com-
plexes was not different from that in [D6]benzene.
Only a few reports of Ti-NMR spectra have been report-


ed, which are broad and lack detail.[14] Therefore no detailed
structural information could be anticipated for our case.
However, we recorded a single 49Ti resonance of 3 at d


�850 ppm (TiCl4 was used as external reference), which was
very close to the resonance of [Ti(OiPr)4] at d �856 ppm.
As expected, the peak was very broad lacking fine structure
and was of low intensity. A more concentrated solution
could not be used since 3 separated as an oily phase. Thus,
the only information from the 49Ti-NMR spectrum was that
the Ti atom in 3 was most likely bound to an alkoholate sim-
ilar to [Ti(OiPr)4].
In order to shed some light on the possible structures of


the Ti-BODOLate complexes, several alternative structures
were investigated by density functional theory calculations.
In order to reduce the size of the system, and in particular
the number of possible conformations, the isopropoxy
groups were modeled as methoxy groups. We first investigat-
ed the possible homo-chiral dimeric complexes of 2, as the
least demanding ligand.
Following the previous work on dimeric Ti-complexes,[4]


we postulated that a symmetric dimer would form as a di-m-
oxo complex, with a central Ti-O-Ti-O ring. There are three
different oxygen atoms that could be employed for the m-
oxo bridges: the isopropoxides or either BODOL-oxygen


(Figure 5). In the former case, each BODOL unit chelates
to one Ti only, with a C2 axis perpendicular to the core ring
(structure 5a). By forming the m-oxo using either of the
BODOL oxygen atoms allowed the formation of either
head-to-tail complexes, with the C2 axis perpendicular to the
core ring (5b and 5c), or head-to-head complexes with the
C2 axis is through the Ti atoms (similar to 5d and 5e).
However, with a C2 axis through the titanium atoms, the


alkoxy groups must be distributed with an even number on
each Ti, resulting in an unfavorable square-planar conforma-
tion for one Ti atom in the head-to-head complexes. To
avoid this, the complexes may enter into a tetra-m-oxo coor-
dination or they can break symmetry by transferring an
alkoxy group, resulting in 5d and 5e.
However, the complexes resulting from alkoxy transfer


(5d and 5e) were investigated, but were found to have fairly
high energies and they did not agree with our NMR results
(two nonequivalent isopropoxy groups are seen, in a 1:1
ratio, not the 3:1 ratio resulting from alkoxy transfer). The
tetra-m-oxo coordination resulted in very high energies and
as we found all of the head-to-head complexes strongly dis-
favored so that they were not considered any further.
Of the remaining complexes, 5b (Figure 6) was found to


be favored by 10 kJmol�1 over 5a (Figure 7), and by
25 kJmol�1 over 5c (Figure 8). The difference is not very
large, but higher than the expected errors when comparing
with electronically similar complexes. Inspection of the
structure of 5b shows that there is sufficient room to include
the isopropoxy groups, and thus validates the use of the
computationally less expensive methoxy groups in the mod-
elling studies. Furthermore, it can be clearly seen that the
two types of alkoxy groups are in very different environ-
ments in 5b, with one type residing in the anisotropically


Figure 5. Schematic representation of the C2-symmetrical head-to-tail
complexes 5a±c. The configurations of head-to-head complexes 5d and
5e (it should be noted that these complexes lack C2 symmetry). The com-
putations were performed with OMe, instead of OiPr, to simplify the cal-
culations.
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shielded region of the phenyl substituent. This fully rational-
izes the large shift difference observed for the two types of
isopropoxy groups in the dimeric complexes. This feature is
also noticed in 5a, but as the alkoxy groups are more distant
from the anisotropy of the phenyl group a smaller effect
would be expected. As the effect is substantial this lends fur-
ther credence to the assignment of 5b as the structure of the
homochiral dimeric complex 7 formed from (� )-2.
Starting from complexes 5a±c, racemic analogues can be


obtained by reflecting the asymmetric unit through the
center of the Ti-O-Ti-O core, yielding the corresponding Ci-
symmetric complexes 7a±c (Figure 9). These heterochiral
complexes are in all respects very similar to, and almost iso-
energetic with, their homochiral counterparts 5a±c. In par-


ticular, the most favored race-
mic complex 7b was within a
few kJmol�1 of 5b, in very
good agreement with the ob-
served statistic distribution for
the scalemic complexes. (Due
to the loose convergence crite-
ria employed, the exact energy
of converged complexes varied
by a few kJmol�1 depending on
starting structure.) Further-
more, neither of the alkoxy
groups of 7a are anisotopically
shielded as they are with 7b,
which additionally support
structure 5b as the best model
for the homochiral complexes.
However, m-oxo bridging
through the iPrO oxygen atoms,
as with complexes 5a and 7a
cannot be ruled out.
The dimeric complexes were


found to be favored by
111 kJmol�1, compared with
the free monomer. However,
this comparison ignores contri-
butions from solvation and en-
tropy, both of which can shift
the equilibrium severely, possi-
bly by up to 100 kJmol�1.
Therefore we can say that the
dimeric complexes seem fa-
vored energetically, but we
cannot estimate the amount of
monomeric form reliably. How-
ever, the results are certainly in
agreement with the experimen-
tal observation that only the di-
meric forms can be observed in
the NMR spectra.
As 5b exhibited the lowest


energy and was almost isoener-
getic with its diastereomeric
counterpart 7b, a minimization
of the complex 3 was per-


formed with this complex configuration. As can bee seen in
the stereoview representation of the minimization
(Figure 10) the influence of the OMe located the 2-position
of the aromatic ring has a large influence upon the structure
of the complex. However, the structures of the ligands them-
selves are very similar, as seen in Figures 6, 7 and 10; in all
cases the dihedral angle of the aromatic ring plane is essen-
tially the same. An interesting factor is that complexation of
3 leads to a restriction of the methoxy substituent in the
plane of the phenyl ring, instead of the preferred perpendic-
ular orientation calculated for the free ligand. This transfer
into the anisotropic deshielding region fully rationalizes the
strong chemical shift change of the methoxy substituent
upon complexation.


Figure 6. Stereoview representation Ph-BODOL coordinated as complex 5b, exhibiting the lowest energy con-
formation, relative energy 0 kJmol�1. The computations were performed with OMe, instead of OiPr, to simpli-
fy the calculations.


Figure 7. Stereoview representation of Ph-BODOL as the complex 5a, with the minimized energy conforma-
tion at 10 kJmol�1 above complex 5b. The computations were performed with OMe, instead of OiPr, to simpli-
fy the calculations.
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Summarizing all available data, we can draw some conclu-
sions about the composition of the observed complex. From
the mixing experiments, we know that the complex must
contain an even number of ligands, related by symmetry (C2
or Ci depending on whether the complex is homo- or hetero-
chiral). We also know that we see only one type of complex,
and that exchange with any other complex is slow on the
NMR time scale, as evidenced by the presence of two iso-
propoxide signals, and the lack of change in the spectrum in
a temperature interval from �65 to +85 8C. The computa-
tional data indicate that the best dimers are relatively
strain-free. The coordination spheres around the Ti atoms
are filled up sterically, but not encumbered. Asssociation to
form tetramers would carry an entropic cost of approximate-
ly 30 kJmol�1 at room temperature, in addition to an un-
known solvation cost. Tetramers or higher oligomers are
beyond our current computational resources, but it seems
unlikely that these would be so highly favored that the


dimers would no longer be visi-
ble in the NMR. As additional
evidence that the complexes we
see are indeed dimers, we see
only one heterochiral complex
in the scalemic experiments,
with the enantiomeric ligands
related by symmetry, whereas
higher oligomers would be ex-
pected to give rise to more
complexes, some of which
could not possess the required
elements of symmetry (homo-
chiral tetramers would by ne-
cessity have to have C4 or D2
symmetry in order to show only
one set of ligand signals).
As a further indication of the


dimeric composition of the ob-
served complexes, we have per-
formed molecular weight meas-
urements by the Signer
method[15] using benzene as sol-
vent, that is, the same solvent


as was used in the NMR measurements. The reliability of
this experiment is not high, since decomposition of the
ligand occurs during the necessary long equilibration times
(several days) at room temperature. However, our best
measurements indicate that the molecular weight (ca. 1200)
is not lower than for the dimer, and not higher than for the
trimer. Since the trimer can be discarded for the reasons
mentioned above also these data point toward a dimeric
complex. However, these data must be used with caution
since in the Signer method all low boiling components such
as iPrOH were removed, which creates a different environ-
ment for the complex compared with the in situ generated
complex used in the NMR measurements and in the cate-
cholborane reductions.


Conclusion


The Ti-BODOLates seems to prefer a dimeric composition
and the enantiomers of the phenyl and o-anisyl BODOLs 1
and 2 are equally well accommodated without any measura-
ble change in equilibrium composition as observed for the
mixed complex. The complexes are believed to be bis-m-oxo
dimers with one BODOL oxygen acting as a m-oxo bridge
and the other one coordinating only to one Ti. The complex
from enantiomerically pure ligand is most likely C2-symmet-
ric, whereas the corresponding complex from the racemic
ligand displays Ci symmetry. The isopropoxy groups occupy
two unequal positions, one of which is strongly shielded by
the anisotropy of the aryl substituent, leading to a large
chemical shift difference between the resonances of the two
isopropoxy groups. Exchange between these positions is
slow on the NMR time scale and thus indicate that equili-
bration with the monomeric complex is also slow. Taken to-
gether, the results support that the NLE observed in the cat-


Figure 8. Stereoview representation of Ph-BODOL as the complex 5c, with the minimized energy conforma-
tion at 25 kJmol�1 above complex 5b. The computations were performed with OMe, instead of OiPr, to simpli-
fy the calculations.


Figure 9. Schematic representation of the Ci-symmetric heterochiral com-
plexes 7a±c, which are the diastereomeric counterparts to the C2-sym-
metrical complexes 5a±c. The energies displayed are those relative to 5b.
The computations were performed with OMe, instead of OiPr, to simpli-
fy the calculations.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 182 ± 189188


FULL PAPER P.-O. Norrby, T. Frejd, and I. Sarvary



www.chemeurj.org





echolborane reduction of acetophenone is due to unequal
reactivity of the homochiral and heterochiral dimeric com-
plexes, and not to different equilibria with a catalytically
active monomeric form. In fact, coordination of acetophe-
none to the monomeric titanate was highly unfavorable in
contrast to coordination to the dimer 5a, as preliminary
computations have indicated. These results will be examined
further in due course.


Experimental Section


BODOLs (+)-1, (+)-2 and (� )-1 were synthesized according to previ-
ously published methods.[9] [D8]Toluene, [D6]benzene and [D8]THF were
purchased from Dr. Glaser AG Basel and dried over 4 ä molecular
sieves before use. [Ti(OiPr)4] was purchased from Aldrich and used as
delivered. All 1H NMR data were recorded on a Bruker DRX 400 MHz
spectrometer, and the chemical shifts were measured using the solvents
as internal references {CHCl3 (


1H, 7.27 ppm), CDCl3 (
13C, 77.23 ppm),


C6D5H (
1H, 7.16 ppm), C6D6 (


13C, 128.39 ppm)}. To record the 1H NMR
spectra of the complexes the components were mixed directly in the
NMR tube, using microsyringes under an argon atmosphere, employing
1.0m stock solutions of the ligands and 5.0m stock solutions of
[Ti(OiPr)4]. The scalemic mixtures of 1 were prepared by mixing (+)-1
and (� )-1; the ee values were determined by chiral phase HPLC Chiral-
cel OD-H (Daicel) 250î4.6 mm, RT, flow rate; 0.5 mLmin�1, detection
at 245 nm. Solvent: hexane/iPrOH 20:80: tR = 13 min (1S,2S,4R,6R),
17 min (1R,2R,4S,6S).


The 49Ti NMR data were collected on a 45% w/v solution of 3 in C6D6
using a Bruker DRX 500 MHz spectrometer, and the chemical shifts
were measured relative to external TiCl4, (80% v/v) in CDCl3.


Computational details : All Ti complexes were optimized at the BP86/
LACVP* level of theory[16] in Jaguar ver. 4.1 from Schrˆdinger, Inc.,[17]


employing the ™accurate∫ setting for wavefunction conver-
gence and default setting for convergence of the geome-
tries. Following the NMR results, dimeric complexes were
optimized in C2- or Ci symmetry for the homochiral and
racemic complexes, respectively.
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Figure 10. Complex 3 : stereoview representation (a) and the schematic representation (b).
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Mapping the Stereochemistry and Symmetry of Tetracoordinate Transition-
Metal Complexes


Jordi Cirera,[a] Pere Alemany,[b] and Santiago Alvarez*[a]


Abstract: A continuous shape and sym-
metry study of tetracoordinate transi-
tion-metal complexes is presented, in an
attempt to provide a systematic descrip-
tion of the stereochemistry of the metal
coordination sphere in this important
family of compounds. A tetrahedron/
square-planar symmetry map has been
developed, the main distortion paths of
the ideal geometries are presented, and
the applicability of a sawhorse shape
measure is discussed. More than


13,000 structural data sets have been
analyzed and the corresponding stereo-
chemistries assigned from the values of
their tetrahedral and square-planar sym-
metry measures. A good number of
structures that are quite distant from


the two ideal geometries can be ade-
quately described as snapshots along the
spread pathway for their interconver-
sion, making use of the corresponding
path deviation function. Further analysis
of the structural data by metal electron
configuration or by the denticity and
conformation of the ligands provide
general rules to describe the stereo-
chemical preferences of tetracoordinate
transition metal centers.


Keywords: continuous symmetry
measures ¥ coordination modes ¥
symmetry maps ¥ tetracoordination
¥ transition metals


Introduction


Tetracoordination is widespread throughout the transition-
metal series and a good knowledge of the stereochemical
preferences of compounds based on tetracoordinate transi-
tion-metal centers is a must for controlling their architecture
and properties. The two ideal structures for tetracoordinate
complexes are the tetrahedron (Td symmetry), and the square
(D4h symmetry), and a few general rules allow us to classify
tetracoordinate molecules in one of these two geometries for
certain electron configurations (not to forget the less common
sawhorse or octahedral cis-divacant geometry). Thus, there is


general agreement that metal ions with a d8 electron config-
uration prefer the square-planar geometry, whereas d0 and d10


ions are essentially tetrahedral,[1] and that tetrahedral geom-
etry is favored for small metals and large ligands.[2] Less
universally accepted trends proposed include the tetrahedral
nature of d4 or high-spin d5 complexes.[1]


Besides, it is not always possible to adequately describe a
tetracoordinate molecular structure with one of the above-
mentioned ideal shapes. Thus, in many cases intermediate
structures can be found, or the same molecule may even
appear in different coordination environments in different
crystal structures or in different crystallographic positions of
the same crystal structure. As an example, Keinan and Avnir[3]


recently showed that the structures of the [CuX4]2� (X�Cl,
Br), [NiX4]2� (X�Cl, CN) and [PtX4]2� (X�Cl, Br, I) ions all
fall along the path that interconverts the tetrahedron and the
square. Similar deviations from ideality can be found for other
metal ions affected by the presence of bidentate ligands.[4]


Given the close relationship between chemical reactivity,
physical properties, and molecular structure, there is a need
for a more accurate, yet simple, description of the geometry of
the coordination sphere of a transition-metal atom than the
rather crude assignment of one of the ideal shapes (tetrahe-
dron, square, or sawhorse).


Theoretical studies aimed at rationalizing the stereochem-
istry of tetracoordinate complexes have faced similar prob-
lems. Thus, a qualitative molecular orbital analysis[5] suggest-
ed that the situation for electron configurations other than d0,
d8 and d10 is not so simple and significantly distorted structures


[a] J. Cirera, Prof. S. Alvarez
Departament de QuÌmica Inorga¡nica
and Centre de Recerca en QuÌmica Teo¡ rica
Universitat de Barcelona, Diagonal 647
08028 Barcelona (Spain)
Fax: (�34)93-4907725
E-mail : santiago.alvarez@qi.ub.es


[b] Dr. P. Alemany
Departament de QuÌmica FÌsica
and Centre de Recerca en QuÌmica Teo¡ rica
Universitat de Barcelona, Diagonal 647
08028 Barcelona (Spain)
E-mail : santiago.alvarez@qi.ub.es


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author. Plots showing the
dependence of the shape/symmetry measures as a function of the
different distortion parameters sketched in Schemes S1 and S2 are
provided as Supporting Information.


FULL PAPER


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305074 Chem. Eur. J. 2004, 10, 190 ± 207190







190±207


Chem. Eur. J. 2004, 10, 190 ± 207 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 191


should be expected. Burdett provided structural predictions
for all dn electron configurations[6] based on the Jahn ±Teller
instability of the tetrahedral geometry for each configuration,
but no systematic comparison with experimental structural
data was confronted with those predictions. Also a molecular
orbital rationale for the stereochemical preferences of d0, d8


and d10 ions has been given by Albright, Burdett and
Whangbo.[7]


The proposal of Avnir and co-workers to define molecular
symmetry or shape as continuous structural properties[8, 9] has
caught our attention, and some effort has been devoted by us
in recent years to explore the applicability of the continuous
symmetry measures (or continuous shape measures) to the
analysis of structural correlations and structure ± properties
correlations.[10±12] According to Avnir, rather than describing a
molecular structure as having a certain symmetry or not, it is
most useful to use a quantitative measure that tells us how far
(or how close) that structure is from a specific symmetry or
shape. Therefore, a continuous symmetry measure (abbrevi-
ated from here on as CSM) for a molecular structure is
defined as the distance to an ideal symmetry, independent of
size and orientation. Similarly a continuous shape measure
calibrates the distance to a chosen reference shape.


In some cases, shape and symmetry measures are equiv-
alent. This is the case of the tetrahedron, for every tetrahe-
dron has the full Td symmetry. Conversely, every tetracoordi-
nate center with Td symmetry must have four identical bond
lengths and four identical bond angles. In other cases, shape is
a more stringent criterion than symmetry, as in a trigonal
bipyramid,[11] for which we have adopted a reference shape
with all bond lengths identical, while an infinite number of
trigonal bipyramids with D3h symmetry exists, differing from
each other in the ratio between axial and equatorial bond
lengths. Therefore, all trigonal bipyramids with bond length
ratios larger or smaller than one (our choice of reference
shape) will have finite values for the shape measures, even if


they have the full D3h symmetry. In the present work we will in
general refer to shape measures, even if those relative to the
tetrahedron and the square could be correctly termed
symmetry measures.


In the work reported here we have studied in a systematic
way the experimental structures of a representative sample of
tetracoordinated transition-metal atoms by using their sym-
metry measures relative to the tetrahedron, S(Td), and to the
square, S(D4h). To that end we will carefully analyze the
mapping of the different distortions of these two reference
structures in the space of these two symmetry measures by
using a molecular ML4 model that includes only the metal and
donor atoms. We will show how the particular distortion
presented by a specific molecule can be in most cases easily
identified by representing its Td and D4h symmetry measures
in a two dimensional scatterplot (a symmetry map). With such
map in hand, we will then explore the experimental behavior
of tetracoordinate complexes as a function of the metal
electron configuration and as a function of the constraints
imposed by some bi- or multidentate ligands, in search for
general rules about their stereochemistry.


Results and Discussion


Continuous shape and symmetry measures–methodology :
For molecules or molecular fragments that can be approx-
imately described by a polyhedron (eventually including a
central atom, as in coordination compounds), the coordinates
of the N atoms are given by the vectors �Qk (k� 1, 2, . . , N),
whereas the coordinates for the perfect polyhedron closest in
size and orientation are given by the vectors �Pk (k� 1, 2, . . ,
N). The distance of the molecular structure to the perfect
polyhedron belonging to a symmetry point group G is then
defined as Equation (1):[13]


S(G)�


�N


k�1


��Qk ��Pk�2


�N


k�1


��Qk � �Q0�2
� 100 (1)


in which �Q0 is the coordinate vector of the geometrical
center of the investigated structure. With such definitions, it
has been shown that the bounds for any symmetry measure
are 0� S(G)� 100. The lower limit corresponds to structures
that exactly match the shape of symmetry G, and increasing
values result for increasingly distorted structures. A very
useful property of the symmetry measures is that they allow us
to compare on the same scale the proximity of different
molecules to the same symmetry, or of the same molecule to
different symmetries. One can also calibrate on the same scale
different distortions from a particular ideal structure.


Symmetry maps for tetracoordinate complexes : In previous
work, we have found that a convenient way to analyze
molecular structures of a given coordination number is to
generate a scatterplot of the symmetry measures relative to
two characteristic polyhedra with the same number of
vertices.[10, 12] In such symmetry maps, each coordination
geometry occupies specific regions and distortion pathways


Abstract in Spanish: En este artÌculo se presenta un estudio de
forma y simetrÌa continuas sobre complejos tetracoordinados
de metales de transicio¬n, en un intento de proporcionar una
descripcio¬n sistema¬tica de la estereoquÌmica de las esferas de
coordinacio¬n de los metales en esta importante familia de
compuestos quÌmicos. Se desarrolla un mapa de simetrÌa
referido al tetraedro y al cuadrado, se presentan los principales
caminos de distorsio¬n de estas geometrÌas ideales y se discute la
aplicabilidad de la medida de forma de caballete. Se han
analizado ma¬s de 13000 conjuntos de datos estructurales y las
correspondientes estereoquÌmicas se han asignado a partir de
los valores de sus medidas de simetrÌa tetrae¬dricas y plano-
cuadradas. Un nu¬mero significativo de estructuras que apare-
cen distantes de ambas geometrÌas ideales se pueden describir
razonablemente como instanta¬neas a lo largo del camino de
interconversio¬n, haciendo uso de la correspondiente funcio¬n de
desviacio¬n del camino. Un ana¬lisis detallado de los datos
estructurales clasificados segu¬n la configuracio¬n electro¬nica del
metal o segu¬n la denticidad y conformacio¬n de los ligandos nos
ofrece unas reglas generales para describir las preferencias
estereoquÌmicas de centros meta¬licos tetracoordinados.
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are represented by well-defined lines. As a consequence, the
position of a given molecular structure in the symmetry map
provides us with an approximate description of the polyhe-
dron that best describes its coordination sphere, as well as of
the type and degree of distortion from such a polyhedron. For
the case of tetracoordinate atoms, we will consider one basic
symmetry map corresponding to the interconversion of the
tetrahedron and the square.


The geometrical Td ±D4h map : Focusing on the tetrahedon ±
square symmetry map, we wish first to determine which
regions of the symmetry map are geometrically possible. To
that end, we have randomly generated five million ML4


structures with the only constraint that the four M�L
distances are identical and have calculated their symmetry
measures relative to both the tetrahedron and the square. The
results are plotted in Figure 1, in which the geometrically


Figure 1. Geometrically allowed region of the symmetry map for tetra-
coordination (white area). A set of 5� 106 randomly generated ML4


structures were all found within that region.


inhabitable region of the symmetry map appears as a wedge-
shaped island. The sea around that island corresponds to
combinations of the two symmetry measures that are geo-
metrically impossible and a little thought allows us to
understand the shape of that island:
1) The (0,0) point is by definition unreachable, since it would


correspond to a structure that has at the same time perfect
tetrahedral and square-planar symmetries.


2) There is only one allowed point at each coordinate axis,
because the distance from a perfect polyhedron (i.e., a zero
value for one symmetry measure) to the alternative one
(i.e., the second symmetry measure) has a unique value.


3) The case in which all the vertices of a polyhedron have
collapsed to a single point has, by definition [Eq. (1)] a
symmetry measure of 100 relative to any ideal polyhedron,
hence the only allowed point with S(Td)� 100 is the one
with S(D4h)� 100 and vice versa.


An experimental Td ±D4h symmetry map : Next we look at all
geometries of tetracoordinated transition-metal atoms, as
retrieved from molecular structures in the Cambridge Struc-
tural Database (see Appendix for criteria applied to database
searches), to which a less comprehensive data set of inorganic
solids from the ICSD database was added. A total of 13417


crystallographicaly independent data sets were found, and the
calculated symmetry measures are presented in Figure 2. It
can be seen there that, among all the geometrical possibilities
seen in Figure 1, only the lowermost portion is actually
inhabited by real molecules. The region of high-symmetry
measures is severely inhospitable for reasons that will be seen
below.


Figure 2. Experimental ML4 structures from the CSD (13417 data sets) in
the symmetry map for tetracoordination.


Ideal polyhedra and distortion pathways : We turn now to
those tetracoordinate geometries that are most likely to be
found in real molecules. We thus analyze angular distortions
of the tetrahedron and the square, since previous studies[11]


indicate that bond length distortions affect the symmetry
measures much less than bond angle distortions. The dis-
tortions to be analyzed are summarized in Scheme 1 (for the
tetrahedron) and Scheme 2 (for the square); here we present
the symmetry subgroup of the distorted molecule, the name
used in this paper to refer to each distortion mode, and a
graphical depiction of the corresponding distortion mode
together with a symmetry label for those distortion coordi-
nates that are symmetry-adapted.


Scatterplots of the square planar and tetrahedral symmetry
measures for some of these distortions are presented in
Figure 3 (top), as calculated for an MX4 molecular model. For
the time being we introduce no chemical restrictions on the
angular distortions, which in some cases are taken to
unrealistic extremes. For example, the umbrella distortion is
taken to the extreme at which three X atoms are super-
imposed. Although such extreme distortions are meaningless
from the chemical point of view, they will prove highly helpful
for understanding the relationships between different dis-
tortions and their positions in the symmetry map.


The first observation that can be made is that three
distortion paths mark the borders of the uninhabited land in
the map, a wedge comprised between the three points
(0, 33.3), (33.3, 0), and (100, 100). This result is consistent
with the distribution of the random structures in Figure 1, and
limits the inhabitable region of the symmetry map to the
wedge-shaped island. A second characteristic that can be
detected is that there are three limiting points (labeled a ± c in
Figure 3, top). Point a corresponds to the collapse of the four
vertices (i.e. , the four donor atoms in a coordination complex)
onto the same position in space; this can be achieved either by
pyramidalization (C4v, Scheme 2) or umbrella-closing distor-
tion (opposite to the C3v umbrella-opening distortion depicted
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Scheme 1.


Scheme 2.


in Scheme 1). Point b corresponds to the collapse of three
vertices at the position opposite to the fourth one, resulting
from the umbrella-opening distortion (as under a strong wind)


Figure 3. Symmetry map for geometrical distortions of the tetrahedron
and the square (see Schemes 1 and 2) showing the distortion paths taken to
the extreme at which some atoms collapse (above), and blow-up of the
chemically significant area of the symmetry map (below). The circle
indicates the position of the reference sawhorse adopted in this work.


of C3v symmetry (Scheme 1). Finally, point c results when the
four vertices are grouped in pairs in a linear arrangement with
the central atom, as results from the extreme plier and
scissoring distortions of the tetrahedron and the square (see
Schemes 1 and 2, respectively). The scissoring distortion
coincides with part of the pyramidalization path in the
symmetry map, but the former ends at point c, whereas the
latter goes all the way to point a. It is worth analyzing in more
detail these two last distortions. The scissoring distortion
represented in Scheme 2 and its inverse are equivalent and are
represented by a single line in the symmetry map. In contrast,
the plier distortion represented in Scheme 1 goes directly to
the 2�2 collapse point c, whereas its opposite is the spread
path that converts the tetrahedron into the square planar form
continuing from there [the (33.3, 0) point] to the same point c.
The presence of collapse points in the region of high CSM
values explains why this region of the island is ™inhospitable∫
to chemical entities, in agreement with it being unpopulated in
Figure 2. Hence, we will restrict ourselves from here on to the
study of the region of the symmetry map with CSM values of
at most 40 units (Figure 3, bottom). For brevity, we will not
discuss here the dependence of the symmetry measures on the
angular parameters for the different distortions, but the
reader may find the corresponding plots as Supporting
Information.


Let us now take a closer look at the distortion lines in the
symmetry map. We start by discussing the spread/planariza-
tion pathway, which has been in part analyzed in previous
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papers.[3, 14] The perfect tetrahedron is characterized by
S(Td)� 0.00 and S(D4h)� 33.33. Conversely, the perfect
square is characterized by S(D4h)� 0.00 and S(Td)� 33.33.
The symmetry measures of any molecular structure Q along
the minimum distortion path that connects the tetrahedron
and the square must obey Equation (2),[14] in which �(Td, D4h)
is a characteristic constant of that path and is related to the
symmetry measure of one polyhedron relative to the other, as
indicated in Equation (3).


arcsin


���������������
SQ�Td�


�
10


� arcsin


�����������������
SQ�D4h�


�
10


� �(Td,D4h) (2)


sin�(Td,D4h)�
������������������
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�D4h�
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�
�


�����������������
SD4h


�Td�
100


�
(3)


Our model spread route may also be fitted to an exponen-
tial[3] or to a square root sum [Eq. (4)], but the expression in
Equation (2) provides a better agreement and has been shown
to correspond to the minimum distortion path. Similar
expressions apply for the minimum distortion path between
every pair of polyhedra of an arbitrary number of vertices, and
the minimum distance constants �(A, B) have been given
elsewhere.[14]


������������
S�Td�


� � ������������
S�D4h


�
)� 5.77 (4)


If the deviation of a given molecular structure from an ideal
symmetry can be quantified by the corresponding symmetry
measure, its deviation from the interconversion path between
two ideal structures be evaluated by the deviation function[14]


defined in Equation (5),for which �(Td, D4h) is defined in
Equation (3).


�(Td,D4h)�� arcsin
���������������
SQ�Td�
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�����������������
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�
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� �(Td,D4h) � (5)


As expected, any distortion of the tetrahedron results in an
increase of S(Td), indicative of a decreased tetrahedricity. But,
quite interestingly, each distortion behaves differently with
respect to square planarity. In three cases the distortion of the
tetrahedron is accompanied by different degrees of approx-
imation to a square, indicated by a decrease in the values of
S(D4h). In contrast, the umbrella distortion takes the molecule
away from the tetrahedron and also further away from the
square. Note that, within the chemically meaningful region,
the symmetry measures follow the same path for an increase
than for a decrease in the bond angle � from the tetrahedral
value (i.e., opening and closing the umbrella have the same
effect on the symmetry measures). Except for the region in
which the spread and umbrella distortions show similar pairs
of CSM values, in general, the position of a particular
structure in the two-dimensional space allows one to easily
identify the distortion that is present. The opposite of the
umbrella distortion, the Walden inversion, has also been
studied previously from the standpoint of the continuous
symmetry measures.[15] An interesting observation is that a
sawhorse structure with �� 180� and �� 109.47� (Scheme 1)
is isosymmetric relative to the tetrahedron and the square,
with S(Td)� S(D4h)� 11.62. If instead we consider a sawhorse
that corresponds to the cis-divacant octahedron (�� 180�,


�� 90�), it is closer to the tetrahedron, S(Td)� 9.8, than to the
square, S(D4h)� 19.1 (encircled in Figure 3, below)


The sawhorse as a reference
shape : Even if the sawhorse
geometry 1 is not a very com-
mon one, it bears wide interest
because of 1) the possibility of
carrying out association reac-
tions on the open side of the
metal atom, 2) the ability of
some such structures to form agostic interactions with pending
groups of coordinated ligands,[16] and 3) the possibility of
fluxional behavior through an intermediate square-planar
geometry.[17] Geometrically, a sawhorse is characterized by a
large bond angle (maybe close to 180�) between the two
transoid ligands and a small angle (of around 90�) between the
two cisoid ligands. From a symmetry point of view, the
sawhorse belongs to the C2v point group, actually a subgroup
of both Td and D4h . All this means that the sawhorse is neither
distinct from the tetrahedron or the square in terms of
symmetry nor is it univocally defined, there being a wide
choice of combinations of transoid and cisoid bond angles (�
and � in 1) that could correspond to C2v sawhorses.


We can consider three reasonable geometries to define an
ideal sawhorse: 1) a cis-divacant octahedron, 2) a trigonal
bipyramid with a vacant equatorial coordination site, and 3)
an intermediate structure in the asynchronous transformation
of a tetrahedron into a square (in contrast with the spread
pathway in which the transformation is synchronous). Even if
we arbitrarily choose the reference sawhorse to have a bond
angle of 180� between transoid ligands, the angle between
cisoid ligands would be 90, 120, or 109.47� for each of the
three choices outlined. An additional geometrical restriction
imposed by the C2v symmetry is that the angle between the
corresponding ML2 planes must be 90�. In spite of the wide
variability of the cisoid angle, we can view such structures as
distinctly different from both the tetrahedron and the square,
and will not be surprised that the molecular structures of
compounds such as [RuH4]4� (Figure 4) or compounds with


Figure 4. Coordination sphere of some complexes (Table 2) that can be
classified as sawhorse structures, from left to right: [RuCl2(PPh2Xyl)2],
[RuH4]4�, [V(tmen)(OPh{Ph}2)2] and [Cu(scyclam)]� (see Table 2 for
references).


more elaborate ligands and a variety of metal electron
configurations (Table 1) are described as sawhorses, but not
as distorted tetrahedra or squares. In this work we will
consider the ideal sawhorse to correspond to a cis-divacant
octahedron (i.e. , �� 180�, �� 90�), and the sawhorse shape
measures, S(sawhorse), are thus measured with reference to
that specific choice.
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We could in principle detect the sawhorse shape of a
particular structure by its position in the tetrahedron/square
symmetry map. However, a look at Figure 3 tells us that the
sawhorse line is rather close to the spread pathway, hence it is
not clear from the values of S(Td) and S(D4h) alone whether a
given structure is close to the sawhorse or corresponds to
some other distortion from the spread path. After all, the
CSM approach also allows us to measure the deviation of a
given molecular structure from an arbitrary shape, such as our
conventional sawhorse. To see how useful the sawhorse shape
measures might be we have searched for structures of
tetracoordinate complexes with transoid bond angle of at
least 160�, cisoid bond angle between 80 and 100�, and a
torsion angle between the two ML2 planes in the range 80��
�� 90�. Of the 27 structures found (the most distinctive ones
are collected in Table 2), 26 have S(sawhorse) values of less
than 3.5 and smaller than S(Td) and S(D4h). The only
exception[18] corresponds to an HgII compound with two long


distances to O atoms (2.66 and 2.72 ä, compared to an atomic
radii sum of 2.05 ä); this clearly indicates a severe distortion
from the sawhorse toward a linear dicoordinate complex.
These results suggest that the sawhorse shape measure
adopted here provides a good agreement with the qualitative
perception of those structures as being much better described
as sawhorses than as tetrahedra or squares.


Now that we have seen that structures which can be
described as sawhorses from their angular parameters are well
recognized as such by the corresponding shape measure, we
may ask whether the shape measures would allow us to
identify approximately sawhorse structures which are not
recognized from their geometrical parameters. We therefore
explore the feasiblity of detecting sawhorse structures from
their position in the S(Td) versus S(D4h) symmetry map. To
that end we choose all those structures that differ at most in
5.0 units from the values corresponding to the ideal cis-
divacant octahedron (S(Td)� 9.78 and S(D4h)� 19.05). We


find now 206 structures, only 28
of which have sawhorse shape
measures smaller than 3.5, but
only 16 of them coincide with
those found using the bond
angles criterion.


Finally, within the whole set
of tetracoordinate structures
analyzed in this work, we have
just searched for those that
have S(sawhorse) of at most
3.5. We found 88 such struc-
tures, which included all those
found with the two previous
criteria. Even when a more
restrictive criterion is used
(e.g., S(sawhorse)� 2.5) the
number of structures found
(42) is still quite large. These
results confirm that the saw-
horse shape measure as defined
here is highly useful for detect-
ing those few structures
amongst the plethora of distort-


Table 1. Distribution of molecular structures analyzed according to electron configuration and assignment to tetrahedral, square planar, intermediate
(spread) or sawhorse geometries, according to the corresponding symmetry measures.


dn Total CSD ICSD Td D4h spread sawhorse unassign. metals


0 526 474 52 513 2 1 3 7 Cr, Hf, La, Mn, Mo, Nb, Os, Re, Sc, Ta, Tc, Ti, V, W, Y, Zr
1 57 49 8 57 0 0 0 0 Cr, Mn, Mo, Nb, Os, Ru, Ta, Ti, V
2 66 62 4 63 2 0 0 1 Cr, Mo, Nb, Os, Ru, V, W
3 17 15 2 7 7 0 3 0 Cr, Fe, Mo, Nb, Os, Re, V
4 82 76 6 20 56 2 2 2 Cr, Fe, Ir, Mn, Os, Re, Ru
5 297 281 16 280 13 1 1 2 Co, Fe, Ir, Mn
6 168 165 3 100 51 2 6 9 Co, Fe, Ir, Mn, Ni, Os, Pd, Pt, Rh, Ru
7 526 519 7 360 144 9 6 7 Co, Fe, Ir, Ni, Pt, Rh
8 7680 7649 31 139 7486 32 6 17 Ag, Au, Co, Cu,Fe, Ir, Ni, Pd, Pt, Rh, Ru
9 2238 2229 9 157 1788 284 5 4 Ag, Au, Co, Cu, Ni, Pd, Pt


10 1760 1755 5 1367 75 45 56 217 Ag, Au, Cd, Co, Cu, Fe, Hg, Ni, Os, Pd, Pt, Rh, Zn
Total 13417 13274 143 3063 9624 376 88 266


Table 2. Geometrical parameters and shape and symmetry measures of compounds with sawhorse coordination
spheres.


Compound[a] � � S(Td) S(D4h) S(sawh.) S(Oh)[b] Config. ref.


[V(tmen)(OPh{Ph}2)2] 173 82 6.82 24.74 0.70 d3 [41]


[Cr(C6H3Cl2)4]� 143 104 3.30 23.40 2.75 7.66 d3 [42]


[CrEt(tBu3tpb)] 168 107 8.86 14.62 1.46 d4[c] [43]


[RuCl2(PPh2Xyl)2] 168 102 8.38 16.87 0.31 d6[d] [44]


[Ru(CO)Ph(PMetBu2)2]� 168 94 11.11 20.26 0.99 d6[d] [45]


[Co(mIm)2(PhNO2)2] 159 97 4.64 21.94 1.24 0.94 d7 [46]


[Co(py)2(OPhBr3)2] 149 102 3.03 22.72 2.45 4.41 d7 [47]


[Co(Et-oxsa)2] 149 112 4.91 18.97 2.60 5.38 d7 [48]


[Co(iPr-oxsa)2] 148 118 5.04 17.10 2.89 5.87 d7 [48]


[CoCl4]2� 154 108 7.23 18.37 3.42 d7 [49]


[Co(Me-oxsa)2] 147 112 4.57 20.07 3.00 5.86 d7 [48]


[RuH4]4� 170 84 7.68 23.94 0.47 8.59 d8 [50]


[Ir(CO)(OCH2CF3)(PCy3)2] 162 97 8.56 19.51 0.57 d8 [51]


[NiBr(tpcdd)] 156 126 8.08 11.58 2.68 d8 [52]


[Ni(quin)2] 158 106 6.64 19.59 2.70 d8 [53]


[Ru(CO)2(PtBu2Me)2] 166 133 14.91 8.40 3.45 d8 [54, 55]


[Cu(scyclam)]� 171 85 6.94 23.87 0.75 d10 [56]


[a] Cy� cyclohexyl; mIm� 1-methylimidazole; oxsa� (N-(2-(4-alkyl-2-oxazolinyl)phenyl)-p-tolylsulfonamido-
N,N�); quin� (8-quinolyl)-tert-butyldimethylsilylamido; scyclam� 4,11-dibenzyl-1,4,8,11-tetra-azabicyclo(6.6.2)-
hexadecane; tmen�N,N,N�,N�-tetramethyl-ethylenediamine; tpb� tris(pyrazoly)borate; tpcdd� 1,5,9-triethyl-
1,5,9-triphospha-cyclododecane. [b] octahedricity measure for those cases with two contacts. [c] High spin.
[d] Low spin.
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ed tetrahedra and squares. By analyzing that single parameter,
S(sawhorse), we obtain the same information that would
require three parameters (�, �, and �) if viewed from a
geometrical point of view.


We were surprised to find a good number of HgII


compounds among the sawhorse geometries, since we expect
tetracoordinated d10 ions to present tetrahedral structures.
Thus, the largest part of sawhorse molecules found in our
geometrical search correspond to mercury complexes and,
still more striking, a 3.2% of the HgII molecules can be
assigned a sawhorse geometry according to their shape
measures. A closer look at these purported sawhorse struc-
tures[18±35] shows that in all cases the distances of the two cisoid
ligands (C positions in 1) to mercury are significantly longer
than the sum of the atomic radii, indicating that these are
more appropriately described as dicoordinate linear com-
plexes with two additional contacts. Nevertheless, it is
remarkable that the numerical value of the sawhorse shape
measure has provided us with a simple means of detecting the
inadequate coordination number assignment to mercury for
those compounds in the structural database.


Distribution of experimental tetracoordinate structures : To
get a qualitative idea of the relative importance of tetracoor-
dination throughout the transition-metal series, we plot in
Figure 5 the number of crystallographicaly independent
molecules found in our reference data set for each metal. It
is clearly seen that an overwhelming majority of the tetra-
coordinate complexes correspond to metals of Groups 9 ± 12,
presumably (see below) to the d8 and d10 ions RhI, NiII, PdII,
PtII, CuI, AuIII, and ZnII. It must be stressed, however, that
structurally characterized tetracoordinate complexes are
known for all transition metals.


More interesting would be to have a breakdown of such
distribution between tetrahedral and square-planar geome-
tries. Since the geometry choice is determined to a great deal
by the electron configuration, we will not discuss in detail the


distribution by metal, although a few interesting results are
worth a short comment. By looking at Figure 2 we can see that
there are many structures that significantly deviate from the
two ideal geometries; hence, to classify the structures as
tetrahedral or square planar is a rather crude approximation.
We adopt the arbitrary criterion in this section that a structure
can be classified as approximately tetrahedral (or square
planar) if its S(Td) value (or its S(D4h) value) is not larger than
5.0, thus leaving some structures unassigned. With such a
criterion, we find that tetrahedral structures can be found for
all metals, whereas no square-planar structures are found for
Sc, Y, La, Ti, Zr, Hf, Ta, Mo, and Tc, and only between one
and three square-planar structures each are found for V, Nb,
W, Re, Ru, and Os.


Although the breakdown by central metal atom may give
some idea about the general trends, the same metal may show
a different stereochemistry depending on its oxidation state
and on the geometrical constraints imposed by the ligands. As
examples let us discuss the distribution of the abundant Pd, Pt,
and Zn complexes (2142, 2456, and 581 crystallographicaly
independent molecules retrieved, respectively). In the first
two cases, most of the structures can be classified as square
planar (99.2 and 99.5%, respectively), as would be expected
for the d8 electron configuration in their �2 oxidation state.
The small number of tetrahedral Pd and Pt structures (a total
of 11 structures) correspond to zerovalent compounds, in
agreement with their d10 electron configuration (let us remark
that in two such cases a �2 oxidation state is assigned in the
CSD, but the appropriate oxidation state is undoubtedly
zero).


For the Zn complexes, most of the structures (84.2%) are
tetrahedral, as expected for the d10 electron configuration of
the ZnII ion, but there is a significant 11.0% of square-planar
structures. What do those structures have in common? Most
of the square planar Zn complexes have porphyrin, phthalo-
cyanin, or related unsaturated macrocyclic ligands. The only
exceptions to these rules correspond to tri-[36] or tetraden-


tate[37, 38] ligands whose rigidity
seems to forbid adaption to the
tetrahedral coordination. A
nice example of the constrained
geometry imposed on d10 ions
by macrocyclic ligands is pro-
vided by the family of ZnII and
CdII tropocoronands prepared
by Doerrer and Lippard.[37] In
this family of compounds, as the
rigidity of the ligand is relaxed
by increasing the size of the
aliphatic rings (m� n in 2), the
coordination sphere approaches
the tetrahedron and an excellent
correlation is found between
m � n and S(D4h), as shown in
Figure 6. These findings clearly
show that the geometry of the
coordination sphere results from
a compromise between the elec-
tronic preference for a tetra-Figure 5. Distribution throughout the transition-metal series of tetracoordinate complexes analyzed in this study.
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Figure 6. Square planarity of ZnII and CdII tropocoronand complexes as a
function of the size of their aliphatic chains.


hedral geometry and the ligand-
imposed coplanar arrangement
of the donor atoms.


Another special case is that of
the copper complexes, for which
only an 85.0% of 2667 molecules
can be assigned as tetrahedral or
square planar within 5.0 CSM
units. But the symmetrymeasures
can still help us classify those
structures. Taking into account
Equation (2), we can analyze the
copper structures by adopting
the criterion that deviations
from the ideal path [Eq. (5)] of
7.0 at most are indicative of
geometries close to the spread
pathway and are therefore inter-
mediate between tetrahedral
and square planar. With such a
criterion, 98.2% of the retrieved
structures can be classified as
tetrahedral, square planar, or in-
between. Even if we make the
criterion more restrictive by al-
lowing deviations of at most
6.34, still 95.9% of the structures
are classified as falling along the
spread pathway. In fact, only two
complexes present deviations
larger than 8.6, and these have
multidentate ligands which im-
pose umbrella[39, 40] and inverted
umbrella[55] coordination geome-
tries on copper (Figure 7).


Given the influence that the
electron configuration and the
ligand topology may have on the


Figure 7. Coordination sphere of copper complexes that deviate most from
the spread pathway as required by multidentate ligands that force
umbrella[40] and inverted umbrella[39] distortions.


stereochemical choice for a given metal atom, we will now
analyze the distribution of structures according to electron
configuration and then proceed to study in detail how some
specific ligands affect the symmetry measures.


Analysis of experimental structures by metal electron config-
uration : We have analyzed all the structures of tetracoordi-
nate transition-metal atoms retrieved in our structural data-
base search. The results of the continuous symmetry measures
for those structures are displayed in Figure 8, grouped


Figure 8. Continuous shape measures of experimental structures for tetracoordinate transition-metal complexes
according to their electron configuration. The lines corresponding to different distortions of the ideal geometries
are labeled in the first vignette.
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according to the electron configuration of the metal atom. The
total number of structures for each electron configuration,
together with their origin (CSD or ICSD) and the elements
found with that configuration are given in Table 1. There we
classify the structures as tetrahedral, square planar, or saw-
horse according to the smallest of the corresponding shape
measures, provided it is smaller or equal than 5.0, 5.0, and 3.5,
respectively. In those cases with two shape measures smaller
than this threshold, we assign the ideal shape that gives the
smaller measure. Among the structures that cannot be clearly
identified as tetrahedral or square planar with those criteria,
we can assign an intermediate geometry (along the spread
pathway) according to the criterion that the deviation
function [Eq. (5)] is less or equal than a 15% of �(Td, D4h).
The number of structures along the spread pathway include
the tetrahedral and square-planar ones. The number of
structures that cannot be clearly assigned to any of these
geometries is indicated as ™unassigned∫ in Table 2.


d0 ions : One can observe that practically all the d0 structures
cluster around S(Td)� 0 and most of them can be unambi-
guosly assigned as tetrahedral. The only exceptions corre-
spond to the approximately square-planar [MO4]2� groups in
the extended structures of SrMO4 compounds (M�Mo, W),
which may not be strictly considered as tetracoordinate, given
the existence of two additional M ¥ ¥ ¥O contacts at 	2.5 ä,
and possibly also of metal ±metal bonding (	2.6 ä).[57]


As for the small distortions from the tetrahedron, most
structures are distributed along the spread distortion pathway,
as indicated by deviation functions [Eq. (5)] smaller than 15%
of the �(Td, D4h) constant. Those structures with deviations
larger than that value can be classified into three groups.
1) Several structures that have S(D4h) values larger than 33.6


correspond to [MXL3] complexes,[58±64] (M�Ti, Zr, Hf;
X�NMe2, NEt2, OtBu, CH2tBu, SiMe3; L� Si(SiMe3)3 or
Ge(SiMe3)3), in which the M�X bond is significantly
shorter than the three M�L ones.


2) Three molecules are significantly distorted along the
spread pathway, two of them[65, 66] also have a small bite
bidentate ligand, and another one[67] with a large O-Ti-O
bond angle (113�) undoubtedly due to the severe steric
repulsion of the two mesitylalkoxide ligands present.


3) Some structures with S(Td)� 5.0 and S(D4h)� 27 are nicely
aligned along the plier distorsion path and are seen to have
bidentate diimido ligands with a bite angle of less than 90�,
[M({NtBu}2SiMe2)2] (M�Ti, Zr of Hf[68, 69]). The structure
that is most distorted along the plier pathway is a
perrhenate anion that has an unusual O-Re-O bond angle
of 56.9� and a corresponding O ¥ ¥ ¥O distance of 1.9 ä.[70]


Interestingly, the centroid of the two nearby oxygen atoms
forms angles of around 120� with the two remaining oxo
ligands, suggesting an incipient tricoordinated trigonal
planar peroxo complex.


d1 ions : This configuration also shows a clear preference for
the tetrahedron, with no structure found that can be
considered strongly distorted from tetrahedral. The small
deviations from the ideal tetrahedron observed correspond
mostly to slight flattening along the spread coordinate, as


indicated by deviation functions of a 15% of the symmetry
angle �(Td, D4h) or less. The only point that shows a sizeable
deviation from the spread path (�� 7.2) corresponds to a
vanadium complex with bidentate silyldiimido ligands with a
small bite (N-V-N angles of 84�) and is therefore along the
plier distortion path.[69] Yet the tetrahedricity of this molecule,
S(Td)� 4.6, allows us to classify it as a distorted tetrahedron.


d2 ions : Again, among the d2 electron configuration there is a
marked preference for the tetrahedron, but two structures
with practically planar geometry can be identified, corre-
sponding to WIV complexes with bulky phenoxide ligands.[71]


Also a point can be identified along the umbrella distortion
path (highest line), which corresponds to a VIII complex with a
tetradentate tripod ligand.[72] All these compounds seem to
have a triplet ground state.[73]


d3 ions : Few structures have been found for tetracoordinate d3


ions, but these clearly suggest that both the tetrahedron and
the square are likely, whereas intermediate geometries seem
to be forbidden. Among the moderately distorted tetrahedra,
an umbrella-distorted molecule[74] can be easily identified.
Other deviations from the tetrahedron characterized by
S(D4h) values between 15 and 25 correspond to asymmetric
distortions of the tetrahedron toward the sawhorse geometry,
and two of them seem to be closer to the sawhorse shape than
to the tetrahedron, having S(sawhorse) values of 0.67[41] and
2.75,[42] whereas a third structure is practically equidistant to
the tetrahedron and the sawhorse (shape measures of 3.47 and
3.46, respectively).[75] All but one of the practically square-
planar complexes[41, 76±78] have bulky substituents (iPr or tBu)
in the ortho positions of phenoxide ligands that are placed
perpendicular to the coordination plane to avoid steric
repulsions. The exception is [Cr(tmen)(CH2Ph)(CHPh)],
and although one can wonder whether the Cr�C double bond
has some influence on the choice of the square-planar
geometry, it has been proposed that the presence of an
agostic interaction favors such a stereochemistry.[79] Also in
NbO the d3 NbII ions have a perfectly square planar
geometry.[80] We note that d3 compounds of first-row tran-
sition metals (V and Cr) and of Mo[81] appear in the high-spin
configuration (magnetic moments 	3.8 �B), whereas those of
third row metals (Re and Os) have a low-spin configuration
with one unpaired electron (magnetic moments 	1.2 �B);
however, there seems to be no correlation between the spin
state and the structural choice.


d4 ions : The d4 complexes show no clear structural preference,
their structures being found throughout the spread pathway,
including perfect tetrahedra and squares. It is remarkable that
the most scissor-distorted planar molecules correspond to
chelated complexes,[82, 83] although examples of scissor-dis-
torted molecules with only monodentate ligands can be
found,[84±86] including such a simple molecule as [CrCl4]2�. The
nearly perfect tetrahedral structures found (S(Td) values
smaller than 3)[87±94] all have alkyl, aryl, or thiolato ligands and
appear in the low-spin configuration, according to either
magnetic susceptibility measurements or the sharpness of the
reported NMR spectra. In contrast, all non-tetrahedral
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molecules (characterized by S(Td) �5.0) for which the
magnetic moment has been measured are found in the high-
spin state, with the exception of those showing intermolecular
exchange interactions. Poli had already noted[73] that for d4


organometallic complexes the square-planar geometry is
preferred for high-spin compounds and the tetrahedral one
for a low-spin configuration, while the present results indicate
that such an asertion can be extended to both organometallic
and Werner-type complexes. Finally, there are two points
corresponding to a CrII complex[43] that appear at S(Td)
 10,
which could in principle correspond to either flattened
tetrahedra or to sawhorse geometries (this compound does
not belong to our reference structural data set because it is
disordered, and its data are indicated in Figure 8 by crosses).
Their small sawhorse shape measures (1.16 and 1.46) and the
larger tetrahedral and square measures allow us to unambig-
uously classify them as sawhorse structures.


d5 ions : As we reach the d5 configuration, geometries
intermediate between tetrahedral and square planar become
again unlikely. Most structures can be classified as tetrahedra
or moderately distorted tetrahedra, although a few square-
planar complexes are known all of them MnII,[95±103] or FeIII[104]


complexes, including phthalocyaninato, porphyrinato, and
related complexes.[96±98, 101] A few compounds with only
monodentate ligands[95, 102, 103, 105] that appeared as square
planar were disregarded, since closer inspection shows them
to be actually hexacoordinate. Although the magnetic behav-
ior of such square-planar compounds has not been reported in
several cases, intermediate (S� 3/2)[99] and high-spin (S� 5/
2)[97] states have been identified, and it is likely that the
square-planar geometries adopt the low-spin and the tetrahe-
dral ones the high-spin configuration. Another remarkable
case is that of the IrIV oxoanions in A4IrO4 (A�Na, K, Cs),
which are perfectly square planar. Two unique cases[73] of d5


ions with tetrahedral geometry in a low spin configuration are
those of [Co(norbornyl)4][106] and [Fe(N-p-tol-
yl){PhB(CH2PPh2)3}].[107] This behavior is to be compared
with that of [Mn(CN)4]2�, which is a high-spin compound[108]


despite the strong field ligands.


d6 ions : It has been stated that a d6 tetracoordinate complex
prefers to be in a cis-divacant octahedral (or sawhorse)
geometry,[109] and theoretical geometry optimization on sev-
eral compounds supports this assertion.[16, 109±111] Experimen-
tally, Caulton and co-workers have made extensive use of the
facility with which octahedral and sawhorse geometries can
interconvert by dissociation and association of ligands, gen-
erating sawhorse structures by dehydrohalogenation of hexa-
coordinate complexes, as in [Ru(NO)(CO)(PMetBu2)2]� ,[112]


with S(sawhorse)� 2.5, and [Ir(H)2(PPhtBu2)2]� ,[113] for which
the shape measures could not be calculated, because the
hydrido ligands have not been located in the crystal structure.
These two complexes, though, have not been included in our
set of analyzed structures because they are disordered.
However, the distribution of tetracoordinate d6 structures in
the symmetry map indicates that tetrahedra and square-
planar structures are more common than the sawhorse. In
fact, different geometrical preferences are expected for


different spin states. According to Poli,[73] the high-spin
configuration prefers the tetrahedral geometry, whereas the
low-spin one prefers square planar structures.


d7 ions : For this electron configuration we find again a large
number of structures close to the tetrahedron, a few of
them[46±49] being better described as sawhorses according to
our classification criteria (see Table 1). One must be careful,
though, not to assign a sawhorse geometry based only on the
corresponding shape measure, since the neglect of two cis
ligands of an octahedral complex would always give small
sawhorse shape measures. We note, for instance, that in
[Co(mIm)2(PhNO2)2][46] there are two intramolecular contacts
to oxygen atoms that would complete an octahedral coordi-
nation sphere, with an octahedral symmetry measure of 0.94,
clearly indicating that such compound is best described as a
slightly distorted octahedron. Although the situation is less
clear for other d7 complexes (Table 1) that have larger
octahedral symmetry measures, their values suggest that
these compounds are along the path that goes from the
octahedron to the sawhorse through dissociation of two cis
ligands. There is also a group of structures close to the square,
but there are very little structures in the middle of the
tetrahedral to square-planar interconversion path (the four
points in the range 11� S(Td)� 20 correspond to CoII com-
plexes with N-donor macrocyclic ligands[114±116]). Such a
distribution is consistent with the energy surfaces for the
low- and high-spin states having different minima and both
being high in energy at intermediate geometries. Indeed,
Poli[73] has proposed that the high-spin quartet state prefers
the tetrahedral geometry, whereas the low-spin doublet
prefers square-planar structures. Lippard and co-workers[116]


prepared a series of CoII tropocoronand complexes with
variable size of the macrocyclic ligands, achieving in this way a
tuning of the stereochemistry from distorted square planar for
the smaller macrocycles to distorted tetrahedral for the larger
ones. These authors showed that the nearly square planar
complexes have low spin, whereas the nearly tetrahedral ones
have high-spin configurations. It is also worth mentioning that
equilibrium in solution between the planar low-spin and
tetrahedral high-spin forms in CoII �-ketoiminates were
reported by Everett and Holm.[117] It must be mentioned,
though, that a low-spin CoII compound with a distorted
tetrahedral geometry (inverted umbrella distortion: S(Td)�
3.5, S(D4h)� 32.4) has been recently characterized.[118]


d8 ions : Keinan and Avnir had previously analyzed[3] the
symmetry measures corresponding to experimental structures
of the [NiX4]2� (X�Cl, CN) and [PtX4]2� (X� halide)
complexes. The [NiCl4]2� anion was found to be always
practically tetrahedral, whereas [Ni(CN)4]2� and the tetra-
haloplatinates are always nearly perfect square planar. The
present analysis allows us to draw some more general
conclusions. If we plot the symmetry measures for all d8


complexes in a symmetry map (Figure 8), we see a large
number of structures that can be described as tetrahedra or
distorted tetrahedra, and also a great deal of square or
distorted square-planar structures, while practically no struc-
tures with symmetry measures around the center of the spread
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pathway can be found. However, a better description of the
stereochemical preferences of d8 complexes can be estab-
lished, since the geometry distribution for NiII and CoI


complexes is quite different from that for the rest of d8 metal
ions. These two metal ions can appear as either tetrahedral
(presumably in a high-spin configuration with S� 1) or square
planar (in a low-spin, S� 0 configuration), as seen in Figure 9


Figure 9. Continuous shape measures of experimental structures for d8


tetracoordinate complexes according to the central metal atom: Ni and Co
(left), and all other transition metals (right).


(left). Among the tetrahedral cobalt complexes we note those
that have three or four phosphine ligands. The rest of the d8


metal ions, including CuIII, AgIII, AuIII, PdII, PtII, RhI, IrI, Fe0,
and Ru0, are found only (with five exceptions) in square
planar geometries, although many of these compounds are
severely distorted toward the tetrahedron along the spread
pathway (Figure 9, right). The five exceptions correspond to
sawhorse structures, including the [RuH4]4� ion, which has
two neighboring Ru atoms in the cis vacant octahedral
positions. Even if the angles around Ru are quite close to the
octahedral ones, the octahedral shape measure (Table 2) is
rather high, due to the large difference in interatomic
distances (Ru�H� 1.67 and Ru ¥ ¥ ¥Ru� 3.24 ä). One may
think that the Ru�Ru distance is too long to indicate bonding
(cf. an atomic radii[119] sum of 2.94 ä) consistent with an
octahedral geometry, but Ru�Ru bonds larger than 3.2 ä are
not uncommon in clusters, according to a CSD search. Hence,
the question of whether this peculiar anion should be
described as a molecular sawhorse or as a chain of vertex-
sharing octahedra is still open to debate.


The structure reported for [FePh4]4� seems to have a severe
scissoring distortion (C-Fe-C bond angles of 61�),[120] but later
structural redeterminations[121, 122] of that compound found the
Fe atom to be hexacoordinate with regular bond angles of 90�,
corresponding to the formula [FeH2Ph4]4�. Although statisti-
cally of little significance, a few sawhorse structures have
beeen identified, such as the IrI and Ru0 compounds presented
in Table 2. Such an unusual structure for d8 compounds has
also been found for the [Fe(CO)4] species in its singlet
transient state in the gas phase (bond angles of 169 and
125�),[123] consistent with the theoretically predicted geome-
try.[124, 125] A similar structure, if somewhat closer to the
tetrahedron, was also proposed based on IR spectroscopy[126]


and theoretically predicted[124, 125] for the triplet ground state
of [Fe(CO)4].


The halo ± phosphine nickel complexes, [NiX2(PR3)2], pro-
vide classical examples[127] of tetracoordinate molecules that


have stereoisomerism, appearing as either tetrahedral or
square planar. Such a behavior is nicely revealed by plotting
their symmetry measures in a symmetry map (Figure 10),


Figure 10. Symmetry map for a) NiII and b) PdII or PtII complexes with
general formula [MX2(PR3)2], and for NiII complexes with c) salycileneal-
diminato and d) aminotroponeiminato ligands.


where we see most structures grouped close to the two perfect
shapes. For the particular case of [NiBr2(PBzPh2)2], two
crystallographically independent molecules in the unit cell
possess the two alternative structures, tetrahedral and square
planar.[128] The different electronic structure of the two
isomers is well reflected by the longer bond lengths in the
tetrahedral (Ni�Br� 2.355, Ni�P� 2.306 ä) than in the
square planar case (Ni�Br� 2.315, Ni�P� 2.262 ä). In con-
trast with the halocuprates analyzed above, practically no
intermediate structures are found in this family of complexes
(Figure 10a), the most salient example being that of a complex
with binaphthyl diphosphine, [NiBr2(binap)].[129]


Another family that presents both tetrahedral and square
planar structures, but no strongly distorted intermediate
geometries, is that of the NiII salycilenealdiminato complexes.
A scatterplot of the symmetry measures for such molecules
(Figure 10c) clearly shows that they appear along the tetra-
hedron/square-planar pathway, but only at the two extremes,
that is, as tetrahedra with a small degree of planarization or as
a square with a small degree of tetrahedricity, but the
intermediate geometries seem to be forbidden. Aminotro-
poneiminato complexes of NiII have long been known to
present tetrahedral/square-planar isomerism, and complexes
with derivatives of such ligand were structurally characterized
in the last decades.[130±133] The symmetry measures of these
structures (Figure 10d) trace the path for the square planar to
tetrahedral interconversion, although structures at the tetra-
hedral end of the path are significantly distorted due to the
small bite angles (80 ± 82�).
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So far we have focused only on the square planar or
tetrahedral nature of the coordination sphere, but in many
square-planar complexes of the type [ML2X2] there is a choice
between cis and trans isomers. Focusing on the experimental
data for the family of [Ni(PR3)2X2] complexes, we note that
the tetrahedral, cis-square-planar, and trans-square-planar
structures are found with only minor distortions, whereas no
structures with significantly distorted intermediate geome-
tries exist. This result suggests that tetrahedral intermediates
for the cis ± trans isomerization in these compounds are
unlikely.


The analogous halo ± phosphine Pd and Pt complexes have
much less stereochemical variability, all their structures
appearing around the perfect square-planar geometry, char-
acterized by S(D4h)� 0.00 and S(Td)� 33.33 (Figure 10b). The
deviations from the square can be attributed to one of three
factors: 1) a spread distortion toward the tetrahedron follow-
ing the model line, 2) a scissoring distortion of planar
molecules, following the straight line (cf. Figure 3), or 3)
combinations of the two modes. The complexes that have the
largest deviations toward the tetrahedron correspond to three
different types of compounds: 1) those with binaphthyldi-
phosphine, 2) those with trans-spanning diphosphines that are
not long or flexible enough to adjust to a P-M-P bond angle of
180�, and 3) [PtCl2(PtBu2Ph)2],[134] probably for steric reasons.
Apparently, there is no correlation between the size of the
trans-chelate ring and the degree of distortion. In contrast,
among the cis complexes there is a fair correlation between
the size of the chelate ring and the P-M-P bond angle
(Figure 11), which can be varied between 71 and 105� by


Figure 11. Relationship between the size of the chelate ring and the P-M-P
bond angle for tetracoordinate PdII and PtII complexes with diphosphine
ligands.


appropriate choice of the ligand. However, neither the size of
the chelate ring nor the P-M-P bond angle show any
correlation with the symmetry measures, except for the larger
S(D4h) values found for bidentate phosphines forming four-
membered chelate rings (e.g., bis(diphenylphosphino)meth-
ane (dppm)), which are associated with a marked scissoring
distortion (P-M-P bond angles of about 73�, X�M�X angles
larger than 93�).


Finally, we have analyzed the family of RhI tetraphosphine
complexes. Although the d8 RhI ion prefers the square-planar
geometry, a surprising variety of structures along the spread
pathway are found within this family, with the deviations from
planarity being probably due to large steric congestion of


monodentate phosphines or to the chelate ring strain imposed
by bidentate phosphines. The scatterplot of their symmetry
measures (Figure 12) allows one to detect several interesting


Figure 12. Symmetry map for tetraphosphine RhI complexes.


features. 1) Although several structures appear to be perfectly
square planar, many present significant distortions toward the
tetrahedron, included complexes with PMe3 or PMe2Ph
(S(D4h)
 5 ± 7). 2) Two complexes are perfectly planar but
with a scissoring distortion induced by the small bite bidentate
phosphine dppm.[135] An unusual perfectly tetrahedral struc-
ture is found[136] for [Rh(PPh3)4]� , although it is not shown in
Figure 12 due to the presence of disorder in the crystal
structure. It is also worth mentioning here that other
tetrahedral tetraphosphine Rh complexes are known for
oxidation states Rh0 and Rh�I.[137, 138]


d9 ions : Keinan and Avnir analyzed[3] the symmetry measures
corresponding to experimental structures of the tetrahalocu-
prate(��) complexes, [CuX4]2� (X�Cl, Br), and found them
scattered through the spread pathway. Through Hartree ±
Fock calculations, these authors also showed that the spread
pathway corresponds to the least energy path in the case of
[CuCl4]2�, with the global minimum appearing for a distorted
tetrahedron. According to the theoretical prediction, the
perfectly square-planar structure that corresponds to S(Td)

33.33 has sufficiently high energy to be forbbiden, in contrast
with the finding of a significantly large number of CuII


complexes with that geometry. A closer look at these
structures shows that some of them[139±142] have contacts
between the Cu atom and nearby Lewis bases at less than
3.0 ä, indicating that they are best described as Jahn ±Teller
distorted hexacoordinate rather than as square-planar tetra-
coordinate complexes. The rest of the nearly square-planar
structures[142±149] possess hydrogen bonding to the coordinated
halides. In summary, we can say that the probability of the
molecular geometries is inversely related to their energies
relative to the minimum for the isolated molecule, but weak
coordination of additional ligands or hydrogen bonding can
eventually favor a structure with relatively high energy. It is
interesting to note that in several cases crystallographically
independent anions in the same crystal structure present quite
different geometries.[144, 147, 149±151] It is worth noting that for d9


ions other than CuII the tetrahedral geometry is found in only
one out of 26 structures, corresponding to a biquinolyl Co0
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compound,[152] but the remaining structures found are per-
fectly or slightly distorted square planar.


d10 ions : The distribution of the d10 ions in the symmetry map
indicates a clear preference for the tetrahedron, in agreement
with the 18-electron rule, although a good number of
molecules appear to be severely distorted from the tetrahe-
dron. Although we do not intend to analyze here all the
deviations from the typical behavior, we note that the three
outliers at the top of the plot correspond to two compounds
with severe umbrella distortions produced by the tridentate
1,3,5-triazacyclohexane ligand (N�Cu�N bond angles of
about 63�).[40, 153]


Among the compounds that are practically square planar,
we find complexes with porphyrin or other macrocyclic
ligands, mostly ZnII, as discussed above (see Figure 6). Other
square-planar complexes have relatively rigid tri- or tetra-
dentate open chain ligands.[154] The exceptions to this rule are
a CuI[155] and a AgI[156] compound with two bidentate ligands
each. A number of CdII and HgII complexes that appeared as
square planar were disregarded, since closer inspection of
their structures showed that they were actually bicoordinated
with two donor atoms at significantly longer distances (usually
corresponding to potentially bidentate ligands that coordinate
as monodentate). Although many d10 complexes appear in the
symmetry map in the region of the sawhorse, the correspond-
ing shape measure, S(sawhorse), is larger than 6 in all cases,
indicating that these structures are plier-distorted tetrahedra
due to the small normalized bite (1.21) of the bidentate
ligands analyzed.


Corollary : The stereochemical choice of tetracoordinate
complexes for the different electron configurations can be
summarized in Figure 13. There we can see that:


Figure 13. Distribution of the structures of tetracoordinate complexes
according to the electron configuration of the metal atom: white for
tetrahedral, black for square planar, and gray for intermediate structures
along the spread pathway. The percentage of structures missing to reach
100% correspond to either sawhorse or unassigned structures (see
Table 1).


1) The transition-metal complexes with electron configura-
tions d0, d1, d2, d5, and d10 show a marked preference for the
tetrahedral geometry.


2) Those with d8 and d9 configurations have a strong tendency
to be square planar.


3) Complexes of d3, d4, d6, and d7 metals have significant
proportions of both tetrahedral and square planar struc-
tures.


4) An important fraction of structures intermediate between
square planar and tetrahedral is found for d9 ions.


5) A significant number of structures that cannot be ade-
quately described as tetrahedral, square planar or inter-
mediate is found for d3, d6, and d10 electron configurations.


Influence of the ligands on the coordination sphere : To
analyze the possible influence of the ligands on the stereo-
chemistry of the coordination sphere we have further
analyzed the structures of each electron configuration by
the ligand denticity, considering only homoleptic complexes.


Complexes with bidentate ligands : Throughout the present
section we will characterize the coordinated bidentate ligands
by their most relevant structural parameter, the normalized
bite, defined as the ratio between the donor ± donor distance
and the average metal ± donor distance. Although such a
parameter is in fact characteristic of a given ligand ±metal
pair, changes in atomic size along the first transition-metal
series are small enough as to consider average values for those
metals as a metric parameter of the ligand to a good
approximation. The following bidentate ligands were consid-
ered, allowing for all substitution patterns of the basic
skeleton: bipyridine, ethylenediamine, �-diketonates, dithio-
carbamates, dithiolenes, diphosphinomethane (e.g., dppm),
diphosphinoethane (e.g., 1,2-bis(diphenylphosphino)eth-
ane(dppe)) and vic-dioximates. Small bite bidentate ligands
(diphosphinomethanes and dithiocarbamates) appear only
(30 structural data) in the square-planar geometry, a fact that
should be associated to ligand rigidity, since the ideal
normalized bite is 1.63 for tetrahedral bond angles, but 1.41
for a square. Ligands with larger bites (ethylenediamine,
bipyridine, dithiolates) seem to adapt well to all structural
situations among the square and tetrahedral extremes. If we
focus on the statistically more significant data for d8, d9, and
d10 complexes, we find the same general trends discussed
above for complexes with those electron configurations: d8


compounds appear in square-planar geometry, most d9 com-
plexes have nearly square-planar structures, but some deviate
from the perfect square as the ligand×s normalized bite differs
from ideality (1.41), thus imposing a scissoring distortion,
nicely following the model curves. Other d9 compounds
(empty circles in Figure 14), though, deviate from the model
curve and represent snapshots along the twist pathway (a
change in the torsion angle from 0 to 90� while keeping two
bond angles subtended by bidentate ligands constant),
approaching the tetrahedron without significant changes in
their normalized bites. Finally, most d10 complexes appear
close to the tetrahedron, with the ligand bite enforcing a plier
distortion (points along the parabola in Figure 14).


Complexes with tridentate ligands : The symmetry behavior of
tetracoordinate complexes with the following tridentate
ligands was analyzed: 1) ligands with donor atoms that favor
a meridional conformation, such as terpyridine and the so-
called pincers (3), 2) cyclic ligands that favor facial coordi-
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Figure 14. Continuous symmetry measures as a function of the normalized
bite of two bidentate ligands in bischelate metal complexes: tetrahedricity
with plier distortion (left) and square planarity with scissoring (right). The
continuous lines correspond to model curves, squares (left) to d10


complexes, triangles and circles (right) to d8 and d9 complexes, respectively.


nation, such as cyclohexanetriamine or triazacyclononane (4),
and 3) ligands topologically analogous to 3 or 4, but with more
flexible skeletons (e.g., diethylenetriamine, 5), including
tris(pyrazolyl)borate (6) and the triskelion ligands (7, from
the Greek skelos, leg: a symbolic figure of three legs or lines
from a common centre).


Meridional ligands of types 3 and 5 do not give tetrahedral
structures, but significant distortions along the spread path-
way are found for the d10 ions, reflecting the marked
preference of this electron configuration for the tetrahedron.
Conversely, complexes with facial ligands of types 4, 6, and 7
are found to appear only with nearly tetrahedral structures,
with the only exception of the two sawhorse structures
discussed above (Table 2). If we compare the results for
triskelion ligands 7 with legs of different lengths, we find that
those with longer legs allow for a better adaption to the
tetrahedral angles around the metal atom and the resulting
complexes are nearly perfect tetrahedral, whereas those with
shorter legs are more distorted. We also observe that the
symmetry measures reflect the higher rigidity of the macro-
cyclic tridentate ligands compared to that of the triskelion


ligands. Let us note here that a few cases[43, 157±159] of
compounds with electron configurations other than d8 ±d10


and with tridentate ligands of type 6 were found above to
correspond to sawhorse geometries.


Facial coordinating ligands 4 appear only in tetrahedral
complexes, if distorted along the umbrella pathway
(Scheme 2). A representation of the tetrahedral symmetry
measures as a function of the pyramidality angle � for the
macrocyclic tridentate ligand 1,4,7-triazacyclononane
(TACN) (Figure 15) shows that the umbrella distortion is


responsible for most of the loss of tetrahedricity. The only one
case that shows a significant deviation along the off-axis (see
Scheme 2) displacement curve in Figure 3 corresponds to a
complex[160] in which the TACNmacrocycle has a pendant arm
that occupies the fourth coordination position and is forced to
an off-axis distortion.


Complexes with tetradentate ligands : Among the complexes
with tetradentate ligands we have analyzed the families that
have tripod or macrocyclic (cyclam, porphyrins, or phthalo-
cyanines) ligands. In complexes with tripod ligands, given the
short distance between the apex and the foot of the tripod, the
bond angles � are rather small (Figure 15), since larger angles
impose too short distances from the metal to the apical donor
atom. As a result, they experience an umbrella distortion from
the ideal tetrahedron, opposite to that discussed for the
tridentate triskelion ligands, but with a similar loss of
tetrahedricity at a quantitative level.


Our results for complexes with macrocyclic ligands indicate
that the square-planar geometry is enforced in all cases.
However, in contrast to porphyrins and phthalocyanines, the
flexibility of cyclam allows it to adapt to nonplanar geo-
metries, and significant spread distortions can be found for d9


complexes with that ligand. Of the two outliers in Figure 15,
one corresponds to a CuII complex,[161] which differs from
other CuII complexes with the same ligand that are practically


Figure 15. Dependence of the tetrahedricity on the axial bond angle in
tetracoordinate complexes with tri- and tetradentate ligands that favor
umbrella distortions: triskelions with three- (circles) and four-atom
(triangles) legs, triazacyclononane (squares) and tetradentate tripods
(crosses). The solid line corresponds to a model distortion keeping the
C3v symmetry.
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square planar. The second outlier corresponds to a CuI


complex[56] with a sawhorse geometry, forced by the existence
of a tether between two intended trans N-donor atoms of the
cyclam skeleton (8). It is appropriate to recall here what we


found for ZnII and CdII com-
plexes with tropocoronands (2),
which can be found in different
geometries between square pla-
nar and nearly tetrahedral, de-
pending on the length of the
side chains (Figure 6). Remark-
ably, the same behavior is found
for other divalent metal ions
(Co, Ni, and Cu), with practi-
cally the same linear relation-


ship between the square planar symmetry measure and the
combined chain length. Furthermore, for CoII and NiII the
distortion from square planar to tetrahedral is accompannied
by a change in the spin state.[116, 131, 162]


Conclusion


In this contribution we have presented the symmetry map for
tetracoordination, showing the wedge-shaped geometrically
allowed region and the chemically inhabitable region, the
lower portion of the symmetry map, occupied by the set of
more than 13000 tetracoordinate transition-metal centers
analyzed. The positions of several distortions of the tetrahe-
dron and of the square in the symmetry map have been
identified, and the possibility of using such map to detect
relevant distortions in large data sets has been discussed.


A structural classification of the teetracoordinate com-
plexes analyzed has been performed by using the tetrahedral
and square-planar symmetry measures. Most of the structures
have been found to be close to square planar (72%) or nearly
tetrahedral (23%). A large part of the unassigned structures
can be described as intermediate along the spread pathway for
the interconversion of the tetrahedron and the square by
evaluating the corresponding deviation function (3%). The
possibility of using the sawhorse as a reference shape is
evaluated and found to be useful, not only to detect the cis-
divacant geometry, but also to detect structures that can be
better described as linear with two additional interactions
(found for a significant portion of the putative tetracoordinate
HgII compounds), or as a fragment of an octahedral or a
trigonal-bipyramidal complex.


The distribution of tetracoordination throughout the tran-
sition-metal series has been analyzed, showing that tetrahe-
dral complexes are found for all such metals, the most
common ones corresponding to the members of Groups 9 ±
12, while very little or no square-planar structures at all are
found for vanadium and the second and third transition series
elements of Groups 3 ± 8.


An analysis of the structures by metal electron configu-
ration allows us to extract some general trends: 1) d0, d1, d2, d5,
and d10 configurations prefer the tetrahedral geometry; 2) d8


and d9 complexes show a strong preference for the square-
planar geometry; 3) d3, d4, d6, and d7 metals appear in both


tetrahedral and square-planar structures; 4) a significant
fraction d9 ions have structures intermediate between square
planar and tetrahedral ; and 5) a large number of structures
that cannot be adequately described as tetrahedral, square
planar or intermediate is found for d3, d6, and d10 complexes.


Stereochemical preferences for several families of com-
plexes with bi-, tri-, and tetradentate ligands have also been
analyzed. Bidentate ligands with small normalized bites
(dithiocarbamates and dppm) appear only in square-planar
geometry, whereas ligands with larger bites (ethylenediamine,
bipyridine, and dithiolates) can adapt to both tetrahedral and
square-planar coordination spheres. Tridentate ligands adapt-
ed for meridional coordination have not been found in
tetrahedral structures, while those best suited for facial
coordination appear only with nearly tetrahedral structures.
Among the tetradentate ligands, tripods are found only in
tetrahedral complexes with significant umbrella distortions.
Rigid macrocyclic tetradentate ligands such as porphyrins or
phthalocyanines enforce square-planar coordination even for
those electron configurations that show a marked preference
for the tetrahedral geometry. Added flexibility present in the
backbone of cyclam allows for significant distortions toward
the tetrahedron, with the resulting intermediate geometries
being a compromise between the preference of the ligand for
planarity and the electronic preference of the metal atom for
tetrahedricity. Macrocyclic ligands with extra flexibility
provided by increasing lengths of the aliphatic linkers
between donor atoms, such as the tropocoronands, provide
excellent control of the degree of tetrahedricity around the
metal atom.
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Appendix


The collection of structural data was obtained through systematic searches
of the Cambridge Structural Database[163] (version 5.23). General searches
for tetracoordinate transition-metal complexes were carried out allowing
single, double, or triple bonds to donor atoms from periodic Groups 14 ± 17,
excluding direct bonds between donor atoms, constraining the search to
non-polymeric structures with no disorder, R factors of at most 0.10, and
excluding di- and polynuclear complexes. From all the structures retrieved,
only those for which the metal oxidation state (not amenable to systematic
search in the structural databases) could be unambiguously assigned were
retained. The analysis of continuous shape measures by electron config-
uration was restricted to complexes with metal ± ligand single, double, or
triple bonds. The searches for [CuX4]2� included all mononuclear com-
pounds with X�F, Cl, Br, or I, and no disorder. From the family of
[M(bipy)2] compounds, those with M�CuII or AgII with short contacts to
atoms of Groups 6 or 7 were excluded, since deviations from the general
trends found should be attributed to their coordination number larger than
four. Structures were also retrieved from the inorganic database (ICSD),
especially for isolated anions in alkaline or alkaline-earth salts, but the
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search is far from comprehensive in this case, since connectivity searches
are not implemented in the ICSD. The shape and symmetry measures were
calculated with the sym_he program of Pinsky and Avnir and with SHAPE
(version 1.1), a program developed in our group.[164]
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Introduction


Stoichiometric or catalytic transformations of organic sub-
strates by ruthenium complexes, and especially by {Ru(ar-
ene)}2+-containing species, are now well documented. Com-
pounds of this type are active catalysts in a growing number
of reactions, which include hydrogenation,[1] oxidation,[2] C�C
coupling (including olefin metathesis),[3] and nucleophilic
addition to multiple bonds.[4] In fact, the impact of rutheni-
um in organic synthesis has now attained that of palladi-
um.[5] This extensive reactivity is associated with the excep-
tional properties of ruthenium: 1) it has the widest scope of
oxidation states of all elements (from �ii to +viii), 2) a
large number of coordination geometries are known for
ruthenium complexes, and 3) it can be surrounded by hard
(s+p) donor ligands (e.g., oxo ligands as in [RuVIIIO4]) or
by soft s-donor/p-acceptor ligands (e.g., carbonyl ligands as
in [Ru�II(CO)4]


2�). Hence, ruthenium is particularly suited
for the design of organometallic oxo complexes, at the inter-
face of classical coordination chemistry and organometallic


[a] D. Laurencin, Dr. R. Villanneau, Dr. F. Villain, P. Herson,
Prof. A. Proust
Laboratoire de Chimie Inorganique et Matÿriaux Molÿculaires
UMR CNRS 7071, Universitÿ Pierre et Marie Curie
case courrier 42, 4 Place Jussieu, 75252 Paris Cedex 05 (France)
Fax: (+33)1-4427-3841
E-mail : proust@ccr.jussieu.fr


[b] Dr. E. Garcia Fidalgo, Dr. J. Pacifico, Prof. H. Stoeckli-Evans,
Prof. G. S¸ss-Fink
Institut de Chimie, Universitÿ de Neuch‚tel
case postale 2, CH-2000 Neuch‚tel (Switzerland)


[c] Dr. F. Villain
Laboratoire d’Utilisation du Rayonnement Electromagnÿtique
Batiment 209d, Centre Universitaire Paris-Sud
BP 34, 91898 Orsay Cedex (France)


[d] Dr. M. Bÿnard, Dr. M.-M. Rohmer
Laboratoire de Chimie Quantique, UMR CNRS 7551
Universitÿ Louis Pasteur, 4 rue Blaise Pascal, 67000 Strasbourg
(France)


Abstract: Reactions of the molybdates
Na2MoO4¥2H2O and (nBu4N)2[Mo2O7]
with [{Ru(arene)Cl2}2] (arene=
C6H5CH3, 1,3,5-C6H3(CH3)3, 1,2,4,5-
C6H2(CH3)4) in water or organic sol-
vents led to formation of the triple-
cubane organometallic oxides [{Ru(h6-
arene)}4Mo4O16], whose crystal and
molecular structures were determined.
Refluxing triple cubane [{Ru(h6-
C6H5CH3)}4Mo4O16] in methanol
caused partial isomerization to the
windmill form. The two isomers of
[{Ru(h6-C6H5CH3)}4Mo4O16] were char-
acterized by Raman and Mo K-edge
X-ray absorption spectroscopy (XAS),
both in the solid-state and in solution.


This triple-cubane isomer was also
used as a spectroscopic model to ac-
count for isomerization of the p-
cymene windmill [{Ru(h6-1,4-
CH3C6H4CH(CH3)2)}4Mo4O16] in solu-
tion. Using both Raman and XAS
techniques, we were then able to deter-
mine the ratio between the windmill
and triple-cubane isomers in dichloro-
methane and in chloroform. Density
functional calculations on [{Ru(h6-are-


ne)}4Mo4O16] (arene=C6H6, C6H5CH3,
1,3,5-C6H3(CH3)3, 1,4-CH3C6H4CH-
(CH3)2, C6(CH3)6) suggest that the
windmill form is intrinsically more
stable, provided the complexes are as-
sumed to be isolated. Intramolecular
electrostatic interactions and steric
bulk induced by substituted arenes
were found to modulate but not to re-
verse the energy difference between
the isomers. The stability of the triple-
cubane isomers should therefore be ac-
counted for by effects of the surround-
ings that induce a shift in the energy
balance between both forms.


Keywords: density functional
calculations ¥ EXAFS
spectroscopy ¥ fluxionality ¥ organo-
metallic oxides ¥ polyoxometalates
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chemistry. Although {Ru(arene)}2+ derivatives of polyoxo-
metalates have been known for almost fifteen years,[6] this
field has experienced growing interest after the report of the
windmill-like structure of the p-cymene complex [{Ru(h6-
1,4-CH3C6H4CH(CH3)2)}4Mo4O16].


[7] Since then, more than a
dozen arene Ru oxo complexes with various nuclearities
and structures have been reported.[8,9] With respect to their
catalytic potential, particular attention was paid to the
framework fluxionality of these complexes in solution.
Indeed, [{Ru(h6-1,4-CH3C6H4-CH(CH3)2)}4Mo4O16] was pro-
posed to isomerize into its triple-cubane isomer (Scheme 1)


on dissolution in chlorinated solvents, as suggested by multi-
nuclear NMR techniques.[9a] By varying the arene ligands
(hexamethylbenzene instead of p-cymene) and/or the metal
(tungsten instead of molybdenum), it was possible to favour
the windmill-like isomers, which have been characterized
both in solution and in the solid state.[9a,b] In the present
work, the influence of less bulky arenes such as toluene, me-
sitylene and durene on the formation of [{Ru(h6-arene)}4-
Mo4O16] complexes and their isomerization is addressed.
Here we report on the synthesis and structural characteriza-
tion of [{Ru(h6-C6H5CH3)}4Mo4O16], [{Ru(h6-1,3,5-
C6H3(CH3)3}4Mo4O16] and [{Ru(h6-1,2,4,5-
C6H2(CH3)4}4Mo4O16], and on studies on the framework iso-
merization of [{Ru(h6-C6H5CH3)}4Mo4O16] and [{Ru(h


6-1,4-
CH3C6H4CH(CH3)2)}4Mo4O16] in solution by Raman and X-
ray absorption techniques. Density functional geometry opti-
mizations were carried out on the two isomers of [{Ru(h6-
arene)}4Mo4O16] for a variety of arene ligands, including
benzene, to clarify the influence of steric crowding and elec-
trostatic interactions of the ligand framework on the relative
stabilities of the two isomers.


Results and Discussion


Syntheses : We previously reported the reactions of the mo-
lybdates Na2MoO4¥2H2O and (nBu4N)2[Mo2O7] with
[{Ru(arene)Cl2}2] (arene=p-cymene, hexamethylben-
zene).[8,9] In an attempt to rationalize the effect of various
arene ligands on the formation of {Ru(arene)}2+-containing
organometallic oxides, we studied the reactivity of the less
bulky toluene, mesitylene and durene analogues. This study
also included the parent benzene complex [{Ru(h6-
C6H6)Cl2}2]; however, due to their insolubility, none of the
products formed in this case could be properly character-
ized, with the exception of the tetranuclear methoxo com-


plex [{Ru(h6-C6H6)}2Mo2O6(OMe)4], the structure of which
is derived from that of [Mo4O10(OMe)6]


2�.[10]


The triple-cubane complexes 1a, 2a and 3a were obtained
in water from the reaction of Na2MoO4¥2H2O with
[{Ru(h6-C6H5CH3)Cl2}2], [{Ru(h


6-1,3,5-C6H3(CH3)3)Cl2}2] and
[{Ru(h6-1,2,4,5-C6H2(CH3)4)Cl2}2], respectively, in a 1/1 Mo/
Ru ratio for 1a and 2a and a 5/1 Mo/Ru ratio for 3a
(method 1). Increasing the Mo/Ru ratio in the synthesis of 1
a and 2a did not improve the yield, which never exceeded
50%. These preparations were adapted from that of the p-
cymene complex 4b, which has a windmill-like structure in
the solid state but is proposed to isomerize into its triple-
cubane isomer 4a in solution.[7] The windmill complex
5b was similarly obtained from [{Ru(h6-C6Me6)Cl2}2]
but together with [{Ru(h6-C6Me6)}2Mo5O18{Ru(h


6-C6Me6)-
(H2O)}].


[9b] Both 1a and 2a could also be obtained in aceto-
nitrile solution by reaction of (nBu4N)2[Mo2O7] and the cor-
responding [{Ru(arene)Cl2}2] complex (method 2). Further-
more, 2a was also obtained from the reaction of (nBu4N)2-
[Mo2O7] with [Ru(h


6-C6H3(CH3)3)Cl2]2 in methanol at a Mo/
Ru ratio of 2/1 (method 3). Refluxing a suspension of 1a in
methanol for 2 h led to formation of the windmill isomer 1
b. However, the isomerization of 1a to 1b was incomplete,
even when heating was prolonged to almost 12 h, and led to
a mixture of the isomers in the solid state, as far as can be
judged from the IR and Mo K-edge EXAFS spectra.


Triple-cubane isomers:


½fRuðh6-C6H5CH3Þg4Mo4O16� 1 a


½fRuðh6-C6H3ðCH3Þ3Þg4Mo4O16� 2 a


½fRuðh6-C6H2ðCH3Þ4Þg4Mo4O16� 3 a


½fRuðh6-1; 4-CH3C6H4CHðCH3Þ2Þg4Mo4O16� 4 a


Windmill isomers:


½fRuðh6-p-CH3C6H4CHðCH3Þ2Þg4Mo4O16� 4 b


½fRuðh6-C6Me6Þg4Mo4O16� 5 b


½fRuðh6-C6H5CH3Þg4Mo4O16� 1 b


Spectroscopic characterization : The IR spectra of the triple-
cubane complexes 1a, 2a and 3a display the same absorp-
tion pattern, with two strong bands characteristic of cis-
MoO2 units (nas and ns modes) in the range of 900±
930 cm�1.[11] The Raman spectrum of solid 1a (Figure 1) in
this region also displays cis-MoO2 nas and ns modes, at 905
(w) and 940 cm�1 (s). It is noteworthy that the classical re-
versal of relative band intensities is observed on changing
from IR to Raman spectroscopy.[11a] By contrast, the IR and
Raman spectra of the solid windmill-like complex 4b exhibit
a single broad band at about 920 cm�1, characteristic of the
n(Mo=Ot) mode; n(M-Ob-M) bands are observed in the
range of 700±850 cm�1. In this region, the triple-cubane com-
plexes exhibit only one band in the IR (ca. 700 cm�1 for 1a,
2a and 3a) and Raman spectra (790 cm�1 for 1a), while the


Scheme 1.
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IR and Raman spectra of the
windmill-like complex 4b dis-
play two very strong bands. All
complexes 1a, 1b, 2a and 3a
give rise to four groups of ab-
sorptions for the arene ligand,
assigned to n(CH) (above
2900 cm�1), n(CC) (1380±
1525 cm�1), d(CH) (ca.
1030 cm�1) and p(CH) (850±
880 cm�1). The other bands,
below 700 cm�1, are associated
with the oxometal core.
Given the different spectral


features of triple-cubane and
windmill isomers, the solid ob-
tained by refluxing 1a in meth-
anol can be easily recognized as
a mixture of 1a and 1b. Indeed
its infrared spectrum displays,
besides the bands of 1a, two
n(M-Ob-M) bands at 782 and
738 cm�1.
Furthermore, the Raman


spectrum of 4b in chloroform
or dichloromethane reveals the
presence of the two isomers 4a
and 4b and thus confirms the
existence of an equilibrium in solution.[9a] However, the
ratio of the two isomers cannot be determined precisely by
analysis of Raman-band intensity because of their different
absorption coefficients.
The 1H NMR spectra of 1a and 2a in CDCl3 indicate that


all arene ligands are magnetically equivalent, which is con-
sistent with the X-ray structures of the complexes. However,
the 1H NMR spectrum of the mixture of 1a and 1b displays
only one set of signals in CDCl3 solution; furthermore, these
signals have the same chemical shifts as those observed for
1a in CDCl3. These observations are in agreement with the


assumption of the presence of a single species in solution in
the case of 1. Finally, an EXAFS study of a solution of 1a in
CHCl3 showed that the solid-state structure of 1a is retained
on dissolution in chlorinated solvents (see below).


Crystal structures: Compounds 1a¥7H2O, 2a¥5H2O and 3a¥2
CH2Cl2¥2H2O were characterized by X-ray crystallography.
Selected bond lengths are given in Table 1. The molecular
structures of 1a, 2a and 3a are displayed in Figure 2. The
three clusters have a triple-cubane structures related to that
of [{RhIIICp*}4Mo4O16] (Cp*=h5-C5Me5), described by Isobe
et al.[12] Their structure can be described as a linear assembly
of two [{Ru(h6-arene)}2(MoO3)2(m3-O)4]


4� and one central
[(MoO3)4(m3-O)4]


8� cubes by face sharing. The triple-cubane
clusters 1a, 2a and 3a contain six-coordinate Mo centres
displaying the classical two short (terminal oxo ligands), two
medium and two long Mo�O distances typical of class II
polyoxometalates,[13] while the Mo�O bond lengths in 4b


differ more widely, as shown in Table 2. It is noteworthy
that, despite these differences, the average Mo�O bond
lengths in 1a and 4b are similar (1.99(26) and 1.98(23) ä,
respectively).


X-ray absorption spectra of 1a, 1b and 4b: Solid-state X-
ray absorption spectra were recorded at room temperature
for 1a and 4b, as well as for the mixture of 1a and 1b ob-
tained by refluxing a suspension of 1a in methanol. The ex-
tended X-ray absorption fine structure (EXAFS) signals of
1a and 4b were modelled by using the FEFF7 code[14] with


Figure 1. Raman spectra of solid-state samples of 1a (d) and 4b (a) and
of solutions of 4b in chloroform (b) and dichloromethane (c). *: attribut-
ed to the solvent.


Table 1. Selected bond lengths [ä] for 1a¥7H2O, 2a¥5H2O, and 3a¥2CH2Cl2¥2H2O.


1a¥7H2O


Mo1�O10 1.70(1) Mo1�O11 1.73(1) Mo1�O12 1.944(9)
Mo1�O12’ 2.324(9) Mo1�O112 1.902(9) Mo1�O1222 2.338(9)
Mo2�O12 2.38(1) Mo2�O20 1.71(1) Mo2�O21 1.72(1)
Mo2�O122’ 1.916(9) Mo2�O1222 1.930(8) Mo2�O1222’ 2.377(8)
Ru1�O12’ 2.120(9) Ru1�O112 2.08(1) Ru1�O122 2.09(1)
Ru2�O112 2.11(1) Ru2�O122 2.057(9) Ru2�O1222 2.106(8)


2a¥5H2O


Mo1�O10 1.70(2) Mo1�O11 1.71(2) Mo1�O112 1.89(2)
Mo1�O1123 2.35(2) Mo1�O1224 2.32(2) Mo1�O13341.96(2)
Mo2�O20 1.68(2) Mo2�O21 1.68(2) Mo2�O122 1.87(2)
Mo2�O1123 2.33(2) Mo2�O1224 2.37(1) Mo2�O2344 1.96(2)
Mo3�O30 1.65(2) Mo3�O31 1.72(2) Mo3�O334 1.92(2)
Mo3�O1123 1.94(1) Mo3�O1334 2.34(1) Mo3�O2344 2.36(2)
Mo4�O40 1.70(2) Mo4�O41 1.68(2) Mo4�O443 1.92(2)
Mo4�O1224 1.91(1 Mo4�O1334 2.36(2) Mo4�O2344 2.33(2)
Ru1�O112 2.11(2) Ru1�O122 2.11(2) Ru1�O11232.11(2)
Ru2�O112 2.11(2) Ru2�O122 2.10(2) Ru2�O1224 2.15(2)
Ru3�O334 2.11(2) Ru3�O443 2.11(2) Ru3�O1334 2.09(2)
Ru4�O334 2.10(2) Ru4�O443 2.09(2) Ru4�O2344 2.09(1)


3a¥2CH2Cl2¥2H2O


Mo1�O1 1.693(2) Mo1�O6 1.918(2) Mo1�O8 2.319(2)
Mo1�O2 1.706(2) Mo1�O7 2.388(2) Mo1�O8’ 1.948(2)
Mo2�O8 2.379(2) Mo2�O3 1.704(2) Mo2�O7 2.318(2)
Mo2�O4 1.701(2) Mo2�O5 1.921(2) Mo2�O7’ 1.943(2)
Ru1�O5 2.089(2) Ru1�O6 2.114(2) Ru1�O8 2.089(2)
Ru2�O7 2.096(2) Ru2�O5 2.098(2) Ru2�O6 2.098(2)
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structural parameters derived
from the single-crystal X-ray
analyses. Figure 3 shows the
modulus and the imaginary part
of the Fourier transforms of the
experimental and calculated
EXAFS signals of 1a and 4b
with inclusion of multiple scat-
tering. The calculated FT spec-
tra of 1a and 4b are in close
agreement with the experimen-
tal data, and the assignment of
the peaks is straightforward.
The X-ray structure analyses
showed that 1) in both cases the
four Mo atoms are hexacoordi-
nate with very similar average
Mo�O bond lengths, but 2) the
Mo�O distances lie in different
ranges in the two compounds
(Table 2). The Fourier trans-
forms of the EXAFS signals of
1a and 4b indeed reflect these
differences, since the first shell
corresponding to the six nearest
oxygen atoms consists of a
single, large peak for 4b but of
three peaks for 1a.
Given these differences, the


EXAFS signal of the mixture of
solid 1a and 1b was well fitted
by a 50/50 combination of the
EXAFS signals of 1a and 4b
(Figure 4), the latter of which
has a windmill-like structure
identical to that of 1b, with the
exception of the arene ligands.
This was confirmed by compar-
ing the X-ray absorption near-
edge structure (XANES) spec-
trum of the mixture to those of
1a and 4b. On the basis of
these data, the solid containing
1a and 1b is proposed to be an
equimolar mixture of the two
isomers. This means that reflux-
ing 1a in methanol for at least
12 h did not convert the triple-
cubane complex 1a completely
to the windmill isomer 1b. An
X-ray absorption study on a
solution of 1a in chlorofom was
also performed, but in fluores-
cence mode due to the low sol-
ubility of 1a. Despite the poor
quality of the EXAFS signal
obtained in fluorescence mode,
the signals of 1a in solution and
in the solid state are rather sim-Figure 2. Molecular structures (20% probability thermal ellipsoids) of 1a (a), 2a (b) and 3a (c).
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ilar, that is, the molecular structure of 1a is essentially main-
tained in solution.
Finally, X-ray absorption spectra were recorded for solu-


tions of 4b in chloroform and dichloromethane. We pro-
posed previously that 4b exists in these solvents as a mix-
ture of the two isomers: the windmill form and possibly the
triple-cubane form.[9a] The present EXAFS study confirms
the presence of the triple-cubane form and the existence of
the equilibrium 4bQ4a. The EXAFS signals and the FT
EXAFS signals of 4b in dichloromethane or chloroform are
indeed well fitted by a combination of the EXAFS signals
of 4b and 1a in the solid state. The best fit was obtained for
a ratio of triple-cubane to windmill isomer of 60/40 in
chloroform (Figure 5a) and 80/20 in dichloromethane
(Figure 5b). These values are in close agreement with the
conclusion of the NMR study previously reported.[9a]


Table 2. Typical Mo�O bond lengths [ä][a] for 1a and 4b.


1a 4b


1.70(1) 1.706(3)
1.73(1) 1.798(3)
1.902(9) 1.804(3)
1.944(9) 2.073(3)
2.324(9) 2.122(3)
2.338(9) 2.365(3)


[a] These distances correspond to the Mo�O bond lengths around one ar-
bitrarily chosen Mo atom of each compound (Mo1 for 1a¥7H2O, and
Mo1 for 4b).


Figure 3. Modulus and imaginary part of the Fourier transforms of the
experimental (dotted line) and calculated (full line) EXAFS signals of
solid 1a (a) and 4b (b), including multiple scattering.


Figure 4. Experimental and simulated EXAFS signals of the mixture of
solid 1a and 1b.


Figure 5. Experimental (dotted line) and simulated (full line) EXAFS sig-
nals of 4b in solution in dichloromethane (a) and chloroform (b).
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DFT calculations : DFT calculations and geometry optimisa-
tions were carried out on [{Ru(h6-arene)}4Mo4O16] molecules
with various arene ligands (benzene, 6 ; toluene, 1; mesity-
lene, 2 ; p-cymene, 4 ; hexamethylbenzene, 5) both for the
triple-cubane (a) and windmill (b) isomers to investigate the
role of the ligands in the relative stability of the isomers.
The obtained metal±oxygen bond lengths, the nonbonding
metal±metal distances and the distances from the Ru atoms
to the centroid W of the arene ligands are listed in Table 3.
The short metal±oxygen distances calculated for both types
of isomers reproduce quite satisfactorily the parameters de-
termined by X-ray analyses on 1a, 2a and 4b[7] (Tables 1
and 2). However, the long Mo�O distances are overestimat-
ed by 0.15±0.20 ä. The variations in the Ru�W distance pro-
vide an interesting clue for the detection of steric hindrance
originating in the arene substituents. This distance is re-
markably invariant in the windmill isomers, in agreement
with Ru¥¥¥Ru distances that are large enough (>5.3 ä) to ac-
commodate bulky arene ligands. The situation is different
for the triple-cubanes, in which the shortest Ru¥¥¥Ru distan-
ces lie between 3.32 and 3.42 ä (Table 3). For this isomer,
the calculated Ru�W distance consistently increases with in-
creasing size of the arene ligand (Table 3). However, the
elongation D(Ru�W) calculated with respect to benzene re-
mains less than 0.01 ä for all investigated arenes, except for
C6Me6, for which D(Ru�W) is 0.028 ä. One can therefore
expect the steric strain to become significant only for 5a.
The relative energies calculated for both isomers along


the series of five arene ligands are listed in Table 4. In all
cases, the windmill form is most stable, and energy differen-
ces DE range from 9.1 kcalmol�1 for mesitylene to 18.6 kcal
mol�1 for C6Me6. These results clearly indicate that an iso-
lated molecule of [{Ru(h6-arene)}4Mo4O16] is intrinsically
more stable in the windmill form. However, the relatively
large range of DE suggests that the arene ligands contribute
to the relative stability of the isomers. The D(DE) value rep-
resents the variation of DE as a function of the arene ligand


with respect to benzene. Though it is clear from Table 4 that
no correlation can be found between D(DE) and the bulk of
the ligands, a finer structural analysis is needed. A difficulty
encountered throughout this study is related to the multi-
plicity of the local minima associated with the various possi-
ble positions of partly substituted arenes. When no crystal
structure was available, the starting geometry was chosen to
minimize the arene¥¥¥arene contacts. However, in some cases
application of this criterion was ambiguous, especially with
the p-cymene ligand. For 4a and 4b, two starting geometries
were eventually retained and yielded distinct minima at the
end of the optimization process.
For 4b, the energy difference between the two minima


was only 0.5 kcalmol�1, but it amounted to 2.3 kcalmol�1 for
4a (Table 4), a difference which is neither negligible nor in-
terpretable in terms of steric hindrance. However, for the
two forms of 4a, as for the other investigated molecules, the


Table 3. Selected bond lengths [ä] calculated for the windmill and the triple-cubane isomers of [{Ru(h6-C6H6)}4Mo4O16] (6b, 6a), [{Ru(h6-
C6H5CH3)}4Mo4O16] (1b, 1a), [{Ru(h6-C6H3(CH3)3}4Mo4O16] (2b, 2a), [{Ru(h6-1,4-CH3C6H4CH(CH3)2}4Mo4O16] (4b, 4a), and [{Ru(h6 C6(CH3)6}4Mo4O16]
(5b, 5a).


Distances Position 6b 1b 2b 4b[a] 5b 6a 1a 2a 4a[a] 5a


Ru�O m-O(MoRu) 2.084 2.085 2.091 2.096/2.083 2.084
2.087 2.091 2.092 2.097/2.090 2.090


Mo�O m-O(MoRu) 1.832 1.834 1.832 1.831/1.832 1.833
1.856 1.856 1.858 1.856/1.858 1.858


Ru�O m3-O(RuRuMo) 2.119 2.116 2.120 2.137/2.126 2.146
Mo�O m3-O(RuRuMo) 1.986 1.980 1.974 1.975/1.977 1.966
Ru�O m4-O(RuMoMoMo) 2.089 2.088 2.099 2.090/2.105 2.139 2.076 2.088 2.081 2.075/2.091 2.098
Mo�O m4-O(RuMoMoMo) 2.066 2.062 2.052 2.056/2.060 2.050 1.948 1.946 1.934 1.944/1.946 1.958


2.141 2.145 2.141 2.132/2.136 2.108
2.57 2.57 2.61 2.62/2.59 2.785 2.48 2.485 2.52 2.475/2.480 2.44


Mo�O terminal 1.745 1.746 1.749 1.749/1.747 1.746 1.741 1.743 1.741 1.745/1.747 1.748
Ru¥¥¥Mo 3.22 3.23 3.24 3.23/3.23 3.23 3.32 3.33 3.33 3.32/3.32 3.305


3.35 3.35 3.37 3.36/3.36 3.41 3.90 3.92 3.91 3.89/3.92 3.94
M¥¥¥Mo 3.40 3.40 3.38 3.37/3.39 3.33 3.46 3.47 3.49 3.46/3.46 3.445


3.75 3.75 3.78 3.79/3.75 3.90 4.12 4.11 4.14 4.14/4.104.03
Ru¥¥¥Ru 5.40 5.41 5.42 5.39/5.43 5.38 3.326 3.325 3.33 3.361/3.347 3.42


6.32 6.31 6.34 6.33/6.36 6.46
Ru�W[b] 1.696 1.695 1.694 1.693/1.699 1.696 1.691 1.696 1.698 1.694/1.700 1.719


[a] Two structures differing in the orientation of the p-cymene ligand were calculated for this isomer. [b] W: centroid of the arene ring.


Table 4. Relative energy DE [kcalmol�1], number of O¥¥¥H contacts
shorter than 3.5 ä calculated for 6b, 6a, 1b, 1a, 2b, 2a, 4b, 4a, 5b, 5a,
and the difference D(O¥¥H) in the number of such contacts between the
windmill and triple-cubane forms. For 1a, 2a, 4a and 5a, D(DE) repre-
sents the modification of the destabilization energy of the triple-cubane
form with respect to the value calculated for benzene (6a).


DE O¥¥¥H D(O¥¥¥H) D(DE) D[D(O¥¥¥H)]


6b 0 28
6a +15.5 24 �4
1b 0 32
1a +13.5 44 +12 �2.0 +16
2b 0 46
2a +9.1 56 +10 �6.4 +14
4b 0 40
4b[a] +0.5 40
4a +14.2 48 +8 �1.3 +12
4a[a] +16.5 40 0 +1.0 + 4
5b 0 54
5a +18.6 52 �2 +3.1 +2


[a] Two structures differing in the arene position were optimized for 4a
and 4b.
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presence of relatively short (typically less than 3.5 ä) con-
tacts between oxygen atoms of the {Ru4Mo4O16} core and
hydrogen atoms of the arene ring and its substituents was
found. Since these contacts are too long to generate steric
strain, they can be assumed favorable due to electrostatic at-
traction. The number of such O¥¥¥H contacts, the difference
D(O¥¥¥¥H) in the number of contacts between the triple-
cubane and the windmill isomers and the variations of
D(O¥¥¥¥H) with the number of alkyl substituents on the
arenes relative to benzene are listed in Table 4 for all inves-
tigated complexes. It appears that D[D(O¥¥¥¥H)] is positive
for all substituted arenes, that is, bulkier ligands approach
the oxo core of triple-cubane isomers more closely than that
of windmill isomers. With regard to energy, D(DE) is nega-
tive for all substituted arenes, with the notable exception of
C6Me6. For the complexes with toluene, mesitylene and p-
cymene, the decrease in the relative stability of the windmill
isomers with respect to [{Ru(h6-C6H6)}4Mo4O16] thus dis-
plays a reasonable correlation with the larger increase in the
number of O¥¥¥H contacts in the triple-cubane isomer. An-
other interesting hint is provided by comparison of the
ligand positions optimized for 4a and 4b. The two forms of
the triple-cubane structure with p-cymene ligands differ in
the number of O¥¥¥H contacts (D(O¥¥¥¥H)=8 and 0; Table 4),
and the form with the largest number of such contacts is cal-
culated to be more stable by 2.3 kcalmol�1. However, the
number of O¥¥¥H contacts is identical in the two forms calcu-
lated for the windmill structure, which differ in energy of by
only 0.5 kcalmol�1 (Table 4).
Clearly, however, this correlation is not sufficient to ex-


plain the features of 5a : the difference in the number of
O¥¥¥¥H contacts between the two isomers is very close to that
obtained for benzene and does not explain the calculated
D(DE) value of +3.1 kcalmol�1 corresponding to an en-
hanced destabilization of the triple-cubane form (Table 4).
This result should rather be interpreted as a consequence of
the steric strain induced by C6Me6 in the triple-cubane
isomer, evidenced by a significant elongation of the Ru�W
distance (Table 3).


Conclusion


Two isomers corresponding to the general composition
[{Ru(h6-arene)}4M4O16] have been recognized. They differ in
the positions of the organometallic units around the central
{M4O16} core and are referred to as windmill and triple-
cubane forms, whose connectivities can be described as
[{Ru(h6-arene)}4{MO}4(m-O)8(m4-O)4] and [{Ru(h6-arene)}4-
{MO2}4(m3-O)4(m4-O)4], respectively. Up to now, only the
windmill form had been characterized in the solid state, for
[{Ru(h6-1,4-CH3C6H4CH(CH3)2)}4Mo4O16] (4b) and [{Ru(h6-
C6Me6)}4M4O16] (M=Mo, W). We thus report herein the
first X-ray crystallographic characterization of {Ru(arene)}-
containing triple-cubane organometallic oxides, namely,
[{Ru(h6-C6H5CH3)}4Mo4O16] (1a), [{Ru(h6-1,3,5-C6H3-
(CH3)3}4Mo4O16] (2a), and [{Ru(h6-1,2,4,5-C6H2(CH3)4}4-
Mo4O16] (3a), obtained by reaction of the correspond-
ing ruthenium dimer [{Ru(arene)Cl2}2] with the molyb-


dates [MoO4]
2� in water or with [Mo2O7]


2� in organic sol-
vents.
While characterizing [{Ru(h6-1,4-CH3C6H4CH(CH3)2)}4-


Mo4O16] (4b) in chlorinated solvents, we gained some evi-
dence that its molecular structure, as determined in the solid
state, is not maintained in solution, and we proposed that
the windmill form is in equilibrium with its triple-cubane
isomer. This assumption was in full agreement with a 17O
NMR study but needed further support. We report here that
the existence of the triple-cubane isomer in solution is also
suggested by Raman spectroscopy and corroborated by
EXAFS spectroscopy at the Mo K-edge. Assuming that the
environment of the Mo atoms should be only slightly affect-
ed by the nature of the arene ligand, solid samples
of [{Ru(h6-1,4-CH3C6H4CH(CH3)2)}4Mo4O16] and [{Ru(h6-
C6H5CH3)}4Mo4O16] provided us with models of the windmill
and the triple-cubane isomers, respectively. Combinations of
their solid-state EXAFS signals were used to model the
EXAFS signal of 4b in solution. Solutions in chloroform
and dichloromethane were then found to correspond to a
ratio of windmill to triple-cubane forms of 40/60 and 20/80,
respectively. [{Ru(h6-C6H5CH3)}4Mo4O16] was also found to
isomerize in methanol to give a mixture of windmill and
triple-cubane isomers, as evidenced by IR and EXAFS spec-
troscopy in the solid state, while its EXAFS signals or that
of the previous mixture recorded in chlorinated solvents are
consistent with predominance of the windmill isomer. Such
an equilibrium between the windmill and the triple-cubane
isomers of [{RhCp*}4W4O16] in solution was recently descri-
bed by Isobe et al.[15]


The origin of the fluxionality in the [{Ru(h6-arene)}4-
M4O16] family was addressed by DFT calculations. Although
the windmill isomer was found to be most stable, whatever
the arene ligand, the fluxionality does not seem to have its
origin in a small energy difference between both isomers,
but rather in environmental effects. However, the role of
O¥¥¥H contacts between the oxo core and the hydrogen
atoms of the arene ring was put forward to explain the de-
crease in the relative stability of the windmill isomer for
C6H5CH3, 1,3,5-C6H3(CH3)3 and 1,2,4,5-C6H2(CH3)4. It can
be expected that the residual water present in most struc-
tures–with the notable exception of the windmill form of
[{Ru(h6-1,4-CH3C6H4-CH(CH3)2)}4Mo4O16], reported by
S¸ss-Fink et al.[7]–contributes to the stability of the crystal
and possibly reduces or even reverses the energy gap be-
tween the the windmill and triple-cubane forms. The effect
of association with water has not yet been investigated by
calculations. However, the comparison between anhydrous
[{Ru(h6-1,4-CH3C6H4CH(CH3)2)}4Mo4O16], characterized in
the windmill form,[7] and the hydrated crystals reported here
to contain the triple cubane suggests that the presence of
water could favor formation of the latter species. This hy-
pothesis is also substantiated by partial isomerization of hy-
drated 1a to the windmill form in refluxing methanol. A
conclusive test would be to structurally characterize 1, 2 and
3 in an anhydrous environment, as was done for 4.[7]


The result obtained on the isolated molecules could, how-
ever, help interpreting some experimental observations. For
instance, [{Ru(h6-C6Me6)}4Mo4O16], for which the calculated
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energy gap is largest, presumably for steric reasons, always
retains the windmill-type geometry in solution. On the con-
trary, the {Ru(h6--1,4-CH3C6H4CH(CH3)2)}


2+-containing
cluster 4b undergoes partial isomerization to the triple
cubane in chlorinated solvents, and the {Ru(h6-C6H5CH3)}


2+


-containing cluster 1a also shows some isomerization in
methanol.


Experimental Section


Materials : (nBu4N)2[Mo2O7] was prepared according to the literature
procedure.[16] The synthesis of [{Ru(h6-C6H5CH3)Cl2}2], [[Ru(h


6-1,3,5-
C6H3(CH3)3)Cl2}2], and [{Ru(h6-1,2,4,5-C6H2(CH3)4)Cl2}2] followed the
general methods for preparation of [{Ru(arene)Cl2}2] complexes.


[17] Re-
agent-grade organic solvents (Acros organics, SDS and VWR interna-
tional) and Na2MoO4¥2H2O (Fluka or VWR international) were obtained
from commercial sources and used as received.


Methods : IR spectra were recorded from KBr pellets on a Bio-Rad FT
165 or on a Perkin-Elmer FT IR 1720 X spectrometer. The Raman spec-
tra were recorded on a double-monochromator Jobin-Yvon U1000 spec-
trophotometer equipped with a Coherent Ar+ laser and a photon-count-
ing detector. The 1H NMR spectra were obtained with a Bruker AC 300
or a Varian Gemini 200 BB spectrometer. Elemental analyses were per-
formed by the Analytical Service of Universitÿ Pierre et Marie Curie or
by the Laboratoire de Chimie Pharmaceutique et Organique Propÿdeu-
tique de L’Universitÿ de Genõve.


Preparation of [{Ru(h6-C6H5CH3)}4Mo4O16] (1a): Method 1: Na2MoO4¥2
H2O (0.073 g, 0.30 mmol) was dissolved in water (5 mL). [{Ru(h6-
C6H5CH3)Cl2}2] (0.083 g, 0.15 mmol) was added, and the suspension was
stirred at room temperature for 4 h. The unconverted [{Ru(h6-
C6H5CH3)Cl2}2] was then filtered off, and the solution was concentrated
to dryness. The brown residue was extracted three times with 10 mL of
CHCl3. Evaporation of the solvent afforded a red powder. The most ap-
propriate composition for this powder seems to be 1a¥2H2O according to
elemental analysis. Crystals of composition 1a¥7H2O suitable for X-ray
analysis were obtained by slow diffusion of toluene into a solution of 1
a¥2H2O in CHCl3. 1a¥2H2O: Yield: 0.047 g (44%). IR (KBr): ñ=3058
(w), 1443 (w), 1384 (w), 1037 (w), 931 (s), 905 (s), 853 (m), 706 (s), 653
(s), 621 (w), 585 cm�1 (m); 1H NMR (300.13 MHz, CDCl3, 22 8C, TMS):
d=5.74 (t, 8H, C6H5CH3,


3J=5.7 Hz), 5.45 (t, 4H, C6H5CH3,
3J=5.4 Hz),


5.28 (d, 8H, C6H5CH3,
3J=5.8 Hz), 2.40 ppm (s, 12H, C6H5CH3); elemen-


tal analysis (%) calcd for C28H36Mo4O18Ru4: C 23.22, H 2.50; found: C
23.19, H 2.84.


Method 2: A mixture of (nBu4N)2[Mo2O7] (0.394 g, 0.50 mmol) and
[{Ru(h6-C6H5CH3)Cl2}2] (0.132 g, 0.25 mmol) in CH3CN (10 mL) was stir-
red at room temperature for 5 h. Red needles (0.050 g) were obtained by
slow evaporation at room temperature of the orange-red solution after
two days. These crystals appeared to decompose with loss of solvent.
Nevertheless, a partial X-ray diffraction analysis confirmed the presence
of the 1a core but did not allow us to determine the number of CH3CN
molecules. Crystallographic data: triclinic, space group: P1≈ , a=13.469(3),
b=16.414(3), c=19.381(4) ä, a=70.94(2), b=77.26(2), g=89.24(2)8,
V=3942(2) ä3. The IR spectrum of 1a¥xCH3CN is essentially similar to
that of 1a¥2H2O, with the exception of the presence of bands attributed
to acetonitrile, especially the nCN band at 2275 cm


�1.


Isomerization of [{Ru(h6-C6H5CH3)}4Mo4O16] (1a) in methanol : Com-
pound 1a (0.047 g) was added to methanol (10 mL). The suspension was
refluxed for 2 h. The resulting orange solid was filtered and identified as
a mixture of 1a and 1b by IR and X-ray absorption spectroscopy.


Preparation of [{Ru(h6±1,3,5-C6H3(CH3)3)}4Mo4O16] (2a): Method 1:
Na2MoO4¥2H2O (0.082 g, 0.34 mmol) was dissolved in water (10 mL).
[{Ru(h6-1,3,5-C6H3(CH3)3)Cl2}2] (0.100 g, 0.17 mmol) was added, and the
suspension was stirred at room temperature for 15 h. Residual [Ru(h6-
C6H3(CH3)3)Cl2]2 was then filtered off, and the solution was evaporated
to dryness. The brown residue was extracted with 10 mL of CHCl3, and
the red solution was layered with toluene. Small red-orange crystals of 2
a were obtained after four days (0.021 g, 15%).


Method 2: A mixture of (nBu4N)2[Mo2O7] (0.252 g, 0.32 mmol) and
[{Ru(h6-1,3,5-C6H3(CH3)3)Cl2}2] (0.093 g, 0.25 mmol) in CH3CN (10 mL)
was stirred at room temperature for 5 h. Residual [{Ru(h6-1,3,5-
C6H3(CH3)3)Cl2}2] (0.016 g) was then filtered off. Red-orange crystals of
2a¥xCH3CN were obtained after one week by slow evaporation at room
temperature of the red solution (0.016 g, 8% based on Ru). X-ray data:
rhomboedral, R3c, a=35.569(19), c=21.802(6) ä, V=23886(21) ä3.


Method 3: A mixture of (nBu4N)2[Mo2O7] (0.252 g, 0.32 mmol) and
[Ru(h6-1,3,5-C6H3(CH3)3)Cl2]2 (0.093 g, 0.16 mmol) in MeOH (10 mL)
was stirred at room temperature for 15 h. A brown precipitate, which has
not been yet identified, was discarded, and the solution was allowed to
stand at room temperature for a few days. Slow evaporation of the sol-
vent afforded a mixture of yellow crystals of (nBu4N)2[Mo6O19] and red-
orange crystals of 2a. The mixture was dissolved in boiling acetone.
Orange crystals of 2a¥5 H2O suitable for X-ray analysis formed overnight
(0.041 g, 32% based on Ru). 2a¥5H2O: IR (KBr), ñ=3074 (w), 2965 (w),
2919 (w), 1526 (m), 1444 (m), 1378 (m), 1303 (w), 1039 (m), 927 (s), 902
(s), 884 (m), 698 (s), 661 (s), 630 (s), 599 cm�1 (m); 1H NMR (300 MHz,
CDCl3, 22 8C, TMS): d=4.86 (s, 12H, C6H3(CH3)3), 2.39 ppm (s, 36H,
C6H3(CH3)3); elemental analysis (%) calcd for C36H58Mo4O21Ru4: C
26.78, H 3.62 ; found: C, 27.12, H 3.69. The spectroscopic features (IR,
1H NMR) of the products obtained by the three methods were identical.


Preparation of [{Ru(h6-1,2,4,5-C6H2(CH3)4}4Mo4O16] (3a): Na2MoO4¥2
H2O (0.790 g, 3.26 mmol) was dissolved in 5 mL of water and added to
an aqueous solution (20 mL) of [{Ru(h6-1,2,4,5-C6H2(CH3)4)Cl2}2]
(0.200 g, 0.33 mmol). The suspension was stirred at room temperature for
4 h. The solvent was evaporated, and the product was extracted with di-
chloromethane (30 mL), then dried over MgSO4. After evaporation of di-
chloromethane, 3a was isolated (0.147 g; 57% based on Ru). Orange
crystals of 3a¥2CH2Cl2¥2H2O suitable for X-ray analysis were obtained
by slow diffusion of toluene into a solution of 3a in dichloromethane. 3a :
IR (KBr), ñ=930 (s), 903 (s), 695 (m), 645 (s), 589 cm�1 (m); 1H NMR
(200 MHz, CDCl3, 22 8C, TMS): d=5.21 (s, 8H, C6H2(CH3)4), 2.25 ppm
(s, 48H, C6H2(CH3)4); elemental analysis (%) calcd for
C40H56Mo4O16Ru4: C 30.39, H 3.57; found: C, 30.21, H 3.71.


X-ray absorption studies : EXAFS measurements were performed at the
Mo K-edge (19999 eV) on the XAS 13 beam line of the DCI storage
ring at LURE (Orsay), operating at 1.85 GeV with an average ring cur-
rent of 300 mA. The incident beam was monochromatized by a double
Ge(400) crystal. The energy calibration was checked with an Mo foil ref-
erence. EXAFS spectra of solid samples of 1a, 4b, a mixture of 1a and 1
b and solutions of 4b were recorded in transmission mode by using
argon-filled ionization chambers at room temperature. Each spectrum
was acquired five (solid samples) or six times (solutions) with 2.5 eV
steps and an integration time of 2 s per point. The solid samples were
ground and homogeneously dispersed in cellulose pellets. The solutions
of 4b were studied by using a cell with a variable optical path adapted
for XAS study. The solution of 1a was studied in fluorescence mode with
a seven-element solid detector by using a polychlorotrifluoroethylene
cell. This spectrum was acquired twenty times with 2.5 eV steps and an
integration time of 5 s per point.


The EXAFS data were analysed with the ™EXAFS pour le Mac∫ pack-
age.[18] The EXAFS signal kc(k) was extracted from the data by using a
linear pre-edge background, a combination of polynomials and spline
atomic absorption background and the normalisation procedure of Leng-
eler±Eisenberger.[19] The pseudoradial distribution functions are given by
the Fourier transforms (FT) calculated on w(k)k3c(k), where w(k) is a
Kaiser±Bessel window with a smoothness parameter of 3. The k range
was 2.6±15 ä�1 (Dk=12.4 ä�1). The FTs were calculated and presented
without phase correction. The quality of the fits between the Fourier-fil-
tered shells kcexptl(k) and the theoretical curve kctheor(k) was evaluated by
an agreement factor 1 [%] equal to �[kcexp(k)�kcth(k)]2/�[kcexp(k)]2. We
used the FEFF7 code[14] to check for the presence of multiple scattering
and to calculate the amplitude and phase functions Aj(k,p) and fi,j(k)
from model compounds (1a and 4b).


Crystal structure analyses : Crystal structure data for 1a¥7H2O, 2a¥5H2O
and of 3a¥2CH2Cl2¥2H2O are summarized in Table 5. Data for 1a¥7H2O
and 2a¥5H2O were recorded at room temperature on an Enraf-Nonius
CAD4 diffractometer, and for 3a¥2CH2Cl2¥2H2O at 153 K on a Stoe
Imaging Plate Diffraction System.[20] Crystals were mounted on glass
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fibers and sealed with an epoxy cement or by using a cryoloop (3a¥2
CH2Cl2¥2H2O). Reference reflections for 1a¥7H2O and 2a¥5H2O were
periodically monitored for intensity and orientation control. Intensities
were corrected for Lorentzian and polarization effects and for absorption
(empirical).[21] For 1a¥7H2O and 2a¥5H2O, data processing and refine-
ment were performed with the program CRYSTALS.[22] The structures
were solved by direct methods and subsequent electron-density maps.[23]


For 3a¥2CH2Cl2¥2H2O the structure was solved with SHELXS-97,[24] and
weighted full-matrix least-squares refinement on F2 (all reflections) was
carried out with SHELXL-97.[25] All non-H atoms were refined aniso-
tropically, except for 2a¥5H2O, for which only the metal and oxygen
atoms were refined anisotropically, except for solvent molecules. Hydro-
gen atoms were not included in the refinements, except for 3a¥2CH2Cl2¥2
H2O, for which they were included in calculated positions and treated as
riding atoms by using default SHELXL parameters. Neutral-atom scatter-
ing factors were used, and anomalous dispersion correction was applied.
Molecular structures of 1a, 2a and 3a were drawn with the program CA-
MERON[26] (Figure 2). The asymmetric unit of 1a¥7H2O contains one
™{{Ru(h6-C6H5CH3)}2Mo2O8}∫ half-molecule and four molecules of water,
one of which is in a special position. Molecules of 1a are located on axis
2. The asymmetric unit of 2a¥5H2O contains one molecule and five mole-
cules of water, all in general positions. The asymmetric unit of 3a¥2
CH2Cl2¥2H2O contains one ™{{Ru(h6-1,2,4,5-C6H2(CH3)4)}2Mo2O8}∫ half-
molecule located at an inversion centre, and was estimated to contain
one molecule of water and one molecule of dichloromethane (highly dis-
ordered), after modification of the reflection data file with the
SQUEEZE routine in PLATON.[27]


CCDC-204526, CCDC-204527, and CCDC-205921 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Methods of calculation : All calculations were carried out with the for-
malism of the density functional theory (DFT) within the generalized


gradient approximation (GGA), as implemented in the ADF program.[28]


This formalism is based on the local spin-density approximation charac-
terized by the electron-gas exchange (Xa with a=2/3) together with
Vosko±Wilk±Nusair[29] parametrization for correlation. Nonlocal correc-
tions due to Becke for the exchange energy[30] and to Perdew for the cor-
relation energy[31] were added. For first-row atoms, the 1s shell was
frozen and described by a single Slater function. The frozen core of the
Mo and Ru atoms composed of the 1s to 3sp shells was also modelled by
a minimal Slater basis. For hydrogen, carbon and oxygen, the Slater basis
set used for the valence shell was of triple-z quality, supplemented with
one p- or d-type polarization function.[32] The 4s and 4p shells of metal
atoms were described by a double-z Slater basis, the 4d and 5 s shells by
a triple-z basis and the 5p shell by a single orbital. No polarization func-
tion was added for metal atoms. Molecular bonding energies are reported
with respect to an assembly of neutral atoms assumed to be isolated and
in their ground state. Starting geometries were deduced from crystal
structures, when available, or adapted to minimize the ligand¥¥¥ligand con-
tacts. The point groups corresponding to the maximal symmetry for an
isolated molecule are S4 for the windmill forms and D2d for the triple-
cubane isomers. Since the S4 point group is not supported by ADF, all
calculations on the windmill isomers were carried out with the constraints
of the C2 subgroup. For the sake of consistency, most calculations on the
triple-cubane forms were carried out with the same constraints. However,
the geometries eventually obtained at the end of the process exhibited
little deviation with respect to the optimal symmetry. The geometry opti-
mization processes were carried out by minimizing the energy gradient
by the BFGS formalism[33] combined with a DIIS-type convergence accel-
eration method.[34] The optimization cycles were continued until all of the
three following convergence criteria were fulfilled: 1) the difference in
the total energy between two successive cycles was less than 0.001 har-
tree; 2) the difference in the norm of the gradient between two successive
cycles was less than 0.001 hartree ä�1; 3) the maximal difference in the
Cartesian coordinates between two successive cycles was less than
0.01 ä.


Table 5. Crystal structure data for 1a¥7H2O, 2a¥5H2O, and 3a¥2CH2Cl2¥2H2O.


1a¥7H2O 2a¥5H2O 3a¥2CH2Cl2¥2H2O


formula C28H46O23Ru4Mo4 C36H58O21Ru4Mo4 C42H64Cl4Mo4O18Ru4
Mr 1538.7 1614.9 1786.8
color red red orange
crystal system monoclinic trigonal tetragonal
space group C2/c R3c I41/a
T [K] ambient ambient 153
a [ä] 10.761(5) 35.801(14) 21.5456(10)
b [ä] 23.309(14) 35.801(20) 21.5456(10)
c [ä] 16.781(6) 21.933(7) 27.7407(14)
a [8] 90 90 90
b [8] 104.20(3) 90 90
g [8] 90 120 90
V [ä3] 4080(3) 24353(20) 12877.6(11)
Z 4 18 8
m [cm�1] 26.57 20.06 18.87
1calcd [g cm


�3] 2.51 1.98 1.84
qmin±qmax [8] 1±25 1±25 2.24±25.97
decay of std. reflections [%] 7.66 <1 <1
reflections measured 3904 9977 24863
unique reflections (Rint) 3594 (0.04) 4751 (0.067) 6236 (0.042)
obsd. reflections [I>3s(I)] 1928 2513 5030 [I>2s(I)]
absorption correction y scan (min. 0.77, max. 1.00) y scan (min. 0.69, max. 1.00) DIFABS (min. 0.51, max. 0.85)
refined parameters 267 333 299
R[a] 0.053 0.051 0.026[b]


Rw 0.060[c] 0.057[c] 0.069[d]


weighting coefficients 4.08, �0.533, 5.98 16.2, �13.5, 12.2 0.0443[e]


GOF S 1.07 1.10 0.98
D1 (maxmin�1) [e.ä�3] 1.30/�1.22 1.18/�1.22 0.57/�0.66


[a] R=� j jFo j� jFc j j /� jFo j . [b] R=� j jF2o j� jF2c j j /� jF2o. [c] Rw=�w j jFo j� jFc j j 2/�w jFo j 2 (w=w’[1�{ j jFo j� jFc j j /6s(F0)}2]2, where w’=1/�rARTR(X)
and X=Fc/Fc(max.) with three coefficients for a Chebyshev series. [d] Rw= [�w(F


2
o�F2c)2/�w(Fo)4]1/2. [e] w=1/[s2(F2o)+ (0.0443P)


2], where P= (F2o+2F
2
c)/


3.
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Selective Synthesis and Characterization of Single-Crystal Silver Molybdate/
Tungstate Nanowires by a Hydrothermal Process


Xianjin Cui,[a, b] Shu-Hong Yu,*[a, b] Lingling Li,[c] Liu Biao,[b] Huabin Li,[b]


Maosong Mo,[d] and Xian-Ming Liu[a]


Introduction


Searching for new strategies toward one dimensional nano-
sized building blocks such as nanorods, nanowires, nano-
tubes, and nanobelts has attracted intensive interest because
of their distinctive geometries, novel physical and chemical
properties, and potential applications in nanodevices.[1,2]


These systems are expected to display the size and shape de-
pendent optical, magnetic, and electronic properties.[3±6]


Exploration of new synthetic routes for preparing novel
nanocrystals with structural speciality and complexity has


been a recent focus.[7] The main synthesis techniques for di-
mensional (1D) nanostructures include template directed
growth methods such as carbon nanotubes,[8] porous alumi-
num template,[9] vapor±liquid±solid (VLS) mechanism,[10]


and vapor±solid (VS) mechanism.[11] In contrast, the solution
approaches have been proved to provide an alternative
route for the synthesis of 1D nanostructures.[5,12±17] Especial-
ly, hydrothermal process has been successfully applied for
the synthesis of low dimensional nanorods/nanowires/nano-
tubes.[7b,18±20]


Recently, the synthesis of low dimensional metal molyb-
dates and tungstates materials such as BaWO4 nanorods,


[14d]


CdWO4 nanorods,
[15,21] MoO3 nanorods


[22] have attracted a
lot of recent interests due to their strong application poten-
tial in various fields[23] such as photoluminescence,[24] micro-
wave applications,[25] optical fibers,[26] scintillator materi-
als,[27] humidity sensor,[28] magnetic properties,[29] and cata-
lyst.[30] Most previous approaches for preparation of these
families of molybdates and tungstates need high tempera-
ture and hard reaction conditions such as the solid state
metathesis reaction at 1000 8C,[31] and sol±gel method.[32]


Few reports are related with the synthesis of metal molyb-
dates through solution methods.[33] Silver tungstates such as
Ag2Mo4O13, Ag2Mo2O7, and Ag2MoO4 were traditionally
synthesized by straight and harsh reaction in MoO3/Ag2O
system.[34] These materials have high electrical conductivity
and usually have found important applications in conducting
glass.[35] However, solution synthesis of silver molybdates
nanorods/nanowires was not found in literature up till now.
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Abstract: Selective synthesis of uni-
form single crystalline silver molyb-
date/tungstate nanorods/nanowires in
large scale can be easily realized by a
facile hydrothermal recrystallization
technique. The synthesis is strongly de-
pendent on the pH conditions, temper-
ature, and reaction time. The phase
transformation was examined in details.
Pure Ag2MoO4 and Ag6Mo10O33 can be
easily obtained under neutral condition


and pH 2, respectively, whereas other
mixed phases of Mo17O47, Ag2Mo2O7,


Ag6Mo10O33 were observed under dif-
ferent pH conditions. Ag6Mo10O33


nanowires with uniform diameter 50±
60 nm and length up to several hun-


dred micrometers were synthesized in
large scale for the first time at 140 8C.
The melting point of Ag6Mo10O33 nano-
wires were found to be about 238 8C.
Similarly, Ag2WO4, and Ag2W2O7


nanorods/nanowires can be selectively
synthesized by controlling pH value.
The results demonstrated that this
route could be a potential mild way to
selectively synthesize various molyb-
date nanowires with various phases in
large scale.


Keywords: crystallization ¥
molybdates ¥ nanorods ¥ nanowires ¥
single crystals ¥ tungsten


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305429 Chem. Eur. J. 2004, 10, 218 ± 223218


FULL PAPER







Recently, our group has reported a general synthesis of
tungstate nanorods/nanowires by hydrothermal method
without using any ligand (or surfactant, or polymer).[36]


In this paper, we report how to selectively synthesize
silver molybdate nanorods/nanowires in large scale through
a simple hydrothermal approach. The influence of pH, reac-
tion time, and temperature on the phase transformation was
discussed. Increasing temperature leads to an increase in di-
ameter of the nanowires.


Results and Discussion


Hydrothermal treatment of a amorphous particulate disper-
sion made of AgNO3 and (NH4)6Mo7O24 at 140 8C for 12 h
led to the formation of pure phase Ag2MoO4 with well crys-
tallinity as shown in Figure 1a, all reflection peaks of the dif-
ferent product prepared at pH 7 can be easily indexed as a
pure cubic structure with cell parameters a=9.26 ä, which
is in good agreement with the previous literature (JCPDS
Card number: 76-1747). TEM image shows that the product
was composed of irregular particles with average size of 1±
2 mm.
However, when the more acidic solution was used, differ-


ent phases were obtained as shown in Figures 1 and 2 and
Table 1. A mixture of anorthic Ag6Mo10O33 (JCPDS Card:
72-1689, a=7.59, b=8.31, c=11.42 ä, a=82.6, b=102.9,
g=106.48) and anorthic Ag2Mo2O7 (JCPDS Card: 75-1505,
a=6.095, b=7.501, c=7.681 ä, a=110.4, b=93.3, g=13.58)
was obtained at pH 5 as detected by the X-ray diffraction
pattern (Figure 1b).
The phases such as Ag6Mo10O33, Ag2Mo2O7, and Mo17O47


were observed in the samples obtained at different pH
value. With pH decreasing from 5 to 3, the products were
found to be a mixture of Ag6Mo10O33 and Ag2Mo2O7, and
the content of Ag6Mo10O33 phase increased. Pure
Ag6Mo10O33 phase can be obtained at pH 2 as shown in Fig-
ure 2a. TEM image (Figure 3a) and SEM image (Figure 4b)


show that uniform nanowires with diameter of 50 nm and
length up to several hundred micrometers. However, a small
amount of large fiber bundles with diameter about 2±3 mm
can also be observed (Figure 4a). If the pH dropped to 3,
the product was a mixture of Ag6Mo10O33 and Ag2Mo2O7


(Table 1). TEM image in Figure 3c shows that the particles
are also rod-like and the diameter is about 500 nm.
When the pH value was further decreased to 1, a mixture


of Mo17O47 and Ag6Mo10O33 was detected as shown in Fig-
ure 2b. Interestingly, a mixture of two intermediate phases
hexagonal Ag1.028H1.852Mo5.52O18 (JCPDS Card: 83-1173) and


Figure 1. XRD patterns of the products obtained at different pH, 140 8C,
12 h. a) pH 7, [AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m. b) pH 5.
[AgNO3]=0.05m, [(NH4)6Mo7O24]=0.014m. c) pH 4, [AgNO3]=0.05m,
[(NH4)6Mo7O24]=0.014m. &: Ag2Mo2O7; *: Ag6Mo10O33.


Figure 2. XRD patterns of the products obtained at different pH,
[AgNO3]=0.05m, [(NH4)6Mo7O24]=0.014m, 140 8C, 12 h. a) pH 2. b) pH
1. *: Ag6Mo10O33, Y: Mo17O47.


Figure 3. a), b) TEM image and electron diffraction pattern of
Ag6Mo10O33 nanowires. [AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, pH 2,
140 8C, 12 h: a) TEM image; b) Electron diffraction pattern taken along
[100] zone axis, showing that the nanowires are perfect single crystal.
c) TEM image of a mixture containing Ag6Mo10O33 and Ag2Mo2O7.
[AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, pH 3, 140 8C, 12 h. d) TEM
image of a mixture of two intermediate phases Ag1.028H1.852Mo5.52O18 and
Ag2Mo3O10¥8H2O. [AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, pH 2, 140
8C, 6 h.
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cos� ¼ d1d2V
2 � ½S11h1h2 þ S22k1k2 þ S33l1l2


þ S23ðk1l2þk2l1Þ þ S13ðl1h2þl2h1Þ þ S12ðh1k2þh2k1Þ�
ð1Þ


V ¼ abc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 a� cos2 b� cos2 gþ 2cosa cosb cosg


p
ð2Þ


S11 ¼ b2c2 sin2a; S2 2 ¼ a2c2 sin2b ð3Þ


S33 ¼ a2b2 sin2g ð4Þ


S12 ¼ abc2ðcosa cosb� cosgÞ ð5Þ


S23 ¼ a2bcðcosb cosg� cosaÞ; S ¼ ab2cðcosa cosg� cosbÞ
ð6Þ


orthorhombic Ag2Mo3O10¥8H2O (JCPDS Card: 39-0045)
was observed when the reaction was conducted for 6 h
(XRD data not shown). TEM image in Figure 3d shows that
the product was also wire-like structures with diameter
about 40 nm and an aspect ratio of 10±50. Very rough sur-
face suggested that these nanorods could be not stable and
may start to transform into other phases. Further prolonging
the reaction time up to 12 h, the Ag6Mo10O3 nanowires
formed. An increase in temperature leads to an increase in
diameter of the nanowires.


High resolution TEM images in Figure 4 shows that very
tiny nanoparticles with size of 5 nm attached on the back-
bone of the Ag6Mo10O33 nanowires. Interestingly, after ex-
posed under TEM electron beams, a lot of tiny nanoparti-
cles appeared on the backbone of the nanowires. We believe
that the Ag6Mo10O33 nanowires are not stable under electron
beam irradiation. After exposed for longer time, many tiny
nanoparticles appeared on the wire surfaces and these parti-
cles tend to become amorphous as confirmed by electron
diffraction observation. TG-DTA analysis shows that the
melting point of this compound is about 238 8C, suggesting
that the nanowires could be destroyed under too longer
electron beam irradiation. The detailed analysis of such phe-
nomena is needed in future.
The lattice resolved HRTEM images were shown in Fig-


ure 5d and e. The lattice spacing 3.16 ä corresponding to
(02≈2) planes. The angle between (002) and (02≈2) can be cal-
culated from the following formulae for anorthic system:


Where cell parameters for the anorthic Ag6Mo10O33 are
a=7.59, b=8.31, c=11.42 ä, a=82.6, b=102.9, g=106.48)
(JCPDS Card: 72-1689). The calculated angle between (002)
and (02) is 50.38, which is consistent with that observed in
Figure 5d. In addition, the angle between (020) and (02≈2) is
148.48, which fits the measured value very well too. These
results suggested that the nanowires grow preferentially
along c axis. (See also the electron diffraction pattern shown
in Figure 3b).
Figure 6 shows the X-ray photoelectron spectroscopy


(XPS) spectrum of Ag6Mo10O33 nanowires. The survey indi-
cates the presence of MoVI and Ag as well as C from refer-
ence and O from absorbed CO2 molecules. Ag 3d spectrum
(Figure 6b) is very similar to that measured for AgI in silver
oxides (Ag2O).


[37] The binding energy of Mo 3d5=2
in the


Ag6Mo10O33 nanowires is identical with that of pure a-MoO3


(232.6 eV).[38] The core-level O 1s spectrum in Figure 6d


Table 1. The main phases obtained at different pH (*: dominant phase).


pH Phase Shape Diameter


1 Mo17O47*+Ag6Mo10O33 nanowires 30±50 nm
2 Ag6Mo10O33 nanowires 50 nm
3 Ag6Mo10O33*+Ag2Mo2O7 nanowires 50±60 nm
4 Ag6Mo10O33+Ag2Mo2O7 nanowires 50±60 nm
5 Ag6Mo10O33+Ag2Mo2O7* nanowires 50 nm
7 Ag2MoO4 irregular particles 1±2 mm


Figure 4. SEM images of the Ag6Mo10O33 nanowires obtained at pH 2,
[AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, 140 8C, 12 h: a) a general
view shows the coexistence of the very uniform extremely long nanowires
and small amount of large nanofiber boundles; b) a high resolution
image shows extremely long nanowires.


Figure 5. High magnification SEM images of the Ag6Mo10O33 nanowires
obtained at pH 2, [AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, 140 8C,
12 h: a) a general view shows there are very tiny nanoparticles on the sur-
face of the nanowires; b)±c) high resolution image show the surface
structures of the nanowires after exposed electron beams; d) lattice re-
solved HRTEM image, showing that the nanowires grow along [002],
which also corresponds to that shown in its electron diffraction pattern in
Figure 3b.
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shown a peak at 530 eV, which is also similar to that in CuO
or Ag2O systems.[39]


Similarly, perfect single crystals of a-Ag2WO4 nanorods
and Ag2W2O7 nanowires can be selectively synthesized at
pH 9 and 2, respectively. The sample obtained at pH 9 can
be indexed as orthorhombic a-Ag2WO4 (JCPDS Card: 34-
0061, a=10.82, b=12.01, c=5.90 ä) as shown in Figure 7a.
Anorthic Ag2W2O7 phase (JCPDS Card: 75-1506, a=6.033,
b=7.051, c=7.735 ä, a=73.8, b=92.2, g=104.78) was ob-
tained at pH 2 (Figure 7b). TEM observation shows that
both phases are in form of wire-like structures. A typical
TEM image in Figure 7a indicated that Ag2W2O7 nanowires
are uniform with diameter 50 nm and length up to microme-
ters. Electron diffraction pattern in Figure 8b taken along
h010i zone axis indicated that the nanowires are prefect
single crystals. These nanowires can be doped into glass to
produce conducting glass, which could give different con-
ducting performances. Further work is still underway.
From the viewpoint of crystallography, the shape of the


mesoscale or macroscale crystals is in fact the outside em-
bodiment of the intrinsic cell structure. The high anisotropic
growth we observed in molybdate systems could be related
with the intrinsic crystal habit.[36] The promotion of aniso-
tropic growth of nanorods/nanowires in ligand-free system
could be related with several parameters, including the in-
trinsic structural features of specific faces, the local solution


details, the foreign energy activation, and the autogenous
pressure.[36] The detailed formation mechanism of such 1D
nanostructures under hydrothermal conditions need more
clarification in future.
About results demonstrate that it is possible to produce


various molybdates and tungstates with different phase due


Figure 6. XPS spectrum of the Ag6Mo10O33 nanowires. The sample was obtained at pH 2. [AgNO3]=0.1m, [(NH4)6Mo7O24]=0.014m, pH 2, 140 8C, 12 h.
a) A full spectrum. b) Ag 3d core-level data. c) Mo


VI
3d core-level data. d) O1s core-level data.


Figure 7. XRD pattern of a-Ag2WO4 nanorods and Ag2W2O7 nanowires
synthesized at pH 9 and 2, respectively.
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to their rich families of polyanion species formed in the sol-
ution. Further understanding the solution chemistry of mo-
lybdates and tungstates will be very helpful for systematic
synthesis of various kinds of nanowires/nanorods through
this approach. Our elementary results show that other tran-
sition metal molybdate nanorods such as NiMoO4, CuMoO4,
and PbMoO4 could be synthesized through the similar
method, indicating that the present approach could be a
general approach for the synthesis of other rich family of
metal molybdate nanorods/nanowires. These low dimension-
al materials could find important applications in various
fields.


Conclusion


In summary, we have shown that selective synthesis of uni-
form single crystalline silver molybdate/tungstate nanorods/
nanowires in large scale can be realized by a facile hydro-
thermal re-crystallization technique. The synthesis is found
to be strongly dependent on pH, temperature, and reaction
time. Extremely long Ag6Mo10O33 single crystal nanowires
covered with a lot of tiny nanoparticles can be obtained at
pH 2. The pH dependent phase transition process was dis-
cussed. Similarly, Ag2WO4, and Ag2W2O7 nanorods/nano-
wires with diameter 50 nm and length up to micrometers
can also be selectively synthesized by controlling pH value.
The results demonstrated that it is possible to selectively
synthesize other family of molybdate nanowires with con-
trollable phases and structural specialty. The discovery of
this new family of molybdate nanowires could lead to new
applications of these materials. Further extension of this ap-
proach and investigation on their property of these new
kinds of 1D nanobuilding blocks are ongoing.


Experimental Section


Analytical grade AgNO3, (NH4)6Mo7O24, Na2MoO4¥2H2O, and
Na2WO4¥2H2O were purchased from Shanghai Chemical Industrial Com-
pany and were used without further purification. The reaction was car-
ried out in a 60 mL capacity Teflon-lined stainless steel autoclave, which
was done in a digital type temperature controlled oven.


In a typical procedure, 0.71 mmol analytical grade (NH4)6Mo7O24 was dis-
solved in 30 mL distilled water and 5 mmol AgNO3 was dissolved in
20 mL distilled water, respectively. Then (NH4)6Mo7O24 solution was
slowly added into AgNO3 solution under magnetic stirring to form a ho-
mogeneous green-yellow solution at room temperature. The pH was ad-
justed to a specific value using NaOH or HNO3 (1 molL


�1) solution. The


resulting precursor suspension was transferred into a Teflon-lined stain-
less autoclave. The autoclave was sealed and maintained at 140 8C for
12 h, then allowed to cool to room temperature naturally. The green-
yellow products were filtered off, washed several times with distilled
water and absolute ethanol, and finally dried in a vacuum at 60 8C for
4 h.


The products were characterized by X-ray diffraction pattern (XRD), re-
corded on a MAC Science Co. Ltd. MXP 8 AHF X-ray diffractometer
with monochromatized CuKa radiation (l=1.54056 ä); transmission elec-
tron microscopy (TEM) and high-resolution transmission electron micro-
scopy (HRTEM), performed on a Hitachi (Tokyo, Japan) H-800 trans-
mission electron microscope (TEM) at an accelerating voltage of 200 kV,
and a JEOL-2010 high-resolution transmission electron microscopy
(HRTEM), also at 200 kV, respectively. X-ray photoelectron spectra
(XPS) were recorded on an ESCALabMKII instrument with MgK radia-
tion as the exciting source. The binding energies obtained in the XPS
analysis were corrected by referencing the C 1s line to 284.60 eV.
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A Unique Binaphthyl Strapped Iron±Porphyrin Catalyst for the
Enantioselective Epoxidation of Terminal Olefins


Eric Rose,*[a] Qi-Zhi Ren,[b] and Bruno Andrioletti[a]


Introduction


Asymmetric synthesis is a promising field in modern syn-
thetic organic chemistry. During the past decades, dramatic
improvements have been reported in catalytic asymmetric
hydrogenation,[1] epoxidation of alkenes[2] and allylic alco-
hols,[3] and dihydroxylation[4] and cyclopropanation of pro-
chiral olefins.[5] Nevertheless, the development of new tools
is still crucial, particularly in the case of the enantioselective
catalytic epoxidation of terminal olefins where significant
improvement is still necessary from both a practical and
mechanistic point of view.[6] Indeed, with regard to green
and sustainable chemistry, chiral epoxides are becoming in-
creasingly important as synthetic intermediates and in the
development of new drugs. Metallosalens represent an im-
portant class of catalysts that are capable of efficiently epox-
idizing terminal olefins.[2f, g] However, they suffer from two
major drawbacks: first, although metallosalens are highly ef-
ficient for the epoxidation of cis-di-, tri-, and some tetrasub-
stituted olefins, they require temperatures as low as �78 8C
for the epoxidation of monosubstituted olefins such as sty-


rene which are difficult to epoxidize.[2h] Second, the epoxida-
tions generally proceed with low turnover numbers (TON).


On the other hand, metalloporphyrins have proven to be
robust catalysts for oxidative processes but the enantioselec-
tivities observed for the asymmetric epoxidation of terminal
olefins have often remained below expectations.[7]


Results and Discussion


In 1998, we reported the synthesis of a new family of chiral
porphyrin-based catalysts 1 bearing Mosher pickets
(Scheme 1).[8] During the course of this study, we found that
fine-tuning of the steric bulk of the strap dramatically influ-
ences the ee values.


Thus, we demonstrated that the most crowded systems 1b
and 1c induced the lowest enantioselectivities, whereas the
less bulky analogue 1a afforded the best ee value. Thus, it
appeared that providing more access to the catalytic center
increased the selectivity of the epoxidation reaction. These
results and those obtained with the binap-strapped porphyr-
in 3b (n=0, Scheme 2)[9] prompted us to prepare the so-
called ™homologated∫ catalyst 4b (n=1) whose strap differs
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Abstract: A new chiral binaphthyl-strapped iron±porphyrin 4b that exhibits unpre-
cedented catalytic activity toward the enantioselective epoxidation of terminal ole-
fins was synthesized. Typical enantiomeric excesses (ee) of 90% were measured
with a maximum of 97% for the epoxidation of styrene, whereas the turnover
numbers (TON) averaged 16000.


Scheme 1. Structures of the Mosher porphyrins™.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305222 Chem. Eur. J. 2004, 10, 224 ± 230224


FULL PAPER







from that of 3b (n=0) by only two CH2 groups. Two guide-
lines directed our choice: First, we decided to retain the C2-
symmetrical ™binap-strapped∫ porphyrins that already
proved to be efficient for the epoxidation of terminal ole-
fins.[7n,9] Indeed, this approach allowed us to isolate styrene
oxides with good enantiomeric excesses even after high
TON. As has been suggested by others, it appears that the
presence of two rigid ™binap-walls∫ efficiently directs the
approach of the olefin toward the metal center, induces a
good transfer of asymmetry and inhibits the oxidative degra-
dation of the catalyst as well as the formation of an unreac-
tive m-oxo dimer.[7b,d] In addition, C2-symmetrical porphyrins
are easily prepared from the readily available a2b2-tetrakis-
(o-aminophenyl)porphyrin. Second, considering the results
of the Mosher series,[8] we decided to ™homologate∫ the
binap handle (n=1) which should move the proximal me-
thoxy groups away from the metal center. The displacement
of the methoxy groups, while offering an easier access of the
olefin to the metal center, should prevent the observed oxi-
dation of the methoxy±naphthyl moiety to the correspond-
ing naphthoquinone 2b (Scheme 2).


Preparation of the catalyst 4b was achieved by condens-
ing the chiral diacid chloride 6 f with aabb-tetrakis(o-amino-
phenyl)porphyrin (aabb-o-TAPP)[11] in the presence of a
stoichiometric amount of N,N-diethylaniline. The diacid
chloride 6 f was readily prepared from R-(+)-1,1’-binaphthol
in an overall yield of 43% (Scheme 3). In the first step, the
commercially available R-(+)-1,1’-binaphthol was quantita-
tively methylated by using NaH/MeI. The resulting diether 5
was then formylated with nBuLi/DMF in 71% yield. Subse-
quently, dialdehyde 6a was quantitatively reduced to the
corresponding diol 6b, converted to the dibromide 6c with
PBr3 according to Naruta×s procedure,[7c] and then treated
with NaCN. The resulting dicyano derivative 6d was isolated


in 84% yield and conveniently
converted into the diacid 6e by
using aqueous sodium hydrox-
ide at 100 8C in 90% yield. It is
worth noting that a more
straightforward homologation
sequence such as the Arndt±
Eistert[10] method was not re-
producible in our hands. A high
dilution reaction involving a
stoichiometric amount of fresh-
ly prepared diacid chloride 6 f
and aabb-o-TAPP[11] in THF in
the presence of N,N-diethylani-
line afforded the free base
binap-strapped porphyrin 4a in
31% reproducible yield. Finally,
the desired catalyst 4b was
quantitatively prepared by re-
fluxing the free base porphyrin
4a with an excess of FeBr2 in
acetic acid before oxidation in
air and washing with dilute hy-


drochloric acid. It is worth noting that metalation of 4a was
complete under these conditions, whereas no complexation
of the free base porphyrin 3a could be effected under simi-
lar conditions, thus confirming the idea that 4a offered an
easier access to the active site than 3a.


Preliminary catalytic measurements revealed that complex
4b displayed remarkable activity toward the enantioselec-
tive epoxidation of terminal olefins (Table 1).


In a typical reaction, one equivalent of catalyst 4b was al-
lowed to react with 100 equivalents of iodosylbenzene and
1000 equivalents of olefin in CH2Cl2 at �5 8C. Under these
conditions, styrene was readily converted to styrene oxide in
97% ee (entry 1). Similarly, electron-deficient olefins such as
pentafluoro- (entry 2), fluoro- (entry 3), chloro- (entries 4
and 6) and nitrostyrenes (entry 5) were efficiently epoxi-
dized in about 90% ee. We also tested the efficiency of the
epoxidation using smaller amounts of the catalyst (Table 1).
Thus, we showed that a ratio catalyst/oxidant/olefin: 1/1000/


Scheme 2. Structures of porphyrins 2±4.


Scheme 3. Synthesis of compounds 5, 6a±6f.
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10000 afforded similar enantiomeric excesses for the olefins
in this study. It is also worth noting that the chemical yields
based on the consumed PhIO varied from about 85% in
most cases but reached 96% in the case of styrene (Table 1,
entry 1). In addition, very good enantioselectivities were
maintained when the reactions were carried out at room
temperature. Thus, epoxidation of styrene at room tempera-
ture afforded the desired epoxide in 94% ee! Furthermore,
catalyst 4b proved to be extremely robust. It could be re-
used for a second run without significant loss of enantiose-
lectivity and the oxidation could be carried out in neat sty-
rene with equally good enantiomeric excesses. Figure 1
shows the relationship between the enantiomeric excess and
the TON. The graphs reveal that the enantiomeric excesses
decrease very slowly: after 15 turnovers, the ee value is 90
%; from 15 to 4200 TON, the ee are still close to 90% and
remain close to 80% even after 16000 TON. Another inter-
esting feature concerns the turnover frequency (TOF) of the
catalyst that reaches 2000 turnovers per hour at room tem-
perature. Even after a high TON, no bleaching was ob-
served, which underlines the robustness of the catalyst. Its
stability was also corroborated by spectroscopic analyses of
the catalyst recovered after epoxidation. In particular, 1H
and 13C NMR spectra of the
hexacoordinate iron complex 4
d obtained after reduction of
the catalyst using Na2S2O4 in
the presence of deuterated pyri-
dine revealed diamagnetic FeII


(S=0) porphyrin spectra with
no evidence of strap degrada-
tion. The presence of the me-
thoxy signals at d=2.21(6H)


and 1.97(6H) ppm confirmed that no quinone formation
had occurred (Table 2).


Quite similar chemical shifts were observed for the Zn
complex 4c (d=2.64 and 1.40 ppm, respectively, in deuterat-
ed pyridine). On the contrary, the 1H NMR spectrum of the
free base porphyrin 4a in [D5]pyridine revealed methoxy
signals at d=2.37 and 0.47 ppm, respectively. The significant
chemical shift difference of the proximal methoxy groups
can be explained by considering the repulsion between the
metal-coordinated [D5]pyridine and the strap. Thus, the
steric hindrance ascribable to the axial ligand displaces the
handle from the porphyrin center and moves it away from
the corresponding strongly shielding anisotropic cone. Simi-


Table 1. Asymmetric epoxidation of styrene derivatives catalyzed by 4b.


Entry[a] Substrate ee
[%][b]


ee
[%][c]


Best ee
previously


Yield
[%][e]


Config.[f]


reported[d]


1 styrene 97 93 83[g] 96 R
2 pentafluorostyrene 96 94 88[g] 80 R
3 3-fluorostyrene 93 92 nd 87 R
4 3-chlorostyrene 88 87 90[g] 90 R
5 3-nitrostyrene 90 87 74[h] 84 R
6 4-chlorostyrene 84 81 70[i] 75 R


[a] The reactions were carried out in CH2Cl2 at �5 8C. Enantiomeric ex-
cesses were determined by GC with use of a Lipodex-E chiral capillary
column (50 mî0.25 mm). [b] Reaction conditions: catalyst 4b/PhIO/
olefin=1:100:1000. [c] Reaction conditions: catalyst 4b/PhIO/olefin=
1:1000:10000. [d] These results do not take into account the absolute con-
figuration of the chiral carbon atom. [e] Yields are based on consumed
PhIO. Results have been confirmed by integration of the peak of the ep-
oxide versus the peak of an internal reference (1,2,4-trichlorobenzene).
[f] Assigned by comparing the GC retention time with standard samples.
[g] Best ee values were obtained by using 2b.[9] Noticeably, ee values ob-
tained with D2-, D4-, C4-symmetrical porphyrins varied in a 20±69%
range, depending on the number, the rigidity, and the nature of the sub-
stituents. [h] Interestingly, the best ee values were obtained by using the
nonrigid tetralin derivative.[7f] [i] In this case the best ee values were ob-
tained using the threitol porphyrins first prepared by Collman and co-
workers and developed by Gross and co-workers later on.[7g, j]


Figure 1. Change in ee with increasing turnover: comparison between 3b
(&)and 4b (^).


Table 2. 1H and 13C chemical shifts of selected signals.


Porphyrins 3a[a] 4a[a] 4a[b] 4c[a] 4c[b] 4d[b] 4d[b]Recovered


dH distal OMe (6H) 2.96 1.98 2.37 2.04 2.64 2.21 2.21
dH proximal OMe(6H) �0.65 �0.51 0.47 1.97 1.40 1.97 1.97
dC distal OMe nd 59.4 nd 61.0 nd 61.4 61.5
dC proximal OMe nd 57.5 nd 60.0 nd 60.4 60.4


[a] NMR spectra were recorded at 25 8C in CDCl3 or in deuterated pyridine. [b] Chemical shifts were calibrat-
ed by using residual solvent peaks as reference. nd=not determined.
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larly, 13C NMR data of the recovered catalyst 4d clearly in-
dicated the presence of the two methoxy groups at d=60.4
and 61.5 ppm. Complementary UV/Vis spectroscopy and
MALDI-TOF analyses confirmed again the integrity of the
structure: catalyst 4b had not been degraded during the oxi-
dative process. This observation is in total contrast with
other catalysts such as [Mn(salen)][2] or other porphyrinic
systems including binap porphyrins which rapidly de-
grade.[12,13]


In addition to the remarkable stability and efficiency of 4
b, the analytical investigations revealed another unique fea-
ture of the catalyst. Indeed, while catalyst 3b, or more pre-
cisely its derivative 2b mainly afforded S epoxides, catalyst
4b generated the opposite R enantiomers (Table 1). We
tried to rationalize this surprising observation on the basis
of molecular modeling. Preliminary molecular modeling of
the free base porphyrins 2a and 4a revealed several inter-
esting features that might explain the reverse enantioselec-
tivity observed with the homologated catalyst 4b (Figure 2).


The minimum-energy conformations of the free base por-
phyrins 2a and 4a were calculated by using a molecular me-
chanics conformation search method (Tripos force field in
SYBYL computation).[14] In both cases, molecular modeling
revealed slightly ruffled porphyrin planes.


It is noteworthy that the porphyrin plane deformation is
more important when n=1 (porphyrin 4a) than when n=0
(porphyrin 2a). This is in agreement with what has been ob-
served in the case of bridled porphyrins.[15] However, the
major differences between the two structures concern the
geometries of the binaphthyl cavities. In particular, it ap-
pears that the dihedral angles of the binaphthyl handles are
different which may be explained by the absence of the
proximal methoxy group for 2a and a higher flexibility for 4
a. Thus, the dihedral angle between the two naphthyl moiet-
ies is 58 smaller in the case of 2a than in the case of 4a (608
versus 658). This is also confirmed using classical CPK
models of 2b and 4e that show that in both cases the ap-


proach of the olefin operates on opposite faces (Figure 3). In
2b, the quinone structure may generate enough room to ac-
commodate the approach of the substrate via the Re face,
near the oxidized naphthalene ring. Such an approach indu-
ces the formation of the S epoxide. In the case of 4e, the
methoxy group of the homologated binaphthyl structure
more likely prevents the Re face approach of the olefin on
the proximal methoxy-naphthalene. Thus, it favors the Si
face approach affording the R enantiomer.


In conclusion, we have demonstrated that the C2-symmet-
rical binaphthyl porphyrin 4b constitutes an exceptional cat-
alyst for the asymmetric epoxidation of styrene derivatives.
Indeed, unprecedented enantiomeric excesses and very high
TON were simultaneously obtained for the epoxidation of
terminal olefins. A key role of the proximal methoxy group
was proposed for explaining the reversed enantioselectivities
observed with iron derivatives 3b and 4b. We suggested that
the proximal methoxy group forces the approach of the Si
face of the substrate for epoxidation by the oxoferryl active


site. On the other hand, we ex-
clude p±p stacking interactions
as we have already demonstrat-
ed that 2b is a remarkable cata-
lyst for the epoxidation of non-
aromatic tert-butyl- and trime-
thylsilyl ethylenes (82 and 90
% ee were respectively meas-
ured for the latter olefins).
Thus, we were able to synthe-
size a novel oxidizing catalyst
which can discriminate prochi-
ral faces of simple olefins
throughout weak nonbonding
interactions. It appeared that
the binaphthyl handle acts as a
butterfly wing that could prefer-
entially attract the Re or the Si
face of the substrate and move
it near the active site for the
oxidation process. Work is in
progress to investigate further


the potential of catalyst 4b. In particular, we are currently
investigating the use of more environmentally friendly oxi-
dants such as H2O2 or NaOCl. Applications of catalyst 4b in
reactions as different as chiral hydroxylation, and asymmet-
ric cyclopropanation are also underway.


Experimental Section


General : Information: All reagents were used as supplied commercially
unless otherwise noted. THF and diethyl ether were distilled from
sodium under N2 before use. 5, 6a±6c, aabb-o-TAPP were prepared ac-
cording to literature method.[7c,11] 1H and 13C NMR spectra were per-
formed on a Bruker AC200, ARX400 or DRX500 spectrometers and ref-
erenced to the residual solvent signals. Infrared spectra were recorded on
a Nicolet-Avatar 320 FT-IR. UV/Vis spectra were recorded on UVIKON
923 Spectrometer. MS/HRMS were obtained from the University of Lille
on an Applied Biosystems Voyager DE-STR MALDI-TOF MS. Optical
rotation data were measured on a Perkin Elmer Model 343 Polarimeter


Figure 2. Lowest energy conformations for porphyrins 2a (left) and 4a (right).
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at 589 nm. GC analyses were performed on HRGC MEGA series 9000
chromatographs with flame ionization detector and using a QC3/PBX5
capillary column (25 mî0.5 mm) and chiral capillary column Lipodex-E
(50 mî0.25 mm, id.; 0.125 mm thickness) respectively. Nitrogen was used
as the carrier gas.


6d : A solution of 6c (4.27 g, 8.53 mmol) and sodium cyanide (1.90 g,
38.8 mmol) in DMSO (20 mL) was stirred at 50 8C for 36 h. After the re-
action was completed, the reaction mixture was poured into a water/di-
chloromethane (350 mL/350 mL) mixture and extracted. The organic
phases were collected, dried over Na2SO4, filtered, and evaporated to
dryness. The crude residue was purified by column chromatography on
silica gel (SiO2 15±40 mm, eluent CH2Cl2) to yield the pure dicyano deriv-
ative 6d (2.83 g; 84%).
1H NMR (200.13 MHz, CDCl3, 298 K): d=3.24 (s, 6H; OCH3), 4.00 (s, 4
H; CH2Ph), 7.15 (d, 3J(H,H)=8.4 Hz, 2H; ArH), 7.30 (t, 3J(H,H)=
8.4 Hz, 2H; ArH), 7.45 (t, 3J(H,H)=8.0 Hz, 2H; ArH), 7.91 (d,
3J(H,H)=8.0 Hz, 2H; ArH), 8.09 ppm (s, 2H; ArH); 13C NMR (50 MHz,


CDCl3, 298 K): 27.5, 68.1, 125.2, 131.6,
132.8, 133.3, 135.0, 135.8, 136.9, 137.5,
138.1, 141.8, 153.0 ppm; EI/MS: m/z :
392.15 [M + H]+ ; elemental analysis
(%): calcd: C 79.57, H 5.14, N 7.14;
found: C 79.46, H 5.20, N 7.13; [a]20D =


�78.7 (c=0.50, THF).


6e : Compound 6d (2.6 g, 6.63 mmol)
was taken up in aqueous NaOH (8m;


30 mL) and stirred at 100 8C for 24 h.
The pale yellow precipitate that had
formed during the reaction was fil-
tered off under vacuum and taken up
in ethyl acetate and water. The aque-
ous solution was acidified until pH 2,
and extracted three times with
AcOEt. The organic layers were com-
bined, dried over MgSO4, filtered, and
evaporated to dryness to afford 6e as
a pale yellow powder (2.56 g; 90%).
1H NMR (200.13 MHz, CDCl3, 298 K):
d=3.23 (s, 6H; OCH3), 3.99 (d,
2J(H,H)=16.7 Hz, 2H; CH2Ph), 4.01
(d, 2J(H,H)=16.7 Hz, 2H; CH2Ph),
7.19 (d, 3J(H,H)=8.1 Hz, 2H; ArH),
7.30 (t, 3J(H,H)=8.4 Hz, 2H; ArH),
7.45 (t, 3J(H,H)=8.4 Hz, 2H; ArH),
7.87 (d, 3J(H,H)=8.1 Hz, 2H; ArH),
7.91 (s, 2H; ArH), 8.75 ppm (2H;
large s, CO2H); 13C NMR (50 MHz,
CDCl3, 298 K): 36.9, 61.0, 125.8, 126.4,
127.3, 128.1, 130.7, 131.7, 132.9, 134.0,
154.1, 179.8 ppm; EI/MS: m/z : 430.08;
elemental analysis (%): calcd: C 69.66,
H 5.17; found: C 69.50, H 5.09; [a]20D =


�24.3 (c=0.50, THF)


6f : Compound 6f was freshly prepared
by refluxing 6e (213 mg, 0.495 mmol)
in oxalyl chloride (5 mL) under stir-
ring at 50 8C for 8 h under N2. Excess
of oxalyl chloride was then removed
by using a water aspirator affording
the crude diacid chloride as a pale
yellow foam. The latter was used in
the following reaction without any fur-
ther purification.


4a : A 500-L two-neck round-bottom
flask equipped with a stir bar, a
rubber septum, and a nitrogen inlet
was charged with freshly distilled THF
(150 mL). N,N-Diethylaniline (970 mg,
6.5 mmol) was added to the THF.
Under N2, in a separate flask a solu-


tion of aabb-o-TAPP (508 mg, 0.76 mmol) in dry THF (20 mL) was pre-
pared and transferred into two 10 mL syringes. Likewise, a solution of 6 f
(705 mg, 1.51 mmol) in dry THF (10 mL) was transferred in a dry 10 mL
syringe. A syringe pump was equipped with the three syringes. The por-
phyrin and the diacid chloride were simultaneously added over 3 h at 5
8C and the reaction mixture was allowed to stir at room temperature for
an additional 12 h. THF was removed under reduced pressure and the
residue was directly poured onto a column and the mixture was purified
by column chromatography (SiO2, 15±40 mm, eluent CH2Cl2). The expect-
ed bis-strapped porphyrin 4a was eluted with a mixture CH2Cl2/MeOH:
99/1 as a purple band. Evaporation of the fractions containing the expect-
ed porphyrin afforded 4a as purple powder (350 mg; 31%). 1H NMR
(400.13 MHz, CDCl3, 298 K): d=�2.91 (s, 2H; NHpyr), �0.51 (s, 6H;
OMe), 1.98 (s, 6H; OMe), 2.58 (d, 2J(H,H)=14.0 Hz, 2H; CH2Ph), 3.15
(d, 2J(H,H)=14.0 Hz, 2H; CH2Ph), 3.33 (d, 2J(H,H)=16.8 Hz, 2H;
CH2Ph), 3.68 (d, 2J(H,H)=16.8 Hz, 2H; CH2Ph), 5.80 (d, 3J(H,H)=
8.3 Hz, 2H; ArH), 6.20 (d, 3J(H,H)=8.3 Hz, 2H; ArH), 6.33 (t,
3J(H,H)=7.4 Hz, 2H; ArH), 6.77 (t, 3J(H,H)=8.3 Hz, 2H; ArH), 6.84 (t,


Figure 3. Proposed mechanism for the enantioselective epoxidation with catalysts 2b and 4e.
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3J(H,H)=7.4 Hz, 2H; ArH), 7.02 (d, 3J(H,H)=8.4 Hz, 2H; ArH), 7.13
(t, 3J(H,H)=7.6 Hz, 2H; ArH), 7.21 (d, 3J(H,H)=8.0 Hz, 2H; ArH),
7.40 (s, 2H; ArH), 7.47 (t, 3J(H,H)=7.4 Hz, 2H; ArH), 7.57 (t,
3J(H,H)=7.4 Hz, 2H; ArH), 7.62 (d, 3J(H,H)=8.2 Hz, 2H; ArH), 7.80
(large s, 4H; NH), 7.82 (t, 3J(H,H)=8.2 Hz, 2H; ArH), 7.89 (t,
3J(H,H)=8.0 Hz, 2H; ArH), 8.15 (d, 3J(H,H)=6.9 Hz, 2H; ArH), 8.54
(d, 3J(H,H)=8.4 Hz, 2H; ArH), 8.59 (s, 2H; Hb), 8.65 (d, 3J(H,H)=
5.1 Hz, 2H; Hb), 8.70 (s, 2H; Hb), 8.73 (d, 3J(H,H)=5.1 Hz, 2H; Hb),
8.85 ppm (d, 3J(H,H)=7.7 Hz, 2H; ArH); 13C NMR (100 MHz, CDCl3,
298 K): 38.7, 39.3, 57.5, 59.4, 112.6, 113.9, 120.4, 120.9, 121.9, 122.2, 122.6,
123.1, 123.4, 123.7, 124.1, 124.2, 125.3, 125.5, 126.5, 128.2, 128.9, 129.2,
129.3, 129.5, 131.3, 131.7, 133.2, 134.0, 136.8, 137.9, 151.5, 152.8,
168.3 ppm; UV/Vis (CH2Cl2): lmax (e)=424 (320000), 517 (18700), 552
(5820), 592 (5780), 649 nm (3420). MALDI-TOF HRMS: m/z calcd for
[C96H70N8O8 + H]+ : 1463.5397, found: 1463.5343; elemental analysis
(%): calcd (M + CH2Cl2): C 75.21, H 4.69, N 7.23; found: C 74.98, H
5.06, N 6.96.


4b : In a typical experiment, 4a (10 mg, 7 mmol) and FeBr2 (50 mg,
0.23 mmol) were added to glacial acetic acid (5 mL) and brought to
reflux overnight under argon. After this reaction time, UV/Vis monitor-
ing confirmed that the reaction had reached completion. Excess of acetic
acid was then removed under vacuum, and the residue taken in CH2Cl2.
The organic phases were washed with dilute HCl (1m), dried over
Na2SO4, filtered through a pad of NaCl, and evaporated to dryness to
afford the chloro±iron complex 4b as a brown powder in quantitative
yield. UV/Vis (CH2Cl2): lmax (e)=418 (25730), 481 (3724), 575 (1996),
744 nm (602). MALDI-TOF HRMS: m/z calcd. for [C96H68N8O8Fe]


+ :
1517.3707, found: 1517.4563.4c : A 50-mL round-bottom flask equipped
with a stir bar was charged with 4a (20 mg, 14 mmol), CH2Cl2 (5 mL),
and AcONa (5 mg, 0.06 mmol) and was brought to reflux. When the re-
action reached a gentle reflux, 1 mL of a saturated methanolic solution
of Zn(OAc)2¥2H2O (154 g/100 g: w/w) was added. Reflux was maintained
for 1 h. TLC revealed that the reaction was not complete, so an addition-
al 1 mL of a saturated solution of Zn(OAc)2¥2H2O was added, and the
reaction was stirred for another 1 h. After this reaction time, both UV/
Vis spectroscopy and a TLC revealed that the reaction had reached com-
pletion. The reaction mixture was then diluted with CH2Cl2 and washed
with water (3 times). After drying over Na2SO4, the organic phase was fil-
tered and evaporated to dryness. The resulting purple powder was taken
up in CH2Cl2 and purified by column chromatography (SiO2 15±40 mm,
eluent CH2Cl2/MeOH: 1/1) to afford the pure zinc complex 4c in quanti-
tative yield. 1H NMR (200.13 MHz, CDCl3, 298 K): d=1.99 (s, 6H;
OMe), 2.10 (s, 6H; OMe), 2.59 (d, 2J(H,H)=14.0 Hz, 2H; CH2Ph), 3.15
(d, 2J(H,H)=14.0 Hz, 2H; CH2Ph), 3.33 (d, 2J(H,H)=16.0 Hz, 2H;
CH2Ph), 3.20 (d, 2J(H,H)=16.0 Hz, 2H; CH2Ph),), 3.28 (d, 2J(H,H)=
15.0 Hz, 2H; CH2Ph),), 3.61 (d, 2J(H,H)=15.0 Hz, 2H; CH2Ph), 5.63 (d,
3J(H,H)=8.0 Hz, 2H; ArH), 5.70 (d, 3J(H,H)=8.0 Hz, 2H; ArH), 6.28
(t, 3J(H,H)=8.4 Hz, 2H; ArH), 6.71 (s, 2H; ArH), 6.84 (t, 3J(H,H)=
7.9 Hz, 2H; ArH), 7.12 (s, 2H; ArH), 7.17 (t, 3J(H,H)=7.4 Hz, 2H;
ArH), 7.37 (t, 3J(H,H)=7.4 Hz, 2H; ArH), 7.53 (t, 3J(H,H)=7.4 Hz, 4H;
ArH), 7.63 (t, 3J(H,H)=7.4 Hz, 4H; ArH), 7.79 (t, 3J(H,H)=8.2 Hz, 4H;
ArH), 7.80 (t, 3J(H,H)=8.2 Hz, 4H; ArH), 7.85 (s, 2H; ArH), 8.01 (s, 2
H; ArH), 8.22 (d, 3J(H,H)=7.4 Hz, 2H; ArH), 8.74 (m, 8H; Hb),
8.94 ppm (s, 2H; ArH); 13C NMR (125 MHz, CDCl3, 298 K): 29.8, 40.2,
41.0, 60.0, 61.0, 114.7, 116.0, 120.6, 122.0, 122.8, 122.9, 123.1, 123.2, 123.8,
124.2, 125.2, 125.3, 127.0, 127.5, 127.7, 127.8, 128.5, 129.3, 129.7, 130.3,
130.4, 131.2, 131.7, 132.0, 132.2, 132.7, 133.0, 134.8, 136.8, 138.3, 138.8,
149.4, 150.5, 150.6, 151.0, 153.3, 168.8, 169.9 ppm; UV/Vis (CH2Cl2): lmax


(e)=428 (352670), 553 nm (19910).


General procedure for asymmetric olefin epoxidation :


Epoxidations were carried out using the following standard conditions: A
mixture of the catalyst 4b (1 mmol), olefin (1.0 mmol), and 1,2,4-trichlor-
obenzene (160 mmol, as an internal standard) in freshly distilled and de-
gassed CH2Cl2 (2 mL) were stirred under N2 in an ice-bath in a dry
1.5 cm diameter Schlenk tube. After addition of PhIO (100 mmol, 22 mg),
aliquots were taken, purified by chromatography on a short silica-gel
column and monitored by GC at appropriate intervals. Enantiomeric ex-
cesses were determinated by using Lipodex-E capillary chiral column
(50 mî0.25 mm, id.; 0.125 mm thickness). The retention times were com-
pared to the retention times of standard racemates. The yield of he reac-


tions was calculated based on the consumed PhIO on a QC3/PBX5 capil-
lary column (25 mî0.5 mm).
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Ruthenium-Catalyzed One-Pot Double Allylation/Cycloisomerization of
1,3-Dicarbonyl Compounds Leading to exo-Methylenecyclopentanes


Yoshihiko Yamamoto,*[a, b] Yu-ichiro Nakagai,[a] and Kenji Itoh[a]


Introduction


Transition-metal-catalyzed multicomponent coupling cycliza-
tions are powerful methods to synthesize complex cyclic
molecules from inexpensive acyclic starting materials.[1] Es-
pecially, a one-pot sequential catalytic system that promotes
multiple reactions in a single pot is highly desirable, because
it would reduce the amount of waste produced from the sep-
aration and purification of intermediates.[2] Toward this end,
two different strategies have been developed: a multimetal-
lic catalysis that uses different some catalysts effective for a
specific transformation, and a multifunctional catalysis, in
which a single metal component catalyzes some transforma-
tions. For example, Jeong and co-workers reported that the
Pd0-catalyzed allylic substitution giving rise to enyne inter-
mediates followed by the RhI-catalyzed Pauson±Khand re-
action effectively afforded bicycloalkenones.[3] Such a bimet-
allic system is successful only when one of the two catalysts
never interferes with the other one. Accordingly, a correct
choice of the catalyst combination plays a critical role in the
multimetallic catalysis. On the other hand, Evans and Robin-
son found that a similar one-pot annulation of bicycloalke-


nones was accomplished using only a single RhI precatalyst
which proved to be effective for both allylic substitution and
the Pauson±Khand reaction.[4] From the viewpoint of metal-
atom economy,[5] this type of multifunctional catalysis is ad-
vantageous compared with the multimetallic systems, al-
though they are still confined to a limited number of exam-
ples.[6]


To extend the scope of the multifunctional catalysis, we
carried out our study on the ruthenium-catalyzed one-pot
synthesis of exo-methylenecyclopentanes by means of se-
quential double allylation of 1,3-dicarbonyl compounds and
cycloisomerization of 1,6-dienes. Catalytic cycloisomeriza-
tion is a highly atom-economical method to convert 1,6-
diene precursors into cyclopentane products without addi-
tional reagents except for an appropriate catalyst.[7,8] In
turn, some 1,6-dienes can be obtained by catalytic double al-
lylation of suitable 1,3-dicarbonyl compounds. Therefore, a
new efficient protocol to construct a synthetically useful cy-
clopentane framework could be realized by combining these
two catalytic transformations into a one-pot sequential proc-
ess (Figure 1). Among a wide variety of transition-metal ele-
ments effective for cycloisomerization and/or allylic substitu-
tion, we chose ruthenium because we have already found
and reported that the ruthenium(ii)-catalyzed cycloisomeri-[a] Dr. Y. Yamamoto, Y.-i. Nakagai, Prof. Dr. K. Itoh
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Abstract: The ruthenium-catalyzed
one-pot double allylation/cycloisomeri-
zation of 1,3-diketones and methyl ace-
toacetate gave exo-methylenecyclopen-
tanes in moderate to good yields with
high isomer selectivity. The double al-
lylation step effectively proceeded in
the presence of a RuII precatalyst,
[Cp*RuCl(cod)], in 1,2-dichloroethane


at 90 8C. The subsequent cycloisomeri-
zation was carried out upon addition of
triethylsilane as a hydride source with-
out purification of a 1,6-diene inter-


mediate. Detailed inspections of the re-
action by 1H NMR spectroscopy dis-
closed that triethylsilyl methyl ether
plays an important role for the conver-
sion of a ruthenium(iv) allyl complex
formed in the double allylation step
into a ruthenium(ii) species required
for the cycloisomerization.


Keywords: alkenes ¥ allylation ¥
cycloisomerization ¥ homogeneous
catalysis ¥ ruthenium


Figure 1. Retrosynthesis of exo-methylenecyclopentanes.
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zation is quite tolerant for a wide range of functional groups
and selectively produces exo-methylene isomers.[9] Although
ruthenium-catalyzed allylations of 1,3-dicarbonyl com-
pounds have been also report-
ed,[10] re-optimization of the re-
action conditions was required
to selectively obtain doubly al-
lylated products rather than
monoallylation counterparts. In
addition, we had to elaborate
an efficient method to convert
an allylruthenium complex
which is formed by the first al-
lylation step into a ruthenium-
(hydride) species active toward
the second cycloisomerization.
Herein, we wish to report on
our endeavor to realize the
one-pot double allylation/cycloisomerization leading to the
exo-methylenecyclopentane derivatives by means of the
ruthenium catalysis.


Results and Discussion


Ruthenium-catalyzed double allylation of 1,3-dicarbonyl
compounds : Previously, the efficient double allylation of
acetylacetone with allyl methyl carbonate was achieved
using [Ru(cod)(cot)] (cod=1,5-cyclooctadiene, cot=1,3,5-
cyclooctatriene) as a precatalyst.[10b] The allylation proceed-
ed at 50 8C in the presence of N-methylpiperidine (NMP)
and 4 mol% of the precatalyst to selectively afford a doubly
allylated product in high yield. Later, a p-allylruthenium
complex 2b relevant to catalytic allylation was synthesized
from [Cp*RuCl(cod)] (1) (Cp*=pentamethylcyclopenta-
dienyl)[11] and cinnamyl chloride (Figure 2).[12] The isolated
2b was treated with excess acetylacetone at room tempera-


ture in the presence of COD and NMP to produce a mono-
allylated product as a single regioisomer in high yield.[12]


Moreover, 1 also proved to be effective for the catalytic al-
lylation of piperidine with allyl carbonates. On the basis of
these reports, we decided to use 1 as a precatalyst for the
double allylation, because the same complex also effective
for the catalytic cycloisomerization of dimethyl diallylmalo-
nate in refluxing iPrOH, and, thus, the anticipated one-pot
sequential procedure would be realized, if the allylrutheni-
um complex formed in the first step could be converted into
a hydride active species as generated from 1 in refluxing
iPrOH.


Table 1 summarizes the results of the ruthenium-catalyzed
allylation of 1,3-dicarbonyl substrates. In accordance with
previous reports,[10b,12] dimethyl malonate 4a underwent ally-


lation in the presence of NMP and 5 mol% 1 to give rise to
the desired diallylmalonate 5a almost exclusively in 83%
isolated yield (run 1). However, the strongly coordinated
solvent such as NMP even in a trace amount might have a
deteriorative effect on the next cycloisomerization step (see
below). With this in mind, further examinations were carried
out with respect to the solvent. In 1,2-dichloroethane
(DCE), 4a was completely consumed within 24 h at the
same temperature, but monoallylated 6a was the major
product (run 2). The ratio of 5a over 6a was slightly in-
creased without solvent (run 3). The reaction in refluxing
THF resulted in a low conversion of 46%, probably due to
lower reaction temperature (run 4). In contrast to 4a, acety-
lacetone 4b possessing more acidic methylene protons effi-
ciently underwent allylation even without NMP (run 5). In
the presence of 10 mol% 1, 4b was completely consumed at
90 8C for 6 h to afford the desired doubly allylated product
5b in 89% isolated yield.


Ruthenium-catalyzed cycloisomerization of 1,6-dienes using
hydrosilane as hydride source : With the ruthenium-cata-
lyzed double allylation of the 1,3-dicarbonyl substrates 4a
and 4b secured, we then explored the cycloisomerization of
the 1,6-dienes using the allyl complex 2a[13] as a catalyst pre-
cursor. According to our previously reported protocol,[9] the
diene 5a was heated in refluxing iPrOH containing 5 mol%
2a for 24 h. No reaction, however, took place and 5a was re-
covered. This is in sharp contrast to the reaction using 1
giving rise to the desired exo-methylenecyclopentane 7a in
high yield under similar reaction conditions.[9] This incom-
patibility of iPrOH toward 2a as a hydride source forced us
to search for an alternative hydride donor. Recently, Widen-
hoefer et al. reported the novel cycloisomerization protocol
utilizing the combination of a cationic p-allylpalladium com-
plex and a hydrosilane.[14] With its relevance to our catalytic
system in mind, hydrosilanes were examined as hydride
donors. As summarized in Table 2, the combinations of sev-
eral ruthenium complexes and triethylsilane were examined
with respect to the cycloisomerization of 5a. Heating of a
DCE solution containing 5a, 5 mol% 1, and 1 equiv triethyl-
silane at 90 8C for 10 h afforded a mixture of several cycliza-


Figure 2. Ruthenium complexes relevant to this work.


Table 1. Ru-catalyzed allylation of 4a and 4b.


Run EWG Solvent T [8C] t [h] 5/6[a] 5 Yield [%]


1 CO2Me NMP 90 6 99/1 5a 83
2 CO2Me DCE 90 24 13/87 ±
3 CO2Me neat 90 24 34/66 ±
4 CO2Me THF 70 24 6/94[b] ±
5[c] COMe DCE 90 6 95/5 5b 89


[a] Determined by GC. [b] 46% conversion. [c] 10 mol% 1 was used.
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tion products (run 1). The GC analysis of the crude reaction
mixture revealed that the desired exo-methylenecyclopen-
tane 7a was the major product. Together with 7a, a cyclo-
pentene 8a and a silylative cyclization product 10a[15] were
also detected by GC and 1H NMR analyses. Prolonged reac-
tion time of 24 h increased the amount of 8a (run 2). This
observation indicated that 8a was formed via the isomeriza-
tion of 7a under the reaction conditions.[9] A dimeric arene
complex 3, [{RuCl2(p-cymene)}2],


[16] exhibited a higher cycli-
zation activity, but the product selectivity was lower than 1a
(run 4).[17] Other ruthenium complexes, [Ru(cod)(cot)][18]


and [(Cp*RuCl2)2],
[11] were less effective than the above pre-


catalysts, and a phosphine complex, [RuCl2(PPh3)3],
[19] was


totally ineffective. With respect to hydrosilanes, an arylsi-
lane, PhMe2SiH, and an alkoxysilane, (MeO)3SiH, were less
effective than Et3SiH.
Encouraged by these results, we further examined the cat-


alytic activity of the p-allyl complex 2a in the presence of
the hydrosilane. The treatment of 5a with 5 mol% 2a and
1 equiv Et3SiH at 90 8C in DCE gave rise to a nearly equal
amount of 7a and its isomer 8a
(Table 2, run 4). The controlled
addition of the silane (1 equiv
in eight portions at 2 h interval)
improved the isomer selectivity
up to around 90% (run 5). Pu-
rification by silica gel chroma-
tography afforded the desired
exo-methylenecyclopentane 7a
in 75% yield with 89% isomer-
ic purity. However, the reaction
was completely suppressed in
the presence of NMP as antici-
pated above.


One-pot double allylation/cy-
cloisomerization : Finally, the
one-pot double allylation/cyclo-
isomerization of some 1,3-dicar-
bonyl compounds was explored
as summarized in Table 3. As a
typical substrate, acetylacetone
4b was first employed, because
the double allylation of a 1,3-


diester such as 4a required a
strongly coordinating solvent
NMP, which would poison the
catalyst in the second cycloiso-
merization step. Thus, 4b was
treated with 2 equiv allyl
methyl carbonate in the pres-
ence of 10 mol% 1 in refluxing
DCE for 5 h. Subsequently,
1.1 equiv triethylsilane was
slowly added to the refluxing
solution by syringe pump
during 12 h, and additional re-
fluxing for 8 h to give the de-
sired exo-methylenecyclopen-


tane 7b in 67% overall isolated yield with 94% isomeric
purity (run 1). In the same manner, cyclic 1,3-diketones, cy-
clohexane-1,3-dione 4c and indane-1,3-dione 4d, were sub-
jected to the one-pot sequential reaction to furnish the cor-
responding spirocyclic products 7c and 7d in 76 and 47%
respective yields with excellent isomeric purity (runs 3 and
5). In addition to these 1,3-diketones, a 1,3-ketoester,
methyl acetoacetate 4e, also underwent the sequential reac-
tion to give the expected cyclopentane as a 1:1 diastereomer
mixture in 71% yield (run 7). In contrast, dimethyl malo-
nate (4a), 1,3-diphenylpropane-1,3-dione (4 f), methyl cya-
noacetate (4g), and bis(phenylsulfonyl)methane (4h) failed
to undergo one-pot cyclization under the same reaction con-
ditions. As mentioned above, 4a is incompatible with the
double allylation step without NMP, while other substrates
4 f±h gave doubly allylated products 5 f±h under the modi-
fied NMP-free conditions (Scheme 1). These facts show that
5 f±h were incompatible substrates for the present cycloiso-
merization protocol using triethylsilane as a hydride source.
This is in contrast to the previously reported catalyst system,


Table 2. Ru-catalyzed cyclization of 5a using Et3SiH.


Run [Ru] t [h] Product ratio [%][a]


7 8 9 10


1 1 10 69.6 23.1 ± 7.3
2 1 24 48.4 40.3 ± 11.3
3 3 17 20.5 36.3 19.5 23.7
4 2a 24 52.5 42.7 ± 4.8
5 2a 14[b] 89.7 6.2 ± 4.1


[a] Determined by GC analysis of crude product. [b] Triethylsilane (1 equiv) was added in eight portions at 2 h
intervals.


Table 3. Ru-catalyzed one-pot double allylation/cycloisomerization.


Run 4 Method[a] 2nd step 7 Yield[b] Purity[c]


t [h] [%] [%]


1 A 20 67 94
2 B 20 75 89


3 A 20 76 99
4 B 40 60 99


5 A 20 47 99
6 B 40 57 93


7 A 20 71 90
8 B 20 83 90


[a] Methods: A, 10 mol% 1 was used. B, 5 mol% 1 was used and each 20 mol% of Et3SiH and COD were
added in the 2nd step. [b] Overall isolated yield. [c] Determined by GC analysis of the isolated products.
[d] 1:1 Diastereomeric mixture.
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[{RuCl2(cod)}n]/iPrOH, converted 5g and 5h into the de-
sired exo-methylenecyclopentanes without difficulty.[9]


Influence of additives on one-pot process : To improve the
efficiency of the present one-pot process, we carried out the
careful inspections of the stoichiometric reaction of the pre-
catalyst 1 with the allyl carbonate using 1H NMR (500 MHz,
C6D6) (Scheme 2, Figure 3). At the outset, 1 was treated


with 1 equiv allyl methyl carbonate in dry degassed C6D6


and the reaction mixture was heated at 60 8C. As the singlet
peak corresponding to the Cp* ligand of 1 at d 1.31 ppm de-
creased, two new singlet peaks appeared at d 1.11 and
1.05 ppm and gradually increased. The former can be easily
assigned to the Cp* ligand of the known p-ally complex 2a.
The latter was tentatively assigned to a methoxo complex


2c, which was expected to be formed directly from 1 and
allyl methyl carbonate, because the Cp* signal (d 1.05 (s,
15H)) was observed together with absorptions due to the p-
allyl ligand (d 4.18±4.23 (m, 1H), 3.63 (d, J=6.5 Hz, 2H),
and 1.60 (dd, J=11.5, 1.5 Hz, 2H)). However, the signal for
the methoxo ligand cannot be differentiated from that of
the concomitantly formed methoxide at d 3.04 ppm (brs).
After heating for 2.25 h, the ratio of 1:2a :2c became
18:57:25. To this solution, 2 equiv Et3SiH was added and the
reaction mixture was further heated at 60 8C. Consequently,
the amount of 1 was gradually increased, while the con-
sumption of 2a and 2c was observed as shown in Figure 3.
These observations show that the RuIV p-allyl complexes 2a
and 2c were reduced by the hydrosilane to regenerate a
[Cp*RuIICl] fragment, which was further trapped with coex-
istent COD to give rise to 1. It is noteworthy that the imme-
diate decrease of the methoxo complex 2c after the addition
of Et3SiH was followed by the slow conversion of the di-
chloro complex 2a. The 1H NMR spectra also showed the
formation of Et3SiCl and Et3SiOMe.
In striking contrast to the above results, 1 was never re-


stored from the isolated 2a and COD upon treatment with
Et3SiH under similar conditions. After examining the influ-
ence of some by-products, we found that the isolated 2a was
converted into 1 albeit with 25% conversion in the presence
of each 1 equiv Et3SiH, COD, and Et3SiOMe in dry de-
gassed C6D6 at 80 8C for 7 h. On the contrary, the reduction
of 2a failed completely when MeOH or NaOMe was added
in place of Et3SiOMe. Although the exact role of Et3SiOMe
is not clear in this stage, we assumed that Et3SiOMe is re-
quired to convert 2a into 2c, that is, in turn, reduced by
Et3SiH to give rise to 1 as depicted in Scheme 3.


On the basis of these results,
the one-pot procedure was
modified by employing each
20 mol% COD and Et3SiOMe
as additives at the cycloisomeri-
zation step (method B in
Table 3). As a consequence, the
exo-methylenecyclopentanes
7b±e were obtained in similar
or higher yields even with less
amounts of catalyst loading
(runs 2, 4, 6, and 8).


Reaction mechanisms : Figure 4
outlines the plausible mecha-
nisms of the present one-pot
double allylation/cycloisomeri-
zation. In the allylation step,
the coordinatively unsaturated


Scheme 1. Double allylation of active methylene compounds.


Scheme 2. Reaction of 1 with allyl methyl carbonate and Et3SiH.


Figure 3. Time course of conversions of 1 (^), 2a (&), and 2c (~); the arrow indicates where Et3SiH (2 equiv)
was added.


Scheme 3. Transformation of 2a into 1 via 2c.
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[Cp*RuIICl] fragment 11 reacted with allyl methyl carbonate
to initially generate the [Cp*RuIV(allyl)(methoxo)] complex
2c, which reacted with an active methylene compound to
give allylated products 5 and 6. Under the reaction condi-
tions, the dichloro complex 2a was also formed probably
from 2c, although the mechanism of the formation is un-
clear. Upon addition of Et3SiH, 2c is considered to give rise
to a RuII-hydrido complex 12 via 11, whereas the (hydrido)r-
uthenium species could not be detected by 1H NMR spec-
troscopy. On the contrary, 2a proved to be inert toward
Et3SiH, but in the presence of Et3SiOMe, 2a was indirectly
reduced to give 11 via 2c.
Extensive mechanistic studies disclosed that the Pd-cata-


lyzed cycloisomerizations of 1,6-dienes proceeds via sequen-
tial insertion/b-hydride elimination mechanism.[14b,20] On the
other hand, we and others believe that the oxidative cycliza-
tion/b-hydride elimination/reductive elimination sequence is
involved in the Ru-catalyzed cycloisomerization as shown in
Figure 4.[9,21] Strongly coordinating molecules such as NMP
and PPh3 are considered to prevent the oxidative cyclization
key step in the cycloisomerization cycle.


Conclusion


In summary, we successfully developed the novel protocol
to synthesize exo-methylenecyclopentanes from 1,3-dike-
tones and a ketoester by means of the ruthenium-catalyzed
one-pot double allylation/cycloisomerization. A pentame-
thylcyclopentadienyl complex, [Cp*RuCl(cod)], proved to
be an appropriate precatalyst for double allylation of active
methylene compounds using allyl methyl carbonate without
NMP. The subsequent cycloisomerization also effectively
proceeded in the presence of triethylsilane as a hydride
source, although the substrate was confined to the 1,3-dike-
tones and the ketoester. The detailed inspection of the reac-
tion conditions disclosed that Et3SiOMe plays an important
role for the regeneration of [Cp*RuIICl] fragment from RuIV


p-allyl species formed in the first allylation step.


Experimental Section


General : 1H and 13C NMR spectra
were measured on a Varian Mercury
300 or a Varian Inova 500 NMR spec-
trometer as CDCl3 or C6D6 solutions.
Chemical shifts (d) are given in ppm
relative to CDCl3 or C6D6, and cou-
pling constants (J) in Hz. Mass spectra
were recorded on a JEOL JMS-AX
505 HA mass spectrometer. Elemental
analyses were performed at the Micro-
analytical Center of Kyoto University.
Melting points were obtained by a
B¸chi Melting Point B-540 apparatus
and are uncorrected. Flash chromatog-
raphy was performed with a silica gel
column (Merck silica gel 60) eluted
with solvents [hexane/AcOEt]. THF
and 1,2-dichloroethane were dried
over CaH2 and Na/benzophenone, re-


spectively, and distilled. [Cp*RuCl(cod)] (1),[11] [(Cp*RuCl)2],
[11]


[Cp*RuCl2(h-allyl)] (2a),[13] [{RuCl2(p-cymene)}2],
[16] [Ru(cod)(cot)],[18]


and [RuCl2(PPh3)3]
[19] were prepared according to the literature proce-


dures. 1,6-Dienes and exo-methylenecyclopentanes 7a±c, e are known
compounds.[9]


Representative procedure for [Cp*RuCl(cod)]-catalyzed double allyla-
tions–Synthesis of 1,6-diene 5b from acetylacetone 4b and allyl methyl
carbonate : A solution of acetylacetone (4b) (101 mg, 1.0 mmol), allyl
methyl carbonate (239 mg, 2.1 mmol) and [Cp*RuCl(cod)] 1 (37.9 mg,
0.1 mmol) in dry 1,2-dichloroethane (0.6 mL) was degassed and heated at
90 8C for 5 h under Ar atmosphere. The solvent was evaporated and the
crude product was purified by silica gel flash column chromatography
(hexane/AcOEt 10:1) to give a 1,6-diene 5b (161 mg, 89%) as colorless
oil.


Representative procedure for Ru-catalyzed cycloisomerization using hy-
drosilane–Synthesis of exo-methylenecyclopentane 7a from 1,6-diene
5a : A solution of 1,6-diene (5a) (219 mg, 1.0 mmol) and [Cp*RuCl2(all-
yl)] (2a) (15.6 mg, 0.05 mmol) in dry 1,2-dichloroethane (2 mL) was de-
gassed and heated at 90 8C under Ar atmosphere. To this solution, trie-
thylsilane (116 mg, 1.0 mmol) was added in eight portions at 2 h interval.
The solvent was evaporated and the crude product was purified by silica
gel flash column chromatography (hexane/AcOEt 30:1) to give an exo-
methylenecyclopentane 7a (164 mg, 75%) as colorless oil.


Representative procedure for one-pot double allylation/cycloisomeriza-
tion–Synthesis of exo-methylenecyclopentane 7b from acetylacetone
4b : A solution of acetylacetone (4b) (101 mg, 1.0 mmol), methyl allyl
carbonate (248 mg, 2.0 mmol) and [Cp*RuCl(cod)] (1a) (19 mg,
0.05 mmol) in dry 1,2-dichloroethane (0.6 mL) was degassed and stirred
at 90 8C under Ar for 5 h. After addition of 1,5-cyclooctadiene (61 mL,
0.50 mmol) and Et3SiOMe (36 mL, 0.20 mmol), a solution of Et3SiH
(160 mL, 1 mmol) in dry degassed 1,2-dichloroethane (0.8 mL) was added
to the refluxing reaction mixture over 12 h by syringe pump. The reaction
mixture was stirred at 90 8C for an additional 8 h. The solvent was then
evaporated and the crude product was purified by silica gel flash column
chromatography (hexane/AcOEt 40:1) to give an exo-methylenecyclo-
pentane 7b (136 mg, 75%) as colorless oil. Analytical data for 7b has
been reported in ref. [7g].


Analytical data for 7d : m.p. 73±75 8C; IR (CHCl3): ñ = 1706, 1598 cm�1;
1H NMR (300 MHz, CDCl3, 25 8C): d = 1.17 (d, J=6.6 Hz, 3H), 1.72
(dd, J=12.6, 11.4 Hz, 1H), 2.10 (dd, J=12.6, 7.8 Hz, 1H), 2.70 (dq, J=
16.5, 1.2 Hz, 1H), 2.76 (dq, J=16.5, 2.1 Hz, 1H), 3.04 (m, 1H), 4.89 (dd,
J=4.5, 2.4 Hz, 1H), 4.94 (dd, J=4.5, 2.4 Hz, 1H), 7.81±7.87 (m, 2H),
7.93±7.99 (m, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d = 17.47, 38.51,
39.70, 42.95, 57.81, 105.23, 123.18, 123.39, 135.47, 135.59, 140.98, 141.38,
153.88, 203.19, 203.71; MS (FAB): m/z (%): 227 (40) [M+H+], 147 (100);
elemental analysis calcd (%) for C15H14O2 (226.27): C 79.62, H 6.24;
found: C 79.54, H 6.32.


Stoichiometric reaction of [Cp*RuCl(cod)] (1) with allyl methyl carbon-
ate and Et3SiH : In a standard NMR tube, a dry degassed C6D6 solution


Figure 4. Possible mechanism for one-pot double allylation/cycloisomerization.
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of [Cp*RuCl(cod)] (1.9 mg, 0.005 mmol), allyl methyl carbonate (0.57 mL,
0.005 mmol), and (Me3Si)2O (1.06 mL, 0.005 mmol) as a internal standard
was heated at 60 8C. After heating for 2.25 h, Et3SiH (1.6 mL, 0.01 mmol)
was added to the solution and continued heating at 60 8C. The progress
of the reaction was monitored by 1H NMR (500 MHz).


Spectral data : 1H NMR (500 MHz, C6D6, 25 8C): [1] d = 1.31 (s, 15H),
1.76±1.79 (m, 4H), 1.86±1.88 (m, 2H), 2.92±2.95 (m, 2H), 3.73±3.75 (m,
2H), 3.96±4.20 (m, 2H); [2a] d = 1.11 (s, 15H), 1.81 (d, J=10 Hz, 2H),
4.00 (d, J=5.5 Hz, 2H), 5.26±5.32 (m, 1H); [2c (tentative)] d = 1.05 (s,
15H), 1.60 (dd, J=11.5, 1.5 Hz, 2H), 3.63 (d, J=6.5 Hz, 2H), 4.18±4.32
(m, 1H) (methoxo peak obscured).
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Quantitative Evaluation of d±p Interaction in Copper(i) Complexes and
Control of Copper(i)±Dioxygen Reactivity


Takao Osako,[a] Yoshimitsu Tachi,[a] Matsumi Doe,[a] Motoo Shiro,[b] Kei Ohkubo,[c]


Shunichi Fukuzumi,*[c] and Shinobu Itoh*[a]


Introduction


Weak interactions such as hydrogen bonding, p±p stacking,
cation±p, and CH±p interactions are recognized as essential
tools in molecular recognition and supramolecular chemis-
try.[1±7] Such interactions play versatile roles not only in the
structural regulation of molecular architectures but also in
controlling their physicochemical properties and functions.
Transition metal p complexes of aromatic compounds are
also well known as important intermediates in a wide varie-
ty of catalytic reactions with industrial and synthetic applica-
tions.[8±10] For copper, however, structurally characterized
arene complexes are relatively rare,[11±19] and very little is
known about the physicochemical aspects of the copper±ar-
ene interaction.
Copper complexes of a wide variety of ligands have been


developed, especially in the field of bioinorganic chemistry,
to replicate the structures and functions of the active sites of
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Abstract: Crystal structures of the cop-
per(i) complexes 1X, 2, and 3 of a series
of tridentate ligands L1X, L2, and L3,
respectively (L1X: p-substituted deriva-
tives of N,N-bis[2-(2-pyridyl)ethyl]-2-
phenylethylamine; X=H, Me, OMe,
Cl, NO2; L2: N,N-bis[2-(2-pyridyl)eth-
yl]-2-methyl-2-phenylethylamine; L3:
N,N-bis[2-(2-pyridyl)ethyl]-2,2-diphenyl-
ethylamine) were solved to demon-
strate that all the copper(i) complexes
involve an h2 copper±arene interaction
with the phenyl ring of the ligand side-
arm. The CuI ion in each complex has
a distorted tetrahedral geometry con-
sisting of the three nitrogen atoms (one
tertiary amine nitrogen atom and two
pyridine nitrogen atoms) and C1�C2 of
the phenyl ring of ligand sidearm,
whereby the Cu�C distances of the
copper±arene interaction significantly
depend on the para substituents. The


existence of the copper±arene interac-
tion in a nonpolar organic solvent
(CH2Cl2) was demonstrated by the ob-
servation of an intense MLCT band
around 290 nm, and the magnitude of
the interaction was evaluated by de-
tailed analysis of the 1H and 13C NMR
spectra and the redox potentials E1/2 of
the copper ion, as well as by means of
the ligand-exchange reaction between
the phenyl ring and CH3CN as an ex-
ternal ligand. The thermodynamic pa-
rameters DHo and DSo for the ligand-
exchange reaction with CH3CN afford-
ed a quantitative measure for the
energy difference of the copper±arene
interaction in the series of copper(i)


complexes. Density functional studies
indicated that the copper(i)±arene in-
teraction mainly consists of the interac-
tion between the dz2 orbital of Cu


I and
a p orbital of the phenyl ring. The cop-
per(i) complexes 1X reacted with O2 at
�80 8C in CH2Cl2 to give the corre-
sponding (m-h2:h2-peroxo)dicopper(ii)
complexes 4, the formation rates kobs of
which were significantly retarded by
stronger d±p interaction, while com-
plexes 2 and 3, which exhibit the stron-
gest d±p interaction showed significant-
ly lower reactivity toward O2 under the
same experimental conditions. Thus,
the d±p interaction has been demon-
strated for the first time to affect the
copper(i)±dioxygen reactivity, and rep-
resents a new aspect of ligand effects
in copper(i)±dioxygen chemistry.


Keywords: copper ¥ Pi interactions ¥
N ligands ¥ O�O activation ¥
substituent effects
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copper proteins (enzymes).[20] In particular, dioxygen activa-
tion by copper(i) complexes is an important and attractive
research objective, not only in bioinorganic chemistry but
also in catalytic oxidation reactions.[21±27] In recent years, ex-
tensive efforts have been devoted to clarifying the effects of
ligands on the structure and reactivity of copper±dioxygen
intermediates, and demonstrated that nitrogen-donor capa-
bility and denticity (didentate versus tridentate versus tetra-
dentate), as well as steric effects of the supporting ligands,
are crucial in controlling the structure and reactivity.[28±34]


Recently, it was shown that the presence of acidic protons
on the nitrogen donor atoms of the ligand alters the struc-
ture and stability of resulting Cu2/O2 complexes.[35,36] Since
most of the ligands so far been employed contain aromatic
groups, copper(i)±arene interactions may also play impor-
tant roles in controlling the structure and reactivity of the
copper(i) complexes toward di-
oxygen. However, little atten-
tion has been paid to copper(i)±
arene interactions in copper(i)±
dioxygen chemistry.[37]


We report herein the first
quantitative evaluation of the
d±p interaction in copper(i)
complexes of a series of bis[2-
(2-pyridyl)ethyl]amine triden-
tate ligands L1±L3. The crystal
structures, spectroscopic fea-
tures (NMR and UV/Vis), and
redox behavior of the copper(i)
complexes were systematically
investigated to provide pro-
found insights into the structure
and physicochemical features of
the copper(i)±arene interaction.
Moreover, it was shown that
the reactivity of the copper(i)
complexes toward dioxygen is
significantly influenced by the
ligand substituents through the
d±p interaction in the copper(i)
starting materials.


Results and Discussion


Structural characterization of
copper(i)--arene interactions :
Crystal structures of [CuI(L1X)]-
ClO4 (1


X, X=H, Me, OMe, Cl,
and NO2) and [CuI(L3)]ClO4


(3) were determined (Figure 1),
while that of [CuI(L2)]ClO4 (2)
was already reported in our
previous paper.[19] The crystallo-
graphic data of 1X and 3 are
presented in Table 1, and select-
ed bond lengths around the
copper ion are summarized in


Table 2, in which the data of 2 are also included. It is note-
worthy that the unit cell of 1H contains ten crystallographi-
cally independent molecules, and is thus an unusually long
rectangular parallelepiped (a=15.695(2), b=78.34(1), c=
17.389(4) ä), while the other complexes form normal unit


Figure 1. ORTEP plots of 1X (X=OMe, Me, H, Cl, NO2) and 3 with 50% probability thermal ellipsoids The
counteranion and hydrogen atoms are omitted for clarity.
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cells containing one or two crystallographically independent
molecules (Table 1 and Supporting Information: Figures S1±
S6 and Tables S1±S6).
All the copper(i) complexes exhibit a similar type of cop-


per(i)±arene interaction in the crystal, in which the phenyl
ring of the ligand sidearm is positioned just above the cop-
per(i) ion to undergo a coordinative interaction in a h2 fash-
ion (see Figure 1). Thus, the copper(i) ion in each complex
adopts a distorted tetrahedral geometry consisting of the
three nitrogen atoms (one Namine and two Npy) and the C1�
C2 moiety of the ligand sidearm. The h2 bonding interaction
is, however, significantly unsymmetrical, and the Cu�C1


bond is always longer than the Cu�C2 bond (Table 2).[38] Ap-


parently, the Cu�C distances in the copper(i)±arene interac-
tion largely depend on the para substituent X of the ligands,
although the Cu�N distances are rather constant in the
series (dCu�N(amine)=2.115�0.024 ä; dCu�N(py)=1.990�
0.023 ä; Table 2). The Cu�C2 bond lengths of 1H, 1Me, 1OMe,
2, and 3 (2.172±2.211 ä) are shorter than those of 1Cl and
1NO2 (2.476 and 2.388 ä), while the Cu�C1 distances in 1OMe,
1Cl, and 1NO2 (2.514±2.656 ä) are longer than those of 1H,
1Me, 2, and 3 (2.309±2.359 ä). Thus, the difference in bond
length between Cu�C1 and Cu�C2 is significantly larger in
1OMe than in the the other complexes. Crystal packing forces
may influence the Cu�C bond lengths in the crystal. Howev-
er, such an effect is relatively small, if any, since the differ-
ences in Cu�C1 and Cu�C2 bond lengths among the ten
crystallographically independent molecules of 1H in the unit
cell are relatively small (Cu�C1 2.326�0.069 ä, Cu�C2


2.213�0.035 ä). Thus, it can be concluded that the differen-
ces in the Cu�C bond lengths are mainly attributable to the
difference in strength of the copper(i)±arene interaction.
This issue is further examined below.
The C�C bond lengths of the phenyl rings of the copper(i)


arene complexes are listed in Table S7 (Supporting Informa-
tion), in which the corresponding values of another phenyl
group in 3 without a copper(i)±arene interaction are also in-
cluded. Overall, the copper(i)±arene interaction has little
effect on the structure of the aromatic ring of the com-
plexes.


Table 1. Summary of X-ray crystallographic data.


[CuI(L1H)]ClO4 (1
H) [CuI(L1Me)]ClO4


(1Me)
[CuI(L1OMe)]ClO4


(1OMe)
[CuI(L1Cl)]ClO4


(1Cl)
[CuI(L1NO2)]ClO4


(1NO2)
[CuI(L3)]ClO4 (3)


empirical for-
mula


C22H25N3O3ClCu C23H27N3O4ClCu C23H27N3O5ClCu C22H24N3O4Cl2Cu C22H24N4O6ClCu C28H29N3O4ClCu


formula weight 494.46 508.49 524.48 528.90 539.46 570.55
crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic monoclinic
space group P21/a (no. 14) Pna21 (no. 33) P21/n (no. 14) P21/n (no. 14) P21 (no. 4) P21/n (no. 14)
a [ä] 15.695(2) 33.879(1) 9.9597(2) 12.6164(8) 12.6536(4) 8.6219(5)
b [ä] 78.34(1) 10.9386(4) 17.1256(5) 12.9552(9) 12.9535(5) 17.4195(9)
c [ä] 17.389(4) 11.9705(5) 13.3791(3) 15.007(1) 14.8924(6) 17.0987(8)
b [8] 90.73(2) 90 102.674(1) 111.821(2) 112.4000(5) 95.844(2)
V [ä3] 21380(6) 4436.1(2) 2226.41(8) 2277.1(3) 2256.8(1) 2554.7(2)
Z 40 8 4 4 4 4
F(000) 10240.00 2112.00 1088.00 1088.00 1112.00 1184.00
1calcd [gcm


�3] 1.536 1.523 1.565 1.543 1.588 1.483
T [8C] �180 �115 �115 �115 �115 �115
crystal size
[mm]


0.25î0.15î0.07 0.20î0.20î0.10 0.20î0.30î0.10 0.20î0.20î0.10 0.20î0.20î0.10 0.20î0.20î0.10


m(MoKa) [cm
�1] 28.89 11.41 11.43 12.28 11.34 10.00


diffractometer Rigaku RAXIS-RAPID Rigaku RAXIS-
RAPID


Rigaku RAXIS-
RAPID


Rigaku RAXIS-
RAPID


Rigaku RAXIS-
RAPID


Rigaku RAXIS-
RAPID


radiation CuKa (l=1.54186 ä) MoKa


(l=0.71069 ä)
MoKa


(l=0.71069 ä)
MoKa


(l=0.71069 ä)
MoKa


(l=0.71069 ä)
MoKa


(l=0.71069 ä)
2qmax [8] 136.5 55.0 55.0 55.0 55.0 54.9
no. of reflns
measd


231838 39027 20743 20670 21756 23207


no. of reflns
obsd


36884 [I>�3.00s(I), 2
q<136.518]


5073 [I>0.01s(I)] 4179 [I>1.0s(I)] 3303 [I>0.5s(I)] 5205 [I>0.01s(I)] 4156 [I>1.0s(I)]


no. of variables 2791 632 326 314 662 364
R[a] 0.058 0.032 0.027 0.079 0.037 0.041
Rw


[b] 0.141 0.076 0.039 0.103 0.049 0.076
GOF 1.12 0.98 0.89 1.34 0.96 0.82


[a] R=� j jFo j� jFc j j /� jFo j . [b] Rw= [�w(jFo j� jFc j )2/�w(F2
o)


2]1/2 ; w=1/s2(jFo j ).


Table 2. Selected bond lengths [ä] around the copper ion.[a]


Complex Cu�Namine Cu�Npy Cu�C1 Cu�C2


1H 2.089 2.006 2.336 2.211
1Me 2.114 2.013 2.359 2.207
1OMe 2.098 1.992 2.514 2.195
1Cl 2.137 1.972 2.656 2.476
1NO2 2.115 1.967 2.597 2.388
2[b] 2.113 2.001 2.309 2.220
3 2.131 2.002 2.347 2.172


[a] Average values are presented where more than two crystallographical-
ly independent molecules exist in the unit cell. [b] Data are taken from
the literature.[19]
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The features of the copper(i)±arene interaction found in
the crystal structures are well reproduced by the optimized
structures obtained by DFT calculations (see Experimental
Section).[39] Figure S7 (Supporting Information) shows the
calculated structures of copper(i) arene complexes together
with the Cu�C1 and Cu�C2 bond lengths. The calculated
Cu�C2 bond lengths are always shorter than the Cu�C1


bond lengths, and the average Cu�C lengths [(dCu�C1+
dCu�C2)/2] of 1H and 1Me are shorter than those of 1OMe, 1Cl,
and 1NO2, as was observed in the crystal structures
(Figure 1). The larger difference in bond length between
Cu�C1 and Cu�C2 in 1OMe is also reproduced by the DFT
calculation, but the calculated Cu�C2 bond lengths of 1Cl


and 1NO2 are shorter than those in the crystal structures
(Table 2). The interaction between the dz2 orbital of Cu


I and
the p orbital of the benzene ring is clearly seen at the
HOMO-5 level of 1H and 1Me, as shown in Figure 2, where
the Cu�C2 interaction is much more evident than the Cu�C1


interaction.


Copper(i)±arene interaction in solution : In the UV/Vis spec-
trum, the copper(i) complexes have a characteristic absorp-
tion band around 290 nm (e=7000±11000m�1 cm�1)
(Table 3). This absorption band can be assigned to metal-to-
ligand charge transfer (MLCT) involving the phenyl group,
since no such absorption band around 290 nm was observed
for a similar copper(i) complex of a bis[2-(2-pyridyl)ethyl]-
amine tridentate ligand without d±p interaction.[19] The ab-
sorption band around 290 nm disappeared when CH3CN
was added to a solution of the complex in CH2Cl2. A similar
absorption band at 308 nm (e=18000m�1 cm�1) in a CuI-h2-
indolyl complex, which disappeared on addition of CH3CN,
has also been assigned to a metal-to-indole charge-transfer


transition.[18] This assignment is supported by the 13C NMR
chemical shifts of the aromatic carbon atoms of the ligand
sidearm of 1Me in CD2Cl2, which are shifted to positions sim-
ilar to those of the free ligand on addition of CD3CN
(Table 4). Further studies are required for detailed discus-
sion of the MLCT transitions.
Figure 3 shows the spectral change in the titration of 1Me


by CH3CN in CH2Cl2 at �20 8C as a typical example. Disap-
pearance of the absorption band at around 290 nm may be
due to a ligand-exchange reaction between the aromatic
ring and the added CH3CN (Scheme 1), as demonstrated in
the CuI±h2-indolyl system.[18] The association constant of
CH3CN to the copper(i) complex Kas= [CuIL¥CH3CN]/
[CuIL][CH3CN] was determined to be 8.6�0.1m�1 by ana-
lyzing the absorption change (inset of Figure 3), and the Kas


values at �20 8C for all other complexes, determined by the


Figure 2. d±p orbital interaction of a) 1H and b) 1Me, obtained by DFT cal-
culation at the HOMO-5 level.


Table 3. UV/Vis and thermodynamic data for the titration of the cop-
per(i) complexes with CH3CN in CH2Cl2.


Complex lmax e Kas
[a] DHo DSo


[nm] [m�1 cm�1] [m�1] [kJmol�1] [JK�1mol�1]


1H 290 8820 6.4�0.1 �12.4�1.6 �34�7
1Me 294 7000 8.6�0.1 �13.2�0.9 �35�4
1OMe 297 8520 12.2�0.1 �15.6�2.4 �42�10
1Cl 288 8190 30.3�0.2 �18.2�1.9 �44�8
1NO2 287 ±[b] 91.7�2.0 �20.6�0.5 �44�2
2 290[c] 9700[c] 0.21�0.01 �9.7�0.8 �52�3
3 289 11000 0.10�0.02 �7.3�0.3 �48�2


[a] At �20 8C. [b] The e value could not be determined accurately due to
overlap with the strong absorption band of the nitro group in the ligand.
[c] The data were taken from the literature.[19]


Table 4. 13C NMR data of the aromatic group in the free ligands and the
copper(i) complexes.[a]


C1 C2 (C6) C3 (C5) C4


L1H dligand
[b] 141.37 129.18 128.57 126.12


dcomplex
[c] 134.71 123.57 129.34 127.42


Dd[d] �6.66 �5.61 0.77 1.30
L1Me dligand


[b] 138.21 129.02 129.24 135.63
dcomplex


[c] 131.75 123.43 129.89 137.36
Dd[d] �6.46 �5.59 0.65 1.73
dcomplex


[e] 136.61 127.20 129.62 135.08
L1OMe dligand


[b] 133.36 130.03 113.98 158.30
dcomplex


[c] 126.29 125.18 114.54 159.33
Dd[d] �7.07 �4.85 0.56 1.03


L1Cl dligand
[b] 140.11 130.67 128.51 131.66


dcomplex
[c] 134.60 126.31 129.14 133.12


Dd[d] �5.51 �4.36 0.63 1.46
L1NO2 dligand


[b] 149.67 130.09 123.57 146.71
dcomplex


[c] 147.18 127.12 123.91 144.49
Dd[d] �2.49 �2.97 0.34 �2.22


L2 dligand
[b] 146.95 127.72 128.53 126.22


dcomplex
[c] 138.81 121.24 129.45 127.61


Dd[d] �8.14 �6.48 0.92 1.39
L3 dligand


[b] 144.53 128.63 128.62 126.45
dcomplex


[c] 138.27 124.71 129.53 127.79
Dd[d] �6.26 �3.92 0.91 1.34


[a] In CD2Cl2. [b] Chemical shift of the free ligand. [c] Chemical shift of
the copper(i) complex. [d] Dd=dcomplex�dligand. [e] Chemical shifts of the
aromatic carbon atoms of the ligand sidearm of [CuIL1Me]ClO4 (0.025m)
measured in CD2Cl2 containing CD3CN (1.43m) at 25 8C. Under these
conditions, 18% of the copper(i) complex retains the d±p interaction.
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same method, are listed in Table 3. In addition, thermody-
namic parameters DH0 and DS0 for the binding of CH3CN
to the copper(i) center were determined from the tempera-
ture dependence of Kas according to the equation lnKas=


�DH0/RT+DS0/R (Table 3 and Supporting Information,
Figure S8).
The strength of CH3CN±binding Kas can be evaluated


from the DH0 term, which reflects differences in the binding
energy between CH3CN and the phenyl ring to the copper(i)
ion. Since the Cu±MeCN bond strength may be virtually the
same in the CH3CN complex (right species in Scheme 1) ir-


respective of the nature of X, the difference in DH0 may di-
rectly reflect the energy difference in the copper(i)±arene in-
teraction in the d±p complexes (left-hand side of Scheme 1),
that is, the smaller the �DH0 value, the stronger the cop-
per(i)±arene interaction. Apparently, the copper(i)±arene in-
teraction is stronger in 1H and 1Me (smaller in Kas), while
para OMe, Cl, and NO2 substituents weaken the copper(i)±
arene interaction in the series of 1X. There is a compensat-
ing effect between DH0 and DS0. On the other hand, the
methyl and phenyl groups at the benzylic position in 2 and 3
result in smaller �DH0 and larger �DS0 values. In the case
of 2 and 3, there is probably steric crowding due to the close
proximity of R (Me and Ph) and the coordinated CH3CN,
which leads to the weaker binding. Thus, the Kas values of 2
and 3 are significantly smaller than those of 1X. Then, the


maximum energy difference reaches 13.3 kJmol�1 between 3
and 1NO2.
Studies by 1H and 13C NMR spectroscopy provided fur-


ther insight into the copper(i)±arene interaction in solution.
Assignment of all signals in the 1H and 13C NMR spectra
was accomplished by employing 2D NMR techniques such
as COSY, NOESY, HMQC, and HMBC, as summarized in
the Experimental Section. The aromatic regions of the 1H
and 13C NMR spectra of 1Me in CD2Cl2 at 25 8C are shown in
Figure 4 as typical examples. Apparently, the two 1H and 13C
nuclei of the ortho- (2- and 6-) and meta- (3- and 5-) posi-
tions of the phenyl group of the ligand sidearm are magneti-
cally equivalent. If the copper(i)--arene interaction in solu-
tion were fixed at the C1�C2 moiety, as in the crystal struc-
ture, the 1H and 13C nuclei in the 2- and 3-positions would
give rise to different peaks from those of 1H and 13C at the
6- and 5-positions, respectively. Thus, the phenyl group is
possibly swinging above the copper(i) ion as illustrated in
Scheme 2, whereby the ortho (2- and 6-) and meta (3- and 5-)
positions of the phenyl group become equivalent. The 1H
and 13C NMR signals of the aromatic rings did not change at
all, even at �80 8C, and this suggests that the energy barrier
for the ring swinging above the copper(i) ion is very low.
Table 4 summarizes the 13C NMR data of the aromatic


groups of the free ligands and the corresponding copper(i)
complexes. The copper(i)±arene interaction induces upfield
shifts of the 13C nuclei bound to the copper(i) ion [C1 and C2


(C6)], while
13C signals of C3 (C5) and C4 exhibit downfield


shifts, with the single exception of C4 in L1NO2. The upfield
shifts of C1 and C2 (C6) can be attributed to the electron-do-
nating effect of the copper(i) ion through the d±p interac-
tion. The electron-withdrawing substituents of 1Cl and 1NO2


resulted in smaller upfield shifts than for the other complex-
ess, consistent with their weaker copper(i)±arene interac-
tions.
The copper(i)±arene interaction was also examined by


cyclic voltammetry in CH2Cl2. The copper(i) complexes ex-
hibit a reversible or quasireversible redox couple due to
one-electron oxidation/reduction of the copper center. A
typical example of a cyclic voltammogram is shown in
Figure 5, and the redox potentials (E1/2 versus Fc/Fc


+) of all
the copper(i) complexes are listed in Table 5. In this case,
the E1/2 values may reflect an inductive effect of the arene
substituents, that is, the more strongly electron donating the
substituent is, the more positive is the E1/2 value in the series
of 1X.[40]


Copper(i)±dioxygen reactivity : In our previous study[41] cop-
per(i) complex 1H was shown to react with O2 at a low tem-
perature to give (m-h2:h2-peroxo)dicopper(ii) complex 4, a
model compound for the active oxygen intermediate of he-
mocyanin, tyrosinase, and catechol oxidase (Scheme 3).[42]


Oxygenation reactions of other copper(i) complexes 1X


(X=Me, OMe, Cl, and NO2) were examined under the
same experimental conditions (at �80 8C in CH2Cl2). The
copper(i) complexes 1X reacted with O2 to give an oxygenat-
ed intermediate which was ESR-silent and gave essentially
the same absorption spectrum as that of the (m-h2:h2-peroxo)-
dicopper(ii) complex derived from 1H (lmax=364 nm).[41]


Scheme 1. Ligand exchange between the h2-arene interaction and aceto-
nitrile.


Figure 3. Spectral change in the titration of 1Me (1.0î10�4m) with CH3CN
at �20 8C in CH2Cl2. Inset: Plot of (A�A0)/(A¥�A) versus [CH3CN]
based on the absorption change at 294 nm.
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These features are strong evi-
dence for the formation of (m-
h2 :h2-peroxo)dicopper(ii) com-
plexes 4 in all cases. Interesting-
ly, however, the formation rate
kobs of the peroxo intermediate
depended significantly on the
para substituent X of L1X, and
the copper(i) complexes 2 and 3
exhibited significantly lower re-
activity toward O2 under the
same experimental conditions
(Table 5).[19] Thus, the reactivity
of the copper(i) complexes
toward O2 is significantly al-
tered by the ligand substituents
R and X. More importantly, the
trend in formation rates kobs of
the peroxo intermediates 4 is
very similar to that of Kas, that
is, the stronger the copper(i)±
arene interaction, the lower is
the reactivity of 1X towards di-
oxygen. Thus, it is concluded
that the interaction between O2


and CuI is significantly affected
by the para substituents X and
the benzylic substituents R via
the copper(i)±arene interaction.


Summary : The d±p interaction
in copper(i) complexes of a
series of bis[2-(2-pyridyl)ethyl]-
amine tridentate ligands has
been systematically investigated
for the first time by X-ray crys-
tallographic analysis, UV/Vis
and 2D-NMR spectroscopy,
cyclic voltammetry, and DFT
calculations. It is suggested that
the interaction involves the dz2
orbital of copper(i) and a p or-
bital of the arene ring, whereby
the copper(i) ion acts as an
electron donor. Thus, the inter-


action between the d orbital of CuI and the aromatic p orbi-
tal is stronger when the para substituent X is an electron-do-
nating group such as H or Me, while electron-withdrawing
substituents such as Cl and NO2 weaken the overlap of the
two orbitals. In the case of OMe, the situation is somewhat
complicated, since the methoxyl group has both p-donor ca-
pability and a s-electron-withdrawing effect, especially on
the position meta to X (C2). Overall, the OMe group may
act as a s-electron acceptor, weakening the d±p interaction
to some extent. Further studies are required to obtain more
detailed insight into the substituent effects on the copper(i)-
arene interaction.


Figure 4. 1H and 13C NMR (aromatic region) of 1Me in CD2Cl2.


Scheme 2. Swinging of the phenyl ring in the copper(i) arene complex.
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Experimental Section


General : All chemicals used in this study, except for the ligands and the
complexes, were commercial products of the highest available purity and
were further purified by standard methods, if necessary.[43] Synthetic pro-
cedures for the ligands L1X and L3, except for L1OMe, were reported pre-
viously.[19,41, 44] FT-IR spectra were recorded with a Shimadzu FTIR-
8200PC. UV/Vis spectra were measured with a Hewlett Packard HP8453
diode-array spectrophotometer with a Unisoku thermostatically control-
led cell holder designed for low-temperature measurements (USP-203).
Mass spectra were recorded with a JEOL JMS-700T Tandem MS station
or a PE SCIEX API 150EX (for ESI-MS). NMR spectra were recorded
on a Bruker Avance 600 spectrometer. 1H NMR spectra were referenced
to the residual proton resonance of the solvent, and 13C NMR spectra to
the solvent resonance (CD2Cl2: d(1H)=5.32, d(13C)=53.8). Complete
peak assignments in the 1H and 13C NMR spectra of the ligands and the
copper(i) complexes were accomplished by employing 2D NMR techni-
ques (COSY, NOESY, HMQC, and HMBC). Cyclic voltammetry (CV)
was performed on an ALS-630A electrochemical analyzer in anhydrous
CH2Cl2 containing 0.1m NBu4ClO4 (TBAP) as supporting electrolyte.


The Pt working electrodes were polished with an alumina polishing sus-
pension and rinsed with CH2Cl2 before use. The counterelectrode was a
Pt wire. A silver pseudoreference electrode was used, and the potentials
were determined relative to ferrocene/ferricenium (Fc/Fc+). All electro-
chemical measurements were carried out at 25 8C under an atmospheric
pressure of Ar in a glove box (DBO-1KP, Miwa Co. Ltd.).


N,N-Bis[2-(2-pyridyl)ethyl]-2-(4-methyoxyphenyl)ethylamine (L1OMe)
was prepared by reaction of 2-(4-methoxyphenyl)ethylamine (3.0 g,
20 mmol) and 2-vinylpyridine (10.5 g, 100 mmol) in refluxing methanol
(50 mL) containing acetic acid (6.0 g, 100 mmol) for 10 d, and purified by
column chromatography (SiO2), as for other ligands reported previous-
ly.[41,44] Pale brown oil (54.3% yield); FAB-HRMS (positive ion): m/z :
362.227 [M+1].


L1H : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.71 (dd, J=10.3, 6.8 Hz, 2
H; NCH2CH2Ph), 2.80 (dd, J=10.3, 6.8 Hz, 2H; NCH2CH2Ph), 2.89 (dd,
J=8.1, 5.6 Hz, 4H; NCH2CH2Py), 2.97 (dd, J=8.1, 5.6 Hz, 4H;
NCH2CH2Py), 7.06 (d, J=7.7 Hz, 2H; HPy-3), 7.10 (ddd, J=7.5, 4.9,
0.9 Hz, 2H; HPy-5), 7.14 (d, J=7.0 Hz, 2H; HPh-2, HPh-2’), 7.17 (t, J=
7.3 Hz, 1H; HPh-4), 7.25 (t, J=7.2 Hz, 2H; HPh-3 and HPh-3’), 7.55 (td, J=
7.5, 1.8 Hz, 2H; HPy-4), 8.49 ppm (ddd, J=4.9, 1.8, 0.9 Hz, 2H; HPy-6);
13C NMR (600 MHz, CD2Cl2, 27 8C): 34.12 (NCH2CH2Ph), 36.30
(NCH2CH2Py), 54.22 (NCH2CH2Py), 56.33 (NCH2CH2Ph), 121.34 (CPy-5),
123.70 (CPy-3), 126.12 (CPh-4), 128.57 (CPh-3) 129.18 (CPh-2), 136.41 (CPy-4),
141.37 (CPh-1), 149.46 (CPy-6), 161.27 ppm (CPy-2).


L1Me : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.30 (s, 3H; CH3), 2.67
(dd, J=8.5 and 5.3 Hz, 2H; NCH2CH2Ar), 2.77 (dd, J=8.5, 5.3 Hz, 2H;
NCH2CH2Ar), 2.89 (dd, J=8.1, 5.4 Hz, 4H; NCH2CH2Py), 2.97 (dd, J=
8.1, 5.4 Hz, 4H; NCH2CH2Py), 7.02 (d, J=7.9 Hz, 2H; HAr-2, HAr-2’), 7.05
(d, J=7.5 Hz, 2H; HPy-3), 7.07 (d, J=7.9 Hz, 2H; HAr-3, HAr-3’), 7.09 (ddd,
J=7.7, 4.9, 1.0 Hz, 2H; HPy-5), 7.54 (td, J=7.7, 1.9 Hz, 2H; HPy-4),
8.49 ppm (ddd, J=4.9, 1.9, 1.0 Hz, 2H; HPy-6);


13C NMR (600 MHz,
CD2Cl2, 27 8C): 21.07 (OCH3), 33.68 (NCH2CH2Ar), 36.46 (NCH2CH2Py),
54.26 (NCH2CH2Py), 56.44 (NCH2CH2Ar), 121.28 (CPy-5), 123.65 (CPy-3),
129.02 (CAr-2), 129.24 (CAr-3), 135.63 (CAr-4), 136.30 (CPy-4), 138.21 (CAr-1),
149.51 (CPy-6), 161.37 ppm (CPy-2).


L1OMe : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.65 (dd, J=10.0, 7.1 Hz,
2H; NCH2CH2Ar), 2.76 (dd, J=10.0, 7.1 Hz, 2H; NCH2CH2Ar), 2.89
(dd, J=8.0, 5.4 Hz, 4H; NCH2CH2Py), 2.97 (dd, J=8.0, 5.4 Hz, 4H;
NCH2CH2Py), 3.77 (s, 3H; OCH3), 6.80 (dt, J=8.7, 2.1 Hz, 2H; HAr-3,
HAr-3’), 7.05 (d, J=7.7, 2.1 Hz, 2H; HAr-2, HAr-2’), 7.06, (d, J=7.7 Hz, 2H;
HPy-3), 7.09 (ddd, J=7.7, 4.9, 1.0 Hz, 2H; HPy-5), 7.55 (td, J=7.7, 1.8 Hz, 2
H; HPy-4), 8.50 ppm (ddd, J=4.9, 1.8, 1.0 Hz, 2H; HPy-6);


13C NMR
(600 MHz, CD2Cl2, 27 8C): 33.25 (NCH2CH2Ar), 36.47 (NCH2CH2Py),
54.26 (NCH2CH2Py), 55.53 (OCH3), 56.53 (NCH2CH2Ar), 113.98 (CAr-3),
121.27 (CPy-5), 123.63 (CPy-3), 130.03 (CAr-2), 133.36 (CAr-1), 136.28 (CPy-4),
149.50 (CPy-6), 158.30 (CAr-4), 161.37 ppm (CPy-2).


L1Cl : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.66 (dd, J=7.8, 5.6 Hz, 2
H; NCH2CH2Ar), 2.76 (dd, J=7.8, 5.6 Hz, 2H; NCH2CH2Ar), 2.85 (dd,
J=7.9, 6.6 Hz, 4H; NCH2CH2Py), 2.95 (dd, J=7.9, 6.6 Hz, 4H;
NCH2CH2Py), 7.00 (d, J=7.8 Hz, 2H; HPy-3), 7.03 (d, J=8.4 Hz, 2H; HAr-


2, HAr-2’), 7.09 (ddd, J=7.6, 4.9, 1.0 Hz, 2H; HPy-5), 7.20 (d, J=8.4 Hz, 2
H; HAr-3, HAr-3’), 7.53 (td, J=7.6, 1.9 Hz, 2H; HPy-4), 8.49 ppm (ddd, J=
4.9, 1.9, 1.0 Hz, 2H; HPy-6);


13C NMR (600 MHz, CD2Cl2, 27 8C): 33.55
(NCH2CH2Ar), 36.44 (NCH2CH2Py), 54.20 (NCH2CH2Py), 56.06
(NCH2CH2Ar), 121.30 (CPy-5), 123.66 (CPy-3), 128.51 (CAr-3), 130.67 (CAr-2),
131.66 (CAr-4), 136.29 (CPy-4), 140.11 (CAr-1), 149.52 (CPy-6), 161.29 ppm
(CPy-2).


L1NO2 : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.76±2.82 (m, 4H;
NCH2CH2Ar), 2.84 (dd, J=7.7, 6.8 Hz, 4H; NCH2CH2Py), 2.96 (dd, J=
7.7, 6.8 Hz, 4H; NCH2CH2Py), 7.00 (d, J=7.7 Hz, 2H; HPy-3), 7.09 (ddd,
J=8.7, 4.9, 0.9 Hz, 2H; HPy-5), 7.21 (d, J=8.7 Hz, 2H; HAr-2, HAr-2’), 7.53
(td, J=7.7, 1.8 Hz, 2H; HPy-4), 8.03 (d, J=8.7 Hz, 2H; HAr-3, HAr-3’),
8.48 ppm (ddd, J=4.9, 1.8, 0.9 Hz, 2H; HPy-6);


13C NMR (600 MHz,
CD2Cl2, 27 8C): 34.13 (NCH2CH2Ar), 36.37 (NCH2CH2Py), 54.07
(NCH2CH2Py), 55.50 (NCH2CH2Ar), 121.36 (CPy-5), 123.57 (CAr-3), 123.64
(CPy-3), 130.09 (CAr-2), 136.32 (CPy-4), 146.71 (CAr-4), 149.67 (CAr-1), 149.54
(CPy-6), 161.15 ppm (CPy-2).


L2 : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=1.15 (d, J=6.9 Hz, 3H;
NCH2CH(CH3)Ph), 2.61 (dd, J=12.8, 8.0 Hz, 1H; NCH2CH(CH3)Ph),
2.71 (dd, J=12.8, 8.0 Hz, 1H; NCH2CH(CH3)Ph), 2.82±2.98 (m, 7H;


Figure 5. Cyclic voltammogram of [CuI(L1Me)]ClO4 (1Me, 2.0î10�3m) in
CH2Cl2 containing 0.1m TBAP; working electrode Pt, counter electrode
Pt, pseudo-reference electrode Ag wire, scan rate 10 mVs�1.


Table 5. Electrochemical data from cyclic voltammetry (E1/2 and DE)[a]


and the second-order rate constants kobs for the formation of (m-h2 :h2-per-
oxo)dicopper(ii) complexes 4.[b]


Complex E1/2 [V] versus Fc/Fc
+ DE [V] kobs [m


�1 s�1]


1H 0.07 0.53 0.28�0.01
1Me 0.05 0.12 0.70�0.05
1OMe 0.05 0.18 1.96�0.10
1Cl �0.01 0.24 1.51�0.06
1NO2 �0.03 0.15 5.21�0.30
2 0.16 0.17 ±[c]


3 0.15 0.34 ±[c]


[a] The electrochemical measurements were performed in CH2Cl2 con-
taining 0.1m tetrabutylammonium perchlorate (TBAP) at a scan rate of
10±50 mVs�1 at 25 8C. [b] At �80 8C in CH2Cl2. [c] Very slow.


Scheme 3. Reaction of 1X with O2.
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NCH2CH(CH3)Ph, NCH2CH2Py, NCH2CH2Py), 7.00 (d, J=7.8 Hz, 2H;
HPy-3), 7.11 (ddd, J=7.5, 6.0, 0.9 Hz, 2H; HPy-5), 7.16 (d, J=7.5 Hz, 2H;
HPh-2, HPh-2’), 7.19 (t, J=7.5 Hz, 1H; HPh-4), 7.28 (t, J=7.5 Hz, 2H; HPh-3,
HPh-3’), 7.54 (td, J=7.7, 1.9 Hz, 2H; HPy-4), 8.52 ppm (d, J=4.2, Hz, 2H;
HPy-6);


13C NMR (600 MHz, CD2Cl2, 27 8C): 19.98 (NCH2CH(CH3)Ph),
36.08 (NCH2CH2Py), 38.79 (NCH2CH(CH3)Ph), 54.73 (NCH2CH2Py),
62.68 (NCH2CH(CH3)Ph), 121.33 (CPy-5), 123.82 (CPy-3), 126.22 (CPh-4),
127.72 (CPh-2), 128.53 (CPh-3), 136.46 (CPy-4), 146.95 (CPh-1), 149.26 (CPy-6),
161.28 ppm (CPy-2).


L3 : 1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.81 (dd, J=7.9, 6.8 Hz, 4H;
NCH2CH2Py), 2.97 (dd, J=7.9, 6.8 Hz, 4H; NCH2CH2Py), 3.20 (d, J=
7.7 Hz, 2H; NCH2CHPh2), 4.15 (t, J=7.7 Hz, 1H; NCH2CHPh2), 6.87 (d,
J=7.8 Hz, 2H; HPy-3), 7.08 (ddd, J=7.4, 4.9, 1.1 Hz, 2H; HPy-5), 7.18 (tt,
J=7.8, 1.3 Hz, 2H; HPh-4), 7.21 (dd, J=7.1, 1.3 Hz, 4H; HPh-2, HPh-2’), 7.26
(td, J=7.3, 1.9 Hz, 4H; HPh-3, HPh-3’), 7.49 (ddd, J=7.8, 7.4, 1.8 Hz, 2H;
HPy-4), 8.50 ppm (ddd, J=4.9, 1.8, 0.8 Hz, 2H; HPy-6);


13C NMR
(600 MHz, CD2Cl2, 27 8C): 35.95 (NCH2CH2Py), 50.17 (NCH2CHPh2),
54.49 (NCH2CH2Py), 60.19 (NCH2CHPh2), 121.24 (CPy-5), 123.67 (CPy-3),
126.45 (CPh-4), 128.62 (CPh-3), 128.63 (CPh-2), 136.27 (CPy-4), 144.53 (CPh-1),
149.45 (CPy-6), 161.28 ppm (CPy-2).


Caution! The perchlorate salts prepared in this study are all potentially
explosive and should be handled with care.


[CuI(L1OMe)]ClO4 (1OMe): L1OMe (108.4 mg, 0.3 mmol) was treated with
[CuI(CH3CN)4]ClO4 (96.1 mg, 0.3 mmol) in CH2Cl2 (5 mL) under an Ar
atmosphere. After stirring for 30 min at room temperature, insoluble ma-
terial was removed by filtration. Addition of diethyl ether (100 mL) to
the filtrate gave a pale yellow powder that precipitated on allowing the
mixture to stand for several minutes. The supernatant was then removed
by decantation, and the remaining pale yellow solid was washed with di-
ethyl ether three times and dried (68% yield). All procedures were per-
formed in a glove box (DBO-1 KP, Miwa Co. Ltd., [O2]<0.1 ppm).
1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.73 (brm, 2H; NCH2CH2Ar),
2.8±3.3 (brm, 10H; NCH2CH2Ar, NCH2CH2Py, NCH2CH2Py), 3.77 (s, 3
H; OCH3), 6.89 (d, J=8.4 Hz, 2H; HAr-3, HAr-3’), 7.11 (d, J=8.4 Hz, 2H;
HAr-2, HAr-2’), 7.37, (br, 4H; HPy-3, HPy-5), 7.82 (br t, J=7.0 Hz, 2H; HPy-4),
8.19 ppm (br, 2H; HPy-6);


13C NMR (600 MHz, CD2Cl2, 27 8C): 32.49
(NCH2CH2Ar), 34.04 (NCH2CH2Py), 54.56 (NCH2CH2Py), 55.88
(OCH3), 56.28 (NCH2CH2Ar), 114.54 (CAr-3), 123.59 (CPy-5), 125.18 (CAr-


2), 126.64 (CPy-3), 126.29 (CAr-1), 138.86 (CPy-4), 150.13 (CPy-6), 159.33 (CAr-


4), 160.43 ppm (CPy-2); FT-IR (KBr): ñ=1247, 1028 (OCH3) 1115, 1089,
625 cm�1 (ClO4


�); ESI-MS (positive ion), m/z : 424.0 [M+]; elemental
analysis (%) calcd for C23H27O5N3CuCl: C 52.67, H 5.19, N 8.01; found:
C 52.38, H 5.23, N 7.95.


[CuI(L1H)]ClO4 (1H): Synthetic procedure, mass spectrum, and elemental
analysis of this compound were reported previously.[41] The NMR data re-
corded on a Bruker Avance 600 spectrometer in CD2Cl2 are as follows:
1H NMR (600 MHz, CD2Cl2, 27 8C): d=2.82 (t, J=6.1 Hz, 2H;
NCH2CH2Ph), 3.18 (t, J=6.1 Hz, 2H; NCH2CH2Ph), 2.8±3.2 (brm, 8H;
NCH2CH2Py, NCH2CH2Py), 7.18 (d, J=7.5 Hz, 2H; HPh-2 and HPh-2’),
7.30 (m, 2H; HPy-5), 7.31 (t, J=7.5 Hz, 1H; HPh-4), 7.33 (d, J=7.8 Hz, 2
H; HPy-3), 7.38 (t, J=7.5 Hz, 2H; HPh-3, HPh-3’), 7.79 (t, J=7.8, 1.8 Hz, 2H;
HPy-4), 8.08 ppm (d, J=4.1 Hz, 2H; HPy-6);


13C NMR (600 MHz, CD2Cl2,
27 8C): 31.95 (NCH2CH2Ph), 34.03 (NCH2CH2Py), 54.54 (NCH2CH2Py),
56.02 (NCH2CH2Ph), 123.37 (CPy-3), 123.57 (CPh-2), 127.40 (CPy-5), 127.42
(CPh-4), 129.34 (CPhr-3), 138.90 (CPy-4), 134.71 (CPh-1), 150.23 (CPy-6),
160.30 ppm (CPy-2).


[CuI(L1Me)]ClO4 (1Me) was prepared in 56% yield in a similar manner to
the synthesis of 1OMe by treating L1Me (103.6 mg, 0.3 mmol) with
[CuI(CH3CN)4]ClO4 (96.1 mg, 0.3 mmol). All procedures were performed
in a glove box ([O2]< 0.1 ppm). 1H NMR (600 MHz, CD2Cl2, 27 8C): d=
2.32 (s, 3H; CH3), 2.76 (t, J=6.0 Hz, 2H; NCH2CH2Ar), 3.15 (t, J=
6.0 Hz, 2H; NCH2CH2Ar), 2.8±3.2 (brm, 8H; NCH2CH2Py,
NCH2CH2Py), 7.08 (d, J=7.8 Hz, 2H; HAr-2, HAr-2’), 7.18 (d, J=7.8 Hz, 2
H; HAr-3, HAr-3’), 7.32 (td, J=7.8, 1.1 Hz, 2H; HPy-5), 7.33 (d, J=7.8 Hz, 2
H; HPy-3), 7.80 (td, J=7.8, 1.8 Hz, 2H; HPy-4), 8.10 ppm (dt, J=7.8,
1.8 Hz, 2H; HPy-6);


13C NMR (600 MHz, CD2Cl2, 27 8C): 21.12 (CH3),
32.86 (NCH2CH2Ar), 32.98 (NCH2CH2Py), 54.55 (NCH2CH2Py), 56.38
(NCH2CH2Ar), 123.43 (CAr-2), 123.48 (CPy-5), 126.18 (CPy-3), 129.89 (CAr-3),
131.75 (CAr-1), 137.36 (CAr-4), 138.84 (CPy-4), 150.10 (CPy-6), 160.31 ppm
(CPy-2); FT-IR (KBr): ñ=1112, 1089, 625 cm�1 (ClO4


�); ESI-MS (positive


ion): m/z : 407.9 [M+]; elemental analysis (%) calcd for C23H28O4.5N3-


CuCl: C 53.38, H 5.45, N 8.12; found: C 53.61, H 5.42, N 8.00.


[CuI(L1Cl)]ClO4 (1Cl) was prepared in 59% yield in a similar manner to
the synthesis of 1OMe by treating L1Cl (109.8 mg, 0.3 mmol) with
[CuI(CH3CN)4]ClO4 (96.1 mg, 0.3 mmol). All procedures were performed
in a glove box ([O2]<0.1 ppm). 1H NMR (600 MHz, CD2Cl2, 27 8C): d=
2.77 (t, J=6.2 Hz, 2H; NCH2CH2Ar), 2.9±3.2 (brm, 10H; NCH2CH2Ar,
NCH2CH2Py, NCH2CH2Py), 7.11 (d, J=8.1 Hz, 2H; HAr-2 and HAr-2’),
7.30 (d, J=8.1 Hz, 2H; HAr-3, HAr-3’), 7.35±7.40 (m, 4H; HPy-3, HPy-5), 7.84
(t, J=7.5 Hz, 2H; HPy-4), 8.22 ppm (br, 2H; HPy-6);


13C NMR (600 MHz,
CD2Cl2, 27 8C): 32.53 (NCH2CH2Ar), 34.35 (NCH2CH2Py), 54.68
(NCH2CH2Py), 56.27 (NCH2CH2Ar), 123.71 (CPy-5), 126.31 (CAr-2), 126.37
(CPy-3), 129.14 (CAr-3), 133.12 (CAr-4), 134.60 (CAr-1), 139.23 (CPy-4), 150.36
(CPy-6), 160.44 ppm (CPy-2); FT-IR (KBr): ñ=1121, 1089, 625 cm�1


(ClO4
�); ESI-MS (positive ion.): m/z : 428.0 [M+]; elemental analysis (%)


calcd for C22H24O4N3CuCl2: C 49.96, H 4.57, N 7.94; found: C 49.92, H,
4.77, N, 7.61.


[CuI(L1NO2)]ClO4 (1NO2) was prepared in 68% yield in a similar manner
to the synthesis of 1OMe by treating L1NO2 (112.9 mg, 0.3 mmol) with
[CuI(CH3CN)4]ClO4 (96.1 mg, 0.3 mmol). All procedures were performed
in a glove box ([O2]<0.1 ppm). 1H NMR (600 MHz, CD2Cl2, 27 8C): d=
2.86 (t, J=7.0 Hz, 2H; NCH2CH2Ar), 3.05±3.15 (br, 8H; NCH2CH2Py),
3.07 (t, J=7.0 Hz, 2H; NCH2CH2Ar), 7.33 (d, J=8.6 Hz, 2H; HAr-2, HAr-


2’), 7.38 (ddd, J=7.8, 5.4, 1.2 Hz, 2H; HPy-5), 7.41 (d, J=7.8 Hz, 2H; HPy-


3), 7.87 (td, J=7.8, 1.8 Hz, 2H; HPy-4), 8.11 (d, J=8.6 Hz, 2H; HAr-3, HAr-


3’), 8.37 ppm (ddd, J=5.4, 1.8, 0.8 Hz, 2H; HPy-6);
13C NMR (600 MHz,


CD2Cl2, 27 8C): 32.88 (NCH2CH2Ar), 34.83 (NCH2CH2Py), 55.04
(NCH2CH2Py), 56.83 (NCH2CH2Ar), 123.86 (CPy-5), 123.91 (CAr-3), 126.35
(CPy-3), 127.12 (CAr-2), 139.53 (CPy-4), 144.49 (CAr-4), 147.18 (CAr-1), 150.63
(CPy-6), 160.58 ppm (CPy-2); FT-IR (KBr): ñ=1514, 1345 (NO2) 1113, 1089,
625 cm�1 (ClO4


�); ESI-MS (positive ion): m/z : 439.0 [M+]; elemental
analysis (%) calcd for C22H25O6.5N4CuCl: C 48.18, H 4.59, N 10.22;
found: C 48.41, H 4.50, N 10.07.


[CuI(L2)]ClO4 (2): Synthetic procedure, mass spectrum, and elemental
analysis of this compound were reported previously.[19] The NMR data re-
corded with a Bruker Avance 600 spectrometer in CD2Cl2 are as follows:
1H NMR (600 MHz, CD2Cl2, 27 8C): d=1.20 (d, J=6.9 Hz, 3H;
NCH2CH(CH3)Ph), 2.63 (dd, J=12.9, 4.2 Hz, 1H; NCH2CH(CH3)Ph),
2.75 (br, 1H; NCH2CH2Py), 2.80 (br, 1H; NCH2CH2Py), 2.85 (br, 1H;
NCH2CH2Py), 2.93 (br, 1H; NCH2CH2Py), 2.95 (br, 1H; NCH2CH2Py),
2.98 (m, 1H; NCH2CH(CH3)Ph), 3.13 (br t, J=12.0 Hz, 1H;
NCH2CH2Py), 3.23 (br t, J=14.6 Hz, 1H; NCH2CH2Py), 3.30 (br t, J=
11.7 Hz, 1H; NCH2CH2Py), 3.44 (t, J=12.9 Hz, 1H; NCH2CH(CH3)Ph),
7.18 (d, J=7.6 Hz, 2H; HPh-2, HPh-2’), 7.21 (br, 1H; HPy-5), 7.31 (br, 1H;
HPy-3), 7.33 (t, J=7.6 Hz, 1H; HPh-4), 7.36 (br, 1H; HPy-5), 7.37 (br, 1H;
HPy-3), 7.39 (t, J=7.6 Hz, 2H; HPh-3, HPh-3’), 7.76 (br, 1H; HPy-4), 7.80 (br,
1H; HPy-4), 7.94 (br, 1H; HPy-6), 8.04 ppm (br, 1H; HPy-6);


13C NMR
(600 MHz, CD2Cl2, 27 8C): 20.93 (NCH2CH(CH3)Ph), 33.63
(NCH2CH2Py), 33.98 (NCH2CH2Py), 38.96 (NCH2CH(CH3)Ph), 55.33
(NCH2CH2Py), 62.45 (NCH2CH(CH3)Ph), 121.24 (CPh-2), 123.37 (CPy-5),
123.66 (CPy-5’), 126.04 (CPy-3), 126.25 (CPy-3’), 127.61 (CPh-4), 129.45 (CPh-3),
138.81 (CPh-1), 138.96 (CPy-4), 149.87 (CPy-6), 150.28 (CPy-6’), 160.27 ppm
(CPy-2).


[CuI(L3)]ClO4 (3) was prepared in 67% yield in a similar manner to the
synthesis of 1OMe by treating L3 (203.8 mg, 0.5 mmol) with
[CuI(CH3CN)4]ClO4 (160.1 mg, 0.5 mmol). All procedures were per-
formed in a glove box ([O2]<0.1 ppm). 1H NMR (600 MHz, CD2Cl2, 27
8C): d=2.90 (br, 2H; NCH2CH2Py), 3.08 (br, 2H; NCH2CH2Py), 3.15
(br, 4H; NCH2CH2Py, NCH2CH2Py), 3.38 (d, J=8.6 Hz, 2H;
NCH2CHPh2), 4.20 (t, J=8.6 Hz, 1H; NCH2CHPh2), 7.23 (br, 2H; HPh-4),
7.29 (m, 2H; HPy-5), 7.32 (m, 4H; HPh-2, HPh-2’), 7.35 (br, 4H; HPh-3, HPh-3’),
7.37 (m, 2H; HPy-3), 7.81 (td, J=7.8, 1.8 Hz, 2H; HPy-4), 7.95 ppm (ddd,
J=5.3, 0.9, 0.6 Hz, 2H; HPy-6);


13C NMR (600 MHz, CD2Cl2, 27 8C): 33.80
(NCH2CH2Py), 49.41 (NCH2CHPh2), 54.79 (NCH2CH2Py), 60.44
(NCH2CHPh2), 123.64 (CPy-5), 124.71 (CPh-2), 126.30 (CPy-3), 127.79 (CPh-4),
129.53 (CPh-3), 138.27 (CPh-1), 138.98 (CPy-4), 150.13 (CPy-6), 160.27 ppm
(CPy-2); FT-IR (KBr): ñ=1115, 1089, 625 cm�1 (ClO4


�); FAB-MS (positive
ion): m/z : 470.1 [M+]; elemental analysis for [CuI(L3)]ClO4, calcd (%)
for C28H29O4N3CuCl: C 58.94, H 5.12, N 7.36; found: C 58.68, H 5.04, N
7.29.
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X-ray structure determination : Single crystals of the copper(i) complexes
for X-ray structural analysis were obtained by vapor diffusion of diethyl
ether into a solution of the complex in CH2Cl2. In the case of [CuI(L1
NO2)]ClO4, a few drops of methanol were added to a solution of [CuI(L1
NO2)]ClO4 in CH2Cl2. Single crystals were mounted on a CryoLoop
(Hamptom Research Co.). X-ray diffraction data were collected by a
Rigaku RAXIS-RAPID imaging plate two-dimensional area detector
using graphite-monochromated MoKa radiation (l=0.71070 ä) to 2
qmax=55.08 or CuKa radiation (l=1.54186 ä) to 2qmax=136.68. All crys-
tallographic calculations, except for [CuI(L1H)]ClO4, were performed by
using the Crystal Structure software package of the Rigaku Corporation
and Molecular Structure Corporation (Crystal Structure: Crystal Struc-
ture Analysis Package version 2.0, Rigaku Corp. and Molecular Structure
Corp., 2001). The crystallographic calculation of [CuI(L1H)]ClO4 was per-
formed by using the teXsan crystallographic software package of Molecu-
lar Structure Corporation (1999). Crystal structures except for
[CuI(L1H)]ClO4 were solved by direct methods and refined by full-matrix
least-squares methods using SIR-92. All non-hydrogen atoms and hydro-
gen atoms were refined anisotropically and isotropically, respectively. In
the case of [CuI(L1H)]ClO4, the crystal structure was solved by direct
methods and refined by full-matrix least squares using SHELX-97. All
non-hydrogen atoms of [CuI(L1H)]ClO4 were refined anisotropically, but
the hydrogen atoms were not refined. Selected bond lengths and angles
are given in Supporting Information (Tables S1±S6), and the X-ray struc-
ture determination and details of the crystallographic data are deposited
as a CIF file.


CCDC-213269±213274 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Kinetic measurements : The reactions of the copper(i) complexes with O2


were carried out in a UV/Vis cell with 1 mm path length that was held in
a Unisoku thermostatically controlled cell holder USP-203 (a desired
temperature can be fixed within �0.5 8C). After keeping the deaerated
solution of the copper(i) complex (2.5î10�3m) in the cell at a desired
temperature for several minutes, dry dioxygen gas was continuously sup-
plied by gentle bubbling from a thin needle. Formation of the (m-h2 :h2-
peroxo)dicopper(ii) complex was monitored by means of the increase in
the absorption at 364 nm. The reactions obeyed second-order kinetics,
and the second-order rate constants kobs were obtained as the slopes of
linear second-order plots of (A�A0)/{(A¥�A)[Cu]0} versus time, where
A0 and A¥ are the initial and final absorption at 364 nm and [Cu]0 is the
initial concentration of 1X.


Theoretical calculations : Density functional calculations were performed
on a COMPAQ DS20E computer using the Amsterdam Density Func-
tional (ADF) program version 1999.02 developed by Baerends et al.[45]


The electronic configurations of the molecular systems were described by
an uncontracted triple-z Slater-type orbital basis set (ADF basis set V)
with a single polarization function for each atom. Core orbitals were
frozen through 1s (C, O, N), 2p (Cl), and 3p (Cu). The calculations were
performed by using the local exchange-correlation potential by Vosko
et al.[46] and the nonlocal gradient corrections by Becke[47] and Perdew[48]


during the geometry optimizations. First-order scalar relativistic correla-
tions were added to the total energy. Final geometries and energetics
were optimized by using the algorithm of Versluis and Ziegler[49] provid-
ed in the ADF package and were considered converged when the
changes in bond lengths between subsequent iterations fell below 0.01 ä.
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Selective Adsorption of Polychlorinated Dibenzo-p-dioxins and
Dibenzofurans by the Zeosils UTD-1, SSZ-24, and ITQ-4


Ralph J‰ger,[a] Andreas M. Schneider,[a] Peter Behrens,*[a] Bernhard Henkelmann,[b]


Karl-Werner Schramm,[b] and Dieter Lenoir[b]


Introduction


Dioxins and related compounds, that is, polychlorinated di-
benzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs), are
a class of highly toxic and persistent pollutants. PCDD/Fs
are tricyclic aromatic ethers. Figure 1 shows their general
formula. Altogether this class comprises 210 compounds.
Table 1 summarises the number of congeners for the differ-
ent degrees of chlorination.[1]


The toxicity of the dioxins varies with the number of
chlorine atoms and with their substitution pattern. Only 17
of the altogether 210 congeners are especially toxic. The
most toxic isomer is the 2,3,7,8-tetrachlorodibenzo-p-dioxin


and, in general, all PCDD/Fs substituted in the positions 2,
3, 7 and 8 show higher toxicities than others.[1] 2,3,7,8-Tetra-


[a] Dr. R. J‰ger, Dr. A. M. Schneider, Prof. Dr. P. Behrens
Institut f¸r Anorganische Chemie, Universit‰t Hannover
Callinstr. 9, 30167 Hannover (Germany)
Fax: (+49)511-762-3006
E-mail : Peter.Behrens@mbox.acb.uni-hannover.de


[b] B. Henkelmann, Dr. K.-W. Schramm, Prof. Dr. D. Lenoir
Institut f¸r ÷kologische Chemie
GSF-Forschungszentrum f¸r Umwelt und Gesundheit
Ingolst‰dter Landstr. 1, 85764 Neuherberg (Germany)


Abstract: Zeosils are microporous
solids with a pure silica framework.
Due to their hydrophobic properties,
zeosils are ideal host materials for the
adsorption of hydrophobic guest mole-
cules. We tested zeosils with different
pore diameters (UTD-1, SSZ-24 and
ITQ-4 as well as CIT-5) for the selec-
tive adsorption of the polychlorinated
dibenzo-p-dioxins and dibenzofurans.
This group of highly toxic substances
contains 210 congeners that possess
similar chemical properties, but differ
in their size and shape. In the experi-
ment, polychlorinated dibenzo-p-diox-
ins and dibenzofurans were extracted
from fly ash of a waste incinerator, ad-
sorbed on amorphous silica, then ther-


mally desorbed and flushed over a se-
quential arrangement of the zeosils at
elevated temperature by a stream of ni-
trogen. ITQ-4 with the smallest pore
diameter was placed first, followed by
SSZ-24 and, finally, by UTD-1 with the
largest pore diameter. After the experi-
ment, the zeosils were analysed for
their contents of the different conge-
ners. The results show that the sorption
of the congeners occurs selectively and
that it is governed by the size and the
shape of the dioxin molecules, which in


turn depend on the number of chlorine
atoms and the pattern of chlorine sub-
stitution (regioisomers). Geometrical
reasoning as well as molecular dynam-
ics calculations on the zeosil structures
and on the dioxin molecules were help-
ful in rationalising the results. This
work represents an especially complex
case of the molecular sieving effect and
may lead to a selective on-line moni-
toring of the concentrations of dioxin
molecules in waste gases of industrial
combustion processes. The size- and
shape-selective sorption of dioxin mol-
ecules may also bear some resemblance
to the molecular recognition process
that occurs in nature at the aryl hydro-
carbon receptor.


Keywords: absorption ¥ dioxins ¥
molecular sieves ¥ zeolite
analogues ¥ zeosils


Figure 1. General formula of polychlorinated dibenzo-p-dioxins (PCDDs)
and dibenzofurans (PCDFs). Definition of ™height∫, ™length∫ and
™width∫ of PCDD/Fs, as used in this article.
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chlorodibenzo-p-dioxin is a known human carcinogen, and
other dioxins are likely human carcinogens. Dioxins also ad-
versely affect the development of fetuses, the endocrine and
immune system. The different toxicities in living beings can
be ascribed to the different affinities to a receptor system,
the aryl hydrocarbon receptor (AhR).[1e,2] Although current
research on the specifity of the congener±receptor relation
focuses on electronic interactions,[3] the stereochemical fit,
regulated by the size and the shape of the molecule, will
also have a strong influence. By crystal structure analysis
the unsubstituted dibenzo-p-dioxin and the 2,3,7,8-tetra-
chlorodibenzo-p-dioxin[4a] as well as the corresponding
furan[4b] were shown to be nearly planar. Different substitu-
tion patterns influence the lengths and the widths of the
molecules, whereas their height is fairly constant (for a defi-
nition of the length, width and height of dioxin molecules as
used in this paper, see Figure 1).


A major source of dioxins is industrial combustion pro-
cesses, especially in waste incinerators. The regulations on
dioxin emissions are strict and complex. Today, adsorption
by materials based on activated carbon is the standard
method for the removal of dioxins from waste incinerators.
Activated carbon has a high adsorption capacity[5] and a
high affinity for dioxins;[6] it is also a relatively cheap sorb-
ent material. However, there are also disadvantages as the
fire hazard due to the formation of hot spots, the adsorption
of water, difficulties in the regeneration of active carbon
and, therefore, in the waste disposal of the highly contami-
nated adsorbent material.[7]


Consequently, a variety of different materials has been
tested as sorbents for dioxins: g-Al2O3,


[6] clays as bentonite
and laptonite[6] as well as pillared clays,[8] a variety of zeo-
lites[5,6,9,10] and, recently, also carbon nanotubes.[11] Among
the zeolites tested were synthetic zeolite Y,[6] natural zeolite
clinoptilolite,[6] a volcanic rock called phonolite containing
45% zeolite[9] and the zeolite Wessalith DAY.[10] The last
zeolite is a Y-type zeolite from which the framework alumi-
nium atoms have been removed post-synthetically. Wessalith
DAY consists of a faujasite-type framework of pure silica,
which contains, in addition to the crystallographically de-
fined micropores, also mesopores. The application of a pure
silica zeolite is advantageous due to the fact that pure silica
frameworks are strongly hydrophobic and excellent sorbents
for unpolar organic substances as dioxins.


Zeolites belong to the class of microporous solids[12] and
are applied in a number of industrially important sorption


and separation processes.[13] The separation of molecules can
be influenced by electronic interactions, but is typically gov-
erned by size and shape considerations, which is why zeo-
lites (and other similar substances) are called ™molecular
sieves∫. Apart from the separation of small molecules (as in
the separation of air into N2 and O2), a variety of mixtures
of larger organic molecules can be separated over zeolites,
the most prominent example possibly being the separation
of branched and unbranched alkanes. However, separation
attempts on a mixture as complicated as that liberated by
typical dioxin sources have not been reported so far.


Whereas dealuminated Wessalith DAY is an effective
sorbent for dioxins,[10] it is not well-suited for separation pur-
poses, due to the ill-defined pore system of micro- and
mesopores. However, there exists a class of zeolite-type
solids with a pure silica framework, the so-called zeosils.[14]


Their framework is generated by structure-directed synthesis
by using organic or organometallic compounds as structure-
directing agents.[15±17] Therefore, their structure is regular
and their pore systems are well-defined.


In the work presented here, we have used three zeosils
with different pore diameters for the selective sorption and
separation of PCDD/Fs. Figure 2 shows the structures of
UTD-1 (framework type DON for the variant synthesised in
a fluoride medium),[18] SSZ-24 (AFI)[19] and ITQ-4 (IFR).[20]


All three of them possess one-dimensional pore systems.
Their static pore diameters[21] (Figure 2) have been chosen
to fall into the size regime of the width of dioxin molecules.
Due to the large number of congeners and the similar chem-
ical properties of PCDD/Fs, analytical investigations of diox-
ins are very complex and time-consuming. A separation into
different size groups by molecular sieving could simplify the


Figure 2. Crystal structures and pore sizes of zeosils. On the left the
framework topologies are shown. In the central column the topologies of
the channels are shown. Oxygen atoms are omitted for clarity. On the
right, the arrangements of the Si and O atoms around the circumference
of the channels are shown and the static pore diameters are given.


Table 1. Abbreviations and number of congeners for differently substi-
tuted PCDD/Fs.


Chlorine Number Number
substitution of PCDDs of PCDFs


mono MCDD: 2 MCDF: 4
di DiCDD: 10 DiCDF: 16
tri TriCDD: 14 TriCDF: 28
tetra TCDD: 22 TCDF: 38
penta PCDD: 14 PCDF: 28
hexa HxCDD: 10 HxCDF: 16
hepta HpCDD: 2 HpCDF: 4
octa OCDD: 1 OCDF: 1
� 75 135
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analysis of dioxins. Such a procedure would also be of spe-
cial interest, as the selection due to size and shape should
bear some similarity to the biological selection exerted by
the AhR receptor.


Results and Discussion


The separation experiments were carried out with an ar-
rangement as shown in Figure 3. A dioxin-loaded nitrogen
stream passes in sequence over the zeosils ITQ-4 (with the
smallest pore diameter), SSZ-24, and, finally, over UTD-1
(with the largest pore diameter). The sorption experiments
took place at a temperature of 300 8C.


The sequence of the zeosils in this experimental arrange-
ment was of course chosen according to the principles of
size- and shape-selective sorption. In order to rationalise the
results of the selective sorption experiments described fur-
ther below, it is therefore necessary to first investigate the
relevant geometric parameters. With regard to the shape of
the zeosil pores, it is clear that for noncircular ones the larg-
est open diameter of the aperture is relevant. Due to the
flat shape of the PCDD/F molecules, it is evident that it is
the width of the molecules that is decisive as to whether
these molecules can enter a pore system, whereas the length
and the height are unimportant. Size considerations are
more complicated. In addition to purely geometrical calcula-
tions, we have also carried out molecular dynamics investi-
gations on the zeosil frameworks as well as on the dioxin
molecules.


Size considerations for zeosil pores : The pore diameters
given in Figure 2 are static diameters derived from structural
analysis. As the sorption experiments were carried out at
300 8C, the dynamics of the zeosil frameworks at 300 8C
were calculated with the molecular modelling program
Cerius2 from MSI. The distances of opposite oxygen atoms
in the circumferences of the pores were determined and are
plotted in Figure 4. For the symmetric pore of SSZ-24 it is
evident that the most probable diameter of the channel is
7.3 ä. The diameter distribution follows a Gaussian func-
tion. Accordingly, the dynamic pore diameter for SSZ-24 is
7.3�0.5 ä. For the oval pores of ITQ-4 and UTD-1, we
obtain several different distances, the largest of which deter-
mine the largest dioxin molecules that can be sorbed based
on size considerations and are thus most relevant. Thus, the
dynamic pore diameters are 7.0�0.4 ä for ITQ-4 and
10.6�0.6 ä for UTD-1.


These values correspond to the usual definition of the ef-
fective pore diameter.[21] However, the flat dioxin molecules
can also use an orientation whereby they make use of the


additional space provided by the indentations between the
oxygen atoms; that is, the peripheral atoms of the dioxin
molecules do not point directly at the oxygen atoms, but


nestle between two of them (Figure 5). When the PCDD/F
molecules acquire such an orientation, the relevant pore di-
ameter is larger than the effective pore diameter by approxi-
mately 0.2±0.4 ä. Because the covalent radius of hydrogen
is smaller than that of chlorine, this nestling effect is more
pronounced for those PCDD/Fs with hydrogen atoms in po-
sitions 1, 4, 6 and/or 9 than for PCDD/Fs which exhibit
chlorine atoms in these positions.


Size considerations for dioxin molecules : In a first approxi-
mation, dibenzo-p-dioxin molecules can be grouped into
three size classes according to the chlorine substitution pat-
tern (Figure 6). Basically, PCDD molecules of the first
group do not possess any chlorine substituents in the posi-
tions 1, 4, 6 and 9; the width of these ™slim∫ molecules is
around 7.4 ä. Molecules of the third group carry chlorine
atoms in these positions on opposing sides of the aromatic
systems; these ™fat∫ molecules have a width of about 9.9 ä.
The molecules of the intermediate group possess widths
which lie in between, at approximately 8.6 ä.


Some refinements can be applied to this simple model.
For some specific substitution patterns of PCDDs and
PCDFs, arrangements can be found which reduce the width
of these molecules and may allow them to pass a small
zeosil channel. As an example, Figure 7 shows 1,2,6-


Figure 3. Schematic set-up of the sorption experiments.


Figure 4. Pore diameters of ITQ-4 (left), SSZ-24 (centre), UTD-1 (right)
according to molecular dynamics calculations.


Figure 5. Schematic depiction of the ™nestling∫ effect which takes into ac-
count that molecules entering a zeosil channel may make use of the in-
dentations between the framework oxygen atoms surrounding a pore. In
the orientation shown on the left-hand side, there is overlap between a
dioxin molecule (e.g., 1,2,3-dibenzodioxin) and the pore wall, whereas in
the orientation on the right-hand side, the molecule can enter the chan-
nel.
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TriCDD, a member of the second group of medium-sized di-
oxins: By a rotation by 15.68, the effective width is reduced
from 8.64 ä to 8.45 ä, that is, by 2.2%. The largest reduc-
tions in width are obtained for 1-MCDD, 1,2-DCDD, 1,6-
DCDD, 1,7-DCDD, 1,2,6-TriCDD, 1,2,7-TriCDD and
1,2,6,7-TCDD, that is, molecules in which the positions 3,4,8
and 9 are not chlorinated.


The mentioned widths are estimated by taking the dis-
tance between the centres of the atoms at positions 1 and 4
and adding the corresponding effective ionic radius for hy-
drogen (1.20 ä) or chlorine (1.81 ä).[22] Using the values
given by Nyburg et al.[23] for nonspherical atoms bonded to
carbon atoms (H: 1.01 ä, Cl: 1.58 ä), the calculated sizes
for the PCDD/F molecules decrease by approximately
0.4 ä.


For some of the PCDD/F molecules, molecular dynamics
were also calculated at 300 8C. The variation of the distance
measured between the atom at the 1-position and that at the
4-position, plus the corresponding effective radii for the
atoms at these positions, is shown in Figure 8 for 2,3-
DCDD, 1,2-DCDD and 1,4-DCDD, as representatives for
the three size classes. In a similar way, the dynamic size of
some PCDFs dibenzofuranes was obtained (Figure 9). The
results are summarised in Table 2. They show that in ex-
treme conformations the width of dioxin molecules is re-
duced by approximately 0.2 ä.


Finally, Figure 10 compares the dimensions of the zeosil
pores and of three representatives of the different size
classes for PCDD and PCDF molecules, respectively. The
upper limit for the zeosil pores is calculated based on the
static pore diameter, adding the half-width of the pore-
width distribution from the molecular dynamics calculation


and 0.3 ä as an average for the nestling effect, which is due
to the fact that the peripheral atoms of the dioxin molecules
may point in between the oxygen atoms of the framework.
The lower size limit for the PCDD/F molecules is calculated
from the static width obtained by employing the (smaller)
radii for nonspherical atoms[23] and subtracting the half-
width of the size distribution as obtained by the molecular
dynamics calculations. The reduction in width due to rota-
tion, which applies only to some congeners with specific sub-
stitution patterns and can attain values up to 0.2 ä, is not in-
cluded here.


According to this theoretical comparison, the PCDD/F of
the smallest group fit into all three zeosils used and should


Figure 7. The effective width of 1,2,6-TriCDD, a member of the second
group of medium-sized dioxins, is reduced from 8.64 ä to 8.45 ä by a ro-
tation by 15.68 versus the orientation shown on the left-hand side.


Figure 6. Distinction of dibenzo-p-dioxin molecules into three different
size classes (shown by way of example for chlorine substitution in posi-
tions 1, 2, 3 or 4).


Figure 8. Molecular dynamics calculations on dibenzo-p-dioxins. Shown is
the variation of the distance measured between the atom at the 1- and 4-
positions, plus the corresponding effective radii for the atoms at these po-
sitions. Left: 2,3-DCDD; centre: 1,2-DCDD; right: 1,4-DCDD.


Figure 9. Molecular dynamics calculation on dibenzofurans. Shown is the
variation of the distance measured between the atom at the 1- and 4-po-
sitions, plus the corresponding effective radii for the atoms at these posi-
tions. Left: 2,3-DCDF; centre: 1,2-DCDF; right: 1,4-DCDF.


Table 2. Results of molecular dynamics calculations for selected dibenzo-
p-dioxin and dibenzofuran molecules. The average width corresponds to
the distance measured between the atoms at the 1- and 4-positions, plus
the radii for the atoms at these positions. The values are given for effec-
tive ionic radii (we)


[22] and for nonspherical radii (wn).
[23] The half-width


of the distribution is also given.


Congener we wn half-width
[ä] [ä] [ä]


2,3-DCDD 7.34 6.96 0.20
1,2-DCDD 8.65 8.23 0.19
1,4-DCDD 9.94 9.48 0.17
2,3-DCDF 7.72 7.34 0.18
1,2-DCDF 8.51 8.09 0.19
1,4-DCDF 9.74 9.28 0.17
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in the experimental setup used become sorbed on ITQ-4.
The PCDD/F of the medium group should fit into SSZ-24
and UTD-1. The sorption of PCDD/Fs on SSZ-24 represents
a borderline case and it will be especially interesting to in-
vestigate this experimentally. The members of the third
group, and even the largest of them, should become sorbed
on UTD-1.


Studies of selective sorption : After the sorption experi-
ments, the zeosils were recovered, extracted and digested.
The combined extracts were treated to obtain the sorbed di-
oxins, which were then analysed by using conventional pro-
cedures (see Experimental section). The final step is a chro-
matographic analysis for which some isomers have identical
or very similar retention times. These were discarded from
the following analysis in which we use only those peaks of
the chromatograms that are unequivocally ascribed to one
single congener.


All the PCDD/Fs of the group of small molecules should
become adsorbed on ITQ-4, whereas the larger ones should
pass this stage of the sorption experiment. Figure 11 shows
the contents of those mono- to tetrachlorinated PCDD/Fs,
which belong to the group of slim molecules, in the different
zeosils. The tri- and tetrachlorinated dibenzo-p-dioxins and
dibenzofurans of this group are adsorbed nearly completely


on ITQ-4, whereas, unexpectedly, the mono- and dichlori-
nated PCDD/F molecules are only partially adsorbed on
this zeosil. Part of them pass this zeosil and travel on to the
SSZ-24 stage and is sorbed there. This deviation from the
expected sorption behaviour can be ascribed to the high vol-
atility of the low chlorinated PCDD/F molecules. For exam-
ple, 2-MCDD has a melting point (Tm) of 87±90 8C and a
boiling point (Tb) of 298±316 8C.


[24] Thus, the low chlorinated
PCDD/F molecules cannot enter the pores of ITQ-4 (or are
sorbed and become desorbed again), but condense on SSZ-
24 (due to a temperature gradient in the oven, the tempera-
ture should be somewhat lower at this stage). This problem
could in principle be solved by using a more sophisticated,
specially adapted temperature profile within the oven.


Figure 12 shows the contents of PCDD/F molecules be-
longing to the group of medium-sized entities in the differ-
ent zeosils. As can be read from Figure 10, these molecules
have sizes located at the borderline of the pore size of SSZ-
24. In fact, the experiments show that SSZ-24 finely differ-
entiates between different members of the group of
medium-sized PCDD/F molecules. Figure 12 is subdivided
into several diagrams. The diagrams on the left-hand side
show these PCDD/F species that become sorbed on SSZ-24,
the figures on the right-hand side contain those which
cannot enter the pore system of SSZ-24. The two upper dia-
grams present the PCDD molecules under discussion, the
four lower ones the PCDF species. In Figure 13, PCDD and
PCDF molecules representative of both subgroups are
shown. In general, those molecules that are not sorbed on
SSZ-24 appear to be bulkier than those that can enter the
pores of this zeosil. In fact, the experimentally observed dif-
ferentiation of the group of medium-sized molecules into
two subgroups can largely be traced back to differences in
the substitution patterns: PCDD congeners that are not
chlorinated at the 4- and 6-positions become adsorbed on
SSZ-24, whereas those which contain chlorine atoms at the
1- and 6-positions are not. However, there are some excep-
tions to this simple rule. Especially puzzling is the fact that
1,2,3,7,8,9-HxCDD is sorbed into SSZ-24, whereas 1,2,3,7,9-
PCDD evidently does not fit into the pores of this zeosil, al-
though the additional chlorine substitution at the 8-position
of the former does not change the relevant dimensions. Sim-
ilar simple substitution pattern rules also govern the differ-
entiation of the PCDF species: those not substituted simul-
taneously in the 4- and 6-positions are mainly adsorbed by
SSZ-24 (with the exception of 3,4,6,7-TCDF, which also has
a puzzlingly high concentration on ITQ-4), whereas the
congoners that possess chlorine atoms in the 1- and 6-posi-
tions are not (with two exceptions: 1,2,3,6,7-PCDF and
1,2,6,7-TCDF). The simultaneous substitution at the 4- and
6-positions is especially crucial in the case of PCDFs, be-
cause these chlorine atoms decorate the large angle between
the two benzene rings of the PCDF entity and thus increase
the width of PCDFs significantly. This crucial role is nicely
illustrated by a pair of PCDF molecules: although highly
chlorinated, 2,3,4,7,8-PCDF becomes adsorbed on SSZ-24
(due to its special substitution pattern), 2,3,4,6,7,8-HxCDF
cannot enter the pores of SSZ-24 (see Figure 13, bottom
row).


Figure 10. Comparison of the relevant pore diameter of the zeosils ITQ-
4, SSZ-24 and UTD-1 with the widths of selected PCDD and PCDF mol-
ecules (see text). Upper row: 2,3,7,8-TCDD, 1,2,3,7,8,9-HxCDD and
OCDD; lower row: 2,3,7,8-TCDF, 1,2,3,7,8,9-HxCDF and OCDF.


Figure 11. Contents of those mono- to tetrachlorinated PCDD/Fs, which
belong to the first group of slim molecules, in the different zeosils.
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Finally, the PCDD/Fs of the
group of ™fat∫ molecules all
become adsorbed on UTD-1
(Figure 14). Small amounts of
highly chlorinated isomers
found on SSZ-24 and ITQ-4 are
probably due to condensation
of these molecules at the outer
surface of these zeosils, as a
result of their very low volatili-
ty.


We did not find dioxins in
the gas stream after the passage
through the zeosil arrangement,
that is, all dioxins were adsor-
bed on the molecular sieves.


The last fact is in line with
earlier findings that zeolites[5,6,9]


and dealuminated zeolites[10]


are excellent sorbents for
dioxin molecules (provided that
their pore openings are large
enough). This should be all the
more true for zeosils with their
pronounced hydrophobic prop-
erties. None of these previous
investigations, however, made
use of the molecular sieving
properties of zeolites. Our work
shows that these properties can
be favourably exploited even
on such a complex class of mol-
ecules as dioxins. Most of the
separations are highly efficient
(only few congeners are sorbed
in significant amounts on more
than one zeosil).


In general, the distribution of
PCDD/Fs can be explained by
shape and size considerations,
if–in addition to purely static
diameters–several effects (dy-
namics of the zeosil frameworks
and the organic molecules, pos-


sibility of ™nestling∫ orientations, specific substitution pat-
terns of dioxin molecules, use of radii for nonspherical
atoms) are taken into account. Some deviations of the sorp-
tion behaviour from this purely geometric model can be as-
cribed to the differences in volatility of the PCDD/Fs. Due
to the large range this property spans (2-MCDD: Tm=87±
90 8C, Tb=298±316 8C; OCDD: Tm=318±332 8C, Tb=510
8C),[24] it is difficult to find an optimum temperature for the
sorption experiments. By increasing the temperature, highly
volatile PCDD/Fs will be even more prone to pass that
zeosil in which they should become sorbed and will be trans-
ferred to the subsequent stage in the arrangement of zeosil
sorbents; whereas, upon decreasing the temperature, the
danger arises that congeners of low volatility can condense
on the outer surfaces of the primary stages of the arrange-


Figure 12. Contents of the PCDD/Fs belonging to the group of medium-sized molecules in the different zeosils.
The upper two diagrams display the PCDDs; the central row shows PCDFs substituted at the 1-position, and
the bottom row those PCDFs not substituted at the 1-position. Left column: PCDD/Fs that are sorbed on
SSZ-24; right column: PCDD/Fs that are not.


Figure 13. Comparison between PCDD/F molecules that are sorbed on
SSZ-24 (left-hand side) and those which are not retained on SSZ-24, but
are sorbed only by UTD-1 (right-hand side). The most highly chlorinated
congener of each of the six diagrams of Figure 12 is shown.
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ment. A possible solution to this problem could be the inte-
gration of a zeosil with pore characteristics that are especial-
ly well suited to sorb the highly volatile dioxin molecules, so
that the volatility of these PCDD/Fs is overcome by an in-
creased sorption enthalpy.


The possibility of condensation of PCDD/Fs on the outer
surface of zeosils was verified in an accompanying test ex-
periment (carried out at 240 8C). For this purpose, silicalite-
1 with the MFI structure type[25] was introduced as a sorb-
ent. As expected, the pores of this zeosil with its three-di-
mensional channel system of ten-membered ring apertures
are too small for the sorption of even the smallest dioxins.
However, the highly chlorinated dioxins with low volatility
(e.g., OCDD and the HpCDDs) condense on this zeosil to a
large extent.


In addition to these deviations from the geometrical
model, which can be ascribed to differences in volatility,
there are puzzling results for a few other dioxin molecules.
These cannot be explained at the moment. In view of the


large number of PCDD/F con-
geners and their chemical simi-
larity, however, it must be
stated that zeosils have clearly
demonstrated their power in
separation tasks. Especially
noteworthy is the fine-tuned
discrimination between mole-
cules of very similar size, shape
and chemical properties dis-
played by SSZ-24. This zeosil
separates the species of the
group of medium-sized mole-
cules into two subgroups,
whereby the smaller ones are
sorbed on SSZ-24, while the
larger become sorbed only at
the last stage, UTD-1. There,
they are found together with all
the molecules of the group of
large dioxin species. Of course,
it would be interesting to sepa-
rate the PCDD/Fs sorbed on
UTD-1 into the two different
size classes. The zeosil CIT-5
should be able to accomplish
this task. CIT-5 is a zeosil with
pores circumscribed by 14-
membered rings.[26] The pores,
however, are deformed, so that
the static pore diameter of CIT-
5 falls in between that of SSZ-
24 and UTD-1, and thus also
between the groups of medium-
sized and large PCDD/F mole-
cules. However, when we re-
placed SSZ-24 with CIT-5 in an
experiment similar to the one
described here, we obtained an
unexpected result. This zeosil


adsorbed all those molecules which had passed the ITQ-4
stage. In other words, CIT-5 was also able to adsorb the
PCDD/Fs of the large group; therefore the sorption behav-
iour of this zeosil is similar to that of UTD-1. This result
contrasts also with the behaviour of these two zeosils in the
sorption of 1,3,5-triisopropylbenzene, a molecule with a ki-
netic diameter of 8.5 ä. This large molecule is sorbed by
UTD-1, but not by CIT-5.[27] Possibly, a zeosil with 13-mem-
bered ring pores would be able to accomplish the intended
separation. No such zeosil, however, has been described so
far, and, in general, large rings with an odd number of tetra-
hedra (>6) seem not to be favoured. Only SSZ-23 with a
nine-membered ring is known.[28]


Finally, the deviations from the sorption behaviour ex-
pected on the basis of size and shape considerations could
also have another reason. We are not able to exclude the
possibility that some assignments of PCDD/F molecules to
the peaks in the chromatograms obtained in the analytical
work-up of dioxins could be wrong.


Figure 14. Contents of the PCDD/Fs belonging to the group of ™fat∫ molecules in the different zeosils. The
upper two diagrams display the PCDDs, the lower two the PCDFs.
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Conclusion


This work has shown that the separation of a complex class
of hydrophobic substances as the dioxins is possible with
high efficiency by using a judiciously chosen arrangement of
zeosils. Our choice of zeosils has been optimised during sev-
eral experiments, guided by size and shape considerations as
well as by molecular dynamics calculations.[29] However, it
has also become clear that the separation characteristics of
our sorption system could be further improved if zeosils
with some certain pore characteristics were available (e.g., a
zeosil sorbing the PCDD/Fs of high volatility with large
specifity, or a zeosil separating the large species of the
group of medium-sized molecules from those of the group
of large molecules). Therefore, the ongoing search for new
zeosil structures is worthwhile, especially in the field of
frameworks with large and ultra-large pores.[30] Eventually, a
system of microporous sorbents might become available
which mimics the recognition characteristics of natural mo-
lecular recognition systems as receptors or enzymes, where
it is known that geometric factors as size and shape play an
important role, too.[1e,2] Such a system could be of interest
also for the separation of other hydrophobic, ecologically
important substances, for example, those mimicking sexual
hormones.


The preparation of the zeosils used in the present work is
very expensive, mainly due to the valuable structure-direct-
ing agents used in their synthesis.[15±17] This precludes their
application as large-scale sorbents in technical processes, as
it does for recently introduced carbon nanotubes[11] for simi-
lar reasons. However, the separation of zeosils might im-
prove current analytical techniques. The simplest approach
to exploit the efficient selective sorption could be the pre-
separation of dioxin congeners before the application of the
current techniques of dioxin analytics. A zeosil, or a combi-
nation of them, might possibly also be used as a chromato-
graphic material, although the morphology of the zeosil par-
ticles would have to be adapted.


The most interesting application, however, would be an
on-line monitoring of dioxin concentrations. This aim has
proven elusive so far.[1e] Bein et al.[31] have shown that is
possible to anchor small zeolite crystallites onto a quartz
micro balance (QMB) and have thus prepared sensor de-
vices that react with the selectivity of a zeolite to very small
mass signals, transducing them into electrical ones. Three
such QMBs equipped with ITQ-4, SSZ-24 and UTD-1 zeosil
crystals, respectively, exposed on-stream to a dioxin-contain-
ing gas flow, could yield data for a semi-quantitative on-line
analysis of PCDD/Fs. Branching the gas flow into three
streams for the three QMBs, the ITQ-4-QMB would give
the amount of small dioxin molecules, the SSZ-24-QMB
would add up the concentrations of small and medium-sized
PCDD/Fs, and the UTD-1-QMB would record the total
dioxin contents. Also, a simple single ITQ-4-QMB operated
at a temperature slightly higher than in the experiments de-
scribed here (so that low chlorinated, highly volatile PCDD/
Fs would not become sorbed at all) would probably mainly
monitor the contents of the most toxic congener 2,3,7,8-
TCDD. In real gas streams, additional substances will be


present and might complicate the proposed approaches.
Water, present in many gas streams to a large extent, would
not be a problem due to the strongly hydrophobic nature of
the zeosils. In exhaust gas streams from waste incinerators,
other small organic molecules and HgCl2 are present. To
eliminate these substances, a preceding sorption stage of the
zeosil silicalite-1, which is known to sorb small organic mol-
ecules[13] as well as inorganic[32] ones, could be helpful.


Experimental Section


Synthesis of the zeosils : The zeosils were synthesised according to litera-
ture procedures[33±35] that were slightly modified to yield larger homoge-
neous batches of materials. Template removal was achieved by calcina-
tion at 600 8C in air for several hours; in addition UTD-1 was treated
with diluted hydrochloric acid in order to remove cobalt oxide remaining
in the pores from the oxidation of the structure-directing agent, the deca-
methylcobalticinium cation.


Sorption experiments : In the sorption experiments, an extract of the fly
ash of the municipal waste incineration M¸nchen-S¸d (July 18, 1991) was
used as PCDD/F source. The fly ash was extracted with toluene by
means of an accelerated solvent extraction (ASE 200, Dionex) apparatus
at 200 8C and 140 bar. The standard clean-up for PCDD/F was performed
with an acidic column (SiO2/H2SO4 (44%)) and an alox column. The
PCDD/F cocktail was dissolved in dichloromethane and after addition of
internal and external standards, the concentrations of PCDD/Fs were de-
termined by GC/MS. 0.5 mL of the PCDD/F extract were given to 1.15 g
of amorphous silica. The impregnated solid obtained after evaporation of
the dichloromethane represents the PCDD/F source.


In the sorption experiment arrangement, a glass tube was placed vertical-
ly in an oven and was flushed by a stream of nitrogen (12 mLmin�1)
from the lower end. The gas stream first passed the desorption stage of
the PCDD/F source, which was placed in the centre of the glass tube.
Upon heating the glass tube to 300 8C, the PCDD/Fs were desorbed and
then flushed over the sequential arrangement of zeosils for adsorption. In
this arrangement, 0.53 g ITQ-4, 0.37 g SSZ-24 and 0.55 g UTD-1 were
used. The gas stream finally bubbles through a bottle filled with toluene.
The toluene solution was also analysed for dioxins, but no PCDD/Fs
were found there. 0.43 g of the loaded ITQ-4, 0.26 g of the loaded SSZ-
24, 0.53 g of the loaded UTD-1 and 1.03 g of the silica of the PCDD/F
source were recovered from the glass tube after the experiment.


Analysis for the PCDD/Fs : The analysis followed the usual methods for
the analysis of dioxins, involving isotopic dilution, gas-chromatographic
separation and mass-spectroscopic detection.[36] An internal isotopic stan-
dard consisting of 2,7-, 2,3,7-, 2,3,7,8-, 1,2,3,7,8-, 1,2,3,4,7,8-, 1,2,3,6,7,8-,
1,2,3,7,8,9-, 1,2,3,4,6,7,8- and 1,2,3,4,6,7,8,9-13C12-PCDD as well as 2,3,7,8-,
1,2,3,7,8-, 2,3,4,7,8-, 1,2,3,4,7,8-, 1,2,3,6,7,8-, 1,2,3,7,8,9-, 2,3,4,6,7,8-,
1,2,3,4,6,7,8-, 1,2,3,4,7,8,9- and 1,2,3,4,6,7,8,9-13C12-PCDF was used. Con-
centrations were in the range from 100 to 1000 pgmL�1.


The recovered substances were first extracted and then digested in order
to gather all the dioxins sorbed. Before the extraction, the internal stan-
dard (10 mL) was added. The extraction took place at the ASE with a
mixture of acetone and hexane at 150 8C and 200 bar (four subsequent
extractions, first two times for ten minutes and then two times for sixty
minutes). Due to the purity of the zeosils and the PCDD/F cocktail used
as dioxin source, the usual clean-up procedure necessary for solid sam-
ples could be reduced. The samples were eluted over a mini-alox column
(Olson). Then, 10 mL of an external 13C12-1,2,3,4-TCDD standard were
added.


After the extraction, the residual zeosil samples and the residual PCDD/
F source were digested with hydrofluoric acid (40%) in teflon-lined steel
autoclaves at 70 8C overnight. The solutions obtained were neutralised
with sodium hydroxide. Then, the internal standard (10 mL) was added
and the mixture was stirred with toluene (80 mL) overnight. The toluene
phase was separated from the water phase with a separatory funnel and
dried over sodium sulfate. For the clean-up, a mini-alox-column (Olson)
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was used and the 13C12-1,2,3,4-TCDD external standard (10 mL) was
added.


The isomer-specific PCDD/F separation was performed using a gas chro-
matograph Agilent 6890 from Hewlett Packard equipped with a Restek
Rtx-2330 column. The isomer-specific detection of PCDD/F was per-
formed using a mass spectrometer MAT 95S from Finnigan.


Structural and molecular modelling : Modelling calculations were per-
formed on Silicon Graphics Octane and Silicon Graphics O2 worksta-
tions. Computational results were obtained using software programs from
Accelrys. Energy minimisation and dynamics calculations were per-
formed with the Discover program using the COMPASS force field.
Graphical displays were generated with the Cerius2 molecular modelling
system.


As starting structures and for comparison, the global minimum-energy
conformations of the dibenzo-p-dioxins and dibenzofurans were deter-
mined for the undisturbed molecules by gas-phase minimisations. For this
purpose, a quenched dynamics (QD) calculation was performed at elevat-
ed temperature. Quenching was performed every 100th step by employ-
ing a combination of a steepest descent, a conjugate gradient and finally
a Newton-Raphson minimiser.


The molecular dynamics (MD) simulation was carried out at 450 K for
100 ps (step width 0.001 ps, relaxation time 1 ps, n,p,T=constant) in
order to determine the effective width of the molecules. In general, the
effective width is the distance between the atom centres of substituents
connected to C1 and C4 plus the effective atomic radii of the substituents
(reff(H)=1.2 ä, reff(Cl)=1.8 ä, see Figure 6). However, this value may be
reduced by a rotation (see Figure 7). The effective width was calculated
for every 100th frame of the MD trajectory.


The effective pore diameters of the silica host materials were determined
in a similar way. As a starting model, the lattice parameters and atomic
positions of the zeosil structures as described in the literature were used.
However, the space-group symmetry of the host structures was reduced
to P1 to avoid artefacts. The conditions chosen for the MD calculations
of the zeosils were the same as for the organic molecules with a relaxa-
tion time of 0.1 ps. The effective pore diameter was calculated as the dis-
tance between the atomic cores of opposite oxygen atoms minus two
times the effective ionic radius of the oxygen anion (reff(O)=1.4 ä).
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Theoretical Insights into the Mechanism for Thiol/Disulfide Exchange


Pedro Alexandrino Fernandes and Maria Joào Ramos*[a]


Introduction


The thiol/disulfide exchange reaction is a biological funda-
mental process. This reaction can be represented schemati-
cally by the following set of chemical equations [Eqs. (1)±
(4)]:


R�SHþH20 Ð R�S� þH3O
þ ð1Þ


R�S� þR0�SS�R0 Ð R�SS�R0 þR0�S� ð2Þ


R�SS�R0 þR�S� Ð R�SS�RþR0�S� ð3Þ


R0�S� þH3O
þ Ð R0�SHþH2O ð4Þ


with the overall reaction being written as Equation (5):


2R�SHþR0�SS�R0 Ð R�SS�Rþ 2R0�SH ð5Þ


The most abundant non-protein thiol in most cells is glu-
tathione, and the glutathione/oxidized glutathione pair (G�


SH/G�SS�G) forms the major intracellular redox buffer.[1,2]


This buffer is responsible for maintaining the redox state of
cells and for protecting the organism from oxidative stress.
Thiol/disulfide exchange plays also an important role in the
folding of proteins.[3,4] For proteins containing disulfide
bonds, the folding rate is usually limited by a thiol/disulfide
exchange reaction.[5] Many enzymes require a cysteine in
their active site for catalysis: the thiol proteases,[6] enolase,[7]


b-ketoacylthiolase,[8] and thioredoxin[9] are rendered inactive
by the oxidation of the reactive thiol to a disulfide. Thiol±di-
sulfide interchange has also been implicated as the trigger-
ing event in the cleavage of DNA by calichemicin and esper-
amicin.[10] Therefore, detailed knowledge about this reaction
is needed for the interpretation of many biological phenom-
ena.


In protein science it is fundamental to have a process of
controlling the redox state of the cysteine groups. In the last
five decades we have witnessed the development of reagents
that can reduce/oxidize the proteins× disulfide bonds quickly
and quantitatively.[11±18] Currently the most widely used re-
agent is dithiothreitol (DTT), which forms a very stable six-
membered ring in the oxidized state, being an excellent re-
ducing agent for proteins. However, this reagent is very ex-
pensive and effort has been made to find other reagents that
can fulfill its role. The development of new reagents would
be facilitated by the means to predict the structure of an
™ideal∫ reducing agent. To be able to predict the reactivity
of a thiol for disulfide exchange is a subject of intense re-
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Abstract: The mechanism for thiol/di-
sulfide exchange has been studied with
high-level theoretical calculations. Free
energies, transition structures, charge
densities, and solvent effects along the
reaction pathway have been deter-
mined for the first time. Mechanistic
results agree with experimental data,
and support the idea that the thiolate
is the reacting species and that the re-
action indeed proceeds through an un-
complicated SN2 transition state. The
transition structures have the charge
density evenly concentrated in the at-


tacking and leaving sulfur atoms. The
charge densities allow us to rationalize
the solvent effects. As transition struc-
tures have the charge density more
widely distributed than reactants, hy-
drophobic environments catalyze the
reaction. The effect can be so dramatic
that disulfide exchange inside the
active site of ribonucleotide reductase


is estimated to be catalyzed 103 times
faster than the reaction in water. It was
also found that attack by thiol is much
faster than previously assumed, if
mediated through water chains. Al-
though the present results, as well as
experimental data, still suggest that
thiolate is the main reaction species,
water-mediated thiol attack is almost
kinetically competitive, and can even-
tually become competitive under spe-
cific experimental conditions.


Keywords: ab initio calculations ¥
density functional calculations ¥
disulfide ¥ mechanisms ¥ sulfur
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search. Structure±activity relationships have been establish-
ed for both aliphatic and aromatic thiols,[19±24] and it has
been concluded that the reactivity of a thiol (and, hence, the
kinetics of disulfide reduction) is mostly (but not only) de-
termined by two opposite factors: the basicity and the nucle-
ophilicity of the thiol group.[13,24] Hence, a thiol with a high
pKa (e.g., 9.0) is expected to be a strong nucleophile, where-
as one with a low pKa (e.g., 4±5) is expected to be a weak
nucleophile. However, as the reacting species is believed to
be the thiolate anion, low pKa thiols would be favored at
physiological pH, as a larger fraction of anionic thiolate
would be available to react. From the balance between
these two factors it emerges that the most reactive thiols are
those with a pKa close to the pH of the solution.[13,24]


The determination of the reaction mechanism has been
the subject of investigation for a long time. Presently, it is
believed that the thiolate anion is the reacting species. This
conclusion is based on two principal arguments: the empiri-
cal knowledge that a protonated thiol is a weak nucleophile
relative to a thiolate anion, and the experimental observa-
tion that the reaction is base-catalyzed when the thiol pKa
is greater than the pH of the solution. pH-Dependent rate
constants have been published before,[25±27] and an attempt
to obtain pH-independent rate constants [i.e., rate constants
for reactions in Eqs. (2) and (3), and not for the reaction in
Eq. (5)] has been made. However, experimental data are
somewhat dubious, because a good quantitative agreement
between the independent rate constants measured at several
pHs has not been obtained: independent rate constants can
vary by 30±500% in a pH range of 0.7±2.9.[25,26] The best
published results are those of Sheraga et al. ,[27] but these
were obtained with only three pH values in the range
7.5±8.7 (the rate constant decreases by only 5% in this inter-
val). However, it is not fully understood to what extent this
is a result of experimental uncertainty or whether it is a sign
that something more complicated than a simple shift in the
thiolate concentration is occurring. If we assume that the
thiolate is the reacting species, then indirect evidence from
experimental data suggest that the reactions should proba-
bly proceed through an uncomplicated SN2 transition
state.[19, 22,23, 28] Detailed and definitive knowledge of the
chemical mechanism is crucial for the development of kinet-
ically competent reducing agents, as well as to control the
influence of solvent and other effects in the exchange kinet-
ics. The geometry and charge distribution at the transition
state, and all along the reaction coordinate are also funda-
mental to allow the rational design of new and more effi-
cient reducing agents. Furthermore, this knowledge is also
essential to understand the catalytic properties of disulfide
formation/reduction or exchange of several enzymes, such as
protein disulfide isomerase or thioredoxin.


To obtain new insights into the reaction we have conduct-
ed a series of high-level quantum mechanical calculations on
the disulfide exchange mechanism. Several mechanistic al-
ternatives were tested, and the results allow us to under-
stand much better the amazing peculiarities of this reaction,
and to rationalize the factors that can influence its kinetics.


Computional Methods


Density functional theory was used in all calculations, with the Gaussi-
an 98 suite of programs,[29] at the unrestricted Becke3LYP level of
theory.[30±32] The 6±31G(d) basis set was used for geometry optimizations,
and to calculate the zero-point, thermal, and entropic contributions. It is
known that larger basis sets give very small additional corrections to the
above properties, and their use is hence considered unnecessary from a
computational view.[33±35] However, as we were dealing with a thiolate
anion, the inclusion of diffuse functions could eventually have a measura-
ble effect on geometries. Accordingly, we repeated some calculations
using the 6±31G+(d) basis set in geometry optimizations. Sulfur±sulfur
separations changed on average by only �0.003 ä. The only meaningful
alteration was in the distance between the attacking and central sulfur
atoms, which changed by �0.107 ä in the reactants. As this is only a
weak nonbonding interaction, the potential-energy surface was very flat
in that region, and changes in geometry tended to be large, although the
corresponding changes in energy were very small (the overall differences
were +0.3 kcalmol�1 in the activation free energy and +0.5 kcalmol�1 in
the reaction free energy). The inclusion of diffuse functions also had a
negligible effect on the sulfur atomic charges, which changed on average
by only �0.004 a.u. The much larger 6–311+G(3df,2p) basis set was
used to calculate the final electronic and solvation energies. This basis set
was very close to saturation in the present system. The calculations were
performed as follows: first, the transition states for each mechanistic step
were located and optimized. Internal reaction-coordinate calculations,
followed by further tighter optimizations, were performed to confirm
which minima were connected to each transition state. Frequency analy-
sis was performed at each stationary point on the potential-energy sur-
face. Stationary points were characterized by the number of imaginary
frequencies (none for minima and only one for transition states). A scal-
ing factor of 0.9804 was used for the frequencies. Thermal and entropic
effects were calculated at 298.15 K and added to the calculated energies.


As our system contained charged species, and the solvent (water) was
highly polar, it was important to evaluate the influence of the solvent on
the energetics. Moreover, SN2 reactions are known to be solvent sensitive.
Consequently, all energies were calculated under the influence of a die-
lectric continuum (e=78.4). For this purpose we used a polarized contin-
uum model, called C-PCM, as implemented in Gaussian 98.[36] This
method considers the solute as a set of interlocking spheres, centered on
each atom, with apparent surface charges that interact with the wave
function. The continuum is modeled as a conductor, instead of a dielec-
tric. This simplifies the electrostatic computation, and corrections are
made, a posteriori, for dielectric behavior. It is usually assumed that ge-
ometry optimizations can be carried out in vacuum and transferred to
the continuum to calculate final energies, without introducing significant
error.[37] This was indeed true for most reactions studied here, which have
only a small energetic contribution from the continuum (i.e. , differential
contribution between reactants and transition states, or between reactants
and products). However, the SN2 reactions studied here have shown a
large contribution from the continuum, and, hence, the geometries for
the corresponding stationary points were re-optimized in the presence of
the solvent.


The atomic charges are not an observable property, and, hence, the parti-
tioning of the electronic density among atoms was always somewhat arbi-
trary. Thus, three different methods were used to calculate atomic charg-
es, namely the Mulliken (Mull),[38] Merz±Kollman (MK)[39,40] and natural
population analysis (NPA)[41±43] methods. Results were qualitatively
equivalent, although some quantitative differences were observed.


Results and Discussion


The disulfide exchange reaction occurs in two steps, repre-
sented by reactions (2) and (3). Despite qualitative changes
in the electronic structure of the disulfides R’�SS�R’ and
R�SS�R’ (due to the differences between R and R’, if any),
reactions (2) and (3) are mechanistically equivalent. The
rate for reaction (3) can be increased by using an attacking
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dithiol instead of a simple thiol. However, the rate enhance-
ment is not due to mechanistic considerations (like differen-
ces in the transition-state structure), but rather to the higher
effective thiol concentration in the dithiol molecule. These
reasons made us focus our attention on the mechanism for
reaction (2), and take it as an general example for the disul-
fide exchange mechanism.


Small molecular models should be chosen if high-level
theoretical results are to be obtained. The use of large
models brings about the necessity of decreasing the theoreti-
cal level due to the enormous computing time needed to
perform high-level calculations in large systems. Conse-
quently, we have used methylthiol and ethylthiol as attack-
ing nucleophiles. These molecules are good models for the
widely used reducing agent 2-mercaptoethanol. They are
also good models of cysteines. To model the disulfide we
have used the most common protein reducing agent, dithio-
threitol (DTT). Therefore, the model reaction consists of
the nucleophilic attack of a methylthiol (in both protonated
and anionic forms) to the disulfide bond of an oxidized
DTT. Another reason for the use of the above mentioned
models is that they are almost free of steric strain. It is well
known that conformational strain plays an important role in
disulfide exchange. However, DTT is almost free of steric
strain due to the hexagonal ring formed in the oxidized
state. The same occurs with methylthiol, for which no
change in steric strain is expected when changing from the
free thiolate to the covalent product. Activation and reac-
tion energies obtained with these molecules will reflect,
therefore, the intrinsic chemistry of the reaction, as they
have no significant contribution from stereochemical strain.


Nucleophilic attack by methylthiolate along the S�C DTT
bond : In an earlier study, 72 crystalographic structures of or-
ganic, inorganic, and organometalic compounds containing
divalent sulfur (i.e. , sulfur bound to two ligands, neither one
being H) have shown that the preferred orientation for nu-
cleophilic attack is along one of the two sulfur bonds.[44]


Based on these results, we have studied the reaction with
the thiolate attacking along both the S�C and S�S bonds. It
should be noted that the LUMO orbital of DTT has main
contributions from the two sulfur atoms, and is directed
along the S�S bond. Therefore, it is expected that addition
along the direction of the S�S bond is favored. However,
and to begin with, results for the attack along the S�C bond
are discussed. The reaction is shown schematically in
Scheme 1 below.


The nucleophilic sulfur has been named Snuc, the central
sulfur Sc, and the leaving sulfur Slg. The transition state is
shown in Figure 1A.


The transition structure is characterized by S�S bonds
that have intermediate lengths between a disulfide bond and
a thiol±disulfide interaction (Snuc�Sc=2.58 ä and Sc�Slg=


2.88 ä). The difference in length between Snuc�Sc and Sc�Slg


can in part be attributed to the asymmetry of the molecular
system. In the reactants, the disulfide bond is 2.10 ä and the
Snuc�Sc separation was 3.18 ä. In the products, the new di-
sulfide bond has a length of 2.09 ä and the Sc�Slg length in-
creased to 4.78 ä. The charge has also been transferred
from Snuc to Slg along the reaction pathway (see Figure 1A).
At the transition state the charge density is delocalized be-
tween the two peripherical sulfur atoms, being more concen-
trated at Slg and almost zero at Sc. The gas-phase free-
energy barrier was calculated to be 26.7 kcalmol�1, and the
reaction free energy to be �12.6 kcalmol�1. As disulfide ex-
change is mostly important in aqueous media, we have re-
calculated the free-energy barrier and reaction free energy
from the thermodynamic cycle shown below by the relation-
ship given in Equation (6), whereby DDGsolv is given by
Equation (7).


DGaq ¼ DGg þ DDGsolv ð6Þ


DDGsolv ¼ DG1 þ DG2 ¼ D Prod
solv�D React


solv ð7Þ


Accurate experimental kinetic and equilibrium constants
for several thiol/disulfide exchange reactions are available in
the literature.[18,20,21,23, 25±27,29,33, 34,45±47] Although data for the
compounds used here are not available, there are data for
many similar thiol/disulfide systems, from which we can
expect the reaction free energy to be close to zero and the
free-energy barrier to be approximately 14.4±15.8 kcalmol�1


(transition-state theory extrapolation from typical pH-inde-
pendent thiolate rate constants of 103±104 m�1min�1 for di-
sulfide exchange between aliphatic thiols similar to the ones
considered here). However, the solvent contribution in-
creased the free-energy barrier further to 43.4 kcalmol�1,
which is far beyond typical experimental values. This effect
is due to a preferential stabilization of the reactants over
the transition state. Indeed, in the reactants the charge den-
sity is concentrated in the methylthiolate, whereas in the
transition state it is much more delocalized through the pe-
ripheral sulfur atoms. As water is a highly polar solvent, it
will stabilize further the more polar solutes. Moreover, the
area exposed to the solvent is larger for the reactants than
at the transition state, resulting in a larger hydration
number for the thiolate in the reactants.


The free energy of reaction in solution corresponds to
�0.7 kcalmol�1, which is what would be expected from an
inherently thermoneutral reaction. The conclusion is that a
mechanism involving addition of a nucleophile along the


Scheme 1. Nucleophilic addition of methiolthiolate to DTT.
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S�C bond is inconsistent with experimental kinetics and
should thus be excluded.


Nucleophilic attack by ethylthiolate along the S�C DTT
bond : We decided to perform some additional tests to check
the computational accuracy of the results obtained. The first


deals with the models used. As methylthiol is truncated too
close to the sulfur atom, we repeated the calculations using
ethylthiol. The results were equivalent: the geometry of the
common part of both systems was the same within computa-
tional accuracy. Sulfur atomic charges were also almost
equivalent (average difference of 0.002 a.u.), except for Snuc,


Figure 1. Some of the most relevant stationary points discussed in the text. A) Transition state for thiolate attack along the S�C bond. B) Trisulfide anion
in the gas phase. C) Transition state for SN2 thiolate attack in water. D) Transition state for (protonated) thiol attack. E)±I) Transition states for thiol
attack, mediated by one (E), two (F), three (G and H) and four (I) water molecules. Important distances (ä), angles (degrees), and charges (a.u., NPA
method) are shown.
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whereby inductive effects caused by the ethyl group de-
creased the charge by an average of 0.12 a.u. This last differ-
ence is small, even though not negligible, but the final ener-
gies obtained with methylthiol and ethylthiol were still
almost equivalent (differences of +0.2 and �0.6 kcalmol�1


in the activation and reaction free energies, respectively).


Nucleophilic attack by methylthiolate along the S�C DTT
bond–geometry optimization in the continuum : Another
test deals with the influence of transferring gas-phase opti-
mized geometries to aqueous solution. This can usually be
done without introducing significant error. However, in this
reaction the contribution from the solvent to the free energy
is very large (DDGsolv=16.5 kcalmol�1 is the free-energy
barrier), and thus the solvent plays a key role in the reac-
tion. Therefore, we re-optimized the stationary points in the
presence of the continuum. This is a very difficult calcula-
tion, as geometry optimizations of ionic species in water are
always very difficult. The structures obtained were very sim-
ilar to the gas-phase ones. The only meaningful difference
was that in the reactants the distance between the thiolate
and the disulfide increased to 6.96 ä, to allow for a more
extensive solvation of the thiolate. Thiolate solvation de-
creased the energy of the reactants and increased the barrier
from 43.5 to 49.0 kcalmol�1, which is a small but significant
difference. The energies obtained are still too high com-
pared with experimental values; this suggests that this is not
the correct mechanism for thiol/disulfide exchange.


Nucleophilic attack by methylthiolate along the S�S DTT
bond in the gas phase : We proceeded by investigating a sim-
ilar SN2 mechanism, with the nucleophilic attack being per-
formed along the S�S bond. We started by performing a
scan along Snuc�Sc. Surprisingly, the only stationary point
found corresponds to the [R-Snuc-Sc-Slg-R2’]


� trisulfide anion
shown in Figure 1B, with both S�S bonds having intermedi-
ate lengths between a single bond and a nonbonding con-
tact. This stationary point was confirmed to be a minimum
by analytic calculation of the Hessian. This is not, however,
the absolute minimum for the complex. The latter has both
the hydroxyl groups of DTT forming hydrogen bonds to the
thiolate sulfur. The difference in energy between these
minima amounts to 13.9 kcalmol�1. This means that the sta-
tionary point corresponding to the trisulfide anion will not
be populated at room temperature.


The existence of trisulfide anions has been studied before.
Pioneering gas-phase theoretical studies support the exis-
tence of stable R3S3


� ions considered to be possible inter-
mediates during disulfide exchange.[48] However, later ab
initio calculations at the HF/6±31G(d) level identified a sim-
ilar stationary point as a transition state (with a vibrational
frequency of 218i cm�1), located 14.37 kcalmol�1 above the
dithiol/thiolate complex.[49] This transition state was thus
proposed as the one for the gas-phase thiol/disulfide ex-
change reaction.


Our results support the first early study, and are in disa-
greement with the second. At the B3LYP6±31G(d) level the
structure in Figure 1B is indeed a minimum, and not a tran-
sition state. Thus, it seems that to neglect electron correla-


tion led to such a distortion on the potential-energy surface
that it even changed the nature of the stationary point (from
a minimum to a transition state).


We conclude that the trisulfide anion is a minimum in the
gas-phase potential-energy surface, but its high energy rela-
tive to the global minimum rules out its existence as a stable
species. However, it is known that in solution the picture
can be quite different as anionic species are highly stabilized
by polar solvents. Moreover, SN2 reactions are known to be
solvent sensitive. Consequently, we have conducted a study
for the same reaction, but now, for the first time, in water.


Nucleophilic attack by methylthiolate along the S�S DTT
bond in water : We started by performing a scan along the
Snuc�Sc coordinate in the presence of a dielectric continuum.
The results confirm our expectations: the solvent does not
just influence the reaction, it fully determines which reac-
tants and products will exist. We have depicted in Figure 2
the electronic energy in the gas phase and in water along
the reaction coordinate.


The scale for the electronic energy has been shifted
65 kcalmol�1 below, in order to represent all three lines on
the same graph. This confirms the existence of the single
minimum depicted in Figure 1B. However, inclusion of the
solvent completely changes the shape of the potential-
energy surface. Both reactants and products can be identi-
fied in water. The geometries for the transition state, reac-
tants, and products were taken from the scan and were fur-
ther optimized in the continuum without constraints. The
transition structure obtained for the SN2 reaction in water
has an Snuc�Sc distance of 2.61 ä and Sc�Slg distance of
2.47 ä, and is depicted in Figure 1C. Including thermal and
entropic effects and recalculating the stationary points with


Figure 2. Scan along the Snuc�Sc bond in the gas phase (dotted line), in
water (dashed line), and in the active site of RNR (solid line). Distances
(ä) and energies (kcalmol�1) are given. The dots correspond to the
points calculated during the scan.
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the 6–311+G(3df,2p) basis set, we obtain a final free-
energy barrier of 14.8 kcalmol�1 and a final reaction free
energy of 1.8 kcalmol�1.


These results are in excellent agreement with the thermo-
dynamic and kinetic experimental data. The reaction is
almost thermoneutral, as should be expected, and the free-
energy barrier (14.8 kcalmol�1) lies well within the typical
experimental values of 14.4±15.8 kcalmol�1.


These results strongly support and confirm the hypothesis
that thiol/disulfide exchange proceeds through an uncompli-
cated SN2 transition state. Moreover, this seems to be the
first unambiguous and definitive assignment of a mechanism
for disulfide exchange in water, since earlier experimental
suggestions were always based on indirect evidence.[19,22,23,28]


Figure 3 shows the atomic charges for the three sulfur
atoms along the Snuc�Sc coordinate, calculated by the NPA
method. All three MK, NPA, and Mull methods give identi-
cal qualitative results. MK charges tend to be slightly larger.


The results allow us to prove earlier proposals derived from
experimental Br˘nsted relations between the reaction rate
and the pKa of the conjugated thiol. From these and other
data it was concluded that the peripheral sulfur atoms
should have significant negative charge at the transition
state, with a zero or a small negative charge at the central
sulfur atom.[19,22,50±52] Earlier theoretical studies have also as-
signed most charge to the peripheral sulfur atoms in the
H3S3


� ion, and a small positive charge to the central one
(�0.62 and +0.02 a.u., respectively).[48] Moreover, the results
obtained here show that this picture holds along all of the
reaction coordinate, and not only at the transition state
(except for the central sulfur atom, where the charge is
always very small, but can be eventually positive). There-
fore, we can conclude that along the reaction pathway the
charge is transferred directly from Snuc to Slg without accu-
mulating at Sc.


This picture allows us to rationalize the effect of the sol-
vent: the solvent stabilization will be at a maximum at the
end points of the reaction coordinate, where charge is
mostly concentrated on Snuc or Slg, and will decrease to its
minimum at the transition state region, where the charge is
more evenly distributed. The greater the polarity of the sol-
vent, the larger the stabilization of the reactants will be in
relation to the transition state. This behavior has extensive
chemical precedents, as SN2 reactions between neutral and
charged species are usually slowed down in polar solvents.
Thus, polar environments increase the activation energy,
slowing down the reaction, and nonpolar hydrophobic envi-
ronments decrease the barrier, catalyzing the reaction. This
is an important result for protein science, as it points out a
way in which proteins can catalyze disulfide exchange: by
providing a hydrophobic environment.


Some examples can be given: protein disulfide isomerase
(PDI, E.C. 5.3.4.1) is the in vivo catalyst for disulfide iso-
merization, and consequently for protein folding of disul-
fide-containing proteins.[53±63] PDI is a 55 kDa protein with
two active sites, each with a pair of cysteines in the sequence
WCGHCK.[63] In each active site one of the cysteine thiols
has an abnormally low pKa (Cnuc, pKa=6.7[54]) and is ex-
posed to the solvent, and the second cysteine thiol is pro-
tected from the solvent and has a normal pKa (Crescue, pKa
ca. 9.0).[54] The cysteines form a disulfide bond when PDI is
in the oxidized form. The working mechanism for disulfide
isomerization of misfolded disulfide-containing proteins
begins with addition of Cnuc to a non-native disulfide, result-
ing in a PDI±substrate covalent complex. The reduced sub-
strate thiol then scans the substrate for other unstable disul-
fides, reacting with it. This intramolecular rearrangement
ends with addition of a substrate thiol to the crossed PDI±
substrate disulfide, thus releasing PDI for a new catalytic
cycle (Scheme 2, pathway I). If the reduced substrate thio-
late takes too long to find reactive disulfides the enzyme be-
comes trapped in the covalent complex, and consequently
will be unavailable to catalyze further disulfide isomeriza-
tions. However, both the second cysteine (Crescue) and the
redox buffer can act as rescue systems (molecular clocks),
by adding to Cnuc with consequent release of PDI from the
covalent complex (Scheme 2, pathways II and III, respec-
tively), and leaving one more reduced thiolate ready for
scanning for reactive non-native disulfides.[58,59,62]


Experimental data on the isomerization of scrambled
RNase assisted by PDI show that the dominant mechanism
for PDI release corresponds to addition of Crescue to Cnuc


(pathway II) rather than addition of a buffer or protein thio-
late (pathways III and I).[59] Escape assisted by the redox
buffer is only meaningful in PDI mutants lacking Crescue.
Moreover, enzymes with Crescue mutated to a serine accumu-
late in covalent complexes with the substrate, especially in
the absence of a redox buffer, and have reduced isomeriza-
tion activity.


The reason why the dominant pathway for disulfide rear-
rangement towards the native structure is pathway II can be
understood by considering the results obtained here. As the
PDI±substrate disulfide is exposed to the solvent, and Crescue


is instead located in a hydrophobic pocket, we can predict


Figure 3. Atomic charges (a.u.) for Snuc (solid line), Sc (dotted line) and
Slg (dashed line) calculated by NPA method.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 257 ± 266262


FULL PAPER M. J. Ramos et al.



www.chemeurj.org





that addition of the buried Crescue to the disulfide will be the
kinetically faster pathway to release PDI from the covalent
complex for a new turnover. Both the higher effective disul-
fide concentration in PDI (compared to the redox buffer)
and the lowering of the free-energy barrier due to the hy-
drophobic environment mentioned above contribute to this.


Our results allow us to propose an additional role for the
large hydrophobic PDI region beyond the active site. This
large nonreactive region has been demonstrated to be im-
portant for catalytic activity. It was proposed that its func-
tion is both to catalyze conformational changes in the fold-
ing substrate and to bind the substrate (the protein binds
preferentially unfolded substrates).[54,60,61, 64,65] We propose
here that another function for this region should be to pro-
vide a hydrophobic environment to the superficial region of
the folding substrate upon binding. This will lower the free-
energy barrier for thiol/disulfide exchange between surface
thiolates and disulfides, and will consequently catalyze the
intramolecular rearrangement of the non-native disulfide
bonds.


To estimate the influence of the environment on the rate
constant, we have recalculated the scan along the Snuc�Sc co-
ordinate using a dielectric constant of 4 (Figure 2). This
value is adequate for the active site of the enzyme ribonu-
cleotide reductase, in which a disulfide exchange reaction
takes place.[66] As expected, the free-energy barrier is low-
ered by 4 kcalmol�1, corresponding to a 103 increase in the
rate constant (see Figure 1).


Thiol attack along the S�S bond in water : To identify the
reaction above beyond doubt as an SN2 mechanism for disul-
fide exchange, we decided to check whether nucleophilic
attack by a protonated thiol is indeed as unfavorable as it is
usually considered. Although it is evident that a protonated
thiol is a weak nucleophile relative to thiolate, we must
keep in mind that the hydration of a thiolate anion is far
more favorable than the hydration of a neutral thiol. There-


fore, the solvent will stabilize the reagents much more than
the corresponding transition state, increasing the barrier to
thiolate attack. We should thus determine to what extent
this reactant stabilization is compensated by the increased
nucleophilicity of the thiolate anion. The transition state for
thiol attack is depicted in Figure 1D. The thiol proton is
transferred to Slg with concerted addition of Snuc to Sc. How-
ever, this kind of concerted step forces the attacking thiol to
deviate markedly from the direction of the attack (from an
S-S-S angle of about 1808 to an angle of 778), which makes
the reaction rather unfavorable, with an activation energy of
61.0 kcalmol�1. Thus, this reaction can be ruled out.


Thiol attack along the S�S bond in water catalyzed by
water chains : To facilitate the attack of the protonated thiol
we subsequently performed the reaction mediated by water
molecules, which forms a water chain with the tails connect-
ed to both the Snuc and the Slg atoms. The proton is transfer-
red through the water chain simultaneously with the attack
of the nascent thiolate to Sc. Such a reaction can be viewed
as a concerted deprotonation of the attacking thiol, attack
of the in situ-generated thiolate to the disulfide bond, and
protonation of the leaving thiolate. In summary, it corre-
sponds to a coupling of reactions (1), (2), and (4), through a
single transition state. The advantage of this mechanism
would be that the thiolate is generated during the reaction,
and thus the thiolate stabilization by the solvent becomes
less important. Moreover, it will allow linear S-S-S addition
if enough water molecules are incorporated in the chain,
and will use the most abundant (protonated) thiol species at
physiological pH to carry out the reaction. The transition
states for such reactions with one, two, three, and four water
molecules are depicted in Figure 1E, F, G, H, and I. It
should be stressed that no significant entropic cost is expect-
ed in order to obtain the transition-state structures in aque-
ous environment, as the thiol and the disulfide are fully sur-
rounded by water molecules.[67] Therefore, the water chains


Scheme 2. Mechanism for disulfide isomerization. The release of PDI from the covalent enzyme±substrate complex can be accomplished by addition of
I) a substrate thiolate; II) Crescue ; III) a thiol from the redox buffer.
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are indeed already, and always, present. Moreover, the pic-
tures show only some of the possible pathways for proton
transfer through the solvent and others can eventually exist
with lower activation energies. The transition states share a
common pattern: all of them have a charge separation, with
a positive charge located at the water chain and a negative
charge delocalized between the two peripheral sulfur atoms
(again zero at the central sulfur). The larger the number of
water molecules the closer the S-S-S angle to linearity. The
inclusion of a single water molecule does not lead to a sig-
nificant lowering of the free-energy barrier; only water
chains with at least two water molecules are efficient. For
these, the resulting activation energies (27±34 kcalmol�1, see
Table 1) are much lower than that for direct thiol attack, but


they are still higher than for the thiolate attack. However,
some corrections should be made; it is known that a dielec-
tric continuum gives poor results when water molecules are
explicitly included in the model.[67] Controversially, the con-
sideration of explicit hydrogen bonding to the water chain
should be important in this case, although that approach is
impracticable even with very generous computer resources.
Probably the best way to account for all such corrections is
to take advantage of the reliable experimental data on the
kinetics for proton exchange between cysteine thiols and
water. Siegbahn and co-workers have calculated such transi-
tion states at a similar theoretical level.[67] The reaction is
quite similar to the one proposed here, with the difference
that both tails of the water chain are hydrogen bonded to
the same instead of different sulfur atoms The structures for
both transition states are otherwise very similar. These cor-
rections already account for the limitations of the continu-
um, as well as from the theoretical method itself, as they are


intended to reproduce experimental results. Upon adding up
such corrections for the most favorable transition state
(�5.5 kcalmol�1, for three water molecules) the activation
free energy is reduced to 22.0 kcalmol�1.


Moreover, we must keep in mind that the thiol/thiolate
ratio is about 102 at physiological pH, which should compen-
sate for approximately 2.8 kcalmol�1 of the difference in the
free-energy barrier for thiol attack, when compared to the
one for the thiolate attack. The overall difference between
the experimental barrier for the SN2 thiolate mechanism
(14.4±15.8 kcalmol�1) and the values calculated here for the
thiol attack mechanism mediated by water chains reduces to
3.4±4.8 kcalmol�1, which is by far lower than anyone could
have expected. Such water-chain-mediated disulfide ex-


change should in principle ex-
hibit a similar structure±reactiv-
ity relationship to the thiolate
attack, as its kinetics will still
depend on the nucleophilicity
of the thiolate anion generated
(in situ) and on the pKa of the
thiol (that will be deprotonated
anyway). The conclusion is that
although the thiolate addition is
still the dominant mechanism
here, the concept of a concerted
deprotonation/substitution/pro-
tonation reaction mediated by
water chains should not be de-
finitively excluded solely based
on a single chemical reaction
performed in a single chemical
environment. This kind of
mechanism can in principle be
applied to any SN2 reaction in
which the leaving and attacking
groups are weak bases.


Conclusions


This work was devoted to the study of the mechanism for di-
sulfide exchange in water. Several mechanistic alternatives
have been explored, and the results compared with the
available experimental data. In Table 1 we have summarized
the energetic results.


The earlier hypothesis that disulfide exchange should pro-
ceed through an uncomplicated SN2 transition state has been
demonstrated here. This is the most favorable mechanism
from a kinetic point of view, and is the only one in which
theoretical results give excellent agreement with the ob-
served kinetics. The results in Table 1 also show that the dif-
ference in activation energy between the experimental value
and all other alternative mechanisms is well beyond the ac-
curacy of the theoretical method (~3 kcalmol�1), reinforcing
the conclusions.


A correct transition structure has been determined for the
first time, as well as the atomic charges for the three sulfur
atoms along the reaction coordinate. The earlier proposals


Table 1. Activation and reaction free energies (DGact and DGr, respectively) for all the mechanisms discussed.
Electronic energies and contributions from the continuum were calculated at the B3LYP6–311++G(3df,2p)//
B3LYP6±31G(d) level of theory. Remaining terms were calculated at the B3LYP6±31G(d)//B3LYP6±31G(d)
level of theory. The energy is separated into contributions from the electronic energy (Eel), zero-point energy
(ZPE), Thermal energy (Ethermal), entropic contribution (�TDDS) and contribution from the solvent (DDGsolv).
The last column shows the reaction free energy.


Mechanism[a] DGact Eel ZPE Ethermal �TDDS DDGsolv DGr


CH3S
� (SSC) 43.4 24.4 �0.2 �0.6 2.9 16.8 �0.7


CH3S
� (SSC) (diff. fn.)[b] 43.6 26.5 �0.2 �0.6 2.9 15.0 �0.2


CH3CH2S
� (SSC)


43.5 25.8 �0.2 �0.5 1.9 16.5 �1.3


CH3S
� (SSC) + solvent[c]


49.0 21.9 �0.4 0.0 1.6 26.0 5.4


CH3S
�(SSS) + solvent


14.8 �15.7 �0.6 0.1 1.1 29.9 1.8


CH3SH
61.0 64.1 �2.0 �0.7 3.9 �4.2 3.8


CH3SH + 1H2O
[d]


52.0 50.1 �1.2 �1.6 6.8 �2.1 5.7


CH3SH + 2H2O
[d] 33.2 30.1 �1.2 �1.9 6.9 �0.74.6


CH3SH + 3H2O
[d] 27.5 23.4 0.9 �1.4 5.9 �1.4 4.5


CH3SH + 4H2O
[d] 34.2 29.5 �0.6 �2.2 6.8 0.7 5.3


Exptl. (Kv=103±104m�1min�1) 14.4±15.8 ± ± ± ± ± ±


[a] SSS and SSC indicate the direction for thiolate attack. [b] Geometry optimization with the 6–31+G(d)
basis set. [c] Geometry optimization in the presence of the solvent. [d] Before correction.
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for the charge distribution at the transition state charge
have been confirmed. Moreover, it has been shown that
charge is transferred all along the reaction pathway, from
the attacking to the leaving sulfur atoms without ever accu-
mulating at the central sulfur. The effect of the solvent has
been rationalized, and it was concluded that hydrophobic
environments catalyze the reaction. Implications for protein
folding and for enzymatic disulfide exchange have been dis-
cussed: as an example it was found that disulfide exchange
is accelerated by 103 at the active site of RNR. The catalytic
pathway for disulfide exchange, catalyzed by PDI has also
been examined, and justification is given for why the major
pathway for disulfide exchange should involve the release of
PDI from the enzyme±substrate covalent complex by the
active site protected cysteine (Crescue). An additional role for
the large hydrophobic PDI region has also been proposed,
that is, to provide a hydrophobic environment to the folding
substrate, thus catalyzing superficial disulfide rearrangement
of non-native disulfide bonds. A mechanistic scheme for SN2
reactions involving a concerted deprotonation/addition/pro-
tonation step mediated by the solvent has also been ex-
plored. In the system studied here, the mechanism results in
a slightly slower reaction than the uncomplicated SN2 reac-
tion. The difference is, however, surprisingly and unexpect-
edly small. Thus such a scheme should not be excluded pres-
ently, as it is still unclear if it can be important in other SN2
reactions involving weak bases, or under other experimental
conditions.
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Chiral Xyliphos Complexes for the Catalytic Imine Hydrogenation Leading
to the Metolachlor Herbicide: Isolation of Catalyst±Substrate Adducts�


Romano Dorta,*[a] Diego Broggini,[b] Robert Stoop,[c] Heinz R¸egger,[c]


Felix Spindler,[d] and Antonio Togni[c]


Introduction


Chiral amines constitute an important class of biologically
active molecules. Catalytic enantioselective hydrogenation
of imines is an efficient method to prepare chiral amines.[1]


Iridium is particularily efficient in the catalytic hydrogena-
tion of ™difficult∫ substrates such as tetrasubstituted al-
kenes[2] and imines.[3±5] The key steps in the industrial syn-
theses of dextrometorphan (Lonza)[6] and (1S)-Metolachlor
(Syngenta)[7] are both enantioselective imine hydrogenations
catalyzed by soluble chiral iridium ferrocenyldiphosphane
complexes. The latter synthesis is outlined in Scheme 1 and
features the hydrogenation of 2-methyl-6-ethylphenyl-1’-
methyl-2’-methoxyethylimine (MEA-imine, 1) to the optical-
ly enriched (80% ee) (S)-MEA-amine (2). Nowadays, this
reaction represents the largest scale enantioselective catalyt-
ic process in industry. Compound 2 is the precursor to the
chiral herbicide (1S)-Metolachlor (3)[8,9] which is sold under
the trademark Dual-Magnum in amounts of more than 10
000 t per annum.[10]


The industrial catalyst system is prepared in situ and con-
sists of a mixture of [Ir2(m-Cl)2(cod)2] (cod=1,5-cycloocta-
diene), the chiral diphosphane (R)-(S)-Xyliphos ((R)-1-[(S)-
2-(diphenylphosphanyl)ferrocenyl]ethyldi(3,5-xylyl)phos-
phane, (R)-(S)-4), iodide (as tetrabutylammonium or
sodium salt), and a Br˘nsted acid (e.g., acetic or sulfuric
acid). The reaction is carried out under 80 bar of hydrogen
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Abstract: Iridium complexes relevant
to the catalytic enantioselective hydro-
genation of 2-methyl-6-ethylphenyl-1’-
methyl-2’-methoxyethylimine (MEA-
imine, 1) in the Syngenta Metolachlor
(3) process were prepared and charac-
terized. Reaction of the diphosphane
(S)-1-[(R)-2-(diphenylphosphanyl)fer-
rocenyl]ethyldi(3,5-xylyl)phosphane
((S)-(R)-Xyliphos, (S)-(R)-4) with
[Ir2(m-Cl)2(cod)2] (cod=1,5-cycloocta-
diene) afforded [Ir(Cl)(cod){(S)-(R)-4}]
(7), which reacted with AgBF4 to form
[Ir(cod){(S)-(R)-4}]BF4 (8). Complexes
7 and 8 reacted with iodide to yield
[Ir(I)(cod){(S)-(R)-4}] (9). When 9 was
treated with one and two equivalents
of HBF4, two isomers of the cationic


IrIII iodo hydrido complex [Ir(I)(H)-
(cod){(S)-(R)-4}]BF4 were isolated (10
and 11, respectively). Complex 9 was
oxidized with one equivalent of I2 to
give the iodo-bridged dinuclear species
[Ir2I2(m-I)3{(S)-(R)-4}2)]I (12). [Ir2(m-
Cl)2(coe)4] (coe=cyclooctene) reacted
with (S)-(R)-4 to yield the chloro-
bridged dinuclear complex [Ir2(m-
Cl)2{(S)-(R)-4}2] (13). Complexes 7±12
were structurally characterized by
single-crystal X-ray diffraction and
tested as single-component catalyst
precursors for enantioselective hydro-


genation of MEA-imine. Complex 10
and dinuclear complex 12 gave the best
catalytic results. Efforts were also di-
rected at isolating substrate± or prod-
uct±catalyst adducts: Treatment of 8
with 2,6-dimethylphenyl-1’-methyl-2’-
methoxyethylimine (DMA-imine, 14, a
model for 1) under H2 allowed four
isomers of [Ir(H)2{(S)-(R)-4}(14)]BF4


(18±21) to be isolated. These analyti-
cally pure isomers were fully character-
ized by 2D NMR techniques. X-ray
structural analysis of an IrI±imine
adduct, namely, [Ir(C2H4)2(14)]BF4


(25), which was prepared by reacting
[IrCl(C2H4)4] with [Ag(14)2]BF4 (16),
confirmed the k2 coordination mode of
imine 14.


Keywords: asymmetric catalysis ¥
hydrogenation ¥ iridium ¥ P ligands
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pressure at 323 K with a substrate/catalyst ratio of 106. Ini-
tial turnover frequency (TOF) is said to exceed 1.8î
106 h�1.[10] This makes it one of the fastest homogeneous sys-
tems known, second only to certain homogeneous Ziegler±-
Natta polymerization catalysts[11] and Noyori×s ruthenium
hydrogenation catalysts.[12] Here we present the synthesis
and characterization (including X-ray crystal structures) of
iridium complexes that reflect the composition of the
™magic mixture∫ that is used in industry to hydrogenate
MEA-imine. These complexes were tested as single-compo-
nent catalyst precursors in the MEA-imine hydrogenation.
The best catalytic results were obtained with an iodo-bridg-
ed IrIII dimer which was synthesized by oxidation of an IrI


precursor with I2. Furthermore, we present the isolation and
full characterization of catalyst±substrate adducts and an X-
ray analysis of a related iridium imine complex.


Results and Discussion


Ligand synthesis : The secondary phosphane (3,5-Xyl)2PH
(5) was obtained from PCl2(NEt2) in three steps in 59%
yield (Scheme 2). Condensation of 5 with commercially


available (S)-N,N-dimethyl-1-[(R)-2-(diphenylphosphanyl)-
ferrocenyl]ethylamine (6)[13] was accomplished by following
the standard protocol[14] and gave 75% of yellow microcrys-
talline (S)-(R)-4. The 31P{1H} NMR spectrum showed a pair
of doublets at d=�25.2 and 6.5 ppm (J=19 Hz). Note that
this is the enantiomer of the ligand that is used in the tech-
nical application, but this does not affect the scope of this
work.


Syntheses of complexes : The ™magic∫ catalyst mixture used
in industry to hydrogenate 1 consists of [Ir2(m-Cl)2(cod)2],
two equivalents of diphosphane 4, Bu4NI or NaI, and H2SO4


or AcOH. We expected that once the neutral IrI diphos-
phane complex bearing either Cl� or I� ligands is formed in
situ it will readily be protonated to form cationic IrIII hydri-
do species. In fact, we observed the formation of several iri-
dium diphosphane hydride species when all four aforemen-
tioned ingredients were mixed under one-pot reaction con-
ditions. Unfortunately, no procedure was found to separate
the different components of these mixtures. We therefore
decided to synthesize such complexes in a step-by-step
manner and to test them subsequently as one-component
catalyst precursors for the hydrogenation of 1.


[Ir2(m-Cl)2(cod)2] reacted cleanly with two equivalents of
(S)-(R)-4 in toluene to afford [Ir(Cl)(cod){(S)-(R)-4}] (7) in
good yield as a yellow powder. The 31P{1H} NMR spectrum
indicated the formation of a sole diastereomer by the pres-
ence of only one pair of doublets (J=37 Hz) at d=16.4 and
�14.5 ppm. Complex 7 was treated with one equivalent of
AgBF4 in THF to afford the cationic compound 8 [see
Eq. (1)] as a brick-red powder in excellent yield. All 31P, 13C,
and 1H resonances were assigned by standard 2D NMR
techniques (see Experimental Section). A pair of doublets
(J=24 Hz) at d=3.2 (P(Ph)2) and at 37.9 ppm (P(Xyl)2) in
the 31P{1H} NMR spectrum characterized 8. In the 13C NMR
spectrum the C atoms of the coordinated olefins trans to the
xylyl- and phenyl-substituted P atoms resonated at d=92.3,
86.0 and 91.2, 84.7 ppm, respectively. This indicates that
electronically these latter donors are only modestly differ-
ent, the xylyl-substituted one exerting a slightly larger trans
influence. The electronic imbalance between the two ends
of each double bond is mainly a consequence of the twisted
conformation that the cod ligand adopts to fit into the chiral
pocket generated by the aryl groups of the Xyliphos ligand
(see X-ray structure analysis below). All observations were
in accord with results for analogous complexes characterized
by a number of selective NOEs and homo- and heteronu-


clear coupling constants[15] and
by single-crystal X-ray diffrac-
tion study (see Figure 1). We
reasoned that the co-catalysts
[N(Bu)4]I and H2SO4 used in
the industrial system can form
HI in situ. Therefore, we stud-
ied the reactivity of 8 toward
commercially available aqueous
HI under different conditions,
and we invariably observed the
formation of a mixture of
mainly two hydride species. The


1H NMR spectra of the resulting solutions showed a doublet
of doublets at d=�13.8 ppm and a pseudotriplet at d=


�12.6 ppm in varying ratios, along with signals for small
amounts of other hydrides. Disappointingly, these reactions
were neither clean nor could the products be separated. A
stepwise synthesis in which 8 was first treated with iodide
and then protonated proved to be more successful. Thus, the
IrI iodide 9 was prepared from 8 by adding one equivalent


Scheme 1. Industrial synthesis of Metolachlor (Syngenta).


Scheme 2. Synthesis of (S)-(R)-4. i) 2 equiv 3,5-Xyl-Li, 203 K, Et2O; ii) 4 equiv, HCl(g), Et2O; iii) LAH, 195 K,
Et2O; iv) AcOH, 370 K.
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of [N(Bu)4]I in THF [Eq. (1)]. Alternatively, halogen ex-
change of 7 with one equivalent of KI in acetone directly
led to 9, which was isolated as a yellow powder. Remarka-
bly, both routes to 9 involved absolute (at the NMR-sensi-
tivity level) diastereoselectity of the I� addition. Single-crys-
tal X-ray diffraction on 9 revealed that the Ir�I bond is ori-
ented endo with respect to the ferrocene moiety (see
Figure 2). Compounds 7, 8, and 9 were easily prepared on
gram scales.


Single crystals of 8 suitable for an X-ray diffraction study
were grown from THF. Figure 1 shows the expected square-
planar coordination environment of iridium. The iridium


atom lies within 0.02 ä of the best plane fitted through P(1),
P(2), and the midpoints of the C=C bonds. The cod ligand is
appreciably twisted out of the P(1)-Ir(1)-P(2) plane. This is
best illustrated by the distances of C(37) and C(41) from
this plane of �1.05 and +1.12 ä, respectively, or, alterna-
tively, by the closeness of C(36) and C(40) to this plane
(0.26 and �0.17 ä, respectively). Thus, the solid-state struc-
ture is in accord with the electronic imbalance of the two
double bonds of the cod ligand that was observed in NMR
experiments.


Single crystals of 9 were obtained from a THF/Et2O mix-
ture. Complex 9 crystallized in a very large unit cell that


contains four molecules. There are two crystallographically
distinct molecules. Figure 2 shows the square-pyramidal co-
ordination environment of one of the two independent mol-


ecules of 9. The iodine atom is oriented in the direction of
the ferrocenyl moiety, which is a recurring feature in ferro-
cenyl diphosphane iridium complexes[16,17] (vide infra). The
iridium atom is displaced 0.37 ä along the Ir(1)�I(1) vector
out of the best plane fitted through P(1), P(2), and the mid-
points of the C=C bonds of the cod ligand. The Ir(1)�I(1)
distance of 2.888(4) ä is significantly longer than in the cor-
responding IrIII species (vide infra). The double bond
C(36)=C(37) (1.25(6) ä) trans to the more basic phosphane
P atom P(2) is shorter than C(40)=C(41) (1.40(6) ä). How-
ever, the large standard deviations of the bond lengths pre-
clude a more detailed discussion of the bonding parameters.
We note that no significant difference in the trans influence
of the phosphanes in the X-ray structure of the correspond-
ing cationic complex 8 was detected.


The well-characterized, diastereomerically pure, neutral
iodo complex 9 was then used in protonation studies. Reac-
tion of 9 with H2SO4, CH3COOH, and CF3SO3H in different
solvents invariably led to mixtures of hydrides. However,
slow addition of a solution of HBF4 in Et2O to a solution of
9 in CH2Cl2 at 195 K afforded one hydrido species in 90%
yield, based on NMR measurements. The pseudotriplet at
d=�12.6 ppm in the 1H NMR spectrum corresponded to a
pair of doublets (J=18 Hz) at d=�12.4 and 23.5 ppm in the
31P{1H} NMR spectrum. After workup, 10 (Scheme 3) was
isolated as a pink powder and fully characterized. Its struc-
ture is in accordance with standard 2D NMR data. Treat-
ment of 9 with two equivalents of HBF4 or, alternatively, of


Figure 1. Structure of the cation of 8 (ORTEP plot; 30% probability el-
lipsoids). Selected bond lengths [ä] and angles [8]: Ir(1)�P(1) 2.318(4),
Ir(1)�P(2) 2.325(4), Ir(1)�C(36) 2.243(15), Ir(1)�C(40) 2.221(18), Ir(1)�
C(37) 2.183(13), Ir(1)�C(41) 2.180(18), C(36)�C(37) 1.37(3), C(40)�
C(41) 1.35(2); P(1)-Ir(1)-P(2) 92.76(15), P(1)-Ir(1)-C(40) 89.1(5), P(1)-
Ir(1)-C(41) 94.8(5), P(2)-Ir(1)-C(36) 89.4(4), P(2)-Ir(1)-C(37) 95.2(5).


Figure 2. Structure of one of the two independent molecules of 9
(ORTEP plot; 30% thermal isotropic ellipsoids). Selected bond length-
s [ä] and angles [8]: Ir(1)�I(1) 2.888(4), Ir(1)�P(1) 2.357(12), Ir(1)�P(2)
2.353(13), Ir(1)�C(36) 2.15(5), Ir(1)�C(37) 2.16(5), Ir(1)�C(40) 2.19(4),
Ir(1)�C(41) 2.23(5), C(36)�C(37) 1.25(6), C(40)�C(41) 1.40(6); I(1)-
Ir(1)-P(1) 97.2(3), I(1)-Ir(1)-P(2) 90.6(3), P(1)-Ir(1)-P(2) 98.9(5), I(1)-
Ir(1)-C(36) 122.9(14), P(1)-Ir(1)-C(36) 86.5(15), I(1)-Ir(1)-C(41)
120.9(12), P(2)-Ir(1)-C(41) 86.5(15), I(1)-Ir(1)-C(40) 85.1(12).
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10 with a further equivalent of HBF4 gave a new iridium hy-
dride complex which was isolated in acceptable yields as an
orange powder. This compound was characterized by a dou-
blet of doublets (J1=15.8, J2=9.3 Hz) at d=�13.8 ppm in
the hydrido region of the 1H NMR spectrum and by a pair
of doublets (J=23 Hz) at d=�31.9 and �1.5 ppm in the
31P{1H} NMR spectrum. Full characterization, including a
single-crystal X-ray diffraction analysis (see Figure 3), al-
lowed us to formulate the product as 11 (Scheme 3). The
protonation mechanism has not yet been elucidated and is
far from clear.[18] However, most important for the scope of
this study is the fact that we succeeded in isolating and char-
acterizing two monomeric iridium hydrido iodo isomers in
pure form that are the formal oxidative addition products of
HI to 8. These two isomers, 10 and 11, were also present in
the above mentioned ™magic mixture∫ when typical precata-
lyst preparation protocols were followed. Indeed, both 10
and 11 were excellent precatalysts for the hydrogenation of
MEA-imine 1 (vide infra).


Single crystals of 11 suitable for an X-ray study were
grown from a THF/CH2Cl2 mixture. Figure 3 shows a pseu-
dooctahedral coordination environment of iridium, with the
axial iodide ligand pointing in the direction of the ferrocenyl


moiety. The Ir(1)�I(1) bond
length of 2.803(5) ä compares
well with that of one of the rare
structurally characterized mon-
onuclear iridium iodo hy-
drides.[19] Figure 4 is a superpo-
sition of the core structures of 9


and 11. The presence of the hydride ligand in 11 forces the
cod ligand to twist by 158 into the equatorial plane relative
to its orientation in 9. Alternatively, this situation may be
described by the smaller distance of the iridium atom from
the best plane fitted through P(1), P(2), and the midpoints
of the C=C bonds of cod in 11, that is, 0.23 in 11 versus
0.37 ä in 9.


The attempted oxidative addition of I2 to 8 led to an un-
precedented enantioselective activation and subsequent io-
dination of an allylic C�H bond of the coordinated cod
ligand with concomitant formation of an IrIII hydrido iodo
cation. This chemistry has been described in detail else-
where.[17] When complex 9 was treated with an equimolar
amount of I2 in toluene at 333 K, a new species formed
quantitatively according to NMR spectroscopy [Eq. (2)].
The 1H NMR spectrum revealed the absence of coordinated
cod and coordinated solvent molecules. Elemental analyses
were in agreement with a compound of the composition
Ir¥I3¥4. Molecular weight determination indicated a dinuclear
structure. Conductometric measurements in acetone were in
agreement with a 1:1 electrolyte. The 31P{1H} NMR spec-
trum showed a sharp pair of doublets (J=11 Hz) at d=


�22.0 and 2.0 ppm and thus suggested a C2-symmetric dinu-
clear complex. Finally, a single-crystal X-ray analysis (see
Figure 5) was in agreement with these findings and allowed
us to draw structure 12. This complex reacted neither with
Tl and Ag salts nor with strong Br˘nsted acids. Nonetheless,
12 turned out to be the most efficient single-component cat-
alyst for MEA-imine hydrogenation (vide infra).


Crystals of 12 suitable for an X-ray crystallographic analy-
sis were grown from a CH2Cl2/Et2O mixture. In view of the
large dimensions of the structure the R values are high, and
the accuracy of the bonding parameters is correspondingly
low (in fact, no meaningful esd values were calculated).
Figure 5 confirms the dinuclear monocationic nature of 12


Scheme 3. Synthesis of 10 and 11.


Figure 3. Structure of the cation of 11 (ORTEP plot; 30% probability el-
lipsoids). Selected bond lengths [ä] and angles [8]: Ir(1)�I(1) 2.803(5),
Ir(1)�P(1) 2.357(16), Ir(1)�P(2) 2.349(16), Ir(1)�C(36) 2.22(4), Ir(1)�
C(37) 2.22(4), Ir(1)�C(40) 2.28(4), Ir(1)�C(41) 2.22(4), C(36)�C(37)
1.26(8), C(40)�C(41) 1.28(8); P(1)-Ir(1)-P(2) 90.9(5), I(1)-Ir(1)-P(1)
94.9(4), I(1)-Ir(1)-P(2) 90.4(4), C(36)-Ir(1)-I(1) 116.3(16), C(37)-Ir(1)-
I(1) 83.7(16), C(41)-Ir(1)-I(1) 113.5(18), C(40)-Ir(1)-I(1) 80.9(17), C(36)-
Ir(1)-P(2) 153.4(16), C(36)-Ir(1)-P(2) 153.4(16), C(41)-Ir(1)-P(2)
88.0(18), C(40)-Ir(1)-P(2) 92.8(18), C(36)-Ir(1)-P(1) 86.6(16), C(37)-Ir(1)-
P(1) 94.5(17), C(41)-Ir(1)-P(1) 151.5(18), C(40)-Ir(1)-P(1) 174.5(17).


Figure 4. Superposition of the coordination environments of iridium in
complexes 9 and 11.
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and gives a selection of bond parameters. The triple iodo
bridge, along with the two terminal iodides and the two di-
phosphane ligands, define the two octahedral coordination
environments of Ir(1C) and Ir(1D). The terminal iodides
I(1C) and I(1D) again point in the direction of the ferrocen-
yl moieties. Their distances to the iridium centers of about
2.7 ä compare well with other IrIII�I bond lengths[19,21,22]


and are shorter than the corresponding distances in the IrI


and IrIII complexes 9 and 11 (vide supra). The Ir�I bonds
trans to the P atoms are slightly longer than those trans to
the I atoms. Figure 6 is a view along the molecular C2 axis
that passes through I(3C), and thus shows agreement with
solution 31P NMR data (pair of doublets). Structually, 12 ap-
pears to be a diphosphane analogue of the nonahalogenoiri-
dates [Ir2X9]


3�[20] in which four of the terminal X� ligands
correspond to the two diphosphane ligands in 12.


We found that [Ir2(m-Cl)2(coe)4] (coe=cyclooctene) react-
ed cleanly with diphosphane (S)-(R)-4 in benzene, toluene,
or THF to give mixtures of the chloro-bridged dinuclear
complexes cis- and trans-13 in good yields. The 31P NMR
spectrum showed two pairs of multiplets, as expected for
two AA’BB’ systems. One pair of multiplets is at d=�4.2
and 22.7 ppm (only 2JPP’+


4JPP’=38 Hz was resolved), and


the other at d=�1.0 and
26.7 ppm (2JPP’+


4JPP’=31 Hz).
The cis/trans ratio (ca. 30/70)
appeared to be independent of
the reaction conditions (differ-
ent solvents, temperatures, and
ways of mixing [Ir2(m-
Cl)2(coe)4] with 4). Complex 13
is air-sensitive (sometimes pyro-
phoric), and it did not react
with iodides (e.g., Bu4NI). We
recently discovered that olefin-
free IrI dimers such as 13 readi-
ly and reversibly react with
C�H and O�H bonds,[16] and
their catalytic potential was
demonstrated in enantioselec-
tive olefin hydroamination (via
N�H activation)[23] and olefin
hydroarylation (via C�H activa-
tion)[24] reactions.


Catalytic hydrogenation of
MEA-imine (1): Complexes 7±
12 were tested as catalyst pre-
cursors for the enantioselective,
solvent-free hydrogenation of
MEA-imine (1) to MEA-amine
(2) (Table 1). Unfortunately,
the pronounced sensitivity of
13 to air and moisture preclud-
ed its use under the experimen-
tal conditions chosen here.


Enantioselectivities did not vary significantly with the dif-
ferent precatalysts, but the activities were a function of the
Cl, I, or H ligands and the oxidation state of the precata-
lysts. Notably, the halide-free compound 8 was a very poor
hydrogenation catalyst (Table 1, entry 3). The influence of
the chloride versus the iodide ligand is evident in entries 2


Figure 5. Structure of one of the two independent cations of 12 (ORTEP plot; 30% probability ellipsoids). For
clarity only the ipso-C atoms of the phenyl groups are drawn. Selected bond lengths [ä] and angles [8]: Ir(C)�
Ir(D) 3.669, Ir(C)�I(1C) 2.671(4), Ir(C)�I(2C) 2.770(4), Ir(C)�I(3C) 2.776(4), Ir(C)�I(5C) 2.721(4), Ir(C)�
P(1C) 2.249(15), Ir(C)�P(2C) 2.263(15), Ir(D)�I(1C) 2.720(4), Ir(D)�I(2C) 2.697(4), Ir(D)�I(3C) 2.758(4),
Ir(D)�I(4C) 2.693(4), Ir(D)�P(1D) 2.356(15), Ir(D)�P(2D) 2.278(16); P(1C)-Ir(C)-I(1C) 95.7(4), P(1C)-Ir(C)-
I(3C) 91.6(4), P(1C)-Ir(C)-I(5C) 93.4(4), P(1C)-Ir(C)-P(2C) 95.5(6), P(2C)-Ir(C)-I(1C) 98.8(4), P(2C)-Ir(C)-
I(2C) 93.7(4), P(2C)-Ir(C)-I(5C) 90.2(4), I(1C)-Ir(C)-I(2C) 77.62(12), I(1C)-Ir(C)-I(3C) 81.71(13), I(2C)-Ir(C)-
I(3C) 79.40(12), I(2C)-Ir(C)-I(5C) 91.86(13), I(3C)-Ir(C)-I(5C) 88.13(13), Ir(C)-I(1C)-Ir(D) 85.76(12), Ir(C)-
I(2C)-Ir(D) 84.30(12), Ir(C)-I(3C)-Ir(D) 83.07(12).


Figure 6. View along the molecular C2 axis of 12 passing through I(3C)
(PowerMoMo line drawing).
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and 4, whereby the latter ligand had a slightly detrimental
effect on activity. The IrI complexes performed poorly, while
the trivalent iridium precatalysts 10±12 displayed markedly
higher activities. The best mononuclear single-component
precatalyst was the cationic iodo hydrido species 10
(Table 1, entry 5), whereas its isomer 11 was less active
(Table 1, entry 6). Surprisingly, the dinuclear IrIII precatalyst
12 gave the best results in terms of activity, and selectivity
even in the absence of a source of protons (Table 1,
entry 7). In fact, under the hydrogenation conditions used in
this study, iridium hydrido iodo species may be formed
along with HI. Likewise, Zhang et al. recently used iodine
as an efficient in situ co-catalyst in the iridium-catalyzed
enantioselective hydrogenation of arylimines. They pro-
posed heterolytic H2 activation by an Ir(P


_
P)(Cl)(I)2 species


to form an iridium hydrido chloro iodo complex with HI
elimination.[5] It remains to be demonstrated, though, that
HI elimination is favored over HCl elimination. None of the
single-component catalysts tested here approached the ex-
ceptional activity of the reference system (Table 1,
entry 1).[25] These results seem to indicate that both halide li-
gands, Cl� as well as I� , must be present in the reaction mix-
ture.


Isolation and characterization of catalyst±substrate com-
plexes : We were interested in isolating and characterizing
complexes that could serve as model compounds for inter-
mediates in the catalytic MEA-imine hydrogenation cycle.[3]


We chose to use the slightly simpler model substrate DMA-
imine (14). Iridium complexes containing both ligand 4 and
imine 14 within their coordination spheres are of particular
interest since they allow the interplay of steric and electron-
ic factors between the ligand and the substrate to be as-


sessed. In its free state at room
temperature imine 14 exists as
a mixture of E and Z isomers
in a ratio of 86:14. Complexes 7
and 8 reacted neither with 14
nor with its immonium tetra-
fluoroborate salt 15. Complex 9
was protonated by 15 to give a
mixture of the hydrido com-
plexes 10 and 11 (along with
other minor hydrides) and free
imine 14. Elimination of HI
from 10 and 11 took place in
part in the presence of 14 (and


other bases) to give cationic 8. Complex 12 did not react
with 14±16. The chloro bridge of 13 was not split even in
neat imine 14, nor was any other type of imine coordination
observed in NMR experiments. However, as expected, 13
activated the N�H bond of the immonium salt 15 to give
complicated and inseparable mixtures of hydrido imino
complexes. Treating 13 with silver salt 16 invariably formed
complex mixtures and a silver mirror on the walls of the re-
action flask.


When the cationic complex 8 was treated with H2 in the
presence of a large excess of DMA-imine (14) in CH2Cl2,
imine adducts 18±21 formed [Eq. (3)]. These compounds
were isolated as an analytically pure mixture in a ratio of
18 :19 :20 :21 of 45:42:3:10. The diastereoselectivity of this re-
action varied little with the reaction conditions employed,
such as solvent and temperature. Reactions in CH2Cl2 were
cleaner than in CH3OH, THF, or neat 14. At 195 K, the re-
action was considerably slower, but with no beneficial effect
on the diastereoselectivity of DMA-imine complexation. Al-
though separation of isomers 18±21 was not possible, their
solution structures were fully established by a combination
of multinuclear 1D and 2D NMR techniques. The k2 coordi-
nation mode of imine 14 in another iridium complex was
confirmed by an X-ray structure analysis (25, vide infra).
Characteristic NMR parameters are summarized in Table 2.
A phase-sensitive 31P,1H COSY experiment 1) established
the type of substituents on the phosphorus donors, 2) as-
signed the resonances of the hydride ligands trans to P from
the magnitudes of the J(31P,1H) coupling constants, and
3) identified the second hydride ligand. The stereochemistry
of this hydride followed from a short triangulation based on
cross-peaks observed in the 1H NOESY experiment. There-
fore, in the two major isomers 18 and 19 short internuclear


Table 1. Iridium-catalyzed hydrogenation of 1[a]


Entry Catalyst precursor Yield [%] TOF [h�1] ee [%] (config.)


1 reference system[b] 100 2778 80 (R)
2 7 31.2 867 77 (R)
3 8 <1 <28 not determined
4 9 23.6 656 78 (R)
5 10 70.0 1944 77 (R)
6[c] 11 66.0 1375 81 (R)
7[d] 12 75.0 2083 79 (S)


[a] 20.5 mL 1, no solvent, substrate/catalyst=50000, p=100 bar, 303 K, 18 h reaction time. See Experimental
Section for a typical protocol and analytical methods. [b] [Ir2(m-Cl)2(cod)2]+2(S)-(R)-4+ [Bu4N]I+AcOH.
[c] 24 h reaction time. [d] Precatalyst of opposite chirality, that is, bearing ligand (R)-(S)-4.
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separations of these hydrides from 1) the methine protons at
the stereogenic center of the phosphorus chelate, 2) the un-
substituted Cp ring, and 3) two types of aromatic ortho pro-
tons were found. In diastereomers 20 and 21 only the last-
named type of interactions was observed, consistent with
the remoteness of these hydrides from the aforementioned
functional groups. Coordination of the imine ligand in 18
and 19 was proven by the presence of a phosphorus-induced
doublet of doublets in the 13C NMR spectrum of the imine
C atoms resonating at d=180.00 and 180.64 ppm, respec-
tively. Furthermore, the chiral environment around iridium
rendered the methylene protons of the coordinated imine
diastereotopic. These were individually assigned in 18, 19,
and 21 from selective NOEs to the trans-cis hydride (rela-
tive to the P donors) and to the characteristic ortho protons
of the respective aromatic moieties. The observed selectivity
also pointed to a coordination of the ether functionality, as
free rotation of the �CH2OCH3 group is expected to lead to
a series of nonselective distance-dependent interactions. The
proposed coordination through oxygen is independently sup-
ported by the remarkable chemical shifts of the methoxy
groups resonating at d=1.39, 1.72, and 2.18 ppm for 18, 19,
and 21, respectively. These fairly low values for methoxy


groups are caused by the shielding anisotropy of the perpen-
dicular aromatic rings which sandwich the methoxy group.
The orientation of the imine ligand with respect to the
IrH2P2 core was established following two short triangula-
tions based on the short internuclear distances that were ob-
served in the NOESY spectrum. The hydrides located cis to
both P donors exhibited spatial closeness to one of the
methyl groups of the 2,6-dimethylaniline unit, whereas ortho
protons of aromatic moieties assigned to the other hemi-
sphere with respect to the mentioned hydrides are close to
the methoxy groups.


A chemically relevant conformational aspect of the dia-
stereomeric mixture 18±21 is its solution dynamics. In the
room-temperature NOESY spectrum with an exchange
mixing time of 600 ms, selective exchange between diaster-
eomers 18 and 21 was observed. An exchange mechanism
must be consistent with the observation that the hydride
originally trans to PXyl2 must end up in the cis-cis position
(with respect to P


_
P) while the other becomes trans to PXyl2.


Therefore, we suggest dissociation of the ether group, move-
ment of the PXyl2 donor to this vacant position and recoor-
dination of the ether group in the position where PXyl2 left.
Although we did not observe further interconversions


among the diastereomers it is
conceivable that they occur at
somewhat slower rates and
would explain why constant di-
astereomer ratios were ob-
served and why the mixtures
were inseparable.


Note that migratory insertion
of the C=N bonds into the Ir�H
bonds of 18 and 20 on the one
hand, and of 19 and 21 on the
other hand would give rise to
amines (R)-17 and (S)-17, re-


spectively. However, under these conditions (i.e. , in absence
of halides and at low H2 pressure) no reaction took place.
Although pre-coordination of the imine appears not to be
the enantioselective step, structures 18±21 allow for some
important stereochemical observations:


1) The relative abundances of the diastereomers indicate
that the half of the iridium coordination octahedron into
which the FeCp moiety points is sterically less accessible
for the substrate molecule. In all crystal structures of oc-
tahedral or square-pyramidal iridium ferrocenyldiphos-
phane complexes this position is occupied by a halogen
atom.[16,17,26] Structures 9, 11, and 12 in this work are ex-
amples thereof. In solution, however, complexes with op-
posite configuration are sometimes observed (cf. pair 10
and 11).


2) The methyl ether function of 14 always occupies the po-
sition trans to a hydride.


3) The imine function binds in a s fashion trans to one of
the P atoms. Both steric and electronic effects govern
the orientation of DMA-imine on iridium. The orienta-
tion is consistent with the relative trans influences of the
H, N, O and P donors and the requirement that either


Table 2. Selected NMR data for 18±21 (relative abundances).


18 (45%) 19 (42%) 20 (3%) 21 (10%)


d(31P) (PPh2) �4.4 �30.2 5.4 �1.0
d(31P) (PXyl2) 22.3 11.9 30.8 42.1
d(1H) (Jtrans, Jcis) �6.95 (147, 21.5) �6.14 (149.9, 19.3) �7.35 (145.2, 22.7) �8±06 (153.5, 20.0)
d(1H) (Jcis, Jcis) �29.86 (13.2, 24.7) �30.19 (12.6, 25.6) �30.63 (13.9, 21.8) �31.69 (8.5, 28.1)
d(1H) (OCH3) 1.39 1.72 not observed 2.18
d(1H) (OCH2) 4.48, 4.02 4.47, 4.20 not observed 3.94, 3.07
d(1H) (CH3) 1.60 1.67 not observed 1.41
d(1H) (C5H5) 3.50 3.45 3.58 3.46
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the N or the O substituent must fit between two aromat-
ic rings of the phosphorus chelate.


4) It may be assumed that the migratory insertion of the
hydride is the enantioselective step. Structures 18 and 20
are at the origin of the observed stereoselectivity of the
catalysis (i.e., (S)-(R)-Xyliphos gives predominantly the
(R)-amine and vice versa for the actual industrial proc-
ess). Migratory insertion of the hydrides cis to the imine
functions in 18 and 20 lead to the postulated IrIII amide
intermediates 22 and 23, respectively, containing a new
stereogenic center (Scheme 4). It has been shown that


H2 readily adds across such IrIII±amide bonds to form a
coordinated amine, regenerate an Ir�H function,[27] and
thus close the catalytic cycle. Structure 18 (in the real
catalytic system, I, Cl, OAc, HSO4, etc. may actually
occupy the position trans to the methyl ether function in-
stead of a hydride ligand) should thermodynamically
favor migratory insertion to form the new C�H bond
due to a synergistic effect caused by the electronic asym-
metry of the Xyliphos ligand. In 18 the hydride ligand is
more nucleophilic (it is trans to the more basic phos-
phane)[28] and the imine is more electrophilic (it is trans
to the less basic phosphane) as compared to 19. Also,
the result of the migratory insertion of 18, the postulated
pentacoordinate IrIII amido complex 22, is expected to
be stabilized by the coordination of the highly basic
amide function trans to the less basic phosphane. On the
other hand enantioselectivity could be kinetically con-
trolled, and an analogue of the minor (3%) component
20 may lead to the thermodynamically less stable postu-
lated intermediate 23. Hydrogenolysis of the iridium±
amide bond (in this case trans to the more basic phos-
phane) or amine decoordination would then be the rate-
limiting steps. Detailed kinetic studies are necessary at
this stage.


Since we were interested in structurally assessing the coor-
dination behavior of the imine 14 by X-ray analysis and
since it was not possible to grow X-ray quality single crystals
from the mixtures 18±21, we opted for the synthesis of a
simple iridium±imine adduct that would display a better
crystallinity. The goal was to synthesize an iridium±imine
complex with labile spectator ligands that could be easily
substituted by diphosphane 4.[29] When the thermally labile
tetraethylene complex 24[30] was treated with the silver bis-


(imine) complex 16 at 195 K, clean metathesis occurred to
afford the iridium ethylene DMA imine complex 25 in very
good yield [Eq. (4)] along with one equivalent of AgCl and
free imine 14. Complex 16 was obtained as a white powder
on a gram scale in excellent yield by treating a solution of
AgBF4 in toluene with two equivalents of imine 14.The
1H NMR spectrum confirmed the presence of a sole isomer.
Broad signals for the ethylene ligands indicated dynamic be-
havior at room temperature, and the sharp signals for the
imine ligand 14 were all shifted to lower fields with respect
to those of the free imine. The resonance of the methoxy
protons of coordinated 14 was shifted downfield by about
0.5 ppm to d=3.98 ppm. The imino methyl protons resonat-
ed at d=1.93 ppm and the methylene protons at d=


5.49 ppm, as compared to d=1.66 and 4.20 ppm, respective-
ly, in free 14. The 1H NMR data thus support a bidentate co-
ordination mode of 14.[31]


Crystals of 25 were grown from a CH2Cl2/Et2O mixture
and an X-ray diffraction study was performed. The unit cell
contains two independent molecules. Figure 7 confirms the
k2 coordination mode of imine 14,[32] which has a bite angle
of 788, and a square-planar coordination environment
around the iridium center. The iridium atom lies 0.01 ä
from the best plane fitted through the N and O atoms of 14
and the midpoints of the ethylene ligands. Similarly, the


Scheme 4. Proposed intermediates after migratory insertion of the hy-
drides cis to the imine functions in complexes 18 and 20. X= I, Cl, OAc,
HSO4, H etc. and Ar=2,6-dimethylaryl or 2-ethyl-6-methylaryl


Figure 7. Structure of one of the two independent cations of 25 (ORTEP
plot; 30% probability ellipsoids). Selected bond lengths [ä] and
angles [8]: Ir(1)�N(116) 2.060(8), Ir(1)�O(112) 2.093(7), Ir(1)�C(102)
2.083(12), Ir(1)�C(101) 2.091(12), Ir(1)�C(103) 2.081(11), Ir(1)�C(104)
2.112(13), N(116)�C(114) 1.288(12), N(116)�C(121) 1.445(12), C(111)�
O(112) 1.446(12), C(113)�O(112) 1.406(12), C(114)�C(115) 1.519(13),
C(114)�C(113) 1.466(13), C(101)�C(102) 1.399(17), C(103)�C(104)
1.387(15), N(116)-Ir(1)-O(112) 77.7(3), N(116)-Ir(1)-C(102) 97.2(4),
O(112)-Ir(1)-C(103) 90.8(4), C(101)-Ir(1)-C(104) 86.7(5).
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DMA backbone lies well within the plane defined by Ir, O,
and N, with the ipso-C(221) atom of the aryl group showing
the largest deviation of 0.05 ä. The dihedral angle between
the N,O,Ir plane and the plane fitted through the six C
atoms of the aryl ring is 878. The Ir�N bond length (2.06 ä)
lies within the expected range, and the Ir�O distance
(2.09 ä) is comparable to the length of an Ir�O single
bond.[33] Such tight ether coordination was previously ob-
served in a similar IrI complex.[34] The C�N distance
(1.29 ä) does not indicate any appreciable amount of met-
al±imine p backbonding.[35]


Attempts to isolate adducts of iridium with the hydroge-
nation product, that is, model amine 17, under conditions
analogous to those that allowed isolation of 18±21 failed.
Neither (R)- nor (S)-17 reacted cleanly with (S)-(R)-8 under
H2. This is because imine 14 is a much better ligand for iridi-
um than amine 17.[36] Note that amine 17 is a close model of
MEA-amine (2). Complex (S)-(R)-13 reacted with amine
(R)-17 to form complicated mixtures of hydrides. We
showed that chloro-bridged iridium complexes closely relat-
ed to 13 cleanly react with LiHNPh to afford IrI amido com-
plexes and IrI bis-amidate Li salts of the general formulae
[{(P


_
P)Ir(m-HNPh)}2] and [(P


_
P)Ir(HNPh)2]Li, respectively.


[37]


This prompted us to probe the reactivity of complex 13 with
various amounts of the corresponding lithium amide of 17
(obtained by deprotonation of 17 with LiBu) in [D8]THF.
Unfortunately, only complicated mixtures of products were
obtained. The dinuclear IrIII iodo complex 12 did not react
with this lithium amide.


Conclusion


We prepared and characterized a series of complexes that
reflect the composition of the ™magic catalyst mixture∫ used
in the Syngenta MEA-imine hydrogenation process. Nota-
bly, complexes 10 and 11 contain all the ingredients in the
coordination sphere of iridium, namely, Xyliphos (4), iodide,
and a hydride originating from a Br˘nstedt acid. Not sur-
prisingly, these compounds, along with the unprecedented
dinuclear iodo bridged IrIII complex 12, were the best single-
component catalysts for the hydrogenation of imine 1. The
last-named complex is an excellent catalyst precursor even
though it does not have an IrIII�H bond. Coordination of
imine 14 [a close model for MEA-imine (1)] to 8 under
1 bar H2 pressure was not diastereoselective and led to a
mixture of two major (18, 19) and two minor isomers (20,
21). Two of them (18 and 20) were in accord with the stereo-
chemical outcome of the catalysis, and migratory insertion
leads to the postulated thermodynamic (22) or kinetic (23)
intermediates. Finally, we proved by an X-ray structure anal-
ysis of model compound 25 that imine 14 coordinates in an
k2 fashion to an IrI center. It was shown that the ether
group of the imine binds quite tightly to the iridium center.
The coordination behavior of amine 17 on iridium and its
exchange kinetics with imine 14 have been the object of in-
vestigation in our laboratory and will be reported in due
course.[36]


Experimental Section


General aspects : All experiments were performed under purified N2 in a
MBraun glovebox or under purified Ar using standard Schlenk techni-
ques. All glassware and stirbars were oven-dried at 413 K. Pentane and
hexane were distilled from Na/K (50% w/w)/tetraglyme/benzophenone,
THF and diethyl ether from Na/K, benzene from Na/benzophenone, tolu-
ene and heptane from Na, and CH2Cl2 from Pb/Na alloy (Aldrich). Ace-
tone (Merck, puriss. p.a.) was dried over activated (553 K, 0.001 mbar,
12 h) 4 ä molecular sieves. C6D6 and [D8]THF were dried over Na/K,
and CD2Cl2 and CDCl3 over Na/Pb alloy. The solvents were freshly distil-
led before use or kept in dispenser flasks in the glovebox. NMR spectra
were recorded on Bruker AC250 and Bruker dpx250 spectrometers
(same magnet, 1H: 250.133 MHz, 31P: 101.256 MHz). Chemical shifts are
given in ppm relative to internal TMS and to external H3PO4 (85%).
Coupling constants J are reported in hertz. Elemental analyses (EA)
were carried out at the Mikroelementaranalytisches Laboratorium at
ETH Zurich. All reactions involving silver salts were carried out in the
dark. The synthesis of enantiopure (R)-17 will be reported elsewhere.[26]


(R)-17 and (S)-17 were also obtained by separation on a preparative-
scale chiral Daicel OD-H column.


Bis(3,5-xylyl)phosphane (5): A slightly turbid, yellowish solution of 3,5-
dimethylphenyllithium (9.25 g, 82.5 mmol) in Et2O (150 mL) was added
dropwise at 203 K to a colorless solution of PCl2(NEt2) (7.18 g,
41.3 mmol) in Et2O (150 mL). The mixture was allowed to reach room
temperature. Then HCl(g) (ca. 160 mmol, liberated by treating 8.5 g of
NH4Cl with H2SO4) was slowly bubbled through the vigorously stirred
solution. The white precipitate was filtered off and the yellowish solution
pumped down. Fresh Et2O (50 mL) was added, and the resulting solution
was added dropwise to a slurry of LiAlH4 (5.56 g, 147 mmol) in Et2O
(150 mL) at 195 K. This mixture was warmed to room temperature over
4 h and stirred overnight. Refluxing for 2 h reflux, filtration, extraction of
the gray residue with Et2O, and subsequent evaporation of the combined
Et2O solutions gave a yellowish oil and a white precipitate. Distillation
(Tbath�430 K; Tvap�398±405 K; p�0.04 mbar) gave 5.89 g (59%) of a
yellowish oil. 31P NMR (CDCl3): d=�40.0 ppm (s).


(S)-(R)-Xyliphos ((S)-1-[(R)-2-(diphenylphosphanyl)ferrocenyl]ethyl-
bis(3,5-xylyl)phosphane, (S)-(R)-4): An orange-red solution of (S)-N,N-
dimethyl-1-[(R)-2-(diphenylphosphany)ferrocenyl]ethylamine (6, 8.86 g,
20.1 mmol) in AcOH (160 mL) was degased by two freeze±pump±thaw
cycles. Then PH(3,5-Xyl)2 (5, 5.35 g, 22.1 mmol) was added and the mix-
ture was heated to 370 K for 3 h. The volatile substsances were removed
in vacuo at 370 K, and EtOH (800 mL) was added to afford a limpid
orange solution at reflux temperature. Concentration to 400 mL, filtra-
tion, and washing with cold EtOH yielded 9.55 g (69%) of a yellow mi-
crocrystalline solid. From the mother liquor another crop of crystals was
recovered (0.80 g, 6%). Elemental analysis calcd (%) for C40H40P2Fe¥
C2H6O: C 73.68, H 6.77; found: C 73.54, H 6.80. 1H NMR (CDCl3): d=
1.46 (m, 3H), 2.19 (s, 6H), 2.27 (s, 6H), 3.72 (m, 1H), 3.84 (s, 5H), 4.03
(m, 2H), 4.24 (m, 1H), 6.77 (m, 1H), 6.85±7.00 (m, 5H), 7.10±7.20 (m, 5
H), 7.35±7.45 (m, 3H), 7.60±7.70 ppm (m, 2H). The spectrum indicated
one equivalent of EtOH of cocrystallization. 31P{1H} NMR (CDCl3): d=
�25.2 (d, J=19 Hz), 6.5 ppm (d, J=19 Hz).


[Ir(Cl)(cod){(S)-(R)-Xyliphos)}] (7): Warm toluene (50 mL) was added
to [Ir2(m-Cl)2(cod)2] (417 mg, 0.621 mmol) and (S)-(R)-Xyliphos ((S)-(R)-
4, 794 mg, 1.244 mmol), and the resulting limpid orange solution was stir-
red overnight. The volatile substances were evaporated and the remain-
ing orange glassy solid was treated with diethyl ether (20 mL) to give a
yellow crystalline solid. The mother liquor was filtered off and the solid
dried in vacuo. Yield: 950 mg (78%). Elemental analysis calcd (%) for
C48H52ClFeIrP2: C 59.17, H 5.38; found: C 58.95, H 5.57. 1H NMR
(C6D6): d=1.70±1.85 (m, 2H), 1.83 (m, 3H), 2.10±2.30 (m, 2H), 2.12 (m,
6H), 2.19 (m, 6H), 2.35±2.55 (m, 2H), 2.55±2.75 (m, 2H), 3.78 (m, 1H),
3.85±4.10 (m, 4H), 3.96 (s, 5H), 4.42 (m, 2H), 6.45±7.05 (m, 8H), 7.20±
7.30 (m, 2H), 7.30±7.40 (m, 2H), 7.82 (br, 2H), 8.86 ppm (m, 2H);
31P NMR (C6D6): d=�14.5 (d, J=37 Hz), 16.4 (d, J=37 Hz). [a]20D =144
(c=0.78, THF).


[Ir(cod)((S)-(R)-Xyliphos)]BF4 (8): An orange solution of [Ir2(m-
Cl)2(cod)2] (0.976 g, 1.45 mmol) and (S)-(R)-Xyliphos ((S)-(R)-4, 1.856 g,
2.91 mmol) in THF (130 mL) was stirred for 0.5 h (slightly turbid). Then
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AgBF4 (0.570 g, 2.93 mmol) was added, and the resulting deep red mix-
ture was stirred overnight. The finely divided white precipitate was al-
lowed to settle at 253 K for 2 h. The mother liquor was then decanted off
over a Celite filterstick and stripped to a deep red glassy solid. Slurrying
and washing with n-hexane (25 mL) and drying in vacuo yielded a brick-
red powder (2.73 g, 92%). Elemental analysis calcd (%) for
C48H52BF4FeIrP2: C 56.21, H 5.11; found: C 56.12, H 5.20; 31P NMR
(C6D6): d=3.2 (d, J=24 Hz, P1), 37.9 ppm (d, J=24, P2). 13C NMR
(CD2Cl2): d=14.52 (d, J=6.0 Hz, C7), 21.45 (s, C14, C15), 21.70 (s, C22,
C23), 28.05 (dd, J=J=1.6, 1.6 Hz, C42), 28.49 (dd, J=1.6, 1.8 Hz, C38),
33.02 (dd, J=26.0, 4.2 Hz, C6), 33.38 (dd, J=4.5, 2.2 Hz, C39), 33.68 (dd,
J=4.5, 2.3 Hz, C43), 68.75 (d, J=8.0 Hz, C4), 69.63 (dd, J=8.5, 1.6 Hz),
70.97 (s, C1’±C5’), 73.27 (dd, J=54.7, 5.9 Hz, C1), 74.94 (d, J=5.7 Hz,
C5), 84.74 (d, J=10.8 Hz, C36), 85.96 (d, J=10.1 Hz, C40), 89.42 (dd, J=
18.9, 4.1 Hz, C2), 91.21 (d, J=10.5 Hz, C37), 92.25 (d, J=11.1 Hz, C41),
127.15 (dd, J=44.7 Hz, 0.9, Cipso), 127.37 (d, J=50.8 Hz, Cipso), 128.89 (d,
J=10.0, C32 Hz, C34), 129.01 (dd, J=55.6, 1.1 Hz, Cipso)), 129.48 (d, J=
5.6 Hz, C17, C21), 129.56 (d, J=8.5 Hz, C25, C29), 131.44 (d, J=2.4 Hz,
C33), 132.85 (d, J=2.5 Hz, C27), 133.01 (d, J=9.2 Hz, C31, C35), 133.38
(d, J=2.5 Hz, C19), 134.29 (d, J=11.3 Hz, C9, C13), 134.37 (d, J=
2.6 Hz, C11), 135.10 (d, J=56.5 Hz, Cipso), 136.83 (d, J=13.5 Hz, C24),
138.77 (d, J=11.1 Hz, C10, C11), 139.45 ppm (d, J=9.9 Hz, C18, C20);
1H NMR (CD2Cl2): d=1.50 (dd, 3 H7), 1.56 (m, H42), 1.61 (m, H38), 1.66
(m, H42), 1.88 (m, H38), 2.06 (m, H43), 2.30 (s, 3 H14, 3 H15), 2.32 (m,
H43), 2.34 (m, 2 H39), 2.40 (s, 3 H22, 3 H23), 3.28 (m, H41), 3.60 (dq,
H6), 3.65 (m, H37), 3.73 (s, H1’±H5’), 4.03 (m, H3), 4.15 (dt, H4), 4.19
(m, H36), 4.20 (m, H40), 4.33 (td, H5), 7.04 (md, H17, H21), 7.19 (m,
H19), 7.20 (m, H11), 7.34 (md, H9, H13), 7.37 (m, H31, H35), 7.51 (m,
H33), 7.52 (m, H32, H34), 7.77 (m, H27), 7.81 (m, H26, H28), 8.35 ppm
(m, H25, H29). Single crystals suitable for X-ray diffraction analysis were
grown from a saturated, filtered solution of the complex in THF.


[Ir(I)(cod)((S)-(R)-Xyliphos)] (9): Acetone (150 mL) was added to
[Ir2(m-Cl)2(cod)2] (0.959 g, 1.428 mmol), (S)-(R)-Xyliphos ((S)-(R)-4,
1.823 g, 2.855 mmol), and KI (0.498 g, 3.002 mmol). Stirring for 3 h af-
forded a yellow slurry, which was pumped down. Toluene (150 mL) was
added and the mixture was filtered over Celite. The volatile substances
were removed in vacuo leaving an orange glassy solid. Washing with
hexane and drying in vacuo yielded a yellow powder (2.81 g, 92%). Ele-
mental analysis calcd (%) for C48H52P2FeIIr: C 54.09, H 4.92; found: C
54.34, H 5.08; 31P NMR (C6D6): d=�24.0 (d, J=41 Hz, P1), 7.5 ppm (d,
J=41 Hz, P2); 13C NMR (C6D6): d=17.09 (d, J=7.4 Hz, C7), 21.40 (s,
MeXyl), 21.42 (s, MeXyl), 32.59 (d, J=3.7 Hz, C39, C43), 32.77 (d, J=
3.5 Hz, C38, C42), 35.30 (d, J=28.1 Hz, C6), 67.20 (dd, J=10.8, 1.6 Hz,
C37, C41), 68.33 (d, J=4.9 Hz, C4), 69.05 (dd, J=8.1, 2.6 Hz, C3), 70.13
(d, J=12.5 Hz, C36, C40), 71.46 (s, C1’±C5’), 73.61 (dd, J=47.4, 7.9 Hz,
C1), 74.21 (d, J=1.4 Hz, C5), 94.48 (dd, J=18.9, 5.8 Hz, C2), 126.51 (d,
J=8.7 Hz, C32, C34), 127.44 (s, C33), 127.48 (d, J=8.3 Hz, C26, C28),
130.37 (d, J=2.3 Hz, C27), 131.55 (br, C9, C13), 131.93 (d, J=2.4 Hz,
C19), 131.96 (d, J=2.3 Hz, C11), 132.49 (dd, J=40.5, 3.9 Hz, Cipso),
133.51 (d, J=8.0 Hz, C31, C35), 134.60 (dd, J=44.1, 2.2 Hz, Cipso), 135.20
(br, C17, C21), 136.35 (d, J=10.3 Hz, C25, C29), 137.09 (br, C10, C12),
137.51 (d, J=10.0 Hz, C18, C20), 140.65 (d, J=51.2 Hz, Cipso), one Cipso
masked by C6D6, 127.16 ppm (dd, J=44.6, 1.6 Hz) in CDCl3).


1H NMR
(C6D6): d=1.79 (dd, 3 H7), 1.96 (m, H38, H42), 2.01 (s, 3 H22, 3 H23),
2.03 (m, H39, H43), 2.14 (br, 3 H14, 3 H15), 2.53 (m, H39, H43), 2.65 (m,
H38, H42), 3.67 (m, H36, H40), 3.80 (m, H5), 3.84 (m, H4), 4.06 (s, H1’-
H5’), 4.26 (m, H37, H41), 4.35 (m, H3), 6.65 (m, H31, H35), 6.68 (qd,
H6), 6.74 (m, H11), 6.78 (m, H32, H34), 6.83 (m, H19), 6.97 (m, H33),
7.15 (m, H27), 7.27 (m, H26, H28), 7.50 (md, H17, H21), 8.75 ppm (m,
H25, H29), H9 and H13 too broad to be observed (7.2 in CDCl3 with D1/


2=150 Hz). Single crystals suitable for X-ray diffraction analysis were ob-
tained as follows: 150 mg of the complex was dissolved in THF (7 mL),
Et2O was added to just induce precipitation, and subsequent warming re-
dissolved the precipitate. The resulting limpid solution was allowed to
slowly cool to room temperature.


[Ir(H)(I)(cod)((S)-(R)-Xyliphos)]BF4¥CH2Cl2 (10): A solution of HBF4


in Et2O (54 wt%, d=1.19, 26 mL, ca. 0.19 mmol) was slowly added to a
red solution of [Ir(I)(cod)((S)-(R)-Xyliphos)] (9, 203 mg, 0.191 mmol) in
CH2Cl2 (10 mL) at 195 K. The solution turned yellow and was allowed to
slowly reach room temperature. The resulting orange solution was strip-
ped to a red oily solid, which was redissolved in fresh CH2Cl2 (1 mL).


Dropwise addition of Et2O (4 mL) caused the precipitation of a brick-red
solid. The mother liquor was syphoned off, and the solid washed with
Et2O (4 mL) and dried in vacuo to give a pink powder (98 mg, 41%). El-
emental analysis calcd (%) for C48H53BF4FeIIrP2¥CH2Cl2: C 47.52, H
4.48,I 10.25; found: C 47.91 , H 4.42, I 10.34; IR: ñ(IrH)=2259 cm�1


(CsI). 31P NMR (CD2Cl2): d�12.4 (d, J=18 Hz), 23.5 ppm (d, J=18 Hz);
13C NMR (CD2Cl2): d=13.80 (d, J=5.6 Hz, C7), 21.73 (s, C14, C15),
21.78 (s, C22, C23), 31.69 (dd, J=3.8, 0.9 Hz, *), 31.75 (dd, J=4.3,
2.2 Hz, *), 32.08 (dd, J=3.4, 1.0 Hz, *), 32.21 (4.1, 2.5 Hz, *), 37.64 (dd,
J=26.3, 4.1 Hz, C6), 69.48 (d, J=9.4 Hz, C4), 71.49 (s, C1’-C5’), 71.50
(dd, J=9.0, 1.0 Hz, C3), 75.95 (d, J=6.3 Hz, C5), 89.16 (dd, J=7.6,
0.9 Hz, C37), 90.83 (dd, J=8.1, 1.4 Hz, C42), 95.81 (d, J=15.3 Hz, C38),
98.95 (d, J=15.3 Hz, C41), 125.83 (d, J=51.2 Hz, Cipso), 126.52 (dd, J=
59.4, 1.0 Hz, Cipso), 127.22 (d, J=53.3 Hz, Cipso), 128.41 (d, J=10.9 Hz,
C26, C28), 129.45 (d, J=10.7 Hz, C32, C34), 131.20 (d, J=60.7 Hz, Cipso),
131.70 (d, J=9.4 Hz, C9, C13), 132.04 (d, J=6.3 Hz, C17, C21), 132.72
(d, J=2.8 Hz, C27), 133.28 (d, J=2.6 Hz, C33), 133.77 (d, J=2.9 Hz,
C19), 134.46 (d, J=2.6 Hz, C11), 134.7 (br, C25, C29), 135.2 (br, C31,
C35), 137.48 (d, J=10.9 Hz, C10, C12 or C18, C20), 139.56 ppm (d, J=
10.9 Hz, C18, C20 or C10, C12); *=C39, C40, C43, C44, not specifically
assigned. 1H NMR (CD2Cl2): d=�12.58 (dd, J=10.7, 10.7 Hz, IrH), 1.52
(dd, 3 H6), 2.29 (s, 3 H18, 3 H20), 2.32 (m, H39), 2.41 (s, 3 H10, 3 H12),
2.43 (m, H40), 2.44 (m, H43), 2.52 (m, H44), 2.53 (m, H43), 2.67 (qd,
H6), 2.73 (2m, H39, H40), 2.81 (m, H44), 3.94 (m, H38), 3.99 (s, H1’-
H5’), 4.15 (m, H41), 4.71 (2 m, H4, H5), 4.76 (m, H37), 4.83 (m, H42),
4.91 (m, H3), 6.90 (md, H17, H21), 7.10 (m, H19), 7.26 (m, H11), 7.44
(m, H26, H28), 7.53 (m, H27), 7.56 (md, H9, H13), 7.79 (m, H33), 7.84
(m, H32, H34), 7.85 (vbr, H25, H29), 8.75 ppm (m, H31, H35).


[Ir(I)(H)(cod)((S)-(R)-Xyliphos)]BF4¥0.5CH2Cl2 (11): A solution of
HBF4 in Et2O (54 wt%, d=1.19, 260 mL, 1.90 mmol) was slowly added to
a deep red solution of [Ir(I)(cod)((S)-(R)-Xyliphos)] (9, 1.015 g,
0.952 mmol) in CH2Cl2 (40 mL), and the mixture stirred for 60 h. Con-
centration (4 mL), addition of Et2O (16 mL), and stirring overnight
caused the formation of a yellow microcrystalline precipitate. After
standing at 253 K for 4 h, the deep red mother liquor was decanted off,
and the solid washed with Et2O (30 mL) and dried in vacuo to yield an
orange powder (660 mg, 58%). From the mother liquor another crop of
crystals was recovered (68 mg, 6%). Elemental analysis calcd (%) for
C48H53BF4FeIIrP2¥0.5CH2Cl2: C 48.70, H 4.55, I 10.61; found: C 48.76, H
4.67, I 10.87; IR: ñ(IrH)=2256 cm�1 (CsI); 31P{H} NMR (CD2Cl2): d=
�31.9 (d, J=23 Hz), �1.5 (d, J=23); 13C NMR (CD2Cl2): d=16.02 (br,
C7), 21.56, 21.58, 21.61 (3 s, 4 MeXyl), 30.33 (m, C44), 30.49 (m, C40),
32.40 (d, J=2.8 Hz, C43), 33.78 (m, C39), 34.37 (d, J=33.3 Hz, C6), 69.55
(dd, J=64.2, 6.1 Hz, C1), 70.34 (br, C4), 71.20 (br, C3), 72.44 (br, C1’±
C5’), 74.54 (br, C5), 91.38 (br, C42), 94.13 (d, J=7.7 Hz, C37), 97.75 (d,
J=13.5 Hz, C38), 99.36 (d, J=11.8 Hz, C41), 124.80 (d, J=55.9 Hz,
Cipso), 126.43 (d, J=49.0 Hz, Cipso), 128.22 (d, J=10.1 Hz, C26, C28),
128.24 (d, J=56.9 Hz, Cipso), 128.87 (d, J=10.7 Hz, C32,C34), 130.38 (dd,
J=5 Hz, 6, C9), 130.66 (s, C27), 130.87 (d, J=9.9 Hz, C13), 131.20 (d,
J=9.1 Hz, C25, C29), 132.18 (m, C17, C21), 132.81 (d, J=2.2 Hz, C33),
134.31 (m, C11), 134.43 (m, C19), 134.90 (d, J=9.5 Hz, C31, C35), 139.04
(d, J=10.3 Hz, C10 or C12), 139.11 (d, J=65.2 Hz, Cipso), 139.14 (d, J=
11.7 Hz, C12 or C10), 139.72 ppm (d, J=10.9 Hz, C32, C34); 1H NMR
(CD2Cl2): d=�13.84 (dd, J=15.8, 9.2 Hz, IrH), 1.61 (dd, 3 H7), 2.10 (s, 3
H14), 2.19 (s, 3 H22, 3 H23), 2.39 (3 m, H40, 2 H44), 2.46 (s, 3 H15), 2.47
(m, H43), 2.62 (m, H43), 2.98 (m, H39), 3.02 (m, H40), 3.42 (m, H39),
3.86 (m, H5), 4.12 (H1’±H5’), 4.26 (m, H41), 4.43 (m, H4), 4.55 (m, H42),
4.92 (m, H3), 5.13 (m, H37), 5.51 (m, H38), 6.10 (md, H9), 6.46 (m, H25,
H29), 6.48 (qd, H6), 7.03 (m, H26, H28), 7.04 (md, H17, H21), 7.10 (m,
H11), 7.11 (m, H19), 7.29 (m, H27), 7.57 (m, H32, H34), 7.62 (m, H33),
8.34 (md, H13), 8.35 ppm (m, H31, H35). Single crystals suitable for X-
ray diffraction analysis were grown from a filtered solution of 82 mg com-
plex in CH2Cl2 (0.3 mL) and THF (0.6 mL).


[Ir2I2(m-I)3((S)-(R)-Xyliphos)2]I (12): A solution of I2 (72.23 mg,
0.2845 mmol) in toluene (20 mL) was added dropwise to a stirred solu-
tion of [Ir(I)(cod)((S)-(R)-Xyliphos)] (9, 303.3 mg, 0.2845 mmol) in tolu-
ene (30 mL) at 203 K. The resulting dark red solution was allowed to
slowly reach room temperature. Then it was heated at 323 K for 0.5 h.
The solution turned red-brown and a small amount of an oily precipitate
formed. After evaporation of the volatile substances the residue was
washed and slurried with hexane (2î60 mL). Drying in vacuo afforded a
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brown powder (276 mg, 80%). Elemental analysis calcd (%) for
C80H80Fe2I6Ir2P4: C 39.66, H 3.33, I 31.43; found: C 39.52, H 3.07, I 31.37;
1H NMR (CD2Cl2): d=1.15 (m, 6H), 1.81 (s, br, 12H), 2.05 (s, br, 6H),
2.12 (s, br, 6H), 3.76 (s, 10H), 4.47 (m, 2H), 4.55 (m, 2H), 4.86 (s, 2H),
5.19 (m, 2H), 6.35 (m, 4H), 6.69 (m, 4H), 6.87 (s, 2H), 7.01 (s, 2H), 7.16
(m, 2H), 7.20±7.70 (m, br, 12H), 8.40 (m, 2H), 8.61 ppm (m, 4H); 31P{H}
NMR (CD2Cl2/C6D6): d=�22.0 (d, J=11 Hz), 2.0 ppm (d, J=11 Hz).
Crystals suitable for X-ray crystallographic analysis were grown from
CH2Cl2/Et2O.


cis- and trans-[Ir2(m-Cl)2((S)-(R)-Xyliphos)2] (13): A red solution of (S)-
(R)-Xyliphos ((S)-(R)-4, 2.001 g, 3.133 mmol) in benzene (40 mL) was
added dropwise over 20 min to a stirred bright orange slurry of [Ir2Cl2(-
coe)4] (1.416 g, 1.566 mmol) in benzene (40 mL) to afford a limpid deep
red solution. After stirring for 15 min the solvent was removed in vacuo
leaving an orange solid. Washing with pentane and drying in vacuo af-
forded a yellow powder (2.40 g, 88%). Elemental analysis calcd (%) for
C80H80Cl2Fe2Ir2P4): C 55.46, H 4.65; found: C 55.18, H 4.80; 31P{1H} NMR
(C6D6), AA’XX’ spin system, two isomers: d=�4.22 (2JPP’+


4JPP’=
38.3 Hz, isomer A), �1.01 (2JPP’+


4JPP’=30.6 Hz, isomer B), 22.70 (2JPP’+
4JPP’=38.2 Hz, isomer A), 26.73 ppm (2JPP’+


4JPP’=30.6 Hz, isomer B);
1H NMR (C6D6): d=1.05 �1.20 (m, 6H, isomer A), 1.25±1.35 (m, 6H,
isomer B), 2.12 (s, 12H, isomer B), 2.17 (s, 12H, isomer B), 2.22 (s, 12H,
isomer A), 2.38 (s, 12H, isomer A), 3.57 (s, 10H, isomer B), 3.68 (s, 10H,
isomer A), 3.75±4.20 (m, 8H, isomers A and B), 6.75 �8.55 ppm (m, 32
H, isomers A and B).


Typical hydrogenation protocol : MEA-imine (20.5 mL, 0.1 mol) was
transferred under argon to a magnetically stirred 50 mL steel autoclave
containing (R)-(S)-12 (2.4 mg, 0.001 mmol). The autoclave was purged
five times with 5 bar H2 (99.5%) and finally pressurized to 100 bar (this
pressure was maintained throughout the experiment). Stirring at
1500 rpm and warming to 303 K initiated the hydrogenation reaction,
which was left for 18 h. The reaction solution was diluted in CH2Cl2 (1%
v/v) and analyzed by GC (Varian 3700, OV-101 column, temperature pro-
gram: Tinit=373 K, 10 Kmin�1 up to 593 K; retention times: MEA-amine
8.05 min, MEA-imine 7.65 min); 75.0% yield of MEA-amine 2. The ee
was determined by HPLC on a Daicel Chiracel OD-H column with
hexane/iPrOH (99.65/0.35) as eluent (1.0 mLmin�1; 298 K; retention
times: (R)-2 6.9 min, (S)-2 8.0 min; 79% ee (S)).


DMA-imine (2,6-dimethylphenyl-1’-methyl-2’-methoxyethyl-imine, 14): A
mixture of methoxyacetone (41.2 g, 467 mmol) and 2,6-dimethylaniline
(57.9 g, 478 mmol) in toluene (100 mL) was heated to reflux on a water
separator for 24 h. About 8.5 mL of H2O was collected. The volatile sub-
stances were evaporated. Acetic anhydride (3.6 mL, 38 mmol) was added
to the yellowish residue to scavenge excess 2,6-dimethylaniline, and the
mixture was stirred at room temperature overnight. Fractionation (70±74
8C, 0.007 mbar) yielded a yellowish oil (71 g, 79%). Elemental analysis
calcd (%) for C12H17NO: C 75.35, H 8.96, N 7.32; found: C 75.00, H 9.10,
N 7.25; 1H NMR (250.13 MHz, CDCl3): d=1.66 (s, 3H, E isomer); 2.00
(br s, 6H, both isomers); 2.29 (s, 3H, Z isomer); 3.25 (s, 3H, Z isomer);
3.48 (s, 3H, E isomer); 3.62 (s, 2H, Z isomer); 4.20 (s, 2H, E isomer);
6.85±6.90 (m, 1H, both isomers); 6.95±7.00 ppm (m, 2H, both isomers).
Z :E�0.16.


2,6-Dimethylphenyl-1’-methyl-2’-methoxyethyliminium tetrafluoroborate
(15). A solution of HBF4 (54 wt% in Et2O, 3.50 mL, 25.7 mmol) was
added dropwise to a solution of DMA-imine (14, 4.92 g, 25.7 mmol) in
Et2O (125 mL) at �40 8C. A white flocculating solid formed, and the mix-
ture was left stirring overnight to slowly reach room temperature. The su-
pernatant was filtered off, and the residue washed with Et2O (2î50 mL)
and dried in vacuo affording a white powder (6.74 g, 94%). 1H NMR
(250.13 MHz, CD2Cl2): d=2.22 (s, 6H), 2.39 (s, 3H), 3.67 (s, 3H), 4.85 (s,
2H), 7.20±7.30 (m, 2H), 7.35±7.45 (m, 1H), 11.90 ppm (br, 1H).


[Ag(DMA-Imine)2]BF4 (16): DMA-imine (14, 5.5 mL, 28.2 mmol) was
added by syringe to a solution of AgBF4 (1.11 g, 5.70 mmol) in toluene
(120 mL). After stirring at room temperaure for 3 h a white precipitate
formed. The mother liquor was filtered off and the solid dried in vacuo
overnight. Washing the solid with pentane (2î60 mL) and drying in
vacuo afforded an off-white solid (2.96 g, 90%). Elemental analysis calcd
(%) for C24H34N2BO2F4Ag: C 49.94, H 5.94, N 4.85; found: C 50.19, H
6.04, N 4.81; 1H NMR (250.13 MHz, CD2Cl2): d=1.69 (s, 3H); 1.99 (s, 6
H); 3.23 (s, 3H); 4.22 (s, 2H); 7.08±7.10 ppm (m, 3H).


[Ir(H)2((S)-(R)-Xyliphos)(DMA-imine)]BF4 (18, 19, 20, 21): A stream of
H2 (p�2 bar) was slowly bubbled for 0.2 h through a deep red solution
of [Ir(cod)((S)-(R)-Xyliphos)]BF4 (8, 76.9 mg, 0.0750 mmol) and DMA-
imine 14 (143 mg, 0.75 mmol) in CH2Cl2 (7.5 mL). The solution turned
orange within seconds. Then the solution was pumped down to an orange
oil. Treatment of the oil with pentane (10 mL) afforded a pale yellow
powder, which was washed with another portion of pentane and dried in
vacuo (65 mg, 75%). Elemental analysis calcd (%) for C52H59BF4FeIr-
NOP2¥0.5CH2Cl2: C 54.67, H 5.24, N 1.21; found: C 54.94, H 5.35, N 1.21;
18 : 31P NMR (CD2Cl2): d=�4.4 (d, J=8.5 Hz, P1), 23.2 ppm (d, J=
8.5 Hz, P2); 13C NMR (CD2Cl2): d=15.33 (d, J=5.7 Hz, C7), 17.17 (s,
C47), 17.96 (d, J=2.4, C38), 20.71 (d, J=2.2, C46), 21.39 (s, C22, C23),
21.75 (s, C14, C15), 38.16 (dd, J=27.3, 2.1, C6), 61.26 (s, C39), 69.65 (d,
J=6.8, C4), 71.18 (s, C1’±C5’), 71.4 (C3), 74.61 (d, J=3.5, C5), 83.17 (dd,
J=1.2, 1.2, C37), 95.24 (dd, J=17.8, 3.7), aromatic C atoms not assigned,
180.64 (dd, J=2.4, 1.0, C37). 1H NMR (CD2Cl2): d=�29.86 (ddd, J=
24.7, 13.5, 4.8, IrH), �6.95 (ddd, J=147.2, 21.8, 4.8, IrH), 0.99 (dd, J=
H7), 1.25 (s, 3 H47), 1.37 (s, 3 H39), 1.60 (s, 3 H38), 2.09 (s, 3 H14, 3
H15), 2.23 (s, 3 H22, 3 H23), 2.67 (s, 3 H46), 3.38 (qd, H6), 3.50 (s, H1’±
H5’), 4.02 (d, J=36 Hz), 4.45 (2 m, H4, H5), 4.48 (d, J=36 Hz), 4.79 (m,
H3), ortho-protons: 6.81 (md, H31, H35), 7.00 (md, H17, H21), 7.23 (m,
H25, H29), 8.06 ppm (md, H9, H13); 19 : 31P NMR (CD2Cl2): d=2.6 (d,
J=8.5 Hz, P1), 11.9 ppm (d, J=8.5 Hz, P2); 13C NMR (CD2Cl2): d=16.87
(d, J=5.7 Hz, C7), 17.67 (d, J=2.8 Hz, C38), 18.01 (s, C47), 20.79 (d, J=
2.6 Hz, C46), 21.53 (s, C14, C15, C22, C23), 36.04 (dd, J=33.9, 1.9 Hz,
C6), 62.75 (s, C39), 69.47 (d, J=5.6 Hz, C4), 71.0 (C3), 71.03 (s, C1’±C5’),
75.02 (d, J=1.3 Hz, C5), 82.72 (d, J=1.9 Hz, C37), 93.59 (dd, J=19.4,
2.5 Hz, C2), aromatic C atoms not assigned, 180.00 ppm (dd, J=2.5,
1.2 Hz, C37); 1H NMR (CD2Cl2): d=�30.19 (ddd, J=25.6, 12.6, 4.8 Hz,
Ir�H), �6.14 (ddd, J=150.1, 19.3, 4.8 Hz, IrH), 1.14 (dd, J=7 Hz), 1.30
(s, 3 H47), 1.67 (s, 3 H38), 1.71 (s, 3 H39), 2.24 (s, 3 H22, 3 H23), 2.39 (s,
3 H14, 3 H15), 2.71 (s, 3 H46), 3.45 (s, H1’-H5’), 3.52 (qd, H6), 4.16 (m,
H5), 4.20 (d, J=H36), 4.41 (m, H4), 4.48 (d, J=H36), 4.73 (m, H3),
ortho-protons: 7.14 (m, H25, H29), 7.17 (md, H17, H21), 7.43 (m, H31,
H35), 7.55 ppm (md, H9, H13); 20 : 31P NMR (CD2Cl2): d=5.4 (P1), 30.8
(P2); 1H NMR (CD2Cl2): d=�30.63 (ddd, J=22.0, 13.9, 4.5, Ir-H), �7.35
(ddd, J=145.2, 22.0, 4.5 Hz, IrH), 1.19 (dd, 3 H7), ortho-protons: 6.59
(H17, H21), 6.98 (H25, H29), 7.30 (H9, H13), 8.16 ppm (H31, H35); 21:
31P NMR (CD2Cl2): d=�1.0 (P1), 42.1 ppm (P2); 1H NMR (CD2Cl2): d=
�31.69 (ddd, J=28.7, 8.5, 5.9 Hz, IrH), �8.06 (ddd, J=153.3, 20.0,
5.9 Hz, IrH), 1.36 (dd, 3 H7), ortho-protons: 6.66 (H17, H21), 7.06 (H9,
H13), 7.85 (H25, H29), 8.06 ppm (H31, H35).


[Ir(DMA-imine)(C2H4)2]BF4 (25): Ethylene (1 bar) was bubbled through
a slurry of [Ir2(m-Cl)2(coe)4] (1.044 g, 1.165 mmol) in heptane (5 mL) for
0.2 h at 273 K. The resulting off-white slurry was cooled to 195 K, and
pentane (20 mL) was added at this temperature. The supernatant solution
was decanted off, and CH2Cl2 (10 mL) was added to give a turbid green-
ish solution. A solution of [Ag(DMA-imine)2]BF4 (16, 1.344 g,
2.328 mmol) in CH2Cl2 (10 mL) was then added over 0.2 h at 195 K. The
resulting greenish limpid solution was allowed to reach room tempera-
ture overnight, and a white finely divided precipitate and an orange su-
pernatant solution formed. This mixture was evaporated to dryness,
washed with Et2O (2î30 mL), and extracted with CH2Cl2 (3î10 mL)
over a Celite filterstick. Concentration of the mother liquor to 15 mL
and addition of Et2O precipitated an orange microcrystalline solid, which
was filtered off and dried in vacuo (1.08 g, 87%). Elemental analysis
calcd (%) for C16H25BF4IrNO¥0.5CH2Cl2: C 34.84, H 4.61, N 2.46; found:
C 35.19, H 4.64, N 2.47; 1H NMR (CD2Cl2): d=1.2±3.9 (br, 8H), 1.93 (s,
3H), 2.22 (s, 6H), 3.98 (s, 3H), 5.49 (s, 2H), 7.16 ppm (s, 3H). The spec-
trum indicated the presence of 0.5 equiv of CH2Cl2. Crystals suitable for
X-ray analysis were grown by vapor diffusion of Et2O into a CH2Cl2 solu-
tion that was prepared by first washing 185 mg of the complex in THF
(3 mL), drying in vacuo, and then dissolving it in CH2Cl2 (2 mL).


CCDC-189331, CCDC-189332, CCDC-189329, CCDC-189330, and
CCDC-134961 contain the supplementary crystallographic data for com-
pounds 8, 9, 11, 12, and 25, respectively. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Chem. Eur. J. 2004, 10, 267 ± 278 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 277


Iridium Hydrogenation Catalysts 267 ± 278



www.chemeurj.org





Acknowledgement


Drs. Volker Gramlich and Fabio Z¸rcher are acknowledged for solving
the X-ray structures of compounds 8, 9, 11, 12, and 25. R.D. thanks No-
vartis AG (Switzerland) and Fonacit (Venezuela) for financial support.


[1] E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Comprehensive Asymmet-
ric Catalysis, Springer, Berlin 1999.


[2] R. Crabtree, H. Felkin, T. Fellebeen-Kahn, G. Morris, J. Organomet.
Chem. 1979, 168, 183.


[3] Y. Ng Cheong Chan, J. A. Osborn, J. Am. Chem. Soc. 1990, 112,
9400.


[4] F. Spindler, B. Pugin, H.-U. Blaser, Angew. Chem. 1990, 102, 561;
Angew. Chem. Int. Ed. Engl. 1990, 29, 558.


[5] D. Xiao, X. Zhang, Angew. Chem. 2001, 113, 3533±3536; Angew.
Chem. Int. Ed. 2001, 40, 3425±3428.


[6] R. Imwinkelried, Chimia 1997, 51, 300.
[7] F. Spindler, H.-U. Blaser, Enantiomer 1999, 4, 557.
[8] C. Vogel, R. Aebi (Ciba-Geigy AG), DP 2328340, 1972.
[9] H. Moser, G. Rhys, Z. Naturforsch. Teil B 1982, 37, 451.


[10] H.-U. Blaser, W. Brieden, B. Pugin, F. Spindler, M. Studer, A. Togni,
Top. Catal. 2002, 19, 3.


[11] G. Fink, R. M¸hlhaupt, H. H. Brintzinger, Ziegler Catalysts, Spring-
er, Berlin Heidelberg 1995.


[12] R. Noyori, T. Ohkuma, Angew. Chem. 2001, 113, 40±75; Angew.
Chem. Int. Ed. 2001, 40, 40±73.


[13] T. Hayashi, T. Mise, M. Fukushima, M. Kagotani, N. Nagashima, Y.
Hamada, A. Matsumoto, S. Kawakami, M. Konishi, K. Yamamoto,
M. Kumada, Bull. Chem. Soc. Jpn. 1980, 53, 1138.


[14] A. Togni, C. Breutel, A. Schnyder, F. Spindler, H. Landert, A.
Tijani, J. Am. Chem. Soc. 1994, 116, 4062.


[15] W. J. H‰lg, L. R. ÷rstrˆm, H. R¸egger, L. M. Venanzi, T. Gerfin, V.
Gramlich, Helv. Chim. Acta 1993, 76, 788.


[16] R. Dorta, A. Togni, Organometallics 1998, 17, 3423.
[17] R. Dorta, A. Togni, Organometallics 1998, 17, 5441.
[18] In fact, one would expect 11 to be the product of simple protonation


of 9. Moreover, it is still uncertain whether the isomerization of 10
to 11 is catalytic in HBF4.


[19] J. Eckert, C. M. Jensen, T. F. Koetzle, T. Le Husebo, J. Nicol, P. Wu,
J. Am. Chem. Soc. 1995, 117, 7271.


[20] H.-J. Steinebach, W. Preetz, Z. Anorg. Allg. Chem. 1985, 530, 155.
[21] M. J. Burk, B. Segmuller, R. H. Crabtree, Organometallics 1987, 6,


2241.
[22] P. R. Ellis, J. M. Pearson, A. Haynes, A. Adams, N. A. Bailey, P. M.


Maitlis, Organometallics 1994, 13, 3215.
[23] R. Dorta, P. Egli, F. Z¸rcher, A. Togni, J. Am. Chem. Soc. 1997, 119,


10857.
[24] R. Dorta, A. Togni, Chem. Commun. 2003, 760.
[25] Note that the indicated TOFs are average values over 18 h and that,


depending on the purity of the MEA-imine, reaction times of less
than 2 h for total conversion have been observed.


[26] R. Dorta, Ph.D. thesis Nr. 12739, ETH Z¸rich, 1998.
[27] M. D. Fryzuk, P. A. MacNeil, S. J. Rettig, J. Am. Chem. Soc. 1987,


109, 2803.
[28] D. M. Fryzuk, W. E. Piers, Organometallics 1990, 9, 986.
[29] This is the reverse of our initial and unsuccessful strategy of treating


the imine with preformed iridium Xyliphos complexes 7±13.
[30] A. L. Onderlinden, A. van der Ent, Inorg. Chim. Acta 1972, 6, 420.
[31] Attempts to produce the homoleptic bis-imine iridium complex by


displacing the ethylene ligands with a large excess of imine 14
failed. When 25 was treated with diphosphane 4 in CH2Cl2 at 195 K
a hydrido species formed, and no free imine 14 was detected in the
mother liquor. To date, we have been unable to isolate this com-
pound in pure form.


[32] A. G. Becalski, W. R. Cullen, M. D. Fryzuk, B. R. James, G.-J. Kang,
S. J. Rettig, Inorg. Chem. 1991, 30, 5002.


[33] C. A. Miller, T. S. Janik, C. H. Lake, L. M. Toomey, M. R. Churchill,
J. D. Atwood, Organometallics 1994, 13, 5080.


[34] M. A. Esteruelas, A. M. LÛpez, L. A. Oro, A. Pÿres, M. Schulz, H.
Werner, Organometallics 1993, 12, 1823.


[35] A. G. Orpen, L. Brammer, F. H. Allen, O. Kennard, D. G. Watson,
R. Taylor, J. Chem. Soc. Dalton Trans. 1989, S1-S19.


[36] R. Dorta, A. Togni, R. Kissner, D. Broggini, unpublished results.
[37] R. Dorta, A. Togni, Helv. Chim. Acta 2000, 83, 119.


Received: June 10, 2003
Revised: September 16, 2003 [F5218]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 267 ± 278278


FULL PAPER R. Dorta et al.



www.chemeurj.org






Nanocage Encapsulation of Two ortho-Carborane Molecules


Colin L. Raston*[a] and Gareth W. V. Cave[b]


Introduction


Polyhedral assemblies of the highly stable icosahedral car-
boranes, o-, m-, and p-C2B10H12 cages and their derivatives
have found wide and varied applications, including neutron-
capture therapy, nonlinear optics, and conducting poly-
mers.[1] The C�H acidity of these spherical-like carboranes
has shown great potential and versatility in building up su-
permolecules and continuous structures through intramolec-
ular hydrogen bonding interactions.[2±5]


The first examples of host±guest complexes of carboranes
were with a-, b- and g-cyclodextrin, as 1:1 complexes, with
a-cyclodextrin also forming a 2:1 complex.[2] The only exam-
ples of structurally authenticated carborane host±guest com-
plexes are those involving the cavitand molecules, ca-
lix[5]arene and cyclotriveratrylene (CTV).[3,4] In both of
these cases and all the analogues therein, the complexes
formed are based on arrays of 1:1 ball-and-socket nanostruc-
tures, whereby the carborane sits within the cleft of a bowl-
shaped host. o-Carborane guest molecules are routinely ob-
served to be held in place by h6-C�H(carborane)¥¥¥p nonclassical
hydrogen bonding or coulombic interactions involving the
face of one or two of the host×s phenyl groups.[3,4,6] Depen-
ding on the choice of solvent in forming cavitand complexes
of o-carborane, and the ratio of the two components in solu-


tion, different complexes can be generated. These com-
plexes are all built up on the 1:1 complex of the carborane
and calix[5]arene or CTV, [(o-carborane)\(cavitand)], with
varying degrees of solvent and either additional carborane
or cavitand.[3,4]


We show that the related symmetrical C-methyl derivative
of C4v calix[4]resorcinarene (1) readily forms a complex with
o-carborane, and spectacularly so in the presence of a 4’,4’’-


terpyridyl (2) ™molecular capsule∫, confining two o-carbor-
anes as part of the extended structure. This represents the
first structurally authenticated head-to-head (upper-rim-to-
upper-rim) molecular capsule to completely encapsulate a
carborane guest(s) within two or more cavitands. The water
soluble ionic capsule derived from (ethylenediamine)palla-
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Crawley, WA 6009 (Australia)
Fax: (+61)893-801-005
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Fax: (+44)113-343-6401
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Keywords: boron ¥ hydrogen
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Abstract: Bowl-shaped C-methylcalix[4]resorcinarene forms a 1:1 ball-and-socket
nanostructure with o-carborane through two endo-cavity BC�H¥¥¥p hydrogen
bonds. In the presence of 4’,2:6,4’’-terpyridine, two of these nanostructures are
held together by four terpyridines through sixteen OH¥¥¥N hydrogen bonds, com-
pletely shrouding two carboranes.
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dium(ii) and 2,4,6-tri(4’-pyridyl)-1,3,6-triazine has a poten-
tially large internal cavity that can encapsulate four o-car-
borane molecules, although their position and orientation
within the host are poorly defined.[5] It should be noted that
N-pyridine±metal complexes in general form a diverse range
of molecular capsules.[7]


Results and Discussion


The complex based on the ball-and-socket, [(o-carbora-
ne)\(1)]¥4EtOH, as depicted in Figure 1 was prepared by
the addition of equimolar quantities of C-methylcalix[4]re-


sorcinarene (1), and o-carborane in ethanol, yield 97%. Ad-
dition of two equivalents of 4-(4’’’-octyloxyphenyl)-4’,2:6,4’’-
terpyridine (2) to a solution of one equivalent each of 1 and
the carborane in ethanol afforded, upon slow evaporation,
the nanocage assembly [(o-carborane)2�(1)2(2)4]¥(o-carbor-
ane), shown in Figure 2, yield 84%. 1H NMR studies of the
two crystalline compounds confirmed that the ratios of 1/
carborane/2 were 1:1:0 and 2:3:4, respectively. However,
there was no evidence of host±guest interactions from 1H or
11B NMR data ([D4]methanol, 300 K), so their characteriza-
tion rests solely on the X-ray crystallography data. Despite
the weak, poor quality data obtained for the complex based
on ™molecular capsules∫, the position and orientation of the
o-carborane was clearly established, as was the case for the
other structure. The two C�H groups of the carborane are
directed towards the centroids of two adjacent aromatic
rings of the calix[4]resorcinarene, as weak C�H¥¥¥p hydro-
gen-bonding interactions.[7] These are the first reported in-
teractions to be observed between calix[4]resorcinarene and


carboranes and their derivatives. Theoretical studies on such
interactions show them to be energetically favored by
2.74 kcalmol�1.[6]


Both solid-state structures show that one of the C�
Hcarborane bonds is almost symmetrically orientated towards
one of the aromatic rings; the Ccarborane¥¥¥aromatic-ring cent-
roid distances are 3.502 and 3.452 ä for the ball-and-socket
and capsule, respectively, with the corresponding C�H¥¥¥aro-
matic-ring centroid distances at 2.452 and 2.357 ä. These in-
teractions are comparable to those observed for the calix[5]-
arene and CTV structure distances of 3.44 and 3.77 ä, re-
spectively.[3,4] Both the ball-and-socket and cage structures
accommodate the carborane snugly, with the base of the car-
borane sitting deep within the cavity, Ccarborane¥¥¥centroid
(generated from the resorcinarene aromatic carbons para to
both OH groups) distances of 3.788 and 7.749 ä, respective-
ly. The reported carborane\calix[5]arene structure demon-
strates how an increase in size of cavitand results in the car-
borane being directed towards one side of the orifice, seem-
ingly optimized by the two adjacent C�Hcarborane¥¥¥p interac-
tions.[3,6] In the case of CTV structures, the cavity is very
shallow and there is good complementarity of curvature and
size of the two components.[4] In the present cage structure,
the second C�Hcarborane bond is disordered equally over two
positions, each aligning with the centroids of the aromatic
rings adjacent to the principal ring (Ccarborane¥¥¥aromatic-ring
centroid and Bcarborane¥¥¥aromatic-ring centroid 3.620 and
3.666 ä, corresponding H¥¥¥centroid distances 2.719 and
2.701 ä). The carborane in the ball-and-socket structure is
held within the cavity by a second Ccarborane¥¥¥aromatic-ring
centroid bond from the C�Hcarborane bond (3.523 ä, corre-
sponding H¥¥¥centroid distance 2.544 ä). In a similar fashion
to the carborane\calix[5]arene structure, the carborane in
the ball-and-socket structure is disordered over two sites,
whereby the C�Hcarborane bonds are orientated towards adja-
cent aromatic rings.


These nonconventional hydrogen-bonding interactions
coupled with the surrounding hydrogen-bonded cage result
in the complete containment of the two carborane guest
molecules within the cagelike structure, as shown in
Figure 2. We therefore presume that the carborane must
first enter into the cavity of the resorcinarene and be held in
place by the C�Hcarborane¥¥¥p bonding network, followed by
the self-assembly of the cage network around it.


Figure 1. The ball-and-socket structure in [(o-carborane)\(1)]; C�H¥¥¥p
hydrogen bonds are shown as dashed lines (solvent molecules have been
removed for clarity).


Figure 2. The [(o-carborane)2�(1)2(2)4] capsule assembly (exo-molecules
have been removed for clarity).
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Six molecules of C-methylcalix[4]resorcinarene have been
shown to spontaneously self-assemble with eight water mol-
ecules into a molecular capsule held together by a total of
sixty O¥¥¥H�O hydrogen bonds, the so-called snub cube.[8] In
the absence of the terpyridine, the ball-and-socket motif in
[(o-carborane)\(1)] hydrogen bonds to itself directly


through two of its phenolic groups, as well as through inter-
calated ethanol molecules, forming polymeric sheets, as
shown in Figure 3. The ball-and-socket motif is prevented
from assembling into a snub cube by size constraints arising
from the inclusion of the carborane guest into the
calix[4]resorcinarene. We can, however, assume that the hy-
drogen-bonded network observed for our ball-and-socket
motif is a prerequisite for the formation of the snub-cube
Archimedean solid.[8]


The self-assembly of calix[4]resorcinarene with pyridines
is not without precedent.[9,10] All previously reported head-
to-head hydrogen-bonded nanocage structures of C-methyl-
calix[4]resorcinarene are dominated by those held together
by 4,4’-bipyridine.[10] These capsules have a limited potential
due to their constrained structure, size, and solubility and
are capable of encapsulating only one or two small guest
molecules. We have previously shown how the same calix[4]-
resorcinarenes can assemble with substituted terpyridines to
form capsules held together by a total of 16 hydrogen-bond-
ing interactions. These are capable of selectively encapsulat-
ing four guest solvent molecules in the solid state.[9] The in-
clusion of two o-carborane guest molecules into the capsule
[(o-carborane)2�(1)2(2)4] demonstrates the diversity of this
cage to selectively accommodate a variety of guests. The
solid-state structure shows a previously unseen 2D structural
motif for such a capsule, depicted in Figure 4. Here the ca-
lix[4]resorcinarene molecules are doubly skewed relative to
each other in two dimensions in order to readily contain the
two ball-like guests.


The ability to encapsulate two globular molecules of
about 8.1 ä in diameter sets the scene for constructing cap-
sules that can bind larger molecules, such as fullerenes, with
a careful choice of tectons. The increase in effective molarity
brought about by encapsulating two or more molecules
within a nanocage holds great potential for molecular reac-
tors and beyond.


Experimental Section


Preparation of ball-and-socket structure [(o-carborane)\(C-methylca-
lix[4]resocinarene)]¥4EtOH : C-methylcalix[4]resocinarene (10 mg, 1.8î
10�3 mmol) was added to a solution of o-carborane (5 mg, 3.5î
10�3 mmol) in ethanol (ca. 1 cm3). Yellow crystals of the ball-and-socket
complex [(o-carborane)\(C-methylcalix[4]resocinarene)]¥4EtOH formed
following slow evaporation of the solvent overnight at RT. Yield: 97%.


Preparation of the capsule assembly, [(o-carborane)2�(C-methylcalix[4]-
resocinarene)2{4-(4’’’-octyloxyphenyl-4’,2:6,4’’-terpyridine}4]¥o-carborane :
4-(4’’’-Octyloxyphenyl)-4’,2:6,4’’-terpyridine)4 (18 mg, 4.1î10�3 mmol)
was added to a solution of C-methylcalix[4]resocinarene (10 mg, 1.8î
10�3 mmol) and o-carborane (5 mg, 3.5î10�3 mmol) in ethanol (ca.
1 cm3). Colorless crystals of the nanocage complex [(o-carborane)2�(C-
methylcalix[4]resocinarene)2(4-(4’’’-octyloxyphenyl)-4’,2:6,4’’-terpyridi-
ne)4]¥o-carborane formed after slow evaporation of the solvent over four
days at RT. Yield: 84%.


Crystallographic data : An Enraf±Nonius KappaCCD area-detector dif-
fractometer was used with MoKa radiation (l=0.71073 ä) at 150(2) or
123(1) K. Data were measured using Phi and omega scans of 18 per
frame over 60 s. The structures were solved by direct methods and re-
fined by full-matrix least-squares cycles on F2 with SHELX software.[11]


All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included at geometrically calculated positions.


Crystal data for ball-and-socket structure, [(o-carborane)\(C-methylca-
lix[4]resocinarene)]¥4EtOH : C83H133B20O23, Mr=1715.09, orthorhombic,
space group Cmca, a=21.118(4), b=22.279(5), c=20.266(4) ä, V=


9535(3) ä3, 150(2) K, final R1, wR2, and S values are 0.1101, 0.3478, and
1.494, respectively, for 372 parameters.


Crystal data for capsule assembly, [(o-carborane)2�(C-methylcalix[4]re-
socinarene)2{4-(4’’’-octyloxyphenyl)-4’,2:6,4’’-terpyridine}4]¥o-carborane :
C178H185B34N12O20, Mr=3179.92, monoclinic, space group C2/c, a=
39.4680(11), b=25.8690(6), c=19.5857(6) ä, b=92.0070(10)8 V=


19984.7(9) ä3, 123(2) K, final R1, wR2, and S values are 0.1608, 0.3622,
and 1.155, respectively, for 1092 parameters.


CCDC- 205771 and 205770 (ball-and-socket and capsule assemblies, re-
spectively) contain the supplementary crystallographic data for the struc-
tures reported in this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Figure 3. Cross section of the hydrogen-bonded ball-and-socket assembly
[(o-carborane)\(1)] (ethanol molecules have been removed for clarity).


Figure 4. Doubly skewed cage dimensions. a(C10�C18)=4.994, b(O1�O6)=


8.447, c(C26±pyridine-ring centroid)=10.883, d(C10±pyridine-ring centroid)=11.048, e(C18�C26)


=5.089, f(O4�O7)=8.624, g(O5�O1)=13.408 ä, a(C10�C18�C2)=80.52, b(O5�O1�O2)


=101.878.
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Substituent-Dependent Reactivity in the Photodimerization of N-Substituted
Dibenz[b,f]azepines


Jens Querner,[a] Thomas Wolff,*[a] and Helmut Gˆrner[b]


Introduction


The photochemistry of dibenz[b,f]azepines (DBA) has been
studied mainly with respect to their possible photodimeriza-
tion[1,2] upon benzophenone sensitization (Scheme 1). It was
concluded that the reaction
proceeds through the triplet
state of the DBA thereby dif-
fering from other stilbenes
which undergo dimerization
upon direct irradiation, that is,
through the singlet excited
state.[3,4] Moreover, only N-acyl
derivatives, such as N-acetyl
(10) and N-propionyl DBA
(14)[1,2, 5] or the pharmaceutical-
ly active N-carbamoyl com-
pound ™carbamazepine∫ (21),
were found to photodimerize.


Compound 21 is a drug used in the therapy of epilepsy,[6] in
which the photochemical dimerization and/or the photo-
chemical addition to DNA bases may cause problems.[7]


Upon photodimerization the cyclobutane ring was formed
exclusively in the anti-configuration;[8±10] in solution isomeric


dimers differing in the amide bond configuration were de-
tected for 10 and 14.[5] For the non-substituted dibenzaze-
pine (1) and its N-acetyl (10) and N-valeroyl (15) deriva-
tives, low quantum yields of intersystem crossing (FISC)
were reported.[11] For benzophenone-sensitized excitation of
15, an anti-cyclobutane dimer is formed with a quantum
yield of photodimerization of up to Fd = 0.15.[11] Non-sensi-
tized photodimerization were reported to be less efficient,[1]


a result which was questioned later on by other authors[11]


who claimed that direct excitation did not yield dimers at
all.


[a] J. Querner, Prof. Dr. T. Wolff
Institut f¸r Physikalische Chemie
und Elektrochemie der Technischen Universit‰t Dresden
01062 Dresden (Germany)
Fax: (+49)351-463-33391
E-mail : thomas.wolff@chemie.tu-dresden.de


[b] Dr. H. Gˆrner
Max-Planck-Institut f¸r Bioanorganische Chemie
45413 M¸lheim an der Ruhr (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: The photoprocesses of a
series of N-substituted dibenz[b,f]aze-
pines (iminostilbenes) were studied by
absorption and emission spectroscopy,
by laser flash photolysis, and by prepa-
rative irradiation with NMR analysis.
In solutions, 2p+2p photodimers of N-
cyano and N-acyl dibenzazepines are
formed via the triplet state upon ace-
tone- or benzophenone-sensitized
energy transfer. T±T absorption spectra


were measured and absorption coeffi-
cients were determined. The triplet
energy transfer is equally efficient for
N-alkyl dibenzazepines, which do not
dimerize. Excited states of np* charac-
ter in the latter cases are discussed to


rationalize the different reactivities. In
spite of negligible intersystem crossing
of 21 dibenzazepine derivatives, photo-
dimers of N-acyl and N-cyano dibenza-
zepines are formed upon direct excita-
tion in concentrated solutions (0.01±
0.1 moldm�3) as well as in the solid
state. A selective anti-configuration of
the photodimers was found throughout.


Keywords: photodimerization ¥
photolysis ¥ selectivity ¥
triplet-sensitizing


Scheme 1. Photodimerization of dibenzazepine derivatives.
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A ketone-sensitized triplet population has been applied in
other cases.[12±20] The energy level of the triplet state (ET) of
DBA should be comparable to that of cis-stilbene, 260 kJ
mol�1.[21] Direct and sensitized photoprocesses were recently
compared for bis-benzimidazole dyes[17] and sulfur- or car-
boxy-substituted N-alkylphthalimides.[18] Electron transfer
occurs from the sulfur atom in methionine or cysteine deriv-
atives to the triplet state of 4-carboxybenzophenone in alka-
line aqueous solution.[13±16] A further example for energy vs.
electron transfer is the combination of ketones and DNA
bases.[19,20]


Here, the photoprocesses of a series of DBA (1±14, 16±
22, Table 1) were studied by steady-state and time-resolved
spectroscopy as well as by preparative irradiations. The role
of the sensitizer and the effects of the molecular structure of
the DBA were investigated. It will be shown that efficient
triplet sensitization takes place in all cases while only N-acyl
and N-cyano derivatives are capable of photodimerization.
Reasons for the differing triplet reactivity will be discussed.
Furthermore, we prove that direct excitation clearly leads to
photodimers in considerable yield in a variety of N-acyl
DBA, clarifying the equivocal literature situation with
regard to non-sensitized photodimerizations.


Experimental Section


General : All 1H and 13C NMR spectra were recorded on a Bruker DRX
500 (1H: 500 MHz; 13C: 126 MHz) spectrometer. NMR shifts refer to the
solvent signal as an internal standard (CDCl3, d = 7.25 for 1H and d =


77.0 for 13C NMR). UV: polytec x-dap spectrometer. Fluorescence: Shi-
madzu RF-5000 spectrometer. GC/MS: Hewlett Packard, model5890
with a HP5972 detector. Elemental analyses were performed by the Insti-
tute of Organic Chemistry of the Technical University of Dresden (Ger-
many). Melting points are uncorrected.


Solvents and chemicals : The solvents (Merck) were of the purest spectro-
scopic quality available, for example, acetone and acetonitrile: Uvasol;
methylcyclohexane (MCH) and 2-methyltetrahydrofuran (MTHF) were
purified by distillation. The sensitizers were used as received (acetophe-
none, Fluka) or purified by recrystallization (benzophenone and benzil).
Compound 1 was purchased from Acros Chimica and recrystallized three
times from ethanol.


Preparation and characterization of dibenzazepine (DBA) derivatives :
The preparation and characterization of dibenzazepine derivatives are
described in the Supporting Information.


Characterization of photodimers : The photochemical formation and spec-
tral characterization of the photodimers of 10 and 14 has been described
elsewhere.[5] In these and all other photodimers, the anti-configuration
was concluded from the coupling pattern of the cyclobutane protons in
the 1H NMR spectra. For 9, 16, 19±21 two AA’BB’ spin systems were
found in the 1H NMR spectra of the cyclobutane protons. In these cases,
two rotamers of the dimers exist which originate from hindered rotations
of the amide C�N bonds, see ref. [5]


Photodimer of 8 : M.p. 329±332 8C; 1H NMR (500 MHz, CDCl3): d =


7.69 (d, 4H, Ar-H), 7.33 (t, 3J = 7.6 Hz, 4H, Ar-H), 7.17 (t, 3J = 7.5 Hz,
4H, Ar-H), 7.01 (d, 3J = 7.4 Hz, 4H, Ar-H), 4.25 (s, 4H, cyclobutane-H);
13C NMR (126 MHz, CDCl3): d = 140.4 (C4a, C4a’, C5a, C5a’), 136.0
(C9a, C9a’, C11a, C11a’), 131.2, 128.9, 128.2, 123.2 (Ar-C), 114.6 (N-CN,
N-CN’); MS (ESI, positive): m/z (%): 437 (77) [M]+ , 391 (100) [M�46]+ ,
193 (48) [M�244]+ , 171 (27) [M�266]+ , 149 (31) [M�288]+ ; elemental
analysis calcd (%) for C30H20N4 (Mw = 436.52): C 82.55, H 4.62, N 12.84;
found C 82.28, H 4.64, N 12.88.


Photodimer of 9 : M.p. 339±340 8C; 1H NMR (500 MHz, CDCl3): d =


8.85 (s, 2H, CHO), 7.44±7.41 (2d, 3J = 7.6 Hz, 2H, Ar-H), 7.38±7.30 (m,


6H, Ar-H), 7.23±7.19 (m, 2H, Ar-H), 7.17±7.14 (m, 2H, Ar-H), 7.00 (2d,
3J = 7.6 Hz, 2H, Ar-H), 6.93±6.91 (2d, 3J = 7.5 Hz, 2H, Ar-H), 4.03±
3.83 (2AA’BB’ spin systems, 4H, cyclobutane-H); 13C NMR (126 MHz,
CDCl3): d = 162.4, 162.3 (CHO, CHO’), 139.5, 139.4, 138.9, 138.8, 138.1,
138.0, 137.1, 137.0 (C4a, C4a’, C5a, C5a’, C9a, C9a’, C11a, C11a’), 131.5,
131.3, 131.1, 130.9, 129.1, 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.4,
128.2, 127.9, 127.5, 127.3 (Ar-C), 49.4, 49.3, 48.5, 48.3 (C10, C10’, C11,
C11’); MS (ESI, positive): m/z (%): 443 (100) [M]+ , 391 (2) [M�52]+ ,
221 (3) [M�222]+ ; elemental analysis calcd (%) for C30H22N2O2 (Mw =


442.52): C 81.43, H 5.01, N 6.33; found C 81.14, H 4.99, N 6.35.


Photodimer of 16 : M.p. 304 8C (lit. [8] 300±304 8C); 1H NMR (500 MHz,
CDCl3): d = 7.69 (2d, 3J = 7.7 Hz, 4H, Ar-H), 7.59 (2d, 3J = 7.7 Hz, 2
H, Ar-H), 7.43 (m, 2H, Ar-H), 7.34 (m, 6H, Ar-H), 7.18±7.01 (m, 10H,
Ar-H), 6.85 (2d, 2H, Ar-H), 4.75±4.14 (m, 2 AA’BB’ spin systems, 4H,
cyclobutane-H); 13C NMR (126 MHz, CDCl3): d = 169.9, 168.3 (NCO,
NCO’), 142.6, 141.9, 141.4, 137.7, 137.6, 137.2, 137.1, 135.1, 134.1, 133.9
(C4a, C4a’, C5a, C5a’, C9a, C9a’, C11a, C11a’, NCO-C, NCO-C’), 132.1,
131.6, 131.1, 130.8, 130.5, 130.4, 130.3, 130.2, 130.1, 129.5, 129.3, 129.1,
128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9,
127.8, 127.7, 127.3 (Ar-C), 48.8, 48.7, 46.4, 46.4 (C10, C10’, C11, C11’);
MS (ESI, positive): m/z (%): 653 (6) [M+58]+ , 595 (100) [M]+ ; elemen-
tal analysis calcd (%) for C42H30N2O2 (Mw = 594.71): C 84.82, H 5.08, N
4.71; found C 84.51, H 5.12, N 4.75.


Photodimer of 17: M.p.>365 8C; MS (ESI, positive): m/z (%): 753 (13)
[M+58]+ , 695 (100) [M]+ ; elemental analysis (%) calcd for: C50H34N2O2


(Mw = 694.83): C 86.43, H 4.93, N 4.03; found C 86.60, H 4.90, N 4.07.


Photodimer of 18 : M.p. 305±311 8C; MS (ESI, positive): m/z (%): 717
(20) [M+22]+ , 695 (100) [M]+ , 579 (12) [M�116]+ ; elemental analysis
(%) calcd for: C50H34N2O2 (Mw = 694.83): C 86.43, H 4.93, N 4.03; found
C 86.05, H 4.96, N 4.04.


Photodimer of 19 : M.p. 327±329 8C; 1H NMR (500 MHz, CDCl3): d =


7.48±7.41 (m, 4H, Ar-H), 7.39±7.29 (m, 4H, Ar-H), 7.28±7.16 (m, 4H,
Ar-H), 7.02 (2d, 3J = 7.9 Hz, Ar-H), 6.92 (2d, 2H, 3J = 7.8 Hz, Ar-H),
4.22±3.91 (m, 2AA’BB’ spin systems, 4H, cyclobutane-H); 13C NMR
(126 MHz, CDCl3): d = 157.3 (2d, NCO, NCO’), 139.4, 139.2, 138.4,
138.2, 137.0, 136.9, 136.8, 136.6 (C4a, C4a’, C5a, C5a’, C9a, C9a’, C11a,
C11a’), 132.1, 131.8, 131.5, 131.3, 129.8, 129.1, 128.9, 128.8, 128.7, 128.6,
127.7, 127.5, 127.4, 127.3 (Ar-C), 116.7 (q, J(C,F) = 289 Hz, CO-CF3,
CO-CF3’), 48.4, 48.0, 46.8, 46.4 (C10, C10’, C11, C11’); elemental analysis
calcd (%) for C32H20N2O2F6 (Mw = 578.51): C 66.44, H 3.48, N 4.84;
found C 66.23, H 3.49, N 4.86.


Photodimer of 20 : M.p. 331±340 8C (decomp.); 1H NMR (500 MHz,
CDCl3): d = 7.54±7.49 (m, 4H, Ar-H), 7.36±7.30 (m, 4H, Ar-H), 7.25±
7.17 (m, 4H, Ar-H), 6.99 (t, 3J = 7 Hz, 4H, Ar-H), 4.39±4.05 (2AA’BB’
spin systems, 4H, cyclobutane-H); 13C NMR (126 MHz, CDCl3): d =


149.4, 149.3 (NCO, NCO’), 140.8, 140.6, 139.9, 139.8 (C4a, C4a’, C5a,
C5a’), 137.5, 137.4, 137.4, 137.3 (C9a, C9a’, C11a, C11a’), 131.6, 131.5,
131.4, 131.3, 129.4, 129.3, 129.2, 129.1, 128.9, 128.8, 128.6, 128.5, 127.6,
127.5, (Ar-C), 48.6, 47.5, 47.5 (C10, C10’, C11, C11’); MS (ESI, negative):
m/z (%): 511 (100) [M]+ , 465 (63) [M�46]+ , 415 (14) [M�96]+ , 311 (17)
[M�200]+ , 227 (23) [M�284]+ ; elemental analysis calcd (%) for
C30H20N2O2Cl2 (Mw = 511.41): C 70.46, H 3.94, N 5.48; found C 70.69, H
3.97, N 5.51.


Photodimer of 21: M.p. >360 8C (lit.[8] 367±370 8C); 1H NMR (500 MHz,
TFA + [D6]DMSO ext.): d = 7.54±7.48 (m, 4H, Ar-H), 7.35±7.34 (2d,
3J = 7.5 Hz, 2H, Ar-H), 7.26±7.24 (m, 4H, Ar-H), 7.17±7.15 (2d, 3J =


7.5 Hz, 2H, Ar-H), 7.10 (d, 3J = 7.1 Hz, 1H, Ar-H), 7.04 (d, 3J = 7.3 Hz,
1H, Ar-H), 6.99 (d, 3J = 7.5 Hz, 1H, Ar-H), 6.93 (d, 3J = 7.1 Hz, 1H,
Ar-H), 4.16±4.12 (m, 2AA’BB’ spin systems, 4H, cyclobutane-H); 13C
NMR (126 MHz, TFA + [D6]DMSO ext.): d = 160.1 (NCO, NCO’),
138.1, 137.9, 137.1, 136.9, 136.7, 136.4, 131.8, 131.6, 130.8, 130.6, 129.7,
128.9, 128.7, 128.1, 128.1, 127.1, 126.9, 125.8, 125.7 (Ar-C), 48.2, 48.1,
47.9, 47.7(C10, C10’, C11, C11’); MS (ESI, positive): m/z (%): 473 (100)
[M]+ , 391 (5) [M�82]+ , 236 (11) [M�237]+ ; elemental analysis calcd
(%) for C30H24N4O2 (Mw = 472.55): C 76.25, H 5.12, N 11.86; found C
76.02, H 5.14, N 11.92.


Photodimer of 22 : M.p. 311±313 8C; 1H NMR (500 MHz, CDCl3): d =


7.86 (d, 3J = 8.7 Hz, 4H, Ar-H), 7.77 (d, 3J = 7.1 Hz, 4H, Ar-H), 7.60
(br s, 4H, Ar-H), 7.58 (t, 3J = 7.4 Hz, 2H, Ar-H), 7.46 (t, 3J = 7.5 Hz, 4
H, Ar-H), 7.38 (d, 3J = 8.7 Hz, 4H, Ar-H), 7.35 (t, 3J = 7.4 Hz, 4H, Ar-
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Table 1. Structural formulae and numbering of dibenz[b,f]azepines.


5H-dibenz[b,f]azepine
(iminostilbene)


1 5-acetyl-10-cyano-dibenz[b,f]azepine 12


10-methoxy-dibenz[b,f]azepine 2
5-acetyl-10-(piperidin-1-yl)-
dibenz[b,f]-azepine


13


10-bromo-dibenz[b,f]azepine 3 5-propionyl-dibenz[b,f]azepine 14


5-methyl-dibenz[b,f]azepine 4 5-valeroyl-dibenz[b,f]azepine 15[a]


5-methyl-10-bromo-dibenz-
[b,f]azepine


5 5-benzoyl-dibenz[b,f]azepine 16


5-ethyl-dibenz[b,f]azepine 6 5-(1-naphthoyl)-dibenz[b,f]azepine 17


5-benzyl-dibenz[b,f]azepine 7 5-(2-naphthoyl)-dibenz[b,f]azepine 18


5-cyano-dibenz[b,f]azepine 8 5-trifluoroacetyl-dibenz[b,f]azepine 19
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H), 7.19 (t, 3J = 7.4 Hz, 4H, Ar-H), 7.03 (br s, 2H, Ar-H), 6.95 (br s, 2H,
Ar-H), 4.31 (br s, 2H, cyclobutane-H), 4.23 (br s, 2H, cyclobutane-H); 13C
NMR (126 MHz, CDCl3 + TFA): d = 199.5 (Ph-CO-Ph), 154.5, 137.4,
136.2, 134.7, 133.9, 132.7, 131.6, 131.2, 130.6, 129.3, 129.0, 128.7, 128.3,
127.9, 121.6 (Ar-C), 48.8, 48.7, 48.6 (C10, C10’, C11, C11’); MS (ESI, pos-
itive): m/z (%): 835.2 (100) [M]+ , 637 (65) [M�198]+, 551.4 (10)
[M�284]+ ; elemental analysis calcd (%) for C56H38N2O6 (Mw = 834.92):
C 80.56, H 4.59, N 3.36; found C 80.25, H 4.58, N 3.35.


Continuous irradiations and analyses : Stirred argon-saturated solutions
of appropriate monomer concentrations were thermostatted at 20 8C and
irradiated through the gas±liquid interface for the desired time. Precipi-
tated dimers were separated and combined with the residue obtained
after evaporation of the solvent. The combined solids were dried in
vacuo and dissolved in an appropriate NMR solvent for analysis.


Spectral features : The absorption spectra were recorded on a diode array
(HP8453). Fluorescence and phosphorescence spectra at 77 K were re-
corded on a Spex Fluorolog or a Perkin±Elmer (LS-5) fluorimeter. The
phosphorescence lifetime (tp) was obtained from a first-order decay com-
ponent with the laser set-up. Fluorescence spectra at room temperature
were taken on a Shimadzu (model RF-5000) spectral fluorimeter. The
spectra are uncorrected. Spectra of concentrated samples were taken
from the surface at an angle of 308 relative to the exciting light. Integrat-
ed fluorescence spectra obtained under identical absorption conditions
were taken as measures for relative quantum yields with diphenylanthra-
cene (Aldrich, >99+%, recrystallized three times from ethanol, Ffl =


0.9[22,23] in cyclohexane) as the reference. Measured values were reprodu-
cible within �3%. Lifetimes at room temperature were measured em-
ploying an apparatus described elsewhere.[24] Measured lifetimes were re-
producible with deviations of �0.2 ns.


Flash photolysis : For photolysis with UV/Vis detection the third harmon-
ic from a Nd laser (lexc = 354 nm, rise time 10 ns), two excimer lasers
(lexc = 248 and 308 nm, rise time <20 ns), two transient digitizers (Tek-
tronix7912AD and 390AD) and an Archimedes440 computer for data
handling were used as in previous work.[17,18] The molar absorption coeffi-
cient of the benzophenone triplet state at the maximum is e520 = 6.5î
103 dm3mol�1 cm�1.[13±16] Those for the DBA were obtained from the
height of the T±T absorption maximum with respect to that of benzophe-
none (DATT/DA520) after extrapolation for 100% quenching and assuming
unity for the efficiency of energy transfer. The donor concentrations
were adjusted to Aexc = 1±3 in 1 cm quartz cells. The molar absorption
coefficient of 7 in acetonitrile at the maximum is e255 = 3î104 dm3mol�1


cm�1. The molar absorption coefficient of the acetophenone triplet state


at the maximum and 400 nm is e320 = 1.3î104 dm3mol�1 cm�1 and <20
%, respectively.[13±16]


Results


Spectral properties : The absorption spectra of 1±7 in aceto-
nitrile exhibit the maximum at l = 255±265 nm, a second
peak at l = 285±296 nm as well as a third peak with a small
absorption coefficient extending to l = 380 nm, in methanol
to l>400 nm. This third peak is not present in 9±14 and in
16±22 where direct excitation at l = 354 nm is therefore
not reasonable. In the N-cyano compound 8, the third peak
appears as a shoulder at �320 nm. In order to understand
the results of irradiations in concentrated solutions (�
0.01 moldm�3, see below) the absorption spectra were meas-
ured at high concentrations in cuvettes of low optical path
length: changes of the spectra attributable to the possible
formation of ground state dimers of aggregates were not ob-
served.


At room temperature in most of the DBA, only weak or
virtually no emission could be detected. Fluorescence was
found for 8 and 9 (Figure 1a) with quantum yields Ffl =


0.19 and 0.09 and lifetimes of 7.5 ns and <5 ns in methanol,
respectively. The fluorescence spectra were identical for
concentrations between 10�2 and 10�5 moldm�3 in methanol
or between 10�2 and 10�6 moldm�3 in cyclohexane, that is,
an emission from potential excited-state aggregates was not
observed for these two compounds. At �196 8C, an emission
as a result of fluorescence (1±14, 16, 19, 20, 22) and/or phos-
phorescence (4±7) was observed in ethanol. Examples are
shown in Figure 1b for 4 and 7. Mostly both emission yields
at �196 8C are weak (except 8 and 9). The largest values for
phosphorescence quantum yields Fp = 0.01, 0.02 and 0.05
were measured in ethanol for 4, 6 and 7, respectively, to be


5-formyl-dibenz[b,f]azepine 9 5-chlorocarbonyl-dibenz[b,f]azepine 20


5-acetyl-dibenz[b,f]azepine 10
Carbamazepin (5-carbamoyl-
dibenz[b,f]azepine)


21


5-acetyl-10-bromo-dibenz[b,f]-
azepine


11 5-benzophenoxy-dibenz[b,f]azepine 22


[a] Studied in ref. [11].
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compared with the literature value Fp = 10�4 for the acetyl
derivative 10.[11] Phosphorescence is concluded i) from the
long-wavelength onset of the spectrum for 4±7, and ii) from
a first-order decay component with a lifetime of 3±5 ms for
4 and 7. From the phosphorescence onset and maxima at l
= 500 and 538 nm for 4, a triplet energy of ET = 254 kJ
mol�1 was estimated. For 7, which exhibits peaks at 485 and
516 nm, we determined ET = 266 kJmol�1.


In order to test for transient absorption at room tempera-
ture upon direct excitation in argon-saturated benzene or
acetonitrile, lexc = 308 nm was applied. Mostly, the transient
absorption is too weak for a kinetic evaluation (tested for 1,
2, 4, 6±10), at least when compared with the sensitized for-
mation of the triplet state of the dibenzazepines (see
below). On the other hand, for 8 and 9, a short-lived (<
10 ns) transient absorption appeared at approximately 340±
380 nm, which should be attributed to an S1!Sn transition
as the lifetime of the transient is in satisfactory agreement
with the fluorescence lifetimes in methanol. However, for 22
in acetonitrile or ethanol at room temperature (lexc = 248
or 308 nm) or in benzene (lexc = 308 or 354 nm), the triplet
state could be detected (Figure 2). The triplet nature is con-
cluded from the build-up during the pulse, the first-order
decay and quenching by oxygen. A weak T±T absorption
was also found for 16 and 17 in acetonitrile or ethanol, in
contrast to most other DBA. A likely reason for the triplet
population is the benzoyl, naphthoyl or benzophenoxy
moiety in 16, 17 and 22, respectively. No T±T absorption
could be detected for any other DBA examined in acetoni-
trile. The reason is that the FISC value is too low. For 8, an


even weaker transient absorption was observable in the
380±440 nm range (lexc = 354 nm), but assignment to a trip-
let state is unlikely, owing to the lack of quenching by
oxygen. However, when an appropriate sensitizer, such as
benzophenone, is present, a strong secondary transient ab-
sorption was formed for all DBA.


Benzophenone-sensitized triplet energy transfer : The benzo-
phenone triplet state, which is formed within the pulse (lexc
= 354 nm), has a well-known absorption spectrum with a
maximum at l = 520 nm.[12] On addition of a given DBA,
the decay of the triplet state of the benzophenone donor
(3D*) at 520 nm in argon-saturated acetonitrile is faster than
in the absence of DBA. Moreover, a longer-lived transient
absorption with a maximum (lTT) in the 390±430 nm range
is observable. This second transient is ascribed to the triplet
state of the dibenzazepine (3DBA*), produced by energy
transfer from 3D*, according to Equation (1). This agrees
with findings for the valeroyl derivative 15.[11]


3D*þDBA ! Dþ 3DBA* ð1Þ


Similar T±T absorption maxima of the benzophenone/
DBA system were recorded in either acetonitrile or acetone
(Table 2). Examples are shown for 1 and 19 (Figure 3). Elec-
tron transfer to 3D* as an alternative or competing quench-
ing step can be excluded since the benzophenone radical
anion or the conjugate acid with maximum at l = 660 and
550 nm, respectively,[12±14] was not detected. Note that the
presence of water (1%, pH>10), that was added to make
the radical anion longer lived, has no marked effect in the
case of 1.


The triplet nature of the observed transient in solution is
concluded from i) the similarity of the first-order rate con-
stants of decay of the benzophenone triplet (kobs) and build-
up at lTT (insets of Figure 3), ii) quenching by oxygen and
iii) the linear dependence of kobs on the DBA concentration.
From the latter dependence, the rate constants of energy
transfer (k1) were determined. For a concentration of
0.3 mmoldm�3 7, the kobs value is 2î106 s�1, resulting in k1


= 7î109 dm3mol�1 s�1 (Table 2). The molar absorption coef-
ficients compiled in Table 2 were obtained from the ratio of
DA values at lTT of 3DBA* and 3D*, assuming quantitative
energy transfer and e520 = 6.5î103 dm3mol�1 cm�1.


The decay of 3DBA* can be fitted by mixed first- and
second-order kinetics with a first-order component (k0


obs =


Figure 1. a) Fluorescence spectra of 8 (a) and 9 (c) in cyclohexane
at room temperature, lexc = 280 nm. b) Emission spectra of 4 (c) and
7 (a) in ethanol at 77 K; lexc = lmax.


Figure 2. T±T absorption spectra of 22 in argon-saturated acetonitrile at
24 8C at 20 ns (*), 20 ms (~) and 0.1 ms (*) after the 354 nm pulse. Inset:
triplet-state decay kinetics at 410 nm.
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1/tT) at lower laser intensity; the second-order component
results from T±T annihilation. The triplet lifetime of DBA is
typically in the 5±20 ms range (Table 2). When acetonitrile
was replaced by benzene as a solvent of low polarity, the re-
sults were found to be similar. The literature values of the
valeroyl derivative 15 in dichloromethane are lTT = 420 nm,
tT = 17 ms and k1 = 3î109 dm3mol�1 s�1.[11] A significantly
shorter triplet lifetime, tT<1 ms, was obtained for 3 and 5
(Figure 4).


Triplet energy transfer with other donors : When the sensi-
tizing ketone was acetophenone, the 3DBA* state was like-
wise generated from the triplet state of acetophenone fol-
lowing Equation (1). Examples of the spectra are shown for
2 and 14 (Figure 5). Because the T±T absorption of aceto-
phenone is below 400 nm, the decay kinetics of the donor
and acceptor triplet states do not overlap at lTT and above.


The latter decay can be fitted
by mixed first-order kinetics
with a major first-order compo-
nent at lower laser intensity.
The triplet lifetime is typically
in the 10±30 ms range (Table 2).
For both donors (benzophe-
none and acetophenone), the
efficiency of the formation of
any 3DBA* state is assumed to
be substantial or close to unity
(60±99%) since k1 is relatively
large and the donor triplet state
is populated with FISC = 1.


The acetone triplet state has
an absorption at 325 nm, which
is accessible to laser excitation,
and no band in the visible
range. The 3DBA* state in
argon-saturated acetonitrile is
also generated following Equa-
tion (1) within 0.5±2 ms for the


appropriate DBA concentrations. It can be formed in most
cases (except for 3 and 5), examples are shown in Figure 6
for 1 and 19. Interestingly, the T±T absorptions of 1, 2, 4, 6,
7 show a second, stronger band at l<320 nm, which is not
accessible with other sensitizers because of their transient
and/or ground state absorption. The triplet nature of the ob-
served transient in acetophenone (or benzophenone) is fur-


Table 2. T±T absorption maximum, triplet lifetime, absorption coefficient and quenching rate constant for var-
ious DBA upon sensitized excitation in argon-saturated solution at 24 8C.


DBA lTT [nm][a] tT [ms]
[a] tT [ms]


[b] tT [ms]
[c] eTT [î10


3 dm3mol�1 cm�1][a] k1 [î10
9 dm3mol�1 s�1][a]


1 395 15 5 10 7 18
2 400 5 20 5 18
3 405 0.8 <2 5 >5
4 410 20 10 20 6 14
5 420 0.4 <2 7 >5
6 425 15 5 20 5 9
7 415 15 10 20 6 7
8 400 20 10 20 8 6
9 410 15 10 10 9 7
10 420 15 10 10 8 5
11 420 10 >5
12 420 25 20 7 >5
13 410 15 10 6 >5
14 415 15 10 10 8 7
16 415 15 10 15 7 5
17 415 20 10 12 >5
18 415 15 15 11 >5
19 410 15 15 20 9 7
20 420 10 10 7 >5
21 410 15 15 8 >5
22 415 15 20 30 5 9


[a] Benzophenone in acetonitrile. [b] Benzophenone in acetone. [c] Acetophenone in acetonitrile.


Figure 3. T±T absorption spectra of benzophenone in argon-saturated
acetonitrile (24 8C, lexc = 354 nm) with a) 1 and b) 19 at 20 ns (*), 2 ms
(~) and 0.1 ms (*) after the pulse. Insets: decay kinetics at 520 nm
(upper) and build-up and decay at lTT = 400 nm (lower).


Figure 4. T±T absorption spectra of benzophenone-sensitized excitation
in argon-saturated acetone for a) 3 and b) 5 at 20 ns (*) and 0.2 ms (&)
after the pulse. Insets: decay kinetics at 520 nm (right) and build-up and
decay at lTT = 400 nm (left).


Figure 5. T±T absorption spectra of acetophenone-sensitized excitation of
2 (circles) and 14 (triangles) in argon-saturated acetonitrile at 1 ms (open)
and 1 ms (filled) after the 354 nm pulse. Insets: decay kinetics at 400 nm
of a) 2 and b) 14.
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ther supported by the effect of
quenching by oxygen. When
the oxygen concentration is
low, decay of the acceptor trip-
let becomes faster, while air-sat-
uration also reduces the yield
(DATT). Whether or not the
3DBA* state is still observable
in air depends on the DBA con-
centration owing to competition
of i) quenching by oxygen of
the donor triplet, and ii) Equa-
tion (1). With fluorenone and
benzil in argon-saturated aceto-
nitrile, the 3DBA* state (e.g. for
1, 7 or 10) is likewise generated
following Equation (1); howev-
er, k1 is smaller, (1±3)î109 dm3


mol�1 s�1. Acridine with ET =


190 kJmol�1 was found not to
generate the 3DBA* state (for
19 the upper limit is k1<1î
107 dm3mol�1 s�1).


Continuous sensitized irradia-
tion : The benzophenone-sensi-
tized photodimerization was
studied in either acetone or
acetonitrile as the solvents. The
results are summarised in
Table 3. On inspection it is
clearly revealed that DBA 1±7
do not yield detectable amounts of dimers. As expected
from previous results, N-acyl derivatives of the DBA, that is,
9±22, form photodimers. N-cyano DBA 8 belongs to the
latter class as it photodimerizes. Side-products were detect-
ed in all cases. Possible regioisomers (with respect to R2 in
Scheme 1) in the dimers of 11±13 could not be distinguished.
In 1 and in the N-acyl derivatives, these side-products are
acridine derivatives, at least in part. At irradiation times
longer than those given in Table 3, the yield of acridine and
other side-products slowly increases while that of the dimers
does not change significantly any more. The N-alkyl DBA


2±7 slowly produce high molecular-weight products, clearly
distinct from photodimers and acridines, which were not in-
vestigated in detail.


Similar to the photodimers of 10 and 14,[5] those of 9, 16,
19, 20, and 21 exist in two rotameric forms, that is, in Z and
E configurations with respect to the amide groups, which
result from the restricted rotation of the C±N of the amide
bond, see Scheme 2. According to a previous study,[5] the Z
and E rotamers can be best distinguished from the 1H NMR
signals of the cyclobutane protons. Table 4 gives the frac-
tions of Z and E conformers which were obtained from inte-
grals of the NMR signals after photodimerization and dis-
solving the dimer in the NMR solvent. Also included in
Table 4 are the free energies of activation DG� of the amide


bond rotation obtained from the coalescence temperature of
the separated NMR signals either in [D7]DMF or [D8]tolu-
ene/[D6]DMSO (9:1).[5] The values agree within the accura-
cy of the determination. The DG� value was not measurable
for the dimer of 20, which decomposed upon heating the
NMR tube.


In principle, the photodimers of 17, 18 and 22 are expect-
ed to form rotamers, too. However, the 1H NMR signals of
the cyclobutane protons are too broad for an unequivocal
evaluation. Rotamers do not exist in the dimer of the N-
cyano compound 8 on account of the lack of amide bonds.


Figure 6. T±T absorption spectra of acetone-sensitized excitation (lexc =


308 nm) of a) 1 in argon-saturated acetonitrile at 3 ms (*) and 10 ms (*)
after the pulse and b) 19 at 3 ms (~). Insets: kinetics of build-up and
decay at a) 325 nm and b) 410 nm.


Table 3. Product yields and product distribution in the sensitized irradiation of various DBA in argon-saturat-
ed solutions at 20 8C.


DBA Conditions[a] c [moldm�3] Irradiation time [h] Dimer [%] Educt [%] Side-products (acridines) [%]


1 A 0.02 7 0 85 15
B 0.1 4.5 0 53 47


2 A 0.02 4 0 91 9
4 A 0.02 7 0 87 13


B 0.1 5 0 90 10
7 A 0.02 4 0 93 7


B 0.1 5 0 86 14
8 A 0.2 4 18


B 0.1 5 6 75 19
C 0.01 5 13 22 65


9 A 0.04 11 9
B 0.1 4.5 14 69 17
C 0.01 5 1 23 76


10 A 0.04 4 37
B 0.1 5 >80 <15 >10
C 0.01 5 >60 <15 >25


11 B 0.1 6 0 77 23
14 A 0.04 6 29


B 0.1 5 >80 <15 <10
C 0.01 5 >80 <10 <10


16 A 0.02 7 26 69 5
B 0.1 5 25 64 11


17 B 0.1 5 5 82 13
18 B 0.1 5 9 79 12
19 A 0.04 4 32


B 0.1 5 61 31 8
20 B 0.1 5 29 47 24
21 B 0.1 5 59 33 8
22 B 0.1 5 >85 [b] <15


[a] A: sensitizer benzophenone (0.04 moldm�3), solvent acetone, cut-off filter 320 nm, dimers precipitated
from the solution; B: sensitizer acetone = solvent, cut-off filter 280 nm; C: sensitizer benzophenone (0.05 mol
dm�3), solvent acetonitrile, cut-off filter 280 nm. [b] no signals in the 1H NMR of the crude product.
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Continuous direct irradiation : In concentrated (�0.01 mol
dm�3) solutions, the photodimerization of several N-acylated
DBA was observed upon direct excitation. Considerable
yields of the dimers were obtained in the cases of 10, 14 and


22 (Table 5). This is trivial only for 22, as the compound
bears an attached benzophenone moiety, which can act as
an intramolecular sensitizer (cf. flash experiments). As in
the sensitized reaction, only dimers with anti-configuration
were formed. The N-alkyl DBA did not dimerize. Similar re-
sults were found on irradiating crystalline dibenzazepines
(Table 6).


Calculations : Semiempirical (PM3) calculations[25] reveal an
energy difference of 15 kcalmol�1 between the hypothetical
syn-dimer and the corresponding anti-dimer of 10
(Scheme 3). In principle, both syn- and anti-dimers might
exist in different conformations with respect to the orienta-
tion of i) the seven-membered ring, and ii) to the amide
bond,[5] and which would have higher energies according to
the calculations.


Discussion


The relationship between emission properties and structure
is complex. While in most cases both fluorescence and phos-
phorescence yields in glassy ethanol at �196 8C are weak,
the reason for enhanced fluorescence (found in the N-cyano
DBA 8 and N-acyl DBA 9) and phosphorescence (found in
the N-alkyl DBA 4±7) should arise from a more efficient
competition with thermal deactivation, even in the glassy
environment. Bear in mind that only N-alkyl DBA exhibit
phosphorescence, which–compared to N-acyl DBA–al-
ready indicates a different nature of the excited states, as
will be discussed below.


In all cases, the triplet state of a given dibenzazepine as
the acceptor is produced in fluid solutions at 24 8C by
energy transfer from that of the benzophenone (ET =


290 kJmol�1), acetophenone
(310 kJmol�1), and acetone
(343 kJmol�1) donors. For ben-
zophenone in inert organic sol-
vents, the reactive state of all
DBA examined is characterized
by T±T absorption with slightly
differing lTT and eTT. The results
for benzophenone in acetone or
acetonitrile and also for aceto-
phenone are comparable
(Table 2). Note that acetone is
not involved in the time-re-
solved energy-transfer here,
since a shorter lexc is needed for
the excitation of acetone itself
(as used in the experiments col-
lected in Table 3). The values of
ET = 250±270 kJmol�1 for di-
benzazepines determined from
phosphorescence spectra in eth-
anol at �196 8C are in keeping
with the fact that slow energy
transfer (k1) is observed when
fluorenone (ET = 224 kJmol�1)


Scheme 2. Rotamers of dibenzazepine dimers.[5]


Table 4. Fractions of Z and E rotamers of various photodimers in NMR
solvents at room temperature and free energy of activation DG� for the
amide bond rotation in ([D7]DMF or [D8]toluene/[D6]DMSO (9:1)).


Photodimer
of


NMR sol-
vent


Z Rotamer
[%]


E Rotamer
[%]


DG� [kJ
mol�1]


9 CDCl3 38 62 n.m.[b]


10[a] CDCl3 32 68 74�2
14[a] CDCl3 40 60 70�2
16 CDCl3 44 56 n.m.[b]


19 CDCl3 47 53 72�2
20 CDCl3 48 52 ±
21 TFA[c] 43 57 n.m.[b]


[a] Data from ref. [5]. [b] n.m. = Not measured. [c] TFA = trifluoroace-
tic acid.


Table 5. Product yields and product distribution in the non-sensitized irradiation of various DBA in argon-sa-
turated acetonitrile at 20 8C.


DBA Cut-off filter c Irradiation time Dimer Educt Side-products
[nm] [moldm�3] [h] [%] [%] (acridines) [%]


1 <320 0.1 5 0 69 31
2 <320 0.1 5 0 38 62
3 <320 0.1 5 0 93 7
4 <320 0.1 5 0 96 4
5 <320 0.1 5 0 95 5
7 <320 0.1 5 0 97 3
8 <280 0.01 5 0 38 62


<280 0.1 5 3 89 8
9 <280 0.01 5 traces 69 31


<320 0.1 4.5 <1 87 12
10 <280 0.01 5 54 18 28


<280 0.1 5 >80 <10 <10
11 <280 0.1 5.5 0 89 11
14 <280 0.01 5 56 35 9


<280 0.1 4.5 >90 [a] <10
16 <280 0.01 5 5 91 4


<280 0.1 5 9 87 4
17 <280 0.1 5 1 89 10
18 <280 0.1 5 3 94 3
19 <280 0.1 5 10 75 15
20 <280 0.1 5 2 71 27
21 <280 0.1 5 7 88 5
22 <320 0.1 4.5 >90 [a] <10


[a] No signals in the 1H NMR of the crude product.
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or benzil are used as sensitizers and that acridine (ET =


188 kJmol�1 [26]) does not sensitize.
The proposed mechanism of the benzophenone-sensitized


dimerization is given in Scheme 4. Since further (e.g. biradi-
cal) intermediates could not be detected in the flash experi-
ments, essentially a reaction of 3DBA* with a ground state
molecule [Eq. (2)] occurs.


3DBA*þDBA ! dimer ð2Þ


The literature value for the rate constant of the valeroyl
derivative 15 is k2 = 2.4î107 dm3mol�1 s�1.[11] The self-
quenching reaction in Equation (2) is difficult to measure
with nanosecond flash photolysis and lexc = 354 nm since
low signals are necessary to reduce T±T annihilation of
3DBA*, the required concentration of DBA is rather high
and direct excitation cannot be ignored for 1±7. Several at-
tempts gave only a lower limit, typically k2<3î107 dm3


mol�1 s�1, for example, for 4 or 7. While T±T annihilation
upon pulsed laser excitation is feasible, this reaction can be
excluded for continuous irradiation because of the small
triplet concentration. Involvement of radicals in the accessi-


ble time window (0.1±10 ms) is
unlikely, in fact another longer-
lived intermediate than 3DBA*
could not be detected.


The dependence of Fd on the
concentration of DBA follows
inherently from the described
facts: the dimer yields given in
Table 3 do not increase further
at longer irradiation times; in-
stead, the amounts of side-
products slowly increase. This
indicates that, at concentrations
below �10�3 moldm�3, the pos-
sibility of encountering triplet
excited and ground state DBA
vanishes.


The drastically reduced trip-
let lifetimes in 3 and 5 (Table 2
and Figure 4) originate from
the internal heavy atom effect
of the bromine atom. This
effect is less pronounced in the
decay of 11 and for the chlor-
ine-containing DBA 20
(Tables 1 and 2). Nevertheless,
it is sufficient to completely
suppress the formation of
dimers in the case of 11 and to
reduce the dimer yield in the
case of 20 (Tables 3, 5, 6), while
3 and 5 are not expected to di-
merize because of the missing
acyl group. Steric hindrance by
the bromine substituents is un-
likely in the formation of anti-
dimers.


Table 6. Product yields and product distribution in the irradiation of various DBA in the solid state under air.


DBA Cut-off filter [nm] Irradiation time[h] Dimer [%] Educt [%] Side-products (acridines) [%]


1 <320 5 0 93 7
2 <320 5 0 87 13
3 <280 5 0 92 8
4 <280 5 0 97 3
5 <320 5 0 96 4
6 <320 5 0 96 4
7 <320 5 0 95 5
8 <280 5 22 73 5
9 <280 5 2 92 6
10 <280 5 14 84 2
11 <280 5 0 94 6
12 <280 5 traces[a,b] 96 4
13 <280 5 10[a,b] 87 3
14 <280 5 54 38 8
16 <280 7 7 89 4
17 <280 5 traces[a] 94 6
18 <280 5 3 92 5
19 <280 5 39 59 2
20 <280 5 0 89 11
21 <280 5 11 83 6
22 <280 5 77 19 4


[a] Products not isolated, but signals pertaining to cyclobutane protons present in the 1H NMR spectra. [b] No
indication of regioisomers.


Scheme 3. Geometry-optimized[25] structures of anti (left) and the hypothetical syn (right) dimer of 10.


Scheme 4. Reaction scheme for the sensitized photodimerization of N-
acyl dibenzazepines.
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This study clearly establishes the formation of dimers
from several dibenzazepines upon direct irradiation, provid-
ed the concentration is high or the solid is irradiated
(Tables 5, 6). A non-sensitized photodimerization was
denied in a previous publication,[11] while another study[1]


favors less efficient dimerization without a sensitizer; one
paper on carbamazepine 21 is equivocal in this respect:[7]


the authors might have irradiated a suspension. Since the
brominated compound 11 does not yield photodimers under
all conditions, and since the dimeric products are again ex-
clusively anti-dimers, we have to regard them as triplet prod-
ucts, in spite of the low intersystem crossing rates upon
direct excitation (according to the flash experiments in
dilute solutions). The possibility that an acridine derivative
formed in a side-reaction might act as a sensitizer for triplet
DBA is remote because the acridine triplet energy is too
low, as proven by the flash experiments. Since we did not
observe indications of ground state aggregates (as suggested
previously in a different context[27]), we propose that (non-
emitting) excited aggregates of DBA are formed in concen-
trated solutions, which are capable of intersystem crossing
and subsequent dimerization. Unfortunately, the high con-
centrations (and the laser flash wavelength) prevent corre-
sponding flash experiments.


Some ideas of the mechanism of photochemical acridine
formation have been presented previously,[28, 29] but mecha-
nistic details are still lacking. The flash photolysis results
(Table 2) do not indicate any change in mechanism for
either 1±7 or for the acylated compounds 9±22. However,
since the formation of dimers becomes slow at longer irradi-
ation times (owing to the depletion of monomers) while the
formation of acridines continues, we can exclude a bimolec-
ular reaction mechanism involving two DBA molecules.
Thus the formation of acridines is a monomolecular side-re-
action originating from either 3DBA* or 1DBA*.


As to the question why N-H and N-alkyl derivatives do
not dimerize: 3, 5, and 11 bear a bromine substituent in the
10-position at the double bond. The different efficiencies of
heavy atom interactions on the triplet lifetime of 3 and 5 on
the one hand and of 11 on the other (Table 2) may indicate
a distinction in the nature of the excited triplet states of N-
alkyl and N-acyl DBA. The low absorption coefficient of the
long wavelength absorption in 1±7 (not present in 8±22) sug-
gests different characters of the lowest excited (singlet)
states for the two groups of dibenzazepines. We can assign
np* character to the S0!S1 transition in 1±7 and pp* char-
acter in the N-acyl and N cyano derivatives. The difference
may be rationalized when the + I effect of alkyl substituents
and the �M effect of acyl and cyano groups on the electron
density at the nitrogen atom are considered. As a conse-
quence (provided these distinctions also apply to the triplet
state), the former alkyl-substituted compounds behave more
like diphenylamines and the latter more like cis-stilbene (=
Z-stilbene). The chemical reactivity of triplet diphenyl-
amines has been studied in depth:[30] flash photolytic and
preparative investigations revealed strictly conrotatory ring
closure reactions yielding 4a,4b-dihydrocarbazoles with the
4a and 4b substituents in trans conformation. Because of the
ethene bridge, such a conformation appears extremely un-


likely for our systems, so that only side-routes are possible
reactions for these compounds. On the other hand, stilbenes
are known to form photodimers through both singlet and
triplet excited states,[31] a particularly related system being
2,3,6,7-dibenzocycloheptatriene,[3,32] namely, 1 with the NH-
group exchanged by CH2. This compound undergoes a trip-
let reaction to form an anti-cyclobutane ring.


One question remains open: if dimerization takes place,
why is the anti configuration formed exclusively? While, in
principle, triplet dimerization allows both the formation of
syn and anti cyclobutanes (e.g. in the photodimerization of
acenaphthylene[33,34]), steric reasons connected with the re-
pulsion of N-acyl groups and/or the more strained cyclobu-
tane ring in the syn isomer (Scheme 3) may lead to the se-
lective formation of anti dimers. This view is corroborated
by the calculation of energy differences between anti and
syn dimers, which suggest syn dimers to be less stable.


Conclusions


Generally, intersystem crossing rates are low for dibenzaze-
pines while triplet energy transfer from suitable sensitizers
is efficient. N-H and N-alkyl DBA do not photodimerize
under all conditions investigated, while N-cyano and N-acy-
lated DBA form dimers with an anti configuration both with
sensitization and upon direct excitation (in concentrated sol-
ution and in the solid state). The differing reactivities are
not a consequence of distinct intersystem crossing rates or
triplet energy transfer efficiency, but can be related to the
nature of the excited state, which is np* for the former and
pp* for the latter class.
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Highly Enantioselective Ruthenium-Catalyzed Reduction of Ketones
Employing Readily Available Peptide Ligands


Anders B˘gevig, Isidro M. Pastor, and Hans Adolfsson*[a]


Introduction


The enantioselective reduction of ketones to secondary alco-
hols is an important functional group transformation. This
rather simple transformation is extensively employed in
small-scale laboratory experiments as well as in large-scale
industrial applications. The transition-metal-catalyzed hy-
drogen-transfer protocol represents a proficient and particu-
larly mild route towards the formation of chiral secondary
alcohols.[1,2] The introduction of catalysts based on rutheni-
um complexes with chiral amino alcohol or diamine ligands,
in combination with 2-propanol or formic acid as a hydride
source, render this process highly selective and efficient.[3]


We have recently introduced catalysts based on pseudo-di-
peptide ligands for the enantioselective ruthenium-catalyzed
transfer hydrogenation of aryl alkyl ketones in 2-propa-
nol.[4,5] A library of novel ™dipeptide∫ ligands was efficiently
formed combining N-Boc-protected a-amino acids with a
number of vicinal amino alcohols obtained from the corre-
sponding natural and unnatural amino acids. These ligands
were combined with a proper ruthenium(ii) source (i.e.
[{RuCl2(arene)}2]) and the complexes formed were screened
as catalysts for the reduction of acetophenone. Although


several of the ruthenium complexes were able to selectively
catalyze the reduction reaction, we found that the catalyst
based on ligand 1 was particularly effective, giving the prod-
uct alcohol (1-phenylethanol) in high yield and enantioselec-
tivity.


This catalyst was successfully employed in the reduction
of a number of aryl alkyl ketones, and enantioselectivity of
up to 96% was obtained. Furthermore, we found that the
product configuration was determined by the stereocenter
present in the amino acid part of the ™dipeptide∫ ligand.
Using catalysts based on natural amino acids gave products
of S configuration and the opposite enantiomer was ob-
tained when d-amino acids were employed. The simplicity
of the ligand structure in combination with the ready availa-
bility and low cost of a-amino acids render this system
highly attractive. A disadvantage with this novel class of cat-
alysts is that the ketone reduction only works using secon-
dary alcohols as hydrogen donors. In efforts towards finding
catalysts which would also tolerate formic acid as the hydro-
gen source, we examined various derivatives of the ™dipep-
tide∫ ligands; but unfortunately no such catalyst could be
developed. One of the compounds we examined, however,
turned out to be more efficient and selective in comparison


[a] Dr. A. B˘gevig, Dr. I. M. Pastor, Dr. H. Adolfsson
Department of Organic Chemistry
The Arrhenius Laboratory, Stockholm University
SE-10691 Stockholm (Sweden)
Fax: (+46)8-154908
E-mail : hansa@organ.su.se


Abstract: Highly efficient and selective
catalysts for the asymmetric reduction
of aryl alkyl ketones under hydrogen-
transfer conditions (2-propanol) were
obtained by combining a novel class of
pseudo-dipeptide ligands with
[{RuCl2(p-cymene)}2]. A library of
36 dipeptide-like ligands was prepared
from N-Boc-protected a-amino acids
and the enantiomers of 2-amino-1-
phenylethanol and 1-amino-2-propanol.


The catalyst library was evaluated with
the reduction of acetophenone and ex-
cellent enantioselectivity of 1-phenyle-
thanol was obtained with several of the
novel catalysts. A ligand based on the
combination of N-Boc-l-alanine and


(S)-1-amino-2-propanol (ligand A-(S)-
4) was found to be particular effective.
When the situ formed ruthenium com-
plex of this ligand was employed as the
catalyst in the hydrogen-transfer reac-
tion of various aryl alkyl ketones, the
corresponding alcohol products were
achieved in excellent enantioselectivity
(up to 98% ee).


Keywords: amino acids ¥ amino
alcohols ¥ asymmetric catalysis ¥
hydrogen transfer ¥ ruthenium
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to the first-generation catalysts when the reaction was per-
formed in 2-propanol. Here we present the preparation and
evaluation of a novel class of pseudo-symmetric peptide-like
ligands that, when combined with [{RuCl2(p-cymene)}2],
result in catalysts exhibiting superior activity and selectivity
in ketone reductions.


Results and Discussion


Preparation and evaluation of the catalyst library : Encour-
aged by the results we obtained using our first-generation li-
gands in the ruthenium-catalyzed transfer hydrogenation of
ketones,[4] we decided to investigate how structural changes
in the amino alcohol part of the ligand would affect the ac-
tivity and selectivity of the catalyst. One obvious structural
variation is of course to employ ligands that contain secon-
dary alcohols instead of the primary hydroxyl functionality
present in the initial ligand system. Hence, we prepared
ligand V-(S)-3 starting from N-Boc-protected l-valine and
(S)-2-amino-1-phenylethanol ((S)-3) (Scheme 1). Employing


this ligand in the ruthenium-catalyzed reduction of aceto-
phenone under hydrogen-transfer conditions resulted in the
formation of 1-phenylethanol in 91% conversion and
93% ee after two hours. This should be compared to the
result obtained with the analogous ligand 2, which gave ap-
proximately the same enantioselectivity but significantly
lower conversion when used in the same reaction. With this
result in hand, we decided to prepare a library of ligands
based on N-Boc-protected a-amino acids and the commer-
cially available 2-amino-1-phenylethanols (R)-3 and (S)-3
and 1-amino-2-propanols (R)-4 and (S)-4 (Schemes 1 and 2).


The successful construction of a library of compounds
relies on efficient and selective synthetic procedures that
allow the formation of the desired targets in high yield and
purity.[6,7] Thus, to obtain a library of ligands with the funda-
mental structural features of V-(S)-3, a number of N-Boc-
protected amino acids were coupled with the amino alcohols
(3 and 4) by using isobutyl chloroformate in the presence of
N-methylmorpholine (NMM).[8] This protocol was previous-
ly employed in the formation of our first-generation ligand
library; however, when this reaction was reexamined we
found that two factors turned out to be of crucial impor-
tance for obtaining the pseudo-dipeptides of high purity;
1) full conversion of the Boc-protected amino acid to the
mixed anhydride, and 2) exact stoichiometry of the reac-
tants. In the first case, it was found necessary to extend the
time allowed for isobutyl chloroformate to react with the
amino acid, forming the mixed anhydride intermediate. Sec-
ondly, excess of either the amino alcohol or the coupling re-
agent should be avoided. We found that any residual cou-
pling reagent effectively reacted with the amino alcohol
upon its addition. The separation of the obtained N-isobu-
tylcarbamate-protected amino alcohol from the desired cou-
pling product turned out to be less straightforward. On the
other hand, the need for purification of the ligands is more
cosmetic than absolutely necessary, since the byproducts act
as very poor ligands relative to the pseudo-dipeptide (vide
infra).


By employing the synthetic method described above, a li-
brary of 36 pseudo-dipeptides was prepared (Scheme 2 and
Table 1), and these ligands were evaluated using the reduc-
tion of acetophenone as the model reaction. The reductions
were carried out by using the following conditions: sub-
strate/ruthenium/ligand/base in a 100:1:1.1:5 ratio, with 0.2m
concentration of acetophenone in 2-propanol. The catalyst
was prepared by drying a mixture of [{RuCl2(p-cymene)}2]
(0.5 mol%), the ™dipeptide∫-ligand (1.1 mol%), and NaOH
(5 mol%) under vacuum for 15±30 minutes followed by ad-
dition of oxygen-free 2-propanol. The color of the obtained
mixtures varied from yellow to purple, depending on the
ligand employed. After 10 minutes, the substrate was added
and the reaction progress was monitored by analyzing small
samples using GLC methods. The results obtained after a
two hour reaction time with the library of catalysts are pre-
sented in Table 1 and Figure 1. The catalytic activity varied
significantly, with conversions ranging from 17 up to 93%
depending on the structure of the ligand/catalyst. It is impor-
tant to point out that under these reversible reaction condi-
tions, the maximum theoretical conversion is limited to
96%.[9] One factor which seemed to govern the extent of
conversion was the relative size of the side chains present in
the ligand. Hence, ligands based on tLeu, containing the
more sterically-demanding tert-butyl-group, were considera-
bly less active relative to ligands that contained smaller side
chains. An even more pronounced effect on the catalytic ac-
tivity is clearly visible when comparing ligands of different
stereochemistry. Out of the 36 ligands present in the library,
all but four compounds contain two stereogenic centers;
consequently two diastereomers were formed when each of
the amino alcohols were employed. Taking the relative con-


Scheme 1.


Scheme 2.
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figuration into account, ligands prepared from l-amino acids
(l-AA) and (S)-amino alcohols generated ruthenium com-
plexes of high catalytic activity, whereas use of the corre-
sponding diastereomeric ligands resulted in poor catalysts.
This matched/mismatched behavior was further accentuated
when the stereochemical outcome of the reaction was taken
into account. As seen in Figure 1, catalysts generated from
l-AA and (S)-amino alcohols generally gave the product al-


cohol in excellent enantioselec-
tivity (>90%), whereas using
the mismatched ligand combi-
nation resulted in a considera-
bly lower ee of 1-phenylethanol.
In line with our previous obser-
vations, the configuration of the
product alcohol is determined
by the absolute configuration of
the amino acid part of the
ligand. Thus, catalysts based on
l-AA predominantly gave
products of S configuration and
the use of ligands based on d-
AA resulted in the formation
of the R alcohol as the major
enantiomer. The only excep-
tions were observed with cata-
lysts derived from l-PhG,
whereby a small excess of the
R-configured product was ob-
tained when the mismatched li-
gands were used. The glycine-
derived ligands possess only
one stereogenic center and,
therefore, the sole influence of
this chiral center is displayed
when catalysts based on these
compounds are employed in the
reduction reaction. In agree-
ment with the observation that
the l-configured amino acids
predominantly give S alcohols,
the combination of glycine and
S-amino alcohols resulted in li-
gands that favored the same
product stereoisomer. Catalysts
based on the antipodes of these
ligands naturally favored the
formation of the product R al-
cohol.


Out of the 36 entries de-
scribed in Table 1, ligands
based on N-Boc-protected ala-
nine, valine, or isoleucine and
(S)-1-amino-2-propanol ((S)-4)
gave superior catalysts with
regard to conversion and selec-
tivity.


Important factors influencing the catalytic system : Although
several catalysts derived from the ligand library were able to
reduce acetophenone to 1-phenylethanol with very high
enantioselectivity, we chose to continue our studies with
ligand A-(S)-4. The ruthenium complex of this particular
ligand proved to be among the most active catalysts, in fact
we observed 76% conversion (97% ee) after only 30 mi-
nutes reaction time.[10] In order to find the optimum reaction


Table 1. Ligand library screening. Ru-catalyzed hydrogen-transfer of acetophenone to 1-phenylethanol in 2-
propanol.[a,b]


N-Boc amino acid (R= )


l-Ala (Me) A-(R)-3 A-(S)-3 A-(R)-4 A-(S)-4
25% conv. 91% conv. 23% conv. 90% conv.
60% ee (S) 92% ee (S) 59% ee (S) 96% ee (S)


l-Val (iPr) V-(R)-3 V-(S)-3 V-(R)-4 V-(S)-4
43% conv. 91% conv. 55% conv. 90% conv.
40% ee (S) 93% ee (S) 34% ee (S) 96% ee (S)


d-Val (iPr) d-V-(R)-3 d-V-(S)-3 d-V-(R)-4 d-V-(S)-4
92% conv. 43% conv. 90% conv. 48% conv.
93% ee (R) 38% ee (R) 96% ee (R) 36% ee (R)


l-Leu (iBu) L-(R)-3 L-(S)-3 L-(R)-4 L-(S)-4
30% conv. 87% conv. 17% conv. 81% conv.
20% ee (S) 84% ee (S) 36% ee (S) 95% ee (S)


l-Ile ((S)-sBu) I-(R)-3 I-(S)-3 I-(R)-4 I-(S)-4
43% conv. 93% conv. 30% conv. 85% conv.
37% ee (S) 94% ee (S) 31% ee (S) 97% ee (S)


l-tLeu (tBu) tL-(R)-3 tL-(S)-3 tL-(R)-4 tL-(S)-4
30% conv. 57% conv. 25% conv. 69% conv.
35% ee (S) 88% ee (S) 31% ee (S) 92% ee (S)


l-Phe (Bn) F-(R)-3 F-(S)-3 F-(R)-4 F-(S)-4
24% conv. 86% conv. 41% conv. 36% conv.
28% ee (S) 95% ee (S) 29% ee (S) 97% ee (S)


l-PhGly (Ph) PhG-(R)-3 PhG-(S)-3 PhG-(R)-4 PhG-(S)-4
55% conv. 92% conv. 3% conv. 89% conv.
24% ee (R) 92% ee (S) 46% ee (R) 94% ee (S)


Gly (H) G-(R)-3 G-(S)-3 G-(R)-4 G-(S)-4
89% conv. 85% conv. 81% conv. 77% conv.
76% ee (R) 76% ee (S) 72% ee (R) 69% ee (S)


[a] For conditions, see scheme above table and the Experimental Section. [b] Conversion and enantioselectivi-
ty were determined by GLC methods (CP Chirasil DEXCB).
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conditions for ketone reductions with this catalyst, we con-
ducted a series of experiments in which different parameters
were varied. This resulted in a number of crucial observa-
tions. 1) The amount of base necessary for efficient catalyst
formation was found to be three equivalents. Using less than
three equivalents of NaOH resulted in low conversion, and
below two equivalents of base, the catalytic activity was
completely lost. 2) The ligand/ruthenium ratio was varied
and we found an optimum value around 1, which indicates
that a 1:1 complex is the active catalyst. Lower amounts of
ligand gave significantly lower conversion and the use of
more than one equivalent versus ruthenium resulted in a
minor drop of the catalytic activity. 3) Most importantly, we
discovered that the lifetime of the active catalyst was limit-
ed. The typical reaction setup involves mixing the ligand
with the ruthenium precursor and NaOH in 2-propanol
under oxygen-free conditions, followed by addition of the
substrate. If the delay time between substrate addition and
catalyst formation was too long, the activity of the system


was severely reduced (Figure 2). We obtained the highest
conversion when the substrate was added after 10 minutes.
It should be noted that regardless of the catalytic activity,
the enantioselectivity remained high in all cases (97% ee
after 30 min reaction time).


All of the above reactions were conducted at ambient
temperature. In contrast to ruthenium-catalyzed transfer hy-
drogenations with phosphine-based metal precursors (e.g.,
[RuCl2(PPh3)3]), the systems based on RuII(arene) com-
plexes typically perform best at room temperature. Howev-
er, in a recent study Lutsenko and Moberg reported on sig-
nificant rate improvements for the transfer hydrogenation of
acetophenone at elevated temperatures by using the Noyori
catalyst (i.e., [RuII(p-cymene)(R,R)-TsDPEN]).[11] The reac-
tions were performed by using microwave irradiation and
resulted in high yields of the alcohol product in less than
10 minutes reaction time. The stereoselectivity was unfortu-
nately rather poor with ee values ranging from 48 to 82%.
To investigate how the novel catalytic system employing ™di-
peptide∫ ligands behaved under different reaction tempera-
tures, we performed a number of experiments using either
conventional heating or microwave irradiation (Table 2).


Reactions performed at 60 8C using either an oil bath or
microwave heating resulted in moderate to high yields and
good enantioselectivity within a short period of time
(Table 2, entries 1 and 3). Extending the reaction time under
conventional heating did not improve the chemical yield
and further resulted in a small drop of the ee (entry 2). Per-
forming the reductions at higher temperatures resulted in
shorter reaction times, but unfortunately with the cost of
lower enantioselectivity (entries 4±7). Thus if time is crucial,
the reactions can be performed at higher temperature
(60 8C) without significant loss of stereoselectivity.


As stated above, some of the ligands presented in Table 1
contained up to 10% of a byproduct that formed in the pep-
tide coupling step, namely the N-isobutylcarbamate-protect-
ed amino alcohol. The presence of this byproduct did not se-
verely hamper the performance of the catalytic system, but
a small decrease in conversion and enantioselectivity was
detected. Performing the reduction of acetophenone under
hydrogen-transfer conditions with these byproducts (e.g., 5


Figure 2. The effect of delaying the time of substrate addition. Conver-
sion of acetophenone obtained after 30 minutes.


Table 2. Catalytic hydrogen transfer of acetophenone in 2-propanol by
[{RuCl2(p-cymene)}2] and A-(S)-4 at elevated temperatures.[a]


T [8C] t [min] Yield [%][b] ee [%][c]


1[d] 60 9 92 95
2[d] 60 30 93 92
3[e] 60 4 63 95
4[e] 75 3 78 94
5[e] 90 2.5 88 93
6[e] 120 2.5 90 87
7[e] 150 2 87 78


[a] Reaction conditions: acetophenone (1 eq, 0.2m in 2-propanol),
[{RuCl2(p-cymene)}2] (0.5 mol%), A-(S)-4 (1.1 mol%) and NaOH
(5 mol%). [b] Determined by GLC. [c] Enantiomeric excess (ee) was de-
termined by GLC (CP Chirasil DEXCB). [d] Conventional heating using
an oil bath. 7 minutes pre-stirring of catalyst mixture prior to substrate
addition. [e] Microwave irradiation using an Emry×sTM Creator, program-
med at constant temperature. No pre-stirring of catalyst mixture.


Figure 1. Enantiomeric excess of 1-phenylethanol obtained using catalysts
derived from the ligands described in Table 1. The positive numbers refer
to the formation of S isomer in excess, and the negative numbers to the
R isomer.
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or 6) as ligands resulted in low conversion (<17% after 2 h)
and poor enantioselectivity (up to 17% ee of the R isomer)
of the secondary alcohol formed.


Scope of the system : The scope of the catalytic system was
investigated using a number of ketone substrates with
[{RuCl2(p-cymene)}2] and ligand A-(S)-4 as the catalyst. The
results are presented in Table 3.


Without exception, all substrates presented in Table 3
were reduced with excellent enantio-face selectivity
(94% ee or better) by using this novel catalytic system. Re-
garding the catalytic activity, increased size of the alkyl
group of the ketone effectively leads to lower isolated yields
and the following trend was observed: 75% for acetophe-
none (entry 1), 67% for propiophenone (entry 2), 14% for
isopropyl phenyl ketone (entry 3), and the sterically-hin-
dered tert-butyl phenyl ketone completely failed to react.
Theoretically, the yields should be similar for the four ke-
tones, since their reduction potentials and, therefore, also
the reaction equilibrium constants are similar. Hence, the
observed decrease in reactivity is best explained by in-
creased steric interactions between the substrate and the
catalyst. The reduction of methoxy-substituted acetophe-
nones followed the predicted pattern. The 2- and 4-methoxy
substituted phenyl ethanols were isolated in moderate
yields, whereas the reduction of the 3-substituted methoxy-
acetophenone gave a significantly better yield (entries 4±6).
This can be attributed to electronic effects, although steric
hindrance or possibly catalyst deactivation by substrate co-
ordination could be responsible for the low activity observed
for the 2-methoxy derivative. Steric hindrance was most
probably the reason for the low yield obtained with 2-meth-
ylacetophenone (entry 7). 3-Fluoroacetophenone was con-
verted to the corresponding secondary alcohol in good yield
(entry 8). The reduction of 1-tetralone gave the secondary
alcohol in 47% yield (entry 9), and 2-acetonaphthone was
reduced in excellent yield (entry 10). In the ligand optimiza-
tion study on the model compound acetophenone, several li-
gands, when combined with the ruthenium(ii) precursor, re-
sulted in catalysts with similar properties (Table 1). Howev-
er, for other substrates more substantial differences were
observed. This was evident when the ligand I-(S)-4 was used
in the reduction of 3-fluoroacetophenone; this resulted in
considerably lower conversion to the secondary alcohol
(68% after 30 min in comparison to 91% when ligand A-
(S)-4 is used). As expected when using a ligand derived
from a natural amino acid, all products in Table 2 were ob-
tained with the S isomer as the major enantiomer.


Nature of the catalyst : The gradual loss of catalytic activity
observed using this system was initially believed to originate
from slow catalyst decomposition due to ligand degradation.
Since the ligands contain a secondary alcohol, which can un-
dergo oxidation to the corresponding ketone, a less active
complex could be the result of such a transformation. There-
fore, ketone 7, corresponding to the oxidized ligand A-(S)-4,
was prepared separately by means of a Swern oxidation[12]


of A-(rac)-4.[13]


When this compound was employed as the ligand in the
reduction of acetophenone, the reaction reached 69% con-


Table 3. Ru-catalyzed hydrogen transfer of aryl alkyl ketones in the pres-
ence of ligand A-(S)-4.[a]


Substrate t [min] Yield [%][b] ee [%][c]


1 90 75 96 (S)


2 150 67 98 (S)


3 180 14 96 (S)


4 210 49 94 (S)


5 90 85 97 (S)


6 210 59 94 (S)


7 210 37 97 (S)


8 90 87 96 (S)


9 180 47 96 (S)


10 90 96 97 (S)


[a] Reaction conditions: ketone (1 eq, 0.2m in 2-propanol), [{RuCl2-
(p-cymene)}2] (0.5 mol%), A-(S)-4 (1.1 mol%) and NaOH (5 mol%).
All reactions were performed at ambient temperature. [b] Isolated yields.
[c] Enantiomeric excess (ee) and absolute configuration was determined
by GLC (CP Chirasil DEXCB).
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version and 85% ee after 2 h. This result clearly indicates
that ligand oxidation is not the major deactivating path of
the system. Another possibility for the observed decreased
activity could be the formation of catalytically inert rutheni-
um complexes. The ™dipeptides∫ are potential tridentate li-
gands, and, therefore, a number of structurally-different
metal complexes can be formed.[14,15] Assuming that the hy-
drogen-transfer step occurs following the mechanism pro-
posed by Noyori,[16, 17] a 16-electron ruthenium complex
needs to be present prior to the formation of the active
ruthenium hydride. This 16-electron complex can be formed
if only two out of the three available donors of the dipeptide
ligand are coordinated to the metal center. Hence, if the ini-
tially formed, catalytically active ruthenium complex is rear-
ranged into other complexes over time, these new species
could have different catalytic properties. As seen above, the
activity of the catalyst is rather sensitive towards the struc-
ture of the ligand (see Table 1 and Figure 1). In cases in
which the ™wrong∫ diastereomer of the ligand was em-
ployed, very low conversion and low enantioselectivity was
obtained. A possible explanation could be that these mis-
matched ligands favor the formation of such inactive com-
plexes. The matched ligands on the other hand, could, due
to favorable steric interactions, significantly decrease the
rate of such processes. The activity and selectivity obtained
using either the matched or the mismatched ligand can also
be explained by the inherent pseudo-symmetry of the li-
gands (Figure 3). In the matched cases, the combination of


l-amino acids with (S)-amino alcohols, the ligands possess
pseudo-C2-symmetry, which could reduce the number of
possible catalytically active complexes. In the mismatched
cases, however, the pseudo-meso configuration of the li-
gands will open up for the formation of a significantly
higher number of complexes.


We have not yet been able to isolate or spectroscopically
identify any of the possible complexes, but additional inves-
tigations are currently being performed. Another piece of
information regarding the nature of the catalyst was found
when A-(rac)-4 was employed as ligand(s) under standard
conditions. In this experiment we obtained 1-phenylethanol
in 80% conversion and 92% ee (S) after two hours. A closer
inspection of the conversion and enantiomeric excess after
30 minutes showed that these numbers are the arithmetic
mean values of reactions performed with the individual li-
gands (A-(S)-4 and A-(R)-4). This result indicates that the
catalysts formed in this system seem to operate totally inde-
pendent of each other; this supports a model of the active
catalyst being a 1:1 Ru�L complex.


Conclusion


In conclusion, we have designed a novel, highly efficient and
structurally very simple catalytic system for the enantiose-
lective reduction of aryl alkyl ketones under hydrogen-trans-
fer conditions. The catalytic system is based on ruthenium
complexes of modular pseudo-symmetric ™dipeptide∫ li-
gands. The ligands were prepared in a straightforward reac-
tion by coupling N-Boc-protected amino acids to commer-
cially available 1-substituted aminoethanols. In accordance
with our previously developed system, the amino acid part
of the ligand dictates the stereochemical outcome of the re-
duction reaction. This efficiently allows for the formation of
either of the product enantiomers, since both isomers of the
ligands are readily available.


Experimental


General procedure for the ligand preparation : The Boc-protected amino
acids were dissolved in dry THF at �15 8C and N-methylmorpholine
(NMM; 1.1 equiv) and isobutyl chloroformate (1.0 equiv) were added to
form the mixed anhydride. After 45 min to 3 h the amino alcohol
(0.95 equiv) was added, and the reaction was allowed to reach room tem-
perature. After >3 h the reaction mixture was filtered through a plug of
silica, and the filtrate was evaporated to give the crude product. The
crude ligand could either be used directly without any significant de-
crease in catalytic activity of the hydrogen-transfer reaction, or simply be
purified by recrystallization. The ligands were isolated in yields varying
from 30 to 95%.


A-(R)-3 (Boc-l-Ala-(R)-Ph): 1H NMR (400 MHz, CDCl3): d=1.33 (d,
3J=7.2 Hz, 3H), 1.42 (s, 9H), 3.34 (m, 1H), 3.67 (m, 1H), 4.13 (br s, 1H),
4.82 (m, 1H), 5.13 (d, 3J=6.8 Hz, 1H), 6.75 (s, 1H), 7.25±7.35 ppm (m,
5H); 13C NMR (100 MHz, CDCl3): d=18.7, 28.5 (3C), 47.6, 50.6, 73.5,
80.6, 126.1, 128.1, 128.7, 141.8, 155.8, 174.2 ppm; MS: m/z [M+K]+ calcd
for C16H24N2KO4: 347.137; found: 347.132.


A(S)3 (Boc-l-Ala-(S)-Ph): 1H NMR (300 MHz, CDCl3): d=1.26 (d, 3J=
7.2 Hz, 3H), 1.38 (s, 9H), 3.25 (ddd, 3J=5.4, 8.1 Hz, 2J=13.5 Hz, 1H),
3.60 (ddd, 3J=3.5, 6.7 Hz, 2J=13.8 Hz, 1H), 4.11 (m, 1H), 4.4 (br s, 1H),
4.77 (m, 1H), 5.54 (m, 1H), 7.08 (m, 1H), 7.19±7.37 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d=18.7, 28.4 (3C), 47.4, 50.4, 72.8, 80.2,
126.0 (2C), 127.8, 128.5 (2C), 141.8, 155.8, 174.2 ppm.


A-(R)-4 (Boc-l-Ala-(R)-Me): 1H NMR (400 MHz, CDCl3): d=1.14 (d,
3J=6.4 Hz, 3H), 1.33 (d, 3J=7.2 Hz, 3H), 1.40 (s, 9H), 3.11 (m, 1H), 3.35
(m, 1H), 3.54 (br s, 1H), 3.87 (m, 1H), 4.14 (m, 1H), 5.40 (m, 1H),
6.98 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=18.7, 20.8, 28.5 (3C),
47.1, 50.6, 67.1, 80.5, 156.0, 174.0 ppm.


A-(S)-4 (Boc-l-Ala-(S)-Me): 1H NMR (300 MHz, CDCl3): d=1.17 (d,
3J=6.0 Hz, 3H), 1.36 (d, 3J=6.9 Hz, 3H), 1.44 (s, 9H), (OH missing),
3.13 (ddd, 3J=6.0, 7.5 Hz, 2J=13.5 Hz, 1H), 3.45 (ddd, 3J=3.3, 6.6 Hz,
2J=13.8 Hz, 1H), 3.86 (br s, 1H; OH), 3.92 (m, 1H), 4.15 (m, 1H), 5.09
(d, 3J=6.6 Hz, 1H), 6.65 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3):
d=18.6, 20.7, 28.5 (3C), 47.2, 50.5, 67.0, 80.5, 156.0, 174.0 ppm; MS: m/z
[M+Na]+ calcd for C11H22N2NaO4: 269.148; found: 269.140.


V-(R)-3 (Boc-l-Val-(R)-Ph) and d-V-(S)-3 (Boc-d-Val-(S)-Ph): 1H NMR
(300 MHz, CDCl3): d=0.89±0.97 (m, 6H), 1.43 (s, 9H), 2.14 (m, 1H),
3.25 (d, 3J=3.0 Hz, 1H), 3.34 (m, 1H), 3.71 (m, 1H), 3.88 (m, 1H), 4.85
(m, 1H), 5.02 (br s, 1H), 6.43 (br s, 1H), 7.27±7.36 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d=18.3, 19.5, 28.5 (3C), 31.2, 47.6, 60.4,
73.4, 80.1, 126.1 (2C), 127.9, 128.6 (2C), 142.0, 156.3, 173.2 ppm.


V-(S)-3 (Boc-l-Val-(S)-Ph) and d-V-(R)-3 (Boc-d-Val-(R)-Ph): 1H NMR
(300 MHz, CDCl3): d=0,89 (d, 3J=6.3 Hz, 3H), 0.93 (d, 3J=6.3 Hz, 3H),
1.43 (s, 9H), 2.08 (m, 1H), 3.32 (ddd, 3J=5.1, 8.1 Hz, 2J=14.1 Hz, 1H),
3.46 (br s, 1H; OH), 3.72 (ddd, 3J=3.6, 7.2 Hz, 2J=14.1 Hz, 1H), 3.84 (m,
1H), 4.84 (dd, 3J=3.0, 7.8 Hz, 1H), 5.07 (m, 1H), 6.46 (br s, 1H), 7.27±
7.38 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d=18.2, 19.5, 28.5 (3C),


Figure 3. Schematic representation of the ligands in Table 1.
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31.0, 47.6, 60.6, 73.1, 80.3, 126.1 (2C), 128.0, 128.7 (2C), 141.8, 156.4,
173.1 ppm; MS: m/z [M+Na]+ calcd for C18H28N2NaO4: 359.195; found:
359.189.


V-(R)-4 (Boc-l-Val-(R)-Me) and d-V-(S)-4 (Boc-d-Val-(S)-Me):
1H NMR (400 MHz, CDCl3): d=0,93 (d, 3J=6.8 Hz, 3H), 0.97 (d, 3J=
7.2 Hz, 3H), 1.18 (d, 3J=6.0 Hz, 3H), 1.44 (s, 9H), 2.15 (m, 1H), 2.56 (d,
3J=4.0 Hz, 1H; OH), 3.13 (ddd, 3J=5.6, 8.0 Hz, 2J=13.6 Hz, 1H), 3.45
(ddd, 3J=3.2, 6.4 Hz, 2J=13.6 Hz, 1H), 3.86 (dd, 3J=6.4, 8.0 Hz, 1H),
3.92 (m, 1H) 5.00 (m, 1H), 6.38 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d=18.2, 19.5, 20.9, 28.5 (3C), 30.9, 47.6, 60.6, 67.4, 80.3, 156.4,
172.9 ppm; MS: m/z [M+Na]+ calcd for C13H26N2NaO4: 297.179; found:
297.181.


V-(S)-4 (Boc-l-Val-(S)-Me) and d-V-(R)-4 (Boc-d-Val-(R)-Me):
1H NMR (300 MHz, CDCl3): d=0.88 (m, 6H) 1.10 (d, 3J=5.9 Hz, 3H),
1.36 (s, 9H), 1.98 (m, 1H), 3.01 (m, 1H), 3.36 (m, 1H), 3.88 (m, 2H), 4.5
(br s, 1H; OH), 5.60 (d, 3J=8.1 Hz, 1H), 7.26 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d=18.4, 19.5, 20.7, 28.5 (3C), 31.1, 47.1, 60.5, 66.7,
80.0, 156.5, 173.2 ppm.


F-(R)-3 (Boc-l-Phe-(R)-Ph): 1H NMR (300 MHz, CDCl3): d=1.32 (s,
9H), 2.96 (m, 2H), 3.0 (br s, 1H; OH), 3.08 (m, 1H), 3.51 (m, 1H), 4.26
(m, 1H), 4.54 (m, 1H), 5.11 (br s, 1H), 6.31 (br s, 1H), 7.13±7.29 ppm (m,
10H); 13C NMR (75 MHz, CDCl3): d=28.5 (3C), 39.1, 47.6, 56.4, 73.4,
80.6, 126.0 (2C), 127.2, 128.0, 128.7 (2C) 128.9 (2C), 129.6 (2C), 137.0,
141.6, 155.7, 172.4 ppm; MS: m/z [M+K]+ calcd for C22H28N2KO4:
423.169; found: 423.164.


F-(S)-3 (Boc-l-Phe-(S)-Ph): 1H NMR (300 MHz, CDCl3): d=1.37 (s,
9H), 3.00 (m, 2H), 3.20 (m, 1H), 3.58 (m, 2H), 4.32 (m, 1H), 4.73 (dd,
3J=3.6, 8.1 Hz, 1H), 5.23 (d, 3J=8.1 Hz, 1H), 6.52 (br s, 1H), 7.16±
7.36 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): d=28.5 (3C), 38.8, 47.7,
56.4, 73.1, 80.6, 126.0 (2C), 127.2, 128.0, 128.7 (2C), 128.9 (2C), 129.5
(2C), 136.9, 141.7, 155.8, 172.7 ppm.


F-(R)-4 (Boc-l-Phe-(R)-Me): 1H NMR (300 MHz, CDCl3): d=1.08 (d,
3J=6.6 Hz, 3H), 1.39 (s, 9H), 2.64 (br s, 1H), 2.96 (m, 1H), 3.03 (d, 3J=
7.5 Hz, 1H), 3.31 (ddd, 3J=3.0, 6.6 Hz, 2J=13.5 Hz 1H), 3.71 (m, 1H),
4.31 (m, 1H) 5.25 (d, 3J=7.8 Hz, 1H), 6.41 (m, 1H), 7.19±7.32 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): d=20.7, 28.5 (3C), 39.0, 47.2, 56.4,
67.1, 80.5, 127.2, 128.9 (2C), 129.5 (2C), 137.0, 155.8, 172.5 ppm; MS: m/
z [M+Na]+ calcd for C17H26N2NaO4: 345.179; found: 345.191.


F-(S)-4 (Boc-l-Phe-(S)-Me): 1H NMR (300 MHz, CDCl3): d=1.06 (d,
3J=6.3 Hz, 3H), 1.37 (s, 9H), 3.00 (m, 3H), 3.22 (br s, 1H), 3.34 (m, 1H),
3.80 (m, 1H), 4.33 (m, 1H) 5.37 (d, 3J=8.4 Hz, 1H), 6.68 (m, 1H), 7.17±
7.30 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d=20.7, 28.5 (3C), 38.9,
47.2, 56.3, 66.8, 80.5, 127.1, 128.8 (2C), 129.5 (2C), 137.0, 155.9,
172.5 ppm.


L-(R)-3 (Boc-l-Leu-(R)-Ph): 1H NMR (400 MHz, CDCl3): d=0.92 (m,
6H), 1.42 (s, 9H), 1.45 (m, 1H), 1.60 (m, 2H), 3.33 (ddd, 3J=5.2, 8.0 Hz,
2J=13.6 Hz, 1H), 3.59 (br s, 1H), 3.67 (ddd, 3J=3.3, 7.0 Hz, 2J=13.6 Hz,
1H), 4.08 (br s, 1H), 4.82 (m, 1H), 4.98 (d, 3J=8.0 Hz, 1H), 6.71 (s, 1H),
7.24±7.36 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d=22.2, 23.1, 24.9,
28.5 (3C), 41.7, 47.6, 53.5, 73.4, 80.3, 126.1 (2C), 127.9, 128.6 (2C), 142.0,
156.2, 174.3 ppm; MS: m/z [M+K]+ calcd for C19H30N2KO4: 389.184;
found: 389.233.


L-(S)-3 (Boc-l-Leu-(S)-Ph): 1H NMR (400 MHz, CDCl3): d=0.90 (m,
6H), 1.41 (s, 9H), 1.45 (m, 1H), 1.58 (m, 2H), 3.26 (ddd, 3J=5.2, 8.0 Hz,
2J=13.6 Hz, 1H), 3.50 (br s, 1H), 3.66 (ddd, 3J=3.6, 8.0 Hz, 2J=13.6 Hz,
1H), 4.07 (br s, 1H), 4.81 (m, 1H), 5.17 (d, 3J=8.0 Hz, 1H), 6.88 (s, 1H),
7.24±7.36 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=22.2, 23.1, 24.9,
28.5 (3C), 41.5, 47.7, 53.5, 73.0, 80.5, 126.1 (2C), 127.9, 128.7 (2C), 141.9,
156.2, 174.1 ppm.


L-(R)-4 (Boc-l-Leu-(R)-Me): 1H NMR (400 MHz, CDCl3): d=0.90 (m,
6H), 1.13 (d, 3J=5.6 Hz, 3H), 1.40 (s, 9H), 1.45 (m, 1H), 1.60 (m, 2H),
3.13 (m, 1H), 3.33 (m, 1H), 3.59 (br s, 1H), 3.87 (m, 1H), 4.09 (br s, 1H),
5.32 (d, 3J=6.4 Hz, 1H), 7.07 (s, 1H), 7.24±7.36 ppm (m, 5H); 13C NMR
(100 MHz, CDCl3): d=20.8, 22.2, 23.1, 24.9, 28.5 (3C), 41.6, 47.1, 53.6,
67.2, 80.3, 156.2, 173.9 ppm; MS: m/z [M+K]+ calcd for C14H28N2KO4:
327.169; found 327.165.


L-(S)-4 (Boc-l-Leu-(S)-Me): 1H NMR (400 MHz, CDCl3): d=0.90 (m,
6H), 1.15 (d, 3J=5.6 Hz, 3H), 1.42 (s, 9H), 1.47 (m, 1H), 1.64 (m, 2H),
3.02 (m, 1H), 3.03 (m, 1H), 3.45 (ddd, 3J=3.0, 6.8 Hz, 2J=14.0 Hz, 1H),


3.89 (m, 1H), 4.08 (m, 1H), 5.32 (m, 1H), 6.88 (m, 1H), 7.24±7.36 ppm
(m, 5H); 13C NMR (100 MHz, CDCl3): d=20.8, 22.3, 23.1, 24.9, 28.5
(3C), 41.4, 47.3, 53.6, 67.0, 80.5, 156.2, 173.9 ppm.


I-(R)-3 (Boc-l-Ile-(R)-Ph): 1H NMR (400 MHz, CDCl3): d=0.91 (m,
6H), 1.08 (m, 1H), 1.41 (s, 9H), 1.47 (m, 1H), 1.84 (m, 1H), 3.32 (m,
1H), 3.69 (ddd, 3J=3.5, 7.0 Hz, 2J=14.1 Hz, 1H), 3.92 (dd, 3J=6.6,
8.6 Hz, 1H), 4.82 (dd, 3J=3.4, 8.2 Hz, 1H), 5.15 (d, 3J=8.8 Hz, 1H), 6.68
(m, 1H), 7.27±7.36 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=11.6,
15.8, 24.9, 28.5 (3C), 37.3, 47.6, 59.7, 73.6, 80.3, 126.1 (2C), 128.0, 128.7
(2C), 141.8, 156.2, 173.1 ppm.


I-(S)-3 (Boc-l-Ile-(S)-Ph): 1H NMR (300 MHz, CDCl3): d=0.88 (m, 6H),
1.08 (m, 1H), 1.41 (s, 9H), 1.50 (m, 1H), 1.78 (m, 1H), 3.31 (m,
1H), 3.65 (ddd, 3J=3.5, 7.0 Hz, 2J=14.1 Hz, 1H), 3.91 (m, 1H), 4.12
(br s, 1H; OH), 4.81 (m, 1H), 5.35 (m, 1H), 6.90 (m, 1H), 7.22±7.36 ppm
(m,1H); 13C NMR (75 MHz, CDCl3): d=11.5, 15.7, 24.9, 28.5 (3C), 37.2,
47.6, 59.8, 73.0, 80.3, 126.0 (2C), 127.9, 128.7 (2C), 141.8, 156.3,
174.2 ppm; MS: m/z [M+K]+ calcd for C19H30KN2O4: 389.184; found:
389.192.


I-(R)-4 (Boc-l-Ile-(R)-Me): 1H NMR (300 MHz, CDCl3): d=0.91 (m,
6H), 1.18 (d, 3J=8.0 Hz, 3H), 1.22 (m, 2H), 1.44 (s, 9H), 1.89 (m, 1H),
2.66 (d, 4.0 Hz, 1H), 3.13 (ddd, 3J=5.7, 8.1 Hz, 2J=13.5 Hz, 1H), 3.44
(ddd, 3J=3.3, 6.6 Hz, 2J=13.5 Hz, 1H), 3.88 (dd, 3J=6.6, 8.1 Hz, 1H),
3.93 (m, 1H), 5.01 (m, 1H), 6.43 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d=11.5, 15.8, 20.9, 25.0, 28.5 (3C), 37.2, 47.1, 59.9, 67.4, 80.3,
156.3, 172.9 ppm.


I-(S)-4 (Boc-l-Ile-(S)-Me): 1H NMR (300 MHz, CDCl3): d=0.92 (m,
6H), 1.11 (m, 1H), 1.17 (d, 3J=8.0 Hz, 3H), 1.43 (s, 9H), 1.51 (m, 1H),
1.85 (m, 1H), 3.06 (br s, 1H; OH), 3.06 (ddd, 3J=5.4, 8.1 Hz, 2J=13.5 Hz,
1H), 3.47 (ddd, 3J=3.3, 6.6 Hz, 2J=13.8 Hz, 1H), 3.88 (m, 1H), 3.93 (m,
1H), 5.14 (d, 3J=7.8 Hz, 1H), 6.59 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d=11.5, 15.8, 20.9, 25.0, 28.5 (3C), 37.1, 47.3, 59.9, 67.1, 80.4,
156.3, 172.9 ppm; MS: m/z [M+Na]+ calcd for C14H28N2NaO4: 311.195;
found: 311.200.


G-(R)-3 (Boc-Gly-(R)-Ph) and G-(S)-3 (Boc-Gly-(S)-Ph): 1H NMR
(300 MHz, CDCl3): d=1.38 (s, 9H), 3.21±3.28 (m, 1H), 3.55±3.64 (m,
1H), 3.71 (s, 2H), 4.46 (br s, 1H), 4.74 (dd, 3J=3.0 Hz, 8.4 Hz, 1H), 5.69
(br s, 1H), 7.07 (br s, 1H), 7.20±7.36 ppm (m, 5H); 13C NMR (75 MHz,
CDCl3): d=28.5 (3C), 44.3, 47.4, 73.0, 80.5, 126.1 (2C), 127.9, 128.7 (2C),
141.9, 156.5, 171.0 ppm; MS: m/z [M+Na]+ calcd for C15H22N2NaO4:
317.148; found: 317.148.


G-(R)-4 (Boc-Gly-(R)-Me) and G-(S)-4 (Boc-Gly-(S)-Me): 1H NMR
(300 MHz, CDCl3): d=1.13 (d, 3J=6.0 Hz, 1H), 1.40 (s, 9H), 3.02±3.11
(m, 1H), 3.35±3.42 (m, 1H), 3.71 (d, 3J=5.7 Hz, 2H), 3.85 (m, 1H), 5.72
(br s, 1H), 7.06 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): d=20.8, 28.5
(3C), 44.4, 47.0, 67.0, 80.5, 156.6, 171.0 ppm.


PhG-(R)-3 (Boc-l-PhGly-(R)-Ph): 1H NMR (300 MHz, CDCl3): d=1.41
(s, 9H), 2.96 (br s, 1H), 3.31 (ddd, 3J=5.7, 7.5 Hz, 2J=14.1 Hz, 1H), 3.72
(ddd, 3J=3.6, 6.9 Hz, 2J=14.1 Hz, 1H), 4.77 (dd, 3J=3.6, 7.5 Hz, 1H),
5.10 (br s, 1H), 5.72 (d, 3J=7.2 Hz, 1H), 6.23 (br s, 1H), 7.21±7.38 ppm
(m, 10H); 13C NMR (75 MHz, CDCl3): d=28.5 (3C), 47.5, 58.7, 72.8,
80.5, 126.1 (2C), 127.4 (2C), 127.9, 128.5 128.6 (2C), 129.2 (2C), 138.3,
141.8, 155.6, 171.4 ppm.


PhG-(S)-3 (Boc-l-PhGly-(S)-Ph): 1H NMR (300 MHz, CDCl3): d=1.37
(s, 9H), 3.27 (ddd, 3J=5.7, 7.5 Hz, 2J=13.5 Hz, 1H), 3.55 (ddd, 3J=4.0,
6.6 Hz, 2J=13.5 Hz, 1H), 3.99 (br s, 1H), 4.73 (dd, 3J=3.6, 7.5 Hz, 1H),
5.22 (br s, 1H), 6.00 (d, 3J=7.2 Hz, 1H), 6.83 (br s, 1H), 7.17±7.30 ppm
(m, 10H); 13C NMR (75 MHz, CDCl3): d=28.5 (3C), 47.5, 58.7, 72.8,
80.5, 126.1 (2C), 127.4 (2C), 127.9, 128.5, 128.6 (2C), 129.2 (2C), 138.3,
141.8, 155.6, 171.4 ppm; MS: m/z [M+Na]+ calcd for C21H26N2NaO4:
393.179; found: 393.169.


PhG-(R)-4 (Boc-l-PhGly-(R)-Me): 1H NMR (300 MHz, CDCl3): d=1.37
(s, 9H), 2.99 (br s, 1H), 3.10 (ddd, 3J=5.7, 7.5 Hz, 2J=13.5 Hz, 1H), 3.32
(ddd, 3J=3.6, 6.6 Hz, 2J=13.5 Hz, 1H), 3.82 (m, 1H), 5.17 (br s, 1H),
5.86 (d, 3J=6.3 Hz, 1H), 6.73 (br s, 1H), 7.25±7.37 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d=20.8, 28.5 (3C), 47.3, 59.0, 67.1, 80.5,
127.4 (2C), 128.5, 129.2 (2C), 138.3, 155.6, 171.4 ppm.


PhG-(S)-4 (Boc-l-PhGly-(S)-Me): 1H NMR (300 MHz, CDCl3): d=1.37
(s, 9H), 2.99 (br s, 1H), 3.10 (ddd, 3J=5.7, 7.5 Hz, 2J=13.5 Hz, 1H), 3.32
(ddd, 3J=3.6, 6.6 Hz, 2J=13.5 Hz, 1H), 3.82 (m, 1H), 5.17 (br s, 1H),


¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 294 ± 302300


FULL PAPER H. Adolfsson et al.



www.chemeurj.org





5.86 (d, 3J=6.3 Hz, 1H), 6.73 (br s, 1H), 7.25±7.37 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): d=20.7, 28.5 (3C), 47.2, 58.7, 66.8, 80.4,
127.4 (2C), 128.4, 129.0 (2C), 138.3, 155.7, 171.5 ppm; MS: m/z [M+K]+


calcd for C16H24N2NKO4: 347.137; found: 347.146.


tL-(R)-3 (Boc-l-tLeu-(R)-Ph): 1H NMR (400 MHz, CDCl3): d=0.97 (s,
9H), 1.38 (s, 9H), 3.28 (m, 1H), 3.62 (ddd, 3J=3.2, 6.4 Hz, 2J=14.0 Hz,
1H), 3.89 (m, 1H), 4.77, (dd, 3J=3.2, 8.0 Hz, 1H), 5.54 (d, 3J=9.2 Hz,
1H), 6.99 (m, 1H), 7.20±7.33 ppm (m, 5H); 13C NMR (100 MHz, CDCl3):
d=26.8 (3C), 28.5 (3C), 34.7, 47.5, 62.6, 73.4, 80.1, 126.1 (2C), 127.9,
128.6 (2C), 142.0, 156.3, 172.3 ppm.


tL-(S)-3 (Boc-l-tLeu-(S)-Ph): 1H NMR (400 MHz, CDCl3): d=0.93 (s,
9H), 1.40 (s, 9H), 3.27 (ddd, 3J=4.8, 8.8 Hz, 2J=13.6 Hz, 1H), 3.62 (ddd,
3J=3.2, 6.8 Hz, 2J=14.0 Hz, 1H), 3.89 (d, 3J=8.8 Hz, 1H), 4.80, (dd, 3J=
3.2, 8.4 Hz, 1H), 5.55 (d, 3J=9.2 Hz, 1H), 6.98 (m, 1H), 7.20±7.33 ppm
(m, 5H); 13C NMR (100 MHz, CDCl3): d=26.7 (3C), 28.5 (3C), 34.5,
47.6, 62.7, 73.0, 80.2, 126.1 (2C), 127.9, 128.6 (2C), 141.9, 156.5,
172.5 ppm; MS: m/z [M+Na]+ calcd for C19H30N2NaO4: 373.210; found:
373.218.


tL-(R)-4 (Boc-l-tLeu-(R)-Me): 1H NMR (400 MHz, CDCl3): d=0.96 (s,
9H), 1.13 (d, 3J=6.0 Hz, 3H), 1.38 (s, 9H), 3.11 (ddd, 3J=6.0, 7.6 Hz,
2J=13.6 Hz, 1H), 3.35 (ddd, 3J=3.2, 6.4 Hz, 2J=13.6 Hz, 1H), 3.78±3.93
(m, 2H), 5.47 (m, 1H), 7.05 ppm (m, 1H); 13C NMR (100 MHz, CDCl3):
d=20.9, 26.8 (3C), 28.5 (3C), 34.5, 47.0, 62.7, 67.3, 80.0, 156.4,
172.2 ppm.


tL-(S)-4 (Boc-l-tLeu-(S)-Me): 1H NMR (400 MHz, CDCl3): d=0.96 (s,
9H), 1.12 (d, 3J=6.4 Hz, 3H), 1.38 (s, 9H), 3.02 (m, 1H), 3.35 (ddd, 3J=
3.2, 6.4 Hz, 2J=14.0 Hz, 1H), 3.84±3.90 (m, 2H), 5.49 (d, 3J=9.2 Hz,
1H), 7.03 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=20.8, 26.8
(3C), 28.5 (3C), 34.4, 47.2, 62.9, 66.8, 80.1, 156.5, 172.3 ppm; MS: m/z
[M+K]+ calcd for C14H28N2KO4: 327.169; found: 327.175.


(R)-N-isobutoxycarbonyl-2-amino-1-phenylethanol (5): 1H NMR
(300 MHz, CDCl3): d=0.91 (d, 3J=6.9 Hz, 6H), 1.90 (m, 1H), 3.03 (br s,
1H), 3.29 (ddd, 3J=5.4, 8.4 Hz, 2J=13.8 Hz, 1H), 3.53 (ddd, 3J=3.3,
6.9 Hz, 2J=14.1 Hz, 1H), 3.84 (d, 3J=6.6 Hz, 2H), 4.82 (m, 1H),
5.13 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d=19.2 (2C), 28.2,
48.7, 71.5, 73.8, 126.1 (2C), 127.7, 128.1 (2C), 141.9, 157.9 ppm.


(R)-N-isobutoxycarbonyl-1-amino-2-propanol (6): 1H NMR (300 MHz,
CDCl3): d=0.91 (d, 3J=6.9 Hz, 6H), 1.18 (d, 3J=6.6 Hz, 3H), 1.89 (m,
1H), 2.43 (br s, 1H), 3.04 (ddd, 3J=6.0, 7.5 Hz, 2J=13.5 Hz, 1H), 3.31
(ddd, 3J=3.0, 6.6 Hz, 2J=14.1 Hz, 1H), 3.83 (d, 3J=7.2 Hz, 2H), 3.90 (m,
1H), 5.13 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d=19.2 (2C),
20.8, 28.2, 48.5, 67.5, 71.4, 157.8 ppm.


N-(N’-Boc-l-alaninyl)-1-amino-2-propanone (7): Oxalyl chloride
(1.1 mmol, 96 mL) dissolved in CH2Cl2 (2.5 mL) was placed in a flask
equipped with a stirrer and a septum under N2 (using a needle connected
to a dry nitrogen supply). The flask was cooled to �78 8C, and a solution
of DMSO (2.4 mmol, 176 mL) in CH2Cl2 (0.5 mL) was added with syringe
and needle over 5 min followed by 10 min of stirring. A solution of the
amido alcohol (1 mmol, 0.246 g) in CH2Cl2 (1.0 mL) was then added over
5 min. The resulting mixture was stirred for 15 min and triethylamine
(5 mmol, 0.464 mL) was added at �78 8C over 5 min. The cooling bath
was removed and when the mixture reached room temperature, water
(3 mL) was added. After 10 min of stirring the phases were separated,
the aqueous phase was extracted with CH2Cl2 (2î10 mL), and the com-
bined organic phases evaporated to dryness. Yield: 199 mg, 80%;[12]


1H NMR (300 MHz, CDCl3): d=1.34 (d, 3J=7.2 Hz, 1H), 1.41 (s, 9H),
2.16 (s, 3H), 4.10 (d, 3J=4.8 Hz, 2H), 4.20 (m, 1H), 5.17 (br s, 1H),
6.97 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): d=18.7, 27.5, 28.5
(3C), 59.9, 50.3, 80.3, 155.6, 173.1, 203.1 ppm.


General procedure for the hydrogen-transfer reaction : Ligand
(0.011 mmol), [{RuCl2(p-cymene)}2] (0.005 mmol) and NaOH
(0.05 mmol) were dried under vacuum for 30 min and dissolved in 2-
propanol (5 mL) in a dry Schlenck tube under an inert atmosphere (N2).
The solution was stirred for 15 min and the ketone (1 mmol) added. The
reaction mixture was stirred at ambient temperature. Samples were taken
at different time intervals and either quenched with NH4Cl (1 mL, aq.
sat.), extracted with EtOAc (1 mL), passed through a pad of silica, and
washed with EtOAc; or directly passed through a pad of silica. The re-
sulting solution was analyzed by GLC (CP Chirasil DEXCB).[18]


General procedure for the hydrogen-transfer reaction under microwave
irradiation : [{RuCl2(p-cymene)}2] (0.005 mmol), and acetophenone
(1 mmol) were added to a solution of ligand A-(S)-4 (0.011 mmol) and
NaOH (0.05 mmol) in 2-propanol (5 mL). The reaction mixture was
heated in the microwave cavity according to times and temperatures re-
ported in Table 2. After cooling, the reaction mixture was quenched with
NH4Cl (1 mL, aq. sat.), extracted with EtOAc (1 mL) and passed through
a pad of silica. The resulting solution was analyzed by GLC (CP Chirasil
DEXCB).[18]
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Formamidine Ureas as Tunable Electrophiles


David D. DÌaz and M. G. Finn*[a]


Introduction


Formamidines are of interest in synthetic chemistry[1] and
have been used extensively as pesticides (e.g., amitraz,
chlordimeform, formetanate)[2] and as pharmacological
agents.[3] The reported biochemical targets of formamidines
include adrenergic, histamine, and neurochemical re-
ceptors,[2a±c,3a,3b,4] monoamine oxidase,[2e,5] and prostaglandin
E2 synthesis.


[6] Their use as ligands in transition-metal com-
plexes has also been noted.[7] Recently, well-defined poly-
meric structures containing large numbers of amidine
groups were reported.[8] The uses of formamidines in organic
synthesis have been quite diversified, including such roles as
auxiliaries in asymmetric synthesis,[9] protecting groups for
primary amines,[10] electrophiles,[11] and linkers in solid-phase
synthesis.[12] General routes to formamidines and related
compounds are dominated by condensation (amine+ form-
amide)[13] and exchange (amine+ formamidine acetals)[10,14]


processes.
We recently reported an efficient preparation of form-


amidine ureas 1 from isonitriles and ureas in the presence
of acid chlorides (Scheme 1).[15] The previously known meth-
ods of formamidine synthesis had not been applied to, or
were ineffective in, the incorporation of the urea moiety,
which may be expected to enhance the biological activity of
such structures. Here we describe a facile exchange reaction[16]


with nucleophilic amines, which provides access to formami-
dine ureas of wide scope at the formamidine position.


Results and Discussion


Formamidines are electrophilic at the central carbon atom,
and we anticipated that the carbamoyl substituent would
perhaps enhance this reactivity relative to simple alkyl- or
arylformamidine structures. We observed that the freebase
form of formamidine ureas 1 undergo clean exchange with
primary nitrogen nucleophiles at room temperature
(Scheme 2). The reaction presumably proceeds through a
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Representative
1H NMR and 13C NMR spectra for the compounds described in the
Experimental Section and full details of kinetics measurements.
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Abstract: Formamidine urea compounds exchange imine fragments with primary
nitrogen nucleophiles, allowing the preparation of a variety of derivatives from a
single precursor. The reactivities of these species are governed primarily by the
electron-donating power of the substituents and are tunable over a range of >103


in first-order rates of hydrolysis.


Scheme 1.


Scheme 2.
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tetrahedral intermediate,[11, 17]


which ejects amine in prefer-
ence to urea (Scheme 2), estab-
lishing an equilibrium between
formamidine urea species. Sim-
ilar substitution reactions have
been described with diaryl-
and N-acylformamidines,[18] but
these are less efficient than the
process described here. The
formamidine urea is therefore
analogous in its electrophilicity
to formamidine acetals,[10, 14]


shown at the bottom of
Scheme 2. Since we have been
unable to capture formamidine
acetals with substituted ureas,
the methodology of Schemes 1
and 2 represents the best way
so far developed to prepare
structurally diverse formami-
dine urea compounds.


Among the formamidine
ureas reported earlier,[15] 1,3-
dimethyl-1-tert-butyliminometh-
ylurea hydrochloride (2, see
scheme in Table 1) emerged as
the most effective starting ma-
terial for the exchange process.
This compound can be conven-
iently obtained from tert-butyl-
isocyanide on a 40 g scale, and
the bulky nature of the tert-
butyl group makes its substitu-
tion irreversible. Table 1 sum-
marizes a set of exchange reac-
tions between 2 and a variety
of aromatic and aliphatic pri-
mary amines, hydroxylamines,
hydrazines, and hydrazides.
Triethylamine was employed to
neutralize the starting hydro-
chloride salt, and the use of
1.5 equivalents of nucleophile
gave slightly better yields than
1.0 equivalent.


For a series of anilines (giving 6±9), yields were low due
to poor nucleophilicity, increasing slightly with increasing
electron-donating power of the para-substituent; 4-nitroani-
line was entirely unreactive. The process allows the intro-
duction of amines bearing other reactive functionalities
(compounds 10±15), chiral groups (compounds 16, 17), and
a solid support (from aminomethylpolystyrene, not shown).
While the crude reaction mixtures with hydrazines and hy-
drazides giving 30±33 appeared to be quite clean, these com-
pounds were difficult to elute from silica gel and so suffered
some losses in yield upon purification. Reactions with
RONH2 and RNHNH2 nucleophiles were generally effec-
tive, even when incorporating sterically hindered compo-


nents (22, 24, 31). When solubility was poor, as with the N-
acetylphenylalanine hydrazide which gave 34, reaction in re-
fluxing CH2Cl2 was required, often at higher dilution, to
obtain acceptable yields. Most of the reactions shown bene-
fit in terms of speed and yield from reaction at elevated
temperatures, but were performed at room temperature for
convenience.


The exchange process gave the best results in chlorinated
solvents, with the order of effectiveness being CH2Cl2,
1,2-dichloroethane, CHCl3, CCl4@THF, CH3CN@ toluene,
benzene, Et2O@pyridine>1,4-dioxane>DMSO, DMF@
acetone, MeOH. No byproducts or other impurities were
observed in any solvent. Use of the secondary amine mor-


Table 1. Nucleophilic substitution of 2 under standard conditions.


R�NH2 Product Yield [%][a] R�NH2 Product Yield [%][a]


3 67 21 83


4 69 22 81


5 73 23 78


6 (X=H)


32±49 24 66
7 (X=Me)
8 (X=OMe)
9 (X=NMe2)


10 61


25 (X=H)


6626 (X=Me)


11 (X=Br)
62 27


67


12 (X=Cl)


13 68 28 62


14 65 29 66


15 63 MeNHNH2 30 48


16 79 31 53


17 74 32 59


18 77 33 34


19 80 34 51[b]


MeO�NH2 20 76


[a] Yields of analytically pure compounds after chromatography. [b] Obtained under more dilute conditions
(0.01m in 2), after 20 h at reflux.
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pholine instead of primary
amines gave a mixture of as yet
uncharacterized compounds,
and secondary amines did not
appear to catalyze the substitu-
tion of primary amines.


The biological activity of for-
mamidine ureas and their deriv-
atives is likely to be limited by
their rates of hydrolysis.[19] In
our initial report, we described
the relatively rapid hydrolysis
of the parent compounds to
urea and amine.[15] This process
is presumed to begin with nu-
cleophilic attack of water or hy-
droxide on the formamidine
carbon to give a hemiorthoa-
mide intermediate, and can be
promoted by either acid or
base. Both type of mechanisms have been implicated in the
hydrolysis of formamidines and N-acylformamidines, with a
direct relationship between the electron-withdrawing power
of substituents and the hydrolysis rate observed.[17,18] With a
variety of formamidine ureas in hand, we examined the
rates of hydrolysis as a function of the electron-donating
ability of the formamidine substituent and, therefore, the
electrophilicity of the formamidine carbon.


Hydrolysis of formamidine ureas was accompanied by a
loss in intensity of the main absorbance band at approxi-
mately 280 nm (Figure 1); this made for the convenient
monitoring of aqueous hydrolytic stability as a function of
pH. Figure 1 shows first-order kinetics plots for the disap-
pearance of aniline-substituted compounds 6±9 at pH 7.0.
Stability was found to be enhanced by electron-donating
para-substituents in the order: NMe2@OMe>Me�H. The
dimethylamino compound 9 was far more stable at neutral


pH than would be expected on the basis of Hammett type
considerations, showing a reduction in hydrolysis rate of at
least two orders of magnitude relative to the methoxy deriv-
ative 8.


Kinetic analyses of formamidine urea hydrolysis were sim-
ilarly performed for 11 additional compounds spanning a
range of stabilities. Figure 2 shows these results in the form
of a plot of half-life in three different buffers, calculated
from the experimentally determined first-order rate con-
stants, for those compounds for which appreciable hydrolysis
was observed within 16 h at room temperature. The rates of
hydrolysis were neither dependent on the nature of the
buffer nor its concentration. Not shown are data for the
other compounds 22, 27, 30, 32, and 34, which were ob-
served to be highly resistant to hydrolysis. The hydrolysis
rate constants for these compounds are therefore estimated
to be less than 1î10�4 min�1 (half-life >116 h). Full details


Figure 1. Left: UV-visible spectrum of compound 6 in 0.1m phosphate buffer, pH 7.0; arrow indicates increas-
ing time. Right: first-order kinetics plots for the hydrolysis of compounds 6±9 in 0.1m phosphate buffer,
pH 7.0, monitored every 10 min over 15 h at 23�1 8C. Rate constants are in units of min�1.


Figure 2. Left: Chart showing half-lives calculated from first-order kinetics plots of hydrolysis of formamidine ureas in 0.1m acetate buffer (pH 5.0), 0.1m
phosphate buffer (pH 7.0), and 0.1m bicarbonate buffer (pH 9.0), each at 23�1 8C. Omitted are bars corresponding to the >116 h half-lives of 22, 27, 30,
32, and 34. Right: Summary of the range of half-lives toward hydrolysis in aqueous solution versus the nature of the terminal formamidine substituent in
derivatives of 1,3-dimethylurea.
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are given in the Supporting Information. The stable com-
pounds comprise adducts of an oxime (22), hydrazine (30),
and three hydrazides (27, 32, 34). Their resistance to hydrol-
ysis is presumably due to the stabilization provided to the
formamidine carbon atom by the electron-donating ability
of the highly nucleophilic nitrogen centers of each of these
substituents. Note especially that oxime adduct stability is
substantially diminished with aromatic conjugation (18).
Thus, the reactivities of formamidine ureas can be tuned
over a wide range with changes in the formamidine substitu-
ent, as summarized by the scheme on the right-hand side of
Figure 2.


With the exception of propargylamine derivative 13, hy-
drolysis was observed to occur slowest at pH 9. Both acid-
and base-mediated mechanisms may be operative,[17,20] but
these data suggest that acidic catalysis may be more
common for formamidine ureas. Indeed, amidines and N-
acylamidines have been shown to be fairly strong hydrogen-
bond acceptors.[21] Furthermore, the Br˘nsted basicities of
N,N-dimethylformamidines R1N=CH�NMe2 in ethanol are
only approximately five orders of magnitude less than the
corresponding primary amines R1NH2.


[22] Formamidine
ureas are likely to be somewhat less basic than this, but still
basic enough to respond to mild acid catalysis. Hydrazide
adduct 33, bearing an ortho-phenolic group, was as stable as
the other hydrazide compounds examined (no decomposi-
tion observed for 12 h at pH 5 and 7, although a full kinetic
analysis was not performed), indicating that its phenolic hy-
droxyl group does not participate intramolecularly in form-
amidine hydrolysis.


The reaction of 2 with a thiol nucleophile resulted not in
exchange at the formamidine position, but rather attack at
the urea carbonyl to give thiolcarbamate 35,[23] and presuma-
bly N-tert-butyl-N’-methylformamidine, which would be ex-
pected to hydrolyze upon workup [Eq. (1)]. Thiolcarba-
mates are not available by direct substitution of ureas with
thiols, so the observed reaction is of some theoretical and
practical interest and is under current investigation.


In summary, we have described a general exchange reac-
tion between formamidine ureas and nitrogen nucleophiles,
allowing the synthesis of compounds bearing a wide variety
of substituents from a single isonitrile precursor (which is
used to gain entry to the formamidine urea skeleton). Form-
amidine ureas, being related to biologically active form-
amidines and bearing multiple sites for potential hydrogen-
bonding interactions, are of interest for the design of novel
pharmacophores. We have also shown that the electrophilic
reactivity of formamidine ureas can be tuned over a wide
range, which may make them useful as covalent or reversi-
ble inhibitors of certain classes of enzymes.


Experimental Section


General : 1H and 13C NMR spectra were recorded on Bruker DRX-500,
AMX-400, or Varian Mercury 200 spectrometers in CDCl3 or CD3OD as
solvent. Mass spectra were taken using a HP 1100 LC/MS spectrometer
(model G1946A) with mobile phase composed of 90:10 CH3OH:H2O
containing 0.1% CF3CO2H. Elemental analyses were performed by Mid-
west MicroLab. Melting points were measured in a Thomas Hoover ca-
pillary melting point apparatus and are uncorrected. Infrared spectra
were recorded on a MIDAC EM200 instrument with horizontal attenuat-
ed total reflectance accessory from Pike Instruments. UV-visible meas-
urements were performed on a HP 845x UV-visible spectrophotometer
in the 190±1100 nm range, in quartz cells with 1 cm path length. Optical
rotations were determined for solutions in chloroform on an Autopol¾ III
polarimeter (Rudolph Research). Column chromatography was per-
formed on EM Science silica gel, 40±63 micron mesh. TLC analysis was
facilitated by the use of the following stains in addition to UV light with
fluorescent-indicating plates: phosphomolybdic acid, vanillin/EtOH, anis-
aldehyde/EtOH, or KMnO4/H2O. Purification of some compounds was
performed by preparative TLC on UNIPLATETM 20î20 cm plates
(2000 microns, silica gel GF) plates. CH2Cl2 was dried by passage through
activated alumina columns;[24] dry Et3N and other solvents used in this
work were purchased from Aldrich. Reactions requiring anhydrous con-
ditions were performed under nitrogen. Buffer (0.1m) and amine solu-
tions were prepared immediately before use.


General procedure for formamidine urea substitution : Et3N (2.6 mmol,
1.1 equiv) was added to a solution of 1,3-dimethyl-1-tert-butyliminometh-
ylurea hydrochloride (2) (2.4 mmol, 1.0 equiv) in dry CH2Cl2 (25 mL) at
room temperature under a nitrogen atmosphere. The reaction mixture
was stirred for 5 min, and then the nucleophilic amine (3.6 mmol,
1.5 equiv) was added. In cases in which the nucleophile was used as its
hydrochloride salt (18, 20, 21, 22, 23), an additional equivalent of triethyl-
amine was used. The reaction mixture was stirred at room temperature
for 12 h, diluted with CH2Cl2, washed with brine, dried (MgSO4), filtered,
concentrated, and purified by column chromatography to yield the form-
amidine±urea derivative. The hygroscopic products were dried under
vacuum and stored under nitrogen. Note that in many cases, the reactions
may be heated to obtain equal or slightly better yields than those report-
ed above with shorter reaction time. Note that aniline derivatives 6±9 are
somewhat unstable in the solid state at room temperature, but are stable
in CH2Cl2 or methanol solution for extended periods. The remaining for-
mamidine ureas are more stable in the solid state, but should be stored
under nitrogen in a refrigerator for extended periods.


General procedure for measurement of hydrolysis kinetics : Stock solu-
tions of each compound of interest were prepared in 3 mL MeOH imme-
diately before use. The stock solution was then diluted into the indicated
buffer (minimum dilution was 1:100) to a concentration giving an absorb-
ance value at lmax of 1.1�0.1. The reaction mixture was immediately
transferred to a quartz cuvette, sealed, and monitoring at lmax was com-
menced, with spectra acquired every 10 minutes for 16 h. Each sample
was then checked daily until the absorbance value varied by less than �
0.005 for two successive days, at which point the sample was judged to
have been fully hydrolyzed. These data were used to construct plots of
ln(% formamidine urea remaining) versus time, which were linear over a
substantial portion of the reaction. The slopes of these lines are the ob-
served first-order rate constants for hydrolysis. See Supporting Informa-
tion for details.


Compound characterization


General : Examination of spectroscopic data for the described compounds
revealed the following characteristic resonances. 1H NMR: d=ca. 2.9 and
3.4 (s, 3H, urea NHMe), ca. 9.0 ppm (br s, 1H, C�H of formamidine
group); 13C NMR: d=ca. 157(C=O), ca. 149 (C=N), ca. 30 and 26 ppm,
(urea NHMe). IR: ñ=ca. 3300 (N�H stretching vibration), ca. 1550 (N�H
bending vibration), 1650±1750 cm�1 (C=O).


1,3-Dimethyl-1-tert-butyliminomethyl)urea (2): Compound 2 has been
previously reported as the hydrochloride salt.[15] The freebase form exhib-
its the following characteristics. Gummy syrup (hygroscopic); 1H NMR
(CDCl3): d=1.27 (s, 9H), 2.94 (s, 3H), 3.23 (s, 3H), 7.71 (s, 1H),
9.77 ppm (br s, 1H); 13C NMR (CDCl3): d=26.6, 30.7, 33.9, 54.9, 148.3,
157.2 ppm; IR (thin film): ñ=3350, 2964, 1669, 1554, 1323, 1222, 1077,
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1001 cm�1; MS: m/z (%): 194 (2) [M+Na]+ , 173 (10) [M+2]+ , 172 (100)
[M+1]+ , 157 (55); elemental analysis calcd (%) for C8H17N3O¥0.5H2O: C
53.31, H 10.07, N 23.31; found: C 53.49, H 9.95, N 23.44.


1,3-Dimethyl-1-(2-furylmethyl)iminomethylurea (3): This compound was
prepared from 2 and furfurylamine. Colorless oil (hygroscopic); 1H NMR
(CDCl3): d=2.89 (s, 3H), 3.20 (s, 3H), 4.51 (s, 2H), 6.21 (s, 1H), 6.34 (s,
1H), 7.92 (s, 1H), 9.06 ppm (br s, 1H); 13C NMR (CDCl3): d=27.6, 30.8,
51.7, 107.2, 110.7, 142.4, 151.6, 153.3, 156.2 ppm; IR (thin film): ñ=3341,
2951, 1679, 1534, 1309, 1076, 991 cm�1; MS: m/z (%): 197 (10) [M+2]+ ,
196 (100) [M+1]+ ; elemental analysis calcd (%) for C9H13N3O2: C 55.37,
H 6.71, N 21.52; found: C 49.08, H 6.75, N 21.22.


1,3-Dimethyl-1-(C-benzo[1,3]dioxol-5-yl-methyl)iminomethylurea (4):
This compound was prepared from 2 and piperonylamine. Light yellow
oil (hygroscopic); 1H NMR (CDCl3): d=2.92 (s, 3H), 3.31 (s, 3H), 4.52
(s, 2H), 6.18 (s, 2H), 6.72±6.76 (m, 3H), 7.93 (s, 1H), 9.27 ppm (br s,
1H); 13C NMR (CDCl3): d=26.9, 32.7, 60.1, 101.3, 108.6, 120.7, 134.1,
146.9, 148.1, 148.4, 156.9 ppm; IR (thin film): ñ=3340, 2946, 1671, 1534,
1309, 1249, 1072, 935 cm�1; MS: m/z (%): 272 (9) [M+Na]+ , 251 (15)
[M+2]+ , 250 (100) [M+1]+ ; elemental analysis calcd (%) for
C12H15N3O3: C 57.82, H 6.07, N 16,86; found: C 57.44, H 6.08, N 17.26.


1,3-Dimethyl-1-benzyliminomethylurea (5): This compound was prepared
from 2 and benzylamine. Gummy syrup (hygroscopic); 1H NMR
(CDCl3): d=2.93 (s, 3H), 3.27 (s, 3H), 4.62 (s, 2H), 7.33±7.40 (m, 2H),
7.40±7.42 (m, 3H), 8.54 (s, 1H), 9.37 (br s, 1H); 13C NMR (CDCl3): d=
32.7, 59.3, 127.0, 128.5, 140.3, 156.9, 163.1; IR (thin film): ñ=3340, 2939,
1671, 1554, 1317, 1084 cm�1; MS: m/z (%): 228 (6) [M+Na]+ , 207 (7)
[M+2]+ , 206 (100) [M+1]+ , 149 (38); elemental analysis calcd (%) for
C11H15N3O¥2H2O: C 54.76, H 7.94, N 17.42; found: C 55.03, H 7.66, N
17.67.


1,3-Dimethyl-1-phenyliminomethylurea (6): This compound was prepared
from 2 and aniline. Colorless oil (hygroscopic): 1H NMR (CDCl3): d=
3.02 (s, 3H), 3.37 (s, 3H), 7.08 (d, J=7.7 Hz, 2H), 7.22±7.24 (m, 1H),
7.39±7.42 (m, 2H), 8.06 (br s, 1H); 13C NMR (CDCl3): d=27.3, 30.8,
121.5, 125.2, 129.7, 149.5, 151.5, 156.4 ppm; IR (thin film): ñ=3353, 2947,
1658, 1534, 1308, 1087, 1011 cm�1; MS: m/z (%): 214[M+Na]+ (17),
193[M+2]+ (15), 192 [M+1]+ (100); HRMS calcd for C10H14N3O:
192.1137; found: 192.1139.


1,3-Dimethyl-1-p-tolyliminomethylurea (7): This compound was prepared
from 2 and p-toluidine. Light yellow oil (hygroscopic); 1H NMR
(CDCl3): d=2.40 (s, 3H), 2.99 (s, 3H), 3.55 (s, 3H), 6.97 (d, J=6.6 Hz,
2H), 7.19 (d, J=7.3 Hz, 2H), 8.04 ppm (s, 1H); 13C NMR (CDCl3): d=
21.2, 27.2, 30.8, 121.2, 130.2, 134.8, 148.7, 151.2, 157.4 ppm; IR (thin film):
ñ=3357, 2959, 1655, 1526, 1300, 1078, 1007 cm�1; MS: m/z (%): 228 (3)
[M+Na]+ , 207 (15) [M+2]+ , 206 (100) [M+1]+ ; HRMS calcd for
C11H16N3O: 206.1293; found: 206.1295.


1,3-Dimethyl-1-(4-methoxyphenyl)iminomethylurea (8). This compound
was prepared from 2 and p-anisidine. Light yellow oil (hygroscopic); 1H
NMR (CDCl3): d=2.93 (s, 3H), 3.31 (s, 3H), 3.83 (s, 3H), 6.90 (d, J=
9.0 Hz, 2H), 6.99 (d, J=10.0 Hz, 2H), 8.50 (s, 1H), 9.06 ppm (br s, 1H);
13C NMR (CDCl3): d=27.0, 32.7, 55.9, 142.7, 150.7, 154.6, 156.6ppm; IR
(thin film): ñ=3349, 2930, 1675, 1518, 1296, 1223, 1074 cm�1; MS: m/z
(%): 223 (13) [M+2]+ , 222 (100) [M+1]+ ; HRMS calcd for C11H16N3O2:
222.1243; found: 222.1240.


1,3-Dimethyl-1-(4-dimethylaminophenyl)iminomethylurea (9): This com-
pound was prepared from 2 and N,N-dimethyl-p-phenylenediamine.
Black gummy syrup (hygroscopic); 1H NMR (CDCl3): d=2.89 (s, 3H),
2.96 (s, 6H), 3.25 (s, 3H), 6.90 (d, J=7.7 Hz, 2H), 7.03 (d, J=7.6 Hz,
2H), 8.55 (s, 1H), 9.23 ppm (br s, 1H); 13C NMR (CDCl3): d=27.2, 32.7,
41.4, 113.9, 117.0, 145.2, 147.9, 148.9, 156.7 ppm; IR (thin film): ñ=3333,
2922, 1650, 1513, 1300, 1083, 813 cm�1; MS: m/z (%): 236 (16) [M+2]+ ,
235 (100) [M+1]+ ; HRMS calcd for C12H19N4O: 235.1559; found:
235.1552.


1,3-Dimethyl-1-(3-azidopropyl)iminomethylurea (10): This compound
was prepared from 2 and 3-azidopropylamine; note: this amine was used
as a 0.62m solution in toluene. Colorless oil (hygroscopic); 1H NMR
(CDCl3): d=1.89±1.94 (m, 2H), 3.23 (s, 3H), 3.43 (t, J=6.6 Hz, 2H), 3.49
(t, J=6.6 Hz, 2H), 7.82 (s, 1H), 9.21 ppm (br s, 1H); 13C NMR (CDCl3):
d=26.9, 30.9, 33.9, 152.7, 156.9 ppm; IR (thin film): ñ=3344, 2944, 2101,
1662, 1534, 1312, 997 cm�1; MS: m/z (%): 221 (22) [M+Na]+ , 200 (10)
[M+2]+ , 199 (100) [M+1]+ ; elemental analysis calcd (%) for


C7H14N6O¥1/3H2O: C 41.17, H 7.24, N 41.15; found: C 41.12, H 6.97, N
39.98.


1,3-Dimethyl-1-(3-bromopropyl)iminomethylurea (11): This compound
was prepared from 2 and 3-bromopropylamine hydrobromide. Colorless
oil (hygroscopic); 1H NMR (CDCl3): d=2.14±2.23 (m, 2H), 2.90 (s, 3H),
3.29 (s, 3H), 3.51±3.58 (m, 2H), 3.81±3.89 (m, 2H), 8.48 (s, 1H),
9.35 ppm (br s, 1H); 13C NMR (CDCl3): d=27.6, 30.4, 31.8, 32.7, 60.1,
152.9, 156.9 ppm; IR (thin film): ñ=3327, 2941, 1686, 1527, 1308, 1075,
997 cm�1; MS: m/z (%): 238 (100) [M+2]+ , 237 (10) [M+1]+ , 236 (94)
[M]+ ; elemental analysis calcd (%) for C7H14BrN3O¥1.5H2O: C 31.95, H
6.51, Br 30.37, N 15.97; found: C 31.86, H 6.43, Br 29.99, N 16.14.


1,3-Dimethyl-1-(3-chloropropyl)iminomethylurea (12): This compound
was prepared from 2 and 3-chloropropylamine hydrochloride. Colorless
oil (hygroscopic); 1H NMR (CDCl3): d=2.05±2.19 (m, 2H), 2.90 (s, 3H),
3.31 (s, 3H), 3.52±3.59 (m, 2H), 3.65±3.70 (m, 2H), 8.51 (s, 1H),
9.23 ppm (br s, 1H); 13C NMR (CDCl3): d=27.3, 30.5, 34.1, 43.0, 53.2,
152.9, 156.9 ppm; IR (thin film): ñ=3349, 2951, 1668, 1539, 1310, 1069,
980 cm�1; MS: m/z (%): 193 (11) [M+2]+ , 192 (100) [M+1]+ ; elemental
analysis calcd (%) for C7H14ClN3O: C 43.87, H 7.36, Cl 18.50, N 21.92;
found: C 43.54, H 7.56, Cl 18.17, N 21.90.


1,3-Dimethyl-1-(prop-2-ynyl)iminomethylurea (13): This compound was
prepared from 2 and propargylamine. Colorless oil (hygroscopic); 1H
NMR (CDCl3): d=2.51 (s, 1H), 2.95 (s, 3H), 3.27 (s, 3H), 4.28 (s, 2H),
8.09 (s, 1H), 9.02 ppm (br s, 1H); 13C NMR (CDCl3): d=27.1, 62.9, 75.0,
79.9, 148.9, 156.8 ppm; IR (thin film): ñ=3354, 2952, 1661, 1536,
1306 cm�1; MS: m/z (%): 238 (97) [M+Na]+ , 217 (11) [M+2]+ , 216 (100)
[M+1]+ ; elemental analysis calcd (%) for C9H17N3O3: C 50.22, H 7.96, N
19.52; found: C 49.93, H 7.51, N 19.23.


1,3-Dimethyl-1-allyliminomethylurea (14): This compound was prepared
from 2 and allylamine. Colorless oil (hygroscopic); 1H NMR (CDCl3):
d=2.91 (s, 3H), 3.27 (s, 3H), 4.03 (d, J=17.0 Hz, 2H), 5.12±5.14 (m,
2H), 5.84±6.18 (m, 1H), 8.53 ppm (s, 1H); 13C NMR (CDCl3): d=27.0,
32.8, 58.8, 115.7, 134.8, 148.7, 156.9 ppm; IR (thin film): ñ=3342, 2964,
1656, 1552, 1073, 796 cm�1; MS: m/z (%): 157 (9) [M+2]+ , 156 (100)
[M+1]+ ; elemental analysis calcd (%) for C7H13N3O: C 54.17, H 8.44, N
27.08; found: C 54.17, H 8.43, N 27.01.


1,3-Dimethyl-1-(2-morpholin-4-yl-ethyl)iminomethylurea (15):This com-
pound was prepared from 2 and 4-(2-aminoethyl)morpholine. Colorless
oil (hygroscopic); 1H NMR (CDCl3): d=2.12±2.61 (m, 4H), 2.94 (s, 3H),
3.08 (s, 3H), 3.18 (s, 3H), 3.28±3.54 (m, 2H), 3.55±3.79 (m, 4H), 8.54 (s,
1H), 9.28 ppm (br s, 1H); 13C NMR (CDCl3): d=26.7, 30.6, 53.6, 54.0,
60.1, 66.9, 152.5, 156.9 ppm; IR (thin film): ñ=3357, 2950, 1675, 1583,
1321, 1111, 983 cm�1; MS: m/z (%): 251 (7) [M+Na]+ , 230 (13) [M+2]+ ,
229 (100) [M+1]+ ; elemental analysis calcd (%) for C10H20N4O2


¥1.5H2O: C 47.04, H 9.08, N 21.94; found: C 47.04, H 8.88, N 22.14.


1,3-Dimethyl-1-[(S)-a-cyclohexylethyl)iminomethylurea (16): This com-
pound was prepared from 2 and (S)-(+ )-1-cyclohexylethylamine. Color-
less oil (hygroscopic); [a]23D =++71.1 (c=2.5 in CHCl3);


1H NMR
(CDCl3): d=0.94±1.02 (m, 2H), 1.19 (d, J=6.6 Hz, 3H), 1.29±1.32 (m,
3H), 1.73±1.83 (m, 5H), 2.91±2.93 (m, 1H), 2.94 (s, 3H), 2.96 (s, 3H),
7.68 (s, 1H), 9.65 ppm (br s, 1H); 13C NMR (CDCl3): d=20.8, 26.5, 26.6,
26.8, 29.5, 30.1, 44.4, 67.2, 150.1, 157.1 ppm; IR (thin film): ñ=3357,
2919, 2855, 1660, 1539, 1447, 1326, 1077, 996 cm�1; MS: m/z (%): 248 (10)
[M+Na]+ , 227 (14) [M+2]+ , 226 (100) [M+1]+ ; elemental analysis calcd
(%) for C12H23N3O ¥1/3H2O: C 62.30, H 10.31, N 18.16; found: C 62.67,
H 10.33, N 18.40.


1,3-Dimethyl-1-[(R)-a-phenethyl)iminomethylurea (17): This compound
was prepared from 2 and (R)-a-methylbenzylamine. Colorless oil (hygro-
scopic); [a]23D =�49.7 (c=1.5 in CHCl3);


1H NMR (CDCl3): d=1.61 (d,
J=7.0 Hz, 3H), 2.92 (s, 3H), 3.21 (s, 3H), 4.40±4.44 (m, 1H), 7.21±7.23
(m, 5H), 7.84 (s, 1H), 9.42 ppm (br s, 1H); 13C NMR (CDCl3): d=27.1,
30.0, 65.8, 126.5, 127.1, 128.9, 145.8, 151.6, 157.0 ppm; IR (thin film): ñ=
3340, 2974, 1654, 1534, 1441, 1316, 1071 cm�1; MS: m/z (%): 242 (9)
[M+Na]+ , 221 (13) [M+2]+, 220 (100) [M+1]+ , 130 (69); elemental anal-
ysis calcd (%) for C12H17N3O¥1/8H2O: C 65.06, H 7.85, N 18.97; found: C
65.03, H 8.11, N 18.64.


1,3-Dimethyl-1-phenoxyiminomethylurea (18): This compound was pre-
pared from 2 and O-phenylhydroxylamine hydrochloride. White solid
(hygroscopic); m.p. 96±97 8C; 1H NMR (CD3OD): d=2.89 (s, 3H), 3.30
(s, 3H), 6.99±7.02 (m, 1H), 7.16 (d, J=8.0 Hz, 2H), 7.32±7.35 (m, 2H),
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9.02 ppm (s, 1H); 13C NMR (CD3OD): d=26.7, 29.5, 113.7, 121.4, 129.2,
148.8, 156.6, 160.3 ppm; IR (thin film): ñ=3335, 3061, 2949, 1670, 1545,
1476, 1223, 933 cm�1; MS: m/z (%): 230 (100) [M+Na]+ , 209 (5) [M+2]+ ,
208 (39) [M+1]+ elemental analysis calcd (%) for C10H13N3O2: C 57.96,
H 6.32, N 20.28; found: C 57.56, H 6.09, N 19.95.


1,3-Dimethyl-1-(tetrahydro-2H-pyran-2-yloxy)iminomethylurea (19): This
compound was prepared from 2 and O-(tetrahydro-2H-pyran-2-yl)hy-
droxylamine. Colorless oil (hygroscopic); 1H NMR (CDCl3): d=1.65±
1.77 (m, 4H), 1.85±1.90 (m, 2H), 2.95 (s, 3H), 3.22 (s, 3H), 3.66±3.69 (m,
1H), 3.96±4.00 (m, 1H), 5.20 (s, 1H), 6.65 (br s, 1H), 8.45 ppm (s, 1H);
13C NMR (CDCl3): d=19.9, 25.6, 27.8, 29.2, 32.4, 62.8, 100.7, 148.8,
155.9 ppm; IR (thin film): ñ=3356, 2949, 1666, 1537, 1348, 1018 cm�1;
MS: m/z (%): 238 (97) [M+Na]+ , 217 (11) [M+2]+ , 216 (100)[M+1]+ ;
elemental analysis calcd (%) for C9H17N3O3: C 50.22, H 7.96, N 19.52;
found: C 49.93, H 7.51, N 19.23.


1,3-Dimethyl-1-methoxyiminomethylurea (20): This compound was pre-
pared from 2 and methoxylamine hydrochloride. White solid (hygroscop-
ic); m.p. 107±108 8C; 1H NMR (CD3OD): d=2.85 (s, 3H), 3.15 (s, 3H),
3.79 (s, 3H), 7.25 (br s, 1H), 8.63 ppm (s, 1H); 13C NMR (CD3OD): d=
26.6, 29.5, 61.01, 146.01, 156.9 ppm; IR (thin film): ñ=3339, 2949, 1642,
1529, 1348, 1058 cm�1; MS: m/z (%): 168 (5) [M+Na]+ , 147 (6) [M+2]+ ,
146 (96) [M+1]+ , 105 (38), 60 (100); elemental analysis calcd (%) for
C5H11N3O2: C 41.37, H 7.64, N 28.95; found: C 41.64, H 7.76, N 28.59.


1,3-Dimethyl-1-allyloxyiminomethylurea (21): This compound was pre-
pared from 2 and O-allylhydroxylamine hydrochloride. White solid (hy-
groscopic); m.p. 98±99 8C; 1H NMR (CD3OD): d=2.85 (s, 3H), 3.15 (s,
3H), 4.48 (d, J=5.9 Hz, 2H), 5.24 (d, J=10.6 Hz, 1H), 5.34 (d, J=
18.7 Hz, 1H), 6.01±6.09 (m, 1H), 8.66 ppm (s, 1H); 13C NMR (CD3OD):
d=26.6, 29.5, 74.7, 116.6, 134.8, 146.2, 156.9 ppm; IR (thin film): ñ=


3344, 2922, 1647, 1538, 1345, 1047, 938 cm�1; MS: m/z (%): 194 (13)
[M+Na]+ , 173 (10) [M+2]+ , 172 (100) [M+1]+ ; elemental analysis calcd
(%) for C7H13N3O2: C 49.11, H 7.65, N 24.54; found: C 49.46, H 7.29, N
24.09.


1,3-Dimethyl-1-tert-butoxyiminomethylurea (22): This compound was
prepared from 2 and O-(tert-butyl)hydroxylamine hydrochloride. White
solid (hygroscopic); m.p. 70±71 8C; 1H NMR (CD3OD): d=1.32 (s, 9H),
2.86 (s, 3H), 3.18 (s, 3H), 8.55 ppm (s, 1H); 13C NMR (CD3OD): d=
25.2, 25.4, 28.3, 76.3, 143.3, 155.5 ppm; IR (thin film): ñ=3469, 3195,
3026, 1722, 1602 cm�1; MS: m/z (%): 210 (5) [M+Na]+ , 189 (9) [M+2]+ ,
188 (100) [M+1]+ ; elemental analysis calcd (%) for C7H11N3O: C 54.89,
H 7.24, N 27.43; found: C 54.57, H 7.25, N 27.80.


1,3-Dimethyl-1-benzyloxyiminomethylurea (23): This compound was pre-
pared from 2 and O-benzylhydroxylamine. White solid (hygroscopic);
m.p. 84±85 8C; 1H NMR (CD3OD): d=2.84 (s, 3H), 3.13 (s, 3H), 5.01 (s,
2H), 7.35±7.43 (m, 5H), 8.67 ppm (s, 1H); 13C NMR (CD3OD): d=26.6,
29.6, 75.9, 127.7, 128.3, 128.4, 138.3, 146.5, 156.8 ppm; IR (thin film): ñ=
3370, 2931, 1652, 1527, 1350, 1036 cm�1; MS: m/z (%): 244 (35) [M+Na]+


, 223 (12) [M+2]+, 222 (100) [M+1]+ ; elemental analysis calcd (%) for
C11H15N3O2: C 59.71, H 6.83, N 18.99; found: C 59.62, H 6.64, N 18.64.


1,3-Dimethyl-1-trityloxyiminomethylurea (24): This compound was pre-
pared from 2 and O-tritylhydroxylamine. White solid (hygroscopic); m.p.
100±101 8C; 1H NMR (CD3OD): d=2.75 (s, 3H), 2.96 (s, 3H), 7.30±7.43
(m, 15H), 8.66 ppm (s, 1H); 13C NMR (CD3OD): d=26.4, 30.3, 90.7,
127.4, 129.3, 144.8, 146.3, 156.8 ppm; IR (thin film): ñ=3351, 3061, 2948,
1669, 1537, 1283, 977 cm�1; MS: m/z (%): 396 (100) [M+Na]+ , 375 (3)
[M+2]+ , 374 (54) [M+1]+ ; elemental analysis calcd (%) for C23H23N3O2:
C 73.97, H 6.21, N 11.25; found: C 74.07, H 6.23, N 11.30.


1,3-Dimethyl-1-(benzoyl-hydrazonomethyl)iminomethylurea (25): This
compound was prepared from 2 and benzhydrazide. White solid (hygro-
scopic); m.p. 155±156 8C; 1H NMR (CD3OD): d=2.91 (s, 3H), 3.33 (s,
3H), 7.55±7.58 (m, 2H), 7.62±7.65 (m, 1H), 7.92±7.94 (m, 2H), 8.98 ppm
(s, 1H); 13C NMR (CD3OD): d=26.6, 29.4, 127.5, 128.7, 131.9, 133.5,
146.8, 157.0, 165.5 ppm; IR (thin film): ñ=3343, 2973, 1657, 1621, 1529,
1296 cm�1; MS: m/z (%): 257 (100) [M+Na]+ , 236 (5) [M+2]+ , 235 (40)
[M+1]+ ; elemental analysis calcd (%) for C11H14N4O2¥0.5H2O: C 54.31,
H 6.22, N 23.03; found: C 54.75, H 6.31, N 22.82.


1,3-Dimethyl-1-(4-methylbenzoyl-hydrazonomethyl)iminomethylurea
(26): This compound was prepared from 2 and p-toluic hydrazide. White
solid (hygroscopic); m.p. 142±143 8C; 1H NMR (CD3OD): d=2.48 (s,
3H), 2.90 (s, 3H), 3.33 (s, 3H), 7.38 (d, J=8.5 Hz, 2H), 7.83 (d, J=


8.1 Hz, 2H), 8.96 ppm (s, 1H); 13C NMR (CD3OD): d=19.1, 26.5, 30.0,
126.2, 127.9, 163.8, 131.9, 141.3, 145.4, 155.4 ppm; IR (thin film): ñ=3103,
2777, 2656, 1703, 1572, 1296, 1043 cm�1; MS: m/z (%): 271 (28) [M+Na]+


, 249 (37) [M+1]+ , 192 (100); elemental analysis calcd (%) for
C12H16N4O2¥0.5H2O: C 54.12, H 6.81, N 18.02; found: C 54.23, H 7.19, N
17.76.


1,3-Dimethyl-1-(octanoyl)hydrazonomethyl)iminomethylurea (27): This
compound was prepared from 2 and octanoic hydrazide. White solid (hy-
groscopic); m.p. 124±125 8C; 1H NMR (CD3OD): d=0.98 (t, J=6.6 Hz,
3H), 1.39±1.42 (m, 8H), 1.68±1.75 (m, 2H), 2.28 (t, J=7.4 Hz, 3H), 2.88
(s, 3H), 3.26 (s, 3H), 8.75 ppm (s, 1H); 13C NMR (CD3OD): d=13.4,
22.7, 26.0, 26.6, 29.1, 29.2, 29.3, 31.9, 34.5, 145.5, 157.1, 170.9 ppm; IR
(thin film): ñ=3247, 2929, 1658, 1531, 1300 cm�1; MS: m/z (%): 279 (100)
[M+Na]+ , 258 (4) [M+2]+ , 257 (31) [M+1]+ ; elemental analysis calcd
(%) for C12H24N4O2: C 56.52, H 9.40, N 21.46; found: C 56.22, H 9.40, N
21.46.


Ethyl ester of N’-(1,3-dimethylureidomethylene)hydrazinecarboxylic acid
(28): This compound was prepared from 2 and ethyl carbazate. White
solid (hygroscopic); m.p. 72±73 8C; 1H NMR (CD3OD): d=1.39 (t, J=
7.4 Hz, 3H), 2.89 (s, 3H), 3.28 (s, 3H), 3.28±3.38 (m, 2H), 7.42 (br s, 1H),
8.75 ppm (s, 1H); 13C NMR (CD3OD): d=13.4, 26.6, 29.2, 46.9, 145.5,
157.0, 170.9 ppm; IR (thin film): ñ=3307, 2928, 2859, 1653, 1536, 1299,
1077 cm�1; MS: m/z (%): 225 (39) [M+Na]+ , 204 (8) [M+2]+ , 203
(100)[M+1]+ ; elemental analysis calcd (%) for C7H14N4O3: C 41.58, H
6.98, N 27.71; found: C 55.89, H 7.32, N 27.56.


1,3-Dimethyl-1-[(5-dimethylamino-1-naphthylsulfonyl)hydrazono]imino-
methylurea (29): This compound was prepared from 2 and dansylhydra-
zine. Yellow solid (hygroscopic); m.p. 167±168 8C; 1H NMR (CD3OD):
d=2.76 (s, 3H), 2.95 (s, 6H), 2.97 (s, 3H), 7.34 (d, J=7.7 Hz, 1H), 7.62-
7.68 (m, 2H), 8.30 (d, J=13.9 Hz, 1H), 8.50 (s, 1H), 8.53 (d, J=8.8 Hz,
1H), 8.65 ppm (d, J=8.8 Hz, 1H); 13C NMR (CD3OD): d=26.4, 29.1,
44.8, 115.4, 120.0, 123.3, 128.0, 130.1, 130.5, 130.6, 134.7, 148.0, 152.1,
155.5, 156.8 ppm; IR (thin film): ñ=3403, 3118, 2945, 1658, 1537, 1465,
1320, 1143 cm�1; MS: m/z (%): 386 (38) [M+Na]+ , 365 (24) [M+2]+ , 364
(100) [M+1]+ ; elemental analysis calcd (%) for C16H21N5O3S: C 52.88, H
5.82, N 19.27; S, 8.82; found: C 52.75, H 6.13, N 18.91; S, 8.56.


1,3-Dimethyl-1-(methylhydrazono)iminomethylurea (30): This compound
was prepared from 2 and methylhydrazine. Gummy syrup (hygroscopic);
1H NMR (CD3OD): d=2.90 (s, 3H), 3.09 (s, 3H), 3.16 (s, 3H), 6.13 (br s,
1H), 8.67 ppm (s, 1H); 13C NMR (CD3OD): d=26.3, 31.9, 42.4, 145.6,
161.5 ppm; IR (thin film): ñ=3357, 2979, 1627, 1571, 1413, 1297,
1039 cm�1; MS: m/z (%): 167 (10) [M+Na]+ , 146 (8) [M+2]+ , 145 (100)
[M+1]+ ; elemental analysis calcd (%) for C5H12N4O: C 41.65, H 8.39, N
38.86; found: C 41.78, H 8.79, N 38.99.


1,3-Dimethyl-1-[(2,4,6-trichlorophenyl)hydrazono]iminomethylurea (31):
This compound was prepared from 2 and 2,4,6-trichlorophenylhydrazine.
Beige solid (hygroscopic); m.p. 141±142 8C; 1H NMR (CD3OD): d=2.88
(s, 3H), 3.21 (s, 3H), 7.45 (s, 2H), 8.67 ppm (s, 1H); 13C NMR (CD3OD):
d=26.4, 29.9, 126.9, 127.0, 128.7, 128.8, 140.2, 145.0, 157.2 ppm; IR (thin
film): ñ=3331, 3230, 2940, 1677, 1561, 1441, 1352, 1268, 1074 cm�1; MS:
m/z (%): 331 (18) [M+Na]+ , 310 (88) [M+2]+ , 309 (100) [M+1]+ , 261
(50); elemental analysis calcd (%) for C10H11Cl3N4O: C 38.80, H 3.58; Cl,
34.36, N 18.10; found: C 38.62, H 3.55; Cl, 33.98, N 18.53.


1,3-Dimethyl-1-[(furan-2-carbonyl)hydrazono]iminomethylurea (32): This
compound was prepared from 2 and 2-furoic acid hydrazide. White solid
(hygroscopic); m.p. 138±139 8C; 1H NMR (CD3OD): d=2.90 (s, 3H), 3.31
(s, 3H), 6.69 (br s, 1H), 7.28 (br s, 1H), 7.78 (br s, 1H), 8.98 ppm (br s,
1H); 13C NMR (CD3OD): d=26.6, 29.3, 112.0, 115.0, 145.6, 146.8, 147.0,
156.1, 157.0 ppm; IR (thin film): ñ=3374, 2968, 2605, 2493, 1620, 1539,
1302, 1177, 1029 cm�1; MS: m/z (%): 247 (100) [M+Na]+ , 225 (10)
[M+1]+ ; elemental analysis calcd (%) for C9H12N4O3: C 48.21, H 5.39, N
24.99; found: C 48.63, H 5.72, N 24.59.


1,3-Dimethyl-1-[2-hydroxybenzoyl)-hydrazono]iminomethylurea (33):
This compound was prepared from 2 and salicylhydrazide. Beige solid
(hygroscopic); m.p. 184±185 8C; 1H NMR (CD3OD): d=2.90 (s, 3H), 3.33
(s, 3H), 6.99±7.01 (m, 2H), 7.47 (m, 1H), 7.88 (d, J=7.7 Hz, 1H),
8.98 ppm (s, 1H); 13C NMR (CD3OD): d=26.6, 29.3, 115.2, 117.5, 119.3,
127.8, 133.9, 147.0, 157.0, 160.0, 166.0 ppm; IR (thin film): ñ=3315, 3231,
3053, 2921, 1650, 1589, 1521, 1296, 1215 cm�1; MS: m/z (%): 273 (89)
[M+Na]+ , 251 (13) [M+1]+ , 65 (100); elemental analysis calcd (%) for
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C11H14N4O3¥0.5H2O: C 49.25, H 6.01, N 20.88; found: C 49.69, H 5.98, N
20.53.


N-{(1S)-1-benzyl-2-{(2E)-2-
{{methyl[(methylamino)carbonyl]amino}methyllene}hydrazine}-2-oxoe-
thyl}acetamide (34): This compound was prepared from the freebase
form of 2 and acetyl-l-phenylalanine hydrazine. It was purified by prepa-
rative reversed-phase HPLC using a Polaris C18 A5m column, eluting
with a 0±100% gradient of CH3CN in water. White solid; m.p. 109±
110 8C; [a]23D =++28.3 (c=0.12 in H2O); 1H NMR (D2O): d=1.94 (s, 3H),
2.74 (s, 3H), 3.03 (dd, J=7.4, 2.7 Hz, 2H), 3.08 (s, 3H), 4.43 (t, J=
8.1 Hz, 1H), 7.22?7.33 (m, 5H), 8.33 ppm (s, 1H); 13C NMR (D2O): d=
21.9, 27.1, 29.8, 37.7, 54.8, 127.6, 129.1, 129.6, 136.5, 148.9, 157.8, 168.9,
174.3 ppm; IR (thin film): ñ=3276, 3067, 1666, 1630, 1525, 1296 cm�1;
MS: m/z (%): 342 (34) [M+Na]+ , 321 (18) [M+2]+ , 320 (100) [M+1]+ ;
HRMS calcd for C15H22N5O3Na: 342.1537; found: 342.1544.
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