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™Ma siamo sempre dei ciechi, anche nel caso migliore, cioe¡ che
la struttura sia semplice e stabile: ciechi, e non abbiamo quelle
pinzette che sovente ci capita di sognare di notte, come uno che
ha sete sogna le sorgenti, e che ci permetterebbero di prendere
un segmento, di tenerlo ben stretto e diritto, e di incollarlo nel
verso giusto sul segmento che e¡ gia¡ montato. Se quelle pinzette
le avessimo (e non e¡ detto che un giorno non le avremo)
saremmo gia¡ riusciti a fare delle cose graziose che fin adesso le
ha fatte solo il Padreterno, per esempio a montare non dico un
ranocchio o una libellula, ma almeno un microbo o il semino di
una muffa∫.


P. Levi, La Chiave a Stella, Einaudi, Torino, 1978, p. 151


™But we are still blind, even in the best circumstances, that is,
with structures that are simple and stable. Blind, and we don×t
have those tweezers we often dream of at night, the way a thirsty
man dreams of springs, that would allow us to pick up a
segment, hold it firm and straight, and paste it in the right


direction on the segment that has already been assembled. If we
had those tweezers (and it×s possible that, one day, we will), we
would have managed to create some lovely things that so far
only the Almighty has made, for example, to assemble–
perhaps not a frog or a dragonfly–but at least a microbe or the
spore of a mold∫.


P. Levi, The Monkey×s Wrench, Penguin Books, New York, 1995, p. 144.


Introduction


A device is something invented and constructed for a special
purpose and a machine is any combination of mechanisms for
utilizing, modifying, applying, or transmitting energy, whether
simple or complex.[1] In everyday life we make extensive use
of macroscopic devices and machines. Generally speaking,
devices and machines are assemblies of components designed
to achieve a specific function. Each component of the
assembly performs a simple act, while the entire assembly
performs a more complex, useful function, characteristic of
that particular device or machine. For example, the function
performed by a hairdryer (production of hot wind) is the
result of acts performed by a switch, a heater, and a fan,
suitably connected by electric wires and assembled in an
appropriate framework. The macroscopic concepts of a device
and a machine can be straightforwardly extended to the
molecular level.[2] A molecular-level device can be defined as
an assembly of a discrete number of molecular components
(i.e., a supramolecular structure, vide infra) designed to
achieve a specific function. Each molecular component
performs a single act, while the entire supramolecular
assembly performs a more complex function, which results
from the cooperation of the various components. A molec-
ular-level machine is a particular type of molecular-level
device in which the component parts can display changes in
their relative positions as a result of some external stimulus.[3]


Molecular-level devices and machines operate through elec-
tronic and/or nuclear rearrangements and, like macroscopic
devices and machines, they need energy to operate and signals
to communicate with the operator.


The extension of the concepts of a device and a machine to
the molecular level is of interest not only for basic research,
but also for the growth of nanoscience and the development of
nanotechnology.[3±8]
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The Race towards Miniaturization


The progress of civilization has always been related to the
construction of novel devices and machines. In the last fifty
years, a great variety of new devices and machines for
collecting, processing, displaying, and storing information
have come into use. The outstanding development of infor-
mation technology has been strictly related to the progressive
miniaturization of the components employed for the con-
struction of such devices and machines. The first electronic
computer was made of 18000 valves, weighed 30 tons, occu-
pied an entire room, and lasted an average of 5.6 hours
between repairs.[9] A state-of-the-art microprocessor today
has more than 40 million transistors, a number that is destined
to increase in the future. One can wonder whether we do
really need to keep on making things smaller. The answer is
that further miniaturization will not only decrease the size and
increase the power of computers, but is also expected to open
the way to new technologies capable of revolutionizing
medicine, producing a wealth of new materials providing
renewable energy sources, and solving the problem of
environmental pollution.[8]


Large-Downward (Top-Down) Approach


The miniaturization of components for the construction of
useful devices and machines is currently pursued by the
large ± downward (top-down) approach. This approach, which
leads physicists and engineers to manipulate progressively
smaller pieces of matter by photolithography and related
techniques, has operated in an outstanding way up until now.
In 1965 G. E. Moore[10] predicted that every three years 1)
device size would reduce by 33%, 2) chip size would increase
by 50%, and 3) the number of components on a chip would
quadruple. Such a prediction has been fulfilled until now and
the potentiality of laser techniques in the top-down approach
to miniaturization has also been exploited for construction of
microelectromechanical systems (MEMS).[11] An example of
the definition that can be reached by the top-down approach
is given by the fine features of the bull shown in Figure 1,
which was crafted by two-photon photopolymerization.[12] It is
becoming increasingly apparent, however, that today×s com-
puter technology, which relies on silicon-based chips, is
rapidly approaching the limits of its physical capabilities.[13, 14]


In particular, photolithography is subjected to drastic limi-
tations for dimensions smaller than 100 nanometers. This size
is very small by the standards of everyday experience (about
one thousandth the width of a human hair), but it is very large
on the scale of atoms (tenths of nanometers) and molecules
(nanometers). Therefore, ™there is plenty of room at the
bottom∫ for further miniaturization, as Richard P. Feynman[15]


stated in a famous talk to the American Physical Society in
1959, but the top-down approach does not seem capable of
exploiting such an opportunity. To proceed towards further
miniaturization, science and technology will have to find new
ways.


Figure 1. Scanning electron micrographs of bull sculptures crafted on a
resin by two-photon photopolymerization, showing the definition reached
by top-down miniaturization. These sculptures are 10 �m long and 7 �m
high, and are about the size of a red blood cell. Reproduced by permission
from Reference [12].


Small-Upward (Bottom-Up) Approach


An alternative and promising strategy towards technology at
the nanometer scale is offered by the small-upward (bottom-
up) approach, which starts from atom or molecules and builds
up to nanostructures. Chemists, by the nature of their
discipline, are already at the bottom, since they are able to
manipulate atoms and molecules. Therefore they are in the
ideal position to develop bottom-up strategies for the
construction of nanoscale devices and machines.


The bottom-up approach to nanotecnology is relatively
new. Until a few decades ago, in fact, nanotechnology was not
considered an obtainable objective by physicists.[7] The
dominant idea, derived from quantum theory,[16] was that
atoms are fuzzy entities that ™must no longer be regarded as
identifiable individuals∫,[17] and ™form a world of potential-
ities or possibilities rather than one of things or facts∫.[18] From
the point of view of quantum theory, molecular structure is
not an intrinsic property,[19] but a metaphor.[20] Such ideas, of
course, were never shared by chemists who had long before
established[21] that atoms are material and reliable building
blocks for constructing molecules and that molecules have
well-defined sizes and shapes.[22] This concept has been
beautifully presented by a great chemist and writer, Primo
Levi, in his book ™La Chiave a Stella∫:[23] ™Il mio mestiere vero,
quello che ho studiato a scuola e che mi ha dato da vivere fino
ad oggi, e¡ il mestiere del chimico. Non so se lei ne ha un×idea
chiara, ma assomiglia un poco al suo: solo che noi montiamo e
smontiamo delle costruzioni molto piccole. Ci dividiamo in
due rami principali, quelli che montano e quelli che smontano,
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e gli uni e gli altri siamo come dei ciechi con le dita sensibili.
Dico come dei ciechi, perche¬ appunto, le cose che noi
manipoliamo sono troppo piccole per essere viste, anche coi
microscopi piu¡ potenti ; e allora abbiamo inventato diversi
trucchi intelligenti per riconoscerle senza vederle.∫ ™Quelli che
smontano, cioe¡ i chimici analisti, devono essere capaci di
smontare una struttura pezzo per pezzo senza danneggiarla, o
almeno senza danneggiarla troppo; di allineare i pezzi
smontati sul bancone, sempre senza vederli, di riconoscerli
uno per uno, e poi di dire in che ordine erano attaccati insieme.∫


The idea that atoms could be used to construct nanoscale
machines was first raised by R. P. Feynman, in the previously
mentioned address ™There is Plenty of Room at the Bottom∫
to the American Physical Society in 1959.[15] The key sentence
of Feynman×s talk is the following: ™The principle of physics
do not speak against the possibility of man˙uvering things
atom by atom∫. As we will see below, however, chemists do
not believe to the possibility of realizing an atom-by-atom
approach to nanostructures.


Bottom-up atom-by-atom : The idea of constructing nanoscale
devices ™atom-by-atom∫ was depicted in an exciting and
visionary way in middle eighties by K. E. Drexler.[24] Later on
he exposed his ideas on nanosystems and molecular manu-
facturing in a more scientific (essentially theoretical)
way.[25, 26] He proposed, and still maintains,[27] the possibility
of constructing a general-purpose building nanodevice, nick-
named as an assembler. Such a nanorobot could, in principle,
build almost anything, including copies of itself, by atomic-
scale ™pick-and-place∫: a set of nanoscale pincers would pick
individual atoms from their environment and place them
where they would serve as a part of some active or structural
component. Such a technology would revolutionize manufac-
turing, allowing, for example, the low-cost, pollution-free
construction of lightweight and extremely strong materials
that, in their turn, would revolutionize transportation (in
particular, space transportation). Even more exciting, medical
nanorobots (e.g., nanoscale submarines capable of navigating
through the blood) have been envisioned that would be able
to repair the human body by destroying viruses and cancer
cells, reconstructing damaged structures, removing accumu-
lated waste from the brain, and bringing the body back to a
state of youthful health.[28] According to Drexler,[24, 27] the
potential of nanotechnology has also a dark side that should
already be taken into serious consideration by responsible
governments. The outstanding potentiality of nanotechnology
could, in fact, be exploited by aggressive nations, terrorist
groups, or even individuals for bad purposes, with much more
danger than that caused by chemical and biological weapons.
Furthermore, the prospect has been raised that the potential
for self-replication of the assemblers could escape human
control leading to myriads of copies of themselves that, at the
end, would ravage the earth. An even more frightening
possibility would be that such self-replicating nanorobots
would, by design or random mutation, develop the ability to
communicate with one another and evolve, step by step, until
they become ™alive∫ and create an artificial society that, at
best, would not need us.


The fascinating but, admittedly, abstract ideas of Drex-
ler[24±28] about the construction, futuristic use, and frightening
potential of nanomachines have been skeptically and ironi-
cally commented by a large part of the scientific commun-
ity.[29±32] In particular, the concept of an assembler, that is, of a
nanorobot that can manipulate and build things atom by
atom, is considered unrealistic for at least two well-grounded
reasons:[31, 32] 1) the fingers of a hypothetical manipulator arm
should themselves be made out of atoms, which implies that
they would be too fat to have control of the chemistry in the
nanometer region; 2) such fingers would also be too sticky:
the atoms of the manipulator hands will adhere to the atom
that is being moved, so that it will be impossible to place it in
the desired position. In more general terms, the idea of the
™atom-by-atom∫ bottom-up approach to nanotechnology,
which seems so appealing to physicists, does not convince
chemists who are well aware of the high reactivity of most
atomic species and of the subtle aspects of chemical bond.
Chemists know that atoms are not simple balls that can be
moved from a place to another place at will. Atoms do not
stay isolated; they bond strongly to their neighbors, and it is
difficult to imagine that the atoms constituting the nano-
manipulator fingers could take an atom from a starting
material and transfer it to another material. Thinking that
such assemblers can really work is tantamount to ignore the
complexity and subtlety of bond-breaking and bond-making
processes.


It should be recognized, however, that Drexler×s visionary
ideas have had at least the merit to draw the attention of
people on science and to influence genuine scientists to direct
their research projects towards the fascinating world of
nanotechnology.


Bottom-up molecule-by-molecule : In the late 1970×s a new
branch of chemistry, called supramolecular chemistry,
emerged and expanded very rapidly, consecrated by the
award of the Nobel Prize in Chemistry to C. J. Pedersen,[33]


D. J. Cram,[34] and J.-M. Lehn[35] in 1987. In the same period,
research on molecular electronic devices began to flourish.[36]


In the frame of research on supramolecular chemistry, the
idea began to arise in a few laboratories[35, 37±39] that molecules
are much more convenient building blocks than atoms to
construct nanoscale devices and machines. The main reasons
at the basis of this idea are as follows: 1) molecules are stable
species, whereas atoms are difficult to handle; 2) nature starts
from molecules, not from atoms, to construct the great
number and variety of nanodevices and nanomachines that
sustain life; 3) most of the laboratory chemical processes deal
with molecules, not with atoms; 4) molecules are objects that
already exhibit distinct shapes and carry device-related
properties (e.g., properties that can be manipulated by
photochemical and electrochemical inputs); and 5) molecules
can self-assemble or can be connected to make larger
structures.


In the following years supramolecular chemistry grew very
rapidly,[40±44] and it became clear that the supramolecular
™bottom-up∫ approach opens virtually unlimited possibilities
concerning design and construction of artificial molecular-
level devices and machines. Furthermore, it became more and
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more evident that such an approach can give invaluable
contributions to better understand the molecular-level aspects
of the extremely complicated devices and machines that are
responsible for the biological processes.[45]


It should not be forgotten that the development of the
supramolecular bottom-up approach towards the construction
of nanodevices and nanomachines was made possible by the
high degree of knowledge reached in other fields of chemistry.
Particularly important, in this regard, have been the contri-
butions given by organic synthesis, which supplied a variety of
building blocks, and of photochemistry,[38, 41, 46] which offered
the way to investigate the early examples of molecular-level
devices and machines (e.g., light-controlled molecular-level
tweezers,[47] triads for vectorial charge separation,[48] and light-
harvesting antennae[49]).


It should also be recalled that in the last few years the
concept of molecules as nanoscale objects exhibiting their
own shape, size, and properties has been confirmed by new,
very powerful techniques, such as single-molecule fluores-
cence spectroscopy and the various types of probe micros-
copies, capable of ™seeing∫[50] or ™manipulating∫[51] single
molecules. It has been possible, for example, to make ordered
arrays of molecules (e.g., to write words[52] and numbers[51] by
aligning single molecules in the desired pattern) and even to
investigate bimolecular chemical reactions at the single
molecule level.[53]


Supramolecular (Multicomponent) Chemistry


Supramolecular chemistry is a highly interdisciplinary field
that has developed at an astonishingly fast rate during the last
two decades.[40±44, 54] In a historical perspective, as pointed out
by J.-M. Lehn,[55] supramolecular chemistry originated from
Paul Ehrlich×s receptor idea, Alfred Werner×s coordination
chemistry, and Emil Fischer×s lock-and-key image. It was only
in the 1970×s, however, that some fundamental concepts such
as molecular recognition, preorganization, self-assembly, etc.,
were introduced and supramolecular chemistry began to
emerge as a discipline.


The most authoritative and widely accepted definition of
supramolecular chemistry is that given by J.-M Lehn, namely
™the chemistry beyond the molecule, bearing on organized
entities of higher complexity that result from the association
of two or more chemical species held together by intermo-
lecular forces∫.[35, 40] As it is often the case, however, problems
arise as soon as a definition is established; for example[54j] the
definition of organometallic chemistry as ™the chemistry of
compounds with metal-to-carbon bonds∫ rules out Wilkin-
son×s compound, [RhCl(PPh3)3], which is perhaps the most
important catalyst for organometallic reactions.


A first problem presented by the above-mentioned classical
definition of supramolecular chemistry concerns whether or
not metal ± ligand bonds can be considered intermolecular
forces. If yes, complexes like [Ru(bpy)3]2� (bpy� 2,2�-bipyr-
idine), that are usually considered molecules,[56] should be
defined as supramolecular species; if not, systems like the
[Eu� bpy.bpy.bpy]3� cryptate, that are usually considered
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Figure 2. [Ru(bpy)3]2� and [Eu� bpy.bpy.bpy]3� : molecular or supramo-
lecular species?


supramolecular antenna devices,[57] should, in fact, be defined
as molecules (Figure 2).


There is, however, a more general problem. Broadly
speaking, one can say that with supramolecular chemistry
there has been a change in focus from molecules to molecular
assemblies or multicomponent systems. According to the
original definition when the components of a chemical system
are linked by covalent bonds, the system should not be
considered a supramolecular species, but a molecule. This
point is particularly important in dealing with molecular-level
devices and machines, that are usually multicomponent
systems in which the components can be linked by chemical
bonds of various nature.


Consider, for example, the three systems[58] shown in
Figure 3 that play the role of molecular-level charge-separa-
tion devices. In each of them, two components, a ZnII ± por-
phyrin and a FeIII ± porphyrin, can be immediately singled out.
In 1, these two components are linked by a hydrogen-bonded
bridge, that is, by intermolecular forces, whereas in 2 and 3
they are linked by covalent bonds. According to the above-
reported classical definition of supramolecular chemistry, 1 is
a supramolecular species, whereas 2 and 3 are (large)
molecules. In each of the three systems, the two components
substantially maintain their intrinsic properties and, upon
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Figure 3. Three dyads that possess ZnII ± porphyrin and FeIII ± porphyrin
units linked by an H-bonded bridge (1), a partially unsaturated bridge (2),
and a saturated bridge (3):[58] molecular or supramolecular species?
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light excitation, electron transfer takes place from the ZnII ±
porphyrin unit to the FeIII ± porphyrin one. The values of the
rate constants for photoinduced electron transfer (kel� 8.1�
109, 8.8� 109, and 4.3� 109 s�1 for 1, 2, and 3, respectively)
show that the electronic interaction between the two compo-
nents in 1 is comparable to that in 2, and is even stronger than
that in 3. Clearly, as far as photoinduced electron transfer is
concerned, it would sound strange to say that 1 is a supra-
molecular species, and 2 and 3 are molecules.


Another example of difficulty in applying the original
definition of supramolecular chemistry is encountered with
pseudorotaxanes and rotaxanes (Figure 4).[59] A pseudorotax-
ane, for example, 44�, as any other type of adduct, can be
clearly defined a supramolecular species, whereas a rotaxane,
for example, 54� (and even a catenane, e.g., 64�), in spite of the
fact that they are more complex species than pseudorotax-
anes, should be called molecules according to the classical
definition.
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Figure 4. Pseudorotaxane (44�), rotaxane (54�), and catenane (64�):[59]


molecular or supramolecular species?


We conclude that the classical definition of supramolecular
chemistry as ™the chemistry beyond the molecule∫ is quite
useful, but, from the functional viewpoint, the distinction
between what is molecular and what is supramolecular should
be better based on other grounds, rather than on the nature of
the bonds that link the components.


Large molecules versus supramolecular (multicomponent)
systems : It has been proposed,[41, 60, 61] and is now widely
accepted,[54i,j, 62±64] that, in the case of chemical systems which
are investigated from the viewpoint of the effects caused by
external stimulations, the definition of supramolecular species


can be based on the degree of intercomponent electronic
interactions. This concept is illustrated, for example, in
Figure 5. In the case of a photochemical stimulation, a system
A�B, consisting of two units (� indicates any type of ™bond∫


Figure 5. Schematic representation of the difference between a supra-
molecular system and a large molecule based on the effects caused by a
photon or an electron input.[61]


that keeps the units together), can be defined a supra-
molecular species if light absorption leads to excited states
that are substantially localized on either A or B, or causes an
electron transfer from A to B (or vice versa). By contrast,
when the excited states are substantially delocalized on the
entire system, the species can be better considered as a large
molecule. Similarly (Figure 5),[61] oxidation and reduction of a
supramolecular species can substantially be described as
oxidation and reduction of specific units, whereas oxidation
and reduction of a large molecule leads to species in which the
hole or the electron are delocalized on the entire system. In
more general terms, when the interaction energy between
units is small compared to the other relevant energy
parameters, a system can be considered a supramolecular
species, regardless of the nature of the bonds that link the
units. Therefore, species made of covalently-linked (but
weakly interacting) components, such as 2 and 3 shown in
Figure 3, and 54� and 64� in Figure 4, can be taken as
belonging to the supramolecular domain when they are
stimulated by photons or electrons. It can be noted that the
properties of each component of a supramolecular species,
that is, of an assembly of weakly interacting molecular
components, can be known from the study of the isolated
components or of suitable model molecules.


Self-organization and covalent synthetic design : Self-assem-
bly and self-organization[40, 65] are dominant processes in the
chemistry of living biological systems.[45] For example, light-
harvesting antennae of bacterial photosynthesis are formed
by self-assembling and self-organization of a great number of
molecular components.[66] It is indeed amazing how nature is
capable of mastering weak intermolecular forces to construct
supramolecular devices and machines.[45, 66±68] Construction of
artificial supramolecular structures by self-organization needs
suitably programmed[40, 43, 44, 54m] molecular components and
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full control of all the weak intermolecular forces (including
solute ± solvent interactions) involved in the thermodynami-
cally driven formation of the desired system. This difficult task
can be successfully fulfilled by careful chemical design of the
molecular components. Several supramolecular structures
(e.g., helicates,[69] grids,[70] capsules,[71] molecular polyedra[72])
have indeed been obtained by self-association and self-
organization of artificial molecular components. The con-
struction of artificial supramolecular devices and machines by
self-assembling and self-organization, however, is a much
more difficult task, since the various molecular components
have to be programmed not only for their self-assembling into
a structurally organized system, but also for their functional
integration, as required by the operation that the device or the
machine is expected to perform. Furthermore, supramolecu-
lar systems based on weak interactions are fragile, since they
can be easily disassembled by external perturbations (e.g.,
change of solvent, change of pH); although this property can
be exploited for obtaining particular functions,[73] in most
cases the device or machine should not undergo disassembly.
Therefore, artificial devices and machines are often con-
structed by following a design based on covalent intercon-
necting bonds by using the powerful strategies and techniques
of modern synthetic chemistry.[74]


Supramolecular chemistry, art, and nanotechnology : As
mentioned above, the chemical, molecule-by-molecule ™bot-
tom-up∫ approach opens virtually unlimited possibilities
concerning design and construction of supramolecular species
of nanoscale dimensions. Leonardo da Vinci did not know
chemistry; nevertheless, his comment[75] ™.. . dove la Natura
finisce di produrre le sue spezie, l×uomo quivi comincia con le
cose naturali, con l×aiutorio di essa Natura, a creare infinite
spezie .. .∫ is quite appropriate for the outstanding develop-
ment of artificial supramolecular chemistry.[40]


In several cases, supramolecular species have fascinating
shapes[76] that recall those of macroscopic objects and
structures encountered in everyday life. Some examples of
aestethically appealing supramolecular species are shown in
Figures 6 and 7.[77] As Primo Levi noticed,[78] ™Infatti, accade
anche in chimica, come in architettura, che gli edifici, ×belli× e
cioe¡ simmetrici e semplici, siano anche i piu¡ saldi: avviene
insomma per le molecole come per le cupole delle cattedrali o
per le arcate dei ponti.∫ Interestingly, while chemists build up
supramolecular systems that mimic macroscopic works of art
(Figure 8),[79] artists begin to take supramolecular compounds
as models for creating beautiful sculptures (Figure 9).[80]


The concepts of supramolecular (multicomponent) chem-
istry can be profitably used to design and construct a great
variety of artificial compounds capable of performing poten-
tially useful functions, namely 1) compounds for transfer,
transport, and collection of electrons or electronic energy; 2)
multistate/multifunctional systems; and 3) compounds capa-
ble of performing mechanical movements (machines). Look-
ing at supramolecular chemistry from the viewpoint of
functions with references to devices and machines of the
macroscopic world is indeed a very interesting exercise that
introduces novel concepts, injects daring ideas, and stimulates
creativity in the fields of chemistry and nanotechnology.[81]


Figure 6. Molecular architecture: two fascinating nanometer-scale supra-
molecular species and the corresponding macroscopic counterparts. a) A
resorcarene-calixarene carcerand[77a] and the Battistero of Pisa (Italy); b) a
norbornylogous-type compound[77b] and the Olina medieval bridge, Mod-
ena (Italy). The geometries of the molecules are constructed by molecular
mechanics calculations.


Figure 7. a) A trefoil knot, represented by the artist M. C. Escher, and a
molecular trefoil knot;[77c] b) the Olympic Committee symbol along with its
molecular version, a catenane constituted of five interlocked macro-
cycles.[77d] Crystal structures courtesy of a) Professor Jean-Pierre Sauvage,
University of Strasbourg, France, and b) Professor David J. Williams,
Imperial College, London, UK.


Figure 8. A supramolecular system consisting of a fullerene covalently
linked to a calixarene:[79] a) a classical chemical representation, b) a PM3-
calculated space filling model showing the shape relationship of this
supramolecular structure with the football World Cup (c). Reproduced by
permission of The Royal Society of Chemistry (RSC) and the Centre
National de la Recherche Scientifique (CNRS).
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Introduction


Transition metals are important in industry and technology,
and their chemistry is of an appreciable interest. The ease with
which they form complexes makes them useful homogeneous
catalysts in a variety of reactions involving ligand exchange.
The available d electrons allow most of these elements to
occur in a variety of oxidation states, and unlike main group
elements, whose oxidation numbers usually change in incre-
ments of two, the same transition metal often forms stable
compounds adopting both even and odd oxidation numbers.


Interestingly, the oxidation number one is quite uncommon
in transition-metal compounds.[1] This is the consequence of
the preferred (n� 1)dmns2 ground state electronic configura-
tion of the metal atoms, with two available valence shell s
electrons. Somewhat exceptional in this respect are the
coinage metals, which due to the stability of a closed d10


electron shell also exhibit a low energy (n� 1)d10ns electron


configuration, and may occur as monovalent. For most of the
other transition metals, the M� ions in aqueous solutions are
not known; this is usually attributed to efficient disproportion-
ation reactions. In spite of the relatively high second-ioniza-
tion potentials, the disproportionation is exothermic due to
the high hydration energies of multiply charged cations. Even
the Cu� ions in solutions readily disproportionate,
2Cu� �Cu�Cu2�, unless stabilized by the formation of
strong complexes, or in highly insoluble compounds. Oxida-
tion of the transition metal(�) ions in solution is promoted by
the presence of other ions, for instance H� or OH�.


Ions solvated by a finite number of ligand molecules can
provide a very useful and attractive gas-phase system for
solvation studies.[2] Such X�(H2O)n ions, in which X can be
almost any element and in which the number of water
molecules n may range from zero to more than 100, can be
easily prepared by modern methods. In the case of transition
metals, the decay mechanisms from bulk solution are often
not operative in the cluster, since disproportionation is not
feasible if only one ion is present and hydronium or hydroxide
ions are not available in the small cluster. The method used in
our laboratory to produce the solvated ions is laser vapor-
ization of a suitable solid target followed by a supersonic
expansion in a helium/water mixture.[2b, 3a] The finite ionic
clusters produced in this way then represent well-defined
™reactors∫, in which additional gaseous species can be
™dissolved∫ and in which a wide range of processes and
reactions can be studied.[2a,b] This concept article reviews
several recent studies of such clusters, which focused in
particular on transition metal chemistry,[4, 5] and discusses
their implications for redox reactions and electrochemistry.


Nanosolutions in a Collision-Free Environment


Figure 1 illustrates the basic principle of our experiment.[2a,b, 3]


A laser pulse of typically 5 mJ energy and of about 5 ns
duration hits a solid metal target and produces hot, partially
ionized, metal vapor. An accurately timed gas pulse of a
helium/water mixture dilutes and cools the metal plasma and
carries it down the flow channel towards an expansion nozzle.
Water clusters form in the gas pulse and during the expansion,
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Figure 1. Nanodroplets are formed by a pulsed supersonic expansion of
helium ±water mixtures doped with metal ions, produced by pulsed laser
vaporization of the solid metals. The resulting nanosolutions, which consist
of a single ion in 5 ± 100 water molecules, correspond to a 10 ± 0.5�
concentration. The ionic clusters are transferred to the penning ion trap
of the Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer, where they are stored under ultra high vacuum. In the absence of
collisions, the nanodroplets interact solely with ambient black-body
radiation. Optionally a reaction gas, for example, HCl, can be introduced
at a constant backing pressure. To monitor the reaction, ultra-high
resolution mass spectra are taken as a function of trapping time.


and solvate the individual singly-charged metal ions. The
source parameters can be adjusted to produce cluster-ion
distributions consisting almost exclusively of M(H2O)n�


species. The ions leaving the source are transferred to the
cell of the Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer by a system of electrostatic lenses,
where they can be stored in the electromagnetic ion trap at a
pressure of 10�10 mbar. Crucial for the discussed experiments
is the timescale and the pressure. In principle, ions can be
stored indefinitely in the ICR cell, with the trapping times in
typical experiment being 100 ms up to 100 s. At the residual
gas base pressure of below 10�10 mbar, the usually do not
undergo any collisions during this time. As indicated in
Figure 1, however, we have the option to introduce a collision
gas, for example HCl, into the ultra high vacuum region at any
desired, well-controlled and stable pressure, typically around
4.0� 10�8 mbar; this then yields about five collisions with the
stored clusters per second.


Blackbody-radiation-induced fragmentation of cluster ions :
In the absence of collisions, the dominant interaction of the
clusters with their environment is an absorption of black-body
infrared radiation from the apparatus walls, as was clearly
demonstrated by numerous studies in several laboratories.[6]


Since the clusters are not stable at room temperature, as their
temperature rises, they have to cool themselves by evaporat-
ing one water molecule at a time. The rate of the solvent
™evaporation∫ is roughly proportional to n, the number of
ligands.[6c,f] This proportionality can easily be understood: In
essence each time before the cluster can evaporate a water
ligand, it must absorb an energy amount approximately
equivalent to its sublimation enthalpy. Since the water ligands
are the absorbing ™chromophores∫, the rates of energy
absorption by the clusters, and thus also the rates of their
fragmentation, must be roughly proportional to their number,
n. Details like local deviations of the ligand binding energy
from the sublimation enthalpy are then reflected in the
deviations from the overall linear dependence. This milli-


second timescale fragmentation process on the one hand
limits the size of clusters which can be conveniently studied,
but on the other hand allows a gentle removal of the ligand
molecules one by one. The ionic ™droplets∫ solvated on a
nanometer scale are, thus, a very useful medium, in which one
can explore a wide range of aqueous reactions, and investigate
conveniently the effects of the loss of the stabilizing solvent
upon the cluster chemistry and properties.


Redox reactions in aqueous clusters : While ™simple∫ systems
like protonated water clusters H(H2O)n� respond to radiative
heating exclusively by evaporative cooling, hydrated metal
ions in oxidation state (�) can also undergo redox reactions, in
which the metal is oxidized to a more stable oxidation
number, and hydrogen is reduced and lost from the cluster.
These intracluster reactions and the loss of hydrogen are
easily identified by the characteristic mass change they
induce, and the high-resolution mass measurement by the
FT-ICR technique allows for the unambigous identification of
the products.


As an example we can mention recent studies by several
groups of hydrated M� ions of main-group elements such as
Mg,[7] Ca,[8] or Al.[3] Even though these metals usually do not
occur in their compounds as monovalent, the hydrated cation
clusters are easily produced by using the laser vaporization
source. Their stability, however, is a sensitive function of the
size of the solvation shell. The Mg(H2O)n� ions are observed
for n� 5 and for n� 17, but in the intermediate range, only
clusters containing hydroxide of divalent magnesium,
MgIIOH(H2O)n� are detected. Our FT-ICR studies[7d,e] have
revealed that a large trapped Mg(H2O)n� cluster loses water
ligands until the n� 17 ± 20 limit is reached. In this region a
competing process appears, in which the magnesium(�) ions
are oxidized to MgII and water ligands are reduced, yielding
an MgOH� hydroxide core ion and an atomic hydrogen atom
[Eq. (1)]:


MgI(H2O)n��h� �Mg�IOH(H2O)n�2
��H2O�H 17�n� 20 (1)


Very similar behavior is also observed in the case of
aluminum, with again very large and very small clusters
seeming stable. An oxidation of AlI to AlIII is observed in the
intermediate range, with the development, in this case, of
molecular hydrogen (H2).[3] Recent calculations[9] indicate
that the oxidation of AlI to AlIII takes place upon solvation of
the singly-charged ion in a sufficiently large cluster, and a
hydride ± hydroxide intermediate is formed presumably on a
sub-millisecond timescale [Eq. (2)]:


AlI(H2O)n�m
� �HAl�IIOHn�1


��mH2O m� 5, n� 10 (2)


The presence of the aluminum hydride ± hydroxide species
seems to be a necessary condition for the formation of
molecular hydrogen. The calculations[9] confirm our early
suggestion that hydrogen formation proceeds through a
combination of O�H insertion and proton transfer.[3a] In a
second redox reaction, the hydride recombines with a proton,
forming molecular hydrogen and an additional hydroxide
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ligand. The hydride is oxidized, and the proton is reduced,
both to elementary hydrogen [Eq. (3)]:


HAl�IIOH(H2O)n �1
� �h� �Al�II(OH)2(H2O)n �k�2


� �kH2O�H2


k	2,3, 11�n� 24 (3)


Figure 2 summarizes the processes observed so far with
hydrated metal ions upon radiative heating: the cluster may
decay by the loss of a single water molecule, or undergo
intracluster redox reactions to adopt a more stable oxidation
state of the metal.


Figure 2. Possible reaction pathways of hydrated metal(�) cations in a
collision-free environment. Ambient black-body radiation from the
apparatus walls heats the nanodroplet, which gradually obtains the internal
energy for overcoming reaction barriers to: a) Oxidation of MI to MII and
reduction of water leading to elimination of atomic hydrogen. b) Oxidation
of MI toMIII and reduction of two water molecules leading to elimination of
molecular hydrogen, proceeding presumably via a hydrated HMIIIOH�


intermediate. c) Evaporation of water without redox reaction.


Formation of hydrated transition-metal cations : In view of the
ability of the FT-ICR cluster source to produce hydrated M�


ions, even for elements that usually do not occur in their
compounds as monovalent, it appeared of interest to extend
the study to transition metals in order to explore their
aqueous chemistry in the oxidation state (�). The experiments
have indeed demonstrated, that with the exception of
titanium, for most of the transition metals we studied such
M(H2O)n� clusters could be prepared, stored, and they could
survive for an appreciable length of time trapped in the ICR
trap. The laser vaporization source produced readily hydrated
V�, Cr�, Mn�, Fe�, Co�, Ni�, and Cu�, solvated with typically
up to about 50 water ligands.[4, 5] Interestingly, however, the
rich redox chemistry, which might perhaps be expected based
on the observations with main group elements likeMg� or Al�


was not detected. The hydrated cations in the unusual
oxidation state (�) could be prepared remarkably free from
oxides or hydroxides, and with the exception of vanadium
discussed in the next section, they appeared to be stable with
respect to intracluster oxidation over the entire range of n
values studied, showing no inclination towards reacting with
water to form hydroxides and eliminate hydrogen. Since we
are limited to mass spectrometric detection, a hydride ±
hydroxide formation similar to the reaction in Equation (2)
is in principle possible.


Clearly, based on the above discussion, these ions, which are
unknown in bulk solutions, must owe their stability, at least on
the timescale of the ICR experiment of up to 100 s, to the fact
that neither of the reactions that apparently lead to their
destruction in bulk solutions can occur readily in finite
clusters. The disproportionation can evidently not take place,
since invariably only a single metal ion is present, and,
similarly, in the relatively small clusters there are no other
ions like H� or OH� that might catalyze or accelerate the
oxidation of the metal. Starting with a distribution of large
clusters, the only process which was observed, with the
exception of the vanadium experiments, was a cluster
fragmentation.


The absence of any intracluster reaction is perhaps most
surprising in the case of Mn� and Fe�, whose ground states
have the same valence electron configuration as Mg�, with a
single 4s electron. In the case of the Mn and Fe ions it is,
however, conceivable, that the solvation affects the stability of
the metal orbitals and induces promotion of the 4s electron
into the 3d level. In fact, this has been proposed for Fe� based
on several experimental and theoretical results.[10]


Intracluster redox reactions of V(H2O)n� and their size
dependence : Among the first row M(H2O)n� clusters studied,
vanadium was the only one to exhibit the redox reactions that
one might expect for a transition metal. The titanium ion is, on
the other hand, apparently so reactive that only the hydroxide
species (Ti(OH)2(H2O)n�) are observed. The monovalent
cations of vanadium in bulk solutions are only known when
stabilized by organic ligands. For instance, V(bipy)3�, as well
as the octahedral hexahydrate ions V(H2O)62� and V(H2O)63�


are all well characterized.[1] On the other hand, the mono-
valent V(H2O)n� ions could readily be prepared in the gas
phase, but the investigation of size-selected clusters revealed
that, in addition to pure fragmentation and depending on the
cluster size, also oxidation to both VII and VIII is possible
[Eqs. (4) ± (6)]:[4]


V(H2O)n�� h� �VI(H2O)n��H2O 4� n (4)


�V�I(OH)(H2O)n�1�k
��kH2O�H


9� n� 12, k	 0,1 (5)


�V�II(OH)2(H2O)n�2�k
��kH2O�H2


9� n� 23, n�15, k	 2,3 (6)


Once formed, VIIOH(H2O)n� species do not further react to
VIII(OH)2�(H2O)m, that is, a consecutive elimination of two
hydrogen atoms is not observed. Similar to the aluminum
case, a hydride ± hydroxide intermediate HV�IIOH(H2O)n�1


�


is possibly involved in the formation of molecular hydrogen.
Atomic hydrogen, on the other hand, is probably not
eliminated from these intermediates, as this would require
reduction of the metal and oxidation of the hydride ion. Since
the formation of atomic and molecular hydrogen compete, the
situation is considerably more complicated than with alumi-
num.


Figure 3 displays graphically the rate constants of the three
competing processes. Although formation of molecular hy-
drogen is the most exothermic process, as revealed clearly by
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Figure 3. First-order rate constants of the black body radiation induced
unimolecular reactions of size-selected V(H2O)n�, n	 5 ± 30. Very small
hydrated vanadium ions V(H2O)n�, n	 5 ± 8, and very large clusters, n	
24 ± 30, only fragment by losing water molecules. Small clusters, n	 9 ± 11,
preferentially decay by forming atomic hydrogen, but also water evapo-
ration or formation of molecular hydrogen is possible. For n	 12 and n	
13, formation of molecular hydrogen is the most efficient reaction channel.
For n	 12 formation of atomic hydrogen is observed to a small extent.
Clusters of size 14�n� 23 preferentially fragment, but also formation of
molecular hydrogen is observed. Reproduced from ref. [4] by permission of
the PCCP Owner Societies.


the concomitant evaporation of up to three water molecules, it
is usually not the dominant one. On the contrary, even in the
narrow range of cluster sizes in which it occurs at all, the only
quite weakly exothermic, or possibly even slightly endother-
mic oxidation to VII with the formation of an atomic
hydrogen, is by far the prevailing reaction.


The number of water molecules that are evaporated serves
as a rough calorimeter providing information about the
overall exothermicity of the process, while the branching
ratios provide insights into the activation energies and
entropic contributions. Formation of the thermochemically
unfavorable hydrogen atom is apparently aided by both a
facile mechanism and a low activation energy, while the much
more exothermic pathway, formation of molecular hydrogen,
appears to be kinetically hindered by a complex mechanism
and a high barrier. Elimination of a water molecule presum-
ably represents the simplest reaction pathway, but at the same
time confronts the highest activation energy.


In contrast with the main group elements, which undergo
one specific redox reaction to adopt their preferred oxidation
state, vanadium as a transition metal can react to yield two
different oxidation states by eliminating either H or H2 from
the hydrated metal cluster. These relatively small systems are
ideal models for computational simulations of the redox
chemistry of transition metals, and will thus surely aid a
molecular understanding of one of the most basic processes in
electrochemistry.


Dissolving Reactants in a Nanodroplet


The range of reactions that can be studied in such ionic
™nanodroplets∫ is greatly extended by the possibility to
™dissolve∫ in them suitable gaseous reactants.[2a,b,e, 11] Our
previous experiments have shown, that when gas-phase
species like HCl are introduced into the ICR instrument
vacuum, typically at pressures corresponding to a few
collisions per second, these can easily be exchanged for the


water ligands.[11a,b] Interestingly, however, even though HCl
dissolves exothermically in bulk water, one finds that regard-
less of whether M� is a metal ion, for example, Na�, or a
proton, H�, the hydrogen halides are taken up by the
M(H2O)n� clusters only if n is at least about eleven. Smaller
clusters with n� 11 do not react at all, since a sufficient
amount of solvent needs to be present to allow an ionic
dissolution and dissociation of the hydrogen halide.


Conversely, upon fragmentation and evaporation of larger
clusters in which one or more hydrogen halide molecules have
already been dissolved, when this n� 11 limit is reached, the
H� and Cl� ions can no longer be stabilized and they
recombine. As depicted in Figure 4a, the resulting covalent
HCl molecule, which can form only one donor hydrogen
bond, in contrast to the stronger bound water ligands,
evaporates from the cluster. Again a pure hydrated cluster
ion is eventually left behind.


Precipitation of insoluble salts in nanodroplets : A qualita-
tively different behavior is observed, when, instead of H� or
Na�, the central ion is Ag�.[11b] In this case, the HCl is
efficiently taken up by the cluster for n� 5, which is surely not
sufficient to ionically dissolve HCl and at the same time
stabilize Ag�. Also when larger Ag(HCl)(H2O)n� clusters are
allowed to fragment, HCl is lost only after the number of
water ligands is reduced to about n	 4. A clear difference
between the compounds involved lies in their solubilities.
While HCl as well as alkali halides are highly soluble in water,
AgCl or AgBr are among the most insoluble compounds.
Upon introducing HCl into a cluster that contains an Ag� ion,
a process analogous to precipitation from bulk solutions
apparently takes place, and a discrete AgCl molecule with a
strong covalent character forms, as indicated in Figure 4b. The
silver-containing clusters are therefore more accurately for-
mulated as H�(H2O)n(AgCl). The evaporation of HCl from
clusters that contain both H� and AgCl is of interest, when
upon their fragmentation the number of ligands is reduced to
about n	 4. In the gas phase much more energy
(1312 kJmol�1) is required to ionize a hydrogen atom,
compared with the ionization energy of Ag (736 kJmol�1).
In an aqueous solution the situation is completely reversed
due to the enormous solvation energy of H�. As the water
ligands are lost, however, the stabilization energy of the
proton gradually decreases. Somewhere around n	 4 the
incompletely solvated H� withdraws sufficient electron den-
sity from the AgCl molecule to destabilize the considerably
covalent Ag�Cl bond. Upon further solvent loss the bond
breaks, leaving behind a hydrated Ag� ion, with the newly
formed HCl molecule evaporating from the cluster.


Acid ± base catalysis in water clusters : The ionic nanodroplets
are also an interesting medium for demonstrating the catalytic
effect of introducing additional ions into solutions by dissolv-
ing HCl in them, and investigating their effect upon the course
of intracluster reactions. As an example, one can again
consider the above-discussed M(H2O)n� clusters containing
magnesium or aluminum ions. Regardless of the cluster size,
almost immediately upon ™dissolving∫ the hydrogen halide,
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Figure 4. Possible reaction pathways of hydrated metal(�) cations with HCl.
In a reactive collision with HCl, the molecule is ionically dissolved in the
cluster, and typically two water molecules are released due to the reaction
enthalpy. a) If no precipitation or redox reaction takes place, three
individual ions need to be solvated by water. Solvation breaks down at
fairly large sizes of the cluster, and a molecule of HCl is released. b) No
redox reaction takes place when a single molecule of MICl precipitates in
the strongly acidic water cluster with pH� 0. Water molecules are
gradually lost until the cluster becomes very small. c) The metal ion is
oxidized to MII, thereby reducing the proton to atomic hydrogen, which is
eliminated together with typically two water molecules. d) If the preferred
oxidation state of the metal is (���), the proton and a hydrogen atom in a
water molecule are both reduced, releasing molecular hydrogen and
typically three water molecules from the cluster. This reaction can involve a
hydrated HMIIIOH� intermediate, which may form before dissolution of
HCl in the cluster.


atomic hydrogen is eliminated from Mg(H2O)n�,[7e] and
molecular hydrogen fromAl(H2O)n�.[3b] In clusters containing
dissolved acid, the upper limit for the hydrogen elimination
observed in the ™pure∫ hydrated clusters disappears, and the
metal oxidation becomes mass spectrometrically observable
even for n values well beyond this limit. Oxidation of the
aluminum probably takes place even before dissolution of the
HCl by formation of an HAl�IIOH� intermediate.[9] As
suggested previously based on the experimental observa-
tions,[3b] the H2 elimination upon introduction of the acid is the
result of a reaction of the hydride with the proton. The redox
reactions [Eqs. (7) and (8)] are depicted in Figure 4c and d:


MgI(H2O)n��HCl �Mg�ICl(H2O)n�k
�� k H2O�H k� 2 (7)


HAl�IIOH(H2O)n��HCl �Al�II(OH)Cl(H2O)n�k
��kH2O�H2


k� 3 ± 4
(8)


Transition metal(�) chlorides : Based on this experience with
the main-group elements, one might have expected that
introducing an acid species like HCl, which dissolves with
ionization, into the clusters containing transition-metal mono-
cations will again induce and accelerate their oxidation.
Experimentally one finds, however, that while the dissolution
of the acid again proceeds efficiently with the reaction
enthalpy heating the cluster, no evidence for oxidation of
the transition metals is observed.[5] Typically, two or three
water molecules evaporate when the hydrogen halide is
dissolved, but with the exception of V�, no redox chemistry
takes place, and neither hydrogen atoms nor H2 molecules are
released from the cluster.[5] Since the hydrides would pre-
sumably react with the proton to form molecular hydrogen,
the absence of H2 elimination upon dissolution of HCl is also


evidence that no HM�IIOH(H2O)n�1
� hydride ± hydroxide


species are present for M	Cr, Mn, Fe, Co, Ni, and Cu.
A clue for interpreting this result is again provided, when


one examines the subsequent black-body or collision-induced
fragmentation of the resulting M�(H2O)n(HCl) clusters. One
observes that unlike the clusters that contain H� or Na�


central ions, but similar to those containing Ag�, the last
HCl molecule is not lost near n	 11, but depending on the
specific metal, only around n	 3 ± 7, as listed in Table 1. A
most reasonable interpretation of this behavior is, similar to
AgCl, that in the case of the monovalent transition-metal ions
of CrI, MnI, FeI, CoI, NiI and CuI, highly insoluble mono-
chlorides are formed. As soon as the hydrogen halide is
introduced into the cluster, a single molecule of the respective
metal chloride ™precipitates∫ in the droplet. The monocations
do not reduce water, most probably because the rate of the
chloride formation is much faster than that of the redox
reaction.


After intake of the hydrogen halide, the clusters are
therefore again more appropriately formulated as
H�(H2O)n(MICl), with the charge formally residing on the
solvated proton. Like in the case of hydrated AgI, as the
fragmentation proceeds the solvated proton is more and more
destabilized, and at a certain critical cluster size becomes
acidic enough to abstract the chloride ion from the discrete
MICl molecule. Speaking in terms of solution chemistry: with
a decreasing number of water molecules, the cluster becomes
more and more acidic. Analogous to bulk solution, in which
solubility increases with decreasing pH, the metal-chloride
single-molecule precipitate becomes soluble at a certain
critical pH value, and the reforming HCl can evaporate from
the cluster. It is illustrative to keep in mind that pH	 0
amounts to one proton per 55 water molecules in solution.


Outlook


Previous work has shown that chemistry as known from bulk
aqueous solutions proceeds on the single-ion level in small
water clusters. With the most recent results on hydrated
transition-metal ions, we do the next step to investigate
aqueous chemistry of species that are unstable in bulk


Table 1. Precipitate, number of water molecules nmin when last HCl or HBr
is eliminated, ionization potential (IP) of the metal or hydrogen, and, if
known, the solubility product in bulk solution. Reproduced with permission
from ref. [5], ¹ American Chemical Society.


Precipitate nmin IP [eV] Solubility product


CrCl 4 6.77
MnCl � 3 7.43
FeCl 3 7.90
CoCl 6 7.88
NiCl 7 7.63
CuCl 5 7.73 1.7� 10�7


NaCl 12 5.14 3.7� 101


AgCl 4 7.58 1.8� 10�10


AgBr 3 7.58 5.4� 10�13


HCl 11 13.60
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solution. The perhaps surprising conclusion from this study is
that aqueous MI of first-row transition metals are far less
readily oxidized than expected. To explore their redox
chemistry further, experiments with more strongly oxidizing
agents, such as HNO3, SO2, SO3, or O3 would be interesting.
Changes of the electronic state of the metal with cluster size
and mass spectrometrically invisible redox reactions have to
be probed by optical spectroscopy. The influence of relativ-
istic effects can be studied with third-row transition metal
ions. Using nonaqueous nanosolutions, that is, putting the
transition metal ion into clusters of DMSO or benzene, offers
the key to a completely new branch of organometallic
chemistry. In each case, the clusters serve as nanoreactors;
this allows for the stabilization of a variety of elusive species
and investigation of their chemistry in the solution environ-
ment. While the gas-phase cluster chemistry may not imme-
diately lead to new products, it has the potential to reveal
large new areas of fundamental transition metal chemistry.


Acknowledgement


Financial support by the Deutsche Forschungsgemeinschaft, the Fonds der
Chemischen Industrie, the European Union through the Research Training
Network ™Reactive Intermediates∫, and the Leonhard Lorenz-Stiftung
(M.K.B.) is gratefully acknowledged.


[1] See inorganic chemistry introductory textbooks: a) N. Wiberg, A. F.
Holleman, E. Wiberg, Inorganic Chemistry, Academic Press, San
Diego, 2001; b) N. N. Greenwood, A. Earnshaw, Chemistry of the
Elements, 2nd ed., Butterworth ±Heinemann, Oxford, 1997; c) J. E.
Huheey, E. A. Keiter, R. L. Keiter, Inorganic Chemistry: Principles of
Structure and Reactivity, 4th ed., Harper±Collins, New York, 1993 ;
d) F. A. Cotton, G. Wilkinson, C. Murillo, Advanced Inorganic
Chemistry, 6th ed., Wiley, New York, 1999.


[2] a) G. Niedner-Schatteburg, V. E. Bondybey, Chem. Rev. 2000, 100,
4059; b) V. E. Bondybey, M. K. Beyer, Int. Rev. Phys. Chem. 2002, 21,
277; c) A. W. Castleman, R. G. Keesee, Annu. Rev. Phys. Chem. 1986,
37, 525; d) K. Fuke, K. Hashimoto, S. Iwata, Adv. Chem. Phys. 1999,
110, 431; e) C. Dedonder-Lardeux, G. Gre¬goire, C. Jouvet, S.
Martrenchard, D. Solgadi, Chem. Rev. 2000, 100, 4023; f) J. V. Coe,


Int. Rev. Phys. Chem. 2001, 20, 33 ± 58; g) T. D. M‰rk, A. W. Castle-
man, Adv. At. Mol. Phys. 1985, 20, 65.


[3] a) M. Beyer, C. Berg, H. W. Gˆrlitzer, T. Schindler, U. Achatz, G.
Albert, G. Niedner-Schatteburg, V. E. Bondybey, J. Am. Chem. Soc.
1996, 118, 7386 ± 7389; b) M. Beyer, U. Achatz, C. Berg, S. Joos, G.
Niedner-Schatteburg, V. E. Bondybey, J. Phys. Chem. A 1999, 103,
671 ± 678; c) O. P. Balaj, E. P. F. Lee, I. Balteanu, B. S. Fox, M. K.
Beyer, J. M. Dyke, V. E. Bondybey, Int. J. Mass Spectrom. 2002, 220,
331.


[4] B. S. Fox, I. Balteanu, O. P. Balaj, H. C. Liu, M. K. Beyer, V. E.
Bondybey, Phys. Chem. Chem. Phys. 2002, 4, 2224 ± 2228.


[5] B. S. Fox, O. P. Balaj, I. Balteanu, M. K. Beyer, V. E. Bondybey, J. Am.
Chem. Soc. 2002, 124, 172 ± 173.


[6] a) R. C. Dunbar, T. B. McMahon, Science 1998, 279, 194; b) M. Sena,
J. M. Riveros, Rapid Commun. Mass Spectrom. 1994, 8, 1031; c) T.
Schindler, C. Berg, G. Niedner-Schatteburg, V. E. Bondybey, Chem.
Phys. Lett. 1996, 250, 301; d) P. D. Schnier, W. D. Price, R. A.
Jockusch, E. R. Williams, J. Am. Chem. Soc. 1996, 118, 7178; e) P.
Weis, O. Hampe, S. Gilb, M. M. Kappes, Chem. Phys. Lett. 2000, 321,
426; f) B. S. Fox, M. K. Beyer, V. E. Bondybey, J. Phys. Chem. A 2001,
105, 6386 ± 6392.


[7] a) K. Fuke, F. Misaizu, M. Sanekata, K. Tsukamato, S. Iwata, Z. Phys.
D 1993, 26, S180; b) A. C. Harms, S. N. Khanna, B. Chen, A. W.
Castleman, J. Chem. Phys. 1994, 100, 3540; c) H. Watanabe, S. Iwata,
K. Hashimoto, F. Misaizu, K. Fuke, J. Am. Chem. Soc. 1995, 117, 755;
d) C. Berg, U. Achatz, M. Beyer, S. Joos, G. Albert, T. Schindler, G.
Niedner-Schatteburg, V. E. Bondybey, Int. J. Mass Spectrom Ion
Processes 1997, 167/168, 723; e) C. Berg, M. Beyer, U. Achatz, S. Joos,
G. Niedner-Schatteburg, V. E. Bondybey, Chem. Phys. 1998, 239, 379;
f) B. M. Reinhard, G. Niedner-Schatteburg, Phys. Chem. Chem. Phys.
2002, 4, 1471 ± 1477.


[8] a) M. Sanekata, F. Misaizu, K. Fuke, J. Chem. Phys. 1996, 104, 9768;
b) W. Lu, S. Yang, J. Phys. Chem. A 1998, 102, 825.


[9] a) C.-K. Siu, Z.-F. Liu, J. S. Tse, J. Am. Chem. Soc. 2002, 124, 10846;
b) B. M. Reinhard, G. Niedner-Schatteburg, J. Phys. Chem. A 2002,
106, 7988.


[10] a) A. Ricca, C. W. Bauschlicher, J. Phys. Chem. 1995, 99, 9003 ± 9007;
b) R. H. Schultz, P. B. Armentrout, J. Phys. Chem. 1993, 97, 596; c) L.
Dukan, L. del Fabbro, P. Pradel, O. Sumblemontier, J. M. Mestdagh,
J. P. Visticot, Eur. Phys. J. D 1998, 3, 257; d) L. Poisson, L. Dukan, O.
Sublemontier, F. Lepetit, F. Re¬au, P. Pradel, J.-M. Mestdagh, J.-P.
Visticot, Int. J. Mass Spectrom. 2002, 220, 111.


[11] a) T. Schindler, C. Berg, G. Niedner-Schatteburg, V. E. Bondybey,
Chem. Phys. Lett. 1994, 229, 57; b) B. S. Fox, M. K. Beyer, U. Achatz,
S. Joos, G. Niedner-Schatteburg, V. E. Bondybey, J. Phys. Chem. A
2000, 104, 1147 ± 1151; c) J. J. Gilligan, A. W. Castleman, J. Phys.
Chem. A 2001, 105, 5601; d) P. Jungwirth, J. Phys. Chem. A 2000, 104,
145 ± 148.








Chem. Eur. J. 2002, 8, No. 24 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5541 $ 20.00+.50/0 5541


M. Takeuchi et al.







Allosteric Binding of an Ag� Ion to Cerium(��) Bis-porphyrinates Enhances
the Rotational Activity of Porphyrin Ligands


Masato Ikeda,[a] Masayuki Takeuchi,*[a] Seiji Shinkai,*[a] Fumito Tani,[b]
Yoshinori Naruta,[b] Shigeru Sakamoto,[c] and Kentaro Yamaguchi[c]


Abstract: A series of cerium(��) bis-
porphyrinate double-deckers [Ce(bbpp)2]
(BBPP� 5,15-bis(4-butoxyphenyl)por-
phyrin dianion), [Ce(tmpp)2] (TMPP�
5,10,15,20-tetrakis(4-methoxyphenyl)-
porphyrin dianion), [Ce(tfpp)2]
(TFPP� 5,10,15,20-tetrakis(4-fluoro-
phenyl)porphyrin dianion), [Ce(tmcpp)2]
(TMCPP� 5,10,15,20-tetrakis(4-meth-
oxycarbonylphenyl)porphyrin dianion),
and [Ce(tmpp)(tmcpp)] was prepared.
They bind three Ag� ions to their
concave porphyrin � subunits (�-clefts)
according to a positive homotropic al-


losteric mechanism with Hill coefficients
(nH) of 1.7 ± 2.7. The rotation rates of the
porphyrin ligands in [Ce(bbpp)2] were
evaluated to be 200 s�1 at 20 �C
(�G�


293 � 14.1 kcalmol�1) and 220 s�1 at
�40 �C (�G�


233 � 11.0 kcalmol�1) with-
out and with Ag� ions, respectively.
These results consistently support our


unexpected finding that Ag� binding can
accelerate rotation of the porphyrin
ligand. On the basis of UV-visible,
1H NMR, and resonance Raman spec-
tral measurements, the rate enhance-
ment of the rotational speed of the
porphyrin ligands is attributed to con-
formational changes of the porphyrin in
cerium(��) bis-porphyrinate induced by
binding of Ag� guest ions in the clefts.
This novel concept of positive homo-
tropic allosterism is applicable to the
molecular design of various supramolec-
ular and switch-functionalized systems.


Keywords: allosterism ¥ coopera-
tive phenomena ¥ host ± guest
systems ¥ pi interactions ¥
porphyrinoids


Introduction


The design and construction of artificial molecular machines
have been the focus of many research groups.[1] Widely
investigated rotating and interlocked modules for such
devices include molecular rotors,[2, 3] catenanes,[4] and rotax-
anes.[5] The dynamic motion of such molecular machines has
been regulated by photo-, electro- (or redox), and host ±
guest-type chemical interactions.[1±5] Particular features of
interest include control of ™on/off∫ switching by external
stimuli.


We are interested in the construction of artificial systems
that exhibit positive homotropic allosterism.[6±8] Allosteric
complexation with a nonlinear, sigmoidal response can be


used to transcribe ™digital∫ behavior at the molecular level,
because the behaviors can be switched ™on∫ or ™off∫ only
under specific threshold conditions, regulated by, for example,
the effector concentration. Thus, positive allosterism can
achieve a characteristic nonlinear binding mode in which
initial binding of a guest has a positive effect on subsequent
host ± guest interactions and avoids randomization of infor-
mation.[1f, 9]


In studies on artificial cooperative recognition utilizing
cerium(��) bis-porphyrinate and meso ±meso-linked porphyr-
in dimer, guests such as dicarboxylic acids,[10a±c] K� ions,[10d]


mono-[10f] and oligosaccharides,[10g±h, 11] and anions[10i] were
recognized with high selectivity and affinity according to a
positive homotropic allosteric mechanism. In these cases, the
first guest binding, although very weak, facilitates binding of
the second and third guests by suppressing the rotational
freedom of the two porphyrin ligands and providing preor-
ganized binding sites favorable for subsequent guest bind-
ing.[6a,b]


Recently, we reported preliminary results on allosteric
binding of Ag� to [Ce(tmpp)2], in which Ag� ions are
cooperatively bound to concave � subunits (� clefts) of
[Ce(tmpp)2].[10e] On the basis of knowledge obtained from
previous studies on cooperative guest recognition with the
cerium(��) bis-porphyrinate scaffold, we assumed a coopera-
tive binding mechanism; that is, Ag� binding occurs due to
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successive suppression of the rotational freedom of porphyr-
ins and/or peripheral meso-aryl groups in [Ce(tmpp)2] by
guest Ag� ions, and the peripheral � clefts would be effective
binding sites for Ag�. However, variable-temperature (VT)
1H NMR measurements on [Ce(tmpp)2] did not give any
useful information about the rate of porphyrin rotation,
because there is no markable proton which reflects this rate.
This preliminary finding stimulated us to further investigate
the influence of Ag� binding on the rotational freedom of
porphyrin ligands and the location of the binding sites.[3] Here
we report on systematic reinvestigations of Ag� binding to a
series of cerium(��) bis-porphyrinates by cold spray ionization
mass spectrometry (CSI-MS),[12] and UV-visible, 1H NMR,
and resonance Raman (RR) spectroscopy. We found that the
cerium(��) bis-porphyrinates can bind three Ag� ions, mainly
within the � clefts defined by the two porphyrin ligands.
Moreover, it was found that the rate of rotation of the
porphyrin planes is not decelerated but accelerated by the
guest Ag� ions. The interesting, but totally unexpected,
mechanistic origin of this cooperative complexation differs
from our preliminary assumption and from previously descri-
bed allosteric host ± guest systems. This mechanism offers
novel ideas for designing new artificial allosteric systems for
the recognition of molecules and ions.


Results and Discussion


Synthesis of double-decker porphyrin complexes :
[Ce(bbpp)2], [Ce(tmpp)2], [Ce(tfpp)2], [Ce(tmcpp)2], and
[Ce(tmpp)(tmcpp)] were synthesized from the corresponding
free-base porphyrins by reaction with [Ce(acac)3] (acac�
acetylacetonato) according to the method reported by Buch-
ler et al.[13] The products were identified by tow-dimensional
COSY 1H NMR spectroscopy at �40 �C (the peaks were
significantly broadened at room temperature), FAB-MS, and
elemental analyses.


UV/visible and CSI-MS spectroscopic studies : On addition of
CF3SO3Ag to a solution of [Ce(bbpp)2] (5.00��) in chloro-
form/methanol (4:1) at 25 �C, the Soret band of [Ce(bbpp)2]
shifted from 387.0 to 392.0 nm with distinct isosbectic points
(Figure 1). This result implies that the reaction involves only
two species in a single equilibrium. A similar bathochromic
shift of the Soret band was observed for all the cerium(��) bis-
porphyrinates ([Ce(porph)2]) studied here with Ag� ions
(400.0 to 414.0 nm for [Ce(tmpp)2], 394.0 to 409.0 nm for
[Ce(tfpp)2], 398.5 to 409.0 nm for [Ce(tmcpp)2], and 399.5 to
414.0 nm for [Ce(tmpp)(tmcpp)]). These spectral data are
summarized in Table 1. No spectral change in both the Soret
and the Q-bands of [Ce(bbpp)2] was induced by the addition
of sodium, potassium, and cesium ions. Moreover, the Tl� ion,
which tends to bind to �-basic aryl groups by �6-type cation ±�
interaction,[14] also did not induce any spectral change.


When an excess of tetrabutylammonium chloride was
added to the solution containing [Ce(bbpp)2] and Ag�, AgCl
precipitated and the Soret band of the solution shifted back to
the original absorption maximum observed in the absence of
Ag�. The 1H NMR experiments (see below) showed that all


Figure 1. Concentration dependence of the UV-visible spectra (top) and
differential spectrum (bottom): [Ce(bbpp)2]� 5.0��, CF3SO3Ag� 0 ±
100��, chloroform/methanol (4:1) at 25 �C.


[Ce(porph)2] ±Ag� complexes studied here were diamagnetic
and maintained their double-decker structures without dis-
sociation into monomers upon addition of Ag�. These findings
show that the Ag� ion does not undergo a redox reaction with
cerium(��) to yield paramagnetic CeIII or porphyrin � radical
cation species, nor is it bound by electrostatic interaction with
[CeIII(P)2]� . The redox potentials of [Ce(bbpp)2] (0.51 V vs
Ag/AgCl) and [Ce(tmpp)2] (0.55 V) in dichloromethane/
methanol (4:1) with 0.1� tetrabutylammonium perchlorate
(TBAP) also support the view that no oxidation by Ag�


(oxidation potential ca. 0.35 V) occurs under these conditions.
In other words, the Ag� ion undergoes cation ±� interactions
with [Ce(porph)2].[14a, 15]


Importantly, plotting the Soret band absorbance versus
CF3SO3Ag concentration (Figure 2) resulted in sigmoidal


Table 1. UV-visible spectroscopic data and binding parameters obtained
from the Hill plot.[17]


Compound �max shift (Soret band)/
��max [nm]


nH
[a] logK R[b]


[Ce(bbpp)2] 387.0� 392.0/5.0 2.7 12.8 0.99
[Ce(tmpp)2] 400.0� 414.0/14.0 2.2 11.2 0.99
[Ce(tmcpp)2] 398.5� 409.0/10.5 2.1 9.0 0.99
[Ce(tfpp)2] 394.0� 409.0/15.0 1.7 6.6 0.91
[Ce(tmpp)(tmcpp)] 399.5� 414.0/13.5 2.6 10.6 0.99


[a] Hill coefficient obtained from Hill equation (see text). [b] Correlation
coefficient of Hill plot.
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Figure 2. Plots of absorbance change versus CF3SO3Ag concentration
([Ce(porph)2]� 5��): �max� 387.0 for [Ce(bbpp)2], 400.0 for [Ce(tmpp)2],
399.5 for [Ce(tmpp)(tmcpp)], and 398.5 nm for [Ce(tmcpp)2].


curves, that is, the binding of the Ag� ions to [Ce(porph)2]
occurs cooperatively (i.e. , shows a positive homotropic
allosterism).


To analyze these sigmoidal
curves and to evaluate the binding
constants with Ag�, we first con-
firmed the stoichiometry by con-
tinuous-variation plots (Job plots)
and molar-ratio plots.[16, 17a] Plots
of the absorption changes in the
Soret band versus [Ce(porph)2]/
([Ce(porph)2]� [Ag�]) showed a
maximum at 0.25, which suggests
that the complexes consist of one
[Ce(porph)2] host and three Ag�


guests. The 1:3 stoichiometry was
also confirmed by plotting the
absorbance at 468 nm against
Ag� concentration (molar-ratio
plot).[11e] 1H NMR titration experi-
ments (see below) also revealed
that [Ce(bbpp)2], [Ce(tmcpp)2],
and [Ce(tmpp)(tmcpp)] bind Ag�


in the stoichiometry 1:3. The stoi-
chiometry of Ag� binding was further supported by CIS-MS
measurement.[12] The CSI-MS spectrum for [CF3SO3Ag]/
[Ce(bbpp)2]� 25 in chloroform/methanol (4:1) showed strong
peaks at m/z� 1457.6, 1713.4, and 1971.5, which can be
assigned to [Ce(bbpp)2�Ag�], [Ce(bbpp)2�2Ag�CF3SO3


�],
and [Ce(bbpp)2�3Ag�2CF3SO3


�], respectively (Figure 3).
The cooperative guest bindings were analyzed with the


Hill equation[17]: log [y/(1� y)]� nHlog[guest]� logK, in
which K, y, and nH are the association constant, degree of
saturation, and the Hill coefficient, respectively, and y�K/
([guest]�n�K). From the slope and the intercept of the linear
plots (Hill plots), we obtained logK and nH (Table 1). The
magnitude of the binding constants decreases in the following
order: [Ce(bbpp)2]� [Ce(tmpp)2]� [Ce(tmpp)(tmcpp)]�


[Ce(tmcpp)2]� [Ce(tfpp)2]. This clearly shows that the com-
plexation of Ag� ions is influenced by the type of substituents
in the meso positions. The Hill coefficients nH in the range of
1.7 ± 2.7 indicate that Ag� binding occurs cooperatively, since
a higher value of nH is related to a higher degree of
cooperativity.[17] The maximum is equal to the number of
available binding subunits. Thus, the nH values (1.7 ± 2.7) are
compatible with the 1:3 stoichiometry.


The double-decker complexes studied here have two
different kinds of � clefts: the porphyrin cores and the
meso-aryl groups (Figure 4). The Ag� ion is known to form
complexes with aromatic rings by cation ±� interactions.[14a, 15]


Here, Ag� binding occurs even with [Ce(tfpp)2],
[Ce(tmpp)(tmcpp)], and [Ce(tmcpp)2], which bear electron-
withdrawing COOMe or F substituents on the meso-aryl
groups. Moreover, [Ce(bbpp)2] with two meso-aryl � clefts
can bind three Ag� ions. As far as we know, no precedent for a
cation ±� interaction in solution between Ag� and electron-
poor � systems bearing methoxycarbonylphenyl or fluoro-
phenyl groups has been reported. We therefore propose that
Ag� ions interact mainly with the porphyrin ligands them-
selves; that is, the most likely location of the Ag� ion is within
the concave porphyrin � cleft (Figure 4B). Kadish et al.[18]


Figure 3. CSI-MS spectrum of [CF3SO3Ag]/[Ce(bbpp)2] (1:25) in chloroform/methanol (4:1).


Figure 4. Plausible binding sites for Ag� : meso-aryl � cleft (A) and
porphyrin � cleft (B).
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reported that meso-aryl groups in tetraarylporphyrin metal
complexes do not affect the � basicity of the porphyrin core
very much, because substituents in the meso positions are
arranged almost perpendicular to the porphyrin plane. This
reasonably explains why the Ag�-binding porphyrin � clefts in
[Ce(tfpp)2], [Ce(tmcpp)2], and [Ce(tmpp)(tmcpp)] can accept
Ag� ions even in the presence of electron-withdrawing groups
on the meso-aryl rings, although the affinity for Ag� ions
decreases to some extent.


The �max of the Soret band of the [Ce(porph)2] ± 3Ag�


complexes were very close to those of the corresponding
cerium(���) complexes, [CeIII(porph)2], produced by electro-
chemical reduction. The �max values of [CeIII(tmpp)2] and
[CeIII(bbpp)2] obtained from electrochemical reduction[13f] are
415 and 404 nm, respectively. This bathochromic shift due to
electrochemical reduction from CeIV to CeIII is probably
attributable not only to the difference in the ionic radius
between CeIII (1.14 ä) and CeIV (0.97 ä), but also to the
weaker � ±� interactions.[3, 13] In the present study, we have
confirmed that neither the redox reaction nor the degradation
of [Ce(porph)2] occurs during the Ag� complexation process
(vide supra). The mean distance between the pyrrole �-
protons in cerium(��) bis-porphyrinate was estimated to be
about 4 ä from the X-ray crystallographic studies.[11b, 13c, 13f]


X-ray crystallographic studies show that silver ions bound to
benzene molecules lie at the edge of the aromatic ring, where
they interact with one of the double bonds with an Ag� ±
benzene distance of 2.5 ä.[19] The porphyrin � cleft (Fig-
ure 4B) is clearly too narrow to accept a Ag� ion by cation ±�
interaction. Binding of the the first Ag� ion to the porphyrin
clefts would weaken the � ±� interactions between the
porphyrins and/or cause a conformational change of [Ce-
(porph)2] such as a slight elongation of the porphyrin ± por-
phyrin distance. This facilitates the binding of the second and
third Ag� ions and induces the bathochromic UV-visible
spectral shift, as summarized in Table 1. This binding mech-
anism should influence the rotation rate of the porphyrin
planes in [Ce(porph)2]. This was further investigated by VT
1H NMR spectroscopy.


1H NMR spectropic studies : We have already reported
preliminary 1H NMR spectroscopic studies on various mix-
tures of [Ce(tmpp)2] and CF3SO3Ag in CD2Cl2/CD3OD
(4:1),[10e] for which we found
the following results:
[Ce(tmpp)2] can bind three
Ag� ions, and in the presence
of an excess of Ag� (20 equiv),
the signals for the 4-methoxy-
phenyl and pyrrole �-protons of
[Ce(tmpp)2] shift to lower field
at all temperatures (�80 to
�30 �C). The largest downfield
shift was observed for the pyr-
role �-protons (��� 0.43 at
�40 �C). We assumed a conven-
tional binding mechanism in
which cooperative Ag� binding
arises from successive suppres-


sion of the rotational freedom of the porphyrin rings and/or
the peripheral meso-aryl groups in [Ce(tmpp)2].[10e] However,
VT 1H NMR measurements on [Ce(tmpp)2], [Ce(tmcpp)2],
[Ce(tfpp)2], and [Ce(tmpp)(tmcpp)] did not give any useful
information about the rate of porphyrin rotation, because
they have no markable proton that reflects the rotation rate of
the porphyrin rings.[3] Moreover, the rate of the porphyrin-
ring rotation in cerium(��) bis-tetraarylporphyrinate double-
deckers is much slower than the NMR timescale.[3, 20, 21] This
means that the rotational freedom of the porphyrin rings in
[Ce(tmpp)2], [Ce(tmcpp)2], [Ce(tfpp)2], and [Ce(tmpp)-
(tmcpp)] cannot be evaluated by the VT NMR technique.


To obtain further insight into the Ag� complexation and
dynamic behavior by VT 1H NMR spectroscopy, we chose
[Ce(bbpp)2] as a mechanistic probe. In this derivative of
cerium(��) bis-diphenylporphyrinate, the rate of rotation of
the porphyrin ligands is comparable to the NMR timescale.[3]


[Ce(bbpp)2] bears four 4-butoxyphenyl groups and has D2


symmetry. This makes the observation of porphyrin rotation
by VT 1HNMR spectroscopy easier, since two pairs of pyrrole
�-protons should exchange during ligand rotation and coa-
lesce with each other at some temperature (Scheme 1).


Scheme 1.


The 1H NMR spectra of [Ce(bbpp)2] for [Ce(bbpp)2]/
[CF3SO3Ag]� 1:0 ± 1:5 and 1:20 were measured at six temper-
atures. The complexation-induced chemical shifts of the
4-butoxyphenyl and pyrrole �-protons gradually move to
lower field up to [Ce(bbpp)2]/[CF3SO3Ag]� 1:3 and then are
saturated at higher CF3SO3Ag concentrations. Figure 5 shows


Figure 5. Complex-induced chemical shift of 4-butoxyphenyl groups at 25 �C in CD2Cl2/CD3OD (4:1).
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the complex-induced chemical shift of the 4-butoxyphenyl
groups. For [CF3SO3Ag]/[Ce(bbpp)2]� 3, the peaks assign-
able to the [Ce(bbpp)2] ±Ag� complex broaden between 0 and
�40 �C and are separate from those of free [Ce(bbpp)2] at
�80 �C (Figure 6). Under the measurement conditions, there
are two equilibria–intermolecular Ag� exchange and por-
phyrin rotation–the rates of which are comparable on the
NMR timescale. On the other hand, from the spectra at
[CF3SO3Ag]/[Ce(bbpp)2]� 3, 5, and 20, only one species,
which can be assigned to the complex [Ce(bbpp)2] ± 3Ag�, is
identified at all temperatures from the coalescence behavior
of the pyrrole �-protons. Hence, the porphyrin rotation rate
can be evaluated at [CF3SO3Ag]/[Ce(bbpp)2]� 3 by using the
coalescence temperature Tc of the pyrrole �-protons. In
[Ce(bbpp)2] ± 3Ag�, the structure should become unsymmet-
rical. The 1H NMR spectral pattern of the 1:3 complex is
simple under conditions for which the intermolecular Ag�


exchange is much slower than the NMR timescale. This
implies that we observe the averaged 1H NMR spectrum,
because intramolecular Ag� exchange is faster than the NMR
timescale, even at �80 �C. This could be the reason why the
intensities of the pyrrole �-protons are equal in a complex
with 1:3 stoichiometry.


The rate of porphyrin-ligand rotation in [Ce(bbpp)2] was
estimated in the presence ([Ce(bbpp)2]/[CF3SO3Ag]� 1:20)
and absence of Ag�. Without Ag� at �40 �C in CDCl3/
CD3OD (4:1), four doublets assignable to the pyrrole �-
protons appeared (Figure 7A) at �� 8.43 (d), 8.58 (e), 8.80 (f),
and 8.88 ppm (g), consistent with the symmetry. With
increasing temperature, the exchangeable peaks d/e and f/g
broaden somewhat at 10 �C and then coalesce with each other
at 20 �C due to porphyrin rota-
tion. The exchange rate constant
for a pair of pyrrole protons was
evaluated to be 200 s�1 at 20 �C
(�G�


293 � 14.1 kcalmol�1) by us-
ing the Gutowsky and Holm
equation.[22] This value is almost
comparable to those of the pre-
viously reported similar double-
decker compounds[3] (Table 2).
In the presence of 20 equiv of
Ag�, these peaks coalesce at
�40 �C, which corresponds to
220 s�1 (�G�


233 � 11.0 kcalmol�1;
Figure 7B and Table 2). It is very
surprising that Ag� binding low-
ers Tc by 60 �C rather than
increasing it.


Aida et al.[3] and we[11c, 20, 21]


independently reported that the
rotational freedom of the por-
phyrin ligands depends on sev-
eral factors such as the ionic
radius of the central metal atom,
the redox state of the porphyrin
ligands, protonation of porphyr-
in ligands,[23] and the bulkiness
of the meso-aryl groups. The


Figure 6. Aromatic region of the 1H NMR spectra of [Ce(bbpp)2] (A) at
�40 �C (in CDCl3/CD3OD 4:1) and mixtures of [Ce(bbpp)2] with 1 (B), 2
(C), 3 (D) and 20 equiv (E) of CF3SO3Ag at �80 �C (in CD2Cl2/CD3OD
4:1).


Figure 7. Aromatic region of the 1H NMR spectra of [Ce(bbpp)2] (A) and a mixture of [Ce(bbpp)2] with
20 equiv of CF3SO3Ag (B) at various temperatures (�50 �C to�40 �C in CDCl3/CD3OD (4:1);�40 �C to�80 �C
in CD2Cl2/CD3OD (4:1)). Solvent peaks are marked by an asterisk.
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present study has confirmed by UV-visible and 1H NMR
spectroscopy that neither redox reactions to produce para-
magnetic species nor degradation of [Ce(porph)2] occurs
during the Ag�-complexation process. One can safely elimi-
nate the possibility of the redox reaction between [Ce-
(porph)2] and Ag� and/or protonation to give Ce(porph). The
above spectral observations therefore suggest that the most
likely mechanism is that complexation of Ag� by the � cleft
induces conformational changes in the porphyrin ligands that
weaken the � ±� interaction and/or slightly lengthen the
distance between the two porphyrin ligands and thus reduce
the steric crowding. These changes could facilitate rotation.
Additional information about a change in the interporphyrin
distance due to cooperative Ag�-ion binding might be
obtained by the NOE technique with [Ce(tmpp)(tmcpp)].
This hetero bis-porphyrinate has two sets of distinct pyrrole
and meso-aryl proton signals suitable for NOESY and NOE
measurements. However, saturation transfer occurs both in
the presence and absence of Ag� ions, even at �20 and
�40 �C. This makes it difficult to obtain useful information
about the change in the distance between the pyrrole �-
protons.


Neverthelss, the trend in the binding constants in Table 1
and the downfield shift of the meso-aryl protons induced by
Ag� binding (Figures 5, 6, and 7) show that some assistance of
themeso-aryl groups in the binding of Ag� to the porphyrin �


clefts cannot yet be ruled out. To reveal the effect of themeso-
aryl groups on the Ag� binding to [Ce(porph)2], meso-aryl-
free cerium(��) bis(tetranonylporphyrinate) was chosen as a
control compound. However, this compound was oxidized by
Ag� ion, and a hypsochromic shift of the Soret band from
398.0 to 394.0 nm was observed instead of a bathochromic
shift. This is because its oxidation potential (0.30 V vs Ag/
AgCl in dichloromethane/methanol (4:1), 0.1� TBAP) is
lower than that of cerium(��) bis-tetraarylporphyrinates.[13f, 24]


It seems difficult, therefore, to collect further useful informa-
tion by 1H NMR spectroscopy.


Resonance Raman (RR) spectroscopic studies : We tried
many times to obtain a single crystal of a [Ce(porph)2] ±Ag�


complex suitable for X-ray crystallographic analysis, but were
unsuccessful. Therefore, we performed RR studies in solution.
The RR spectra (excitation at 413.1 nm) of [Ce(tmpp)2],
[Ce(bbpp)2], and [Ce(tmpp)(tmcpp)] in the range of 400 ±
1800 cm�1 in the absence and presence of Ag� ion are shown
in Figure 8. Frequencies of selected vibrational modes �1, �2 ,
and �4 were assigned on the basis of work by Bocian et al.[25]


(Table 3). Shelnutt et al. reported systematic solution and
solid-state Raman spectroscopic investigations on synthetic
nonplanar metalloporphyrins.[26] These studies revealed


Figure 8. High-frequency region of the 413.1 nm excitation resonance
Raman spectra. a) [Ce(tmpp)2], b) [Ce(tmpp)2] with 20 equiv of AgOTf,
c) [Ce(bbpp)2], d) [Ce(bbpp)2] with 50 equiv of AgOTf,
e) [Ce(tmpp)(tmcpp)], and f) [Ce(tmpp)(tmcpp)] with 50 equiv of AgOTf
in dichloromethane/methanol (4:1). Solvent peaks are marked by an
asterisk.


Table 2. Tc and kc values for porphyrin-ring rotation (oscillation).


[Ce(bbpp)2] [Ce(bbpp)2]� 20 equiv CF3SO3Ag


Tc 20 �C � 40 �C
kc


[a] at Tc 200 s�1 220 s�1


�G�[b] �G�
293 � 14.1 kcalmol�1 �G�


233 � 11.0 kcalmol�1


[a] kc� [(��� 600)��/2]1/2 [s�1]. [b] �G�� 4.576Tc[10.319� log(Tc/kc)]
[calmol�1].


Table 3. Selected resonance Raman frequencies [cm�1] of the [Ce(porph)2].[a]


Complex �2 �4 �1


[Ce(tmpp)2][b] 1543.5 1347.0 1229.0
[Ce(tmpp)2] ±Ag complex 1538.5 (�5.0)[c] 1345.9 (�1.1) 1225.9 (�3.1)
[Ce(bbpp)2][b] 1545.1 1351.2 1248.6
[Ce(bbpp)2] ±Ag complex 1538.4 (�6.7) 1347.2 (�4.0) 1244.2 (�3.4)
[Ce(tmpp)(tmcpp)][b] 1549.7 1348.1 1235.2
[Ce(tmpp)(tmcpp)] ±Ag complex 1543.0 (�6.7) 1347.0 (�1.1) 1231.4 (�3.8)


[a] Spectra of all [Ce(porph)2] complexes obtained with �ex� 413.1 nm. [b] Mode
numbering and assignments follow ref. [25]. [c] Frequencies in parentheses are
differences between [Ce(porph)2] and [Ce(porph)2] ±Ag�.
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that the bands �2 and �4 are structure-sensitive and the
oxidation-state marker line, respectively. Moreover, they have
demonstrated that increasing the nonplanar distortion of the
porphyrins causes a shift to lower frequency in the band �2 , a
longer metal ± nitrogen distance of the pyrrole moieties, and a
bathochromic shift of the Soret band.[25] In this work, the �1,
�2 , and �4 bands of the [Ce(porph)2] ± 3Ag� complexes were
all shifted to lower frequency relative to [Ce(porph)2].
Especially the structure-sensitive line �2 shifted to lower
frequency by 5.0 ± 6.7 cm�1, whereas the oxidation-state
marker line �4 was less strongly shifted (1.1 ± 4.0 cm�1). These
spectral changes indicate that the distortion of the porphyrin
ligand planes in [Ce(porph)2] is induced by the guest Ag� ions.
Since [Ce(porph)2] has a square-antiprismatic coordination
geometry,[13f] we propose that the deformation arises from a
conformational change in the porphyrin planes to a more
domed structure. This is consistent with our proposal, based
on other spectral evidence, that the slight conformational
changes in the porphyrin ligands take place by cooperative
Ag�-ion complexation so as to weaken the � ±� interactions
and enhance the rotational activity of the ligands.


Conclusion


In conclusion, we have demonstrated that cerium(��) bis-
porphyrinate double-deckers show positively homotropic
allosterism in Ag� binding, and the peripheral � clefts of the
porphyrin ligands act as effective Ag� binding sites. More-
over, the rate of the porphyrin ligand rotation is nonlinearly
accelerated with increasing Ag� ion concentration. Such an
allosteric behavior can be regarded as a sort of ™on/off∫
switching function. In other words, cerium(��) bis-porphyri-
nate double-deckers can behave as rotating modules which
can switch their rotational speed at the right time and in the
right place by means of the Ag� concentration. More
important is the finding that the origin of the positive
homotropic allosterism in the present system is different
from those reported earlier. The typical mechanism so far
reported is that binding of the first guest suppresses the
molecular motion of the host, and this entropically facilitates
the binding of the second and third guests. In the present
system, the binding of the first Ag� ion guest would adjust the
size of the � cleft and thus makes it suitable for binding
further Ag� and instead enhances the molecular motion of the
host. This offers a new concept for designing positive
homotropic allosterism as well as rotating molecular modules
with a switching function. Therefore, we believe that further
elaboration of the present system should lead to a more
generalized concept for designing allosteric modules, not only
in artificial systems but also in biological systems.


Experimental Section


General : All starting materials and solvents were purchased from Tokyo
Kasei Organic Chemicals or Wako Organic Chemicals and used as
received. The 1H NMR spectra were recorded on a Brucker AC250
(250 MHz) or Brucker DRX600 (600 MHz) spectrometer. Chemical shifts
are reported in downfield from tetramethylsilane as internal standard.


Mass spectral data were obtained on a Perseptive Voyager RP MALDI-
TOF mass spectrometer and/or a JEOL JMS HX110A high-resolution
magnetic-sector FABmass spectrometer. UV-visible spectra were recorded
with a Shimadzu UV-2500 PC spectrophotometer. Resonance Raman
spectra were obtained on a SpectraPro-300i (Action Research Co.)
spectrograph (operating with a 2400-groove grating) with a SpectraPhysics
Beamlok 2060 Kr Ion Laser (413.1 nm) and a liquid-N2-cooled CCD
detector. The spectra for solution samples were collected in spinning cells
(2 cm diameter, 1500 rpm) with a laser power of 20 mW, 90� scattering
geometry, and 5 min data accumulation. Peak frequencies were calibrated
relative to indene and CCl4 standards and were accurate to �1 cm�1.
During each Raman experiment, UV-visible spectra were simultaneously
collected on a Hamamatsu PMA-11 CCD spectrophotometer with a Photal
MC-2530 as light source (D2/W2).


Syntheses : Cerium(��) bis-porphyrinate double-deckers were synthesized
from the corresponding free-base porphyrins according to the method of
Buchler et al.[13] [Ce(tmpp)2],[13c] [Ce(tmcpp)2],[13a] and BBPPH2


[27] were
synthesized according to methods reported previously.


[Ce(tmpp)2]: 1H NMR (CH2Cl2, �40 �C, 600 MHz): �� 4.15 (s, 24H), 6.48
(d, J� 8.0 Hz, 8H), 6.91 (d, J� 8.0 Hz, 8H), 7.77 (d, J� 8.0 Hz, 8H), 8.37 (s,
16H) , 9.54 (d, J� 8.0 Hz, 8H); MALDI-TOF MS: m/z calcd for [M��H]:
1606.76; found: 1606.88; elemental analysis (%) calcd for C96H72CeN8O8 ¥
0.75C6H3Cl3: C 69.21, H 4.42, N 6.42; found: C 69.51, H 4.79, N 6.22.


[Ce(tmcpp)2]: 1H NMR (CH2Cl2, 25 �C, 600 MHz): �� 4.15 (s, 24H), 6.49
(br s, 8H), 7.96 (br s, 8H), 8.27 (s, 16H), 8.83 (br s, 4H) , 9.62 (br s, 4H);
MALDI-TOF MS: m/z calcd for [M��H]: 1830.85; found: 1830.94;
elemental analysis (%) calcd for C104H72CeN8O16 ¥ 2H2O: C 66.94, H 4.11,
N 6.01; found C 66.74, H 4.24, N 5.64.


5,15-bis(4-butoxyphenyl)porphyrin (BBPPH2): 1H NMR (25 �C, CDCl3,
250 MHz): �� 1.13 (t, 6H), 1.68 (s, H), 2.07 (s, 8H), 4.29 (t, 4H), 7.34 (d,
4H), 8.18 (d, 4H), 9.13 (d, 4H), 9.39 (d, 4H), 10.30 (s, 2H); MALDI-TOF
MS: m/z calcd for [M��H]: 607.31; found: 607.91.


[Ce(bbpp)2]: [Ce(acac)3] ¥ 3H2O (320 mg, 3 equiv) was added to a stirred
solution of 5,15-bis(4-butoxyphenyl)porphyrin (BBPPH2; 100 mg,
0.165 mmol) in 1,2,4-trichlorobenzene (15 mL). The mixture was heated
to reflux for 5 h under nitrogen atmosphere. After cooling to room
temperature, the solvent was removed in vacuo. The residue was purified
by column chromatography (silica, chloroform) and size-exclusion chro-
matography (Bio-beads SX-1, chloroform) to yield [Ce(bbpp)2] as a purple
solid (15 mg, 13%). 1H NMR (�40 �C, CDCl3/CD3OD 4:1, 600 MHz): ��
1.19 (t, 12H), 1.78 (s, 8H), 2.07 (s, 8H), 4.38 (t, 8H), 6.41 (d, 4H), 6.90 (d,
4H), 7.89 (d, 4H), 8.43 (d, 4H), 8.58 (d, 4H), 8.80 (d, 4H), 8.88 (d, 4H), 9.19
(s, 4H), 9.71 (d, 4H); FAB-MS (magic bullet): m/z calcd for [M��H]:
1349.4809; found: 1349.4518; elemental analysis (%) calcd for CeC80H72-
N8O4 ¥ 0.5CHCl3: C 70.40, H 5.59, N 7.61; found: C 70.20, H 5.59, N 8.19.


[Ce(tfpp)2]: [Ce(acac)3] ¥ 3H2O (325 mg, 3 equiv) was added to a stirred
solution of 5,10,15,20-tetrakis(4-fluorophenyl)porphyrin (TFPP; 150 mg,
0.22 mmol) in 1,2,4-trichlorobenzene (15 mL). The mixture was heated to
reflux for 24 h under nitrogen atmosphere. After cooling to room temper-
ature the solvent was removed in vacuo. The residue was purified by
column chromatography (silica, chloroform) and size-exclusion chroma-
tography (Bio-beads SX-1, chloroform) to yield [Ce(tfpp)2] as a purple
solid (15 mg, 9%). 1H NMR (�40 �C, CDCl3, 600 MHz): �� 6.31 (m, 8H),
6.97 (m, 8H), 7.86 (m, 8H), 8.27 (s, 16H), 9.51 (d, 8H); FAB-MS (magic
bullet): m/z calcd for [M��H]: 1509.3007; found: 1509.3016.


[Ce(tmpp)(tmcpp)]: [Ce(acac)3] ¥ 3H2O (353 mg, 3 equiv) was added to a
stirred solution of 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin
(TMPP; 200 mg, 0.24 mmol) and 5,10,15,20-tetrakis(4-methoxyhenyl)por-
phyrin (TMCPP; 208 mg, 0.29 mmol) in 1,2,4-trichlorobenzene (30 mL).
The mixture was heated to reflux for 36 h under nitrogen atmosphere.
After cooling to room temperature the solvent was removed in vacuo. The
residue was purified by column chromatography (silica, dichloromethane/
acetone 100/1) and size exclusion chromatography (Bio-beads SX-1,
chloroform) to yield [Ce(tmpp)(tmcpp)] as a purple solid (10 mg, 10%
based on TMCPP). 1H NMR (�40 �C, CDCl3/CD3OD 4:1, 600 MHz): ��
4.13 (s, 24H), 6.48 (d, 4H), 6.63 (d, 4H), 6.92 (d, 4H), 7.73 (d, 4H), (d, 4H),
7.99 (d, 4H), 8.35 (s, 8H), 8.42 (s, 8H) 8.88 (d, 4H), 9.44 (d, 4H), 9.74 (d,
4H); FAB-MS (magic bullet): m/z calcd for [�M�H]: 1717.4402; found:
1717.4459.
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Binding-isotherm analysis : Cooperative guest binding was analyzed
according to the Hill equation[16]: log(y/(1� y))�nlog[guest]� logK,
where K, y, and nH are the association constant, extent of complexation,
and Hill coefficient, respectively. From the slope and the intercept of the
linear plots one can estimate K and nH, which are useful measures of the
cooperativity.[16] In the analysis of the binding isotherm by Hill plot, we
evaluated the concentration of unbound Ag� by assuming that 100% 1:3
complex is formed when the absorption change is saturated.
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1H NMR Determination of Absolute Configuration of 1- or
2-Aryl-Substituted Alcohols and Amines by Means of Their Diastereomers:
Novel Separation Technique of Diastereomeric Derivatives of Pyridyl
Alcohols by Extraction


Masato Matsugi,[c] Kinuyo Itoh,[c] Masatomo Nojima,[b]
Yuri Hagimoto,[a] and Yasuyuki Kita*[a]


Abstract: A convenient method to determine the absolute configuration of trans-2-
aryl cyclohexanols, 1-aryl alcohols and amines was achieved. This method takes
advantage of the 1H NMR spectroscopic observations of the remarkable high-field
shift of C18-CH3 protons caused by the aromatic shielding effect. It is based on a
discrimination of the difference of the environments in two diastereomers derived
from 3�-acetoxy-5-etienic acid. Furthermore, it was observed that the corresponding
diastereomeric derivatives of the pyridyl alcohols were simply separated by
extraction based on the difference in their basicity.


Keywords: CH±pi interaction ¥
configuration determination ¥
diastereomer extraction ¥ NMR
spectroscopy


Introduction


Determination of the absolute configuration of chiral alco-
hols, amines and their analogues is one of the important
subjects in organic chemistry,[1] since many biologically active
compounds are associated with a chiral sense dependence on
the activities.[2] X-ray crystallographic analysis or 1H NMR
spectroscopic analysis, represented by the modified Mosher
method,[3] have been frequently used methods to determine
the absolute configuration in this field. The serious drawback


of an X-ray crystallographic analysis is the necessity to obtain
high-quality single crystals of the target molecule; this is
sometimes associated with difficulties. Although the modified
Mosher method is an excellent method to determine the
absolute configuration, with some exceptions,[4] it requires the
preparation of both corresponding diastereomeric esters with
�-methoxy-�-trifluoromethylphenylacetic acid. Because of
these circumstances, we have described a convenient
1H NMR spectroscopic method to determine the absolute
configuration of some aryl-substituted alcohols and amines[5]


that is based on the observations of the remarkable shielding
effect which discriminates between the environments in two
diastereomers[6] in the optically active molecules. We also
described the distinguishing difference in the pKa values of
the diastereomeric derivatives of trans-2-pyridylcyclohexa-
nols, which allows a simple separation by extraction.[7] This
skillful technique is the first example of the separation of
diastereomers by extraction with achiral media. We now
describe the full account of these studies, in which a
connection for the chiral discrimination between the CH
moiety and the � moiety is described.[8]


Results and Discussion


Our first interest was to explore the possibility of discrim-
inating the environments in two diastereomers by an intra-
molecular CH±� interaction in a chiral environment. The
CH±� interaction,[9] which was proposed by Nishio et al. in
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1977,[10] is an attractive force between a soft acid and a soft
base, and it provided an important contribution to the
understanding of weak intramolecular forces and their
potential value to the physical, chemical and biochemical
sciences.[9e] First of all, we planned an 1H NMR analysis of
compounds 3 and 4, which both bear a CH moiety, derived
from the optically active 3�-acetoxy-5-etienic acid,[11] and a �
moiety, derived from the (�)-trans-2-arylcyclohexanol deriv-
ative,[12] in the same molecule (Scheme 1).
In this system, we expected an effective intramolecular


attractive force based on a CH±� interaction between the


aromatic ring moiety of the
racemic alcohols and the �-
methyl moiety at the 18-posi-
tion (C18-CH3) of the optically
active steroid ring that exists
only in the (1S, 2R) isomer
3a.[13] A molecular orbital anal-
ysis of the compounds 3a and
4a by MO calculation (PM3)[14]


suggested this possibility, as
depicted in Figure 1.
With the above postulation in


mind, we prepared a mixture of
the two diastereomeric esters,
3a and 4a, from (�)-trans-2-
phenyl-1-cyclohexanol. As
shown in Figure 2, the 1H NMR
spectrum of the mixture indi-
cated that the chemical shift
(�� 0.039) of the �-methyl at
the 18-position (C18-CH3) of
one isomer is quite different
from that of the other isomer
(�� 0.449). This suggests that
the two methyl groups are in
quite different environments.
To determine which isomer


shows the remarkable high-
field shift, the stereo-defined
compound 3a was prepared
from the enantiomerically pure
(1S, 2R)-alcohol 1a. Consistent
with the prediction from the
MO calculations, the �-methyl
protons at the 18-position ap-
peared at an unusually high
field in the 1H NMR spectrum


Figure 1. Calculated conformation of (1S, 2R) isomer 3a showing CH±�
interaction.


(�� 0.039; Figure 3). There-
fore, it is reasonable to consider
that that the unusual high-field
shift is derived from a CH±�
interaction. In addition, 3a
showed a red shift of the E1
absorption relative to that of
4a in the UV spectrum in
acetonitrile (�max: 192 and


AcO


COCl


(S) (R)


AcO


CO2


AcO


CO2


Ar


OH
Ar


Ar


2 +


Et3N in CH2Cl2
(±)-1 4a-m3a-m


pyridyne
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Scheme 1. Diastereomeric derivatives (3 and 4) derived from 3�-acetoxy-5-etienic acid and (�)-trans-2-
arylcyclohexanols (acylation of (�)-1 with steroid compound 2).


Figure 2. Partial 1H NMR spectrum (600 MHz) of a mixture of diastereomeric isomers 3a and 4a in CDCl3 at
25 �C.


Figure 3. Partial 1H NMR spectrum (600 MHz) of (1S,2R) isomer 3a in CDCl3 at 25 �C.
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187 nm, respectively),[15] which supports the consideration of
the unusual high-field shift (�� 0.039) derived from an
affinity, such as a CH±� interaction.[16]


Interestingly, these remarkable high-field shifts of C18-CH3
in the (1S, 2R) isomer were also observed when other
deuterium solvents, such as [D4]methanol and [D6]benzene,
were used. The absolute values of the difference in the
chemical shifts of C18-CH3 between the S isomer and R
isomer obtained from each deuterium solvent is an indication
that CDCl3 was the most effective medium for the phenom-
enon (Table 1).


More clear-cut evidence for the CH±� interaction was
obtained by an X-ray crystallographic analysis of the (1S, 2R)
isomer 3c (Figure 4).[17] The �-methyl at the 18-position was
found to be placed in close proximity to the � face of the
anisyl group.[18] The closest interatomic distance between the
CH moiety and the aromatic � plane was shorter (2.92 ä)
than the sum of the van der Waals radii.[19] We assume that the
trigger of this interaction may fix the conformation to the ap
plane of the chiral esters,[20] and hence the interaction function
is superior to the steric effect between the CH and �moieties.
The NOESY spectrum in CDCl3 also supported the close
proximity between the CH moiety and � moiety.[21] Hence, it
seems that the structure in the solid state is retained in
solution.
Furthermore, the 1H NMR spectra of the variable temper-


ature conditions showed that the value of the chemical shift of
C18-CH3 moved to a higher field as the temperature was
lowered (���0.077 at�60 �C versus �� 0.043 at 23 �C). This
phenomenon appears to be the result of the transformation of


the molecule to the more stable CH±� conformation as the
molecular momentum decreased with decreasing temperature
(Table 2).


On the other hand, almost no change was observed in the
same variable temperature range in the 1H NMR of 4a
derived from the (1R, 2S)-alcohol regarding the chemical shift
value of C18-CH3. The X-ray crystallographic analysis of
compound 4c showed the absence of a similar CH±�
interaction in this molecule (Figure 5).


These findings led us to assume that a molecule for which
such an interaction is observed in the 1H NMR spectrum must
always have the (1S, 2R) configuration, since an intramolec-
ular CH±� interaction requires a highly ordered conforma-
tion. To verify our hypothesis, we performed, as a further
example, an X-ray crystallographic analysis to determine the
absolute configuration of the resolved chiral alcohol 1 f of the
corresponding diastereomer 3 f, which showed a CH±�
interaction in the NMR spectrum, bearing the (1S, 2R)
configuration (Table 3, entry 6). From the results, the deter-
mination of the configurations by means of the CH±�
interaction also seems to hold for other 2-arylcyclohexa-
nols.[22] This method has the advantage that it can easily
predict the absolute configuration with only one diastereom-
er, since the degree of high-field shift is abnormal.
Further examples are given in Table 3.[20] Note that the


alcohols bearing the various aromatic moieties, such as
naphthyl and heteroaryl functions, showed remarkable higher
field shifts (Table 3, entries 5 ± 13). These results seem to
suggest that the high electron density of the aromatic moiety
and/or the spreadability of the � plane lead to a significant
CH±� interaction.[23] .
It is worth noting that the LAH reduction of the individual


diastereomer (3 or 4) gave the corresponding optically pure
alcohol[24] in an almost quantitative yield, suggesting that the


Table 1. Chemical shifts of C18-CH3 of 3a and 4a in various deuterated
solvents at 25 �C.


Solvent �H 3a �H 4a ��H


CDCl3 0.039 0.449 0.410
CD3OD 0.045 0.430 0.385
C6D6 0.305 0.601 0.296


Figure 4. ORTEP drawing of (1S, 2R)-3c.


Table 2. Chemical shifts of �-CH3 at various temperatures.


Compound Position � in CDCl3
23 �C 0 �C � 30 �C � 60 �C


3a C18-CH3 0.043 0.005 � 0.040 � 0.077
C19-CH3 0.946 0.943 0.942 0.946


4a C18-CH3 0.450 0.443 0.438 0.438


Figure 5. ORTEP drawing of (1R, 2S)-4c.
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enantiomerically pure 1[9b] could be obtained by the removal
of the steroid moiety after recrystallisation, which could cause
a diastereomeric excess (de ; Scheme 2). An example is shown
in Figure 6.
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Scheme 2. Removal of steroid moiety.
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Figure 6. Speculation: contribution of stereoelectronic effect.


We assume that the stereoelectronic effect and/or the
rigidity of the configuration induced by the adjacent carbonyl
group also exerts such a strong CH±� interaction in the esters


3 (Figure 6). For instance, the red shift of the linked ester ±
carbonyl moiety of the diastereomers 3a in the IR spectra
supports the possibility of such a successive stereoelectronic
effect (�� 1727 cm�1 in 3a versus 1734 cm�1 in 4a). Although
recent reports concerning the calculations of the simple
intermolecular CH±� interaction suggest that the origin of
the interaction is the dispersion force rather than charge-
transfer force[25] and the stabilising energy is less than
1 kcalmol�1, we guess that the CH±� interaction we observed
is a special case based on the contribution of the effective
stereoelectronic effect.
If an interaction, such as charge transfer from the � moiety


to the CH(�*) moiety (Figure 6), is present,[23] the electron
density of the � moiety in the compound, which shows a
shielding effect, will be lower than that of the other
diastereomeric isomer. Thus, for the nitrogen-containing
heteroaromatics, it is possible to observe a differing basicity
between the diastereomers.
In fact, we observed a more interesting phenomenon than


that expected: each pair of corresponding diastereomers (3g
and 4g) derived from (�)-trans-2-pyridylcyclohexanol (1g)
could be effectively separated by extraction with achiral
organic media and aqueous acid. That is, partitioning between
an organic solvent, such as diethyl ether, and aqueous HCl
effectively allowed the separation of the diastereomers
(Scheme 3).
It is noteworthy that a pair of diastereomers could be


separated by simple extraction with achiral organic media and
aqueous acid. Only ether-type nonpolar organic media could
be effectively used as the extraction media (Table 4); the


AcO


COCl


OH


N


AcO


CO2


N


AcO


CO2


N


organic phase


aqueous phase
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Scheme 3. The separation of the diastereomers by extraction. [a] The
kinetic resolution of (�)-1 was observed in the acylation process when the
reaction stopped under the situation remaining unreacted 1. [b] The
indication of ™(1S, 2R)∫is depicted by the numbering position of 2-pyr-
idylcyclohexanols before acylation. [c] The ratio used was as follows:
a mixture of diastereomers 3 and 4/aqueous HCl/diethyl ether
� 0.3 g:20 mL:50 mL.


Table 3. 1H NMR spectroscopic determination of the absolute configu-
ration by means of the intramolecular CH±� interaction.


Entry Ar Yield
[%][a]


�H of C18-CH3
in 3 or 4[b]


Predicted
configuration
of resolved 1


1 Ph 3a 85 0.039 S[c]


4a 0.449 R
2 p-tolyl 3b 74 0.068 S


4b 0.481 R
3 4-methoxyphenyl 3c 77 0.006 S[d]


4c 0.490 R
4 4-chlorophenyl 3d 66 0.116 S


4d 0.486 R
5 1-naphthyl 3e 59 � 0.214 S


4e 0.322 R
6 2-naphthyl 3 f 33 � 0.246 S[d]


4 f 0.426 R
7 2-pyridyl 3g 92 0.115 S


4g 0.463 R
8 2-(3�-methylpyridyl) 3h 73 0.128 S


4h 0.443 R
9 2-(4�-methylpyridyl) 3 i 87 0.098 S[d]


4 i 0.464 R
10 2-(5�-methylpyridyl) 3 j 84 0.136 S


4 j 0.490 R
11 2-(6�-methylpyridyl) 3k 82 0.073 S


4k 0.463 R
12 2-(4�-chloropyridyl) 3 l 96 0.128 S


4 l 0.479 R
13 2-quinolyl 3m 91 � 0.226 S


4m 0.421 R


[a] Isolated yields of a mixture of diastereomers by column chromatog-
raphy. [b] 25 �C in CDCl3. [c] The configuration was confirmed by use of an
enantiomerically pure substrate with known absolute configuration.
[d] The configuration was confirmed by X-ray crystallographic analysis.
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suitable amount of ether was �40 ± 50 mL for 300 mg of the
crude diastereomer mixture (Table 5). It was likely that
aqueous HCl was the most suitable aqueous acid in terms of
practicality (Table 6 and Scheme 4).


AcO


CO2


N


AcO


CO2


N
organic phase


aqueous phase


a), b), or c)


(1S, 2R)-3g (1R, 2S)-4g


+


extraction


 (1S, 2R)-rich


 (1R, 2S)-richcrude (300mg)
1 ~ 4%de[a]


Scheme 4. a) The separation of the diastereomers by extraction using
various organic media (50 mL) and aqueous HCl (3%). b) The separation
of the diastereomers by extraction with diethyl ether and aqueous HCl
(3%). c) The separation of the diastereomers by extraction with various
acids (20 mL) and diethyl ether (50 mL). [a] The kinetic resolution of (�)-
1g was observed in the acylation process when the reaction stopped under
the situation remaining unreacted 1g.


It is quite interesting to note that the isomer with the aryl-
induced 1H NMR signal mostly existed in the organic phase
upon extraction (e.g., 3g : �� 0.12). We measured each pKa
value of the pyridinium chloride of the corresponding
diastereomers and found that these values were quite differ-


ent (pKa of 3.81 and 4.15 for 3a and 4a, respectively), and the
isomer with the aryl-induced shift has a lower pKa value.
These values were determined by the measurement of the
dissociation constant by means of the ultraviolet absorption
spectrophotometric method at 22� 2 �C in aqueous methanol.
The measured data are shown in Tables 7 and 8.[26] Equa-
tion (1) was used for the calculation of the pKa value from the
absorptiometric curve (261 nm).


pKa�pH � logdB � d


d� dA
(1)


In Equation (1) d is the absorbance at pH� 3 ± 5, dA is the
absorbance below pH2 and dB is the absorbance above pH 7.
Additionally, the X-ray crystallographic analysis of the pure


(1S, 2R) isomer 3 i confirmed the presence of an effective
affinity between the C18-CH3 and � moieties even for the
nitrogen-containing heteroaromatics (Figure 7). The C18-


CH3 group was found to be in close proximity to the � face
of the pyridyl group; this is consistent with the remarkable
high-field shift of the C18-CH3 in the 1H NMR spectrum
(Table 3, entry 9).
On the other hand, the (1R, 2S) isomer 4 i, which did not


show an effective aryl-induced 1H NMR shift, was preferen-
tially obtained from the aqueous acid phase. The chemical
shift of the C18-CH3 of the major isomer from the aqueous
acid phase showed the lower value of �� 0.46. Further
examples of the separation of the diastereomers derived from
various (�)-pyridyl alcohols are shown in Table 9.
The distribution ability was influenced by the concentration


of the aqueous acid used, and the optimum concentration of
the aqueous HCl was dependent on the structure of mixtures
of the diastereomers. In the case of 3g and 4g, a 93%de of 4g
was obtained in 25% yield by concentration of the 3.0 wt%
aqueous HCl (pH� 0.02), while 41%de of 3g was obtained in
73% yield from the organic layer (Table 9, entry 2). Further
extraction of the organic phase (41%de) with 7.0 wt%
aqueous HCl improved the de of 3a to 80%de (70% yield;
Scheme 5).
Although we can not provide a clear explanation for this


phenomenon at the moment, it can be assumed that the
intramolecular CH±� interaction would reduce the electron
density of the nitrogen atom on the pyridine ring, as a result of
charge-transfer character[23] to CH(�*) from HOMO of the �


Table 4. Effect of the organic medium versus the extraction ability.


Organic medium Organic phase Aqueous phase
yield [%] de [%][a] yield [%] de [%][a]


diethyl ether 73 41 (3g) 25 93 (4g)
diisopropyl ether 61 64 (3g) 36 88 (4g)
MTBE 78 33 (3g) 19 89 (4g)
ethyl acetate quant. 7 (3g) 0 ±
toluene quant. 0 0 ±
methylene chloride quant. 0 0 ±


[a] The de value was determined by 1H NMR (300 MHz).


Table 5. Effect of the amount of diethyl ether versus the extraction ability.


Et2O[mL] Organic phase Aqueous phase
yield [%] de [%][a] yield [%] de [%][a]


20 57 65 (3g) 44 76 (4g)
40 71 46 (3g) 29 89 (4g)
50 73 41 (3g) 25 93 (4g)
60 84 22 (3g) 13 94 (4g)


[a] The de value was determined by 1H NMR (300 MHz).


Table 6. Effect of acid type versus the extraction ability.


Acid [wt%] Organic phase Aqueous phase
yield [%] de [%][a] yield [%] de [%][a]


1.0% HCl quant. 2 (3g) 0 ±
2.5% HCl 88 15 (3g) 9 95 (4g)
3.0% HCl 73 41 (3g) 25 93 (4g)
5.0% HCl 49 74 (3g) 50 57 (4g)
50% AcOH quant. 0 0 ±
3.0% HBr 70 44 (3g) 29 96 (4g)


[a] The de value was determined by 1H NMR (300 MHz).


Figure 7. ORTEP drawing of 3 i. ;total energy : 74.32 kcalmol�1.
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moiety, and lead to a decrease in the basicity of the
compounds (3g ± l) as we previously assumed. This interaction
has been known as the attractive force which functions even in
water.[9e] An alternative possibility is the significant difference
in the steric bulkiness around the nitrogen atom in the
diastereomers. In any event, these results lead us to the
assumption that the difference in the conformation between
the diastereomers on the basis of the intramolecular CH±�
interaction is an important factor for this phenomenon.
The removal of the steroid moiety gave the optically active


pyridyl alcohols in moderate yields (Table 10). Since we have


found that the (1S, 2R) isomer 3 of the diastereomers with an
aryl-induced 1H NMR shift has a lower pKa value and was
found to exist in the organic phase upon extraction, this
provides a simple and useful method of optically resolving
(�)-trans-2-pyridylcyclohexanols accompanied by the deter-
mination of the absolute configuration (Scheme 6).
As has been noted, these studies have focused on the cyclic


aryl alcohols, such as the (�)-trans-2-arylcyclohexanols.
However, we examined the other cases by the use of the
acyclic-type alcohols and found that the remarkable 1H NMR
shifts were also observed in more loosely arranged acyclic aryl
alcohols.[27]


The diastereomers (6 and 7) were easily obtained from the
same reaction of various acyclic (�)-aryl alcohols 5 and acid
chloride 2 (Scheme 7).[11] In these cases, the values of the
chemical shift in the 1H NMR spectrum of C18-CH3 on the
steroid ring were also apparently different for the diastereo-
mers (Table 11, entries 2 ± 7). One always appeared near ��
0.5, while the other always appeared near �� 0.7. We then
used compound 5a, which has a known absolute configura-


Table 7. Measured data and calculated results for the pKa value of 3g.


Measured pH value[a] Absorbance (d) dA, dB dB�d d�dA log(dB� d)/(d� dA) pKa[b]


1.31 0.3595 0.3595 ± ± ± ±
3.25 0.3185 ± � 0.1455 � 0.0410 0.550 3.80
3.53 0.2939 ± � 0.1209 � 0.0656 0.2655 3.80
3.80 0.2679 ± � 0.0949 � 0.0916 0.015 3.82
4.01 0.2456 ± � 0.0726 � 0.1139 � 0.196 3.81
4.23 0.2233 ± � 0.0503 � 0.1362 � 0.433 3.80
8.09 0.1730 0.1730 ± ± ± ±


[a] Measuring apparatus: microbalance: BP-210D (Sartorius AG); pH meter: F-21 (Horiba, Ltd.); spectrophotometer: UV-2400 (Shimadzu Corp.).
[b] Average pKa� 3.81; standard deviation� 0.01.


Table 8. Measured data and calculated results for the pKa value of 4g.


Measured pH value[a] Absorbance (d) dA, dB dB�d d�dA log(dB�d)/(d� dA) pKa[b]


1.37 0.3898 0.3898 ± ± ± ±
3.52 0.3458 ± � 0.1683 � 0.0440 0.583 4.10
3.79 0.3242 ± � 0.1467 � 0.0656 0.3495 4.14
4.03 0.2987 ± � 0.1212 � 0.0911 0.124 4.15
4.25 0.2743 ± � 0.0968 � 0.1155 � 0.077 4.17
4.46 0.2529 ± � 0.0754 � 0.1369 � 0.259 4.20
8.05 0.1775 0.1775 ± ± ± ±


[a] The same instruments were used as in Table 7. [b] Average pKa� 4.15; standard deviation� 0.04.


Table 9. The simple separation of diastereomers (3 and 4) by extraction
technique.


Entry R Concentra- Organic phase Aqueous phase
tion of aqueous
HCl [wt%]


yield
[%]


de
[%][a]


yield
[%]


de
[%][a]


1 H (3g � 4g)[b] 2.5 88 15 (3g) 9 95 (4g)
2 3.0 73 41 (3g) 25 93 (4g)
3 5.0 49 74 (3g) 50 57 (4g)
4 3-Me (3h � 4h)[c] 1.0 67 29 (3h) 27 75 (4h)
5 2.0 44 78 (3h) 44 73 (4h)
6 3.0 31 75 (3h) 62 42 (4h)
7 4-Me (3 i � 4 i)[d] 1.0 81 19 (3 i) 16 88 (4 i)
8 2.0 56 67 (3 i) 44 82 (4 i)
9 3.0 33 73 (3 i) 63 37 (4 i)
10 5-Me (3 j � 4j)[e] 2.0 97 0 2 68 (4 j)
11 3.0 61 60 (3 j) 37 95 (4 j)
12 6-Me (3k � 4k)[f] 2.0 80 24 (3k) 9 93 (4k)
13 3.0 59 59 (3k) 31 83 (4k)
14 4-Cl (3 l � 4 l)[g] 7.0 97 0 0 ±
15 10.0 82 11 (3 l) 12 55 (4 l)
16 15.0 42 82 (3 l) 56 54 (4 l)


[a] The de value was determined by 1H NMR (300 MHz). [b] �H of C18-Me; 3g :
0.115, 4g : 0.463. [c] �H of C18-Me; 3h : 0.128, 4h : 0.443. [d] �H of C18-Me; 3 i :
0.098, 4 i : 0.464. [e] �H of C18-Me; 3 j : 0.136, 4 j : 0.490. [f] �H of C18-Me; 3k :
0.073, 4k : 0.463. [g] �H of C18-Me; 3 l : 0.128, 4 l : 0.479.


Table 10. Removal of steroid moiety from the diastereomer (3 or 4).


Diastereomer de of starting Method of Yield [%] ee of
product [%][c]diastereomer


3 or 4 [%][a]
reduction[b]


R�H (3g) 81 A 68 77 (1S, 2R)
R�H (4g) 93 A 90 93 (1R, 2S)
R�Me (3 i) 67 A 83 64 (1S, 2R)
R�Me (4 i) 82 A 90 80 (1R, 2S)
R�Cl (3 l) 82 B 70 79 (1S, 2R)
R�Cl (3 l) 54 B 89 50 (1R, 2S)


[a] The de value was determined by 1H NMR (300 MHz). [b] Method A:
LiAlH4 (10 equiv), THF, RT, 2.0 h; Method B: DIBAL-H (5 equiv), THF,
�78 �C, 2.0 h. [c] The ee value was determined by HPLC (CHIRALCE-
L OD, hexane/iPrOH� 95:5).
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Scheme 6. Reduction of the diastereomers to 2-pyridylcyclohexanols.
[a] The following ratio was used: a mixture of diastereomers/aqueous
HCl/diethyl ether� 0.3 g:20 mL:50 mL. [b] These products were obtained
by neutralizing the aqueous phase with NaHCO3 (pH 8).


AcO


AcO


COCl


OH
Ar R


(S)O O Ar
R


AcO


(R)O O Ar
R2


+


6


18


Et3N in CH2Cl2(±)-5 7


18


Scheme 7. Acylation of (�)-5 with steroid compound 2.


tion, to clarify which diastereomer showed the shielding effect
by the aromatic ring, and found that the diastereomer showing
the shielding effect was derived from the S alcohol. It is
noteworthy that there is almost no exception regarding the
chemical shift values in the case of the 1-aryl-1-alkyl alcohols,
in spite of the use of various kinds of aromatic moieties
(Table 11, entries 1 ± 6). This suggests that this methodology
would be a very general method for the determination of the
absolute configuration of various analogues. In addition, a
similar high-field shift is also observed for the 2-pyridyl
alcohols and homoaryl-type alcohols, such as 1-phenylpropan-
2-ol (Table 11, entries 7 ± 8).
Similarly, it is probable that the absolute configuration of


the 1-aryl-1-alkylamines could be easily determined by this
method. Almost the same trends were observed for the 1-aryl-


1-alkylamines regarding the ab-
solute configuration and chem-
ical shift value in the 1H NMR
spectra. We also found that the
diastereomer with the shielding
effect was derived from amines
bearing the S configuration (Ta-
ble 12, entry 1). Although the
yields shown here are isolated
yields after column chromatog-
raphy, it is possible to deter-
mine the absolute configura-
tions by the use of crude prod-
ucts without purification, which
were obtained in almost quan-
titative yields (Scheme 8).


Scheme 5. The separation of the diastereomers of 2-pyridylcyclohexanols (3 and 4) by extraction. [a] The kinetic
resolution of (�)-1was observed in the acylation process when the reaction stopped under the situation remaining
unreacted 1. [b] The indication of ™(1S, 2R)∫ is depicted by the numbering position of 2-pyridylcyclohexanols
before acylation. [c] The ratio used was as follows : a mixture of diastereomers 3 and 4/aqueous HCl/diethyl
ether� 0.3 g:20 mL:50 mL.


Table 11. 1H NMR spectroscopic determination of the absolute configuration
of 1-aryl alcohols by means of the CH±� shielding effect


Entry Ar R Yield
[%][b]


�H of C18-CH3
in 6 or 7[a]


Predicted
configuration
of resolved 5


1 Ph Me, 6a 64 0.51 S[c]


Me, 7a 0.71 R
2 p-tolyl Me, 6b 74 0.52 S


Me, 7b 0.71 R
3 4-methoxyphenyl Me, 6c 77 0.49 S


Me, 7c 0.70 R
4 4-chlorophenyl Me, 6d 66 0.51 S


Me, 7d 0.70 R
5 2-naphthyl Me, 6e 59 0.52 S


Me, 7e 0.71 R
6 Ph Et, 6 f 33 0. 48 S


Et, 7 f 0.71 R
7 2-pyridyl Me, 6g 95 0.59 S


Me, 7g 0.73 R
8 Bn Me, 6h 81 0.48 S


Me, 7h 0.63 R


[a] 25 �C in CDCl3. [b] Isolated yields of a mixture of diastereomers by column
chromatography. [c] The configuration was confirmed by the use of an
enantiomerically pure substrate with known absolute configuration.


Table 12. 1H NMR spectroscopic determination of the absolute configuration
of 1-aryl amines by means of the CH±� shielding effect.


Entry Ar R Yield
[%][b]


�H of C18-CH3
in 9 or 10[a]


Predicted
configuration
of resolved 5


1 Ph Me, 9a 71 0.61 S[c]


Me, 10a 0.73 R
2 p-tolyl Me, 9b 69 0.62 S


Me, 10b 0.72 R
3 4-bromophenyl Me, 9c 78 0.58 S


Me, 10c 0.71 R
4 2-naphthyl Me, 9d 68[c] 0.52 S[d]


Me, 10d 71[c] 0.71 R[d]


5 Ph Et, 9e 68 0.54 S
Et, 10e 0.73 R


[a] 25 �C in CDCl3. [b] Isolated yields of a mixture of diastereomers by column
chromatography. [c] The enantiomerically pure S and R substrates were used
because the racemic substrate is not commercially available. [d] The config-
uration was confirmed by the use of an enantiomerically pure substrate with
known absolute configuration.
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Scheme 8. Acylation of (�)-8 with steroid compound 2.


However, in contrast to the 2-arylcyclohexanols, these
shielding effects are not very effective from the viewpoint of
the extent of the high-field shift in the 1H NMR spectra. The
MM calculations[28] of the S isomers of 6a and 7a suggested
the absence of a particularly effective CH±� interaction by
the deviation between the � plane and CHmoiety, as shown in
Figure 8. In addition the R isomer 7a did not completely show
the CH±� interaction in the MM calculation.
We presume that this shielding effect was also responsible


for the conformational restriction and the attraction of the
intramolecular van der Waals force between the CH and �


moieties.
In conclusion, the chiral CH±� interaction, which discrim-


inates the environments in two diastereomers in the chiral
molecule studied, was found to be a facile tool for the


Figure 8. Top: Calculated conformation of S isomer 6a. Total energy:
74.32 kcalmol�1. Bottom: Calculated conformation of R isomer 7a. Total
energy: 75.43 kcalmol�1.


determination of the absolute configuration of various
2-arylcyclohexanols. This strategy is applicable to other
acyclic aryl alcohols and amines with high reliability, although
in the case of amines, the participation of the intramolecular
CH±� interaction remains to be elucidated. The following
points are the highlights of this method: 1) a remarkable
difference in the shielding effect is observed between the
diastereomeric derivatives, 2) the structure of the aryl moiety
has no significant influence on the chemical shift value in each
series of target molecules and 3) the diastereomeric deriva-
tives have relatively high molecular weight, and can thus be


easily handled, even when the amount of the target molecule
is low. Needless to say, this methodology can be applied to the
determination of the optical purity of various 1-aryl alcohols
and amines in a similar manner to the strategy in which chiral
shift reagents are used.[29, 30]


In addition, we have shown a novel technique for the
optical resolution of (�)-trans-pyridyl alcohols by a simple
extraction method that employs an achiral organic solvent
and an acid solution and makes use of the distribution
technique based on a difference in the pKa values of the
diastereomers. We believe that this technique will be able to
play an important role in large-scale syntheses and will thus
have a high practical value.


Experimental Section


General : Melting points are uncorrected. Infrared (IR) absorption spectra
were recorded as a KBr or a NaCl pellet. 1H NMR spectra were measured
on 270, 300, 500 or 600 MHz spectrometers with SiMe4 as the internal
standard. Specific rotations were measured with a JASCO P-1020 polar-
imeter. Merck silica gel 60 (70 ± 230 mesh ASTM) and Fuji Silysia
Chemical silica gel BW-300 were used for column chromatography and
flash column chromatography, respectively. (�)-trans-2-Arylcyclohexa-
nols[12, 22] (1b ±m), and acid chloride[11] (2) were essentially prepared by
the reported method.


(�)-trans-2-(4-Methylphenyl)cyclohexanol (1b):[12b] Colourless crystals;
m.p. 62 ± 62.5 �C (AcOEt/hexane); 1H NMR (270 MHz, CDCl3): �� 7.48
(d, J� 8.3 Hz, 1H), 7.15 (m, 3H), 3.65 (m, 1H), 2.33 (s, 3H), 2.13 (m, 2H),
1.34 ± 1.87 (m, 7H).


(�)-trans-2-(4-Methoxyphenyl)cyclohexanol (1c):[12b] Colourless crystals;
m.p. 66.5 ± 67 �C (AcOEt/hexane); 1H NMR (270 MHz, CDCl3): �� 7.18 (d,
J� 6.9 Hz, 2H), 6.88 (d, J� 6.9 Hz, 2H), 3.80 (s, 3H), 3.67 (m, 1H), 2.43
(m, 1H), 2.13 (m, 2H), 1.23 ± 1.89 (m, 6H).


(�)-trans-2-(4-Chlorophenyl)cyclohexanol (1d):[12c] Colourless crystals;
m.p. 73 ± 73.5 �C (AcOEt/hexane); 1H NMR (270 MHz, CDCl3): �� 7.31
(d, J� 6.6 Hz, 2H), 7.19 (d, J� 6.6 Hz, 2H), 3.62 (m, 1H), 2.47 (m, 1H),
2.13 (m, 2H), 1.21 ± 1.87 (m, 6H).


(�)-trans-2-(1-Naphthyl)cyclohexanol (1e):[12b] Colourless crystals; m.p.
127 ± 127.5 �C (AcOEt/hexane); 1H NMR (270 MHz, CDCl3): �� 8.20 (d,
J� 7.9 Hz, 1H), 7.87 (d, J� 2.6 Hz, 1H), 7.76 (d, J� 5.6 Hz, 1H), 7.45 ± 7.55
(m, 4H), 3.98 (m, 1H), 3.39 (m, 1H), 2.24 (m, 2H), 1.25 ± 1.90 (m, 6H).


(�)-trans-2-(2-Naphthyl)cyclohexanol (1 f):[12d] Colourless crystals; m.p.
82 ± 83 �C (AcOEt/hexane); 1H NMR (270 MHz, CDCl3): �� 7.85 ± 7.89 (m,
3H), 7.71 (s, 1H), 7.39 ± 7.50 (m, 3H), 3.78 (m, 1H), 2.62 (m, 1H), 2.17 (m,
2H), 1.36 ± 1.96 (m, 6H).


Synthesis of 2-(2-pyridyl)cyclohexanones : 2-(2-Pyridyl)cyclohexanones
substituted on aromatic ring, which are the precursors of (�)-2-(2-
pyridyl)cyclohexanols, were essentially prepared by the reported meth-
od.[19a±c]


2-Pyridin-2-ylcyclohexanone :[22a] Yellow oil; 1H NMR (300 MHz, CDCl3):
�� 8.56 (dd, J� 5.3, 1.9 Hz, 0.25H of keto tautomer), 8.32 (d, J� 4.6 Hz,
0.75H of enol tautomer), 7.67 (td, J� 7.8, 1.8 Hz, 0.75H of enol tautomer),
7.66 (td, J� 7.7, 1.9 Hz, 0.25H of keto tautomer), 7.19 ± 7.15 (m, 0.5H of keto
tautomer), 7.11 (d, J� 7.8 Hz, 0.75H of enol tautomer), 7.00 (ddd, J� 7.8,
4.6, 0.8 Hz, 0.75H of enol tautomer), 3.84 (dd, J� 11.2, 5.9 Hz, 0.25H of
keto tautomer), 2.38 ± 2.35 (m, 4H), 1.78 ± 1.74 (m, 4H), OH of enol
tautomer was not observed; IR (KBr): �� � 1713 cm�1.


2-(3-Methylpyridin-2-yl)cyclohexanone : Orange solid; m.p. 56.0 ± 57.0 �C;
1H NMR (300 MHz, CDCl3): �� 8.43 (dd, J� 4.8, 0.9 Hz, 1H), 7.44 (dd, J�
7.5, 0.9 Hz, 1H), 7.09 (dd, J� 7.5, 4.8 Hz, 1H), 3.91 (dd, J� 11.7, 5.8 Hz,
1H), 2.66 ± 1.72 (m, 8H), 2.21 (s, 3H); IR (KBr): �� � 1713 cm�1; MS EI(�);
m/z (%): 189 (5) [M]� , 120 (100); HRMS calcd for C12H15NO: 189.1154
[M]� ; found: 189.1150.


2-(4-Methylpyridin-2-yl)cyclohexanone :[22b] Yellow oil; 1H NMR
(300 MHz, CDCl3): �� 8.41 (d, J� 5.0 Hz, 0.5H), 8.17 (d, J� 5.2 Hz,
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0.5H), 6.99 (d, J� 5.0 Hz, 0.5H), 6.98 (s, 0.5H), 6.92 (s, 0.5H), 6.83 (d, J�
5.2 Hz, 0.5H), 3.81 (dd, J� 11.4, 5.9 Hz, 0.5H), 2.75 ± 1.75 (m, 8H), 2.35 (s,
1.5H), 2.34 (s, 1.5H), OH of enol tautomer was not observed; IR (KBr):
�� � 1715 cm�1.


2-(5-Methylpyridin-2-yl)cyclohexanone : Yellow oil; 1H NMR (300 MHz,
CDCl3): �� 8.38 (dd, J� 1.5 and 0.7 Hz, 0.5H), 8.16 (dd, J� 1.5 and 0.7 Hz,
0.5H), 7.48 (m, 1H), 7.06 (d, J� 8.1 Hz, 0.5H), 7.02 (d, J� 8.4 Hz, 0.5H),
3.81 (dd, J� 11.7, 5.8 Hz, 0.5H), 2.59 ± 1.73 (m, 8H), 2.31 (s, 1.5H), 2.30 (s,
1.5H), OH of enol tautomer was not observed; IR (KBr): �� � 2930,
1717 cm�1; MS EI(�);m/z (%): 190 (13)[M�H]� , 189 (53) [M]� , 120 (100);
HRMS calcd for C12H15NO: 189.1154 [M]� ; found: 189.1164.


2-(6-Methylpyridin-2-yl)cyclohexanone :[22b] Yellow oil; 1H NMR
(300 MHz, CDCl3): �� 7.56 (t, J� 7.8 Hz, 0.7H of enol tautomer), 7.54 (t,
J� 7.7 Hz, 0.3H of keto tautomer), 7.02 (d, J� 7.7 Hz, 0.3H of keto
tautomer), 6.97 (d, J� 7.7 Hz, 0.3H of keto tautomer), 6.91 (d, J� 7.8 Hz,
0.7H of enol tautomer), 6.84 (d, J� 7.8 Hz, 0.7H of enol tautomer), 3.83
(dd, J� 11.9, 5.5 Hz, 0.3H of keto tautomer), 2.52 (s, 0.9H of keto
tautomer), 2.50 (s, 2.1H of enol tautomer), 2.39 ± 2.32 (m, 3H), 2.15 ± 1.73
(m, 5H), OH of enol tautomer (0.7H) was not observed; IR (KBr): �� �
2934, 1713 cm�1.


2-(4-Chloropyridin-2-yl)cyclohexanone :[22c] Yellow oil; 1H NMR
(300 MHz, CDCl3): �� 8.45 (d, J� 6.1 Hz, 0.38H of keto tautomer), 8.22
(d, J� 5.6 Hz, 0.62H of enol tautomer), 7.20 ± 7.19 (m, 0.75H of keto
tautomer), 7.10 (d, J� 1.8 Hz, 0.62H of enol tautomer), 7.00 (dd, J� 5.6 and
1.8 Hz, 0.62H of enol tautomer), 3.82 (dd, J� 11.8 and 5.4 Hz, 0.38H of
keto tautomer), 2.59 ± 2.31 (m, 4H), 2.17 ± 1.74 (m, 4H), OH of enol
tautomer was not observed; IR (KBr): �� � 1715 cm�1.


2-Quinolin-2-ylcyclohexanone :[22a] Orange crystals; m.p. 114.5 ± 116.0 �C
(MeOH); 1H NMR (300 MHz, CDCl3): �� 8.13 (d, J� 8.4 Hz, 0.11H of
keto tautomer), 8.03 (d, J� 8.8 Hz, 0.11H of keto tautomer), 7.91 (d, J�
8.3 Hz, 0.89H of enol tautomer), 7.80 (d, J� 7.2 Hz, 0.11H of keto
tautomer), 7.71 ± 7.49 (m, 0.33H of keto tautomer), 7.65 (d, J� 8.6 Hz,
0.89H of enol tautomer), 7.62 (d, J� 8.1 Hz, 0.89H of enol tautomer), 7.58
(ddd, J� 8.3, 6.8, 1.5 Hz, 0.89H of enol tautomer), 7.32 (ddd, J� 8.1, 6.8 and
1.3 Hz, 0.89H of enol tautomer), 7.16 (d, J� 8.6 Hz, 0.89H of enol
tautomer), 4.06 (dd, J� 11.3 and 6.0 Hz, 0.11H of keto tautomer), 2.48 ±
2.44 (m, 4H), 1.91 ± 1.78 (m, 4H), OH of enol tautomer (0.89H) was not
observed; IR (KBr): �� � 2932, 1711 cm�1.


General procedure for the preparation of various (�)-trans-2-(2-pyridyl)-
cyclohexanols : Small portions of NaBH4 (1.6 g, 43.1 mmol) at 0 �C were
added to a stirred solution of 2-(2-pyridyl)cyclohexanone (12.6 g,
71.9 mmol) in EtOH (180 mL). The reaction mixture was refluxed for
2.5 h. The solution was cooled to 0 �C, and more NaBH4 (1.1 g, 28.8 mmol)
was added. The reaction mixture was refluxed for a further 1.0 h. After the
removal of EtOH under reduced pressure, distilled H2O was added to the
residue at 0 �C. The aqueous mixture was extracted with four portions of
CHCl3. The organic layer was washed with brine, dried over Na2CO3,
filtered and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/AcOEt� 1:1 ) to give 1g (6.93 g,
55% yield).


(�)-trans-2-Pyridin-2-ylcyclohexanol (1g):[22d] Light orange solid; m.p.
59.0 ± 60.0 �C; 1H NMR (300 MHz, CDCl3): �� 8.53 (d, J� 4.9 Hz, 1H),
7.66 (td, J� 7.5, 1.9 Hz, 1H), 7.24 (d, J� 7.5 Hz, 1H), 7.16 (td, J� 7.5, 4.9 Hz,
1H), 4.23 (br, 1H), 3.90 (td, J� 10.0, 4.2 Hz, 1H), 2.69 (ddd, J� 12.2, 9.5,
3.7 Hz, 1H), 2.09 (m, 2H), 1.83 (m, 2H), 1.62 ± 1.25 (m, 4H); IR (KBr): �� �
3326 cm�1; MS FAB(�); m/z (%): 178 (76) [M�H]� , 154 (100); HRMS
calcd for C11H16NO: 178.1220 [M�H]� ; found: 178.1226.
(�)-trans-2-(3-Methylpyridin-2-yl)cyclohexanol (1h): Colourless crystals;
m.p. 74.5 ± 75.5 �C (AcOEt/hexane); 1H NMR (300 MHz, CDCl3): �� 8.40
(d, J� 4.6 Hz, 1H), 7.44 (d, J� 7.5 Hz, 1H), 7.05 (dd, J� 7.5, 4.6 Hz, 1H),
4.28 (td, J� 10.0, 4.1 Hz, 1H), 2.85 (td, J� 10.4, 3.4 Hz, 1H), 2.35 (s, 3H),
1.88 ± 1.74 (m, 4H), 1.51 ± 1.36 (m, 4H), 1H of OH was not observed; IR
(KBr): �� � 3326 cm�1; MS EI(�); m/z (%): 191 (15) [M]� , 120 (100);
HRMS calcd for C12H17NO: 191.1310 [M]� ; found: 191.1318.


(�)-trans-2-(4-Methylpyridin-2-yl)cyclohexanol (1 i): Colourless crystals;
m.p. 61.5 ± 62.0 �C (Et2O/hexane); 1H NMR (300 MHz, CDCl3): �� 8.37 (d,
J� 5.1 Hz, 1H), 7.05 (s, 1H), 6.98 (d, J� 5.1 Hz, 1H), 3.87 (td, J� 10.0,
4.4 Hz, 1H), 2.61 (ddd, J� 11.9, 9.6, 3.5 Hz, 1H), 2.34 (s, 3H), 2.12 (br, 1H),
2.03 (m, 2H), 1.82 (m, 2H), 1.53 ± 1.58 (m, 4H); IR (KBr): �� � 3326 cm�1;


MS EI(�); m/z (%): 191 (5) [M]� , 120 (100); HRMS calcd for C12H17NO:
191.1310 [M]� ; found: 191.1310.


(�)-trans-2-(5-Methylpyridin-2-yl)cyclohexanol (1 j): Colourless crystals;
m.p. 63.5 ± 65.0 �C (AcOEt/hexane); 1H NMR (300 MHz, CDCl3): �� 8.35
(dd, J� 1.7, 0.6 Hz, 1H), 7.47 (dd, J� 8.0, 1.7 Hz, 1H), 7.13 (d, J� 8.0 Hz,
1H), 4.29 (br, 1H), 3.86 (td, J� 9.9, 4.4 Hz, 1H), 2.62 (td, J� 9.5, 3.1 Hz,
1H), 2.31 (s, 3H), 2.13 (m, 1H), 2.03 (m, 1H), 1.85 ± 1.78 (m, 2H), 1.51 ± 1.34
(m, 4H); IR (KBr): �� � 3281 cm�1; MS EI(�); m/z (%): 191 (8) [M]� , 120
(100); elemental analysis calcd (%) for C12H17NO (191.3): C 75.35, H 8.96,
N 7.32; found: C 75.18, H 8.84, N 7.21.


(�)-trans-2-(6-Methylpyridin-2-yl)cyclohexanol (1k): Colourless solid;
m.p. 53.5 ± 55.0 �C; 1H NMR (300 MHz, CDCl3): �� 7.55 (t, J� 8.0 Hz,
1H), 7.04 (d, J� 8.0 Hz, 1H), 7.01 (d, J� 8.0 Hz, 1H), 5.15 (br, 1H), 3.82
(td, J� 10.5, 4.2 Hz, 1H), 2.62 (ddd, J� 10.5, 3.8, 2.0 Hz, 1H), 2.52 (s, 3H),
2.14 ± 2.06 (m, 2H), 1.84 ± 1.80 (m, 2H), 1.54 ± 1.36 (m, 4H); IR (KBr): �� �
3322 cm�1.


(�)-trans-2-(4-Chloropyridin-2-yl)cyclohexanol (1 l):[22e] Colourless crys-
tals; m.p. 79.0 ± 80.0 �C (Et2O/hexane); 1H NMR (300 MHz, CDCl3): ��
8.42 (d, J� 5.3 Hz, 1H), 7.25 (s, 1H), 7.18 (dd, J� 5.3, 1.8 Hz, 1H), 3.89 (td,
J� 10.0, 4.4 Hz, 1H), 3.80 (br, 1H), 2.64 (ddd, J� 12.0, 9.6, 3.6 Hz, 1H),
2.13 (m, 1H), 2.01 (m, 1H), 1.86 ± 1.79 (m, 2H), 1.57 ± 1.34 (m, 4H); IR
(KBr): �� � 3341 cm�1.


(�)-trans-2-Quinolin-2-ylcyclohexanol (1m):[22c] Yellowish solid; m.p.
129.0 ± 130.0 �C; 1H NMR (300 MHz, CDCl3): �� 8.13 (d, J� 8.6 Hz,
1H), 8.03 (d, J� 8.4 Hz, 1H), 7.79 (d, J� 8.1 Hz, 1H), 7.70 (td, J� 7.6,
1.2 Hz, 1H), 7.51 (t, J� 7.6 Hz, 1H), 7.38 (d, J� 8.4 Hz, 1H), 4.57 (br, 1H),
4.15 (td, J� 10.0, 4.1 Hz, 1H), 2.86 (td, J� 10.6, 3.0 Hz, 1H), 2.20 ± 2.17 (m,
2H), 1.89 ± 1.86 (m, 2H), 1.58 ± 1.45 (m, 4H); IR (KBr): �� � 3329 cm�1.


(�)-2-Pyridylethanol (5g):[22g] Yellow oil; 1H NMR (300 MHz, CDCl3): ��
8.54 (dd, J� 5.0, 1.8 Hz, 1H), 7.69 (td, J� 7.7, 1.8 Hz, 1H), 7.28 (ddd, J� 7.9,
0.6, 0.2 Hz, 1H), 7.20 (ddd, J� 7.5, 5.0, 0.6 Hz, 1H), 4.90 (q, J� 6.6 Hz, 1H),
4.24 (br, 1H), 1.51 (d, J� 6.6 Hz, 3H); IR (KBr): �� � 3250 cm�1.


Compound 2 :[11] Colourless solid; m.p. 193 ± 195 �C (decomp.); IR: �� �
1784 cm�1; 1H NMR (270 MHz, CDCl3): �� 5.43 (m, 1H), 4.81 (m, 1H),
2.88 (m, 1H), 1.98 (s, 3H), 1.06 (s, 3H), 0.83 ± 2.59 (m, 19H), 0.82 (s, 3H).


General procedure for esterification : 1a (489 mg, 2.77 mmol) at 0 �C was
added to a stirred solution of 2 (1.58 g, 4.16 mmol) and Et3N (0.46 mL,
3.33 mmol) in CH2Cl2 (20 mL) under a nitrogen atmosphere. After stirring
for 19 h at room temperature, the reaction mixture was washed with water,
dried with Na2SO4 and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (hexane/AcOEt, 10:1) to give 3a and
4a (1.22 g, 85%) as a diastereomeric mixture.


Mixture of compounds 3a and 4a :


(1S,2R)-3a : Colourless crystals; m.p. 146 ± 147.0 �C (AcOEt/hexane);
1H NMR (600 MHz, CDCl3): �� 7.15 ± 7.24 (m, 5H), 5.32 (m, 1H), 5.05
(dt, 1H, J� 4.2, 10.8 Hz), 4.58 (m, 1H), 2.68 (m, 1H), 2.30 (m, 2H), 2.03 (s,
3H), 0.95 (s, 3H), 0.82 ± 2.17 (m, 26H), 0.04 (s, 3H); IR (KBr): �� �
1727 cm�1; elemental analysis calcd (%) for C34H46O4 (518.7): C 78.72, H
8.94; found: C 78.43, H 8.88.


(1R,2S)-4a : Colourless crystals; m.p. 121 ± 121.5 �C (decomp., AcOEt/
hexane); 1H NMR (600 MHz, CDCl3): �� 7.16 ± 7.23 (m, 5H). 5.35 (m,
1H), 4.96 (m, 1H), 4.58 (m, 1H), 2.68 (m, 1H), 2.28 (m, 2H), 2.03 (s, 3H),
0.99 (s, 3H), 0.82 ± 2.18 (m, 26H), 0.45 (s, 3H); IR (KBr): �� � 1734 cm�1;
elemental analysis calcd (%) for C34H46O4 (518.7): C 78.72, H 8.94; found:
C 78.54, H 8.80.


Mixture of compounds 3b and 4b : Colourless solid; m.p. 124 ± 125 �C; IR
(KBr): �� � 1716 cm�1; HRMS calcd for C35H48O4: 532.3553 [M]� ; found:
532.3556.


(1S*,2R*)-3b : 1H NMR (270 MHz, CDCl3): �� 7.07 (m, 4H, overlap with
signals of the other diastereomer), 5.34 (m, 1H, overlap with signals of the
other diastereomer), 4.98 (m, 1H, overlap with signals of the other
diastereomer), 4.58 (m, 1H, overlap with signals of the other diastereo-
mer), 2.68 (m, 1H, overlap with signals of the other diastereomer), 2.33 (s,
3H, overlap with signals of the other diastereomer), 2.31 ± 0.84 (m, 28H,
overlap with signals of the other diastereomer), 2.04 (s, 3H, overlap with
signals of the other diastereomer), 0.95 (s, 3H), 0.07 (s, 3H).


(1R*,2S*)-4b : 1H NMR (270 MHz, CDCl3): �� 7.07 (m, 4H, overlap with
signals of the other diastereomer), 5.34 (m, 1H, overlap with signals of the
other diastereomer), 4.98 (m, 1H, overlap with signals of the other
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diastereomer), 4.58 (m, 1H, overlap with signals of the other diastereo-
mer), 2.68 (m, 1H, overlap with signals of the other diastereomer), 2.33 (s,
3H, m, 1H, overlap with signals of the other diastereomer), 2.31 ± 0.84 (m,
28H, overlap with signals of the other diastereomer), 2.04 (s, 3H, overlap
with signals of the other diastereomer), 1.00 (s, 3H), 0.48 (s, 3H).


Mixture of compounds 3c and 4c :


(1S,2R)-3c : Colourless crystals: m.p. 176 ± 176.5 �C (Et2O/hexane);
1H NMR (270 MHz, CDCl3): �� 7.11 (d, J� 8.6 Hz, 2H), 6.80 (d, J�
8.6 Hz, 2H), 5.34 (m, 1H), 4.98 (m, 1H), 4.60 (m, 1H), 3.76 (s, 3H), 2.64
(m, 1H), 2.30 (m, 2H), 2.03 (s, 3H), 0.95 (s, 3H), 0.85 ± 2.18 (m, 26H), 0.006
(s, 3H); IR (KBr): �� � 1715 cm�1; elemental analysis calcd (%) for
C35H48O5 (548.8): C 76.61, H 8.82, found: C 76.30, H 8.60; X-ray data:
see the Supporting Information.


(1R,2S)-4c : Colourless crystals; m.p. 153 ± 154 �C (Et2O/hexane); 1H NMR
(270 MHz, CDCl3): �� 7.11 (d, J� 8.6 Hz, 2H), 6.80 (d, J� 8.6 Hz, 2H),
5.38 (m, 1H), 4.87 (m, 1H), 4.60 (m, 1H), 3.77 (s, 3H), 2.61 (m, 1H), 2.32
(m, 2H), 2.03 (s, 3H), 1.00 (s, 3H), 0.97 ± 2.18 (m, 26H), 0.490 (s, 3H); IR
(KBr): �� � 1732 cm�1; X-ray data: see the Supporting Information.


Mixture of compounds 3d and 4d : Colourless solid; m.p. 59 ± 60 �C; IR
(KBr): �� � 1728 cm�1; HRMS calcd for C34H45O4Cl: 552.3007 [M]� ;
found:552.3014 .


(1S*,2R*)-3d : 1H NMR (270 MHz, CDCl3): �� 7.24 (d, J� 8.6 Hz, 2H,
overlap with signals of the other diastereomer), 7.16 (d, J� 8.6 Hz, 2H,
overlap with signals of the other diastereomer), 5.34 (m, 1H, overlap with
signals of the other diastereomer), 4.98 (m, 1H, overlap with signals of the
other diastereomer), 4.61 (m, 1H, overlap with signals of the other
diastereomer), 2.68 (m, 1H, overlap with signals of the other diastereo-
mer), 2.32 (m, 2H, overlap with signals of the other diastereomer), 2.29 ±
0.81 (m, 26H, overlap with signals of the other diastereomer), 2.04 (s, 3H,
overlap with signals of the other diastereomer), 0.97 (s, 3H), 0.12 (s, 3H).


(1R*,2S*)-4d : 1H NMR (270 MHz, CDCl3): �� 7.24 (d, J� 8.6 Hz, 2H,
overlap with signals of the other diastereomer), 7.16 (d, J� 8.6 Hz, 2H,
overlap with signals of the other diastereomer), 5.34 (m, 1H, overlap with
signals of the other diastereomer), 4.98 (m, 1H, overlap with signals of the
other diastereomer), 4.61 (m, 1H, overlap with signals of the other
diastereomer), 2.68 (m, 1H, overlap with signals of the other diastereo-
mer), 2.32 (m, 2H), 0.81 ± 2.29 (m, 26H, overlap with signals of the other
diastereomer), 2.04 (s, 3H, overlap with signals of the other diastereomer),
1.00 (s, 3H), 0.49 (s, 3H).


Mixture of compounds 3e and 4e : Colourless solid; m.p. 139 ± 140 �C; IR
(KBr): �� � 1736 cm�1; HRMS calcd for C38H48O4: 568.3553 [M]� ; found:
568.3559.


(1S*,2R*)-3e : 1H NMR (270 MHz, CDCl3): �� 8.18 (d, J� 8.6 Hz, 1H,
overlap with signals of the other diastereomer), 7.81 (d, J� 8.2 Hz, 1H,
overlap with signals of the other diastereomer), 7.51 (d, J� 7.9 Hz, 1H),
7.40 ± 7.48 (m, 4H, overlap with signals of the other diastereomer), 5.26 ±
5.30 (m, 1H, overlap with signals of the other diastereomer), 5.18 ± 5.26 (m,
1H, overlap with signals of the other diastereomer), 4.58 (m, 1H, overlap
with signals of the other diastereomer), 3.64 (m, 1H, overlap with signals of
the other diastereomer), 2.27 (m, 2H, overlap with signals of the other
diastereomer), 2.02 (s, 3H), 0.37 ± 1.98 (m, 26H, overlap with signals of the
other diastereomer), 0.83 (s, 3H), �0.21 (s, 3H).
(1R*,2S*)-4e : 1H NMR (270 MHz, CDCl3): �� 8.18 (d, J� 8.6 Hz, 1H,
overlap with signals of the other diastereomer), 7.81 (d, J� 8.2 Hz, 1H,
overlap with signals of the other diastereomer), 7.51 (d, J� 7.9 Hz, 1H),
7.40 ± 7.48 (m, 4H, overlap with signals of the other diastereomer), 5.26 ±
5.30 (m, 1H, overlap with signals of the other diastereomer), 5.18 ± 5.26 (m,
1H, overlap with signals of the other diastereomer), 4.58 (m, 1H, overlap
with signals of the other diastereomer), 3.64 (m, 1H, overlap with signals of
the other diastereomer), 2.27 (m, 2H, overlap with signals of the other
diastereomer), 2.04 (s, 3H), 0.37 ± 1.98 (m, 26H, overlap with signals of the
other diastereomer), 0.97 (s, 3H), 0.32 (s, 3H).


Mixture of compounds 3 f and 4 f :


(1S,2R)-3 f : Colourless crystals; m.p. 198 ± 199.5 �C (Et2O/hexane);
1H NMR (270 MHz, CDCl3): �� 7.73 ± 7.81 (m, 3H), 7.62 (s, 1H), 7.33 ±
7.44 (m, 3H), 5.26 (m, 1H), 5.09 (m, 1H), 4.55 (m, 1H), 2.86 (m, 1H), 2.27
(m, 2H), 1.97 (s, 3H), 0.66 ± 2.23 (m, 26H), 0.69 (s, 3H), �0.25 (s, 3H); IR
(KBr): �� � 1720 cm�1; elemental analysis calcd (%) for C38H48O4 (568.8): C


80.24, H 8.51; found: C 79.90, H 8.70; X-ray data: see the Supporting
Information.


(1R,2S)-4 f : Colourless crystals; m.p. 180 ± 181 �C (Et2O/hexane); 1H NMR
(270 MHz, CDCl3): �� 7.73 ± 7.81 (m, 3H), 7.64 (s, 1H), 7.33 ± 7.44 (m, 3H),
5.34 (m, 1H), 5.09 (m, 1H), 4.55 (m, 1H), 2.86 (m, 1H), 2.27 (m, 2H), 2.03
(s, 3H), 0.98 (s, 3H), 0.66 ± 2.23 (m, 26H), 0.43 (s, 3H); IR (KBr): �� �
1727 cm�1.


Mixture of compounds 3g and 4g :


(1S*,2R*)-3g : Colourless crystals; m.p. 126.0 ± 129.0 �C (Et2O/hexane);
[�]28D ��22.3 (c� 0.63, CHCl3); 1H NMR (300 MHz, CDCl3): �� 8.52 (d,
J� 4.5 Hz, 1H), 7.57 (td, J� 7.7, 1.8 Hz, 1H), 7.18 (d, J� 7.7 Hz, 1H), 7.09
(ddd, J� 7.7, 4.5, 0.8 Hz, 1H), 5.33 (d, J� 4.2 Hz, 1H), 5.24 (td, J� 10.8,
4.3 Hz, 1H), 4.58 (m, 1H), 2.91 (td, J� 11.5, 3.5 Hz, 1H), 2.31 ± 0.84 (m,
28H), 2.03 (s, 3H), 0.95 (s, 3H), 0.11 (s, 3H); IR (KBr): �� � 1732 cm�1; MS
EI(�); m/z (%): 519 (3) [M]� , 160 (100); HRMS calcd for C33H45NO4:
519.3348 [M]� ; found: 519.3367; elemental analysis calcd (%) for
C33H45NO4 (519.7): C 76.26, H 8.73, N 2.70; found: C 76.06, H 8.72, N 2.62.


(1R*,2S*)-4g : Colourless crystals; m.p. 149.5 ± 150.0 �C (Et2O/hexane);
[�]28D ��70.7 (c� 0.59, CHCl3); 1H NMR (300 MHz, CDCl3): �� 8.51 (d,
J� 4.4 Hz, 1H), 7.56 (td, J� 7.7, 1.8 Hz, 1H), 7.13 (d, J� 7.7 Hz, 1H), 7.09
(ddd, J� 7.7, 4.4, 0.9 Hz, 1H), 5.34 (d, J� 4.4 Hz, 1H), 5.13 (td, J� 11.0,
4.2 Hz, 1H), 4.59 (m, 1H), 2.88 (td, J� 11.0, 3.6 Hz, 1H), 2.32 ± 0.88 (m,
28H), 2.03 (s, 3H), 0.99 (s, 3H), 0.46 (s, 3H); IR (KBr): �� � 1732 cm�1; MS
EI(�);m/z (%): 520 (1) [M�H]� , 519 (1) [M]� , 459 (100); HRMS calcd for
C33H45NO4: 519.3348 [M]� ; found: 519.3358; elemental analysis calcd (%)
for C33H45NO4 (519.7): C 76.26, H 8.73, N 2.70; found: C 75.96, H 8.62, N
2.70.


Mixture of compounds 3h and 4h : Colourless solid; m.p. 107.0 ± 112.5 �C;
IR (KBr): �� � 1730 cm�1; HRMS calcd for C34H47NO4: 533.3505 [M]� ;
found: 533.3529.


(1S*,2R*)-3h : 1H NMR (300 MHz, CDCl3): �� 8.39 (d, J� 4.6 Hz, 1H,
overlap with signals of the other diastereomer), 7.36 (d, J� 7.6 Hz, 1H,
overlap with signals of the other diastereomer), 6.97 (dd, J� 7.6, 4.6 Hz,
1H, overlap with signals of the other diastereomer), 5.43 ± 5.30 (m, 2H),
4.59 (m, 1H, overlap with signals of the other diastereomer), 3.10 (td, J�
10.8, 4.0 Hz, 1H), 2.43 ± 0.75 (m, 28H, overlap with signals of the other
diastereomer), 2.35 (s, 3H), 2.03 (s, 3H, overlap with signals of the other
diastereomer), 0.94 (s, 3H), 0.13 (s, 3H).


(1R*,2S*)-4h : 1H NMR (300 MHz, CDCl3): �� 8.39 (d, J� 4.6 Hz, 1H,
overlap with signals of the other diastereomer), 7.36 (d, J� 7.6 Hz, 1H,
overlap with signals of the other diastereomer), 6.97 (dd, J� 7.6, 4.6 Hz,
1H, overlap with signals of the other diastereomer), 5.33 (d, J� 5.0 Hz,
1H), 5.20 (td, J� 10.5, 4.0 Hz, 1H), 4.59 (m, 1H, overlap with signals of the
other diastereomer), 3.10 (td, J� 10.8, 4.0 Hz, 1H), 2.43 ± 0.75 (m, 28H,
overlap with signals of the other diastereomer), 2.36 (s, 3H), 2.03 (s, 3H,
overlap with signals of the other diastereomer), 0.99 (s, 3H), 0.44 (s, 3H).


Mixture of compounds 3 i and 4 i :


(1S,2R)-3i : Colourless crystals; m.p. 199.0 ± 202.0 �C (AcOEt/hexane);
[�]29D ��19.2 (c� 0.51, CHCl3); 1H NMR (300 MHz, CDCl3): �� 8.37 (d,
J� 5.0 Hz, 1H), 6.99 (s, 1H), 6.91 (d, J� 5.0 Hz, 1H), 5.33 (d, J� 4.4 Hz,
1H), 5.22 (td, J� 10.7, 4.3 Hz, 1H), 4.58 (m, 1H), 2.86 (td, J� 11.4, 3.4 Hz,
1H), 2.30 ± 0.84 (m, 28H), 2.30 (s, 3H), 2.03 (s, 3H), 0.95 (s, 3H), 0.10 (s,
3H); IR (KBr): �� � 1732, 1721 cm�1; MS EI(�); m/z (%): 533 (10) [M]� ,
473 (100); HRMS calcd for C34H47NO4: 533.3505 [M]� ; found: 533.3499;
elemental analysis calcd (%) for C34H47NO4 (533.8): C 76.51, H 8.88, N 2.62;
found: C 76.33, H 8.74, N 2.62; X-ray data: see the Supporting Information.


(1R,2S)-4i : Colourless crystals; m.p. 149.0 ± 151.0 �C (AcOEt/hexane);
1H NMR (300 MHz, CDCl3): �� 8.36 (d, J� 4.7 Hz, 1H), 6.94 (s, 1H), 6.90
(d, J� 4.7 Hz, 1H), 5.35 (d, J� 4.8 Hz, 1H), 5.11 (td, J� 10.3, 4.3 Hz, 1H),
4.59 (m, 1H), 2.84 (td, J� 11.4, 3.3 Hz, 1H), 2.30 (s, 3H), 2.21 ± 0.88 (m,
28H), 2.03 (s, 3H), 1.00 (s, 3H), 0.46 (s, 3H); IR (KBr): �� � 1732 cm�1; MS
EI(�); m/z (%): 533 (4) [M]� , 473 (100); HRMS calcd for C34H47NO4:
533.3505 [M]� ; found: 533.3527; elemental analysis calcd (%) for
C34H47NO4 (533.8): C 76.51, H 8.88, N 2.62; found: C 76.33, H 8.87, N 2.58.


Mixture of compounds 3 j and 4j : Colourless solid; m.p. 112.0 ± 118.5 �C; IR
(KBr): �� � 1728 cm�1; HRMS calcd for C34H47NO4: 533.3505 [M]� ; found:
533.3507.


(1S*,2R*)-3j : 1H NMR (300 MHz, CDCl3): �� 8.35 (d, J� 2.2 Hz, 1H),
7.38 (dd, J� 8.1 and 2.2 Hz, 1H), 7.07 (d, J� 8.1 Hz, 1H), 5.33 (d,
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J� 3.7 Hz, 1H), 5.18 (td, J� 10.6, 4.2 Hz, 1H), 4.58 (m, 1H, overlap with
signals of the other diastereomer), 2.88 (td, J� 11.5, 3.7 Hz, 1H), 2.31 ± 0.84
(m, 28H, overlap with signals of the other diastereomer), 2.28 (s, 3H,
overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap with
signals of the other diastereomer), 0.95 (s, 3H), 0.14 (s, 3H).


(1R*,2S*)-4j : 1H NMR (300 MHz, CDCl3): �� 8.34 (d, J� 2.4 Hz, 1H),
7.37 (dd, J� 7.8, 2.4 Hz, 1H), 7.02 (d, J� 7.8 Hz, 1H), 5.35 (d, J� 4.4 Hz,
1H), 5.10 (td, J� 10.8, 4.5 Hz, 1H), 4.58 (m, 1H, overlap with signals of the
other diastereomer), 2.85 (td, J� 11.4, 3.3 Hz, 1H), 2.31 ± 0.84 (m, 28H,
overlap with signals of the other diastereomer), 2.28 (s, 3H, overlap with
signals of the other diastereomer), 2.03 (s, 3H, overlap with signals of the
other diastereomer), 1.00 (s, 3H), 0.49 (s, 3H).


Mixture of compounds 3k and 4k : Colourless solid; m.p. 71.5 ± 75.0 �C; IR
(KBr): �� � 1730 cm�1; HRMS calcd for C34H47NO4: 533.3505 [M]� ; found:
533.3526.


(1S*,2R*)-3k : 1H NMR (300 MHz, CDCl3): �� 7.46 (t, J� 7.7 Hz, 1H),
6.94 (d, J� 7.7 Hz, 2H), 5.33 (d, J� 3.6 Hz, 1H), 5.21 (td, J� 10.8, 4.2 Hz,
1H), 4.59 (m, 1H, overlap with signals of the other diastereomer), 2.90 (td,
J� 11.6, 3.8 Hz, 1H), 2.50 (s, 3H, overlap with signals of the other
diastereomer), 2.31 ± 0.88 (m, 28H, overlap with signals of the other
diastereomer), 2.03 (s, 3H, overlap with signals of the other diastereomer),
0.95 (s, 3H), 0.07 (s, 3H).


(1R*,2S*)-4k : 1H NMR (300 MHz, CDCl3): �� 7.45 (t, J� 7.7 Hz, 1H),
6.99 (d, J� 7.7 Hz, 1H), 6.95 (d, J� 7.7 Hz, 1H), 5.34 (d, J� 4.4 Hz, 1H),
5.12 (td, J� 10.5, 4.2 Hz, 1H), 4.59 (m, 1H, overlap with signals of the other
diastereomer), 2.88 (td, J� 11.4, 3.9 Hz, 1H), 2.50 (s, 3H, overlap with
signals of the other diastereomer), 2.31 ± 0.88 (m, 28H, overlap with signals
of the other diastereomer), 2.03 (s, 3H, overlap with signals of the other
diastereomer), 1.00 (s, 3H), 0.46 (s, 3H).


Mixture of compounds 3 l and 4 l : Colourless solid; m.p. 61.0 ± 63.0 �C; IR
(KBr): �� � 1732 cm�1; MS EI(�); m/z (%): 556 (0.2) [M�2]� , 554 (0.6)
[M]� , 493 (100); HRMS calcd for C33H44NO4Cl: 553.2968 [M]� ; found:
553.2959.


(1S*,2R*)-3l : 1H NMR (300 MHz, CDCl3): �� 8.43 (d, J� 5.3 Hz, 1H),
7.20 (d, J� 2.0 Hz, 1H), 7.12 (dd, J� 5.3, 2.0 Hz, 1H), 5.34 (m, 1H, overlap
with signals of the other diastereomer), 5.19 (td, J� 10.6, 4.2 Hz, 1H), 4.58
(m, 1H, overlap with signals of the other diastereomer), 2.86 (m, 1H,
overlap with signals of the other diastereomer), 2.31 ± 0.84 (m, 28H,
overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap with
signals of the other diastereomer), 0.96 (s, 3H), 0.13 (s, 3H).


(1R*,2S*)-4l : 1H NMR (300 MHz, CDCl3): �� 8.42 (d, J� 5.1 Hz, 1H),
7.15 (d, J� 2.1 Hz, 1H), 7.12 (dd, J� 5.1, 2.1 Hz, 1H), 5.34 (m, 1H, overlap
with signals of the other diastereomer), 5.08 (td, J� 10.4, 4.2 Hz, 1H), 4.58
(m, 1H, overlap with signals of the other diastereomer), 2.86 (m, 1H,
overlap with signals of the other diastereomer), 2.31 ± 0.84 (m, 28H,
overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap with
signals of the other diastereomer), 1.00 (s, 3H), 0.48 (s, 3H).


Mixture of compounds 3m and 4m : Colourless solid; m.p. 84.0 ± 88.0 �C; IR
(KBr): �� � 1728 cm�1; HRMS calcd for C37H47NO4: 569.3505 [M]� ; found:
569.3504.


(1S*,2R*)-3m : 1H NMR (300 MHz, CDCl3): �� 8.08 (d, J� 7.8 Hz, 1H,
overlap with signals of the other diastereomer), 8.03 (d, J� 8.5 Hz, 1H),
7.76 (dd, J� 8.3, 0.9 Hz, 1H, overlap with signals of the other diaster-
eomer), 7.67 (ddd, J� 8.3, 7.0, 1.5 Hz, 1H), 7.48 (ddd, J� 7.8, 7.0, 0.9 Hz,
1H), 7.36 (d, J� 8.5 Hz, 1H), 5.32 (m, 1H, overlap with signals of the other
diastereomer), 5.26 (m, 1H, overlap with signals of the other diastereom-
er), 4.55 (m, 1H, overlap with signals of the other diastereomer), 3.17 (td,
J� 11.6, 3.7 Hz, 1H), 2.31 ± 0.56 (m, 28H, overlap with signals of the other
diastereomer), 2.03 (s, 3H, overlap with signals of the other diastereomer),
0.69 (s, 3H), �0.23 (s, 3H).
(1R*,2S*)-4m : 1H NMR (300 MHz, CDCl3): �� 8.08 (d, J� 7.8 Hz, 1H,
overlap with signals of the other diastereomer), 8.03 (d, J� 8.4 Hz, 1H),
7.76 (dd, J� 8.3, 0.9 Hz, 1H, overlap with signals of the other diaster-
eomer), 7.67 (ddd, J� 8.3, 6.9, 1.5 Hz, 1H), 7.48 (ddd, J� 7.8, 6.9, 0.9 Hz,
1H), 7.31 (d, J� 8.4 Hz, 1H), 5.32 (m, 1H, overlap with signals of the other
diastereomer), 5.26 (m, 1H, overlap with signals of the other diastereom-
er), 4.55 (m, 1H, overlap with signals of the other diastereomer), 3.13 (m,
1H), 2.31 ± 0.56 (m, 28H, overlap with signals of the other diastereomer),


2.03 (s, 3H, overlap with signals of the other diastereomer), 0.97 (s, 3H),
0.42 (s, 3H).


Mixture of compounds 6a and 7a :


(1S)-6a : Colourless crystals; m.p. 94 ± 94.5 �C (AcOEt/hexane); 1H NMR
(270 MHz, CDCl3): �� 7.36 (d, J� 6.6 Hz, 2H), 7.28 ± 7.33 (m, 3H), 5.89 (q,
J� 6.6 Hz, 1H), 5.37 (m, 1H), 4.60 (m. 1H), 2.35 (m, 2H), 2.03 (s, 3H), 1.53
(d, J� 6.6 Hz, 3H), (0.86 ± 2.09 (m, 18H), 0.99 (s, 3H), 0.51 (s, 3H); IR
(KBr): �� � 1726 cm�1; HRMS calcd for C30H40O4: 464.2927 [M]� ; found:
464.2922.


(1R)-7a : Colourless crystals; m.p. 93 ± 93.5 �C (AcOEt/hexane); 1H NMR
(270 MHz, CDCl3): �� 7.36 (d, J� 7.9 Hz, 2H), 7.28 ± 7.33 (m, 3H), 5.93 (q,
J� 6.6 Hz, 1H), 5.38 (m, 1H), 4.60 (m. 1H), 2.35 (m, 2H), 2.04 (s, 3H), 1.54
(d, J� 6.6 Hz, 3H), 0.80 ± 2.20 (m, 18H), 1.03 (s, 3H), 0.71 (s, 3H); IR
(KBr): �� � 1736 cm�1.


Mixture of compounds 6b and 7b : Amorphous yellow solid; IR (NaCl):
�� � 1732 cm�1; HRMS calcd for C31H42O4: 478.3083 [M]� ; found: 478.3072.


(1S*)-6b : 1H NMR (270 MHz, CDCl3): �� 7.24 (d, J� 7.6 Hz, 2H, overlap
with signals of the other diastereomer), 7.15 (d, J� 7.6 Hz, 2H, overlap with
signals of the other diastereomer), 5.87 (m, 1H, overlap with signals of the
other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 2.34 (s, 3H, overlap with signals of the other diastereomer), 2.03 (s,
3H), 1.51 (d, J� 6.3 Hz, 3H, overlap with signals of the other diaste-
reomer), 0.74 ± 2.40 (m, 20H, overlap with signals of the other diaste-
reomer), 0.99 (s, 3H), 0.52 (s, 3H).


(1R*)-7b : 1H NMR (270 MHz, CDCl3): �� 7.24 (d, J� 7.6 Hz, 2H, overlap
with signals of the other diastereomer), 7.15 (d, J� 7.6 Hz, 2H, overlap with
signals of the other diastereomer), 5.87 (m, 1H, overlap with signals of the
other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 2.34 (s, 3H, overlap with signals of the other diastereomer), 2.04 (s,
3H), 1.51 (d, J� 6.3 Hz, 3H, overlap with signals of the other diaste-
reomer), 0.74 ± 2.40 (m, 20H, overlap with signals of the other diaste-
reomer), 1.03 (s, 3H), 0.71 (s, 3H).


Mixture of compounds 6c and 7c : Colourless amorphous solid; IR (KBr):
�� � 1728 cm�1; HRMS calcd for C31H42O5: 494.3033 [M]� ; found: 494.3034.


(1S*)-6c : 1H NMR (270 MHz, CDCl3): �� 7.30 (d, J� 8.6 Hz, 2H, overlap
with signals of the other diastereomer), 6.87 (d, J� 8.6 Hz, 2H, overlap
with signals of the other diastereomer), 5.87 (m, 1 H overlap with signals of
the other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 3.80 (s, 3H), 2.33 (m, 2H, overlap with signals of the other
diastereomer), 2.03 (s, 3H), 1.52 (d, J� 6.6 Hz, 3H, overlap with signals of
the other diastereomer), 0.93 ± 2.10 (m, 18H, overlap with signals of the
other diastereomer), 0.98 (s, 3H), 0.49 (s, 3H).


(1R*)-7c : 1H NMR (270 MHz, CDCl3): �� 7.30 (d, J� 8.6 Hz, 2H, overlap
with signals of the other diastereomer), 6.87 (d, J� 8.6 Hz, 2H, overlap
with signals of the other diastereomer), 5.87 (m, 1H, overlap with signals of
the other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 3.80 (s, 3H), 2.33 (m, 2H, overlap with signals of the other
diastereomer), 2.04 (s, 3H), 1.52 (d, J� 6.6 Hz, 3H, overlap with signals of
the other diastereomer), 0.93 ± 2.10 (m, 18H, overlap with signals of the
other diastereomer), 1.03 (s, 3H), 0.70 (s, 3H).


Mixture of compounds 6d and 7d : Yellow solid; m.p. 52 ± 53 �C; IR (KBr):
�� � 1736 cm�1.


(1S*)-6d : 1H NMR (270 MHz, CDCl3): �� 7.31 (d, J� 7.2 Hz, 2H, overlap
with signals of the other diastereomer), 7.23 (d, J� 7.2 Hz, 2H, overlap with
signals of the other diastereomer), 5.88 (m, 1H, overlap with signals of the
other diastereomer), 5.38 (m, 1H, overlap with signals of the other
diastereomer), 4.58 (m. 1H, overlap with signals of the other diastereo-
mer), 2.32 (m, 2H, overlap with signals of the other diastereomer), 2.03 (s,
3H), 0.85 ± 2.20 (m, 18H, overlap with signals of the other diastereomer),
1.51 (d, J� 6.6 Hz, 3H, overlap with signals of the other diastereomer), 0.99
(s, 3H), 0.51 (s, 3H).


(1R*)-7d : 1H NMR (270 MHz, CDCl3): �� 7.31 (d, J� 7.2 Hz, 2H, overlap
with signals of the other diastereomer), 7.23 (d, J� 7.2 Hz, 2H, overlap with
signals of the other diastereomer), 5.88 (m, 1H, overlap with signals of the
other diastereomer), 5.38 (m, 1H, overlap with signals of the other
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diastereomer), 4.58 (m. 1H, overlap with signals of the other diastereo-
mer), 2.32 (m, 2H, overlap with signals of the other diastereomer), 2.04 (s,
3H), 0.85 ± 2.20 (m, 18H, overlap with signals of the other diastereomer),
1.51 (d, J� 6.6 Hz, 3H, overlap with signals of the other diastereomer), 1.03
(s, 3H), 0.70 (s, 3H).


Mixture of compounds 6e and 7e : Colourless solid; m.p. 165 ± 166 �C; IR
(KBr): �� � 1728 cm�1; HRMS calcd for C34H42O4: 514.3084 [M]� ; found:
515.3152.


(1S*)-6e : 1H NMR (270 MHz, CDCl3): �� 7.80 ± 7.84 (m, 4H, overlap with
signals of the other diastereomer), 7.32 ± 7.48 (m, 3H, overlap with signals of
the other diastereomer), 6.17 (m, 1H, overlap with signals of the other
diastereomer), 5.38 (m, 1H, overlap with signals of the other diastereo-
mer), 4.61 (m. 1H, overlap with signals of the other diastereomer), 2.02 (s,
3H), 0.72 ± 2.41 (m, 20H, overlap with signals of the other diastereomer),
1.63 (d, J� 6.3 Hz, 3H), 0.95 (s, 3H), 0.50 (s, 3H).
(1R*)-7e : 1H NMR (270 MHz, CDCl3): �� 7.80 ± 7.84 (m, 4H, overlap with
signals of the other diastereomer), 7.32 ± 7.48 (m, 3H, overlap with signals of
the other diastereomer), 6.17 (m, 1H, overlap with signals of the other
diastereomer), 5.38 (m, 1H, overlap with signals of the other diastereo-
mer), 4.61 (m. 1H, overlap with signals of the other diastereomer), 2.03 (s,
3H), 0.72 ± 2.41 (m, 20H, overlap with signals of the other diastereomer),
1.65 (d, J� 6.3 Hz, 3H), 1.02 (s, 3H), 0.73 (s, 3H).
Mixture of compounds 6 f and 7 f : Colourless amorphous solid; IR (NaCl):
�� � 1747 cm�1; HRMS calcd for C31H42O4: 478.3083 [M]� ; found: 478.3090.


(1S*)-6 f : 1H NMR (270 MHz, CDCl3): �� 7.23 ± 7.36 (m, 5H, overlap with
signals of the other diastereomer), 5.66 (m, 1H, overlap with signals of the
other diastereomer), 5.36 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 2.33 (m, 2H, overlap with signals of the other diastereomer), 2.15 (m,
2H, overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap
with signals of the other diastereomer), 0.81 ± 2.11 (m, 18H, overlap with
signals of the other diastereomer), 0.87 (t, J� 7.3 Hz, 3H, overlap with
signals of the other diastereomer), 0.99 (s, 3H), 0.48 (s, 3H).


(1R*)-7 f : 1H NMR (270 MHz, CDCl3): �� 7.23 ± 7.36 (m, 5H, overlap with
signals of the other diastereomer), 5.66 (m, 1H, overlap with signals of the
other diastereomer), 5.36 (m, 1H, overlap with signals of the other
diastereomer), 4.60 (m. 1H, overlap with signals of the other diastereo-
mer), 2.33 (m, 2H, overlap with signals of the other diastereomer), 2.15 (m,
2H, overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap
with signals of the other diastereomer), 0.81 ± 2.11 (m, 18H, overlap with
signals of the other diastereomer), 0.87 (t, J� 7.3 Hz, 3H, overlap with
signals of the other diastereomer), 1.03 (s, 3H), 0.71 (s, 3H).


Mixture of compounds 6g and 7g : Colourless amorphous solid; m.p. 44.5 ±
51.0 �C; IR (KBr): �� � 1732 cm�1.


(1S*)-6g : 1H NMR (300 MHz, CDCl3): �� 8.58 (ddd, J� 4.9, 1.7, 0.9 Hz,
1H), 7.68 (td, J� 7.7, 1.7 Hz, 1H), 7.38 (dd, J� 7.9, 1.2 Hz, 1H), 7.19 (ddd,
J� 7.5, 4.9, 1.2 Hz, 1H), 5.93 (q, J� 6.5 Hz, 1H), 5.37 (m, 1H), 4.60 (m, 1H,
overlap with signals of the other diastereomer), 2.43 (dd, J� 17.8 and
9.0 Hz, 1H, overlap with signals of the other diastereomer), 2.33 ± 1.18 (m,
19H, overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap
with signals of the other diastereomer), 1.60 (d, J� 6.5 Hz, 3H), 1.00 (s,
3H), 0.59 (s, 3H).


(1R*)-7g : 1H NMR (300 MHz, CDCl3): �� 8.57 (ddd, J� 4.9, 1.7 0.9 Hz,
1H), 7.67 (td, J� 7.7, 1.7 Hz, 1H), 7.36 (d, J� 7.9 Hz, 1H), 7.19 (ddd, J� 7.5,
4.9, 1.3 Hz, 1H), 5.95 (q, J� 6.7 Hz, 1H), 5.38 (d, J� 4.2 Hz, 1H), 4.60 (m,
1H, overlap with signals of the other diastereomer), 2.43 (dd, J� 17.8,
9.0 Hz, 1H, overlap with signals of the other diastereomer), 2.33 ± 1.18 (m,
19H, overlap with signals of the other diastereomer), 2.03 (s, 3H, overlap
with signals of the other diastereomer), 1.60 (d, J� 6.7 Hz, 3H), 1.03 (s,
3H), 0.73 (s, 3H).


Mixture of compounds 6h and 7h : Colourless amorphous solid; IR (KBr):
�� � 1731 cm�1; HRMS calcd for C31H42O4: 478.3083 [M]� ; found: 478.3063.


(1S*)-6h : 1H NMR (300 MHz, CDCl3): �� 7.18 ± 7.37 (m, 5H, overlap with
signals of the other diastereomer), 5.36 (m, 1H, overlap with signals of the
other diastereomer), 5.11 (m, 1H, overlap with signals of the other
diastereomer), 4.58 (m, 1H, overlap with signals of the other diastereo-
mer), 2.78 (m, 2H), 0.98 ± 2.38 (m, 20H, overlap with signals of the other
diastereomer), 2.04 (s, 3H, overlap with signals of the other diastereomer),
1.22 (d, J� 6.3 Hz, 3H), 1.00 (s, 3H), 0.48 (s, 3H).


(1R*)-7h : 1H NMR (300 MHz, CDCl3): �� 7.18 ± 7.37 (m, 5H, overlap with
signals of the other diastereomer), 5.36 (m, 1H, overlap with signals of the
other diastereomer), 5.11 (m, 1H, overlap with signals of the other
diastereomer), 4.58 (m, 1H, overlap with signals of the other diastereo-
mer), 2.92 (m, 2H), 0.98 ± 2.38 (m, 20H, overlap with signals of the other
diastereomer), 2.04 (s, 3H, overlap with signals of the other diastereomer),
1.23 (d, J� 6.3 Hz, 3H), 1.01 (s, 3H), 0.63 (s, 3H).
Mixture of compounds 9a and 10a


(1S)-9a : Colourless solid; m.p. 73.0 ± 73.5 �C; 1H NMR (270 MHz, CDCl3):
�� 7.28 ± 7.38 (m, 5H), 5.75 (m, 1H), 5.30 (m, 1H), 4.61 (m, 1H), 0.90 ± 2.33
(m, 20H), 2.03 (s, 3H), 1.49 (d, J� 6.6 Hz, 3H), 1.00 (s, 3H), 0.61 (s, 3H);
IR (KBr): �� � 1731, 1646 cm�1. HRMS calcd for C30H41NO3: 463.3087 [M]� ;
found: 463.3088.


(1R)-10a : Colourless solid; m.p. 75.0 ± 75.5 �C; 1H NMR (270 MHz,
CDCl3): �� 7.24 ± 7.35 (m, 5H), 5.58 (m, 1H), 5.37 (m, 1H), 4.62 (m,
1H), 0.94 ± 2.37 (m, 20H), 2.04 (s, 3H), 1.50 (d, J� 6.6 Hz, 3H), 1.03 (s,
3H), 0.73 (s, 3H); IR (KBr): �� � 1732, 1646 cm�1.


Mixture of compounds 9b and 10b : Colourless solid; m.p. 77.0 ± 78.0 �C; IR
(KBr): �� � 1734, 1645 cm�1.


(1S*)-9b : 1H NMR (270 MHz, CDCl3): �� 7.21 (d, J� 7.9 Hz, 2H), 7.14 (d,
J� 7.9 Hz, 2H), 5.50 (d, J� 7.9 Hz, 1H), 5.36 (m, 1H), 5.12 (q, J� 7.3 Hz,
1H), 4.60 (m, 1H), 2.03 (s, 3H), 0.82 ± 2.39 (m, 20H), 1.63 (s, 3H), 1.47 (d,
J� 6.9 Hz, 3H), 1.00 (s, 3H), 0.62 (s, 3H).
(1R*)-10b : 1H NMR (270 MHz, CDCl3): �� 7.25 (d, J� 7.9 Hz, 2H), 7.15
(d, J� 7.9 Hz, 2H), 5.51 (m, 1H), 5.36 (m, 1H), 5.39 (m, 1H), 5.16 (m, 1H),
4.63 (m, 1H), 2.03 (s, 3H), 0.85 ± 2.46 (m, 20H), 1.72 (s, 3H), 1.48 (d, J�
6.9 Hz, 3H), 1.03 (s, 3H), 0.72 (s, 3H).


Mixture of compounds 9c and 10c : Colourless solid; m.p. 68.5 ± 69.5 �C; IR
(KBr): �� � 1732, 1648 cm�1; HRMS calcd for C30H40NO3Br: 541.2192 [M]� ;
found: 541.2193.


(1S*)-9c : 1H NMR (270 MHz, CDCl3): �� 7.44 (d, J� 8.6 Hz, 2H), 7.21 (d,
J� 8.6 Hz, 2H), 5.84 (d, J� 7.6 Hz, 1H), 5.36 (m, 1H), 5.09 (m, 1H), 4.60
(m, 1H), 2.32 (m, 2H), 0.97 ± 2.27 (m, 18H), 2.04 (s, 3H), 1.45 (d, J� 6.9 Hz,
3H), 1.01 (s, 3H), 0.58 (s, 3H).


(1R*)-10c : 1H NMR (270 MHz, CDCl3): �� 7.44 (d, J� 8.6 Hz, 2H), 7.21
(d, J� 8.6 Hz, 2H), 5.49 (m, 1H), 5.40 (m, 1H), 5.17 (m, 1H), 4.60 (m, 1H),
0.97 ± 2.30 (m, 18H), 2.05 (s, 3H), 1.47 (d, J� 6.6 Hz, 3H), 1.03 (s, 3H), 0.71
(s, 3H).


Mixture of compounds 9d and 10d :


(1S)-9d : Colourless solid; m.p. 133.5 ± 134.0 �C; 1H NMR (270 MHz,
CDCl3): �� 7.80 ± 7.84 (m, 4H), 7.44 ± 7.49 (m, 3H), 5.59 (d, J� 7.9 Hz,
1H), 5.37 (m, 1H), 5.34 (m, 1H), 4.59 (m, 1H), 0.90 ± 2.34 (m, 20H), 2.01 (s,
3H), 1.58 (d, J� 6.9 Hz, 3H), 0.99 (s, 3H), 0.62 (s, 3H); IR (KBr): �� �
1728 cm�1.


(1R)-10d : Colourless solid; m.p. 135.0 ± 135.5 �C; 1H NMR (270 MHz,
CDCl3): �� 7.76 ± 7.84 (m, 4H), 7.43 ± 7.49 (m, 3H), 5.56 (d, J� 7.9 Hz, 1H),
5.38 (m, 1H), 5.35 (m, 1H), 4.67 (m, 1H), 0.90 ± 2.38 (m, 20H), 2.04 (s, 3H),
1.60 (d, J� 6.9 Hz, 3H), 1.03 (s, 3H), 0.75 (s, 3H); IR (KBr): �� � 1736,
1658 cm�1.


Mixture of compounds 9e and 10e : Pale yellow solid; m.p. 78.5 ± 79.5 �C;
IR (KBr): �� � 1736, 1652 cm�1; HRMS calcd for C31H43NO3: 477.3243 [M]� ;
found: 477.3241.


(1S*)-9e : 1H NMR (270 MHz, CDCl3): �� 7.23 ± 7.36 (m, 5H, overlap with
signals of the other diastereomer), 5.54 (m, 1H, overlap with signals of the
other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.91 (m, 1H, overlap with signals of the other diastereo-
mer), 4.59 (m, 1H, overlap with signals of the other diastereomer), 0.91 ±
2.32 (m, 20H, overlap with signals of the other diastereomer), 2.05 (s, 3H,
overlap with signals of the other diastereomer), 1.83 (m, 2H, overlap with
signals of the other diastereomer), 0.99 (s, 3H), 0.89 (m, 3H, overlap with
signals of the other diastereomer), 0.54 (s, 3H).


(1R*)-10e : 1H NMR (270 MHz, CDCl3): �� 7.23 ± 7.36 (m, 5H, overlap
with signals of the other diastereomer), 5.54 (m, 1H, overlap with signals of
the other diastereomer), 5.37 (m, 1H, overlap with signals of the other
diastereomer), 4.91 (m, 1H, overlap with signals of the other diastereo-
mer), 4.59 (m, 1H, overlap with signals of the other diastereomer), 0.91 ±
2.32 (m, 20H, overlap with signals of the other diastereomer), 2.05 (s, 3H,
overlap with signals of the other diastereomer), 1.83 (m, 2H, overlap with
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signals of the other diastereomer), 1.03 (s, 3H), 0.89 (m, 3H, overlap with
signals of the other diastereomer), 0.73 (s, 3H).


General procedure for extraction : Aqueous 3.0 wt% HCl (20 mL, diluted
36%HCl with dist. H2O) was added to a solution of 3g and 4g (300 mg, 1:1
mixture of diastereomers) in diethyl ether (50 mL). After vigorous shaking,
the ethereal solution was separated from the aqueous layer, dried over
Na2CO3 and filtered. The filtrate was concentrated in vacuo to give 3g in
73% yield with 41%de. The aqueous layer was made alkaline with
NaHCO3 (pH 8) to precipitate a white solid. The precipitate was collected
by suction filtration and dried to give 4g in 25% yield with 93%de.


Procedure for the reduction of ester 3c : To a stirred solution of 3c (112 mg,
0.204 mmol) in dry THF (3 mL) was added LiAlH4 (78 mg, 2.05 mmol) at
room temperature. After 1 h, the reaction mixture was treated by
successive dropwise addition of 78 mL of water, 78 mL of 15% sodium
hydroxide solution, and 234 mL of water. After filtration of the granular
precipitate, the filtrate was concentrated in vacuo. The residue was purified
by column chromatography on silica gel (hexane/AcOEt 2:1) to give
(1S, 2R)-1c (42 mg, 99.8%) as colourless crystals.


(1S,2R)-trans-2-(4-Methoxyphenyl)cyclohexanol[12b] (1c): Colourless sol-
id; m.p. 66 ± 67 �C; [�]30D ��26.0 (c� 0.908, CHCl3); 99% ee [The ee was
determined by HPLC analysis (Daicel Chiralcel OJ; hexane/iPrOH� 99:1;
flow rate: 1.0 mLmin�1; 25 �C; tR 43.0 min.)]; 1H NMR (270 MHz, CDCl3):
�� 7.18 (m, 2H), 6.88 (m, 2H), 3.80 (s, 3H), 3.61 (m, 1H), 2.29 (m, 1H),
2.11 (m, 1H), 1.26 ± 1.89 (m, 8H).


(1R,2S)-trans-2-(4-Methoxyphenyl)cyclohexanol (1c):[12b] Colourless sol-
id; m.p. 68 ± 69 �C; 99% ee [The ee was determined by HPLC analysis
(Daicel Chiralcel OJ; hexane/iPrOH� 99:1; flow rate: 1.0 mLmin�1; 25 �C;
tR 46.0 min.)]; 1H NMR (270 MHz, CDCl3): �� 7.18 (m, 2H), 6.88 (m, 2H),
3.80 (s, 3H), 3.61 (m, 1H), 2.29 (m, 1H), 2.11 (m, 1H), 1.26 ± 1.89 (m, 8H).


(1S*,2R*)-trans-2-Pyridin-2-ylcyclohexanol (1g): White solid; m.p. 64.0 ±
64.5 �C; [�]28D ��20.4 (c� 0.49, CHCl3); 77% ee [The eewas determined by
HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH� 95:5); flow rate:
1.0 mLmin�1; 25 �C; tR 9.9 min.]] .


(1R*,2S*)-trans-2-Pyridin-2-ylcyclohexanol (1g): White solid; m.p. 64.5 ±
65.5 �C; [�]27D ��23.5 (c� 0.53, CHCl3); 93% ee [The eewas determined by
HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH� 95:5; flow rate:
1.0 mLmin�1; 25 �C; tR 13.2 min.)].


(1S,2R)-trans-2-(4-Methylpyridin-2-yl)cyclohexanol (1 i): White crystals;
m.p. 65.0 ± 66.0 �C; [�]27D ��17.0 (c� 0.53, CHCl3); 64% ee [The ee was
determined by HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH�
95:5; flow rate: 1.0 mLmin�1; 25 �C; tR 8.9 min.)].


(1R,2S)-trans-2-(4-Methylpyridin-2-yl)cyclohexanol (1 i): White crystals;
m.p. 64.0 ± 65.0 �C; [�]29D ��24.8 (c� 0.56, CHCl3); 80% ee [The ee was
determined by HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH�
95:5; flow rate: 1.0 mLmin�1; 25 �C; tR 10.3 min.)].


(1S*,2R*)-trans-2-(4-Chloropyridin-2-yl)cyclohexanol (1 l): White solid;
m.p. 75.5 ± 76.5 �C; [�]28D ��30.6 (c� 0.92, CHCl3); 79% ee [The ee was
determined by HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH�
95:5; flow rate: 1.0 mLmin�1; 25 �C; tR 8.4 min.)].


(1R*,2S*)-trans-2-(4-Chloropyridin-2-yl)cyclohexanol (1 l): White solid;
m.p. 77.0 ± 78.0 �C; [�]28D ��20.5 (c� 0.72, CHCl3); 50% ee [The ee was
determined by HPLC analysis (Daicel Chiralcel OD; hexane/iPrOH�
95:5; flow rate: 1.0 mLmin�1; 25 �C; tR 9.7 min.)].
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The Thermal Decomposition of Mg ± Al Hydrotalcites: Effects of Interlayer
Anions and Characteristics of the Final Structure


Jules C. A. A. Roelofs, Jeroen A. van Bokhoven, A. Jos van Dillen,
John W. Geus, and Krijn P. de Jong*[a]


Abstract: The thermal decomposition
of hydrotalcites (HTs) with different
interlayer anions in the 298 ± 523 K re-
gion has been investigated by using
transmission electron microscopy
(TEM), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and
IR, 27Al MAS-NMR and X-ray absorp-
tion near-edge structure (XANES) spec-
troscopy. The thermal stability of the HT
with interlayer oxalate was remarkably
higher than that of HTs with interlayer
carbonate; the onset temperatures for
decomposition were 523 K and 473 K,


respectively. It is proposed that the
basicity of the interlayer anion is the
key factor in the onset of dehydroxyla-
tion of the brucite-like layers: the lower
the basicity, the more thermally stable
the HT compound. After heat treatment
at 723 K, small Mg(Al)O domains
(�5 nm) within the HT crystallites
cause broadening of the XRD reflec-


tions. The electron diffraction pattern
consists of spots and rings, due to non-
randomly oriented crystalline material.
Formation of disordered bonds, caused
by nonideal packing between the de-
composing adjacent cation layers in the
(111) direction, could explain the ex-
panded d value in the resulting MgO-
like phase observed with XRD and
electron diffraction. The orientation of
the Mg(Al)O domains in the heat-treat-
ed material may be crucial for the so-
called ™memory effect∫ of HTs.


Keywords: basicity ¥ decomposition
¥ hydrotalcites ¥ layered compounds
¥ oxalate


Introduction


Hydrotalcite (HT) has attracted much attention during the
development of new environmentally friendly catalysts. After
calcination at up to 725 ± 775 K, HT decomposes to a mixed
oxide of high surface area, with strong Lewis base features.[1]


Consequently, calcined HTs are suitable catalysts for several
vapour-phase base-catalyzed condensation reactions.[2±6]


When heat-treated HTs are brought into contact with water
at room temperature, restoration of the layered structure with
mainly OH� ions in the interlayer proceeds,[7] yielding a highly
active base catalyst suitable for liquid-phase aldol condensa-
tion reactions.[8±12] The structure and activity of the HT-like
compounds thus produced depend to a large extent on the
treatment applied. Therefore, insight into the changes in the
HT during activation is vital, as well as knowledge of the
structure resulting after heat treatment.


The structure of HT, Mg6Al2(OH)16CO3 ¥ 4H2O, resembles
that of brucite, Mg(OH)2. In the latter the magnesium cations


are octahedrally coordinated by hydroxyl ions, resulting in
stacks of edge-shared layers of octahedra. In the HT structure,
some of the Mg2� ions are replaced by Al3� ions, resulting in
positively charged layers whereby the charge is compensated
by interlayer anions, in this case carbonate. Furthermore,
water molecules are present in the interlayer.[13±15]


Physisorbed and interstitial water is removed from HT at
temperatures above �373 K and �460 K, respectively. At
more elevated temperatures (above 523 K) the HTundergoes
dehydroxylation and decarboxylation with H2O and CO2


evolution, giving rise to a material of increased surface area
and formation of micropores.[13] During the thermal treatment
the coordination of Al is partly lowered from octahedral to
tetrahedral, as can be concluded from 27Al MAS-NMR
measurements;[16±19] this is indicative of the start of the cation
layer dehydroxylation.


The onset and the origin of the Mg ±Al HT decomposition
are still subjects of discussion. Several studies have been
undertaken to elucidate the observed changes, especially in
the low-temperature region up to 573 K. Kanezaki suggested
that the reaction of carbonate anions and interlayer water
yields gaseous carbon dioxide and charge-compensating
hydroxyl anions within the interlayer.[26] Others postulate
the reaction of hydroxyl groups from the cation layer with
interlayer carbonate.[20] Although these explanations differ,
both approaches take the line that the decomposition depends
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on the nature of the interlayer anion. However, the influence
of interlayer anions other than carbonate on the thermal
decomposition of Mg ±Al HT has not been investigated fully.
Recently, Xu and Peng reported that Mg ±Al HTs with
interlayer nitrate show remarkable thermal stability of the
layered structure.[21]


As mentioned, thermal treatment at up to 723 ± 773 K
results in the formation of a mixed oxide. Most of the broad
X-ray diffraction (XRD) reflections of this heat-treated HT
can be attributed to an MgO-like phase, which arises above
573 K. Besides (or as a part of) this, reflections due to a spinel-
type compound are present. The exact nature of the MgO-like
phase is not clear, since it is very difficult to distinguish
between small nuclei of MgAl2O4, Al2O3 or Al-doped
MgO.[22±24] MacKenzie stated that the broadening of the
XRD reflections of the MgO-like phase is due to poor
crystallinity or small particle size, or to both.[17] The lattice
constant a of decomposed HT is smaller than that of pure
MgO and decreases at temperatures up to 673 K; this
indicates that Al3� ions, which have a smaller ionic radius
than Mg2� ions, enter into MgO. Above 1073 K, a increases
rapidly towards the value for pure MgO because of Al3� ion
migration, and MgAl2O4 formation has been observed at
1173 ± 1273 K.[7, 25, 26] Repeated calcination ± rehydration cy-
cles result in the segregation of Al3� from the cation layer and
in the formation of spinel nuclei.[27] Bright-field transmission
electron microscopy (TEM) images of calcined HTs show that
the sizes of the original platelets present after synthesis are
retained upon thermal treatment.[28±30]


We showed previously with in situ XANES (X-ray absorp-
tion near-edge structure) at the Mg and Al K-edges that Mg2�


and Al3� in the cation layers of HTs with interlayer carbonate
behave differently according to the temperature.[31] At 425 K
the coordination of some octahedral Al is already lowered,
whereas the Mg coordination does not show any modification.
Most remarkable is that HT treated at 425 K and measured at
room temperature shows a return to the original octahedral
Al coordination. It has been proposed that an Al�OH bond
breakage occurs at about 425 K, without removal of H2O. This
bond is restored at room temperature.


It is interesting to examine whether the observed features in
Mg ±Al HTalso depend on the nature of the interlayer anion.
Since the HT structure has many structural parameters (for
example, the nature of the di- and trivalent cations as well as
their ratio), assignment of key factors influencing the decom-
position often has ambiguous results. We therefore studied the
decomposition in the range from room temperature to 523 K
of two very similar Mg ±Al HTs with chemically much alike
anions, carbonate and oxalate (HT-CO3 and HTox), using
techniques covering the important parameters: that is, the
coordination of Mg2� and Al3� (in situ XANES and 27Al
MAS-NMR spectroscopy), changes in crystallinity and inter-
layer spacing (XRD), the weight loss and nature of evolved
gases [thermogravimetric analysis mass spectrometry (TGA-
MS)], and in situ changes in IR vibrations. Unique in situ
measurements at the Mg and Al K-edges at these elevated
temperatures show the great potential of the XANES
technique. We have detected large differences in thermal
behaviour of the two HT compounds, which can now be


ascribed solely to the nature of the interlayer anion. We also
studied the structure of the heat-treated HTs. For the first
time, both bright- and dark-field TEM as well as electron and
X-ray diffraction were used; this gave greater insight into the
nature and crystallinity of the resulting MgO-like phase after
heat treatment.


Results and Discussion


Influence of interlayer anion on the dehydroxylation of Mg ±
Al hydrotalcites : In general, TGA results of HT compounds
reveal two distinct weight losses, of which the first is ascribed
to removal of interlayer water up to 453 ± 473 K and the
second to dehydroxylation and decarboxylation above
573 K.[13] The TGA-MS results of the HT-CO3 confirm this
behaviour (Figure 1a). It is striking that the amount of


Figure 1. TGA-MS of a) HT-CO3, b) HTox; m/z� 18 (H2O), m/z� 44
(CO2).


interlayer water in HTox is relatively small, resulting in a low
weight loss (8%) up to 523 K (Figure 1b), relative to the HT-
CO3, which loses about 15% of its weight. Above this
temperature the cation layers start to decompose, resulting in
the observed evolution of water with a maximum at 673 K for
HT-CO3 and 710 K for HTox. We attribute the CO2 evolution
from the HTox above 710 K to decomposition of interlayer
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oxalate, which is also accompanied by simultaneous dehy-
droxylation of the cation layer.


The ex situ XRD pattern of the HT-CO3 at room temper-
ature shows the characteristics of a highly crystalline layered
structure (Figure 2a).[13] We calculated the basal interlayer
spacing from the strong symmetric (003) reflection (2��
13.4�). If the thickness of the brucite-like layer is assumed


Figure 2. Ex situ XRD patterns of a) HT-CO3 and b) HTox preheated at the
temperatures indicated.


to be 4.8 ä,[32] the interlayer distance corresponds to 2.9 ä.
The presence of oxalate in the interlayer gives rise to a (003)
reflection at 9.8 ä (2�� 10.6�) and thus an interlayer distance
of 5.0 ä, which is in close agreement with values reported in
the literature.[57, 33] The reflection at 4.6 ä (2�� 22.7�)
marked by an asterisk in the HTox pattern (Figure 2b) can
be assigned to a superlattice in the ab plane of the HT,
indicating a high degree of cation ordering, probably induced
by the high fraction of Al and the strong interactions between
the interlayer oxalate and the cation layer. Vucelic et al.
reported the same reflection in an HT (Mg/Al� 2) with
interlayer benzoate.[34] Gastuche et al.[35] and Serna et al.[36]


made similar observations. The ex situ XRD patterns of HTox


did not show a significant decrease of the interlayer distance
at 473 K (Figure 2b). After heating at 523 K, the d value of the
(003) reflection of the HT-CO3 had decreased from 7.7 ä to
7.1 ä and peak broadening occurred (Figure 2a). Another


important change in the HT-CO3 was the almost complete
disappearance of the (006) reflection; this could result from
distortion of the layered structure.[37] Surprisingly, the (003)
reflection of the HTox did not shift to lower 2� values, even at
523 K (Figure 2b). High-temperature in situ XRD measure-
ments revealed a significant shift of the (003) reflection of
HT-CO3 at 473 K.[26, 37, 38] Ex situ results with these compounds
can differ substantially from in situ results; as described
previously, in situ and ex situ XANES results at these
temperatures differ.[31] Furthermore, the process of rehydra-
tion and reconstruction of HTupon exposure to air is very fast
and reversible,[38] and thus affects the ex situ results. Indeed,
when the X-ray diffraction pattern of an HT-CO3 sample was
measured in situ at high temperatures, a shift of the (003)
diffraction maximum from 2�� 13.7� to 15.5�was observed at
473 K (Figure 3). In the in situ XRD pattern of HTox, on the


Figure 3. In situ XRD patterns of HT-CO3 measured at the temperatures
indicated.


other hand, no changes were evident in the (006) reflection at
523 K (data not shown); this demonstrates the thermal
stability of HTox. Mg ±Al HT compounds with chloride[38]


and nitrate[21] as the compensating anion display a similar
thermal stability. Grafting of anions in the brucite-like layer of
HT-like compounds has been reported for a large variety of
interlayer species. Malherbe and Besse showed an increased
thermal stability in Mg ±Al HTs with several oxo anions as a
result of the grafting process.[39]


In general, an octahedral Al compound shows two reso-
nances above the absorption edge, at 1568 and 1572 eV,
whereas a tetrahedral compound shows a single sharp rising
edge at 1566 eV. Moreover, the near edge (0 ± 15 eVabove the
edge) in the spectrum of an octahedral compound has higher
intensity than the near edge of a tetrahedral compound.
Changes are seen to occur as a function of temperature during
heating of the HT-CO3 (Figure 4a). A gradual increase in the
number of tetrahedral Al ions is evident from the intensity
increase just on the absorption edge (indicated by an arrow).
Furthermore, the decrease in the octahedral signal at 1572 eV
is consistent with previous results.[31] Again, the HTox results
(Figure 4b) differ from those obtained with HT-CO3. Accord-
ing to XANES, no clear coordination changes of Al in HTox


take place in the temperature region up to 473 K, whereas at
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Figure 4. In situ Al K-edge XANES of a) HT-CO3 and b) HTox measured
at the temperatures indicated.


523 K only a minor proportion of the Al ions are tetrahedrally
coordinated.


Changes in the Al coordination in the HT compounds were
also studied with 27Al MAS-NMR spectroscopy (Figure 5).
The use of high spinning speeds (up to 30 kHz) and a high
external magnetic field strength (14.1 T) minimizes the
chance that some of the Al ions escape detection.[40] At room
temperature, the NMR spectrum of HT-CO3 shows a rela-
tively narrow resonance peak at a chemical shift � of 11.1,
corresponding to octahedrally coordinated Al. Signals related
to tetrahedral Al are usually found in the �� 80 ± 50 region;
the signals can be broadened and shifted because of the
quadrupolar interaction of 27Al.[41] Less than 1% of tetrahe-
dral Al was present in the HT-CO3 at room temperature
(Table 1). The tetrahedral Al content gradually increased to
26% at 523 K after treatment. This can be concluded from the
appearance of the broad resonance around �� 80. The HTox


sample showed a single resonance at �� 12.9, that is, a slightly
higher shift than was found with the HT-CO3. This could be
caused by the stronger influence of the oxalate anion on the
Al ions in the cation layer. Although the percentage of
tetrahedral Al3� increased during heat treatment from room
temperature to 523 K, it remained much lower than that
observed with HT-CO3. After heating of HTox to 523 K,
around 10% of the Al3� ions were found to be in tetrahedral
coordination.


Figure 5. 27Al MAS-NMR obtained at room temperature of a) HT-CO3


and b) HTox preheated at the temperatures indicated.


TheMg K-edge spectra of the HT samples were obtained in
situ at room temperature and 523 K (Figure 6). For the first
time, changes in coordination of Mg have been measured in


Figure 6. In situ Mg K-edge of HTox (top) and HT-CO3 (bottom) measured
at the temperatures indicated.


Table 1. Tetrahedral Al percentages at room temperature and after heat
treatment at 423 K, 473 K and 523 K according to 27Al-MAS-NMR.


RT 423 K 473 K 523 K


HT-CO3 � 1 � 1 16 26
HTox 0 n.d.[a] 6 10


[a] n.d.: not determined.
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situ at this high temperature. The changes in the HT-CO3


spectra from room temperature to 523 K are very similar to
those observed during brucite dehydroxylation, which was
studied by Yoshida et al. using ex situ Mg K-edge XANES.[42]


Heating of HT-CO3 to 523 K resulted in an intensity increase
at 1310 eV. MacKenzie et al. reported changes at 473 K in the
25Mg MAS-NMR of HT-CO3. The authors ascribed the effect
on the spectra to changes in coordination of neighbouring Al,
rather than to the onset of the dehydroxylation of Mg(OH)6
octahedra.[17] The spectra of HTox at room temperature and
523 K did not differ much at 1310 eV, being within the signal-
to-noise ratio. As with Al K-edge XANES results, Mg2�


ions in HTox are much less sensitive to temperature than in
HT-CO3.


Peaks in the infrared spectra of HT-CO3 and HTox recorded
at room temperature, 423 K, 473 K and 523 K (Figure 7) have
been assigned according to results reported in the litera-
ture.[13, 43±45] The hydroxyl stretching region consists of a broad


Figure 7. IR spectra of a) HT-CO3 and b) HTox measured at the temper-
atures indicated.


antisymmetric peak around 3430 cm�1, ascribed to the
stretching mode of hydroxyls attached to Al and Mg. The
shoulder at 3046 cm�1 recorded at room temperature is due to
hydrogen bonding of interlayer water and interlayer carbo-
nate. The bending mode of interlayer water is found at
1623 cm�1. Several absorption bands can be assigned to
interlayer carbonate: the antisymmetric �3 mode at
1366 cm�1, the �2 mode at 865 cm�1 and the �4 mode at
660 cm�1. The �4 mode coincides with the cation layer Mg�O


stretching frequency. The bands at 554, 788 and 947 cm�1 can
be attributed to Al�O stretching modes. Upon heating,
removal of interlayer water had already occurred at 423 ±
473 K, as can be concluded from the disappearance of both
the broad shoulder at 3046 cm�1 and the signal at 1623 cm�1.
Raising the temperature to 423 K resulted in a decrease of the
Al-related vibrations of the HT-CO3 at 554, 788 and 947 cm�1.
Combined with the observed decrease in the absorption in the
hydroxyl-stretching region at 3400 ± 3600 cm�1, this indicates
the start of layer dehydroxylation. Changes in carbonate
vibrations were also observed. A decrease in intensity of the
�3 mode at 1366 cm�1 was accompanied by the appearance of
a new signal at 1517 cm�1, which was clearly visible in the
pattern recorded at 523 K. This was accompanied by a slight
increase in intensity around 1030 ± 1050 cm�1, which points to
a rearrangement of the carbonate in the interlayer space. This
band around 1030 ± 1050 cm�1 is usually ascribed to the
symmetrical stretching mode of carbonate. This vibrational
mode is inactive when the carbonate ion retains its full
symmetry.[25, 52, 56] Rey et al. ascribed these changes to alter-
ations in carbonate symmetry from D3h to C2v or C3v.


[18] In our
view, this could point to the formation of bicarbonate.


In general, interlayer anion absorption bands are found
between 1200 and 1700 cm�1.[13] No results concerning these
bands in HT with interlayer oxalate are available in the
literature. As the aim of our research has not been the
complete elucidation of this IR spectrum, these bands for
HTox (Figure 7) were not assigned in detail. Several of the
interlayer anion bands are most probably associated with the
(anti)symmetric stretch modes of the C�O moiety of the
interlayer oxalate. The other bands observed can be assigned
analogously to those of the HT-CO3 and to results from the
literature. More importantly, the interlayer absorption bands
did not change much in intensity and position during heat
treatment, in contrast to the IR results obtained with HT-
CO3. That dehydroxylation occurred in HTox can be con-
cluded from the lowering of the Al-related signals at 556, 782
and 948 cm�1 and the decrease in the hydroxyl-stretching
region, as we observed with HT-CO3 also. From these results it
is clear that interlayer oxalate stabilizes the HT layer at a
higher temperature than carbonate.


In several HT-like compounds, for example, ZnAl and
CuCr HTs containing (substituted) benzoates or sulfonates as
interlayer anions,[46] grafting of the interlayer anion in the
brucite-like layer has been reported as an explanation for the
observed thermal stability. In the Mg ±Al system also, several
oxo anions show this tendency.[39] A strong indication for
grafting is a decrease in the interlamellar distance such that
the anion, based on its geometry, cannot fit into it (without
cation layer dehydroxylation). On the basis of the observed
changes in Al coordination (for the HT-CO3) and the absence
of a decrease in the (003) reflection for the HTox, other
processes have to be taken into account. The presence of
tetrahedrally coordinated Al at 473 K also excludes the model
proposed by Stanimirova et al. for Mg ±Al HT at 523 K.[47]


Below 473 K, some of the Al�O[H]�Mg bonds are broken.
It is likely that a proton of a nearby OH group migrates to an
OH attached to an Al3� ; this would weaken the Al�OH bond
causing H2O to form. At 473 K, this water remains strongly
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adsorbed on or even within the brucite-like layer and
subsequent cooling to room temperature restores the original
Al�O[H]�Mg bond.[31] Desorption of water originating from
cation layer dehydroxylation from top layers of the HT
crystallite could probably account for the 6% tetrahedrally
coordinated Al in HTox, observed with ex situ 27Al MAS-
NMR spectroscopy at 473 K (Figure 5 and Table 1). Judging
from the large amount of tetrahedrally coordinated Al in HT-
CO3 at 473 K, other processes have also to be taken into
account, such as reaction of interlayer anions with cation
hydroxyl groups, as mentioned for HT-CO3.[17, 20] Figure 7
shows an IR intensity decrease for the Al-related vibrations in
HTox, whereas the interlayer oxalate bands remained merely
constant. In the case of HT-CO3, besides the decrease in Al-
related vibrations, the carbonate-related vibrations also
decreased in intensity. We suggest that diffusion of protons
within HT crystallites towards the interlayer leads to an
equilibrium with the protonated anions in the interlayer,
which is controlled by the acid ± base reactions of the
interlayer anions [Eqs. (1) and (2)].


CO3
2��H�


cationlayer � HCO3
� (1)


C2O4
2��H�


cationlayer � HC2O4
� (2)


This can explain why the thermal stability of HTox is higher
than that of HT-CO3, since the acid ± base equilibrium of the
oxalate ions is situated more on the nonprotonated side.
Proton transfer will induce further dehydroxylation, since the
resulting cation layer structure is unstable, as indicated by the
higher percentages of tetrahedrally coordinated Al in HT-
CO3 at 473 K and 523 K than those in HTox at 523 K. This
could explain the observed change in symmetry of interlayer
carbonate and the appearance of the FT-IR signal at
1517 cm�1 for the HT-CO3, which can now be related to
bicarbonate formation.


TEM and XRD of heat-treated HTs : In general, XRD
patterns of HTs calcined up to 773 K consist of broadened
peaks that can be assigned to the corresponding metal oxides.
Calcination of Mg ±Al HTs results in the formation of an
MgO-like phase. It has been proposed that the trivalent metal
ions, in this case Al3�, segregate from the decomposing cation
layer and take part in the formation of spinel nuclei, which are
not apparent in XRD analysis because of poor crystallinity
and/or small crystallite sizes. In the literature several different
spinel structures have been proposed, depending on the
composition of the HT-like compound (the nature of the di-
and trivalent cations and interlayer anions).[48, 56] Bright-field
TEM images of calcined HTs show that the size and the shape
of the original platelets after synthesis are maintained upon
heating,[28] leaving only the possibility of small crystalline
MgO-like domains. One way to confirm this proposition is the
application of dark-field TEM. With this technique the
incident electron beam is tilted, causing only diffracted
electrons to be detected that have interacted more strongly
with the sample. Thus unique structural information can be
gathered.


The bright-field TEM image (Figure 8a) of an HT-CO3


hydrothermally aged at 423 K after calcination at 723 K
(HT423calcinate) shows that heat treatment resulted in a rough-
ening of the platelet basal surface, whereas the platelet size


Figure 8. TEM images of HT423calcinate : a) bright-field and b) dark-field
(arrow indicates an Mg(Al)O domain of about 5 nm).


and shape had been retained, similarly to results of Reichle
et al.[28] XRD reveals that the layered structure of HT had
disappeared, as can be concluded from the absence of the
(00 l) reflections in Figure 9 when compared with the XRD
pattern shown in Figure 2a. The broadened reflections that


Figure 9. XRD pattern of HT423calcinate.


appear have been indexed and compared with the hkl
reflections of pure MgO (PDF file 45-0946; see Table 2).
The lattice constant awas calculated from the (200) reflection
to be 0.418 nm, by means of the expression for dhkl spacings for
the cubic crystal system,[49] which is similar to the value
(0.417 nm) for a HT calcined at 773 K as reported by Hibino
et al.[25] Presumably, the absence of the (311) reflection is
caused by the intensity of the broadened signals being too low.
Most measured d values included in Table 2 are slightly lower
than those of pure MgO (2.43 ä), except for the (111)
reflection, which is considerably higher (2.52 ä) and
more intense. Kloprogge et al. ascribed this reflection with-
out further exemplification to the (311) reflection of


Table 2. MgO diffraction data.


Intensity XRD TEM
hk l [%][a] d [ä][a] 2� [�][a] Intensity [%] d [ä] d [ä][b]


111 4 2.43 41.3 16 2.52 2.57 (s)
200 100 2.11 50.9 100 2.07 2.09 (r)
220 39 1.49 74.7 68 1.47 1.48 (s)
311 5 1.27 n.o.[c] n.o.[c] n.o.[c] n.o.[c]


222 10 1.22 96.6 14 1.20 1.19 (r)
422 14 0.86 n.o.[d] n.o.[d] n.o.[d] 0.86 (s)


[a] Reference file PDF 45 ± 0946; [b] s� spot, r� ring in Figure 10; [c] not
observed; [d] beyond detection limit.
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MgAl2O4.
[50, 51] However, the spinel (311) reflection is found


at 2.44 ä. XRD results of HT calcined at different temper-
atures by Aramendia et al. showed two distinct signals from
the (311) spinel reflection and the (111) reflection of MgO at
1073 K.[52] Rebours et al. ascribed the reflection at 2.53 ä to
the presence of cations on tetrahedral sites, possibly as a
disordered spinel-type phase causing the broadening of this
reflection.[24]


The electron diffraction patterns of HT with interlayer
carbonate after synthesis at 423 K (HT423as) and after
calcination at 723 K (HT423calcinate) are identical (Figure 10),
showing that HT423as must have decomposed instantly in the


Figure 10. TEM diffraction pattern of HT423calcinate.


intense electron beam during collection of the diffraction
pattern. Lopez-Salinas et al. reported that Mg ±Ga HT-like
compounds are stable under the conditions applied in HR
TEM. However, many structural defects were found that
could have been brought about by the intense electron beam
during the investigation.[53] The corresponding d values
obtained from Figure 10 were, within the error of the
measurement, identical to those obtained from XRD analysis.
Again, most d values were slightly lower, which is attributable
to the presence of Al3� in the rock salt structure (Table 2). The
electron diffraction pattern can only be caused by crystalline
material. Due to the short wavelength of the electrons
(�0.1 nm) broadening of the reflections is much less than
with X-rays (wavelength �0.3 nm). Several authors have
ascribed the broadening of peaks in XRD to poorly crystalline
MgO.[24, 54, 55] Our results clearly indicate the presence of small
crystalline MgO domains. Decisive results from bright- and
dark-field TEM originating from the same sample area
(Figure 8a,b) show very small crystallineMgO domains within
the heat-treated HT crystallite. The average crystallite size
calculated from the (200) reflection from Figure 9 was
4.6 nm, which is in close agreement with the recent results
from Sanchez et al. Using the same procedure, they found an
average crystal size of 3.8 nm for an Mg ±Al HT synthesized
at 338 K and heat-treated at 723 K.[54] From Figure 8b we
determined the length of an isolated domain (as indicated by


the arrow), which was also about 5 nm. If we assume that this
length represents the average size of an MgO-like domain, we
can conclude that these small domains within the crystallites
cause the broadened XRD pattern, as suggested by MacK-
enzie et al.[17]


Removal of interlayer water and dehydroxylation of the
brucite-like layers, induced by proton diffusion, resulted in the
observed decrease of the interlayer distance from 3.0 to 2.3 ä
for the HT-CO3 at 523 K (Figure 2a). This causes the
formation of an Mg(Al)O phase in a direction parallel to
the original interlayer. Disordered bonds, caused by nonideal
packing, are probably then formed between two consecutive
layers. Consequently the d value of the (111) reflection of the
resulting MgO-like phase after heat treatment at 773 K is
increased from the normal 2.44 ä to the 2.52 ± 2.57 ä
observed in XRD and in the TEM diffraction mode, which
is not consistent with the other observed d values of the MgO-
like phase (Table 2). The occurrence of spots in Figure 10
suggests that small Mg(Al)O crystallites are aligned, possibly
parallel to the basal plane of the original HT structure. The
rings in Figure 10, however, indicate random orientation in
other directions. The partial orientation of the Mg(Al)O
domains may be crucial for the so-called ™memory effect∫ of
HT, that is, the facile reconstruction of the layered HT
structure after exposure of the calcined material to water.[7±13]


Conclusion


The results obtained with the various techniques all show the
same general trend: the thermal behaviour of HTox is different
from that of HT-CO3. TGA-MS results demonstrate that the
HTox contains only a small amount of interlayer water at room
temperature. HTox exhibits only a small increase in tetrahe-
drally coordinated Al during heating to 473 K (Table 1). A
decrease in the interlayer space was not observed in XRD up
to 523 K and no substantial water release was detected up to
473 K, in contrast to what we observed with HT-CO3. It has
been proposed that dehydroxylation first proceeds within one
layer, and that only after removal of carboxyl ions does
dehydroxylation between two consecutive layers occur.[18]


This last process is accompanied by loss of the lamellar
arrangement of the layers, which brings about the drastic
changes in the XRD pattern.


The nature of the interlayer anion greatly affects the onset
of the dehydroxylation. Basic anions (carbonate, hydroxyl)
abstract the protons from the hydroxyl ions in the layers more
easily than the weakly basic oxalate. Until now, the removal of
interlayer water was thought to instigate the dehydroxylation
of HT compounds.[23, 56] However, our results show that the
basicity of the interlayer anion is the crucial factor. In this way,
dehydroxylation can be postponed beyond 473 K. Even at
523 K, still only 10% of the Al of HTox is tetrahedrally
coordinated. Small Mg(Al)O domains (�5 nm) within the
thermally treated HT crystallites cause broadening of the
XRD reflections. The diffraction pattern from TEM consists
of spots and rings, caused by partly oriented crystalline
material. Formation of disordered bonds, caused by nonideal
packing, between the decomposing adjacent cation layers in
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the (111) direction could explain the increased d value of this
reflection in the resulting MgO-like phase, observed with
XRD and TEM in diffraction mode. The orientation of the
small Mg(Al)O domains may be crucial for the so-called
™memory effect∫ of HTs.


Experimental


Sample preparation : An aqueous solution (45 mL) of Mg(NO3)2 ¥ 6H2O
(0.1 mol) and Al(NO3)3 ¥ 9H2O (0.05 mol) was added all at once to a second
solution (70 mL) containing NaOH (0.35 mol) and Na2CO3 (0.09 mol) at
333 K. The resulting mixture was kept at this temperature for 24 h under
vigorous stirring, after which the white precipitate was filtered off and
washed several times. The HTwas dried for 24 h at 393 K. This procedure
resulted in the as-synthesized sample, designated HT-CO3. ICP analysis
revealed an Mg/Al ratio of 2.2:1.


The HT with oxalate as compensating anion (HTox) was synthesized by
using the Titulaer procedure.[57] An aqueous solution (25 mL) of MgCl2 ¥
6H2O (0.04 mol) and AlCl3 ¥ 6H2O (0.02 mol) was added all at once to a
second solution (66 mL) containing C2H2O4 ¥ 2H2O (6.3 mmol) and KOH
(0.13 mol) under a nitrogen atmosphere. All solutions had been previously
boiled and outgassed to remove carbon dioxide. The suspension was stirred
at 293 K for 90 min, after which a third solution (66 mL) containing
C2H2O4 ¥ 2H2O (0.02 mol) and KOH (0.04 mol) was added. The resulting
suspension was stirred at 367 K for 20 h. The white precipitate was filtered
off and washed several times. The HTox was dried for 24 h at 333 K under a
nitrogen atmosphere. ICP analysis revealed an Mg/Al ratio of 2.2:1.


To increase the crystallite size of the HT sample used in the TEM study, the
HT was synthesized under hydrothermal conditions, similar to those of
Reichle et al.[28]


An aqueous solution (45 mL) of Mg(NO3)2 ¥ 6H2O (0.1 mol) and Al-
(NO3)3 ¥ 9H2O (0.05 mol) was added all at once to a second solution
(70 mL) containing NaOH (0.35 mol) and Na2CO3 (0.09 mol) at 333 K. The
mixture was kept at this temperature for 1 h under stirring, then the
suspension with the white precipitate was poured into a Teflon holder and
placed in a stainless-steel rotating autoclave. After a 24 h crystallization
and ageing period at 423 K, the white precipitate was filtered and washed
several times. The HTwas dried for 24 h at 393 K. This procedure resulted
in the as-synthesized sample designated as HT423as. After drying, the HT
was heated at 10 Kmin�1 in a nitrogen flow to 723 K and kept at that
temperature for 8 h. The sample after heat treatment (HT423calcinate) was
stored under a nitrogen atmosphere. ICP analysis revealed an Mg/Al ratio
of 2.3:1.


Transmission electron microscopy : TEM images were obtained with a
Philips EM-420 transmission electron microscope operated at 120 kV.
After ultrasonic treatment in ethanol, samples were dispersed on a holey
carbon film. A gold standard film was used to calibrate the electron
microscope diffraction parameters.


X-ray diffraction : XRD patterns were measured by using an Enraf ±No-
nius CPS 120 powder diffraction apparatus with CoK� radiation (��
1.78897 ä). Before measurement, ex situ samples were heated at 5 Kmin�1


under a nitrogen atmosphere to the desired temperature, which was then
maintained for 1 h; the sample was subsequently cooled to room temper-
ature and stored under nitrogen. Measurements were performed in air at
room temperature. In situ high-temperature measurements were per-
formed in a high-temperature cell (Anton Paar) under a controlled
atmosphere: a constant flow of nitrogen was used to avoid exposure of the
samples to atmospheric carbon dioxide and water. A heating rate of
10 Kmin�1 was applied and diffraction patterns were measured for 1 h at
the desired temperature (room temperature, 423 K and 473 K), which was
kept constant during measurement.


XANES measurements : XANES measurements were performed at beam-
line 3.4 at the SRS, Daresbury (UK). The in situ low-energy X-ray
absorption fine structure (ILEXAFS) set-up had been developed for in situ
XAFS measurements in the range 1000 ± 3500 eV. Measurements could be
performed in a gaseous environment (with a maximum pressure of 1 bar) at
temperatures from 80 to 750 K.[58] Both electron yield (measuring drain


current) and fluorescence yield (using a gas proportional counter) were
detected; they gave very similar results. For the XANES analyses,
fluorescence spectra were pre-edged, background subtracted and normal-
ized.


The samples were heated to 373 K at 10 Kmin�1 and then to 523 K at
0.5 Kmin�1 and measured at temperature intervals of 10 K in situ at the Al
K-edge. K-edges were measured in situ at room temperature, 423 K, 473 K
and 523 K.
27Al MAS-NMR : 27Al MAS-NMR experiments were carried out on a
Chemagnetics Infinity 600 apparatus (14.1 T) operating at 156.3 MHz.
Samples were loaded in a Chemagnetics 2.5 mm HX MAS probe, making
possible magic-angle spinning at a rotation speed of 25 ± 27 kHz. To allow
quantitative evaluation of the single-pulse excitation (SPE) spectra, �/18
pulses using an RF field strength of approximately 40 kHz were used.
Chemical shifts were referenced relative to an aqueous Al(NO3)3 solution.
The relaxation delays were 10 s, determined to be adequate for quantitative
analyses using saturation recovery experiments. The peak intensities were
integrated with the help of a program developed in MATLAB.


Before measurement, samples were heated at 5 Kmin�1 under a nitrogen
atmosphere. The desired temperature was maintained for 1 h and the
sample was subsequently cooled to room temperature and stored under
nitrogen. Spectra were obtained at room temperature in air from samples
pretreated at room temperature, 423 K, 473 K and 523 K.


Infrared spectroscopy: IR spectra were recorded with an FT-IR Perkin-
Elmer 1720-X spectrometer by using KBr windows and the KBr pellet
technique. Spectra were obtained under a helium flow with a resolution of
4 cm�1 at room temperature, 423 K, 473 K and 523 K; the heating rate was
5 Kmin�1. The Perkin ±Elmer Spectrum V3.01 program was used for data
analysis.


TGA : TGA analyses were carried out on a Netzsch STA-429 thermoba-
lance. The gases evolved during analysis were monitored by a Fisons
Thermolab quadrupole mass spectrometer, with a capillary situated
directly above the sample cup. Samples were heated in nitrogen at
10 Kmin�1.
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Abstract: A solid-phase approach is described that provides facile access to
monofunctionally trans-PtII-modified PNA oligomers of arbitrary sequence for
potential use both in antigene and antisense strategies. The approach includes the
synthesis of a platinated building block 1 and its subsequent incorporation into three
different PNA oligomers 5 ± 7 by solid-phase synthesis. In a model cross-linking
reaction one of the latter is found to recognize sequence-specifically a target
oligonucleotide 8 and to cross-link to it. The resulting structure is the trans-PtII-cross-
linked PNA/DNA duplex 9 as revealed by mass spectrometry in combination with a
Maxam-Gilbert sequencing experiment.


Keywords: antisense agents ¥ nucleic
acids ¥ peptide nucleic acids ¥
platinum ¥ solid-phase synthesis


Introduction


Peptide nucleic acid (PNA), a DNA mimic in which the
sugar ± phosphate backbone has been replaced by N-(2-
aminoethyl)glycine units,[1] is a very promising candidate for
the regulation of gene expression (e.g. antigene and antisense
strategies).[2, 3] This property is based on its strong and specific


binding to target DNA or RNA sequences[4] in combination
with high chemical and biological stability.[5] The potential
application of PNA in antisense strategies is based on steric
blockage of ribosomes or essential translation factors. RNase
H activation is, in contrast to other antisense oligonucleotide
(analogues), not involved.[6, 7] While triplex-forming homo-
pyrimidine bis-PNAs cause sufficient steric blockage when
targeted to the coding region of mRNA,[6, 7] duplex-forming
mixed pu/pym PNAs cause antisense effects mainly due to
sequences around the 5�-untranslated region of RNA.[7±10] In
the latter case, steric blocking of sequences within the coding
region was found to be poor due to insufficient stability of
PNA ± DNA duplexes against the moving ribosome.[7±10] Thus,
targeting mixed pu/pym sequences within the coding region of
mRNA, which is highly relevant for an efficient application in
antisense strategies, is not easily accomplished.


To increase the affinity of an antisense/antigene oligonu-
cleotide (analogue) to its target, the principle of cross-linking
the two strands is the method of choice.[11±14] Amongst the
different cross-linking agents, metal complexes of suitable
geometry and coordination behaviour seem especially prom-
ising.[14] For example, recent studies have shown quite
impressively that a linear trans-a2PtII unit (a�NH3) unit is
able to cross-link two oligonucleotide strands sequence-
specifically in a thermodynamically stable and kinetically
inert mode without large steric distortion.[15±19] The resulting
trans-PtII cross-linked oligonucleotide/target duplexes exhibit
enhanced thermal stability[16, 18] with increased steric blocking
of the target sequence. The impact of this principle in an
antisense strategy was recently convincingly illustrated. It was
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found that 2�O-methyloligoribonucleotides, cross-linked via
trans-a2PtII units to a target sequence within the coding region
of mRNA, caused an effective arrest of translation both in
vitro and in cells.[10, 20, 21] A major limiting factor for the
successful application of this principle for in vivo gene
regulation is the lack of an efficient synthesis of site-
specifically trans-PtII-modified deoxyoligonucleotide (ana-
logues). Studies directed to this aim[14, 22] have been pursued
and significant progress has already been achieved by
incorporation of preplatinated building blocks into oligonu-
cleotides by solid-phase DNA-synthesis methodologies.[23±25]


However, a really efficient method is not yet available.
Here, we report a solid-phase approach that, in a novel way,


provides facile access to monofunctionally trans-PtII-modified
peptide nucleic acid oligomers of any desired sequence with
cross-linking ability. Combination of the promising antisense
properties of PNA with the favorable cross-linking properties
of transplatin yields novel platinated antisense drugs that
were specifically designed to block sequences even in the
coding region of mRNA.


Results


Synthesis and characterization of the monofunctionally trans-
PtII-modified PNA oligomers : First, the trans-PtII-modified
building unit 1 (Scheme 1) was synthesized in high yield
(75%) by the reaction of trans-[Pt(NH3)2Cl(DMF)]BF4 with
1 equiv. Fmoc/Bhoc-PNA G. The identity of 1 was firmly
established by 1H, 195Pt NMR, 1H,1H NOESY and 1H,1H
COSY spectroscopy as well as LC ± MS. Next, the compati-
bility of 1 with a well-established, automated PNA synthesis
protocol[26] was confirmed by subjecting 1 to the various


Scheme 1. Solid-phase synthesis of monofunctionally trans-PtII-modified
PNA oligomers; a) piperidine, b) HATU/DiPEA, c) Ac2O/DiPEA,
d) TFA/m-cresol.


reactants of this protocol and probing potential changes in the
PtII coordination sphere by 195Pt NMR spectroscopy.


At this stage, sequential elongation of Rinkamide, an-
chored to functionalized PEG-PS resin with Fmoc/N-Bhoc-
protected building units by using the coupling reagent HATU,
and subsequent reaction of the resulting resin-bound fully
protected PNA oligomers 2, 3 and 4 with excess 1 in the
presence of DiPEA gave immobilized 5, 6 and 7, respectively.
Removal of the N-Bhoc protecting groups from the nucleo-
bases and concomitant release from the solid support was
effected with TFA/m-cresol (4:1). Crude monofunctionally
trans-PtII-modified PNA oligomers 5, 6 and 7 were obtained in
good yields of 50% each as gauged by LC ± MS. The major
side products were, in all cases, the respective unreacted (n�
1)-mers; this indicates that coupling of 1 to the immobilized
PNA oligomers 2, 3 and 4 did not proceed to completion.
Isolation of the pure conjugates 5, 6 and 7 was subsequently
accomplished by reversed-phase HPLC.


Cross-linking reaction with a complementary oligonucleotide :
An prerequisite for a potential application of the synthesized
monofunctionally trans-PtII-modified PNA oligomers 5, 6 and
7 in antisense strategy is their sequence-specific cross-linking
reaction with a complementary RNA target. In a model
experiment, the cross-linking of trans-[(NH3)2Pt(g-N7-
attcgc)Cl]� (5) with the deoxyoligonucleotide target
5�d(GCGAATG) (8) was investigated. Instead of RNA,
DNA was used in order to avoid problems with RNA
hydrolysis. Furthermore, the deoxyoligonucleotide 8 is not
entirely complementary to 5 in that it contains a 3�-terminal
guanine instead of a cytosine. This modification was chosen on
purpose to exploit the greater affinity of PtII for guanine
compared to cytosine[18, 27] and to increase the rate of
interstrand cross-link formation between 5 and 8. PNA, which
contains all four natural nucleobases, hybridizes to comple-
mentary oligonucleotides according to the Watson ± Crick
base pairing rules.[28] Therefore, efficient hybridization of 5
with 8 should lead to the conjugate 9 with an antiparallel
orientation of the strands. In the reaction of trans-
[(NH3)2Pt(g-N7-attcgc)Cl]� (5) with 5�d(GCGAATG) (8) at
pH 6.5 in a NaClO4/DMF (0.1�, 5:1, v/v) at RT, the formation
of a single new product was observed by HPLC analysis. It was
subsequently isolated by HPLC and analyzed by MALDI-
TOF MS (Figure 1). Here a peak at m/z� 4325.07 was
observed that can be assigned to a singly positively charged
trans-PtII cross-linked PNA/DNA hybrid. Additionally, peaks


Figure 1. MALDI-TOF spectrum of 9







FULL PAPER B. Lippert, J. H. van Boom, J. Reedijk et al.


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0824-5568 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 245568


for the unplatinated gattcgc (5) and the unplatinated
5�d(GCGAATG) (8) were detected, probably due to frag-
mentation of 9 during the MALDI-TOF experiment. Further
isolated HPLC fractions contain unreacted 5�d(GCGAATG)
(8) and a product with m/z� 2178.6, which can be assigned
either to 5 with the chloro ligand being removed during the
MALDI-TOF experiment (fragmentation) or as a product
resulting from a suicide reaction (formation of an intrastrand
cross-link within 5).


Identification of the cross-linked residue within the DNA
strand of 9 by chemical mapping : The identity of the
platinated residue within the DNA strand was revealed by
comparison of the DMS sequencing patterns of compounds 8
and 9. The N7 atoms of guanines react with DMS, which
sensitizes the corresponding deoxyribose moieties to cleavage
by hot piperidine (Maxam and Gilbert sequencing[29]). How-
ever, DMS is not expected to react with platinated G residues,
their N7 atoms being no longer accessible.[29, 30] As platinated
guanines are not cleaved by hot piperidine,[30] their presence is
revealed by gaps at corresponding positions in the sequencing
pattern. Such a gap is evident in the DMS sequencing pattern
of compound 9 (compare lanes 2 and 5 in Figure 2) and


Figure 2. Autoradiogram of a 24% polyacrylamide/7� urea gel of the
products of the reaction between DMS or Fe ± EDTA and compound 8 or 9.
The 5� ends of the DNA fragments were labeled with 32P. Lanes: 1 and 6:
unmodified compound 8 ; 2 and 5: fragments generated by the reaction with
DMS followed by treatment with piperidine; 3 and 4: fragments generated
by the reaction with hydroxyl radicals produced by Fe ± EDTA and
hydrogen peroxide. In this case, the cleavage reaction generates two
fragments of slightly different electrophoretic mobilities for every position
(4). The base sequence of the DNA strand is shown between the two panels.
Note that the smaller fragments were run out of the gel in order to better
resolve the other fragments. The star refers to the cross-linked G residue.


corresponds to the 3�-end G residue of the DNA strand. The
position of the platinated residue was confirmed by Fe ±
EDTA mapping. The hydroxyl radicals generated by the
reaction of the EDTA complex of iron(��) with hydrogen
peroxide cleave the DNA phosphodiester backbone at the


level of the deoxyriboses.[31] Because the base moiety is
released during the Fe ± EDTA reaction,[31] the location of the
platinated residue is usually revealed by the absence of signal
at the next position.[32] As shown in Figure 2, there is no such a
gap in the Fe ± EDTA sequencing pattern of compound 9 up
to the residue of the DNA strand closest to the 3� end. This
result confirms that the 3�-guanine of the DNA strand is the
cross-linked residue. Taken together, these results clearly
demonstrate that the isolated product is the interstrand cross-
linking product 9.


Discussion


Our results show that the newly synthesized platinated
building block 1 is fully compatible with the employed PNA
synthesis protocol[26] with regard to ligand-exchange reactions.
Thus, conjugation of 1 to the N terminus of the immobilized
PNA oligomers 2, 3 and 4 leads to the synthesis of the
monofunctionally trans-PtII-modified mixed pyrimidine/pu-
rine PNA oligomers 5, 6 and 7. The potential use of these
cross-linking reagents in antisense strategy has been demon-
strated by a model cross-linking reaction of the monofunc-
tionally trans-PtII-modified PNA oligomer trans-[(NH3)2Pt(g-
N7-attcgc)Cl]� (5) with the complementary oligonucleotide
5�d(GCGAATG) (8). Here sequence-specific recognition has
been seen to take place prior to formation of an interstrand
cross-link leading to formation of the cross-linked PNA/DNA
duplex 9 (Scheme 2). In the case of insufficient or nonspecific


Scheme 2. Cross-linking reaction of 5 with 8.


recognition between 5 and 8, several cross-linking products
with platination sites different from the 3�G of the DNA part
should have formed, which in fact were not observed by
HPLC and gel electrophoresis. Although, according to HPLC
analysis, the cross-linking reaction proceeded slowly and in
low yields (ca. 5%) under the reaction conditions, it became
clear that i) only a single product was detected and that ii) this
product was the expected interstrand cross-linking product as
confirmed by MALDI-TOF MS and the Maxam ± Gilbert
sequencing experiment. The slowness of the cross-linking
reaction is, at least in part, due to the low concentrations
applied, which in turn were a consequence of the poor
solubility of the platinated PNAs.


It is also conceivable that hindered rotation about the
G-N(9)�C(9) bond in 5 is responsible for the low yield of 9.
Formation of an interstrand cross-link requires rotation of this
bond within 5 to place the trans-a2PtIICl unit in proximity of
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the N7 position to the 3�G of 8. Indeed, at least for building
block 1, hindered rotation about the G-N(9)�C(9) has been
observed by temperature-dependent 1H NMR studies. For
example, the 1H NMR spectrum (data not shown) of building
block 1 in [D7]DMF exhibits a doubling of resonances for the
G-H8 and G-N(9) methylene protons. Coalescence of the
G-H(8) resonance occurs even at 338 K and does not coincide
with the coalescence of the G-N(9) methylene proton
resonances, which occurs at significantly higher temperature
(�360 K). This suggests that below 338 K the nucleobase
rotation about the G-N(9)�C(9) bond is slow. It is assumed
that hindered rotation about the G-N(9)�C(9) bond in 5
prevents formation of the interstrand cross-link. Indeed cross-
linking of longer trans-PtII-modified PNA sequences at higher
temperatures or the use of a more flexible PNA backbone[33]


may circumvent the problem of hindered rotation.
In summary, the methodology described above allows for


the first time a facile preparation of monofunctionally trans-
PtII-modified mixed pu/pym PNA oligomers of arbitrary
sequences in rather good yields. These have been shown to
cross-link sequence-specifically with a target oligonucleotide.
Although the platinated PNAs synthesized are not ideal yet as
far as possible medical applications are concerned (poor
solubility, requirement of DMF), our approach allows for the
first time the synthesis of PNA-based antisense drugs with
cross-linking ability. It thus opens up the way to the future
design of a new class of useful chemical peptide nucleic acid
probes[34] and antisense reagents.


Experimental Section


Materials : K2PtCl4 was purchased from Heraeus. trans-Pt(NH3)2Cl2 was
synthesized according to a literature procedure.[35] Fmoc/N-Bhoc-protected
PNA monomers were obtained from PE Biosystems; Fmoc/Boc-protected
�-lysine was from NovaBiochem; TFA and m-cresol were from Fluka.
Solid-phase PNA synthesis was performed on a 433A Peptide Synthesizer
(Applied Biosystems) with PEG-PS resin functionalized with a RINK
linker as the solid support, or on a Pharmacia Gene Assembler by using
highly cross-linked polystyrene beads as the solid-support.


Synthesis of building block 1: trans-[Pt(NH3)2Cl(PNA-G)]BF4 (1) was
synthesized in 75% yield by treating trans-[Pt(NH3)2Cl(DMF)]BF4,
obtained in situ from trans-[Pt(NH3)2Cl2] and AgBF4, with 1 equiv. Fmoc/
Bhoc-PNA G in DMF. 195Pt NMR ([D7]DMF): ���2289; the complete
assignment of the protons was corroborated by a 1H,1H COSY experiment;
ESI-MS: m/z : 1006 [M�].


Solid-phase PNA synthesis : Assembly of the PNA sequences 2 ± 4 and the
trans-PtII-modified PNA oligomers 5 ± 7 was carried out on a 433A Peptide
Synthesizer (Applied Biosystems) according to a slightly modified liter-
ature procedure.[26] PEG-PS resin functionalized with a RINK linker
(loading 0.2 mmolg�1) was used on a 1 �mol scale as the solid support.
Assembly of the monofunctionally trans-PtII-modified PNA oligomers 5, 6
and 7 was performed by using solutions of Fmoc/N-Bhoc-protected (0.1�)
PNA monomers (and Fmoc/Boc-protected �-lysine in the case of 6) and
trans-[Pt(NH3)2(Fmoc/N-Bhoc-G)Cl]�BF4


� (1) in NMP. Prior to the
coupling, the monomers were preactivated by mixing equal amounts of
the PNA monomer (25 equiv. per �mol support), HATU and DiPEA
solutions for 1 min. The protocol for one PNA chain extension cycle
comprised 1) Fmoc deprotection: 20% piperidine in NMP (1 mL, 1�
1 min, 4� 0.5 min), 2) wash: NMP (5� 1.5 mL), 3) coupling: PNA �
HATU � DiPEA in NMP, 15 min; 4) wash: NMP (5� 0.5 mL), 5) capping:
Ac2O (0.5�)/DiPEA (0.125�) in NMP and 6) wash: NMP (5� 0.5 mL). At
the end, a Fmoc protection was carried out (20% piperidine in NMP (1 mL,
1� 1 min, 4� 0.5 min)) followed by a final wash (NMP (5� 1.5 mL),


CH2Cl2 (5� 2 mL)). Deprotection and cleavage from the solid support
were effected by treatment with TFA/m-cresol (4:1 v/v) for 1 h.


Analysis and isolation of the trans-PtII-modified PNA oligomers : LC ± MS
analysis of the crude products was carried out on a PE Sciex API165 mass
unit connected to a Jasco HPLC system. HPLC analysis was performed by
using an Alltech Alltima C18 column (pore size 5 �m, diameter 4.6 mm,
length 150 mm). A gradient elution (0� 25% B in 30 min) was performed
by building up a gradient starting with buffer A (1% TFA) and applying
buffer B (1% TFA in 75% acetonitrile) with a flow rate of 1 mLmin�1.
Compounds 5, 6 and 7 were purified by reversed-phase HPLC on an
Alltech Alltima C18 5� (10� 250 mm) column. A gradient elution (9�
16% B in 40 min) was applied by building up a gradient starting with buffer
A (1% TFA) and applying buffer B (1% TFA in 75% acetonitrile) with a
flow rate of 5 mLmin�1. The purity of compounds 5, 6 and 7 was established
by LC ± MS under the same conditions as used for analysis of the crude
products.


ESI MS: 5 : m/z 2215 [M�], 1108 [M2�/2], 739 [M3�/3]


6 : m/z 1172 [M2�/2], 782 [M3�/3]


7: m/z 2741 [M�], 1371 [M2�/2], 914 [M3�/3]


Cross-linking and isolation of the product : Compound 5 (2.572� 10�8 mol)
was treated with 5�d(GCGAATG) (8, 5.145� 10�8 mol) in aqueous NaClO4


(0.1�, 500 �L) and DMF (100 �L) at pH� 6.5 and at RT for 11 d.
Compound 9 was purified by reversed-phase HPLC on an Alltech Alltima
C18 5� (4.6� 150 mm) column. A gradient elution (0� 23% B in 40 min)
was performed by building up a gradient starting with buffer A (triethyl-
ammonium acetate (TEAA) 50 m�) and applying buffer B (50 m� TEAA
in 75% acetonitrile) with a flow rate of 5 mLmin�1. MALDI-TOF MS:
m/z : 4325 [M�].


Analysis of the cross-linked product : MALDI-TOF MS spectra were
obtained on a PE-Biosystems Voyager DE-PRO MALDI-TOF mass
spectrometer equipped with delayed extraction and a reflector. Samples
were irradiated with short pulses of a nitrogen laser emitting at 337 nm. The
matrix used was 3-hydroxypicolinic acid. The matrix solution consisted of
3-HPA (3-hydroxypicolinic acid) (10 mgmL�1 in water/acetonitrile 1:1)/
diammonium citrate (50 mgmL�1 in water) 8:1. The samples were diluted
to 10 pmol�L�1 and mixed 1:1 with the matrix solution. 1 �L of this solution
was put on the target and allowed to dry.


Chemical mapping of the cross-linked residue. A 10 �L-reaction mixture
containing the cross-linked product 9 (1 pmol) (or single-stranded oligo-
nucleotide 8), MgCl2 (10 m�), Tris.Cl (70 m�), pH 7.6, DTT (5 m�), 32P-
�ATP (1�L, 10 mCimL�1; Amersham-Pharmacia Biotech) and T4 poly-
nucleotide kinase (1 �L; New England Biolabs) was incubated for 1 h at
37 �C. Note that in the case of the cross-linked product 9, only the 5�-end of
the DNA strand is labeled whereas the PNA strand remains unmodified.
The oligonucleotide 8 and product 9 with radio-labeled 5�-ends were
purified on a denaturing 24% polyacrylamide gel. About half of each
sample was treated with DMS, as described previously.[29, 30] The methyl-
ated G residues were then cleaved with hot piperidine.[29, 30] The remaining
halves of the samples were treated with FeII and EDTA in the presence of
hydrogen peroxide according to published procedures.[31] The cleavage
products resulting from the DMS and Fe ± EDTA treatments were then
resolved on a denaturing 24% polyacrylamide gel (Figure 1). Gel data
were analyzed by using a PhosphorImager (Molecular Dynamics) scanning.
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New Colorimetric Detection of Glucose by Means of Electron-Accepting
Indicators: Ligand Substitution of [Fe(acac)3�n(phen)n]n� Complexes
Triggered by Electron Transfer from Glucose Oxidase


Masa-aki Morikawa,[a] Nobuo Kimizuka,*[a, b] Masakuni Yoshihara[a, c] and
Takeshi Endo*[a, d]


Abstract: A new colorimetric detection
technique for glucose, based on electron
transfer from glucose oxidase (GODred)
to iron(���) acetylacetonate(acac)/phe-
nanthroline(phen) mixed complexes, is
developed. When GOD is added to an
aqueous mixture that contains tris(ace-
tylacetonato)iron(���) complex (FeIII-
(acac)3), 1,10-phenanthroline (phen),
and glucose, the color immediately
changes from pale yellow to red. The
red color originates from formation of
tris(1,10-phenanthroline)iron(��) com-
plex ([FeII(phen)3]2�). Differential pulse


voltammetry indicates that cationic,
mixed-ligand complexes of [Fe(acac)3�n-
(phen)n]n� are formed upon mixing the
labile FeIII(acac)3 complex and phenan-
throline. The cationic mixed-ligand com-
plexes electrostatically bind to GOD
(pI 4.2), and are easily reduced by
electron transfer from GODred. This
electron transfer is not affected by the


presence of oxygen. The reduced com-
plex [FeII(acac)3�n(phen)n](n�1)� then un-
dergoes rapid ligand exchange to FeII


(phen)3. Formation of the colored FeII


complex is repressed when the salt
concentration in the mixture is in-
creased, or when anionic bathophenan-
throline disulfonate (BPS) is employed
in place of phenanthroline. The use of
labile metal complexes as electron ac-
ceptors would be widely applicable to
the design of new biochromic detection
systems.


Keywords: analytical methods ¥
biosensors ¥ electron transport ¥
glucose oxidase ¥ iron


Introduction


The development of sensing systems for biomolecules con-
tinues to be an important area of research.[1±6] The recognition
of biomolecules has been achieved by the use of enzymes, as
exemplified by glucose sensors.[7±10] The enzyme glucose
oxidase (GOD) specifically converts glucose into gluconolac-
tone, and this oxidation reaction is accompanied by reduction
of the cofactor flavine adenine dinucleotide (FAD). FADH2


in GODred is re-oxidized by oxygen and the hydrogen
peroxide produced is electrically detectable. Amperometric
glucose sensors have also been devised by immobilizing GOD


in conducting polymer matrices such as polypyrroles.[8]


Cyanide-bridged mixed-valence complexes of iron, cobalt,
nickel, and ruthenium,[9] and ferrocene derivatives[10] have
been also employed as electron mediators. In addition,
colorimetric detection of glucose has frequently been used
in laboratories. The popular scheme for the colorimetric
detection of glucose is shown in Scheme 1a.[11] Hydrogen
peroxide formed by the oxidation of glucose is decomposed


Scheme 1. Reaction schemes for the colorimetric detection of glucose.
a) The conventional POD-based colorimetric detection system. b) The
present POD-free system. Electron transfer from GODred to [Fe(acac)3] is
promoted by the spontaneous formation of cationic mixed-ligand com-
plexes [FeIII(acac)3�n(phen)n]n�.


by peroxidase (PODred), and ensuing oxidation of o-dianisi-
dine by PODox yields the colored product. This scheme
consists of multiple chain reactions, and relies on POD
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employed in excess to keep the reaction of GOD rate-
determining. The development of artificial electron acceptors
may replace POD and would lead to more simple colorimetric
techniques. In this study, we devised a novel POD-free
method for the colorimetric detection of glucose, by introduc-
ing an inorganic electron acceptor that changes color upon
receiving electrons from GODred.


Our reaction scheme is shown in Scheme 1b. We have
sought electron acceptors that display color changes upon
receiving an electron from GODred. In this scheme, it is
desirable that the electron-transfer process is not affected by
the presence of oxygen. Association of GOD and the acceptor
molecule should be favorable, since it would facilitate the
electron transfer between them. As GOD is anionic at neutral
pH (pI 4.2), the acceptor should preferably possess cationic
charges. A neutral complex, acetylacetonato iron(���) ([FeIII-
(acac)3]), was chosen as a starting material, since it converts to
cationic mixed-ligand complexes in the presence of 1, 10-
phenanthroline (phen). The enzymatic reduction of the
mixed-ligand complex is expected to trigger the formation
of [FeII(phen)3], which can easily be detected by its intense
metal-to-ligand charge transfer (MLCT) absorption.


Results and Discussion


Spectroscopic studies : WhenGOD (0.16 mg mL�1) was added
to a solution of [FeIII(acac)3] (0.5m�), 1, 10-phenanthroline
(phen, 4.0m�), and glucose (200m�) in phosphate buffer
(10m�, pH 7.0), an immediate color change from light yellow
to red was observed. Figure 1A displays the UV-visible


Figure 1. A) Spectral changes after the addition of GOD to phosphate
buffer (10m�) containing [FeIII(acac)3] (0.5m�), phenanthroline (4.0m�),
and glucose (200m�); pH 7.0; [GOD]� 0.16 mgmL�1. B) Time courses of
absorption intensity changes at 510 nm. a) Absorbance increase shown for
the sample examined in Figure 1A, b) without GOD, c) without glucose,
and d) without phenanthroline.


absorption spectrum of the above mixture. An absorption
peak is apparent at 510 nm with a shoulder at 480 nm, and its
intensity increases with time. Figure 1B (curve a) shows the
time course of absorbance increase at 510 nm after the
addition of GOD. When the mixture is devoid of either GOD
(curve b), glucose (curve c) or 1, 10-phenanthroline (curve d),
the absorption intensity at 510 nm does not increase. Thus, the
presence of all components is required for the color change.


The dependence of absorption intensity at 510 nm on the
concentration of phenanthroline was investigated (Figure 2A,
concentration of [FeIII(acac)3], 0.5m�). These spectra were
recorded when the steady state was attained, that is, after


Figure 2. A) Spectral changes observed upon the addition of GOD
(0.32 mgmL�1) to phosphate buffer (10m�). [Fe(acac)3] (0.5m��, phenan-
throline (0.25 ± 2.0m��, glucose (200m��. Each spectrum was obtained
after reaching the equilibrium (ca. 120 minutes after mixing). Cell length,
1 mm. B) Dependence of absorption intensity on the molar ratio of
phen[Fe(acac)3]. Absorbance was measured at 510 nm.


120 minutes of mixing. The absorption intensity at 510 nm
increased linearly with the increase in the concentration of
phenanthroline from 0.25 to 1.5m�, and was saturated above
1.5m�. Figure 2B displays absorbance at 510 nm as a function
of the molar ratio of phen to [FeIII(acac)3]. The absorption
intensity at 510 nm levels off when the molar ratio of phen to
[FeIII(acac)3]� 3, indicating that the stoichiometry of the
complex formed is FeII/phen� 1:3. To confirm the formation
of [FeII(phen)3]2� complex, we separately synthesized the
complex by mixing FeCl2 and three equivalents of phenan-
throline. The synthesized [FeII(phen)3]Cl2 showed a MLCT
band at 510 nm (molecular extinction coefficient �� 1.11�
104��1 cm�1),[12] , which is identical with that observed in
Figure 2A ([FeIII(acac)3] (0.5m��, phen (1.5m��). These
results clearly indicate that the [FeIII(acac)3] complex is
converted to [FeII(phen)3]2� by the enzymatic reaction of
GOD, and this conversion is responsible for the observed
color change. The magnetic moment of [FeIII(acac)3] complex
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is known to be approximately 5.9 �B at 80 ± 300 K,[13, 14]


indicating that the FeIII ion is in the high-spin state
[d5:(t2g)3(eg)2]. Generally, high-spin complexes are labile to
ligand substitution reactions. On the other hand, the strong
crystal field of phenanthroline ligand renders the
[FeII(phen)3]2� complex in the low-spin state, which is inert
to ligand substitution. Thus the present colorimetric detection
of glucose is based on the ingenious combination of ligand
exchange and redox behavior of iron complexes.


Association of iron complexes with GOD : To investigate
whether the ligand exchange of [FeIII(acac)3] complex pre-
cedes the electron transfer, or is triggered by the electron
transfer from GODred, the phenanthroline complex [FeIII-
(phen)3]Cl3 was synthesized and was used as an electron
acceptor. Figure 3A shows the time courses of the absorption


Figure 3. A) Time courses of the absorption maximum intensity upon the
addition of GOD (0.16 mgmL�1) to aqueous glucose (glucose; 200m� in
10m� phosphate buffer, pH 7.0). a) [FeIII(acac)3] (0.5m�)�phenanthro-
line (4.0m�), b) [FeIII(phen)3]Cl3 (0.5m�), c) [FeIII(acac)3] (0.5m�)�BPS
(4.0m�). B) Dependence of absorption increase on the added salt
concentration. [GOD]� 0.16 mgmL�1, [glucose]� 200m�, phosphate buf-
fer (10m�, pH 7.0). Concentrations of NaCl; a) 0, b) 10, c) 25, d) 50, and
e) 100m�.


band at �max based on the enzymatic reaction of GOD. When
[FeIII(phen)3]Cl3 was used in place of [FeIII(acac)3] (curve b),
formation of [FeII(phen)3] was repressed compared to the
standard enzymatic reaction system (curve a, phen was added
to the mixture containing GOD, glucose and [FeIII(acac)3]).
Therefore, [FeIII(acac)3] is not totally converted to
[FeIII(phen)3]3� prior to the electron transfer,[15] but instead
undergoes partial ligand substitution and changes to cationic,
mixed-ligand FeIII complexes, that is, [FeIII(acac)3�n(phen)n]n�


(n� 1 or 2), as discussed later.
When anionic bathophenanthroline disulfonate (BPS) was


used instead of 1,10-phenanthroline, the absorption increase


due to the formation of [FeII(BPS)3]4� complex was almost
negligible (curve c), in spite of the larger molecular coefficient
(MLCT, �max, 535 nm, �� 22,400��1 cm�1).[12] The suppressed
electron transfer would probably be ascribed to the electro-
static repulsion between the negatively charged GOD and the
BPS-substituted iron complexes.


Complexation of the cationic mixed-ligand complexes
[FeIII(acac)3�n(phen)n]n� and GODred is further supported by
the effect of ionic strength. Figure 3B shows the time courses
of the absorption increase at 510 nm at different NaCl
concentrations (0 ± 100m�). Apparently, the formation of
[FeII(phen)3] complex is suppressed at higher NaCl concen-
trations. Generally, electrostatic interactions are shielded
under high salt concentrations, and, therefore, the electro-
static interaction between GOD and the iron(���) complexes
plays an important role in the efficiency of electron transfer.
These observations support the formation of cationic mixed-
ligand complexes [FeIII(acac)3�n(phen)n]n�, which are electro-
statically bound to GOD, as schematically shown in Figure 4.
The reduction of [FeIII(acac)3�n(phen)n]n� by GODred provides
[FeII(acac)3�n(phen)n](n-1)�, which subsequently undergoes li-
gand-substitution to [FeII(phen)3]2�.


Figure 4. Schematic illustration of the glucose colorimetry system trig-
gered by the electron transfer from GODred to FeIII complexes. The cationic
mixed-ligand FeIII complexes bind to GOD and receive an electron from
GODred. The formed FeII complexes undergo ligand substitution with phen
and a [FeII(phen)3]2� complex is formed.


Electrochemical studies : Under aerobic conditions, it is
possible that molecular oxygen competes with the electron
transfer from GODred to the [FeIII(acac)3�n(phen)n]n� complex
formed in situ. The effect of oxygen concentration on the
formation of [FeII(phen)3]2� complex was determined for
solutions that had been bubbled with a) oxygen, b) air, and
c) nitrogen (Figure 5). The initial coloring rates increase in
proportion to the increase in GOD concentration, and the
rates obtained for samples a ± c were almost identical. There-
fore, the electron transfer from GODred to the mixed-ligand
complex [FeIII(acac)3�n(phen)n]n� is not interfered with by
oxygen.


The formation of the mixed-ligand complex
[FeIII(acac)3�n(phen)n]n� and its reduction potential were
evaluated by means of differential pulse voltammetry
(DPV). Figure 6 displays the voltammograms obtained for
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Figure 5. Initial absorption changes at 510 nm (�A510) at varied GOD
concentrations. GOD was added to a) O2-bubbled, b) air-bubbled, and
c) N2-bubbled glucose solutions. Phosphate buffer (10m�, pH 7.0), glucose
(200m��, [FeIII(acac)3] (0.5m��, phenanthroline (4.0m��.


Figure 6. Differential pulse voltammograms in 10m� phosphate buffer
(pH 7.0, 0.5 M KCl). a) [FeIII(acac)3] (0.5m�), b) [FeIII(acac)3] (0.5m�)�
phenanthroline (4.0m�), c) [FeIII(acac)3](0.5m�)� phenanthroline
(4.0m�)� glucose (50m�)�GOD (0.16 mgmL�1), d) separately prepared
[FeII(phen)3]Cl2 (0.5m�). The arrow indicates the direction of potential
step.


a) [FeIII(acac)3], b) an aqueous mixture of [FeIII(acac)3] com-
plex and phenanthroline, and c) [FeII(phen)3]2� produced by
the enzymatic reaction of GOD in an [FeIII(acac)3]/phen
mixed system. A voltammogram of a separately prepared
[FeII(phen)3]Cl2 complex is shown in Figure 6d for compar-
ison. Complex [FeIII(acac)3] showed a single reduction wave
centered at E��0.26 V (vs Ag/AgCl, Figure 6a). On the
other hand, the mixture of [FeIII(acac)3] and phenanthroline
(without GOD and glucose) gave a remarkably positive-
shifted wave at E��0.93 V (Figure 6b). This peak is differ-
ent from the reduction potential of [FeII(phen)3]Cl2 (reference
sample, E��0.87 V Figure 6d), and is consistent with
the formation of the mixed-ligand complexes
[FeIII(acac)3�n(phen)n]n� (n� 1 or 2). The observed reduction
potential of the mixed-ligand complexes is more positive than
the standard redox potential of oxygen (0.48 V vs. Ag/AgCl),
and therefore it is reasonable to suggest that they act as
superior electron acceptors compared to oxygen.


Interestingly, the [FeII(phen)3]2� complex produced by the
enzymatic reaction of GOD shows a negative shift in the
reduction potential (from �0.93 V to �0.89 V) with en-
hanced intensity (Figure 6b� c). The observed reduction
potential in Figure 6c is comparable to the separately
prepared reference sample (Figure 6d), but its current inten-
sity was slightly smaller. In general, current intensities depend
on the diffusion coefficient of the redox species, and are


affected by their concentration and the number of electrons
that participate in reactions.[16] As these voltammograms were
obtained under the same experimental conditions, the ob-
served difference in the current intensity is ascribed to the
difference in diffusion coefficients. It is probable that the
[FeII(phen)3]2� complex produced enzymatically is still bound
to GOD and that it possesses a smaller diffusion coefficient
than the monomeric [FeII(phen)3]2� complex. A similar
observation has been reported for the [FeII(phen)3]2� complex
bound to DNA.[17]


Effect of ligand and iron complexes to GOD : The inhibitory
effect of phenanthroline, [FeIII(acac)3], and [FeII(phen)3]2�


complexes on the enzymatic activity of GOD depicted in
Scheme 1a was investigated.[11] GOD (2.6� 10�5 mgmL�1)
was added to an oxygen-bubbled phosphate buffer solution
(10m�, pH 7.0) that contained glucose (20 ± 200m�), POD
(0.16 mgmL�1), and o-dianisidine (0.15m�). The absorption
increase at 436 nm due to the oxidation of o-dianisidine was
monitored and kinetic parameters (Km, Vmax) were obtained
by a Lineweaver ±Burk plot (Table 1).


As can be seen from Table 1, the obtained Km and Vmax


values are not affected by the presence of phenanthroline
(1m�). When [FeII(phen)3]2� is added at a concentration of
0.05m�, the Vmax value decreases slightly from 7.3� 10�10 to
6.6� 10�10 mol s�1. This may be attributed to binding of
[FeII(phen)3]2� to GOD interfering with binding of the
acceptor complex [FeIII(acac)3�n(phen)n]n� to GOD. This
may account for the lower detection limit in the present
technique (ca. 5� 10�4�) compared to that in Scheme 1a (ca.
2� 10�6�). Though the sensitivity is not superior to the
conventional method at this stage, the simpler reaction
scheme and the lack of need for POD may find valuable
applications. Design of a better electron-transfer system is
now under investigation in these laboratories.


Conclusion


Electron transfer from proteins to metal complexes is one of
the fertile areas of supramolecular biochemistry, and the
concept of electron-accepting indicators may provide useful
tools for elucidating biological electron-transfer processes.
The use of in situ formed, mixed-ligand complexes
[FeIII(acac)3�n(phen)n]n� provides a novel technique for col-
orimetric detection of glucose. The simpler reaction scheme
and lack of need for peroxidases and o-dianisidine indicators
add useful features to the present system. In addition, this


Table 1. Kinetic parameters determined by the oxidation of o-dianisidine
by GOD (Scheme 1a).


System Km [m�] Vmax� 1010 [mol s�1]


Scheme 1a 98 7.3
Scheme 1a � phen[a] 98 7.3
Scheme 1a � FeII(phen)3[b] 98 6.6


[a] Phenanthroline was added at a concentration of 1m�.
[b] [FeII(phen)3]2� was added at a concentration of 0.05m�.
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technique is not influenced by the presence of oxygen. The
present method would be widely applicable to redox enzymes
whose colorimetric technique has not been established. Such
applications would be attractive targets for supramolecular
and analytical chemists to contemplate.


Experimental Section


Materials : Tris(acetylacetonato)iron(���), 1,10-phenanthroline monohy-
drate (phen), disodium bathophenanthroline disulfonate (BPS), glucose
oxidase (GOD, EC 1.1.3.4 from Aspergillus niger), peroxidase (POD, EC
1.11.1.7 from horseradish), and o-dianisidine dihydrochloride were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan). �-�-Glucose
was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). They were used as
received without further purification. Water was purified with a Direct-Q
system (Millipore).


Tris(phenanthroline)iron complexes, namely, [FeII(phen)3]Cl2 and [FeIII-
(phen)3]Cl3, were synthesized by mixing three equivalents of phenanthro-
line with FeCl2 ¥ 4H2O or FeCl3 ¥ 6H2O, respectively, in pure water. These
iron complexes were diluted with phosphate buffer (10m�, pH 7.0,
concentration, [FeII(phen)3]Cl2� [FeIII(phen)3]Cl3� 0.5m�) for the spec-
tral measurements.


Measurements : UV-visible absorption spectra were recorded on a JASCO
V-570 spectrophotometer equipped with a peltier type thermostatic cell
holder ETC-505 (temperature, 25� 0.1 �C). Quartz cells of 1 cm path
length were used. Tris(acetylacetonato)iron(���) (1.25m�, 1.25mL), phe-
nanthroline (0.62 ± 10m�, 1.25 mL), glucose (3.1� 10�3 ± 1.24�, 0.5 mL),
and the enzyme GOD (0.78 ± 5.0 mgmL�1, 0.1 mL) in phosphate buffer
solution (10m�, pH 7.0) were freshly prepared and mixed in the quartz
cells. The mixed solutions were kept stirring during the measurements.
When the effect of oxygen concentration on the colorimetric detection was
to be determined, the stock solutions of [FeIII(acac)3], phenanthroline, and
glucose were bubbled with oxygen, nitrogen, or air for 20 minutes before
the mixing step.


The enzymatic activity of GOD was investigated by using the multiple
chain reactions shown in Scheme 1a.[11] The oxidation reaction of glucose
was achieved by adding GOD (8.0� 10�4 mgmL�1, 0.1 mL) to the oxygen-
bubbled phosphate buffer solution (10m�, pH 7.0, 3 mL) which contained
glucose (20 ± 200m�), POD (0.16 mgmL�1), and o-dianisidine (0.15m�).
The absorption increase at 436 nm due to the oxidation of o-dianisidine was
monitored for 5 minutes, and the kinetic parameters (Km, Vmax) were
obtained from the Lineweaver ±Burk plot.


Differential pulse voltammetry (DPV) was performed with CV-50W
(BAS). A standard three-electrode configuration was used with ITO as
the working electrode, Ag/AgCl (3� NaCl) as the reference electrode, and
a platinum wire as the counter electrode in a glass vessel at room
temperature. The electrolyte solution containing 0.5� KCl was deoxy-
genated by purging nitrogen gas for 20 minutes. DPV parameters: scan


rate, 20 mVs�1; pulse amplitude, 50 mV; pulse width, 50 ms; pulse period,
200ms; sampling width, 17 ms.
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Synthesis of Cystothiazole E and Formal Syntheses of Cystothiazoles A and C
by Pd0-Catalyzed Cross-Coupling Reactions


Thorsten Bach* and Stefan Heuser[a]


Abstract: The synthesis of the naturally
occurring bithiazole (�)-cystothiazole E
(1e) is described starting from oxazol-
idinone 2. It proceeded in 10 steps and
an overall yield of 37%. The key reac-
tion of the sequence was a Suzuki cross-
coupling between bromobithiazole 4
and the (E)-alkenylboronic acid derived
from alkyne 18 (94% yield). Prior to the
synthesis, more general investigations
related to the cross-coupling of bromo-
bithiazole 4 were undertaken. Whereas


Heck reactions failed Suzuki and Stille
cross-coupling reactions were success-
fully conducted. By this means, the
alkenylboronic acid derived from alkyne
11 and stannane 12 could be trans-
formed into the corresponding alkenyl-
bithiazoles 13 (92%) and 14 (52%). The


Stille cross-coupling of compound 4 and
stannane 5 allowed access to aldehyde
21 (97% yield) and paved the way for an
alternative route to (�)-cystothiazole E
(1e). In addition, aldehyde 21 was trans-
formed into aldol product 22 (72%)
which has been used in previous syn-
theses of cystothiazole A (1a) and C
(1c). In this respect, the preparation of
compound 21 represents a formal total
synthesis of these cystothiazoles.


Keywords: aldol reaction ¥
asymmetric synthesis ¥ cross-coupling
¥ heterocycles ¥ total synthesis


Introduction


In 1998 Sakagami et al. reported on the isolation and structure
elucidation of a series of structurally related bithiazoles from
the myxobacterium Cystobacter fuscus.[1] The compounds
were named cystothiazoles (1) and differ from each other in
the substitution at three positions around a central skeleton
(Figure 1). All cystothiazoles except cystothiazole E (1e)
contain at one terminus (R in Figure 1) a �-methoxyacrylate
moiety which is a frequently encountered motif in natural
products isolated from myxobacteria.[2] The constitution and
configuration of these cystothiazoles (1a ± d, f) was deduced
from spectroscopic analyses and comparison with known data.
As no comparable spectral data were available for the ketone
cystothiazole 1e its configuration remained unclear and only
its constitution had been established so far. All cystothiazoles
display antifungal activity and inhibit the growth of a
phytopathogenic fungus, Phytophthora capsici. The activity
decreases in the order 1a � 1 f � 1b � 1e � 1c � 1d with
compound 1a being 100 times more potent in the chosen assay
than the least active compound 1d.[1a]


Synthetic efforts towards cystothiazoles have been reported
by the groups of Williams,[3] Akita,[4] Panek,[5] and by
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Figure 1. The structure of naturally occurring cystothiazoles (1) found in
the myxobacterium Cystobacter fuscus.[1]


ourselves.[6] In a preliminary communication we reported on
the first synthesis of a cystothiazole, cystothiazole E (1e).[6]


We were able to elucidate its relative and absolute config-
uration based on NMR data and on the optical rotation. The
syntheses of cystothiazoles A and C were reported shortly
thereafter.[3, 4] Strategically, our retrosynthetic considerations
were based on a disconnection directly at the 4-position of a
2�-alkyl-4-bromo-2,4�-bithiazole which was in turn obtained
from 2,4-dibromothiazole by regioselective cross-coupling
reactions. Contrary to that, the other reported syntheses[3, 4]


employed the Hantzsch reaction for the bithiazole formation
and established the crucial connection of the bithiazole by
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carbonyl olefination at the �-carbon atom of a preformed
4-substituted bithiazole.


In this paper we provide a full account on our endeavour
directed towards the synthesis of cystothiazoles. Two path-
ways have been explored which differ in the order of events
and which are depicted for cystothiazole E as possible target
in Scheme 1. Both routes rely on the readily available 2�-
isopropyl-4-bromo-2,4�-bithiazole (4). Its synthesis has been
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Scheme 1. Retrosynthetic strategy for the preparation of cystothiazole E
(1e) from precursors 2 ± 5.


optimized[7] and it is available from 2,4-dibromothiazole in
70% overall yield. Crucial to the success of all pathways is the
cross-coupling at the 4-position of this substrate. The reac-
tivity at this position is low and careful experimentation was
necessary to find suitable conditions which allowed for a C�C-


bond formation. In route I which has already been published
in preliminary form[6] we followed a convergent approach and
tried to establish bond b as late as possible in the synthesis. As
it turned out, the aldol reaction of the N-propionyl oxazoli-
dinone 2 and aldehyde 3 proceeded readily (bond c) but it was
not sensible from a practical point of view to establish bond d
prior to the cross-coupling (see below). Route II has been
developed more recently which aimed at a bond construction
in the order a-b-c-d. Although more linear than route I it was
appealing to us because it allowed for a formal access to other
cystothiazoles such as cystothiazoles A (1a) and C (1c).
Stannane 5[8] proved to be the key building block in this
strategy.


Results and Discussion


Attempted cross-coupling reactions with substrate 4 : Previous
work in our group had revealed that a Pd-catalyzed cross-
coupling with a 2-arylsubstituted 4-bromothiazole is not easy
to achieve.[9, 10] Suzuki reactions with arylboronic acids,
however, have been shown to work quite well.[11] In addition,
there was literature precedence for successful Stille and
Sonogashira cross-coupling reactions[12] conducted with 4-bro-
mothiazoles[13, 14] and with the activated 4,4�-dibromo-2,2�-
bithiazole.[15] Stannylations at 4-bromothiazoles with hexa-
methylditin had also been reported.[16] We were most in-
trigued by the fact that Heck reactions had been carried out
with 4-bromothiazole although the reported yields were low
(5 ± 19%).[14a] In fact, a Heck reaction would have allowed for
a connection between a complete aldol fragment and
bithiazole 4. Preliminary experiments were conducted with
alkenes 6, 7, and 8 (Figure 2) but there was no indication for a
successful coupling to bithiazole 4. Conditions [Pd(OAc)2,
P(o-Tol)3, K2CO3 in N,N-dimethylacetamide (DMA)], which
in our hands facilitated a rapid and smooth Heck reaction of
acrylate 8 with bromobenzene, failed completely for the
4-bromobithiazole 4.
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Figure 2. Potential reaction partners 6 ± 12 for a Heck reaction or a cross-
coupling reaction with bithiazole 4.


We next tried to employ the Suzuki cross-coupling as an
alternative C�C-bond forming reaction. Hydroboration of an
alkyne with catecholborane and subsequent hydrolysis[17] was
expected to deliver an E-alkenyl boronic acid which could be
attached to the bithiazole fragment by Pd0 catalysis. As the
hydroborating reagent also reduces carbonyl groups the
strategy required appropriate protection of ketones and
aldehydes. Initial attempts with propargyl methyl ether (9)


Abstract in German: Die Synthese des nat¸rlich vorkommen-
den Bithiazols (�)-Cystothiazol E (1e) wird ausgehend von
Oxazolidinon 2 beschrieben. Sie verl‰uft in 10 Stufen und einer
Gesamtausbeute von 37%. Schl¸sselschritt der Sequenz ist eine
Suzuki-Kreuzkupplung zwischen Brombithiazol 4 und der
von Alkin 18 abgeleiteten (E)-Alkenylborons‰ure (94% Aus-
beute). Im Vorfeld der Synthese wurden Untersuchungen zur
Kreuzkupplung von Brombithiazol 4 durchgef¸hrt. W‰hrend
Heck-Reaktionen scheiterten, waren Suzuki- und Stille-Kreuz-
kupplungen erfolgreich. Auf diese Weise konnten die von
Alkin 11 abgeleitete Alkenylborons‰ure und das Stannan 12 in
die entsprechenden Alkenylbithiazole 13 (92%) und 14 (52%)
umgewandelt werden. Die Stille-Kreuzkupplung zwischen
Verbindung 4 und Stannan 5 erlaubte einen Zugang zu
Aldehyd 21 (97% Ausbeute) und erˆffnete damit einen
alternativen Syntheseweg zu (�)-Cystothiazol E (1e). Aldehyd
21 wurde ¸berdies in das Aldolprodukt 22 umgewandelt
(72%), das in bekannten Synthesen der Cystothiazole A (1a)
und C (1c) als Intermediat verwendet worden war. Folglich
repr‰sentiert die Herstellung von 21 eine formale Totalsynthese
dieser Cystothiazole.
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were hampered by its volatility. Cross-coupling products were
not observed and there were indications that the hydro-
boration reaction itself had not properly worked. This
suspicion was confirmed when we used the more sophisticated
alkyne 10 which was available from the corresponding aldol
product (see below). Under a wide variety of conditions a
hydroboration of this substrate with catecholborane could not
be achieved. In all instances unreacted starting material was
recovered almost completely. NMR spectra of crude product
gave no indication for a hydroboration. Luckily, we had also
employed the tert-butyldimethylsilyl (TBDMS) ether 11[18] in
parallel experiments. Its hydroboration proceeded smoothly.
The success of the hydroboration was proven by cross-
coupling of the corresponding alkenyl boronic acid to
bromobenzene. The reaction proceeded nicely following a
standard protocol[19] {[Pd(PPh3)4], K2CO3, PhH/H2O/EtOH
5:1:1, 90 �C} in 71% yield. 4-Bromobithiazole (4), however,
remained inert towards a cross-coupling with the same alkenyl
boronic acid under identical conditions. Since the counterion
of the hydroxide base used in Suzuki cross-coupling reactions
has been shown to strongly affect the velocity of the
reaction[20] we varied the base. Indeed, this variation led to a
reliable and high-yielding protocol for the Suzuki cross-
coupling of 4-bromobithiazoles which was also employed in
the synthesis of cystothiazole E. The key to the success was
the use of CsOH as the base. The reaction of compounds 11
and 4 to product 13 is depicted in Scheme 2.
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Scheme 2. The two most relevant cross-coupling reactions conducted in
model studies with bithiazole 4.


A final set of experiments was directed towards a Stille
cross-coupling of bithiazole 4with appropriate stannanes. Test
reactions conducted with alkenylstannane 12[21] and
[Pd(PPh3)4] in N,N-dimethyl acetamide (DMA) did not yield
the desired product. Modifications of the reaction conditions
were also successful in this instance and the clean formation of
alcohol 14 was observed with [PdCl2(PPh3)2] in dioxane at
100 �C (Scheme 2, 52% yield). Even more remarkably, the
same conditions were applicable to the cross-coupling of
stannane 5. The implementation of the latter reaction step in
route II to cystothiazoles will be discussed in one of the
following sections.


Synthesis of (�)-cystothiazole E according to route I : Based
on the cross-coupling of an alkenyl boronic acid with


bithiazole 4 we executed the synthesis of cystothiazole E as
outlined in Scheme 1 (route I). Since we had determined the
absolute configuration of the target in our preliminary work[6]


we chose the oxazolidinone 2[22] which is derived from (R)-
phenylalanine to finally obtain the naturally occurring (�)-
cystothiazole E. The sequence of steps is depicted in
Scheme 3. Within usual limits the yields we achieved were
identical to the yields previously reported for the synthesis of
(�)-cystothiazole E (ent-1e). The previously reported syn-
thesis commenced with oxazolidinone ent-2 derived from (S)-
phenylalanine.
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Scheme 3. Individual steps and yields in the synthesis of (�)-cystothiazo-
le E (1e) according to route I: a) i) Bu2BOTf (1.1 equiv), EtNiPr2
(1.2 equiv) in CH2Cl2, 0 �C, 45 min; ii) aldehyde 3 (1.35 equiv) in CH2Cl2,
�78 � �10 �C, 1 h, 86%; b) Me3O�BF4


� (2.1 equiv), 1,8-bis(N,N-dime-
thylamino)naphthalene (1.4 equiv) in CH2Cl2, RT, 2 d, 61%; c) LiAlH4


(1.1 equiv) in THF, 0 �C, 2 h, quant.; d) TBAF (1.2 equiv) on silica in THF,
RT, 1 h; e) TDBDMSCl (1.2 equiv), imidazole (2.5 equiv) in DMF/CH2Cl2,
RT, 1 d, quant. (two steps); f) i) catecholborane (1.5 equiv), neat, RT �
95 �C, 3 h; ii) 4 (0.3 equiv), [Pd(PPh3)4] (0.015 equiv), CsOH (1.2 equiv) in
H2O/EtOH/PhH, RT � 95 �C, 16 h, 94% (relative to 4); g) PPTS
(0.5 equiv) in EtOH, 55 �C, 24 h, 82%; h) Dess ±Martin periodinane
(1.2 equiv) in CH2Cl2, RT, 2 h, quant.; i) MeMgCl (4 equiv) in THF, RT,
1 h, 91%; j) Dess ±Martin periodinane (1.3 equiv) in CH2Cl2, RT, 3 h,
quant.


Aldol reaction[23] of oxazolidinone 2 with aldehyde 3
provided access to the diastereomerically pure aldol product
15 (syn/anti �98:2; �95% de).[24] Methylation with the
Meerwein salt trimethyloxonium tetrafluoroborate in the
presence of the proton sponge 1,8-bis(N,N-dimethylamino)-
naphthalene[25] converted the secondary alcohol into its
methyl ether 16. Attempts to employ other methylating
agents (methyl iodide, dimethyl sulfate, methyl triflate) for
this conversion were unsuccessful. Methylation was achieved
with MeI and K2CO3 in refluxing acetone but partial
epimerization occurred. Reduction of the N-acyloxazolidi-
none with lithium aluminium hydride yielded the primary
alcohol 17 and the recoverable auxiliary. Subsequent protec-
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tive group manipulations included the cleavage of the
TBDMS group from intermediate 16 (tetrabutylammonium
fluoride, TBAF) to liberate the free alkyne and the installa-
tion of a protective group at the hydroxy group. For the latter
purpose the TBDMS group was selected. Alkyne 18 under-
went a smooth hydroboration with catecholborane. After
hydrolysis the intermediate alkenyl boronic acid was not
isolated but directly subjected to the Suzuki cross-coupling
reaction with bithiazole 4. The reaction which was conducted
in full analogy to the transformation 11 � 13 produced the
desired cystothiazole precursor 19 in excellent yield (94%).
As the fluoride promoted deprotection of the silyl ether in
compound 19 failed (e.g. TBAF in THFat RT, TBAF on silica
gel in THF at RT, or TBAF/HOAc in THF at RT) we
employed acidic conditions (pyridinium p-toluenesulfonate,
PPTS) to generate the primary alcohol 20. Oxidation under
Dess ±Martin conditions[26] yielded the corresponding alde-
hyde to which methyl magnesium chloride was added. The
resulting secondary alcohol was obtained as a mixture of
diastereoisomers (d.r. 3:1) which were not separated but
oxidized directly to the desired product, (�)-cystothiazole E
(1e). Its identity with the natural product was proven by
comparison with reported NMR data. The optical rotation
was positive as expected for the (3R,4S)-stereoisomer {[�]20D �
�17.6 (c� 0.12, CHCl3)} and compared well with the optical
rotation determined for the natural product {[�]20D ��17.8
(c� 0.2, CHCl3)}.[1a] Overall, the synthesis of cystothiazole E
along route I proceeded in 10 steps and 37% yield starting
from the oxazolidinone 2.


Synthesis of cystothiazole E and formal syntheses of cysto-
thiazoles A and C according to route II : Whereas the order of
bond connection in route I was–according to Scheme 1–
(c/a)/b/d we considered in a second route the linear bond
connection in the order a/b/c/d which would enable facile
access to other cystothiazoles. Key intermediate was aldehyde
21 (Scheme 4) which can be directly employed for an aldol
reaction with chiral enolate equivalents and which has been
previously synthesized.[3] The synthesis of this aldehyde based
on cross-coupling methodology was possible from the corre-
sponding alcohol 14 by Swern oxidation (89% yield). Alcohol
14 was available either directly from bithiazole 4 by Stille
cross-coupling (Scheme 2) or from silyl ether 13 by depro-
tection (TBAF in THF, RT; 78% yield). In attempts to find a
shorter route to aldehyde 21 we discovered that the Stille
cross-coupling reaction of �-stannyl acrolein 5 and bithiazole
4 was a facile reaction which proceeded in 97% yield. By this
means, key intermediate 21 was accessible in three consec-
utive cross-coupling steps from 2,4-dibromothiazole in a total
yield of 68%.


The aldol reaction of aldehyde 21 with the O-(Z)-boron
enolate derived from N-propionyloxazolidinone (2) proceed-
ed smoothly and yielded the known syn-aldol product 22 (syn/
anti �98:2; �95% de).[3] Its conversion to cystothiazole E
was achieved in three steps which were not further optimized.
Following the standard protocol[27] the oxazolidinone was
substituted by N-methoxy-N-methylamine in the presence of
trimethylaluminium. After O-methylation of the secondary
alcohol the intermediate Weinreb amide 23 could be directly


S


N


S


N


O


S


N


O OH


S


N
NO


O


Ph


S


N


O OMe


S


N
N


O


a)
4  +  5


b)


21


22


c), d)


23


e)
1e


Scheme 4. Individual steps and yields in the synthesis of (�)-cystothiazo-
le E (1e) acording to route II: a) 4 (1 equiv), 5 (3 equiv), NEt3 (2 equiv),
[PdCl2(PPh3)2] (0.05 equiv) in dioxane, 100 �C, 16 h, 97%; b) i) Bu2BOTf
(1.2 equiv), EtNiPr2 (1.5 equiv) in CH2Cl2, 0 �C, 45 min; ii) aldehyde 21
(0.75 equiv) in CH2Cl2, �78 �C � �10 �C, 1 h, 86% (relative to 21);
c) i) AlMe3 (9 equiv), HNMe(OMe) ¥HCl (9 equiv) in THF, 0 �C, 30 min;
ii) 22 (1 equiv) in THF, �15 �C � RT, 1 h; d) Me3O�BF4


� (6.4 equiv), 1,8-
bis(N,N-dimethylamino)naphthalene (6.4 equiv) in CH2Cl2, RT, 2 d, 17%.
(two steps); e) MeMgCl (6.5 equiv) in Et2O/THF, RT, 1 h, 95%.


converted into the desired product by nucleophilic attack with
magnesium methyl chloride.[28] Despite its linearity, route II
requires less steps than route I as it completely lacks any
protective group manipulations. In this respect, it is straight-
forward and includes only seven synthetic transformations
starting from the readily available 2,4-dibromothiazole. It is,
however, hampered by the low yields achieved in the
methylation step (30 ± 35%).


Intermediate 22 has been elegantly converted to cysto-
thiazoles A and C in recent syntheses by Williams et al.
(Scheme 5).[3, 29] Cystothiazole A (1a) was obtained in 41%
yield and cystothiazole C (1c) in 29% yield starting from
aldol product 22.


22
7 steps[3] 8 steps[3]


41% 29%
1a 1c


Scheme 5. Syntheses of cystothiazole A (1a) and cystothiazole C (1c)
from intermediate 22 according to Williams et al.[3]


In view of these results, our synthesis of intermediate 22
represents a formal access to these cystothiazoles. The
calculated overall yield for cystothiazole A is 20% in eleven
steps and 14% for cystothiazole C in twelve steps starting
from 2,4-dibromothiazole.


Conclusion


In summary, the 4-bromobithiazole (4) was shown to be a
versatile building block for the syntheses of cystothiazoles A,
C, and E. The starting material is available from 2,4-
dibromothiazole in two consecutive cross-coupling reactions
(70% yield). The pivotal cross-coupling at the 4-position of
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4-bromobithiazole (4) was closely studied. The Suzuki cross-
coupling with alkenyl boronic acids and the Stille cross-
coupling with alkenyl stannanes proceeded well under
optimized conditions. Suzuki cross-coupling of bithiazole 4
with the boronic acid derived from aldol fragment 18 (94%
yield) allowed for a convergent synthesis of cystothiazole E
(route I). A linear but equally efficient pathway to the same
target was paved by the Stille cross-coupling of bithiazole 4
and alkenyl stannane 5 (97% yield). The aldehyde 21 thus
obtained is a versatile intermediate for the synthesis of
cystothiazoles. Based on the presented cross-coupling meth-
odology other biologically active bithiazoles should be equally
well accessible. Studies along these lines are currently under-
way in our laboratory.


Experimental Section


General : All reactions involving water-sensitive chemicals were carried out
in flame-dried glassware with magnetic stirring under Ar. Tetrahydrofuran
(THF) and diethyl ether (Et2O) were distilled from potassium immediately
prior to use. N,N-Diisopropylethylamine was distilled from calcium
hydride. [Pd(PPh3)4],[30] [PdCl2(PPh3)2],[31] and [Pd2(dba)3],[32] and dppf[33]


were prepared according to literature procedures. All other chemicals were
either commercially available or prepared according to the cited refer-
ences. TLC: Merck glass sheets (0.25 mm silica gel 60, F254), eluent given in
brackets. Detection by UV or coloration with ceric ammonium molybdate
(CAM). Optical rotation: Perkin ±Elmer 241 MC. Melting points (un-
corrected): Reichert hot bench. NMR: Bruker spectrometers ARX-200,
AC-250, AC-300 and AX-500. 1H and 13C NMR spectra were recorded in
CDCl3 at ambient temperature unless stated otherwise. Chemical shifts are
reported relative to tetramethylsilane as internal standard or distinguished
solvent signals. Apparent multiplets which occur as a result of the
accidental equality of coupling constants of magnetically nonequivalent
protons are marked as virtual (virt.). IR: Bruker IFS 200 or Perkin ±Elmer
1600 FT-IR. MS: Varian CH7 (EI) or Finnigan MAT 8200 (EI, CI). HRMS:
Finnigan MAT 8200 (EI). GC-MS: Agilent 6890 (GC system), Agilent 5973
(Mass selective detector, EI), Column: HP 5MS (30 m). Elemental
analysis: Microanalytical laboratory Beller (Gˆttingen). Flash chromatog-
raphy:[34] Merck silica gel 60 (230 ± 400 mesh, ca. 50 g for 1 g of material to
be separated), eluent given in brackets. Eluents [Et2O, ethyl acetate
(EtOAc) and pentane (P)] were distilled prior to use.


(4S)-Benzyl-3-[5-(tert-butyldimethylsilyl)-(3S)-hydroxy-(2S)-methyl-4-
pentynyl]-oxazolidin-2-one (ent-15):[24] A 1� solution of di-n-butylboron-
triflate in dichloromethane (14.0 mL, 14.0 mmol) and N,N-diisopropyl-
ethylamine (2.00 g, 15.5 mmol) were carefully added to a solution of the
oxazolidinone ent-2 (3.00 g, 12.9 mmol)[22] in dichloromethane (30 mL) so
that the temperature remained between 0 and 5 �C. After 45 min the
reaction mixture was cooled to �78 �C and a solution of aldehyde 3 (2.90 g.
17.5 mmol) in dichloromethane (10 mL) was added over a period of 1 h
through a syringe pump. After 1 h at�78 �C the mixture was stirred for one
additional hour at �10 �C before it was quenched by successive addition of
pH 7 phosphate buffer (15 mL), methanol (42 mL) and a 1:2 mixture of
30% H2O2/MeOH (45 mL) keeping the temperature between 0 and 10 �C.
After 1 h the mixture was concentrated in vacuo and the resultant slurry
was extracted with dichloromethane (3� 100 mL). The combined organic
layers were washed with brine (50 mL), dried over Na2SO4 and filtered.
After removal of the solvent the crude residue was purified by flash
chromatography (P/EtOAc 80:20) to afford ent-15 (4.42 g, 86%) as a white
solid. Rf� 0.27 (P/EtOAc 80:20); m.p. 85 �C; [�]20D � 65.8 (c� 0.40 in
CH2Cl2); 1H NMR (250 MHz): �� 0.11 [s, 6H; Si(CH3)2], 0.93 [s, 9H;
SiC(CH3)3], 1.43 (d, 3J� 7.1 Hz, 3H; CHCH3), 2.81 (dd, 2J� 13.3 Hz, 3J�
9.3 Hz, 1H; PhCHH), 3.24 (dd, 2J� 13.3 Hz, 3J� 3.3 Hz, 1H; PhCHH),
3.96 (dq, 3J� 7.1 Hz, 3J� 4.4 Hz, 1H; CHCH3), 4.19 ± 4.23 (m, 2H;
NCHCH2O), 4.68 ± 4.73 (m, 2H; NCHCH2O, CHOH), 7.19 ± 7.36 (m, 5H;
CHar); 13C NMR (62.9 MHz): ���4.8 [Si(CH3)2], 12.3 (NCOCHCH3),
16.4 [SiC(CH3)3], 26.0 [SiC(CH3)3], 37.7 (PhCH2), 44.0 (NCOCH), 55.1


(PhCH2CH), 63.7 (OCH2CHN), 66.2 (CHOH), 88.8 (C�CSi), 104.4
(C�CSi), 127.4 (CHar), 128.9 (CHar), 129.4 (CHar), 134.9 (Car), 152.9
(OCONCO), 175.2 (OCONCO); IR (KBr): �� � 3494 (br s; OH), 2931 (m;
CHal), 2860 (m; CHal), 1801 (s), 1670 (s; C�O), 1385 (s), 1210 cm�1 (s); MS
(CI, isobutane): m/z (%): 401 (4) [M�]; elemental analysis calcd (%) for
C22H31NO4Si (401.58): C 65.80, H 7.78; found: C 65.85, H 7.69.


(3S)-Methoxy-(2S)-methylpentyncarboxylic acid-N-methoxy-N-methyl-
amide (10): A 2� solution of trimethylaluminium in hexane (2.25 mL,
4.50 mmol) was added at 0 �C to a slurry of N,O-dimethylhydroxylamine
hydrochloride (439 mg, 4.50 mmol) in THF (12 mL). After 30 min the
resulting solution was cooled to�15 �C and a solution of oxazolidinone ent-
15 (200 mg, 500 �mol) in THF (10 mL) was added. The temperature was
kept at �15 �C for 1 h and at 0 �C for 1 h. After additional stirring at room
temperature for 3 h the reaction was quenched by the careful addition of
dichloromethane (19 mL) and a 0.5� aqueous HCl solution (12.5 mL). The
aqueous layer was extracted with dichloromethane (3� 30 mL). The
combined organic layers were washed with brine (20 mL), dried over
Na2SO4 and filtered. After removal of the solvent the crude residue was
purified by flash chromatography (P/EtOAc 70:30) to afford the Weinreb
amide (100 mg, 70%) as a white solid. Rf� 0.34 (P/EtOAc 70:30); 1H NMR
(250 MHz): �� 0.11 [s, 6H; Si(CH3)2], 0.94 [s, 9H; SiC(CH3)3], 1.36 (d, 3J�
7.0 Hz, 3H; NCOCHCH3), 3.20 (s, 3H; NCH3), 3.74 (s, 3H; OCH3), 4.08 ±
4.16 (m, 1H; NCOCHCH3), 4.72 (virt. t, 3J�3.1 Hz, 1H; CHOH); MS (EI,
70 eV): m/z (%): 270 (3) [M��Me], 228 (100) [M�� tBu].
A solution of the obtained Weinreb amide (100 mg, 350 �mol) in dichloro-
methane (3 mL) was submitted to methylation by addition of proton
sponge (375 mg, 1.75 mmol) and trimethyloxonium tetrafluoroborate
(259 mg, 1.75 mmol). After stirring at room temperature for 2d the
resulting slurry was filtered and the solvent was removed in vacuo. The
residue was purified by flash chromatography (P/EtOAc 80:20) and the
desired methyl ether (51.8 mg, 51%) was obtained as a colorless oil. Rf�
0.18 (P/EtOAc 80:20); [�]20D ��78.6 (c� 0.79 in CH2Cl2); 1H NMR
(250 MHz): �� 0.06 [s, 6H; Si(CH3)2], 0.90 [s, 9H; SiC(CH3)3], 1.20 (d,
3J� 6.7 Hz, 3H; NCOCHCH3), 3.16 (s, 3H; NCH3), 3.11 ± 3.26 (m, 1H;
NCOCHCH3), 3.41 (s, 3H; CHOCH3), 3.70 (s, 3H; NOCH3), 4.08 (d, 3J�
9.2 Hz, 1H; CHOCH3); 13C NMR (62.9 MHz): �� -4.7 [Si(CH3)2], 14.1
(NCOCHCH3), 16.4 [SiC(CH3)3], 26.0 [SiC(CH3)3], 32.1 (NCH3), 41.4
(NCOCHCH3), 56.6 (CHOCH3), 61.5 (NOCH3), 72.9 (CHOCH3), 89.4
(CCSi), 104.0 (CCSi), 174.3 (NCOCHCH3); IR (neat): �� � 2933 (m; CHal),
2171 (w; C�C), 1666 (s; C�O), 1463 (m), 1102 cm�1 (m); MS (EI, 70 eV):
m/z (%): 284 (6) [M��Me], 268 (4) [M��OMe], 242 (100) [M�� tBu];
elemental analysis calcd (%) for C15H29NO3Si (299.48): C 60.16, H 9.76;
found: C 60.30, H 9.89.


To cleave off the TBDMS group a solution of the obtained methyl ether
(24.0 mg, 80.1 �mol) in THF (2 mL) was treated with tetrabutylammonium
fluoride (TBAF) on silica (100 mg, �100 �mol). The slurry was stirred for
2 h at room temperature. After the solvent had been removed in vacuo, the
residue was purified by flash chromatography (P/EtOAc 70:30) and the
desired terminal alkyne 10 (14.8 mg) was obtained as a colorless oil. Rf�
0.48 (P/EtOAc 80:20); [�]20D � 46.3 (c� 0.52 in CH2Cl2); 1H NMR
(360 MHz): �� 1.19 (d, 3J� 7.1 Hz, 3H; NCOCHCH3), 2.42 (d, 4J�
2.0 Hz, 1H; C�CH), 3.16 (s, 3H; NCH3), 3.16 ± 3.22 (m, 1H; NCOCHCH3),
3.39 (s, 3H; CHOCH3), 3.69 (s, 3H; NOCH3), 4.05 (dd, 3J� 9.0 Hz, 4J�
2.0 Hz, 1H; CHOCH3); 13C NMR (90 MHz): �� 14.1 (NCOCHCH3), 31.9
(NCH3), 41.3 (NCOCHCH3), 56.8 (CHOCH3), 61.5 (NOCH3), 72.5
(CHOCH3), 74.4 (C�CH), 81.5 (C�CH), 174.1 (NCOCH); IR (neat): �� �
3242 (s, C�CH), 2939 (s, CHal), 2111 (w, C�C), 1651 (s, C�O), 1462 (m),
1100 (m), 997 cm�1 (m); MS (EI, 70 eV): m/z (%): 170 (8) [M��Me], 125
(46) [M��N(CH3)OCH3], 69 (100) [CH(OCH3)CCH�]; HRMS: m/z
calcd for C8H12NO3 [M��Me]: 170.0817, found: 170.0818.


4-[3-(tert-Butyldimethylsiloxy)-propenyl]-2�-isopropyl-2,4�-bithiazole (13):
Catecholborane (989 mg, 8.25 mmol) was slowly added to 3-(tert-butyldi-
methylsiloxy)-1-propyne (11)[18] (935 mg, 5.50 mmol) and after 5 min the
temperature was raised to 70 �C for 1 h and then to 95 �C for additional 2 h.
After cooling to room temperature, water (8.25 mL) was added rapidly and
the resulting slurry was stirred for 1 h. Ethanol (12 mL) was added to dilute
the white precipitate. The obtained solution of the boronic acid was
quantitatively given to a mixture of bromobithiazole 4 (612 mg,
2.12 mmol), [Pd(PPh3)4] (120 mg, 106 �mol) and a 50% (w/w) aqueous
CsOH solution (953 mg, 6.36 mmol) in benzene (60 mL). The blue solution
was heated to 95 �C for 16 h. After cooling to room temperature, water







FULL PAPER T. Bach and S. Heuser


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5590 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 245590


(20 mL) was added and the aqueous layer was extracted with pentane (2�
50 mL) and dichloromethane (2� 50 mL). The combined organic layers
were washed with brine (50 mL), dried over Na2SO4 and filtered. After
removal of the solvent the crude residue was purified by flash chromatog-
raphy (P/EtOAc 98:2) to afford 13 (742 g, 92%) as a yellow oil. Rf� 0.18
(P/EtOAc 97:3); 1H NMR (360 MHz): �� 0.11 [s, 6H; Si(CH3)2], 0.94 [s,
9H; SiC(CH3)3], 1.43 [d, 3J� 6.9 Hz, 6H; CH(CH3)2], 3.36 [sept, 3J�
6.9 Hz, 1H; CH(CH3)2], 4.38 (d, 3J� 3.9 Hz, 2H; OCH2), 6.60 ± 6.75 (m,
2H; OCH2CHCH), 7.04 (s, 1H; CHar), 7.86 (s, 1H; CH�ar); 13C NMR
(90 MHz): ���5.2 [Si(CH3)2], 18.5 [SiC(CH3)3], 23.1 [CH(CH3)2], 26.0
[SiC(CH3)3], 33.3 [CH(CH3)2], 63.3 (OCH2CHCH), 114.8 (CHar), 114.9
(CHar), 122.0 (OCH2CHCH), 132.4 (OCH2CHCH), 148.7 (4�-Car), 154.7
(4-Car), 162.7 (NCS-thiazole), 178.6 (NCS-iPr); IR (neat): �� � 3102
(w; CHar), 2953 (m; CHal), 1497 (m), 1255 (m), 1111 cm�1 (m); MS
(EI, 70 eV): m/z (%): 380 (42) [M�], 323 (100) [M�� tBu], 249 (63)
[M��OTBDMS]; elemental analysis calcd (%) for C18H28N2OS2Si
(380.65): C 56.80, H 7.41; found: C 56.72, H 7.36.


4-(3-Hydroxypropenyl)-2�-isopropyl-2,4�-bithiazole (14) from silyl ether 13 :
A 1� solution of tetrabutylammonium fluoride (TBAF) in THF (0.60 mL,
0.60 mmol) was added to a solution of silyl ether 13 (150 mg, 394 �mol) in
THF (5 mL) and the mixture was stirred for 3 h at ambient temperature.
After the solvent had been removed in vacuo, the residue was purified by
flash chromatography (P/Et2O 30:70). The known compound 14[3] (82.0 mg,
78%) was obtained as a white solid. Rf� 0.23 (P/Et2O 30:70); 1H NMR
(250 MHz): �� 1.41 [d, 3J� 6.9 Hz, 6H; CH(CH3)2], 2.08 (br s, 1H; OH),
3.34 [sept, 3J� 6.9 Hz, 1H; CH(CH3)2], 4.33 (d, 3J� 4.8 Hz, 2H; OCH2),
6.62 (d, 3J� 15.6 Hz, 1H; OCH2CHCH), 6.75 (dt, 3J� 4.8 Hz, 3J� 15.6 Hz,
1H; OCH2CHCH), 7.05 (s, 1H; CHar), 7.85 (s, 1H; CH�ar); 13C NMR
(62.9 MHz): �� 23.1 [CH(CH3)2], 33.3 [CH(CH3)2], 63.1 (OCH2CHCH),
115.0 (CHar), 115.4 (CHar), 123.4 (OCH2CHCH), 131.8 (OCH2CHCH),
148.5 (4�-Car), 154.2 (4-Car), 162.9 (NCS-thiazole), 178.7 (NCS-iPr); MS (EI,
70 eV): m/z (%): 266 (15) [M�], 237 (100).


4-(3-Hydroxypropenyl)-2�-isopropyl-2,4�-bithiazole (14) by Stille coupling
between bithiazole 4 and stannane 12 : Bromobithiazole (4 ; 42.1 mg,
145 �mol), tributylstannyl-2-propen-1-ol (12)[21] (157 mg, 453 �mol) and
[PdCl2(PPh3)2] (5.1 mg, 7.3 �mol) in dioxane (8 mL) were heated to 100 �C
for 16 h. After the solvent had been removed in vacuo, the residue was
purified by flash chromatography (P/Et2O 30:70). 14 (20.0 mg, 52%) was
obtained as a white solid. The spectroscopical data were identical to those
obtained for the deprotection product of 13.


(4R)-Benzyl-3-[5-(tert-butyldimethylsilyl)-(3R)-hydroxy-(2R)-methyl-4-
pentynyl]-oxazolidin-2-one (15): Aldol product 15 was prepared as
described for its enantiomer starting from 2 (1.00 g, 4.30 mmol), di-n-
butylborontriflate (1� in CH2Cl2, 4.67 mL, 4.67 mmol), N,N-diisopropyl-
ethylamine (667 mg, 5.17 mmol) and aldehyde 3 (967 mg, 5.83 mmol).
After purification by flash chromatography (P/EtOAc 80:20) product 15
(1.47 g, 86%) could be obtained as a white solid. Rf� 0.27 (P/EtOAc
80:20); m.p. 85 �C; [�]20D ��66.1 (c� 0.53 in CH2Cl2). The spectroscopic
data were identical to those of ent-15.


(4R)-Benzyl-3-[5-(tert-butyldimethylsilyl)-(3R)-methoxy-(2R)-methyl-4-
pentynyl]-oxazolidin-2-on (16): Proton sponge (3.34 g, 15.6 mmol) and
trimethyloxonium tetrafluoroborate (3.50 g, 23.4 mmol) were added to a
solution of the alcohol 15 (4.50 g, 11.1 mmol) in dichloromethane (80 mL).
After stirring at room temperature for 2 d the resultant slurry was filtered
and the solvent was removed in vacuo. The residue was purified by flash
chromatography (P/EtOAc 90:10) and the desired methyl ether 16 (2.79 g,
61%) was obtained as a white solid. Rf� 0.57 (P/EtOAc 80:20); m.p.
135 �C; [�]20D ��34.2 (c� 0.61 in CH2Cl2); 1H NMR (250 MHz): �� 0.10 [s,
6H; Si(CH3)2], 0.92 [s, 9H; SiC(CH3)3], 1.35 (d, 3J� 6.4 Hz, 3H;
NCOCHCH3), 2.79 (dd, 2J� 16.0 Hz, 3J� 9.6 Hz, 1H; PhCHH), 3.28 (dd,
2J� 16.0 Hz, 3J� 3.1 Hz, 1H; PhCHH), 3.42 (s, 3H; CHOCH3), 4.14 ± 4.25
(m, 4H; CH3CHCHOCH3, NCHCH2O), 4.64 ± 4.69 (m, 1H; NCHCH2O),
7.19 ± 7.29 (m, 5H; CHar); 13C NMR (62.9 MHz): �� -4.3 [Si(CH3)2], 13.9
(NCOCHCH3), 16.9 [SiC(CH3)3], 26.4 [SiC(CH3)3], 38.2 (PhCH2), 43.3
(NCOCH), 55.8 (OCH2CHN), 56.8 (CHOCH3), 66.5 (OCH2CHN), 72.7
(CHOCH3), 87.5 (C�CSi), 90.6 (C�CSi), 127.7 (CHar), 129.3 (CHar), 129.8
(CHar), 135.6 (Car), 153.4 (OCONCO), 173.9 (OCONCO); IR (KBr): �� �
2934 (m; CHal), 1769 (s; C�O), 1684 (s; C�O), 1384 (m), 1208 cm�1 (m);
MS (EI, 70 eV): m/z (%): 415 (2) [M�], 400 (5) [M��Me], 358 (100)
[M�� tBu]; elemental analysis calcd (%) for C23H33NO4Si (415.60): C
66.47, H 8.00; found: C 66.41, H 7.95.


5-(tert-Butyldimethylsilyl)-(3R)-methoxy-(2S)-methyl-4-pentyn-1-ol (17):
A solution of oxazolidinone 16 (2.67 g, 6.43 mmol) in THF (40 mL) was
added at 0 �C to a slurry of lithium aluminium hydride (268 mg, 7.10 mmol)
in THF (100 mL) over a period of 1 h through syringe pump. After stirring
for 1 h at 0 �C, water (267 �L), 15% aqueous NaOH (800 �L), water
(800 �L) and some Na2SO4 were successively added. The mixture was
filtered, the solvent was removed in vacuo and the resulting residue was
purified by flash chromatography (P/EtOAc 70:30). 17 (1.56 g, quant.) was
obtained as a light red oil. Rf� 0.33 (P/EtOAc 85:15); [�]20D ��71.2 (c�
1.10 in CH2Cl2); 1H NMR (360 MHz): �� 0.11 [s, 6H; Si(CH3)2], 0.93 [s,
9H; SiC(CH3)3], 0.95 (d, 3J� 7.5 Hz, 3H; CHCH3), 2.06 ± 2.14 (m, 1H;
CHCH3), 3.40 (s, 3H; CHOCH3), 3.55 (dd, 2J� 10.9 Hz, 3J� 3.8 Hz, 1H;
HOCHH), 3.80 (dd, 2J� 10.9 Hz, 3J� 7.5 Hz; HOCHH), 4.07 (d, 3J�
4.0 Hz, 1H; CHOCH3); 13C NMR (90 MHz): ���4.6 [Si(CH3)2], 12.7
[CH(CH3)], 16.5 [SiC(CH3)3], 26.1 [SiC(CH3)3], 39.7 [CH(CH3)], 56.9
(CHOCH3), 65.6 (HOCH2), 76.1 (CHOCH3), 91.1 (CCSi), 102.8 (CCSi); IR
(neat): �� � 3373 (b; OH), 2929 (s; CHal), 2857 (s; CHal), 2169 (m; C�C),
1471 (s), 1250 (s), 1096 cm�1 (s); MS (CI, isobutane): m/z (%): 243 (6)
[M��H].


1-tert-Butyldimethylsiloxy-(3R)-methoxy-(2R)-methyl-4-pentyne (18): To
cleave off the TBDMS group a solution of alcohol 17 (1.00 g, 4.13 mmol) in
THF (40 mL) was treated with tetrabutylammonium fluoride (TBAF) on
silica (5.00 g, �5.00 mmol). The slurry was stirred for 1 h at room
temperature. After the solvent had been removed in vacuo, the residue
was purified by flash chromatography (P/Et2O 50:50) and the desired
terminal alkyne (529 mg, quant.) was obtained as a colourless oil. Rf� 0.52
(P/EtOAc 50:50). The resulting alcohol was diluted in DMF (35 mL).
Dichloromethane (15 mL), imidazole (703 mg, 10.3 mmol) and a 2.9�
solution of tert-butyldimethylsilylchloride in toluene (1.71 mL, 4.96 mmol)
were added. After stirring for 1 d at room temperature, water (100 mL) was
added and the aqueous layer was extracted with dichloromethane (2�
150 mL) and pentane (2� 150 mL). The combined organic layers were
washed with brine (100 mL), dried over Na2SO4 and filtered. After removal
of the solvent the crude residue was purified by flash chromatography (P/
Et2O 98:2) to afford 18 (1.00 g, quant.) as a colorless oil. Rf� 0.67 (P/Et2O
95:5); [�]20D � 53.9 (c� 0.54 in pentane); 1H NMR (250 MHz): �� 0.02 [s,
6H; Si(CH3)2], 0.87 [s, 9H; SiC(CH3)3], 0.97 (d, 3J� 7.0 Hz, 3H; CHCH3),
1.84 ± 1.97 (m, 1H; CHCH3), 2.40 (d, 4J� 2.1 Hz, 1H; C�CH), 3.38 (s, 3H;
CHOCH3), 3.52 (dd, 2J� 9.8 Hz, 1H; SiOCHH), 3.61 (dd, 2J� 9.8 Hz, 3J�
5.8 Hz, 1H; SiOCHH), 4.04 (dd, 3J� 4.6 Hz, 4J� 2.1 Hz, 1H; CHOCH3);
13C NMR (62.9 MHz): ���5.5 [Si(CH3)2], 11.6 [CH(CH3], 18.3
[SiC(CH3)3], 25.9 [SiC(CH3)3], 41.0 [CH(CH3], 57.0 (CHOCH3), 65.2
(SiOCH2), 71.6 (C�CH), 74.1 (CHOCH3), 82.2 (C�CH); IR (neat): �� �
2929 (m; CHal), 2858 (m; CHal), 1472 (m), 1258 cm�1 (s); MS (CI,
isobutane): m/z (%): 243 (100) [M��H].


4-[5-(tert-Butyldimethylsiloxy)-(3S)-methoxy-(4R)-methylpent-1-enyl]-2�-
isopropyl-2,4�-bithiazole (19): Catecholborane (673 mg, 5.60 mmol) was
slowly added to alkyne 18 (905 mg, 3.74 mmol) and after 5 min the
temperature was raised to 70 �C for 1 h and then to 95 �C for further 2 h.
After cooling to room temperature, water (7.5 mL) was added rapidly and
the resulting slurry was stirred for 1 h. Ethanol (12 mL) was added to dilute
the white precipitate. The obtained solution of the boronic acid was
quantitatively given to a mixture of bromobithiazole 4 (314 mg,
1.10 mmol), [Pd(PPh3)4] (87.0 mg, 55.0 �mol) and a 10% (w/w) aqueous
CsOH solution (7.50 mL, 4.50 mmol) in benzene (70 mL). This blue
solution was heated to 95 �C for 16 h. After cooling to room temperature,
water (40 mL) was added and the aqueous layer was extracted with pentane
(2� 100 mL) and dichloromethane (2� 100 mL). The combined organic
layers were washed with brine (100 mL), dried over Na2SO4 and filtered.
After removal of the solvent the crude residue was purified by flash
chromatography (P/Et2O 95:5) to afford 19 (448 g, 94%) as a yellow oil.
Rf� 0.35 (P/EtOAc 90:10); [�]20D � 8.9 (c� 0.40 in pentane); 1H NMR
(250 MHz): �� 0.02 [s, 6H; Si(CH3)2], 0.88 [s, 9H; SiC(CH3)3], 0.92 (d, 3J�
6.2 Hz, 3H; SiOCH2CHCH3), 1.41 [d, 3J� 6.9 Hz, 6H; CH(CH3)2], 1.77 ±
1.87 (m, 1H; SiOCH2CHCH3), 3.31 (s, 3H; CHOCH3), 3.33 [sept, 3J�
6.9 Hz, 1H; CH(CH3)2], 3.48 (dd, 2J� 9.7 Hz, 3J� 5.7 Hz, 1H; SiOCHH),
3.60 (dd, 2J� 9.7 Hz, 3J� 6.7 Hz, 1H; SiOCHH), 3.85 (virt. t, 3J �5.0 Hz,
1H; CHOCH3), 6.45 ± 6.61 (m, 2H; CH3OCHCHCH), 7.05 (s, 1H; CHar),
7.84 (s, 1H; CH�ar); 13C NMR (62.9 MHz): ���5.5 [Si(CH3)2], 11.6
(SiOCH2CHCH3), 18.2 [SiC(CH3)3], 23.1 [CH(CH3)2], 25.9 [SiC(CH3)3],
33.3 [CH(CH3)2], 41.0 (SiOCH2CH), 57.1 (CHOCH3), 64.8 (SiOCH2), 82.1
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(CHOCH3), 114.9 (CH�ar), 115.0 (CHar), 124.8 (CH3OCHCHCH), 132.2
(CH3OCHCHCH), 148.7 (4�-Car), 154.4 (4-Car), 162.7 (NCS-thiazole), 178.6
(NCS-iPr); IR (neat): �� � 3110 (w; CHar), 2928 (m; CHal), 2856 (m; CHal),
1463 (s), 1255 cm�1 (s); MS (EI, 70 eV): m/z (%): 452 (12) [M�], 437 (8)
[M��Me], 395 (50) [M�� tBu], 305 (41), 289 (27), 279 (100) [M��
TBDMSOCH2CH(Me)]; HRMS: m/z calcd for C22H36N2O2S2Si:
452.1988, found: 452.1982.


5-(2�-Isopropyl-2,4�-bithiazolyl-4-yl)-(3S)-methoxy-(2S)-methyl-4-penten-
1-ol (20): Silyl ether 19 (410 mg, 905 �mol) and pyridinium para-toluene-
sulfonate (PPTS) (116 mg, 450 �mol) in ethanol (20 mL) were heated to
55 �C for 24 h. After removal of the solvent the residue was purified by flash
chromatography (P/Et2O 50:50). 20 (250 mg, 82%) was obtained as a
colourless oil. Rf� 0.28 (P/Et2O 30:70); [�]20D � 41.9 (c� 0.83 in diethyl
ether); 1H NMR (250 MHz): �� 0.93 (d, 3J� 7.0 Hz, 3H; HOCH2CHCH3),
1.42 [d, 3J� 7.0 Hz, 6H; CH(CH3)2], 2.05 ± 2.11 (m, 1H; HOCH2CHCH3),
3.33 (s, 3H; CHOCH3), 3.34 [sept, 3J� 7.0 Hz, 1H; CH(CH3)2], 3.58 (dd,
2J� 10.8 Hz, 3J� 4.3 Hz, 1H; HOCHH), 3.73 (dd, 2J� 10.8 Hz, 3J� 7.5 Hz,
1H; HOCHH), 3.90 (virt. t, 3J�4.9 Hz, 1H; CHOCH3), 6.50 ± 6.65 (m, 2H;
CH3OCHCHCH), 7.10 (s, 1H; CHar), 7.89 (s, 1H; CH�ar); 13C NMR
(62.9 MHz): �� 12.2 (HOCH2CHCH3), 23.1 [CH(CH3)2], 33.3
[CH(CH3)2], 39.8 (HOCH2CH), 57.0 (CHOCH3), 66.0 (HOCH2), 85.6
(CHOCH3), 115.3 (CH�ar), 115.7 (CHar), 126.1 (CH3OCHCHCH), 130.0
(CH3OCHCHCH), 148.4 (4�-Car), 153.8 (4-Car), 163.0 (NCS-thiazole), 178.7
(NCS-iPr); IR (neat): �� � 3420 (br s; OH), 3122 (w; CHar), 2971 (s; CHal),
1498 (m), 1081 cm�1 (s); MS (EI, 70 eV): m/z (%): 338 (10) [M�], 323 (13)
[M��Me], 279 (100) [M��HOCH2CHMe]; elemental analysis calcd (%)
for C16H22N2O2S2 (338.49): C 56.77, H 6.55; found: C 57.01, H 6.66.


(�)-Cystothiazole E (1e): Dess ±Martin periodinane[26] (93.1 mg,
220 �mol) was added to a solution of alcohol 20 (62.0 mg, 183 �mol) in
dichloromethane (2 mL). After being stirred at ambient temperature for
2 h, the reaction was quenched by the addition of diethyl ether (12 mL) and
a saturated aqueous solution of NaHCO3 containing 5% Na2S2O3 (4 mL).
After additional 15 min the aqueous phase was extracted with diethyl ether
(2� 20 mL). The combined organic phases were washed with brine
(10 mL), dried over Na2SO4 and filtered. After removal of the solvent
the crude residue was purified by flash chromatography (P/Et2O 60:40) to
afford the desired aldehyde (61.0 mg, quant.) as a yellow oil. Rf� 0.39
(P/Et2O 50:50); 1H NMR (250 MHz): �� 1.18 (d, 3J� 7.0 Hz, 3H;
OHCCHCH3), 1.44 [d, 3J� 6.9 Hz, 6H; CH(CH3)2], 2.62 ± 2.67 (m, 1H;
OHCCHCH3), 3.35 [sept, 3J� 6.9 Hz, 1H; CH(CH3)2], 3.36 (s, 3H;
CHOCH3), 4.19 (dd, 3J� 4.3 Hz, 3J� 7.0 Hz, 1H; CHOCH3), 6.53 (dd,
3J� 7.0 Hz, 3J� 15.6 Hz, 1H; CH3OCHCHCH), 6.67 (d, 3J� 15.6 Hz, 1H;
CH3OCHCHCH), 7.14 (s, 1H; CHar), 7.88 (s, 1H; CH�ar), 9.82 (d, 3J�
1.2 Hz, 1H; OHCCHCH3); 13C NMR (62.9 MHz): �� 8.7 (OHCCHCH3),
23.1 [CH(CH3)2], 33.3 [CH(CH3)2], 51.1 (OHCCHCH3), 57.0 (CHOCH3),
81.5 (CHOCH3), 115.1 (CH�ar), 116.2 (CHar), 126.4 (CH3OCHCHCH),
129.4 (CH3OCHCHCH), 148.5 (4�-Car), 153.6 (4-Car), 163.0 (NCS-thiazole),
178.7 (NCS-iPr), 203.8 (OHCCHCH3); IR (neat): �� � 3215 (m; CHar), 2969
(m; CHal), 1727 (s; C�O), 1617 (s), 1079 cm�1 (s); MS (EI, 70 eV):m/z (%):
336 (4) [M�], 321 (4) [M��Me], 279 (100) [M��OHCCHMe].


To a solution of the aldehyde (61.0 mg, 182 �mol) in THF (5 mL) a 3�
solution of methyl magnesium chloride in THF (242 �L, 726 �mol) was
added at room temperature. After stirring for 1 h, a saturated aqueous
solution of NH4Cl (5 mL) was added. The aqueous phase was extracted
with diethyl ether (3� 20 mL). The combined organic phases were washed
with brine (15 mL), dried over Na2SO4 and filtered. After removal of the
solvent the crude residue was purified by flash chromatography (P/Et2O
60:40) to afford the desired secondary alcohol (58.2 mg, 91%) as a yellow
oil. It was obtained as a 3:1 mixture of diastereoisomers. Rf� 0.15 and 0.18
(P/Et2O 50:50); 13C NMR (62.9 MHz): major diastereoisomer: �� 12.8
(HOCHCHCH3), 20.9 (CH3CHOH), 23.1 [CH(CH3)2], 43.7
(HOCHCHCH3), 56.8 (OCH3), 70.8 (HOCH), 86.9 (CHOCH3), 115.0
(CH�ar), 115.7 (CH�ar), 125.2 (CH3OCHCHCH), 131.1 (CH3OCHCHCH),
148.4 (4�-Car), 153.9 (4-Car), 162.9 (NCS-thiazole), 178.6 (NCS-iPr); minor
diastereoisomer: �� 15.2 (HOCHCHCH3), 21.5 (CH3CHOH), 23.1
[CH(CH3)2], 44.1 (HOCHCHCH3), 56.9 (OCH3), 69.8 (HOCH), 85.5
(CHOCH3), 115.0 (CH�ar), 115.6 (CH�ar), 126.3 (CH3OCHCHCH), 129.4
(CH3OCHCHCH), 148.4 (4�-Car), 153.8 (4-Car), 162.8 (NCS-thiazole), 178.6
(NCS-iPr); IR (KBr): �� � 3440 (br s; OH), 3124 (m; CHar), 2970 (s; CHal),
1498 cm�1 (s); MS (EI, 70 eV): m/z (%): 352 (8) [M�], 337 (6) [M��Me],


279 (84) [M��MeCH(OH)CH(Me)], 261 (100); HRMS: m/z calcd for
C17H24N2O2S2: 352.1279, found: 352.1282.


The mixture of alcohols (48.0 mg, 137 �mol) was dissolved in dichloro-
methane (5 mL) and the Dess ±Martin periodinane (76.3 mg, 180 �mol)
was added. After being stirred at ambient temperature for 3 h, the reaction
was quenched by the addition of diethyl ether (20 mL) and a saturated
aqueous solution of NaHCO3 containing 5%Na2S2O3 (6 mL). After further
15 min the aqueous phase was extracted with diethyl ether (2� 20 mL).
The combined organic phases were washed with brine (20 mL), dried over
Na2SO4 and filtered. After removal of the solvent the crude residue was
purified by flash chromatography (P/Et2O 70:30) to afford (�)-cystothia-
zole E (1e) (48.0 mg, quant.) as a yellow oil. Rf� 0.65 (P/Et2O 50:50);
[�]20D � 17.6 (c� 0.12 in CHCl3); 1H NMR (360 MHz): �� 1.19 (d, 3J�
7.0 Hz, 3H; CH3COCHCH3), 1.44 [d, 3J� 7.0 Hz, 6H; CH(CH3)2], 2.20 (s,
3H; CH3CO), 2.79 (virt. quin, 3J �6.5 Hz, 1H; CH3COCH), 3.34 (s, 3H;
CHOCH3), 3.37 [sept, 3J� 7.0 Hz, 1H; CH(CH3)2], 4.02 (virt. t, 3J �6.6 Hz,
1H; CHOCH3), 6.46 (dd, 3J� 7.2 Hz, 3J� 15.8 Hz, 1H; CH3OCHCHCH),
6.61 (d, 3J� 15.8 Hz, 1H; CH3OCHCHCH), 7.11 (s, 1H; Har), 7.87 (s, 1H;
H�ar); 13C NMR (90 MHz): �� 11.8 (CH3COCHCH3), 23.0 [CH(CH3)2],
29.8 (CH3COCHCH3), 33.3 [CH(CH3)2], 51.9 (CH3COCHCH3), 56.9
(CHOCH3), 82.6 (CHOCH3), 115.0 (5�-CHar), 115.7 (5-CHar), 126.1
(CH3OCHCHCH), 130.1 (CH3OCHCHCH), 148.5 (4�-Car), 153.8 (4-Car),
162.8 (NCS-thiazole), 178.5 (NCS-iPr), 210.3 (CH3CO); IR (neat): �� � 3103
(m; CHar), 2970 (s; CHal), 2932 (s; CHal), 1712 cm�1 (s; C�O); MS (EI,
70 eV): m/z (%): 350 (2) [M�], 335 (12) [M��Me], 279 (89) [M��Me-
COCHMe], 275 (100); elemental analysis calcd (%) for C17H23N2O2S2


(350.50): C 58.25, H 6.33; found: C 58.06, H 6.13.


3-(2�-Isopropyl-2,4�-bithiazolyl-4-yl)-propenal (21): Bromobithiazole 4
(217 mg, 751 �mol), tributylstannyl-2-propen-1-al (5)[8] (777 mg,
2.25 mmol) triethylamine (152 mg, 1.50 mmol) and [PdCl2(PPh3)2]
(26.4 mg, 37.6 �mol) in dioxane (40 mL) were heated at 100 �C for 16 h.
After the solvent had been removed in vacuo, the residue was purified by
flash chromatography (P/Et2O 70:30). The known aldehyde 21[3] (192 mg,
97%) was obtained as a yellow solid. Rf� 0.48 (P/EtOAc 75:25); 1H NMR
(250 MHz): �� 1.42 [d, 3J� 7.0 Hz, 6H; CH(CH3)2], 3.34 [sept, 3J� 7.0 Hz,
1H; CH(CH3)2], 7.05 (dd, 3J� 7.9 Hz, 3J� 15.6 Hz, 1H; OHCCHCH), 7.42
(d, 3J� 15.6 Hz, 1H; OHCCHCH), 7.55 (s, 1H; CHar), 7.88 (s, 1H; CH�ar),
9.71 (d, 3J� 7.9 Hz, 1H; OHCCHCH); 13C NMR (62.9 MHz): �� 23.1
[CH(CH3)2], 33.3 [CH(CH3)2], 116.0 (CH�ar), 123.4 (CHar), 130.5
(OHCCHCH), 143.6 (OHCCHCH), 147.9 (4�-Car), 152.2 (4-Car), 163.9
(NCS-thiazole), 178.9 (NCS-iPr), 193.6 (OHCCHCH); MS (EI, 70 eV):m/z
(%): 264 (64) [M�], 236 (100) [M��CO], 221 (95) [M�� iPr].
(4R)-Benzyl-3-[(3S)-hydroxy-5-(2�-isopropyl-2,4�-bithiazolyl-4-yl)-(2R)-
methyl-4-pentenoyl]-oxazolidin-2-one (22): A 1� solution of di-n-butyl-
borontriflate in dichloromethane (370 �L, 370 �mol) and N,N-diisopropyl-
ethylamine (61.5 mg, 476 �mol) were carefully added to a solution of the
oxazolidinone 2 (74.0 mg, 318 �mol) in dichloromethane (4 mL) so that the
temperature was between 0 and 5 �C. After 45 min the reaction mixture was
cooled to �78 �C and a solution of aldehyde 21 (64.0 mg, 242 mmol) in
dichloromethane (2 mL) was added over a period of 1 h through syringe
pump. After 1 h the mixture was stirred for 2 h at 0 �C before it was
quenched by successive addition of pH 7 phosphate buffer (1 mL),
methanol (2 mL) and a 1:2 mixture of 30% H2O2/MeOH (2 mL) keeping
the temperature between 0 and 10 �C. After 1 h the mixture was
concentrated in vacuo and the resulting slurry was extracted with EtOAc
(3� 50 mL). The combined organic phases were washed with brine
(30 mL), dried over Na2SO4 and filtered. After removal of the solvent
the crude residue was purified by flash chromatography (P/EtOAc 60:40)
to afford the known aldol product 22[3] (87.0 mg, 72%) as a white foam.
Rf� 0.33 (P/EtOAc 50:50); 13C NMR (90 MHz): �� 11.2 (NCOCHCH3),
23.1 [CH(CH3)2], 33.2 [CH(CH3)2], 37.6 (PhCH2), 42.6 (NCOCHCH3), 55.1
(PhCH2CH), 66.1 (PhCH2CHCH2), 71.9 (CHOH), 115.2 (CHar), 115.9
(CHar), 123.9 (HOCHCHCH), 127.3 (CHPh), 128.9 (CHPh), 129.4 (CHPh),
131.7 (HOCHCHCH), 134.9 (CPh), 148.3 (4�-Car), 153.0 (OCONCO), 153.9
(4-Car), 162.8 (NCS-thiazole), 176.6 (OCONCO), 178.7 (NCS-iPr).


5-(2�-Isopropyl-2,4�-bithiazolyl-4-yl)-(3S)-methoxy-(2R)-methylpent-4-en-
carboxylic acid-N-methoxy-N-methylamide (23): A 2� solution of trime-
thylaluminium in hexane (0.79 mL, 1.58 mmol) was added at 0 �C to a slurry
ofN,O-dimethylhydroxylamine hydrochloride (154 mg, 1.58 mmol) in THF
(5 mL). After 30 min the resulting solution was cooled to �15 �C and a
solution of aldol product 22 (87.0 mg, 175 �mol) in THF (5 mL) was added.
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The temperature was kept at�15 �C, 0 �C and ambient temperature for 1 h.
The reaction was stopped by the careful addition of a 0.5� aqueous HCl
solution (4 mL) at 0 �C. The aqueous phase was extracted with dichloro-
methane (2� 15 mL). The combined organic phases were washed with
brine (10 mL), dried over Na2SO4 and filtered. After removal of the solvent
the crude residue was purified by flash chromatography (P/EtOAc 40:60)
to afford a mixture (85.0 mg) of the Weinreb amide and the Evans auxiliary
as a yellow oil which still contained some EtOAc. Rf� 0.18 (P/EtOAc
50:50); 1H NMR (360 MHz): �� 1.22 (d, 3J� 7.3 Hz, 3H; NCOCHCH3),
1.44 [d, 3J� 6.9 Hz, 6H; CH(CH3)2], 2.87 (m, 1H; NCOCHCH3), 3.22 (s,
3H; NCH3), 3.38 [sept, 3J� 6.9 Hz, 1H; CH(CH3)2], 3.73 (s, 3H; OCH3),
4.12 (m, 1H; CHOH), 6.62 (dd, 3J� 4.6 Hz, 3J� 15.4 Hz, 1H;
HOCHCHCH), 6.76 (d, 3J� 15.4 Hz, 1H; HOCHCHCH), 7.09 (s, 1H;
CHar), 7.87 (s, 1H; CH�ar); 13C NMR (90 MHz): �� 10.4 (NCOCHCH3),
23.0 [CH(CH3)2], 31.7 (CH3NCO), 33.2 [CH(CH3)2], 38.9 (NCOCHCH3),
61.6 (H3CONCH3), 71.3 (CHOH), 114.9 (CHar), 115.6 (CHar), 123.3
(HOCHCHCH), 131.9 (HOCHCHCH), 148.4 (4�-Car), 154.1 (4-Car), 162.6
(NCS-thiazole), 177.6 (H3CNCO), 178.6 (NCS-iPr).


Proton sponge (240 mg, 1.12 mmol) and trimethyloxonium tetrafluorobo-
rate (166 mg, 1.12 mmol) were added to a solution of the above mixture
(85 mg) in dichloromethane (5 mL). After stirring at room temperature for
2 d the resulting slurry was filtered and the solvent was removed in vacuo.
The residue was purified by flash chromatography (P/EtOAc 50:50) and
the desired methyl ether 23 (12.0 mg, 17%) was obtained as a yellow oil.
Rf� 0.37 (P/EtOAc 50:50); [�]20D � 20.0 (c� 0.13 in diethyl ether); 1H NMR
(250 MHz): �� 1.23 (d, 3J� 7.3 Hz, 3H; NCOCHCH3), 1.42 [d, 3J� 6.9 Hz,
6H; CH(CH3)2], 3.11 (s, 3H; NCH3), 3.16 (m, 1H; NCOCHCH3), 3.31 (s,
3H; CHOCH3), 3.34 [sept, 3J� 6.9 Hz, 1H; CH(CH3)2], 3.64 (s, 3H;
CH3NOCH3), 3.86 (m, 1H; CHOCH3), 6.48 (dd, 3J� 4.6 Hz, 3J� 15.4 Hz,
1H; CH3OCHCHCH), 6.72 (d, 3J� 15.4 Hz, 1H; CH3OCHCHCH), 7.09 (s,
1H; CHar), 7.84 (s, 1H; CH�ar); 13C NMR (62.9 MHz): �� 14.2
(NCOCHCH3), 23.1 [CH(CH3)2], 32.3 (H3CONCH3), 33.3 [CH(CH3)2],
41.1 (NCOCHCH3), 57.1 (CHOCH3), 61.5 (H3CONCH3), 83.7 (CHOCH3),
115.0 (CHar), 115.6 (CHar), 126.0 (CH3OCHCHCH), 131.2
(CH3OCHCHCH), 148.6 (4�-Car), 154.1 (4-Car), 162.6 (NCS-thiazole),
177.6 (H3CNCO), 178.6 (NCS-iPr); IR (neat): �� � 3102 (m; CHar), 2969 (m;
CHal), 1654 (s; C�O), 1458 (m), 1181 (m), 1094 cm�1 (s); MS (EI, 70 eV):
m/z (%): 395 (24) [M�], 380 (16) [M��Me], 279 (100) [M��MeON-
(Me)COCHMe); HRMS: m/z calcd for C18H25N3O3S2: 395.1337, found:
395.1339.


Cystothiazole E (1e): A 3� solution of methyl magnesium chloride in THF
(50.0 �L, 150 �mol) was added to a solution of the Weinreb amide 23
(9.0 mg, 23.0 �mol) in diethyl ether (2 mL) at 0 �C. After stirring at 0 �C for
1 h, a saturated aqueous solution of NH4Cl (2 mL) was added and the
aqueous layer was extracted with diethyl ether (3� 20 mL). The combined
organic layers were washed with brine (10 mL), dried over Na2SO4 and
filtered. The solvent was removed in vacuo to yield pure (�)-cystothiazo-
le E (1e) (8.0 mg, 95%) as a yellow oil. The spectroscopical data were
identical with those determined for the product obtained according to
route I and with those reported for the natural product.
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Chemical Reaction in Binary Mixtures near the Critical Region:
Thermal Decomposition of 2,2�-Azobis(isobutyronitrile) in CO2/Ethanol


Hongping Li, Buxing Han,* Jun Liu, Liang Gao, Zhenshan Hou, Tao Jiang, Zhimin Liu,
Xiaogang Zhang, and Jun He[a]


Abstract: The effects of pressure and of
the composition of the CO2/ethanol
mixed solvent in the critical region on
the kinetics of the decomposition of 2,2�-
azobis(isobutyronitrile) (AIBN) were
studied at 333.15 K. The rate constants
(kd) in the mixed solvent far from the
critical point and in liquid n-hexane and
ethanol were also determined for com-
parison. It was found that kd is very
sensitive to pressure in the mixed sol-
vent near the critical point. However, in
the mixed solvent outside the critical
region kd is nearly independent of pres-
sure. Interestingly, kd in the mixed


solvent in the critical region can be
higher than that in ethanol at the same
temperature, suggesting that no signifi-
cant enhancement in the reaction rate
by a small pressure change in the critical
region of the mixed solvent can be
achieved by changing the composition
of the liquid solvent in the traditional
way. Transition-state theory can predict
kd in the mixed solvent far from the


critical point and in the liquid solvents
well. However, it cannot predict kd in the
mixed solvent in the critical region. The
special intermolecular interaction be-
tween the solvent and the reaction
species may contribute to this interest-
ing phenomenon. This work also shows
that if pure CO2 or ethanol are used as
solvents, the reaction cannot be carried
out in the critical region of the solvents
at the desired temperature, while it can
be conducted in the critical region of the
mixed solvent of suitable composition,
where the solvent is highly compressible.


Keywords: azo compounds ¥
kinetics ¥ phase diagrams ¥
supercritical fluids


Introduction


In recent years, supercritical (SC) science and technology
have received much attention.[1±3] Supercritical fluids (SCFs)
can be used in many processing applications, such as
extraction and fractionation,[1, 4] chemical reactions[5] includ-
ing polymerizations,[6] and materials processing.[7] SCFs have
also been used as the continuous phase of microemulsions for
various applications.[8] In some processes, environmentally
more acceptable SCFs can be used to replace organic solvents.
Moreover, SC technologies have many other advantages that
may solve more challenging problems after our fundamental
understanding of SCFs improves.


There are unique advantages to conducting chemical
reactions in SCFs, especially in the critical region.[9] For
example, reaction rates, yields, and selectivity can be adjusted
by varying pressure; environmentally benign SCFs (such as
CO2 and H2O) can be used to replace toxic solvents; mass
transfer is improved for heterogeneous reactions; and simul-
taneous separation and reaction may be accomplished for


some reactions. It is not surprising that in recent years the use
of SCFs, especially supercritical CO2 and H2O, as solvents for
chemical reaction media has received much attention, and this
topic has been reviewed.[10, 11]


Up to now, chemists have found or synthesized numerous
compounds, but the substances which are applicable as SC
solvents in practice is very limited because many factors have
to be considered in industrial processes, such as critical
temperature, critical pressure, toxicity, and price. Utilization
of mixed fluids in the critical region may greatly enlarge the
number of SC solvents in practice because the critical
parameters of a mixture can be tuned by its composition.[1, 12]


For example, one can obtain many SC solvents with different
critical parameters by changing the composition of a binary
system to meet different possible requirements. It should be
mentioned that the mixed SCFs discussed in this work differ
from SCF/cosolvent mixtures, which have been studied
extensively. A mixed SCF may change its composition over
the entire composition range, and the critical parameters are
considered as a function of its composition, while the amount
of the cosolvent in an SCF/cosolvent mixture is very small and
its effect on the critical parameters of the SC solvent is usually
neglected.


Scientists understand the properties of pure fluids in the
critical region much better than those of mixed fluids,
although many critical parameters of binary mixtures or more
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complicated mixtures have been determined.[13] Effective
utilization of mixed SCFs is a new topic and many interesting
and important questions need to be studied. For example,
does a mixed fluid in the critical region have similar features
to those of a pure fluid in the critical region? How do the
properties of chemical reactions in a mixed fluid near the
critical point change with pressure and composition?


Recently, we studied the constant volume heat capacity
(CV) of CO2/n-pentane and CO2/ethanol mixtures near their
critical points at 308.15 K.[14] The results showed that the CVof
the mixtures near the critical points increase sharply as the
pressure approaches the bubble point and the critical point
from high pressure, and like a pure SCF, the isothermal
compressibility of the mixed fluids in the critical region is also
very large. Now we report the first systematic study of the
effect of pressure and composition of a mixed fluid on the
kinetics of a reaction near the critical region of the mixed
solvent, namely the decomposition of 2,2�-azobis(isobutyro-
nitrile) (AIBN) in CO2/ethanol at 333.15 K. This reaction was
selected mainly because its decomposition in different
solvents has been well studied, including in SC CO2 and SC
CO2 with small amounts of cosolvents.[15, 16] The results show
that the rate constant kd in the mixed solvents is very sensitive
to pressure in the critical region of the mixed solvent. We
believe that utilization of mixed solvents under conditions
close to the critical point may become an effective way to
broaden the applications of SCFs.


Results and Discussion


Phase behavior, density, and isothermal compressibility of the
mixed solvents : This work focuses on how the kd in a mixed
fluid of CO2/ethanol near the critical point changes with
pressure and composition of the solvent. The experiments
were carried out at 333.15 K, which is a suitable temperature
at which to study the reaction kinetics of AIBN. The phase
behavior and the critical point of the mixed solvent are the
basis for selecting suitable reaction conditions. The critical
parameters at this temperature and the bubble-point pressure
and dew-point pressure of the mixed solvent with different
compositions determined in this work are listed in Table 1.
The phase diagram for CO2/ethanol system at this temper-
ature is shown in Figure 1. The data reported by Suzuki et
al.[17] are also given in the figure. It can be seen from Figure 1
that the results determined in this work agree well with those
reported by other authors.


At the critical point the mole fraction of ethanol x2 is 0.112
(Table 1, Figure 1). In Figure 1 the part of the curve with


Figure 1. Phase diagram of the CO2 (1) � ethanol (2) system at 333.15 K.
P : pressure; X1: mole fraction of CO2 against pressure.


x2� 0.112 is the bubble-point curve, and a homogenous
mixture above the bubble point can be regarded as a
subcritical fluid. The part of the curve with x2� 0.112 is the
dew-point curve, and a homogeneous mixture above the dew
point is a vapor or a supercritical mixture. The mixed solvent
in the near-critical region at fixed temperature is defined as
the solvent of which the composition and pressure are close to
the critical composition and critical pressure of the mixture.


The isothermal compressibility KT of a fluid is an important
characteristic parameter related to the fluid structure. The KT


of fluids is calculated using the density data determined in this
work (Table 2) and the following well-known equation
[Eq. (1)], where � is the density of the fluids. The variation
of KT with pressure at different conditions is shown in
Figure 2.


KT�
1


�


d�


dp


� �
T


(1)


The decomposition rate constant of AIBN : The decomposi-
tion rate constant kd of AIBN in CO2/ethanol mixed solvent
was studied at 333.15 K. In order to explore the features of the
reaction in the critical region of the mixed solvent, we
conducted the reaction in some typical subcritical and super-
critical mixtures. In summary, the mole fractions of ethanol in
the binary solvent were 0.0, 0.028, 0.112, 0.249, 0.413,
respectively, and the experimental pressure was in the range
of 9 ± 14 MPa. For all the experiments, the solvents were in the
single-phase region; the experimental conditions are marked
in Figure 1 (the vertical lines). To study the difference of the
reaction in the mixed solvent in the critical region and in
conventional liquid solvents, we also measured the kd of the
reaction in n-hexane or ethanol at this temperature.


As examples, Figure 3 shows the UV spectra for the
thermal decomposition of AIBN in the mixed fluid (x2�
0.249) at 333.15 K and 12.03 MPa. The absorption maxima
at 347 and 289 nm are assigned to the absorption of AIBN and
ketenimine (temporary adduct), respectively.[15] The decreas-
ing absorption at 347 nm corresponds to the loss of AIBN. The
decomposition rate can be calculated on the basis of the
change of the absorption with time. In order to determine the
reaction rate quantitatively from the spectra, the absorbance
(A) of AIBN is required. Since the peaks of the above two


Table 1. Critical composition, critical pressure (PC), bubble point pressure
(PB), and dew point pressure (PD) of the CO2 (1) � ethanol (2) system at
333.15 K.


X2
[a] P [MPa]


0.028 PD� 9.00
0.112[b] PC� 10.64
0.249 PB� 10.54
0.413 PB� 9.72


[a] Mole fraction of 2. [b] Critical composition.
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Figure 2. Isothermal compressibility KT of pure CO2 and CO2 (1) �
ethanol (2) mixtures at 333.15 K. PD, PC, and PB denote the dew point,
critical point, and bubble point, respectively.


Figure 3. UV spectra for the thermal decomposition of AIBN in CO2 (1)�
ethanol (2) (X2� 0.249) at different times (333.15 K, 12.01 MPa).


compounds overlap to some extent, a deconvolution method
was developed. The spectrum curves of the two compounds
were assumed to be Gaussian. A computer routine was used
to optimize the locations, heights, and variance of the two
peaks, so that the sum of the deconvoluted peaks most
accurately fit the experimental spectra.[16]


Figure 4 shows some typical curves of ln(A0/A) versus time
(t) for thermal decomposition of AIBN in SC CO2 and CO2/


Figure 4. Dependence of ln(A0/A) (absorbance at 347 nm) on time for
AIBN thermal decomposition in pure CO2, and CO2 (1) � ethanol (2)
mixtures at 333.15 K and 14.0 MPa.


ethanol mixtures at 14.0 MPa, where A0 and A stand for the
absorbance of AIBN at 347 nm at t� 0 and t, respectively.
There exists a linear relationship between ln(A0/A) and the
reaction time. Under other conditions ln(A0/A) versus time
curves are also linear. This indicates that the decomposition
follows first-order kinetics, and kd can be calculated from the
slope of the curves,[15, 16] as discussed briefly below.


First-order kinetics follow Equation (2), where cAN is the
concentration of AIBN at reaction time t. From Equation (2),
we can get Equation (3). Then from this and from the
Lambert ±Beer Law [Eq. (4), where �AN is the molar ex-
tinction coefficient of AIBN, L is the optical path length, and
p1 is a constant], we obtain Equation (5).


� d�cAN�
dt


� kd [cAN] (2)


lncAN� p1� kd� t (3)


A� �AN� cAN�L (4)


ln(A0/A)� kd� t (5)


The values of kd in different solvents under various
conditions are listed in Table 3. Under some conditions, the
experiments were repeated three times and the repeatability
was better than�5%. The kd values in liquid solvents n-hexane
and ethanol determined in this work are also listed in Table 3.


Table 2. Densities of CO2 (1) � ethanol (2) mixtures (�mix) at 333.15 K and various pressures.


X2� 0.028 X2� 0.112 X2� 0.249 X2� 0.413
p �mix p �mix p �mix p �mix


[MPa] [103 molm�3] [MPa] [103 molm�3] [MPa] [103 molm�3] [MPa] [103 molm�3]


16.30 15.94 18.25 17.62 18.83 18.38 16.50 18.36
14.95 15.14 17.45 17.41 16.94 18.09 15.52 18.27
13.41 13.82 16.55 17.18 15.43 17.83 14.26 18.19
12.16 12.20 15.25 16.58 14.15 17.60 13.28 18.07
11.35 10.84 14.15 16.08 13.25 17.39 12.33 17.95
10.58 9.16 13.17 15.63 11.26 16.82 11.62 17.86
9.47 7.10 12.61 15.37 10.86 16.44 10.71 17.75
9.03 6.23 12.19 15.02 10.70 15.38 10.17 17.50


11.16 14.09 9.87 17.21
10.88 13.65 9.72 16.84
10.75 13.14
10.68 12.67
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The rate of decomposition of AIBN in a number of liquid
solvents has been studied, and the polarity or dielectric
constant of the solvent has been found to affect the rate
constant.[15, 16, 18] However, the reaction rate is not very
solvent-sensitive. The decomposition rate of AIBN in liquid
solvents determined by other authors shows a solvent depend-
ence with an overall variation in rate constant of a factor of
2 ± 4. The rate constants measured in this work in liquid n-
hexane (nonpolar) and liquid ethanol (polar) are 6.08�
10�6 s�1 and 15.27� 10�6 s�1 respectively (Table 3). The differ-
ence falls within this range.


The dependence of kd on pressure in the solvents of
different compositions is illustrated in Figure 5. It is very
interesting that the kd is very sensitive to pressure near the
critical point of the mixed solvent, and the kd increases sharply


Figure 5. Dependence on pressure of the rate constant (kd) for the
decomposition of AIBN in pure CO2 and CO2 (1)� ethanol (2) mixtures at
333.15 K. PD, PC, and PB denote the dew point, critical point, and bubble
point, respectively.


as pressure approaches the critical point and the bubble point
of the mixed solvent. This indicates that the kinetic properties
can be tuned by pressure in the critical region of the mixed
solvent. At x2� 0.112 and 0.249, the kd can be increased by
70 ± 80% by a small pressure change in the critical region of
the mixed solvent, as can be seen from Figure 5. This change is
significant considering the fact that the reaction is not very
sensitive to solvent, as described above.


The kd increases with increasing polarity or dielectric
constant of the solvent.[15, 16, 18] The results in Table 3 show
another interesting phenomenon. The kd in the mixed solvent


with x2� 0.249 is higher than that in pure ethanol as the
pressure approaches the bubble point, although the polarity of
ethanol should be higher than that of the mixture. This
indicates that the significant enhancement in the reaction rate
caused by a small pressure change in the critical region cannot
be achieved in a mixed liquid solvent by changing the
composition of the solvent.


Figure 5 also shows that kd is not sensitive to pressure at
higher pressures for all the mixed solvents, indicating that kd


can not be adjusted effectively by pressure when the solvent is
not in the critical region. The main reason is that, as shown in
Figure 2, the isothermal compressibility of the solvent outside
the critical region is small. Thus the properties are not greatly
affected by pressure. It can be concluded that, to control kd


effectively by pressure, both pressure and composition should
be close to the critical point of the mixed solvent at this
temperature.


Increasing the concentration of ethanol in the solvent
results in an increase in kd at the higher pressures far from the
critical point, as can be seen from Figure 5. This is easy to
understand because the kd increases with the increase in the
polarity or dielectric constant of the solvent.[15, 16, 18] This hints
that mixed solvents outside the critical region are similar to
liquid solvents, and the polarity increases as the concentration
of the polar component is increased.


The experimental pressure for the reaction in CO2 is higher
than 10 MPa because CO2 cannot dissolve enough AIBN for
the kinetic study at the lower pressures. This makes it difficult
to compare the kd in pure SC CO2 with that in the mixed
solvent over a wide pressure range. On the other hand, this
indicates that more reactions can be carried out in mixed
solvents in the critical region, and some properties of the
reactions may be tuned significantly by pressure.


Theoretical approach to the reaction kinetics According to
transition-state theory, for a simple unimolecular reaction, the
quantitative effect of pressure on the rate constant can be
expressed as Equation (6),[15] where �V� is the activation
volume and kd is the reaction rate constant. To a first
approximation, the activation volume can be regarded as the
sum of an intrinsic and a solvational component
[Eq. (7)].[15, 19]


�lnkd


�p


� �
T���V�


RT
(6)


�V���V�
solvation � �V�


intr (7)


Table 3. The values of kd in CO2 (1) � ethanol (2) mixture and in different liquid solvents.


CO2 � ethanol CO2 � ethanol CO2 � ethanol CO2 � ethanol CO2 � ethanol n-hexane ethanol
X2� 0 X2� 0.028 X2� 0.112 X2� 0.249 X2� 0.413


P kd P kd P kd P kd P kd kd kd


[MPa] [10�6 s�1] [MPa] [10�6 s�1] [MPa] [10�6 s�1] [MPa] [10�6 s�1] [MPa] [10�6 s�1] [10�6 s�1] [10�6 s�1]


10.00 3.87 9.04 5.25 10.70 11.48 10.61 19.86 9.72 12.62 6.08 15.27
11.06 3.96 9.50 4.57 10.80 9.25 10.75 16.05 10.06 12.04
12.05 4.06 11.00 4.38 10.90 7.81 10.86 13.61 11.04 12.17
13.08 4.08 12.01 4.58 11.20 7.52 11.01 12.42 12.03 12.32
14.21 4.11 14.00 4.88 12.00 6.74 12.01 11.20 13.12 12.72


13.01 6.99 13.01 11.32 14.11 12.89
14.01 7.42 14.00 11.81
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The intrinsic activation volume (�V�
intr� results from the


reorganization of the reacting species, that is, changes in bond
lengths and angles during the formation of the transition state,
and is generally considered to be independent of solvent; the
solvation activation volume (�V�


solvation� represents all volume
changes associated with solvation, which depend on polarity,
electrostriction, and dipole interactions during the course of
the reaction.[15] The kd for AIBN can be expressed as a
function of dielectric constant of the solvents, �, and �V�


intr by
Equation (8),[15] where a and b are constants, p and T stand for
pressure and temperature, respectively, and R is the gas
constant. (�� 1)/(2��1) is the Kirkwood parameter. �V�


intr is
generally considered to be independent of solvent.[17] In this
work we use the value reported in the Polymer Handbook
(�V�


intr� 13.1� 10�3 Lmol�1).[20]


ln kd��a � b
�� 1


2� � 1


� �
� �V�


intr


RT


� �
p (8)


Rearrangement of Equation (8) gives Equation (9), where
c��V�


intr/RT, which is a constant at a fixed temperature. To
use Equation (9), dielectric constants of the solvents at
different conditions are required. The dielectric constant of
pure SC CO2 can be calculated from Equation (10).[21] The
density (d) of CO2 required in Equation (10) can be calculated
from Huang×s equation,[22] which is very accurate for the
density calculation of CO2.


lnkd � cp��a � b
�� 1


2� � 1


� �
(9)


�� 1


d	� � 2�


� �
� 0.007676 (10)


Wesch et al.[23] measured the dielectric constant of CO2 (1)
� ethanol (2) mixture up to 30 MPa. They found that the
dielectric constant of the mixture (�m) agreed well with those
calculated from the model proposed by Looyenga,[24] which
can be expressed as Equation (11), where �1 and �2 are the
dielectric constants of components 1 and 2, respectively, and
�2 denotes the volume fraction of component 2, which is
calculated by Equation (12), where y2 is mole fraction of
component 2, and V2 and Vm stand for the molar volumes of
component 2 and the mixture, respectively. In this work the
dielectric constant of the mixture (�m) calculated from
Equations (11) and (12) is used, and those of liquid solvents
n-hexane and ethanol are obtained from the CRC Hand-
book.[25]


�m� [(1��2)�
1�3
1 � �2�


1�3
2 ]3 (11)


�2� y2V2/Vm (12)


The curves for lnkd � cp versus Kirkwood parameter
(�� 1)/(2� � 1) in different solvents are shown in Figure 6. It
should be mentioned that cp is much smaller than lnkd (cp/
lnkd� 6%) under the experimental conditions of this work.
For the mixed solvent of fixed composition used in this work,
the dielectric constant or the Kirkwood parameter increases
with increasing pressure. The kd in CO2 and in the mixed
solvents of different compositions at higher pressures (12, 13,
14 MPa) correlate well with Equations (9) ± (12), and the


Figure 6. Dependence of lnkd on the Kirkwood parameters in various
solvents at 333.15 K. The straight line represents Equations (9) ± (12) using
the kd data in pure SC CO2 and in the mixed fluids at the higher pressures
(
12.0 MPa). The fitted parameters a and b in Equation (9) are �12.59
and 3.58, respectively. PD, PC, and PB are as in Figure 5.


results are shown by the straight line in Figure 6. The values
obtained for constants a and b in Equation (9) are �12.59 and
3.58, respectively. Obviously, the kd values in the solvents far
from the critical point can be correlated well. The lnkd � cp
values of the reaction in n-hexane and ethanol (p� 14 MPa is
used in the calculation) are also close to the straight line. This
further suggests that the properties of mixed fluids far from
the critical point of the mixture are similar to those of
conventional solvents.


From Figure 6, one can observe that lnkd � cp in the
mixtures with x2� 0.028, 0.112, 0.249 increases sharply as
pressure approaches the phase separation pressures from high
pressure (for each curve, the smallest Kirkwood parameter
corresponding to phase separation pressure). In other words,
Equations (9) ± (12) cannot predict the experimental kd data
in the mixed solvent near the critical point, although they fit
the kd data in the solvents outside the critical region well. This
anomalous phenomenon is discussed qualitatively below.


The isothermal compressibility (KT) of the fluids is small at
higher pressures (12, 13, and 14 MPa), as shown in Figure 2.
Therefore, the properties of the solvents at these pressures are
not sensitive to pressure, that is, they behave like liquids. Thus
the kd values can be correlated with Equations (9) ± (12). The
KT value increases sharply as pressure approaches the critical
point and the bubble point, as shown in Figure 2. Theoret-
ical[26] and experimental[27] techniques have been used to study
intermolecular interaction and the microstructures of SC
solvent/solute and SC solvent/cosolvent/solute solutions. The
results indicate that local density of a SC solvent around a
solute molecule can be higher than that in the bulk, and the
solute is preferentially solvated with the cosolvents. This
phenomenon is more obvious in the highly compressible
region or low-density region.[2, 10, 26, 27] The inhomogeneities in
SC solutions are often referred to as local density augmenta-
tion and local composition enhancement or ™clustering∫,
although the clustering is a very dynamic process, with the
frequency of exchange of cluster members with the bulk on
the order of picosecond.[26]
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We believe that the local density and/or local composition
enhancement is also significant in the critical region of the
mixed solvent. In other words, the local dielectric constant
around the reaction species is larger than that in the bulk, thus
accelerating the decomposition of AIBN. The local dielectric
constant �l can be expressed as shown in Equation (13), where


�l� � � ��l (13)


� represents the dielectric constant in the bulk, and ��l is the
dielectric constant increment resulting from the local density
and/or local composition enhancement. At the higher pres-
sures ��l is not significant, and the local dielectric constant is
equal to that of the bulk. In the compressible region, ��l


cannot be neglected. It means that the local dielectric constant
around the reaction species can be much larger than that in
the bulk, while this is not considered in Equations (9) ± (12).
This is one of the reasons for the fact that Equations (9) ± (12)
do not correlate with the kd values in the solvent near the
critical point.


It is very interesting that lnkd � cp in the critical region of
the mixed solvent (x2� 0.249) can be higher than that in
ethanol, as shown in Figure 6. Obviously, the larger local
dielectric constant cannot explain this phenomenon com-
pletely, because the local dielectric constant of the mixed
solvent should be smaller than that of pure ethanol. There
must be some other factors to influence the decomposition
rate related to the clustering in the reaction system. This is an
interesting and important topic for the reactions in SCFs or
near-critical fluids. The degree of clustering between solute
molecules is larger in the more compressible region of a SC
solvent.[28] Therefore, the degree of solute ± solute (reaction
species) clustering should be larger in the critical region of the
mixed solvent because the compressibility is larger, as is
shown in Figure 2. The solute ± solute clusters should also
affect the reaction rate in ways that are different from the
solute ± solvent and solute ± cosolvent interactions. Many
researchers have discussed the effect of inhomogeneities on
the reactivity,[10] including the cage effect.[10, 29] This is a very
complex question that needs further investigation even for the
reaction in pure SC solvents. The effect of the clustering on
the reaction depends on many factors, such as the relative
time scales of the reaction, the local solvation shell, the
mechanism of the reaction, and the nature of the compounds
involved. Unfortunately, we cannot discuss this in detail
because of the lack of fundamental information about the
mixed solvent in the critical region.


Conclusion


The decomposition of AIBN in CO2 � ethanol mixed solvent
was investigated in different phase regions. The kd values in
the mixed solvent were found to be very sensitive to pressure
in the critical region of the mixed solvent. However, kd in the
mixed solvent outside the critical region was nearly inde-
pendent of pressure. The kd values in the mixed solvents in the
critical region can be higher than that in ethanol under the
same reaction conditions, suggesting that significant enhance-


ments in the reaction rate achieved by small pressure changes
in the critical region could not be achieved by changing the
composition of the solvent in the traditional way. The
transition-state theory can predict kd in the mixed solvent
far from the critical point and those in the liquid solvents well.
However, it cannot predict kd values in the mixed solvent in
the critical region. The local density and/or local composition
enhancement may contribute to this interesting phenomenon.
Utilization of mixed solvents under conditions close to the
critical point may become an effective way to broaden the
applications of SCFs, and more processes may be carried out
in the highly compressible region of the solvents, where
pressure can be used to control the reaction rates and product
distributions.


Experimental Section


Materials: Carbon dioxide (99.995% purity) was supplied by Beijing
Analytical Instrument Factory. Ethanol (analytical grade, �99.5%) and n-
hexane (analytical grade, �98.0%) were provided by Beijing Chemical
Reagent Plant. AIBN was AR grade supplied by Beijing Chemical Reagent
Plant and was recrystallized twice from methanol prior to use.


Apparatus and procedures to determine the phase behavior and density of
the mixed solvent: Experimental conditions for the experiments to
determine the kd were selected on the basis of the phase behavior of the
mixed solvent. The apparatus and procedures for determining critical
points and phase behavior have been described previously.[30] Briefly, the
apparatus consisted of a high-pressure optical cell, a constant-temperature
water bath, a pressure gauge, a temperature controller, and a thermometer.
The high-pressure cell was composed of a stainless steel body, a stainless
steel piston and two borosilicate windows. The piston could be moved to
change the volume of the optical cell from 20 to 50 cm3. The apparatus was
tested up to 40 MPa. The temperature of the water bath was controlled by a
HAAKE D8 temperature controller; the temperature measurement was
accurate to �0.05 K. The pressure gauge comprised a pressure transducer
(FOXBORO/ICT, Model 93) and an indicator accurate to �0.025 MPa in
the pressure range of 0 ± 20 MPa.


In a typical experiment, the apparatus was washed thoroughly with
different solvents (toluene, acetone, and ethanol) and dried under vacuum.
The system was evacuated, and the desired amount of ethanol was
introduced by means of a syringe of suitable volume. CO2 was then loaded
into the cell with a sample bomb of 41 mL. The mass of CO2 used was
deduced from the mass difference of the ampule before and after charging
the system. The composition of the mixture in the system was calculated
from the masses of the two chemicals.


The optical cell was placed into the water bath kept at 333.15 K. After
thermal equilibrium had been reached, the pressure was increased by
moving the piston down until a homogeneous liquidlike phase was
observed. The system was allowed to equilibrate until the pressure
remained constant with time, indicating that equilibrium had been reached.
The volume of the system was known from the position of the piston, which
was calibrated before the experiments. The density of the mixture was
calculated on the basis of the masses of components and the volume of the
system. The pressure was reduced by moving the piston and the density of
the fluid at this new pressure was determined. This procedure was
continued until phase separation was observed. The bubble point, or dew
point, or critical point could be observed.[30] The critical point of a mixture
could clearly be identified as marked opalescence could be observed and
the mixture changed from a single phase to about 50 vol% liquid phase and
50 vol% vapor phase as the pressure was reduced slightly.[30]


Apparatus and procedures for the UV study : The experimental setup and
the procedures were similar to those used in our previous work[16] to
determine the decomposition rate of AIBN in SC CO2 at 335.2 K. The main
difference was that this work involved mixed solvents, which were prepared
in a sample cylinder. The apparatus consisted mainly of a cylinder
containing mixed solvent of the desired composition, a pressure gauge, a
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UV/Vis spectrometer, a temperature-controlled high-pressure UV sample
cell, and valves and fittings. The UV/Vis spectrophotometer was produced
by Beijing General Instrument Company (Model TU-1201, resolution:
0.1 nm). The UV sample cell consisted mainly of a stainless steel body and
two quartz windows. The exterior of the cell was wrapped with a coil of
electrical heating wire and heat insulation material. The volume and the
optical path length of the cell were 1.63 cm3 and 1.1 cm, respectively. The
concentration of AIBN in the sample cell was 12.4 molm�3 for all of the
experiments.


In a typical experiment, the mixed fluid of CO2 � ethanol in a desired
composition was first prepared in the solvent cylinder by gravimetric
method. A solution of AIBN in n-hexane (0.1 mL, 2.0� 10�4 molmL�1) was
introduced into the UV sample cell. CO2 at ambient temperature and
pressure was passed slowly through the cell for about 20 minutes to remove
the n-hexane. The cell was maintained at 333.15 K, and was charged with
the mixed fluid (prepared as described above) from the sample cylinder
until the desired pressure was reached. To maintain the composition
unchanged, the mixed solvent was always in the single-phase region when
the sample cell was charged, as was known from phase behavior of the
mixed fluid determined in this work. The UV spectrum of the sample was
determined at different times. The UV spectrum of the mixed solvent was
also determined at the same temperature and pressure, and was used as a
background spectrum. The decomposition rates of AIBN in n-hexane and
ethanol were also determined at the same temperature.
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Chlorine Oxide Radicals ClOx (x� 1 ± 4) Studied by Matrix Isolation
Spectroscopy


Rodion Kopitzky,[a] Hinrich Grothe,[b] and Helge Willner*[a]


Abstract: Low pressure flash thermoly-
sis of different precursor molecules
containing -ClO, -ClO3 or -OClO3 yield,
when highly diluted in Ne or O2 and
subsequent quenching of the products in
a matrix at 5 or 15 K, ClOx (x� 1, 3, 4)
radicals, respectively. If Ne or O2 gas is
directed over solid ClO2 at �120 �C and
the resulting gas mixtures are immedi-
ately deposited as a matrix, a high
fraction of (OClO)2 is trapped. This
enables recording of IR and UV spectra
of weakly bonded (OClO)2 dimers and
detailled studying of their photochemis-
try. For Ne or O2 matrix isolated ClO
radicals the vibrational wavenumbers
and electronic transitions are only slight-
ly affected compared with the gas phase.
In this study strong evidence is found for
long lived ClO in the electronically


excited 2�1/2 state. A comprehensive IR
study of Ne matrix isolated ClO3 (fun-
damentals at 1081, 905, 567, 476 cm�1)
yield i) a reliable force field; ii) a OClO
bond angle of �e� 113.8� 1� and iii) a
ClO bond length of 148.5� 2 pm in
agreement with predicted data from
quantum chemical calculations. The
UV/Vis spectrum of ClO3 isolated in a
Ne matrix (�max at 32100 and
23150 cm�1) agrees well with the photo-
electron spectrum of ClO3


� and theoret-
ical predictions. The origin of the struc-
tured high energy absorption is at


22696 cm�1 and three fundamentals
(794, 498, 280 cm�1) are detected in the
C2E state. By photolysis of ClO3 with
visible light the complex ClO ¥O2 with
ClO in the 2�1/2 state is formed. In an
extended spectroscopic study of the
elusive ClO4 radical, isolated in a Ne or
O2 matrix, three additional IR bands, a
complete UV spectrum and a strong
interaction with O2 are found. This leads
to the conclusion that ClO4 exhibits C2v


or Cs symmetry with a shallow potential
minimum and forms with O2 the pre-
viously unknown peroxy radical
O3ClO±O2. All these results are dis-
cussed in the context of recent develop-
ments in the chemistry and spectroscopy
of the important and interesting ClOx


(x� 1 ± 4) family of radicals.


Keywords: chlorine compounds ¥
matrix isolation ¥ radical reactions
¥ UV/Vis spectroscopy ¥ vibrational
spectroscopy


Introduction


Binary chlorine oxides ClxOy (x� 1, 2; y� 1 ± 7) are very
important chemical species since they are involved in many
reactions of industrial, environmental or academic interest.
Due to the environmental role of the mononuclear radicals
ClOx (x� 1 ± 4), especially in their involvement in ozone-
depletion mechanisms and the formation of reactive inter-
mediates, knowledge of these radicals has increased rapidly in
recent years.[1]


The principal objective of this study is to review the recent
developments in the chemistry and spectroscopy of the
important and interesting ClOx (x� 1 ± 4) family of radicals
and to report on new experimental results to complement our
previous matrix studies on ClO3


[2] and ClO4
[3] radicals and the


dimers of ClO[4] and OClO.[5]


Within the family of ClOx radicals (x� 1 ± 4), chlorine
dioxide is the most established species, because it has been
known for more than 180 years.[6±10] Chlorine dioxide is the
only metastable chlorine oxide radical under normal condi-
tions and is also of commercial interest. Its main uses are in
the food industries, pulp bleaching in the paper industry, and
water purification.[11] In the latter case, smaller amounts of
chlorinated organic products are formed than by water
treatment with chlorine or hypochlorite. There are several
routes for the synthesis of OClO that involve the reduction of
chlorates or the oxidation of chlorites [Eqs. (1), (2)].


2ClO3
�� SO2� 2ClO2� SO4


2� (1)


2 ClO2
��Cl2� 2 ClO2� 2 Cl� (2)
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Pure chlorine dioxide is potentially explosive. It can be
handled safely as a diluted gas[12] (partial pressure up to
400 mbar, temperature below 303 K) or in aqueous solutions.
The yellow paramagnetic gas (b.p. 11 �C) crystallizes at
�59 �C and the yellow solid becomes diamagnetic at
�84 �C.[13] The weakly bound dimers in the solid state have
been structurally characterized,[13, 14] studied in the matrix by
IR spectroscopy[5] and are the subject of theoretical calcu-
lations.[15] Scrambling of oxygen atoms between the isotopom-
ers Cl16O2 and Cl18O2 occurs in the liquid state, presumably by
dimer formation.[16]


For more than 15 years OClO has become an environ-
mental product which can be observed in the stratosphere
over the polar regions during spring time, where it is formed
for example by the reaction of ClO with BrO.[1] This
unexpected occurrence has gained further interest in OClO.
Its properties have been studied extensively, including the
microwave,[17, 18] millimeter and submillimeter wave,[19] high-
resolution FTIR,[20±22] UV/Vis,[23, 24] photoelectron,[25] and
photoion mass spectra[26, 27] and its photochemistry.[28, 29]


Photofragmentation of OClO in the gas phase leads to
ClO�O or to Cl�O2, but the molar ratio of both channels is
still under discussion.[29±35] Photolysis of matrix isolated OClO
at temperatures below 100 K causes isomerization into
ClOO.[5, 31, 36, 37] Both endothermic isomers, ClOO and OClO,
are of comparable thermodynamic stability,[38±41] but ClOO is
a short lived species as a result of its low Cl�O2 bond energy of
only 20 kJmol�1.[29] In contrast, organic peroxy radicals R-O2


are of much higher stability, for example 150 kJmol�1 for
Et-OO or tBu-OO.[42]


Transient ClO radicals have been first identified in studies
about the photochemistry of Cl2O and OClO as well as in the
thermal and photochemical reactions of ozone with chlorine
atoms.[43±58] Subsequent introduction of flash-photolysis tech-
niques[59±61] has allowed investigation of the UV spectrum of
ClO and its kinetics.[62±70] It should be noted that Bodenstein
and Schumacher studied the kinetics of the reaction between
ozone and chlorine atoms first,[49, 50] which has become very
important in stratospheric chemistry. Ozone depletion proc-
esses in the stratosphere induced by chlorine atom release
from halocarbons, as claimed by Rowland and Molina in
1974,[71] have increased the interest in halogen-oxygen chem-
istry. For the annual strong ozone depletion in the strato-
sphere over the polar regions, a catalytic cycle [Eqs. (3) ± (5)]
has been suggested.[72]


2O3� 2Cl� 2 ClO� 2O2 (3)


2ClO�M�Cl2O2�M (4)


Cl2O2� h��O2� 2Cl (5)


2O3� h�� 3 O2 �(3) ± (5)


Meanwhile the discussion concerning the photochemical cross
section of Cl2O2 seems to be finished, since in the cycle
mentioned above the contribution of BrOOCl was taken into
account.[73, 74] Previously found discrepancies in the chlorine
budget in the (lower and middle) stratosphere seem to be
ruled out by more recent measurements.[75±79] Hence, only


sophisticated problems concerning ClO, for example the
mechanism of its dimerization, which yields different Cl2O2


isomers,[4] the rate constant of the HO2 � ClO reaction[80] or
highest rotational levels[81] are the subject of further studies.
Most synthetic, kinetic, spectroscopic and photochemical
aspects of the ClOx (x� 0 ± 2) family are presented in a recent
comprehensive review.[1]


In the last decades less attention was focussed on the ClOx


(x� 3, 4) radicals, although the symmetric ClO3 radical (C3v)
has a long history. ClO3 was postulated as an intermediate in
the formation of Cl2O6 from the reaction of Cl or OClO with
O3


[50, 82±85] and in the decomposition of Cl2O6.[86] The struc-
tural, spectroscopic and chemical properties of ClO3 and
Cl2O6 have remained controversial over nearly 150
years.[47, 87±98] Finally, for Cl2O6, a X-ray crystallographic
analysis of the low temperature solid has confirmed an ionic
structure ClO2


�ClO4
�,[99, 100] while an IR gas phase and matrix


isolation study have suggested a molecular structure of
O2ClOClO3.[101±103] In the gas phase Cl2O6 decomposes rapidly
into OClO and O2 and is not in equilibrium with the
anticipated ClO3 radicals.[103] Countless attempts to study
the formations and spectroscopic characteristics of ClO3 have
been failed. For example the thermal decay of Cl2O6 or Cl2O7


in the presence of fluorine,[104, 105] the reaction of ClO with
singlet O2,[106] the reaction between OClO and O(3P),[28, 68, 107±110]


or the reaction of ClOx (x� 0 ± 2) with O3.[111±114]


In 1994 ClO3 radicals have been prepared for the first time
by the low pressure pyrolysis of ClOClO3 [Eq. (6)] followed
by subsequent quenching of the products in low temperature
matrices and are unambiguously characterized by IR and UV
spectroscopy.[2]


ClOClO3�� ClO�ClO3 (6)


ClO3 shows a broad and structured UV/Vis spectrum begin-
ning at about 750 nm with increasing intensity towards
300 nm. All four expected fundamentals for the 2A1 ground
state have been measured including the 35/37Cl and 16/18O
isotopic species. Finally the formation of ClO3 was supported
by the excellent agreement between observed and calculated
ab initio IR band positions and intensities.[2, 38±40, 115±119] In
addition, time resolved UV spectra of pulse and �-radiolysed
or laser photolysed chlorate or perchloric acid solutions are
assigned to ClO3 or ClO4 radicals, respectively.[120±122]


The existence of ClO4 has also been controversial in the last
80 years as discussed;[85, 104, 105, 111, 113, 123±132] it was only in the
late eighties of the last century that reinvestigations on the
decay of Cl2O6


[101, 103] lead to the trustworthy assumption that
an intermediate ClO4 radical is formed [Eq. (7.1)].


Cl2O6�� ClO4�ClO2 (7.1)


The first IR spectra of matrix isolated ClO4 have been
reported in 1996.[3] The ClO4 radical was prepared by low
pressure thermolysis of Cl2O6 with subsequent quenching of
the products at low temperature in matrix. From the limited
spectral data for ClO4, C3v symmetry was deduced. However,
several new theoretical calculations on highest level predict
C2v or Cs symmetry.[39, 40, 119, 133, 134] Recently kinetic measure-
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ments of the decay of Cl2O4 by reaction with chlorine atoms
[Eq. (8)] lead to the assumption, that a stationary partial
pressure of about 0.07 mbar ClO4 may be possible in a steady
state system.[135]


ClOClO3�Cl�ClO4�Cl2 (8)


Another possible access to ClO4 by �-irradiation of solid
perchlorates is promising, but the discussion and interpreta-
tion of the detected ESR signals have been controver-
sial.[96, 97, 136±151]


Results and Discussion


The spectroscopic properties of short-lived radicals or mole-
cules can be easily investigated if they are isolated in
cryogenic matrices.[152±154] In a matrix-isolation experiment a
high vacuum and the use of highly diluted precursor
molecules during matrix deposition offer the appropriate
conditions for the synthesis of short-lived radicals and
molecules by low pressure flash thermolysis. In low pressure
flash thermolysis an unimolecular bond fission of a fragile
molecule A�B can be easily achieved, if the A�B bond energy
is below 200 kJmol�1. If the bonds within both fragments A
and B are stronger than 150 kJmol�1, little secondary bond
cleavage of the A or B radicals should occur. These conditions
are found to be true for several typical examples, that we
studied in recent years. An early example is the fragmentation
of peroxyacetyl nitrate (PAN)[155] [Eq. (9)] which leads to new
spectroscopic data of the peroxyacetyl radical.


CH3C(O)OONO2�CH3C(O)OO�NO2 (9)


Recent prominent experiments are the formation of CF3O,
CF3OO and FCO2 radicals by cleaving the thermally fragile
precursors CF3OC(O)OOC(O)OCF3,[156] CF3OONO2


[157, 158]


and FC(O)OOC(O)F[159] with subsequent matrix isolation of
the products according to Equations (10) ± (12).


CF3OC(O)OOC(O)OCF3�� 2CF3OCO2� 2CF3O� 2CO2 (10)


CF3OONO2 �� CF3OO�NO2 (11)


FC(O)OOC(O)F �� 2FCO2 (12)


In order to generate ClO, ClO3 or ClO4 radicals in a similar
manner, suitable precursor molecules containing a ClO, ClO3


or ClO4 fragment are needed. For this purpose we have
investigated the low pressure flash thermolysis of XOClO3


(X�H, F, Cl, ClO2, ClO3, NO2) and ClONO2 molecules.
Other possible precursors YOClO2 (Y�H, F, Cl, ClO2, NO2)
are either unknown or extremely unstable and, therefore not
available. In X-O-ClO3 molecules, the terminal Cl�O bonds
in ClO3 are very strong and bond cleavage is possible only
between XO�ClO3 or X-OClO3 [Eq. (13) ± (15)].


ClO-ClO3 �� ClO�ClO3 (13)


O2Cl-OClO3�� OClO�ClO4 (14)


O3ClO-ClO3�� ClO4�ClO3 (15)


Which bond is cleaved, depends on the stability of the formed
fragments. Therefore, in ClOClO3 or O2ClOClO3 the stable
fragment radicals ClO or ClO2 are expected to be formed and
the ClO3 or ClO4 radical should be the counterpart, respectively.


The thermal dissociation can be predicted from the
molecular structures and bond energies. The structures of
XOClO3 molecules have been investigated by electron dif-
fraction in the gas phase. In all cases the longest bond for
XO-ClO3 (X�H, F, Cl) amounts 164, 170, 171 pm, respec-
tively[160] and the related bond energies are estimated to be
250, 181 and 150 kJmol�1, respectively.[161, 162] Therefore, the
best precursor for the ClO3 radical should be ClO-ClO3.


Indeed, the best results have been achieved by the
thermolysis of ClOClO3 or FOClO3. In regard to by-products
we have used, ClOClO3 for recording IR spectra and FOClO3


for recording the UV spectra, because the UV absorption of
the XO, XOO or (XO)2 by-products for X�Fare blue-shifted
in comparison to the species with X�Cl and they interfere
less with the UVabsorptions of ClO3. At higher temperatures,
which are needed for the cleavage of HO-ClO3 or O3Cl-
OClO3, increased amounts of ClO2 are formed.


Covalently bound Cl2O6 isomerizes into ionic ClO2
�ClO4


�


in the solid state below �5 �C;[101, 102] the related NO2ClO4 is
even ionic (NO2


�ClO4
�) at room temperature.[163] As dis-


cussed above such X-OClO3 (X�ClO2, NO2) molecules are
promising precursors for the ClO4 radical. The molecular
structure of O3Cl-OClO3 with an O�Cl bond length of 172 pm
indicates a weak bond[164, 165] and hence it may be a precursor
for both ClO3 and ClO4 radicals. The estimated bond energies
for O2Cl�OClO3, O3Cl�OClO3, and O2N�OClO3 are 100, 140
and 92 kJmol�1, respectively.[161, 162] Therefore the best pre-
cursor for ClO4 radicals should be NO2ClO4. However, the
vapour pressure of NO2ClO4 at room temperature is not
sufficient for matrix isolation and at elevated temperatures
solid NO2ClO4 decomposes. Another possible precursor for
ClO4 may be O3ClO�OClO3, because the isoelectronic
FSO2O-OSO2F is well known and an excellent source for
FSO3 radicals.[166] However, all attempts for the synthesis of
O3ClOOClO3 or the mixed peroxide FSO2OOClO3 have
failed so far. The best precursor for ClO radicals is ClONO2


due to its low ClO�NO2 bond energy of 109 kJmol�1.[167]


Photoreactions in matrices are a powerful tool to create
new species, which are not accessible by other reaction
pathways. The cage effect is one of the most important
features of matrix isolation. This effect is not available in the
gas phase. The central question is, whether the photo frag-
ments escape from the matrix cage and and if not, how do the
fragments rearrange? If a fragment is small and symmetrical,
for example a hydrogen atom (2S1/2), it may escape from the
cage. In contrast, halogen (2P3/2) or oxygen (3P3/2) atoms are
nonsymmetrical in their ground state. Hence, they should
hardly escape but add again to a favoured side of the parent
fragment; this results in an isomerization of the parent
species. The size of the cage is the limiting factor of this
photoinduced process.


Several photochemical isomerization reactions of chlorine
oxides are well known: The monomer of chlorine dioxide
OClO transforms into the chlorine superoxide ClOO on
irradiation with light of wavelength �475 nm.[31] In this case
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the O atom is the mobile agent, linking to the O atom of the
parent fragment. An example for a mobilised Cl atom is the
Y-shaped chloryl chloride, ClClO2. It shows a typical cage
effect: In the small cage of a neon matrix Cl2 and O2 are
formed on irradiation at � �495 nm, while in argon matrix
there is enough space for a rotational motion of the OClO
fragment. At � �610 nm ClClO2 isomerises into chlorine
chlorite ClOClO, which undergoes a further transformation
into dichlorine peroxide ClOOCl.[4] Johnsson et al. have
shown that this is also true for XClO2 with X�Br while for
X� I even the argon cage is too small.[168]


For a deeper understanding of the photo isomerisation
mechanism, we have reinvestigated the photolysis of ClOx


(x� 1 ± 4) in oxygen matrices. The advantage of these experi-
ments is that the mobile O atom will be caught mainly by the
reactive oxygen matrix material forming ozone. A fragment is
left behind, to which the O atom would have been added in
the case of a non-reactive matrix.


Chlorine Monoxide


Many spectroscopic studies on gaseous ClO, which is a weak
IR[1, 169, 170] and strong UV[1, 68±70] absorber, have been per-
formed in the past. We want to report here on the influence of
different matrix environments on the energetic states of ClO
and on recent observations of its dimerization. In addition, the
recorded spectra will be used as reference in the analysis of
the spectra of ClO3 and ClO4 discussed below.


Low pressure flash pyrolysis of ClONO2, highly diluted in a
matrix gas with subsequent quenching of the products on a
cold matrix support, leads to ClO, NO2 and minor amounts of
ClOClO according to the IR spectra. Hence, the thermolysis
may proceed as follows [Eq. (16) ± (19)].
primary:


ClONO2�� ClO�NO2 (16)


secondary:


2ClO�ClOClO (17)


2ClO�� Cl2�O2 (18)


or:


2ClO� 2Cl�O2 (19)


The IR spectrum of ClO : The vibrational wavenumber of
35ClO is found to show very little dependency on the
environment (the respective 37ClO band position is in all
cases identical to the calculated value from the two-mass
model). In Ne matrix (843.8 cm�1) it is 0.5 cm�1 red-shifted in
comparison to the gas-phase value of 844.20 cm�1[171, 172] and in
other matrix materials (Ar: 844.9; N2: 848.2; Kr: 848.8; O2:
849.4 cm�1) blue-shifts are observed. This trend is unusual,
because there are very often increased red-shifts of stretching
modes of matrix isolated molecules with increasing polar-
isability of the matrix material.[173] Because the oxygen matrix
behaves like an inert matrix material, there should be only a
weak chemical interaction between ClO and oxygen. Con-


cerning the interaction between ClO and O2, interesting
observations summarized in our previous ClO3 paper[2] are
now confirmed and extended by new and improved experi-
ments. By UV photolysis of Ne matrix isolated ClO3 radicals
two new 35ClO bands at 844.0 and at 839.5 cm�1 appear; the
latter is tentatively assigned to a ClO ¥O2 complex. However,
by comparing with the 35ClO wavenumber in oxygen matrix
(849.4 cm�1) one would expect a significant blue shift for a
ClO ¥O2 complex. Since the former band is only slightly blue-
shifted (�0.2 cm�1), this band is assigned to ClO radicals,
isolated in a Ne matrix cage, which are little disturbed by an
oxygen molecule. The latter band shows a red shift
(�4.3 cm�1) and is assigned to a ClO ¥O2 complex. For further
details on this puzzle see section below on chlorine trioxide.
There is another interesting feature in the IR spectra of ClO
isolated in Ne matrices from the gas phase (without any O2):
A weak additional band at 838.5 cm�1 is always observed,
which is close to the band of the ClO ¥O2 complex at
839.5 cm�1. A possible interpretation is that this band is due
to ClO in the 2�1/2 state. This assignment arises from the
analysis of the UV spectrum of Ne matrix isolated ClO (see
below) where a A2�1/2�X2�1/2 subsystem is observed. This is
only possible, if the X2�1/2 state, which is higher in energy by
318 cm�1 than the X2�3/2 ground state,[174] is still present after
matrix deposition. Therefore we assume for the X2�1/2 state of
matrix isolated ClO a relaxation time of several hours. In the
gas phase the vibrational wavenumber of the X2�1/2 state is
about 3.3 cm�1 lower than that of the X2�3/2 state.[171, 172] In the
Ne matrix IR spectra of ClO, produced by pyrolysis of
ClONO2 or ClOClO3, a weak satellite 5.3 cm�1 below the
absorption of 35ClO in the X2�3/2 state indicates the presence
of a small fraction of 35ClO in the X2�1/2 state.


The UV spectrum of ClO : The UV spectrum of the pyrolysis
products of ClONO2, isolated in a neon matrix, is shown in
Figure 1. From this spectrum, reference spectra of NO2 and
residual ClONO2 have been subtracted, until a proper base-
line for the final spectrum of ClO results. An identical UV
spectrum can be obtained in a similar manner from the
precursor ClOClO3. The cross section scale in Figure 1 is
adopted from the NO2 gas phase values[137, 158] and the


Figure 1. UV spectrum of ClO isolated in a neon matrix. Upper trace: raw
spectrum of the thermolysis product of ClONO2. Middle trace: reference
spectrum of NO2 and ClONO2 (lower trace).
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resulting absorption cross sections of ClO are listed in Table 1.
Assuming that ClO and NO2 are produced at a 1:1 molar ratio
according to Equation (16) the cross sections for ClO are
estimated to be too low. The difference in the cross section of
matrix isolated ClO compared with the gas-phase values
(Table 1) is attributed to side reactions during the thermolysis
and quenching process [Eqs. (17) ± (19)]. Due to the low
concentration of ClOClO and other undetectable ClO dimers,
these species should not contribute to the raw UV spectrum.
At the absorbance maximum of Cl2 near 330 nm no interfer-
ence of the ClO band profile can be seen in Figure 1. Hence
the main loss of ClO must occur in the heated nozzle with
formation of chlorine atoms and dioxygen [Eq. (19)].


In the gas phase, the UV cross sections of the continuum is
independent of temperature, while the structured part is
extremely resolution and temperature dependent.[1, 69] Com-
paring our NO2 based Ne matrix cross sections with literature
gas-phase data at the beginning of the continuum at 260 nm,
these values can be adjusted with a scaling factor of 1.88
(Table 1). Then the resulting values of the continuum are in
excellent agreement with literature data,[62, 66, 69] whereas the
values of Simon et al.[70] show a slower decrease at shorter
wavelengths. In comparison to the structured part of the gas-
phase spectrum, there are no hot band transitions and no
rotational fine structures in the Ne matrix spectrum. Very
surprising is the presence of the A 2�1/2�X2�1/2 subsystem,
as already mentioned above. The scaled cross sections of the
progression bands are in good agreement with literature
values (see Table 1) up to the vibrational excited state (9,0).


Due to interactions with the matrix phonon bands, the bands
become broader and less intensive at higher excitations.
Another reason for the band broadening is the transitions of
the A2�1/2�X2�1/2 subsystem, which interfere at higher
excitations with the A2�3/2�X2�3/2 system.


The progression of both subsystems has been analysed and
the resulting spectroscopic data of the excited states are
compared with the gas-phase data in Table 2. Both, the band


origin and the vibrational wavenumber of ClO are only
slightly affected by the matrix, while the anharmonicity is
strongly increased. The latter effect is also seen in Table 1:
The maxima of the progression bands are red-shifted at the
beginning and blue-shifted at higher quantum numbers. This
trend can be rationalized by increased repulsion of the ClO
motions on the matrix with higher quantum numbers.


Dimerization of ClO : As men-
tioned above, some dimeriza-
tion of ClO is always observed
during deposition of ClO in a
matrix. Chainlike ClOClO is
formed by head-to-tail interac-
tion of two ClO and the result-
ing ClOClO shows a character-
istic, strong IR band at 994.5
and 985.8 cm�1 (35/37ClO35ClO,
35/37ClO37ClO, Ar matrix). This
dimer has been observed al-
ready in very early matrix iso-
lation experiments of
ClO.[175±178] In later quantum
chemical calculations it was
pointed out, that three different
isomers ClOOCl, ClClO2 and
ClOClO should exist with de-
creasing thermodynamic stabil-
ity, respectively,[179±182] of these,
ClClO2 has the highest kinetic
stability, which can be prepared
by F/Cl exchange from
FClO2.[183, 184] Matrix-isolated
ClClO2 can be converted pho-
tolytically into the two other
isomers.[4, 184] In the homogenous
gas phase, ClOOCl is formed by


Table 1. Absorption cross sections of ClO (A2�3/2�X2�3/2) isolated in a Ne matrix and in the gas phase.


Ne matrix Gas phase
�[a]/(nm) �[b]/(10�20 cm2) �/(nm) �/(10�20 cm2)


Transition slit 0.3 nm 0.3 nm[c] 0.3 nm[d] 0.22 nm[e] [f]


1,0 313.2 (312) 15.1 28.4 312.5 26
2,0 308.4 (305.7) 30.5 57.3 307.9 39 58 47
3,0 303.9 (301.6) 59.3 112 303.5 86 103 104
4,0 299.7 (297.5) 103 194 299.3 163 171 104
5,0 295.8 (293.8) 153 288 295.4 255 253 207
6,0 292.0 (290.2) 205 385 292.0 338 330 382
7,0 288.5 (287.0) 257 483 288.4 448 438 516
8,0 285.3 (283.9) 296 556 285.2 542 530 627
9,0 282.3 (281.1) 322 605 282.3 608 598 667


10,0 279.4 (278.5) 332 624 279.8 655 645 688
11,0 276.9 (276.1) 330 620 277.2 679 675 680
12,0 274.5 (274.0) 325 611 275.1 681 671 634
13,0 272.2 (272) 320 602
14,0 270.2 (271) 314 590
15,0 268.5 (269) 304 572
16,0 266.9 (267) 295 555
17,0 265.5 (266) 291 547


continuum 260.0 270 508 260.0 504 509 512 530
257.7 256 481 257.7 488 480 485 485
255.0 235 442 255.0 454 440 452 450
250.0 191 359 250.0 376 351 352 360
245.0 145 273 245.0 294 274 270
240.0 103 194 240.0 222 190
235.0 68 128
230.0 42 79
225.0 28 53
220.0 16 30


[a] Values in parenthesis belong to the A2�1/2 �X2�1/2 subsystem. [b] Second values scaled with 1.88, see text.
[c] Ref. [70]. [d] Ref. [69]. [e] Ref. [66]. [f] Ref. [65].


Table 2. Spectroscopic data [cm�1] of 35Cl16O in the gas phase and isolated
in a Ne matrix.


Ground state Excited state � (0,0) �e �e�e


gas phase
X2�3/2 844.20[a] A2�3/2�X2�3/2 31482[b] 520[b] 7.2[b]


X2�1/2 840.92[a] A2�1/2�X2�1/2 31685[b]


Ne matrix[c]


X2�3/2 843.76 A2�3/2�X2�3/2 31408 526 8.9
X2�1/2 838.5 A2�1/2�X2�1/2 31670 527 10.3


[a] Ref. [171, 172]. [b] Ref. [174]. [c] This work.
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dimerization of ClO and characterized by microwave spec-
troscopy.[185] On the other hand for example on ice surfaces
ClO dimerization leads to the isomer ClClO2.[186] Hence, just
which species of the three Cl2O2 isomers are formed, strongly
depends on the reaction conditions.


Chlorine Dioxide


Since the first detailed IR matrix isolation study on OClO and
its photolysis product ClOO,[187] many further spectroscopic
investigations on both isomers in different matrices have been
performed. IR absorption spectra of OClO and its isomer
ClOO, isolated in inert matrices[5, 188] and in crystalline
ice,[36, 37, 189] have been studied extensively. The UV spectra
of ClOO[5, 188] and of OClO[5, 31] isolated in a Ne matrix have
been measured and analysed. Recently, dispersed laser-
induced fluorescence spectra of the A2A2�X2B1 transition
of OClO in solid Ne have been recorded.[190] Mode specifity by
photodissociation in a molecular beam[29] and site selectivity
by laser photolysis of OClO in solid rare gases have been
observed and the influence of different matrices on the
conversion factors �AClOO/(��AOClO) were discussed.[31]


In all these studies appreciable amounts of OClO dimers
are present in the matrices, which caused some problems in the
interpretation of the results. In order to contribute to the under-
standing of the (OClO)2 interference, we want to report here
mainly on the (OClO)2 dimer and in addition on the photo-
chemistry of ClO2 and (OClO)2, isolated in an oxygen matrix.


The IR spectrum of the (OClO)2 dimer : In the solid state,
OClO forms weakly bound dimers as depicted of Ci symmetry
with the following structural parameters.[13] These dimers
partially survive sublimation at�120 �C and can be trapped in


a matrix within a few milliseconds. We believe, that they
maintain a similar structure. In this manner it has been
possible to prepare matrices with a high fraction on OClO
dimers. By heating the spray on nozzle in front of the matrix
support and by using more highly diluted matrices, the
contents of dimers are strongly reduced. Typical IR spectra
for such an experiment are depicted in Figure 2.


The 12 vibrational motions of the OClO dimer are sub-
divided according to the irreducible representation [Eq. (20)].


�vib� 6Ag (Ra, p)� 6Au (IR) (20)


The two IR active ClO stretching modes and the OClO
bending mode are observed in close proximity to the
fundamentals of the monomer. All other fundamentals are
expected to be observed in the far IR region and in the Raman
spectrum. The band at 1107 cm�1 is obscured by the funda-
mental of the monomer and at 935 cm�1, the 9:6:1 35/37Cl
isotopic pattern is typical for a species, containing two
equivalent chlorine atoms. The experimental IR data of
(OClO)2 are collected in Table 3.


Figure 2. IR spectrum of OClO isolated in a neon matrix. a) OClO with a
high content of (ClO2)2 dimers. b) Monomeric OClO.


The UV spectrum of the (OClO)2 dimer : Figure 3 presents
the UV/Vis spectra of the same samples, which were used for
recording the IR spectra in Figure 2. Traces a and b possess
the known progression pattern of OClO, but in trace b an
underlying continuum absorption is present. The weighted


Figure 3. UV/Vis spectrum of OClO isolated in a neon matrix. a) OClO
with a high content on (ClO2)2 dimers. b) Monomer OClO. c) Difference
spectrum a)�b); (ClO2)2 in expanded scale.


difference b ± a which yields the smoothed trace c represents
the unstructured UV/Vis spectrum of the (OClO)2 dimer. A
continuum absorption of OClO is mentioned by Wahner
et al.[23] but its origin and intensity are not well understood.
Liu et al.[190] report recently, that their OClO continuummight
be due to an absorption of the 1 2A1 state above its predis-
sociative barrier, but we suppose, that there is a continuum
due to dimeric chlorine dioxide.


Photochemistry of matrix isolated OClO : In order to under-
stand the different conversion factors �AClOO/(��AOClO) in


Table 3. Experimental vibrational wavenumbers [cm�1] for (ClO2)2.


Mode Crystalline 77 K and 193 K[a] Neon matrix[b]


�as ClO2 1062 vbr. 1063 vbr 1107 1096
�s ClO2 908 913 931, 927, 925/	 9:6:1
�s ClO2 471 465 464 br, 451 br/	 9:6
� Cl2O2 187 177 175 br


[a] Ref. [13]. [b] Ref. [5] and this work.
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dependence of the matrix material and the excitation
energy,[31] we have studied the OClO photolysis also in an
oxygen matrix. There is no obvious interaction of OClO and
its isomer ClOO with oxygen, because with respect to the
wavenumbers of the OClO and ClOO fundamentals, the
oxygen matrix behaves like an argon matrix. However, the
photochemistry of OClO in solid oxygen is quite different
from that in solid rare gases. After primary photodissociation
of OClO into ClO�O within the oxygen matrix cage, the
surrounding O2 molecules compete with ClO in the reaction
with the oxygen atom. According to the resulting IR spectra
the main product is O3. In addition some ClOO and the by-
product ClO is clearly seen. The ratio of the product band
absorbances, O3/ClOO, increases with increasing energy of
the photolysis light. This means, that the oxygen atom escapes
more efficiently from the matrix cage with increasing excess
energy of the photolysis light source. This loss of oxygen
atoms must be taken in account also in solid rare gases. It
becomes more pronounced in the order Ne�Ar�Kr. The
(OClO)2 dimer behaves similarly. In rare gas matrices it is
converted mainly to ClOClO3 and a small fraction of
ClOClO2.[5] But in an oxygen matrix, the yield of ClOClO2


is much higher, because of effective oxygen atom scavenge by
the surrounding oxygen molecules. UV photolysis (�
�230 nm) of the O2 matrix for a longer period of time causes
a decrease of bands due to ClOClO3, ClOClO2 and ClO and
increase of the bands of ClOO. Hence the final end products
Cl�O2 of all chlorine oxides are formed.


Chlorine Trioxide


In the course of our preliminary study of matrix-isolated ClO3


radicals, IR and UV/Vis spectra have been measured and
analysed to only some extent.[2] In particular the reported UV
spectrum is strongly perturbed by absorptions due to the by-
products ClO and OClO and to the precursor ClOClO3. We
want to present here further spectroscopic data and their
detailed analysis, in order to characterize this short lived
radical more comprehensively.


The IR spectrum of ClO3 : Low pressure flash pyrolysis of
ClOClO3, highly diluted in a matrix gas, in front of the matrix
support with subsequent quenching of the products in matrix
leads to ClO, ClO3, some ClO2 and minor amounts of
ClOClO, Cl2O6 and Cl2O3. The formation of these products
is assumed to proceed as follows [Eqs. (21) ± (26)].


primary:


ClOClO3�� ClO�ClO3 (21)


secondary:


ClO�ClO3� 2OClO (22)


ClO3�� ClO2�O (23)


2ClO3�O2ClOClO3 (24)


2ClO�ClOClO (25)


ClO�ClO2�ClOClO2 (26)


Figure 4 shows a typical IR spectrum of matrix isolated ClO,
and ClO3 as products after subtracting the bands of ClO2 and
residual ClOClO3 (the ranges are indicated by arrows). All
band positions and their relative integrated intensities of ClO3


Figure 4. IR spectrum of ClO3 and ClO isolated in a neon matrix. The
radicals are produced by low pressure thermolysis of ClOClO3. Bands of
residual ClOClO3 and of some by-products are subtracted in the regions
indicated by arrows.


as well as of the Cl18O3 isotopomer are collected in Table 4.
Also included are the overtones and combinations, which
have not been reported before.[2] The band positions are
shifted to lower wavenumbers from Ne to Ar or O2 matrix, as
expected for matrices with higher polarizability, and O2


behaving similar to an Ar matrix. Hence ClO3 does not react
with O2 to form the peroxy radical O3ClOO as does the
isoelectronic CF3 radical;[157, 191, 192] both radicals have 25
valence electrons. The identity of all observed ClO3 bands is
confirmed by their constant relative band intensities in


Table 4. Vibrational wavenumbers [cm�1] of isotopic ClO3 species exhibiting C3v symmetry isolated in Ne, Ar and O2 matrix.


Ne matrix[a] Ar matrix[a] O2 matrix[a] Assignment[b]
35Cl16O3 I[c] 37Cl16O3


35Cl18O3
37Cl18O3


35Cl16O3
37Cl16O3


35Cl16O3
37Cl16O3


2155.31 3.5 2131.77 2087.0 2062.4 2137.0 2113.5 2139.8 2116.2 2�3 , A1


1970.4 13 1956.3 1892.7 1877.7 1955.3 1941.2 1958.3 1944.1 �1 � �3 , E
1641.9 0.7 1623.0 1590.7 1571.3 1640.4 1620.8 1630.8 1612.0 �2 � �3 , E
1081.27 100 1069.44 1047.06 1034.69 1072.2 1060.3 1074.0 1062.2 �3 , e �as(ClO3)
905.04 3 902.59 860.23 857.45 899.5 897.0 900.4 897.8 �1 , a1 �s(ClO3)
566.63 11 559.44 549.63 542.48 562.7 555.6 563.0 555.9 �2 , a1 �s(ClO3)
475.76 20 474.09 452.14 450.66 473.3 471.8 474.1 472.6 �4 , e �as(ClO3)


[a] Most intensive matrix site, average of several measurements. [b] According to C3v symmetry. [c] Integrated relative infrared intensities, I(�3)� 100.
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experiments using different precursors and thermolysis tem-
peratures, as well as by photolysis of the matrix using light of
wavelength �530 nm, which causes a decrease in intensity for
all ClO3 bands. The presence of ClO3 radicals with C3v


symmetry is evident from the following facts: i) the IR bands
display an isotopic pattern (3:1), in accordance with a species,
containing one chlorine atom; ii) in experiments with Cl218O4


containing about 70% 18O four isotopomers are detected,
consistent with a species containing three equivalent oxygen
atoms; iii) four IR active fundamentals are observed for ClO3


(C3v) in accordance with the irreducible representation
[Eq. (27)]:


�vib� 2a1 (IR, Ra p)� 2 e (IR, Ra dp) (27)


iv) for the mixed isotopomers Cl16O2
18O and Cl16O18O2 of Cs


symmetry, the e modes are split into a� and a�� components, as
shown in Figure 5 (Table 5); and v) good agreement of
observed IR data and predicted from quantum chemical
calculations (see Table 6).


Figure 5. The �4 bands of an isotopic mixture of ClO3. The components are
compared with a simulated spectrum.


All these observations leave no doubt regarding the
presence of ClO3 and confirm the assignment of the vibra-
tional bands. In Figure 5 the �4 bands of the four isotopomers
Cl16O3, Cl16O2


18O, Cl16O18O2 and Cl18O3 were simulated using
the molar ratio of 1:1.6:2.3:3.0, respectively. For the mixed
species Cl16O2


18O and Cl16O18O2 the lower and higher wave-
number components are of a� symmetry, respectively, because
the in plane atom in both cases is involved mostly in the a�
mode. Also the overtones and combination modes of E
symmetry show the same isotopic pattern as do the e-type
fundamentals. Predicted IR spectra and geometric parameters
of high level ab initio and DFT calculations are given in
Table 6. The results agree quite well with the observed IR
spectrum of ClO3 isolated in a Ne matrix, which resembles


closely the gas phase situation of the free radicals. The
smallest deviations from experiment are seen for calculations,
using UB3LYP and B3LYP methods.


Evaluation of the molecular structure of ClO3 : The exper-
imental bond angle is calculated from the observed vibra-
tional data by using the sekular Equation [Eq. (28)][193] for the
symmetry class e in the point group C3v.



G*F 
�
E*� 
 (28)


For G matrix: geometric parameters, masses; F matrix: force
constants; E : unit matrix; � : Eigenvalues. Under the assump-
tion that the F matrix for each symmetry class is equal for the
different isotopomers[193] and � is proportional to �2 (har-
monic wavenumber) the following Equation (29) is valid.
�


i


� 2
i�


i


� � 2i
�
����GG �


���� (29)


This Equation is a special form of the Redlich ±Teller product
rule.[193] By using the matrix elements Gij


[194] and calculating
for different angles the six possible quotients of the determi-
nants G and G � for the four isotopomers 35Cl16O3, 37Cl16O3,
35Cl18O3, and 37Cl18O3 it is shown, that only the quotients in the
symmetry class e are dependent of the OClO bond angle.
Figure 6 shows two of the six plots det 
G/G �
 against the
OClO bond angle (two with a positive slope and four with a
negative slope) in the symmetry class e. The values for the
quotients of the square products of the observed wavenum-
bers obtained from the isotopic pairs 35Cl16O3/37Cl16O3 and
35Cl16O3/37Cl18O3 lead to the bond angles 110.3 and 130.6�,
respectively. The large discrepancy between both results is


Table 5. Vibrational wavenumbers [cm�1][a] of mixed isotopomers of ClO3


isolated in Ne matrix.


35Cl16O2
18O 37Cl16O2


18O 35Cl16O18O2
37Cl16O18O2 assignment C3v Cs


2148.4 2124.7 2113.9 2089.8 a��
2�3 E2124.7 2101.0 2131.8 2107.4 a�


1956.2 1941.9 1904.3 1889.2 a��
�1��3 E1932.6 1917.6 1932.2 1917.6 a�


1635.9 1616.1 1597.2 1577.9 a��
�2��3 E1616.1 1597.2 1620.6 1601.7 a�


1081.3 1069.4 1047.1 1034.9 a��
�3 e1060.6 1048.3 1071.3 1059.5 a�


888.3 885.5 873.5 870.7 �1 a1 a�
561.1 554.1 555.5 548.4 �2 a1 a�
472.4 470.9 464.8 463.4 a��


�4 e463.4 461.7 455.3 453.7 a�


[a] Most intensive matrix site.


Table 6. Calculated vibrational wavenumbers [cm�1], band intensities (kmmol�1, in italic), bond length [pm] and bond angle [�] of 35Cl16O3.


Method MP2[a] RMP2[b] B3LYP[c] UB3LYP[d] B3LYP[e] SVWN[f] exptl[g]


mode e 1180 (77) 1050 (110) 1081 1080 1095 1081 (100)
a1 987 (2) 903 (4) 924 923 921 905 (3)
a1 581 (21) 551 (21) 564 564 548 567 (11)
e 479 (16) 464 (12) 472 471 450 476 (20)


r (Cl�O) 148.1 149.2 149.2 145.2 145.4 146.1 148.5� 2
� (OClO) 114.6 113.8 113.8 114.2 114.1 114.1 113.8� 1


[a] Ref. [116]. [b] Ref. [117]. [c] /cc-pVQ(5)Z, Ref. [40]. [d] Ref. [39]. [e] Ref. [118]. [f] Ref. [38]. [g] This work, relative integrated band intensities in italic.
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due to the anharmonic nature of the experimental wave-
numbers. They can be corrected by introduction of the
anharmonic constants �i according to Equation (30).�


i


� 2
i�


i


� � 2i
� �3 � �1� �3


� �
3 � �1� � �


3


� �2


¥
�4 � �1� �4
� �
4 � �1� � �


4


� �2


�


�
i


� 2
corr��


i


� � 2corr�
�
����GG �


���� (30)


With the approximation: �obs ¥ (1��)� � �
obs ¥ (1�� �)���obs ¥


(1�� ��)���,[195] Equation (30) can be rearranged to Equa-
tion (31).
�


i


� 2
i�


i


� � 2i
� �3


�3 � ��3 � �1� � ���
3 


� �2


¥
�4


�4 � ��4 � �1� � ���
4 


� �2


�


�
i


� 2
corr��


i


� � 2corr�
�
����GG �


����
(31)


As seen in Figure 6 each ratio of determinants can be
described as an approximate linear function of the bond
angle � [Eq. (32)].


����GG �


�����m ¥ ��b�


��
i


� 2
corr��


i


� � 2corr�
� b


�
¥m�1�� (32)


Figure 6. Plots of 
G 
 matrix element ratios in the representation e for
different ClO3 isotopomers versus the OClO bond angle. Pointed lines
indicate the observed (�3 ¥ �4/� �


3 ¥ � �
42 values. After a proper anharmonicity


correction (see text) the dashed lines lead to the �e bond angle (113.8�) of
ClO3.


By varying � ���
3 and � ���


4 , in principle a corrected bond angle can
be obtained, although there are several possible solutions.
Taking into account that the potential of a deformation mode
in general is less anharmonic than a stretching mode (due to
the non-dissociative character of the deformation mode) one
can assume a � ���


4 /� ���
3 ratio in the range of 0 to 0.25. With this


assumption matching of the bond angle for two 
G /G � 
 slopes
can be obtained by varying � ���


3 (dashed lines in Figure 6). By
using all eight combinations of the six quotients (2 positive
slope� 4 negative slope) an average bond angle of 113.8�
0.7� is obtained. This bond angle should resemble the �e value
for ClO3 in the gas phase within �1�, because it has been
shown for the similar OClO radical that the bond angle
determined from Ne matrix vibrational data[5] is identical
within the estimated error limit of �0.2� to the �e gas phase
value.[196]


With the bond angle of ClO3 obtained as discussed above,
calculations of the general valence force field using the NCA
program[197] are performed. As input data all wavenumbers of
the four fundamentals of eight isotopomers (Tables 4 and 5)
are used after the required anharmonic corrections are
performed according to Becher.[195] All data are iterated
simultaneously until minimum least square deviation between
observed and calculated vibrational data are obtained. The
result is presented in Table 7. Due to the large number of


independent vibrational isotopic input data (�10) all six
inner-force constants are overestimated and should be
reliable. This is a rare case and comparison with ab initio
values would be desirable. However, to our knowledge such
data are not available from the literature at present. Most
striking is the unusual large interaction force constant
f�� which causes a large potential energy distribution (PED)
for �2 and �4 . In other molecules f�� may be much smaller.
Hence in the ClO3 radical the OClO bending causes a strong
electron flow to the neighbouring bonds. Use of the stretching
force constant fr offers an estimate of the ClO bond length.
For this purpose ClO force constants of different species
containing ClO bonds (Table 8) are plotted against their
respective bond length and fitted with an exponential function
(Figure 7).


Assuming a 90% confidence level, the ClO bond length is
estimated to be 148.5� 2 pm. The estimated structural
parameters of ClO3 from vibrational data, termed ™exper-
imentally∫ are compared in Table 6 with calculated parame-
ters. Our ™experimental∫ structure is within the error limits in
accordance with most theoretical predictions. A future
accurate structural determination either by microwave or/
and high resolution IR spectroscopy is needed, to decide,
which prediction is optimal.


The UV/Vis spectrum of ClO3 : In order to record UV spectra
of ClO3 with less interference from by-products as reported in


Table 7. Force constants (102 N m�1, normalized on 100 pm bond length)
and potential energy distribution (PED) of ClO3.


Force constants PED
NCA �3 �1 �2 �4


fr 6.780 1.00 0.96
frr 0.156
fr�� 0.050
fr� 0.228
f� 2.472 0.52 1.74
f�� 1.103 0.46 � 0.78


Table 8. Structural parameters (pm, �, 102 Nm�1) for different species containing
ClO bonds.


Cl2O[a] HOCl[b] ClO[c] FClO[d] OClO[e] ClClO2
[f] FClO2


[g] FClO3
[h]


re (ClO) 169.59 168.91 156.96 148.4 146.98 143.68 141.99 139.7
� OClO ± ± 117.4 114.63 115.03 115.8
f (ClO) 2.959 3.79 4.71 7.04 7.03 8.52 9.36 10.13


[a] Ref. [198 ± 200]. [b] Ref. [201, 202]. [c] Ref. [81, 203]. [d] Ref. [203]. [e] Ref. [19].
[f] Ref. [204]. [g] Ref. [205, 206]. [h] Ref. [203, 207].
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Figure 7. Correlation of ClO force constants versus ClO bond lenghts for
different ClO species. With the ClO force constants of ClO3 6.78 (see text) a
ClO bond length of 148.5 pm is estimated. Under consideration of a 90%
confidence level of the exponential fit the error is estimated to be � 2 pm.
a) FClO3, b) FClO2, c) ClClO2, d)ClO2, e) FClO, f) ClO, g) ClOH,
h) ClOCl.


our previous note,[2] we mainly use FOClO3 as source for ClO3


in this study. After low pressure flash thermolysis of FOClO3


with subsequent isolation of the products in a Ne matrix, the
IR spectrum shows FOClO3 and ClO3 along with the by-
products FO, FOO, FOOFand ClO2. Hence it can be assumed
that the reaction proceeds as follows [Eqs. (33) ± (37)].
primary:


FOClO3�� FO�ClO3 (33)


secondary:


FO�FO�FOOF (34)


FOOF�� FOO � F (35)


FO�ClO3�FOO�OClO (36)


ClO3�� OClO�O (37)


A crude UV/Vis spectrum averaged from the five ™best∫ flash
thermolysis experiments has been recorded, as well as the
reference UV spectra of OClO and FOClO3. The unstruc-
tured spectra of FOO, and FOOF, taken from literature,[208, 209]


are added to the reference spectrum of FOClO3 according to
the estimated portions in the thermolysis experiments. This
leads to a synthetic reference spectrum in the 200 ± 270 nm
range. Applying both reference spectra for computational
spectra subtraction of the by-products, to the raw spectrum,
the spectrum presented in Figure 8 is obtained. Smoothing of
the absorption profile and fitting both bands with Gauss
functions leads to the spectrum depicted in Figure 9.


The high energy band is found at �max� 32100 cm�1


(311.5 nm), a half width of 6800 cm�1, an onset (0 ± 0
transition) at 	20000 cm�1, and the low energy band at
�max� 23150 cm�1 (432.0 nm), half width 6400 cm�1, onset at
	13300 cm�1. The band intensity ratio is 1:0.7. These results
are in good agreement with a recent photoelectron study of
the ClO3


� anion[25] and the theoretically predicted electronic
transitions of ClO3.[210] In the photoelectron spectroscopy
study of ClO3


� with a 157 nm laser excitation three electronic
states (X2A1, A2A1, B2E) have been probed. The above-


Figure 8. UV/Vis spectrum of ClO3 isolated in a neon matrix. The radical is
produced by low pressure thermolysis of FOClO3. Bands of by-products
are subtracted by using reference spectra (see text).


Figure 9. Smoothed UV/Vis spectrum of ClO3 presented in Figure 8.
Dashed lines are simulated Gaussian profiles of the bands.


mentioned maxima of the electronic transition in the UV/Vis
spectrum of ClO3 can be correlated with the energy gaps
between the adiabatic value of the ground state (X2A1) and
the vertical detachment energies of the excited states. For the
A2A1�X2A1 and B2E�X2A1 transition, this gap amounts
to 1.5� 0.2 eV (12100 cm�1) and 2.85� 0.2 eV (23000 cm�1),
respectively. The first excited state has a transition moment
equal to zero[210] and is not observed experimentally. The
second transition is in excellent agreement with the observed
UV absorption. In a recent high level ab initio study of
ClO3,[210] using several different methods the vertical excita-
tion energies into the A2A2, B2E, and C2E states are
predicted to be in the range 1.25 ± 1.49 eV (	11000 cm�1),
2.55 ± 2.90 eV (	22000 cm�1) and 3.55 ± 3.93 eV
(	30200 cm�1) with a relative transition moment for the last
two transitions of about 1.2:1, respectively. Both calculated
band maxima are on average a little too low and the band
intensities are reversed, in comparison to the observed UV
spectrum.


As demonstrated in the preceding chapters the UV spectra
of ClO and OClO, isolated in Ne matrix, are in good
agreement with their respective gas phase spectra. They are
blue-shifted by only a few tenth of a nm; some minor effects
caused by the rotational fine structure and hot bands in the
gas-phase spectra are quenched in the matrix. Hence it can be
assumed that the UV spectrum of ClO3 depicted in Figure 8
corresponds very well to the yet unknown gas phase spectrum.
The cross section scale placed on the right axis in Figure 8 is
deduced from photolysis experiments. Photolysis with light �
�530 nm causes a decrease of the ClO3 absorption and a







Chlorine Oxide Radicals 5601±5621


Chem. Eur. J. 2002, 8, No. 24 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5611 $ 20.00+.50/0 5611


simultaneous increase of ClO absorption. With help of the
generally accepted gas phase cross section of ClO (�max�
5.2� 10�18 cm2 at �max� 260 nm[211]) the cross section of ClO3


�� 3.0 (�0.5)� 10�18 cm2 at the strongest progression band
(11,0,0) at �� 321.15 nm are adjusted.


The high-energy UV band, which is shown in Figure 10 on
an expanded scale, exhibits a pronounced vibrational fine
structure. The most intense peaks in this fine structure form
the main progression and are separated by about 800 cm�1.
Each peak in this progression is accompanied by two satellites


Figure 10. a) and b) Structured part of the UV/Vis spectrum of ClO3 in
expanded scale from Figure 8. c) Part b) for Cl18O3.


due to two additional vibrations in the excited C2E state. Due
to the antibonding nature of this excited state[210] all funda-
mentals should be lower than in the ground state (1081, 905,
567, 476 cm�1). According to the selection rules, excitation of
all fundamentals in the C2E�X2A1 transition is allowed.[212]


A shifted asymmetric stretching mode (from 	1080 to
800 cm�1) seems to be the origin of the main progression,
because its normal coordinate correlates well with the
dissociation path into OClO�O,[210] and the relative isotopic


vibrational shifts of�� (Cl16/18O3)/� (Cl16O3) which are equal in
the ground and excited state. The first high energy satellite on
each progression bands could be either a 	250 or a
	1050 cm�1 vibration depending whether it ™sits∫ on the
quantum number n or (n� 1) of the progression, respectively.
Due to the choice of the asymmetric stretching vibration in
the main progression and the antibonding nature of the
excited state, we assume the first satellite ™sits∫ on the
quantum number n (blue-shifted by 250 cm�1) and can be
correlated with the symmetric deformation mode in the
ground state (567 cm�1). The second high energy satellite
(blue-shifted by 500 cm�1) can be correlated with the 905 cm�1


symmetrical stretching mode in the ground state.
As seen in Figure 10b, c the origin of the progression


somewhere below 24000 cm�1 is uncertain. To determine the
origin of the high energy UV band, the spectrum of Cl18O3 is
measured (Figure 10c). The isotopic shifts between the bands
of Cl16O3 and Cl18O3 are proportional to the quantum
numbers and should be nearly zero at the origin of the
transition. By fitting the linear difference of equivalent bands
of Cl16O3 and Cl18O3 against arbitrary quantum numbers, the
(0,0,0) transition is finally located at about 22700 cm�1. With
the true quantum numbers available, the whole progression
spectra of both isotopomers are simulated with the second
order approximation of Herzberg[213] [Eq. (38)].


�obs� �00�
�


i


� 0
i �i�


�
i


�
k�i


�0
ik�i�k; � 0


i ��i� �ii� 0.5
�
i�k


�ik ; � 0
ik� �ik (38)


with � 0
i � harmonic wavenumber and � 0


ik� anharmonic con-
stants. The observed wavenumbers are taken directly from the
band maxima or they are examined from their second
derivative spectra. For the simulation of the Cl16O3 data, the
three harmonic wavenumbers and five anharmonicity con-
stants were iterated simultaneously until the sum of deviations
reached a minimum. Subsequently the anharmonicity con-
stants are kept nearly constant for the simulation of the Cl18O3


data. The results of the simulation are presented in Tables 9
and 10. In general the deviation between observed and
calculated band position in Table 9 are in the order of the
uncertainty limits of the measured band positions. Hence the
resulting parameters presented in Table 10 appear to be
reliable. The anticipated much lower vibrations in the excited
C2E state and their assignments in comparison to the ground
state are supported by their equivalent isotopic effects.


There is additional structure in the spectrum which may be
due to matrix site splitting, a further vibration or the splitting
of the e modes. Definitive conclusions, however, are not
possible, because residual incompensations as a result of the
spectra subtraction which causes some artefacts. The analysis
of the fine structure of the low energy band does not lead to
reasonable results, due to the overlapping of bands. It can be
assumed that there is a main progression with several
satellites with a band separation by 900 to 1000 cm�1.


A critical evaluation of the literature data for other claims
for the UV/Vis spectrum of ClO3


[96, 97, 120, 121, 140] leads to the
conclusion that in all cases something else was observed, but
not ClO3. In a recent study on laser photolysis of peroxydi-
sulfate solutions containing chlorate, a very broad unsym-
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metrical band with a maximum at about 330 nm and a flat
band at about 450 nm has been reported.[122] The shape of this
spectrum resembles in princible that of the ClO3 spectrum in
Figure 8, so that the following reaction sequence may have
occured [Eq. (39)].


S2O8
2�� 2ClO3


� �h� 2SO4
�� 2ClO3


� ��10�90 �s 2SO4
2�� 2ClO3 (39)


In a similar way, the UV/Vis spectrum of the isoelectronic
SO3


� radical anion has been measured.[214] In comparison to
the UV/Vis spectrum of ClO3 the spectrum is structureless
and blue-shifted by about 50 nm with a cross section of 4.0�


10�18 cm2 at 260 nm and a low energy band at 360 nm of much
lower intensity, than the respective band of ClO3.


The photochemistry of ClO3 : Photolysis of ClO3 isolated in a
Nematrix with a tungsten halogen lamp in combination with a
cut-off filter � �455 nm leads to ClO (35ClO 844.0 and
839.5 cm�1) and O2 (1549.1 cm�1) while ClO3, isolated in a O2


matrix, leads mainly to O3 (1035.5, 702.4 cm�1) and OClO
(1104.7, 942.1, 453.4 cm�1) after the same irradiation. In the
former case the bands of ClO and O2 are slightly shifted in
comparison to the direct matrix isolated species (35ClO 843.8;
O2 1554 cm�1). The primary step after excitation into the B2E
state is dissociation [Eq. (40)].


ClO3�h� OClO�O (40)


In Ne matrix, reaction of the oxygen atom with OClO occurs
in the matrix cage according to Equation (41).


OClO�O�ClO�O2 (41)


In O2 matrix the O atom reacts with one of the surrounding
O2 molecules and O3 is formed. Two different ClO ¥O2


complexes are formed in a Ne matrix as indicated by the
two IR bands at 844.0 and 839.5 cm�1. In addition a new UV


Table 9. Assignment for the progressions of Ne matrix isolated ClO3 in the C2E�X2A1 transition.


Assignment Cl16O3 Cl18O3 assignment Cl16O3 Cl18O3


observed diff.[a] observed diff.[a] observed diff.[a] observed diff.[a]


�3 �1 �2 x [cm�1] �1 �2 �3 x [cm�1]


0 0 0 22696 22696
1 0 0 23482 � 6 23441 � 18 12 0 0 31883 2 31536 � 6
1 0 1 23724 0 12 0 1 32098 � 8 31776 10
1 1 0 23964 � 16 12 1 0 32347 0 31974 � 6
2 0 0 24269 � 6 24207 � 11 13 0 0 32616 1 32253 5
2 0 1 24545 2 24486 7 13 0 1 32825 � 11 32483 14
2 1 0 24764 � 1 24663 � 17 13 1 0 33085 6 32680 � 3
3 0 0 25063 6 24970 � 2 14 0 0 33350 5
3 0 1 25320 � 1 25233 3 14 0 10 33551 � 10
3 1 0 25562 18 25430 � 1 14 1 0 33807 1
4 0 0 25840 5 25720 � 1 15 0 0 34066 � 3
4 0 1 26103 9 25991 16 15 0 1 34275 � 7
4 1 0 26319 � 1 26164 � 14 15 1 0 34524 � 4
5 0 0 26635 28 26465 � 1 16 0 0 34995 � 2
5 0 1 26881 19 26720 4 16 0 1 35236 � 9
5 1 0 27089 � 1 26914 � 6 16 1 0 35236 � 9
6 0 0 27367 � 8 27205 0 17 0 0 35499 � 5
6 0 1 27640 14 27463 11 17 0 1 35707 � 1
6 1 0 27847 � 8 27657 0 17 1 0 35958 0
7 0 0 28129 � 9 27946 6 18 0 0 36231 17
7 0 1 28393 8 28188 5 18 0 10 36410 � 4
7 1 0 28612 � 4 28381 � 9 18 1 0 36670 4
8 0 0 28898 2 28674 4 19 0 0 36910 � 10
8 0 1 29138 � 1 28910 1 19 0 1 37120 5
8 1 0 29369 � 3 29112 � 19 1 0 37369 0
9 0 0 29656 6 29394 � 1 20 0 0 37643 23
9 0 1 29881 � 7 29643 12 20 0 1 37814 3
9 1 0 30125 3 29841 1 20 1 0 38073 6


10 0 0 30400 2 30111 � 5 21 0 0 38314 � 2
10 0 1 30623 � 9 30358 11 21 1 1 38513 � 11
10 1 0 31864 � 5 30553 � 5 21 1 0 38760 0
11 0 0 31138 � 4 30821 � 10 22 0 0 38986 � 21
11 0 1 31373 2 31065 6 � 
 x 
� 235[b] � 
 x 
� 139[c]


11 1 0 31626 16 31269 � 2


[a] Observed� calculated�difference. [b] Quantum number 6 to 19 included. [c] Quantum number 6 to 13 included.


Table 10. Wavenumbers [cm�1] and anharmonic constants of the normal
modes of Cl16O3/Cl18O3 in the excited C2E state.


Wavenumber[a] Assign-
ment


Anharmonic constant


794 (1081)
� 0


1 e �as �11 � 2.4
766 (1047)
498 (905)


� 0
2 a1 �s �12 � 2.4 �22 � 3.7


470 (860)
280 (567) 	� 4.3


� 0
3 a1 �s �13 �23 0 �33 � 3.4


272 (550) 	� 3.7


[a] In parenthesis ground state values, second values belong to Cl18O3.
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absorption on the short wavelength wing of the ClO band
appears (Figure 11).


Figure 11. IR and UV spectra of the low pressure thermolysis products of
ClOClO3 isolated in a neon matrix. (––): IR spectrum of monomeric
35ClO (843.8 cm�1) 37ClO (836.8 cm�1) in the 2�3/2 state and 35ClO
(838.5cm�1) in the 2�1/2 state. Lower trace; right: UV spectrum of ClO
after subtraction of the bands of all by-products (compare with Figure 1).
(- - - -): IR-spectrum after visible light photolysis (� � 455 nm) of about
80% of the matrix isolated ClO3 yielding 35ClO ¥O2 (844.0 cm�1) 37ClO ¥O2


(837.0 cm�1) in the 2�3/2 state and 35ClO ¥O2 (839.5 cm�1) in the 2�1/2 state.
At 1549.1 cm�1 the O2 stretching band of ClO ¥O2 in the 2�1/2 state is shown.
Middle trace, right: difference UV spectrum (photolysis minus thermolysis)
of ClO ¥O2. In contrast to ClO obtained by thermolysis (lower trace) the
higher populated 2�1/2 state is clearly shown. ¥ ¥ ¥ and �±�±: IR spectra after
255 nm photolysis for 10 and 30 min. Mainly the complex ClO ¥O2 (2�1/2)
disappeared (839.5 cm�1) and at 1440 cm�1 ClOO appeared. Upper trace:
difference UV spectrum (photolysis 455 nm minus photolysis 255 nm)
indicating mainly the loss of ClO ¥O2 (2�1/2).


Further photolysis of the Ne matrix at 255 nm (high-
pressure Hg lamp � cut-off filter) causes a decrease of the IR
bands at 839.5 and 1549.1 cm�1, a small increase of the band at
844.0 cm�1, appearance of a new band at 1441 cm�1 (ClOO) as
well as disappearance of the new UV band. The change of the
UV spectrum is displayed in Figure 11. These findings can be
interpreted as follows: On photolysis of ClO3 in Ne matrix, a
complex of the composition ClO ¥O2 in analogy to the FO ¥O2


complex[215] is formed, which is characterized by two UV
bands (see Figure 11) and an IR band at 839.5 cm�1. Addi-
tionally, a second ClO�O2 species is formed, which is assigned
to a ClO radical situated next to an oxygen molecule in the
same Ne matrix cage showing a weaker interaction. The
former complex (839.5 cm�1) is more photosensitive at 255 nm,
than the latter ClO species (844.0 cm�1) and is depleted into
several channels: i) It is converted into the weak ClO ¥O2


complex (844.0 cm�1, maybe the isomer OCl ¥O2) with an IR
inactive O2 molecule; ii) an oxygen atom left the matrix cage
and some ClOO (1441 cm�1) is formed and iii) it dissociates
into O2�Cl�O. In the difference UV spectrum before and
after photolysis at 255 nm, mainly a peroxy radical band at
	260 nm with a vibrational progression of 	670 cm�1 and, in
the ClO region, the 2�1/2 subsystem are clearly seen. Hence,
we interpret the newUVand IR (839.5, 1549.1 cm�1) absorber
as a ClO ¥O2 complex with ClO in the excited 2�1/2 state.


There is another interesting observation: Visible light
photolysis of Ne matrix isolated ClO3 causes an intensity
increase of the weak bands of Cl2O6, which are formed during
the deposition process. Presumably a small fraction of (ClO3)2
van der Waals dimers are activated in this manner and
asymmetric bond linking of (ClO3)2 to O2ClOClO3 occurs.


The experimentally observed threshold for slow (5% in one
hour) photodissociation of ClO3 is at 610 nm. With more
intense light sources, the threshold may be observable at the
onset of the absorption band at 	750 nm. Interestingly the
energy of the onset (	160 kJmol�1) is within the uncertainty,
identical to the first Cl�O bond energy of ClO3 calculated by
Francisco[118] and Janoschek.[40]


Chlorine Tetroxide


In our preliminary study of matrix isolated ClO4 radicals IR
and UV/Vis spectra are recorded and analysed in some
detail.[3] Based on the five observed IR bands C3v symmetry
for the radical was assumed. However, several recent
theoretical studies disagree with this conclusion and C2v


symmetry is predicted.[38±40, 133, 134] We want to report here on
an extended spectroscopic study of this elusive radical, in
order to establish an experimental basis for final conclusions.


The IR spectrum of ClO4 : Dichlorine hexoxide, Cl2O6, is the
best precursor for the synthesis of ClO4 radicals and is used
throughout in this study. Low pressure flash pyrolysis of
Cl2O6, highly diluted in a matrix gas in front of the matrix
support with subsequent quenching of the products at low
temperatures, leads to ClO2, ClO4, ClO3 and minor amounts
of HClO4. The formation of these products is assumed to
proceed as follows [Eqs. (7.2, 42 ± 45)].
primary:


O2Cl-OClO3�� ClO2�ClO4 major path (7.2)


O2ClO-ClO3�� 2ClO3 minor path (42)


secondary:


ClO4�� ClO2�O2 (43)


ClO4�H2O�HClO4�OH (44)


Neon matrix reference spectra of all by-products and Cl2O6


are recorded for use of computational spectra subtraction.
After ™treatment∫ of the ten best raw neon matrix spectra of
the Cl2O6 pyrolysis products, with these reference spectra the
resulting spectra are averaged and smoothed. The final
spectrum is presented in Figure 12.


It shows three further weak IR absorptions in addition to
the five known bands of ClO4.[3] Since the relative intensities
of the new bands are the same in all experiments and since
they decrease uniformly after photolysis of the matrix
(tungsten-halogen lamp, cut off filter � �495 nm), all bands
should belong to ClO4. Further support for the identity of the
new bands and their assignment come from experiments with
isotopically enriched Cl218O6. In the spectral regions of the
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Figure 12. IR spectrum of ClO4 isolated in a neon matrix. Bands of
residual Cl2O6 and of by-products (Cl2O4, ClO2, HClO4) are subtracted and
the regions are indicated by arrows.


fundamentals the eight observed IR bands, including their
Cl18O4 counterparts, are presented in Figure 13 in expanded
scale. All vibrational band positions and relative band
intensities are gathered in Table 11.


With the increased number of IR active fundamentals, the
ClO4 radical must exhibit a lower symmetry than C3v as
previously assumed.[3] Depending on the possible symmetries
C2v or Cs the nine vibrational motions of ClO4 are divided into
the irreducible representations [Eqs. (45) and (46)].


C2v: �vib� 4a1 (IR, Ra p)� a2 (�)� 2b1 (IR, Ra dp)� 2b2 (IR, Ra dp)(45)


with 8 IR active fundamentals or


Cs : �vib� 6a� (IR, Ra p)� 3a�� (IR, Ra dp) (46)


with nine IR active fundamentals. With the experimental data
alone, one can not distinguish unambiguously between C2v


and Cs symmetry, because the activated a2 mode in Cs


symmetry can be very weak. To achieve a decision between
C2v and Cs, the vibrational data in Table 11 are compared with
the theoretical predicted data in Tables 12 and 13. According


to most theoretical calculations, the ClO4 radical should
possess C2v symmetry, with two short and two long ClO bonds
forming bond angles of about 114 and 95�, respectively (see
Table 12). The observed and calculated wavenumbers in
Table 12 and their isotopic shifts in Table 13 are in agreement
with the observed vibrational data and hence ClO4 should
exhibit C2v symmetry at the minimum of its potential hyper-
surface.


However, calculated and experimental IR band intensities
give in general a much poorer fit than to band positions. The
intensity of the �8 band is overestimated by 80% and �2 by
about 250%. The calculated intensities of the bands �3, �4 , �6 ,
�7 deviate over a greater range but in average they fit well to
the experimental intensities. The greatest deviation exhibits
the �9 band, which has only 10 ± 20% of the calculated
intensity.


A particular feature of the ClO4 IR matrix spectrum is the
broadness of the absorption bands with half widths of up to
20 cm�1. At higher resolution (0.13 cm�1) a fine structure of
the band profile appears, as shown for example in Figure 13d
at the �6 band. At least six components can be seen and we
assume that they are caused by matrix site splittings, which are
unusually pronounced in ClO4 (normally the half width of IR
matrix bands are 0.1 ± 1 cm�1). The reason for this feature may
be the Jahn ±Teller effect in ClO4 resulting in a distortion
from Td symmetry and a shallow potential minimum.[133, 134] In
this situation, the ClO4 radicals ™feel∫ the different matrix
cages more than an ordinary molecule and the superposition
of all spectra for all different matrix sites (here �6) leads to
broad bands. Furthermore, the theoretical calculations point
out, that a second stable structure of ClO4 with Cs symmetry
lies only 	4 ± 5 kJmol�1 above the C2v minimum.[133, 134] The
ClO4 radicals are produced at about 500 K and with regard to
the Boltzmann distribution a noticeable amount of ClO4 with
the Cs structure should be present in the heated spray on


Table 11. Vibrational wavenumbers [cm�1][a] of ClO4 isolated in Ne, Ar and O2 matrix.


Ne matrix[b] Ar matrix Assignment O2 Matrix Approx.
35Cl16O4


37Cl16O4
[b] I[c] 35Cl18O4


35Cl16O4
37Cl16O4


[b] /description of mode[d] 35Cl16O4
37Cl16O4 I[c] description


C2v symmetry site A site B site A site B of mode


	 2280 br 2�8 A1


	 2243 	 2220 	 1 2�1 A1


	 1811 	 1 	 1727 �8��6 A2


	 1760 br 	 1 	 1690 br 	 1750 �8��3 B2
[e]


	 1695 br 	 3 	 1620 br 	 1685 �1��3 A1


	 1480 br 	 3 	 1410 br 	 1475 �1��7 A1 1525.4 1528.8 50 � (O ±O)
	 1457 br 	 1 	 1390 br 	 1450 �2��6 B1


	 1412 br 	 2 	 1345 br 	 1405 �2��3 A1


1292.5 1287.7 7 1252 	 1285 �1 Cs ClO4
[f]


1233.6 1221.6 100 1196.4 1227 1217 �8 �as(Cl sO2) b2 1252.1 1244.7 1238 1234
100 �as (ClO3)1207 br 	 3 �6��3 B1 1229.4 1196.6 1216.6 1185


1160.8 1150.4 100 1118.2 1154 1144 �1 �s(Cl sO2) a1
1132 br 	 3 2�3 A1 1012.7 1002.3 1010.5 1000 24 �s (ClO3)
873.0 4 831.3 	 872 �2 �s(Cl lO2) a1
644.3 642.1 16 608.4 641 639 �6 �as(Cl lO2) b1 687.8br 	 681.5 667.0 660.5 58 � (Cl�O)
573.0 569.9 16 545.5 570 564 �3 � (Cl sO2) a1
544.3 540.9 2 518.8 �9 �/	(ClO2) b2 593.6 589.4 585 15 �as (ClO3)
354.0 350.5 3 345.6 �7 �(Cl lO2) a1 573.5 576.3 569
337.2 (334.8) 1 321.2 �4 �/	 (ClO2) b1


[a] Peak position at the main matrix site. [b] Shoulders or peaks at the 35ClO4 isotopomer band, localized from the second derivative spectrum. [c] Relative infrared
intensities integrated over all matrix sites and isotopomers. [d] Cl sO2 short Cl�O bonds, Cl lO2 long Cl�O bonds. [e] Also possible �8��9A1, �1��6B1. [f] Or 2�6 of
C2v ClO4 in Fermi resonance with �8, see text.
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nozzle and should be quenched without relaxation in the
matrix. The calculated vibrational wavenumbers for ClO4 in
C2v and Cs symmetry are similar and may overlap each other.
However, the most intensive and short-waved band is


predicted to occur in the range of 1300 or 1260 cm�1 for
Cl16O4 or Cl18O4, respectively.[133] In Figure 13a such an
additional band (	5 ± 7% of �8) appears in this region, so
that an assignment of this band to ClO4 in the Cs form can be


Table 12. Calculated vibrational wavenumbers [cm�1], intensities (kmmol�1, in italic) bond lengths [pm] and bond angles [�] of 35Cl16O4 (C2v).


Mode B3LYP/ UB3LYP[b] TZ2P�� TZ2P�� cc-pVDZ exptl[e]


cc-pVQZ[a] B3P86[c] B3LYP[c] UHF-CCSD(T)[d]


�8 b2 1233 (183) 1257 (182) 1229 (190) 1263 (186) 1257 (189) 1234 (100)
�1 a1 1137 (150) 1160 (150) 1132 (157) 1161 (151) 1161 (157) 1161 (100)
�2 a1 879 (17) 904 (18) 868 (17) 878 (18) 850 (12) 873 (4)
�6 b1 623 (25) 648 (22) 615 (20) 612 (18) 609 (12) 644 (16)
�3 a1 561 (27) 572 (27) 550 (26) 562 (24) 547 (34) 573 (16)
�9 b2 541 (17) 550 (15) 532 (15) 555 (15) 531 (26) 544 (2)
�7 b1 400 (3) 413 (2) 397 (2) 366 (6) 450 (4) 354 (3)
�4 a1 379 (2) 385 (1.7) 374 (2) 383 (2) 391 (2) 337 (1)
�5 a2 367 (0) 375 (0) 355 (0) 362 (0) 347 (0) ±
r (Cl�Os) 141.4 141.44 142.4 143.3 146.6
r (Cl�Ol) 148.8 148.62 150.2 151.6 155.2
� (OsClOs) 114.0 113.97 114.2 114.3 114.3
� (OlClOl) 94.6 94.75 93.6 93.5 91.4


[a] Ref. [40]. [b] Ref. [39]. [c] Ref. [133], B3LYP is scaled with 1.07. [d] Ref. [134], scaled with 1.07. [e] This work, relative integrated band in tensities in italic.


Figure 13. IR band regions of Cl16O4, Cl18O4 and Cl16O18O3 in expanded scale. Arrows indicate calculated band positions (see text). Horizontal arrows
indicate by-products subtraction regions
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taken into account. Hence, an additional reason for the
broadness of the bands is seen in an easy distortion of the C2v


structure in direction towards of the Cs structure.
For evaluation of the 35/37ClO4 isotopic shifts (see Table 13)


the second derivative spectra are used as shown for the �1
band in Figure 13b (this band is undisturbed by precursor and
by-product bands). Three groups of two bands separated by
10.2 cm�1 (�� 35/37ClO4) are clearly seen.


The IR spectrum of 18O isotopically labelled ClO4, which
contains about 15% Cl16O18O3, possesses another interesting
feature. For an estimate of the band positions of the Cl16O18O3


isotopomer, we calculated the wavenumbers of the Cl16O4,
Cl18O4 (C2v),and Cl16O18O3 (Cs, with 16O located at the short or
long bond) fundamentals at the B3LYP/6-311G(p,d) level of
DFT theory.[216] The results for the scaled wavenumbers of
Cl16O18O3 are gathered in Tables 14 and the band positions are


indicated by arrows in Figure 13. All band profiles of Cl16O4


and Cl18O4 should be the same, but they are distorted for
Cl18O4 in all cases (see Figure 13). With the overlap of
Cl16O18O3 bands one can rationalize the changes in the Cl18O4


band profiles. Only for �6 , one component of Cl16O18O3 is
clearly separated from Cl18O4. The appearance of this
component is a further evidence for the two different ClO
bonds in ClO4.


In contrast to the other chlorine oxide radicals, ClO4


interacts strongly with oxygen. The typical broad feature of
the IR spectrum of matrix isolated ClO4 vanishes completely,
when oxygen is used as a matrix material. At 1525 cm�1 a
strong OO stretching band is seen which is comparable to the
analogous band of FOO, isolated in a oxygen matrix
(1496 cm�1).[217] Four additional groups with sharp IR bands
appear near 1250, 1010, 690 and 590 cm�1, which are all split
into two components (site A and B) as in the OO stretching
band. There is an interesting site selectivity by photolysis.
After irradiation of the O2 matrix with light of wavelength
�395 cm�1 the intensity of site B bands decrease and at
shorter photolysis wavelengths both sites disappear and ClOO
is observed as photoproduct. All vibrational data of the new
species are collected in Table 11. The band positions and
relative intensities as well as the 35/37Cl isotopic shift of the
latter four bands are very similar to the spectrum of FClO3 (�i ,
��i


35/37Cl, int. : 1316, 19, vs; 1062, 3, m; 712, 10, s; 588, 3 cm�1,
m). Hence, the new radical O3ClO-O2 has been formed, which
is comparable to the recently described isoelectronic species
FSO2O-O2.[218] Both new peroxy radicals will be investigated
in detail in a future matrix study.


The UV/Vis spectrum of ClO4 : Our experimental setup allows
the measurement of IR and UV/Vis spectra from the same
matrix, which guaranties that the same absorber correlates in
both spectral regions. The corresponding UV/Vis spectra of
the five best low pressure flash thermolysis experiments of
Cl2O6 are used to ™extract∫ the UV spectrum of ClO4 from the
raw data. For this purpose reference spectra of Cl2O6, ClO3


and ClO2 are used to subtract their content in the raw spectra.
Finally the raw spectra are averaged and smoothed in the
region 370 to 420 nm, because in this region incompensations
by subtraction of ClO2 bands appeared. Below 370 nm no
reliable absorption profile can be evaluated, due to strongly
absorbing by-products. The resulting spectrum is shown in
Figure 14.


Figure 14. UV/Vis spectrum of ClO4 isolated in a neon matrix. The
spectrum of Cl18O4 is shifted up by 0.3 absorbance units. Bands of ClO2 are
subtracted in the region � � 420 ± 430 nm. For � �420 ± 430 nm the
spectrum is smoothed (see text). In the insert a high resolution spectrum of
the onset is shown.


In Figure 15 an expanded scale spectrum including the
spectrum of the 18O isotope enriched species are shown. For
the subtraction of the by-products Cl16/18O2 and Cl16/18O3


separate thermolysis experiments with Cl216/18O6 at higher


Table 14. Scaled calculated vibrational wavenumbers [cm�1] of the Cl16O18O3 in
Cs symmetry based on the calculated and experimental vibrational wavenumbers
for Cl16O4 and Cl18O4 in C2v symmetry.


Cl16O4, C2v Cl18O4, C2v Cl16O18O3


Cs short[c]
Cl16O18O3


mode exptl calcd[a] exptl calcd[a] factor[b] scaled[d]


Cs long[c]


scaled[d]


�8 b2 1234 1149 1196 1112 1.075 a� 1219 a�� 1195
�1 a1 1161 1055 1118 1017 1.100 a� 1134 a� 1122
�2 a1 873 798 831 755 1.097 a� 835 a� 846
�6 b1 644 543 608 512 1.187 a�� 611 a� 622
�3 a1 573 521 546 497 1.099 a� 557 a� 550
�9 b2 544 504 519 481 1.079 a� 526 a�� 526
�7 b1 354 313 346 306 1.131 a�� 347 a� 348
�4 a1 337 358 321 338 0.945 a� 321 a� 327


[a] This work B3LYP/6-311G (d,p). [b] Scaling factor: exptl/calcd averaged value.
[c] 16O placed on the short or long bond. [d] This work B3LYP scaled with the
factor from [b].


Table 13. Calculated and experimental vibrational isotopic shifts (cm�1) of
ClO4.


Exptl �� 35/37Cl16O4 �� 35Cl16/18O4


mode wave-
number


calcd[a] exptl[b] calcd[c] calcd[d] calcd[d] exptl[b]


�8 b2 1234 14.8 12 41.3 40 38 37
�1 a1 1161 11.6 10.2 43.7 41 40 43
�2 a1 873 1.8 ± 48.5 47 44 42
�6 b1 644 0.1 ± 36.4 35 33 36
�3 a1 573 3.1 3.1 26.6 25 26 28
�9 b2 544 3.3 3.7 24.6 24 24 26
�7 b1 354 6.3 3.5 8.7 8 7 8.4
�4 a1 337 0.4 (	2) 21.3 21 20 16


[a] This work, B3LYP/6-311G (d,p). [b] Shoulders or peaks at the 35ClO4


isotopomer band, localized from the second derivative spectrum.
[c] Ref. [39], UB3LYP. [d] Ref. [133], TZ2P��B3P86 and TZ2P��B3LYP.
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Figure 15. UV/Vis spectrum of ClO4 isolated in a neon matrix in expanded
scale, showing the overlying vibrational bands. Brackets indicate peaks
shifted by about 50 cm�1 (see text, Table 15). The assignment of some peaks
to a progression is shown by the vertical lines.


temperatures are performed, so that the amount of by-
products [see Eqs. (7.2), (41) ± (43)] is enhanced. The resulting
Cl18O4 spectrum is somewhat disturbed by Cl16O18O3 iso-
topomers (see above). The absorption cross section scale in
Figures 14 and 15 is estimated from the ClO2 absorbance at
420.58 nm (4,0,0 transition) in the raw spectra and its known
cross section[23] assuming a band width similar to that of
gaseous ClO2 at room temperature, and assuming a 1 : 1
mixture of ClO2 : ClO4 according to Equation (7.2).


Above 510 nm no absorption is observed, which is in
accordance with the photoelectron spectrum of the ClO4


�


anion[25] where no electron detachments between 1 and 2.5 eV
(20000 cm�1) above the X2B1 ground state are detectable. The
UV/Vis spectrum of ClO4 shows a strongly structured band
with a maximum at about 23500 cm�1, a half width of about
5000 cm�1 and a band origin at 19847 cm�1 for Cl16O4. The
reproducible fine structure on the long wavelength wing is
most unusual on three accounts: i) the 0 ± 0 transition line
consists of seven components as displayed in the insert of in
Figure 14; ii) the 0 ± 0 transition of Cl16O4 is about 12 cm�1


lower in energy, than that of Cl18O4 (uncertainty of the
difference is � 5 cm�1) and iii) the fine structure is very
complex.


Splittings of bands due to electronic transition are not
unexpected in the matrix. They can amount to 30 ± 70 cm�1 as
measured for FCO2


[159] in a Ne matrix or for ClO2
[190] in a Ar


matrix. However, the separations between the bands in the
insert in Figure 14 are 10, 24, 55, 70, 117, and 155 cm�1


(0.08 nm slit). As discussed in the preceding section, a portion
of ClO4 in the Cs form can be recognized; the two satellites
(117, 155 cm�1) can be caused by some ClO4 distorted to the
less stable Cs structure in two matrix cages. Furtheron, the
separation between the first and the fourth band (	50 cm�1,
0.3 nm slit) in the 0 ± 0 transition seem to be the main feature in
the fine structure, as it appears at other band groups, also
indicated by brackets in Figure 15. Unfortunately, the contour
of the 0 ± 0 transition is nearly faded out in the rest of the
spectrum. Only the first progression can be analysed in some
detail, supported by its contour (1,0; and 2,0) and further bands
from the second derivative spectrum. This transition can be
analysed up to the quantum number 4 (see Figure 15, Table 15)
and a quadratic fit results in Equations (47) and (48).


Cl16O4: �� 19847 (�1) �320 (�1) ¥ N� 18 (�0.3) ¥ N2 (47)


Cl18O4: �� 19859 (�1) �304 (�1) ¥ N� 16 (�0.2) ¥ N2 (48)


Theoretical calculations examine a 2B1 ground state and an
2A2 excited state[134] so that all a1 and b2 vibrations are allowed
as progression bands.[212] Taking the relative isotopic shift of
Cl16/18O4 into account the �2 (a1) vibration belongs to this
progression, which is lowered by 64% in the excited state.
This vibrational motion is described as the symmetric
stretching of the longer Cl�O bonds. Furthermore, the
intensity is strongly decreased (analyzed by subtracting the
totally smoothed spectrum from the original spectrum), which
point to a continuum at quantum numbers higher than five.


Assignment of the other transitions is difficult to perform
and must be tentative due to the possibility of combined
progression. The data for progression bands up to 21500 cm�1


are gathered in Table 15 and taken from the second derivative
spectrum. In comparison to the UV/Vis spectrum of ClO4 the
spectrum of isoelectronic SO4


�[219, 220] is structureless and red-
shifted by about 25 nm with a cross section of 6.3� 10�18 cm2


at 440 ± 450 nm, which is about three times greater than our
estimated cross section of ClO4. Furthermore a high energy
band of lower intensity is observed at about 320 nm in the
UV/Vis spectrum of SO4


�. In this region our spectrum is
strongly perturbed by ClO2 and/or (OClO)2.


Table 15. Positions of some progression bands of Ne matrix isolated ClO4


in the A2B�X2A transition.


Cl16O4 Cl18O4


Site wavenumber/cm�1 Assignment


1,2 19847 19859 0,. . . ,0
4 19895 19906 0,. . . ,0
5 19918 19930 0,. . . ,0
6 19972 19972 0,. . . ,0
1,2 20147 20147 1,0
4 20193 20190 1,0
5 20227 20214 1,0
6 20270 20257 1,0
1,2 20415 20400 2,0
4 20469 20450 2,0
5 20494 20475 2,0
1,2 20640sh 20601sh 3,0
1,2 20840sh 20807sh 4,0
1,2 20307 20288 0,1 ?
4 20362 20356 0,1 ?
5 20387sh 0,1 ?
1,2 20672 20640 0,2 ?
4,5 20717 20684 0,2 ?
1,2 20905 20859 0,3 ?
4,5 20964 20908 0,3 ?
1,2 21090 21037 0,4 ?
4,5 21137 21077 0,4 ?
1,2 21182 21124 0,5 ?
4,5 21238 21177 0,5 ?
1,2 21286 21218 ?
4,5 21340 21265 ?
1,2 21456 21402 ?
4,5 21512 21445 ?
1,2 20532 20507 inverted
4,5 20576 20547 intensity
1,2 21011 20955 inverted
4,5 21050 20990 intensity
1,2 21374 21299 inverted
4,5 21409 21340 intensity
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The Photochemistry of ClO4 : Light of wavelengths �495 nm
is sufficient to deplete Ne matrix isolated ClO4. The only
detectable IR active product is OClO and therefore the
photolysis should proceed as follows [Eq. (49)].


ClO4 ��h��495 nm OClO�O2 (49)


It is assumed that this photodissociation is a one-step process
in the A2A2�X2B1 transition where the symmetric stretch-
ing of the longer ClO bonds is active, strongly decreased in
energy and follow the proper coordinate.


ClO4 isolated in an oxygen matrix seems to be more
photostable. Light of wavelengths �395 nm is needed for the
photolysis of the more photolabile matrix site and light of
wavelengths � 395 nm is suitable for photolysing both matrix
sites. In both cases secondary photoisomerization of OClO to
ClOO occurs.


Conclusion


The spectroscopic, bonding, structural and chemical proper-
ties of the radicals ClOx (x� 1 ± 4) are very unusual in many
respects. Especially ClO4 stands out among these species. Due
to a strong Jahn ±Teller effect two of the ClO bonds are
stretched leading to a C2v equilibrium configuration. The Cs


distorted geometry is found to be only a few kJmol�1 higher in
energy. The results of several recent ab initio calcula-
tions[38±40, 133, 134] are in accordance with the observed IR
spectrum of ClO4. A reason for the unusual broad IR bands
is seen in the shallow potential which makes the ClO4 radical
floppy. Also the photochemistry of ClO4 differs from that of
the other radicals. While ClOx (x� 1 ± 3) photodissociate,
primarily into ClOx�1�O the ClO4 radical yields ClO2�O2.
Irregularities of the properties of the chlorine oxide radicals
with increasing oxidation numbers are seen in: i) the energy
onset for photodissociation follows the sequence ClO3 � ClO4


� ClO2 � ClO and consequently ClO3 is the least and ClO the
most photostable species; ii) dimerization leads for ClO to
different unstable Cl2O2 isomers, for OClO to weakly bonded
dimers, for ClO3 to stable asymmetric O2ClOClO3 and for
ClO4 to decomposition products (presumably to Cl2O6�O2);
iii) ClO bond lengths and bond energies follow the sequence
ClO � ClO3 � ClO2 and ClO3� ClO2 � ClO, respectively.
The only nearly even trend appears in the electron affinity
(eV): ClO (2.5),[174] ClO2 (2.15), ClO3 (4.25), ClO4 (5.25).[25]


The very high electron affinity of ClO4 may be one reason for
its strong interaction with molecular oxygen under formation
of the peroxy radical O3ClO-O2. However, the electron
affinity of ClO4 is apparently not sufficient to form a stable
O2
�ClO4


� salt, because the ionization enregy of dioxygen
amounts 12.07 eV.[174]


In contrast, in the series of the anions ClOx
� (x� 1 ± 4),


which contain just one electron more than the respective
radicals, their bonding properties are changing smoothly with
increasing oxidation number. Their bond lengths (pm) and
force constants (102 Nm�1) gradually changes in the series
ClO� ( ± /3.3), ClO2


� (157/4.3), ClO3
� (149/5.87), ClO4


� (145/
7.45)[199, 221] and their bond angles can be rationalized by the
VSEPR rules.


Experimental Section


Caution : Chlorine oxides and ozone are potentially explosive, especially in
the presence of oxidizable materials. It is important to take proper safety
precautions when these compounds are handled and reactions are carried
out. Reactions involving either one of them should be carried out only with
millimolar quantities.


General procedures and reagents : Volatile materials were manipulated in a
glass vacuum line equipped with two capacitance pressure gauges (221
AHS-1000 and 221 AHS-10 MKS Baratron, Burlington, MA), three
U-traps, and valves with PTFE stems (Young, London, UK). The vacuum
line was connected to an IR cell (optical path length 200 mm, Si windows
0.5 mm thick) contained in the sample compartment of a FTIR instrument.
This allows one to observe the purification processes and to follow the
course of reactions. The compounds ClO2,[222] HOClO3,[223] ClOClO3,[224]


FOClO3,[225] ClO2ClO4
[47, 86] and ClONO2


[226] were prepared according to
literature procedures and stored in flame-sealed glass ampoules under
liquid nitrogen in a storage Dewar vessel. By using an ampoule key[227] the
ampoules were opened at the vacuum line, an appropriate amount was
taken out for the experiments and then they were flame-sealed again. 18O-
labelled ClO2 was prepared by treating ClF3 with D2


18O.[228] Isotopically
enriched 18O3 was synthesized from 18O2 in a small home-made ozon-
izer.[229, 230] Excess of 18O2 was recovered by cryopumping oxygen into a
vessel filled with molecular sieve (5 ä) held at �196 �C. To prepare 18O-
enriched CsClO4, CsCl was dissolved in D2


18O and oxidized by an excess of
XeF2 first at room temperature and then for 2 h at 80 �C. According to the
literature the synthesis of the isotopically labelled Cl218O6 is accomplished
by the reaction of Cl18O2 and 18O3. Due to incomplete labelled precursors
(ClO2: 93% Cl18O2, 6% Cl16O18O, 1% Cl16O2; O3: 94% 18O3, 6% other
isotopomers) up to 20% of 16/18O2Cl16OCl18O3 and other isotopomers were
produced.


Chemicals : The following chemicals were obtained from commercial
sources and used without purification: H2SO4 (96%), HClO4 (73%),
KClO3, KClO4, CsClO4 (all p.a.: Merck, Darmstadt, Germany) D2


18O
(98.97% 18O, Johnson Matthey, Alfa Products, Karlsruhe, Germany), F2


(commercial grade, Solvay, Hannover, Germany), 18O2 (99.5%, Chemo-
trade, D¸sseldorf, Germany), O2 (99.999%, Linde, M¸nchen, Germany),
Ar (99.999%, Messer Griesheim, Krefeld, Germany) and Ne (�99,999%,
Messer Griesheim, Krefeld, Germany).


Preparation of the matrices : Small amounts of the samples (ca. 0.1 mmol)
were transferred in vacuo into a small U-trap kept in liquid nitrogen. This
U-trap was mounted in front of the matrix support (a metal mirror) and
allowed to reach a temperature of �130 �C or �120 �C for ClO2, �105 �C
for HOClO3 and �38 �C for Cl2O6 in cold bathes. In the temperature range
�130 to �110 �C and �110 to �30 �C Dewar vessels filled with isopentane
or ethanol were used, respectively. A gas stream (	 3 mmolh�1) of argon,
oxygen or neon was directed over the cold sample in the U-trap, and the
resulting gas mixtures passed the heated quartz nozzle (� 4 mm with an
end orifice of 1 mm) within milliseconds and were quenched on the matrix
support at 12 or 5 K, respectively. Because the vapor pressures of the
samples in the cold U-trap are of the magnitude of 10�3 mbar and the
pressures of the inert gas streams during the deposition are about 1 mbar in
the U-trap, the resulting sample to gas ratios can be estimated to be in the
range 1:1000. In case of ClO2 the higher temperatures enables greater
sample to gas ratios and formation of an increased fraction of (ClO2)2 mo-
lecules during the quenching process. For each sample two different
amounts of matrix material (	1 and 3 mmol, respectively) were deposited
through the heated nozzle at temperatures of 200 for ClO2, 350 ± 380 for
ClOClO3, 350 for FOClO3, 240 for Cl2O6 400 ± 450 for HOClO3 and 420 ±
450 �C for ClONO2. Heating the ClO2/inert gas stream was necessary for
dissociation of evaporated (ClO2)2 molecules. Mixtures of NO2: Ne
(1:1000) were prepared in a stainless steel high-vacuum line and transferred
via a stainless steel capillary to the heated nozzle, and quenched as a matrix
at 5 K.


IR spectroscopy : Gas-phase IR spectra were recorded with a resolution of
2 cm�1 in the range of 4000 ± 400 cm�1, using a FTIR instrument (Nicolet,
Impact 400D, Madison,WI) which was directly coupled with the vacuum
line. Matrix IR spectra were recorded on a Bruker IFS 66v/S FT
spectrometer (Bruker, Karlsruhe, Germany) in the reflectance mode,
using a transfer optic. A DTGS or MCT detector together with a KBr/Ge
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beam splitter operated in the regions of 5000 ± 400 or 7000 ± 600 cm�1,
respectively. In these regions 64 scans were co-added for each spectrum
using apodized resolutions of 1.0, 0.25 or 0.13 cm�1. A far IR-DTGS
detector together with a Ge coated 6 �m Mylar beam splitter was used in
the region of 650 ± 80 cm�1. In this region 64 scans were co-added for each
spectrum using an apodized resolution of 1.0 cm�1.


UV/Vis spectroscopy : UV/Vis spectra were recorded in the region 200 ±
750 nm with a Perkin ±Elmer Lambda 900 instrument (Perkin ±Elmer,
Norwalk,CT) using a slit of 0.3 nm, data point separation of 0.15 nm and a
integration time of 0.48 s for each datapoint in the range 200 ± 490 (510 for
ClO4) nm. At higher wavelength a datapoint separation of 0.4 nm was used.
For matrix measurements two 2 m long quartz single fibers with a special
condensor optic (Hellma, Jena Germany) were used. Mercury and Neon
pencil lamps were used for wavelength calibration (Oriel Instruments,
Stratford, CT).


Photolysis experiments : These were performed on the matrices in the
visible and UV regions by using a 250 W tungsten halogen lamp (Osram,
M¸nchen, Germany) or a high-pressure mercury lamp (TQ 150, Heraeus,
Hanau, Germany), respectively, in combination with a water coold quartz
condensor optic and cut off or interference filters (Schott, Mainz
(Germany)). Details of the matrix apparatus have been described else-
where.[159]


For analysis of the IR and UV/Vis matrix spectra of the pyrolysis products,
a series of reference spectra of ClO2, Cl2O4, Cl2O6, FClO4, HClO4, ClO and
NO2 have been measured. For FO2 and F2O2 literature data were used.[1]
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Synthesis and Structural Peculiarities of Homeomorphic Phosphorus
Bridgehead Macrobicyclic Compounds and Novel
Dioxaphospha[3.1.1.]p,m,p-cyclophanes


Ingmar Bauer,*[a] Roland Frˆhlich,[b] Albina Yu. Ziganshina,[c] Alexander V. Prosvirkin,[c]


Margit Gruner,[a] Ella Kh. Kazakova,[c] and Wolf D. Habicher*[a]


Abstract: The double-capping reaction
of p,m,p-trinuclear diphenol 4 with PCl3
affords the three homeomorphic iso-
mers 5 ± 7 of a phosphite macrobicyclic
compound in low yields. X-ray struc-
tures of out,out-isomer 5 and in,in-iso-
mer 6 show very flat macrobicyclic
structures with P ±P distances of 4.9 ä
and 4.5/5.3 ä (two conformers), respec-
tively. The main product of the reaction,
however, appears to be diphosphite 8,
which contains two dioxaphos-


pha[3.1.1.]p,m,p-cyclophane subunits.
The structural peculiarities of 8 were
studied after subsequent oxidation to
the corresponding phosphate 12. At
room temperature the free rotation
either of the para-phenylene rings and
the meta-phenylene ring in the macro-


cyclic moieties are hindered as could be
demonstrated by means of NOESY
measurements. The latter occupies an
angled position in respect to the macro-
cyclic plane. This leads to the existence
of conformational isomers due to differ-
ent relative positions of the meta-phe-
nylene ring to the P-OR substituent
(cis,trans). We could isolate the cis,cis-
isomer of 12 and establish its structure
by X-ray diffraction.


Keywords: cage compounds ¥ cyclo-
phanes ¥ isomers ¥ phosphates ¥
structure elucidation


Introduction


Phosphorus-containing macrocycles have potential applica-
tions in supramolecular and synthetic organic chemistry.[1] The
trivalent phosphorus atom can for instance function as donor
site for soft transition metals especially in their low valent
states. This makes them interesting as ligands for transition-
metal-catalyzed reactions such as Heck reaction, hydrofor-
mylation, homogenous catalytic hydration, Suzuki coupling,
Sonogashira coupling, and others which occupy a more and
more important place in standard organic synthesis. The
design of the involved ligand systems to optimize catalytic


reactions in terms of yield, turnover number and selectivity is
therefore an extensively investigated area in organic chem-
istry.[2]


Trivalent phosphorus atoms easily undergo oxidation
reaction to give pentavalent species such as phosphoryl
moieties. In those compounds the phosphoryl oxygen can
function as a hard donor atom, which upon its integration into
macrocyclic systems may be used for metal complexation and
for molecular recognition of hydrogen-donating substrates,
among them also biologically interesting compounds such as
amino acids.[3]


Moreover the trivalent P atom offers a point of attachment
for the introduction of additional components with special
functions to the macrocylic cores.


Only a few macrobicyclic systems with P-bridgehead atoms
have been reported up to now.[4±13] In addition, some medium-
sized P-bridgehead bicyclic compounds have been synthesized
and investigated.[14±17] All of these compounds show the
interesting structural feature of in/out isomerism.[18] In the
case of larger trivalent P-bridgehead macrobicyclic com-
pounds this opens up the chance for reactions on the ™inner
wall∫ of the cage by use of the well-defined geometry of in-P
lone pairs.


Various methods can be applied for the synthesis of
macrobicyclic compounds.[18b] The double-capping and tri-
pod-capping reaction should not be very favored. Five
components have to be assembled in the right manner under
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formation of six bonds to form the complex target molecule
without control of any intermediate. This seems very unlikely,
because even one invalid reaction in an initial step multiplies
the yield of side products tremendously. For this reason this
method is rarely employed for the synthesis of macrobicyclic
compounds. In fact only a few examples of successful double-
and tripod-capping reactions have been reported.[19]


We were, however, able to successfully employ the double-
capping method for the synthesis of the out,out- and in,out-
isomer of a sterically hindered, flexible phosphorus-contain-
ing cryptand.[13a] Using a nonhindered diphenol we could even
isolate all three homeomorphic isomers (1 ± 3) of a P cage
compound in reasonable yields (Scheme 1). The in,out P
atoms showed remarkably different reactivity toward cumene
hydroperoxide as an oxidizing agent. The cavity of these


cryptands encloses solvent molecules like toluene and chloro-
form. Depending on the isomer, the P ±P distance varies
between 8.3/8.5 ä (in,in-isomer, two conformers) and 10.5 ä
(out,out-isomer).[13c]


An interconversion of the isomers either by inversion of the
P lone pair or by homeomorphic isomerization was not
observed for the in,in-isomer 2 up to 140 �C.


Results and Discussion


Synthesis : In this paper we report on a double-capping
synthesis of P macrobicyclic compounds starting from the
trinuclear para-meta-bridged diphenol 4 and PCl3 (Scheme 2,
path a). The reaction is carried out in toluene at room


Scheme 1. Homeomorphic P-containing macrobicyclic compounds 1 ± 3 with all-para-phenylene rings.[13c]


Scheme 2. Reaction of diphenol 4 with PCl3 to the homeomorphic macrobicyclic compounds 5 ± 7 and compound 8, and their subsequent oxidation to the
corresponding phosphates 9 ± 12.
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temperature for 1 d in the presence of triethylamine (TEA) as
a base.


The product mixture contains the three homeomorphic P
cryptands 5 ± 7 with a crude yield of about 6% (5), 3% (6),
and 10% (7), and compound 8 as the main product with a
crude yield of about 35% according to 31P NMR spectroscopy.
The yield of the macrobicyclic compounds 5 ± 7 turned out to
be in the same range as those for macrobicyclic compounds
1 ± 3 from the reaction of the corresponding all-para-phenyl-
ene diphenol with PCl3.[13c] It could have been expected that in
the case of the para,meta-brigded diphenol 4, the intrinsic
structural information of this building-block is more suitable
for the formation of macrocyclic compounds, because of the
stronger curvature of the molecule caused by its meta-
substitution. Hence, the yield of macrobicylic compounds
was supposed to be higher in this case. However, this stronger
curvature of the diphenolic component permits a competitive
reaction namely the intramolecular ring closure of an
intermediate phosphorous chloride leading to compound 8.
This reaction is very much favored so that 8 turns out to be the
main product, even though the resulting P heterocycles in 8
are slightly strained. An analogous reaction with the corre-
sponding all-para-phenylene diphenol was not observed at all.
The shortest possible distance between the two OH groups in
this compound is still too long to be bridged by a single
phosphorus atom.


In the reaction of 4 with PCl3 open-chain products and
other simple macrocycles are formed as byproducts, as can be
extracted from the 31P NMR spectrum of the crude product.
Such compounds give 31P NMR peaks at around 128 ppm,
which is the normal region for this type of aryl phosphite,[20]


whereas the peaks for the in and out positions of the
macrobicyclic compounds are shifted to lower or higher field,
respectively. The same is true for the P cycle in 8 with an
upfield shifted 31P NMR peak at 121 ppm.


The homeomorphic macrobicyclic compounds 5 and 6 and
compound 8 could be isolated by column chromatography on
silica gel and were characterized by NMR spectroscopy and
MALDI-TOF MS; 5 and 6 were also characterized by X-ray
analysis (Figure 1).


Structural investigations : In,in-isomer 6 crystallizes in two
different conformers A and B, as also observed for the
corresponding 1,4-phenylene-in,in-cryptand 2.[13c] Regarding
the view along the P ±P axis, conformer B is reminiscent of a
C3 symmetric structure. The central meta-phenylene rings all
tend to point in the same direction away from each other thus
forming a propeller-like geometry. In contrast, in conformer
A two of the meta-phenylene rings point towards each other
breaking the pseudo-C3 symmetry in favor of a Y-shaped
structure.


Both homeomorphic isomers 5 and 6 are very crumpled
molecules and contain almost no cavity due to the close
distance of the opposite parts of the molecules. For this reason
no solvent molecules are complexed inside the cavity, but only
outside the macrobicyclic compounds.


The P ±P distance varies from 4.47 ä to 5.33 ä for the two
different in,in-conformers 6 A and 6 B, whereas out,out-
isomer 5 has a P ±P distance of 4.94 ä, which is surprisingly


Figure 1. Structures of out,out-isomer 5 and two conformers (A,B) of in,in-
isomer 6 in the solid state. Hydrogen atoms and solvent molecules are
omitted for clarity. Left: view into the cavity. Right: view along the P�P
axis.


no longer than those of the in,in-conformers. This is realized
by a distinct distortion from an ideal out geometry as
expressed by the ™out-ness∫ of the substituents,[18c] which
can be described by the angle � between the substituent (lone
pair), the bridgehead atom to which it is attached and
the other bridgehead atom
(Scheme 3). An ideal in sub-
stituent would have �� 0�, for
an ideal out position it would
be �� 180�. In case of in,in-
conformer 6 A the angle lone-
pair�P1�P2 (�� 9.4�) is almost
ideal for an in substituent, but
at the P2 center it is 67.1� ; this
means that this in position is
extremely distorted towards 90�, an angle that would not
permit a reasonable differentiation between in and out
position. For in,in-conformer 6 B this distortion is even more
pronounced with �� 50.0� for one side and �� 83.8� for the
other. In fact this conformer can hardly be regarded as an
in,in-conformer with at least one of the angles being so close
to 90�. If it exceeded 90� one should speak of an intertwined
in,out-isomer. However, the strongest distortion from the
ideal in or out position, respectively shows out,out-isomer 5
with �� 92.1� and 103.3�. That means that the lone pairs are
almost perpendicularly positioned to the P�P axis, and from


Scheme 3. Angle � to charac-
terize in and out positions in
bicyclic compounds.[18c]







Phosphorus Bridgehead Macrobicyclic Compounds 5622±5629


Chem. Eur. J. 2002, 8, No. 24 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5625 $ 20.00+.50/0 5625


this geometry a homeomorphic isomerization to an in,in-
isomer should be possible. Averaging � over all in atoms in 6 A
and 6 B gives ��� 52.6� ; for the two out positions in 5 it gives
97.7�. In fact it seems even surprising that the two different
isomers, which have such small geometric differences with
respect to the position of their phosphorus lone pairs, could be
isolated at room temperature.
In,out-isomer 7 was not obtained in a pure state, due to its


retention time being too close to 8. Its 31P NMR shift,
however, could be unambiguously determined from an
enriched mixture together with 8. In comparison to the 1,4-
phenylene macrobicyclic compounds 1 ± 3 described in refer-
ence [13c], cage compounds 5 ± 7 are hydrolytically less stable.
They were found to be completely hydrolyzed in standard
CDCl3 NMR solvent after several days. Also unlike cage
compounds 1 ± 3 they do not include solvent guest molecules
as was proved by NMR spectroscopy and X-ray diffractom-
etry. This is due to the fact that the crumpled shape of these
molecules allows almost no cavity formation.


Compound 8 appears to be the hydrolytically least stable
compound of the product mixture; this can be attributed to a
ring tension effect. A considerable part of the compound is
even hydrolyzed during chromatography on silica gel.


To improve the hydrolytic stability of 8 for structural
investigations we carried out the double-capping reaction of 4
and PCl3 with immediate subsequent oxidation of the mixture
by an excess of cumene hydroperoxide. After one hour the
oxidation was complete. The corresponding homeomorphic
macrobicylic phosphates 9 and 10 could be separated as well
as compound 12 as main product (Scheme 2, path b). In,out-
isomer 11 was detected in the crude product by 31P NMR with
peaks at �16.7 ppm (in) and �18.4 ppm (out), but could not
be isolated by chromatography.


The oxidation of all phosphorus moieties with cumene
hydroperoxide including the in-phosphorus atoms of the
reaction mixture proceeded relatively fast. This result is
rather surprising as no such fast oxidation for in positions was
obtained earlier with macrobicyclic compounds 2 and 3.[13c]


The reason for this rapid oxidation of normally less available
in positions is a pronounced distortion from an ideal in
geometry (Scheme 3), with an averaged ��� 52.6� over the
four in positions in 6 A and 6 B. This means that the lone pairs
point more or less out of the cavity, increasing their reactivity
towards oxidizing agents.


Compounds 8 and 12 include a narrow macrocyclic ring.
According to 1H NMR measurements the rotation of the
para-phenylene rings is hindered at room temperature giving
four different peaks for their protons. Moreover, the central
meta-phenylene ring also occupies a fixed location out of the
macrocyclic plane. Its different relative position to the P�OR
group results in the occurrence of conformational cis,trans-
isomers (Scheme 4).


Three conformers would be possible in 8 and 12, respec-
tively: cis,cis, cis,trans and trans,trans giving theoretically four
31P NMR signals in total in a mixture.


We could only isolate the cis,cis-isomer of 12 and most
likely also the cis,cis-isomer of 8. The structure of 12 was
proved by X-ray diffraction (Figure 2). In the crude product of
the synthesis of 8, however, we observed up to four signals in a


Scheme 4. The cis- and trans-conformers of 8 and 12 with respect to the
position of the central meta-phenylene ring to the P�OR group.


Figure 2. Structure of diphosphate 12. Hydrogen atoms and solvent
molecules are omitted for clarity. Top: view into the cavity of the
macrocyclic units. Bottom: side view of the macrocylic subunits showing
the cis-arrangment of the 1,3-phenylene ring and the P�OR substituent.


very narrow range around 121 ppm, which are tentatively
assigned to the three conformers of this compound.


NOESY experiments proved that the rotation of the para-
phenylene rings is not completely suppressed at room
temperature, causing a slow interconversion of the con-
formers. This means that an equilibrium between these
conformers will be slowly established in solution.


The macrocyclic components in 12 are rather small so that
no large guests can be included. However, the linkage of these
two macrocycles through a flexible spacer could permit the
enclosure of cations or neutral hydrogen-donating guests in
the way of a molecular tweezers. Therein the two phosporyl
oxygen atoms might act as binding sites with hard electron-
donating and hydrogen-accepting properties, whereas the
attached macrocycles should support a complexation either
by � donation or by the formation of a nonpolar pocket
around the guest molecule.


31P NMR, 1H NMR and 13C NMR studies : In their 31P NMR
spectra, the homeomorphic phosphite macrobicylic com-
pounds 5 ± 7 show the characteristic pattern as was similarly
observed for the compounds 1 ± 3.[13c] All in-phosphorus atoms
are downfield shifted compared to the normal values at
around 128 ppm.[20] In,in-phoshite 6 gives a 31P NMR peak at
133.0 ppm, and the in-P atom in the in,out-phosphite 7 at
131.2 ppm. Out-P atoms are shifted upfield to 123.3 ppm in
out,out-phosphite 5 and 124.6 ppm in in,out-phosphite 7.


The same pattern can be observed after oxidation for the
corresponding phosphates. However, the differences between
in and out positions are less pronounced. The 31P NMR shift of
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the in,in-phosphate 10 is observed at �16.0 ppm and that of
the in-position in in,out-isomer 11 at �16.7 ppm; these values
are in the same range as comparable values of open chain
phosphates of this type at around �17 ppm.[20] The out-P
atoms give slightly upfield shifted peaks, namely �18.6 ppm
for the out,out-isomer 9 and �18.4 ppm for the in,out-
compound 11.


In compounds 8 and 12, the phosphorus atom is part of a
slightly strained heterocyclic ring; this causes a distortion of
the geometry around the phosphorus atom. This is reflected
by an upfield shift of the 31P NMR signal at 121.1 ppm for
phosphite 8 and �18.5 ppm for phosphate 12. These peaks
correspond to single isolated conformers that equilibrate after
a certain time to give rise to the formation of varying amounts
(up to 20%) of a second conformer.


In the crude product, however, up to four 31P NMR signals
of varying relative intensities can be observed for a mixture of
conformers of 8 (121.32, 121.27, 121.12, 121.07 ppm); these
signals are due to a different relative position of the central
meta-phenylene ring to the P�OR group. This effect is less
pronounced for the crude product of 12 giving only a broad
peak at �18.5 ppm.


1H and 13C NMR measurements for both out,out-phosphite
5 and out,out-phosphate 9 give the expected symmetrical
spectra with the two sides of the molecules being equivalent.
Even though the molecules are very flattened in the solid state
(see X-ray structure of 5) and probably also in solution; the
free rotation of the para-phenylene rings is not hindered. This
is reflected by the occurrence of only one signal each for
ortho- and meta-protons (2-H, 3-H) and ortho- and meta-
carbon atoms (C-2, C-3), respectively. The same is true for
in,in-phosphate 10. In the 13C NMR spectrum of in,in-
phosphite 6, however, two signals for the ortho-carbon atoms
(C-2, C-2�) of the para-phenylene ring appear at the same
chemical shift of�119.5 ppm. One of them has a 3JPC coupling
of 8.1 Hz, whereas no such P�C coupling can be observed for
the second one. This is an indication of a hindered rotation of
the para-phenylene rings in this compound.


The NMR spectroscopic properties of compound 12, which
contains two slightly strained heterocyclic rings, have been
extensively investigated. The exact assignment of all proton
and carbon signals have been achieved by COSY, HMBC, and
HSQC measurements. Of special interest thereby is the
magnetic nonequivalence of the protons 2-H/11-H and 3-H/
10-H. Their assignment to the same phenylene ring is proved
by 1H/13C HMBCmeasurement in which correlations for ipso-
carbon C-4 with both C-2 and C-11 and for ipso-carbon C-1
with C-3 and C-10 are observed (Figure 3). The nonequiva-
lence of the two sides of the 1,4-phenylene rings can only be
attributed to a hindered rotation of these groups. Moreover,
10-H gives a NOESY cross peak only with cis-5-Me and not
with trans-5-Me, whereas 3-H shows the corresponding
interaction with trans-5-Me; this demonstrates a fixed relative
position of the two parts of the phenylene rings with respect to
the cis- and trans-Me groups (Figures 3 and 4).


So far this hindered rotation has no chemical consequences.
However, NOESYexperiments reveal that the position of the
central meta-phenylene ring is also fixed. The 7-H protons
exclusively interact with cis-5-Me and not with trans-5-Me


(Figures 3 and 4). Accordingly 9-H shows a NOESY cross
peak only with trans-5-Me (Figure 4).


Even though 9-H also interacts with both 3-H and 10-H,
indicating that 9-H points very deep into the inside of the
cycle, the differentiation between the cis- and trans-side is
again reflected in its cross peak with 2-H, whereas no such is
observed with 11-H. The high-field shift of 9-H to 5.16 ppm is
due to a strong anisotropic effect caused by its position inside
the cyclic system.


The cis and trans positions with respect to the P�OR group
are identified by the interaction of 11-H with 13-H; this leads
to the assignment of 11-H, 10-H, cis-5-Me, 7-H, and 8-H to the
cis side of the heterocycle and 2-H, 3-H, trans-5-Me, and 9-H
to the trans side (Figure 3). Both phosphaheterocycles in the
molecule are identical; this means that the cis,cis-isomer of 12
was isolated.


NOESY spectra of 12, however also reveal that rotation of
the para-phenylene rings is not completely hindered at room
temperature. The spectrum shows weak exchange signals for
10-H/3-H suggesting a slow rotation of the phenylene rings.
This gives rise to a slow interconversion of the conformational
isomers at room temperature.


Experimental Section


General : The melting points were determined on a Boe»tius melting point
apparatus. 1H NMR (TMS internal reference), 13C NMR (TMS internal
reference), and 31P NMR spectra (85% H3PO4 external reference) were
recorded on Bruker AC300 and DRX500 spectrometers. Exact assignment
of 1H and 13C NMR spectra was carried out by two-dimensional NMR
techniques (COSY, 1H/13C correlated HSQC, 1H/13C correlated HMBC,
NOESY) for 5, 6 and 12. The assignment of 1H and 13C NMR spectra for 8,
9, and 10 was done in accordance with those of 12, 5, and 6, respectively.


MALDI-TOF mass spectra were measured on a Kratos Kompact MALDI
II (Shimadzu Europa GmbH, Duisburg, Germany) by using a N2-laser
source (�� 337 nm), a positive polarity, and 20 kV acceleration voltage.
The microanalyses were recorded on a CHN-S analyzer (Carlo Erba).
Solvents were purified by conventional methods.


Reaction of 4 with PCl3 : Diphenol 4 (4.00 g, 11.5 mmol) and TEA (3.00 g,
29.6 mmol) were dissolved in toluene (1.0 L) in a flame-dried 2 L flask
under argon atmosphere (4 is only partly soluble). Under vigorous stirring
PCl3 (1.06 g, 7.7 mmol) was added dropwise by syringe within 10 min. The
solution was stirred for 24 h at 25 �C. The hydrochloride formed was
removed by filtration, and the solvent was evaporated in vacuo to yield a
viscous oil containing a mixture of 5, 6, 7, and 8 in an approximate ratio of
2:1:3:12, and some noncyclic and simple macrocyclic byproducts according
to 31P NMR spectroscopy. Chromatography on silica gel with n-pentane/
toluene (1:1) afforded out,out-macrobicycle 5 (190 mg, 4.5%), in,in-
phosphite 6 (71 mg, 1.7%), and phosphite 8 (755 mg, 18.0%, compound
partly hydrolyzes on the column), as white solids. In,out-phosphite 7 has a
retention time very close to 8 and could therefore only be enriched in minor
amounts together with 8.
Out,out-phosphite 5 : M.p. 128 ± 130 �C; 31P NMR (121.5 MHz, CDCl3): ��
123.2; 1H NMR (500.1 MHz, CDCl3): �� 7.26 ± 7.25 (m, 9H; 7,8-H), 6.91 (d,
3J(H,H)� 8.5 Hz, 12H; 2-H), 6.91 (d, 3J(H,H)� 8.5 Hz, 12H; 3-H), 6.63 (s,
3H; 9-H), 1.58 (s, 36H;Me); 13C NMR (75.5 MHz, CDCl3): �� 149.9 (C-6),
149.3 (d, 2J(P,C)� 2.3 Hz, C-1), 146.0 (C-4), 128.8 (C-9), 127.55 (C-3), 127.5
(C-8), 122.4 (C-7), 119.8 (d, 3J(P,C)� 6.9 Hz, C-2), 42.3 (C-5), 29.7 (5-Me);
MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z : 1094
[M��H]; elemental analysis calcd (%) for C72H72O6P2 (1095.24): C 78.95,
H 6.63; found: C 78.35, H 6.96.
In,in-phosphite 6 : M.p. 222 ± 225 �C; 31P NMR (121.5 MHz, CDCl3): ��
133.0; 1H NMR (300.1 MHz, CDCl3): � 7.26 ± 7.24 (m, 9H; 7,8-H), 6.85 (d,
3J(H,H)� 9.1 Hz, 12H; 3-H), 6.81 (d, 3J(H,H)� 9.0 Hz, 12H; 2-H), 6.4 (s,
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3H; 9-H), 1.52 (s, 36H;Me); 13C NMR (75.5 MHz, CDCl3): �� 149.9 (C-6),
149.3 (C-1), 146.0 (C-4), 129.6 (C-9), 127.8 (C-3), 127.5 (C-8), 122.2 (C-7),
119.5 (d, 3J(P,C)� 8.1 Hz, C-2), 119.5 (s, C-2�), 42.4 (C-5), 30.5 (Me);
MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z : 1095
[M��H]; elemental analysis calcd (%) for C72H72O6P2 (1095.24): C 78.95,
H 6.63; found: C 78.23, H 7.02.


In,out-phosphite 11: 31P NMR (121.5 MHz, CDCl3): �� 131.2 (in), 124.6
(out).


Diphosphite 8 : M.p. 134 ± 137 �C; 31P NMR (121.5 MHz, CDCl3): �� 121.1;
1H NMR (300.1 MHz, CDCl3): �� 7.25 ± 7.05 (m, 20H; 13-H, 2-H, 14-H,


7,8-H, 19-H, 20-H), 6.98 (dd, J(H,H)� 1.7, 8.8 Hz, 2H; 18-H), 6.86 (dd,
J(H,H)� 2.4, 9.4 Hz, 4H; 3-H), 6.76 ± 6.71 (m, 8H; 10-H, 11-H), 5.16 (br s,
2H; 9-H), 1.58 (s, 12H; 16-Me), 1.48 (s, 24H; cis-5-Me, trans-5-Me);
MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z : 1096
[M��H]; elemental analysis calcd (%) for C72H72O6P2 (1095.24): C 78.95,
H 6.63; found: C 78.76. H 6.82.


Reaction of 4 with PCl3 and subsequent oxidation : The reaction between
diphenol 4 and PCl3 was carried out the same way and with the same
amounts as described above. The yellow viscous oil obtained mainly
containing a mixture of phosphites 5 ± 8 was dissolved in toluene (50 mL)
and cumene hydroperoxide (2.4 g, 15.5 mmol, two-fold excess) was added.
The mixture was stirred for 1 h at room temperature. The solvent was
evaporated in vacuo to yield a viscous oil containing a mixture of 9, 10, 11,
and 12, and noncyclic and simple macrocyclic byproducts according to 31P
NMR spectroscopy. Isolation of the products by chromatography on silica
gel with toluene/Et2O (20:1) afforded out,out-macrobicycle 9 (148 mg,
3.4%), in,in-phosphate 10 (56 mg, 1.3%), and phosphate 12 (1.37 g,
31.5%), as white solids. In,out-phosphate 7 was obtained only in a mixture
with 12.


Out,out-phosphate 9 : M.p. 305 ± 306 �C; 31P NMR (121.5 MHz, CDCl3):
���18.6; 1H NMR (300.1 MHz, CDCl3): �� 7.28 ± 7.27 (m, 9H; 7,8-H),
6.96 (d, 3J(H,H)� 9.3 Hz, 12H; 2- or 3H), 6.955 (d, 3J(H,H)� 8.7 Hz, 12H;
3- or 2-H), 6.42 (s, 3H; 9-H), 1.59 (s, 36H; Me); 13C NMR (75.5 MHz,
CDCl3): �� 149.9 (C-6), 148.2 (d, 2J(P,C)� 7.3 Hz, C-1), 147.7 (C-4), 129.1
(C-9), 127.9 (C-3), 127.6 (C-8), 122.4 (C-7), 119.8 (d, 3J(P,C)� 5.3 Hz, C-2),


Figure 4. NOESY interactions in compound 12. Hydrogen atoms are
omitted for clarity. The NOE interaction of the protons is illustrated by
dotted lines between their corresponding positions on the carbon skeleton.


Figure 3. Sections of the 1H/13C HMBC and the NOESY spectra of 12.
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42.6 (C-5), 30.4 (5-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyan-
thracene): m/z : 1128 [M��H], 1150 [M��Na]; elemental analysis calcd
(%) for C72H72O8P2 (1127.24): C 76.71, H 6.44; found: C 76.12, H 6.78.


In,in-phosphate 10 : M.p. 268 ± 270 �C; 31P NMR (121.5 MHz, CDCl3): ��
�16.0; 1H NMR (300.1 MHz, CDCl3): �� 7.27 ± 7.29 (9H; 7,8-H), 7.08 (d,
3J(H,H)� 8.7 Hz, 12H; 2-or 3-H), 6.93 (d, 3J(H,H)� 8.7 Hz, 12H; 2-or
3-H), 6.94 (br s, 3H; 9-H), 1.59 (s, 36H; Me); 13C NMR (75.5 MHz, CDCl3):
�� 149.6 (C-6), 148.2 (d, 2J(P,C)� 6.7 Hz, C-1), 147.3 (C-4), 128.6 (C-9),
127.6 (C-3, C-8), 122.5 (C-7), 119.7 (d, 3J(P,C)� 4.6 Hz, C-2), 42.4 (C-5),
30.3 (5-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z :
1128 [M��H], 1150 [M��Na], 1167 [M��K]; elemental analysis calcd (%)
for C72H72O8P2 (1127.24): C 76.71, H 6.44; found: C 76.18, H 6.76.


In,out-phosphate 11: 31P NMR (121.5 MHz, CDCl3) ���16.7 (in), �18.4
(out).


Diphosphate 12 : M.p. 240 ± 243 �C; 31P NMR (121.5 MHz, CDCl3): ��
�18.5; 1H NMR (500.1 MHz, CDCl3): �� 7.33 (d, 3J(H,H)� 8.2 Hz, 4H;
13-H), 7.30 (dd, J(H,H)� 2.5, 9.0 Hz, 4H; 2-H), 7.25 (d, J(H,H)� 8.7 Hz,
4H; 14-H), 7.25 (m, 6H; 7,8-H), 7.20 (t, J(H,H)� 7.8 Hz, 1H; 19-H), 7.18 (t,
J(H,H)� 1.7 Hz, 1H; 20-H), 7.06 (dd, J(H,H)� 1.9, 7.7 Hz, 2H; 18-H), 6.94
(dd, J(H,H)� 2.2, 8.7 Hz, 4H; 3-H), 6.82 (dd, J(H,H)� 2.0, 8.8 Hz, 4H; 10-
H), 6.78 (dd, J(H,H)� 2.4, 8.7 Hz, 4H; 11-H), 5.16 (br s, 2H; 9-H), 1.67 (s,
12H; 16-Me), 1.59 (s, 12H; cis-5-Me), 1.57 (s, 12H; trans-5-Me); 13C NMR
(75.5 MHz, CDCl3): �� 151.1 (C-6), 149.8 (C-17), 148.3 (C-12), 148.2 (C-1),
148.1 (C-15), 147.0 (C-4), 131.3 (C-9), 128.21, 128.18 (C-10,C-14), 127.7 (C-
19), 127.4 (C-3), 127.0 (C-8), 125.0 (C-20), 124.3 (C-18), 120.9 (C-7), 120.0
(d, 3J(P,C)� 6.2 Hz, C-11), 119.50 (C-2 or C-13), 119.49 (d, 3J(P,C)� 8.3 Hz,
C-2 or C-13), 42.8 (C-16), 42.3 (C-5), 30.8 (16-Me), 29.7 (trans-5-Me), 29.4
(cis-5-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z :
1127 [M��H], 1150 [M��Na]; elemental analysis calcd (%) for C72H72O8P2


(1127.24): C 76.71, H 6.44; found: C 76.42, H 6.58.


X-ray crystal structure analysis of 5 : Formula C72H72O6P2 ¥ CHCl3 ¥ NCCH3,
Mr� 1255.66, colorless crystal 0.70� 0.12� 0.12 mm, a� 14.601(1), b�
14.720(1), c� 17.743(1) ä, �� 106.44(1), �� 104.09(1), �� 104.60(1)�,
V� 3329.7(4) ä3, �calcd� 1.252 gcm�3, 	� 2.39 cm�1, empirical absorption
correction from SORTAV (0.851�T� 0.972), Z� 2, triclinic, space group
P1≈ (No. 2), �� 0.71073 ä, T� 198 K, 
 and � scans, 18925 reflections
collected (�h, �k, � l), [(sin�)/�]� 0.59ä�1, 11713 independent (Rint�
0.040) and 7184 observed reflections [I� 2�(I)], 782 refined parameters,
R� 0.087,wR2� 0.243, max/min residual electron density 0.71/� 1.36 eä�3.
The solvent molecules were disordered, and the acetonitrile was therefore
refined with isotropic thermal parameters; refinement of the chloroform
with split positions did not improve the model. Hydrogen atoms were
calculated and refined as riding atoms.


X-ray crystal structure analysis of 6 : Formula (C72H72O6P2)2 ¥ CHCl3, Mr�
2309.84, colorless crystal 0.35� 0.25� 0.07 mm, a� 23.472(1), b�
13.597(1), c� 39.422(1) ä, �� 90.22(1)�, V� 12581.4(11) ä3, �calcd�
1.219 gcm�3, 	� 1.85 cm�1, no absorption correction (0.938�T� 0.987),
Z� 4, monoclinic, space group P21/c (No. 14), �� 0.71073 ä, T� 198 K, 

and � scans, 27496 reflections collected (�h,�k,� l), [(sin�)/�]� 0.65ä�1,
18429 independent (Rint� 0.045) and 9125 observed reflections [I� 2�(I)],
1568 refined parameters, R� 0.065, wR2� 0.146, max/min residual electron
density 0.55/� 0.32 eä�3. One linking group in molecule A (C27, C28, C29)
was refined with split positions (0.54(1):0.46); the solvent molecule is
heavily disordered, also refined with split positions (0.56(1):0.44), in
addition geometrical restraints were used. Hydrogen atoms were calculated
and refined as riding atoms.


X-ray crystal structure analysis of 12 : Formula C72H72O8P2, Mr� 1127.24,
colorless crystal 0.40� 0.30� 0.03 mm, a� 6.778(1), b� 13.620(1), c�
16.646(1) ä, �� 75.19(1), �� 89.62(1), �� 83.10(1)�, V� 1474.4(3) ä3,
�calcd� 1.270 gcm�3, 	� 1.32 cm�1, no absorption correction (0.949�T�
0.996), Z� 1, triclinic, space group P1≈ (No. 2), �� 0.71073 ä, T� 198 K,

 and � scans, 7976 reflections collected (�h, �k, � l), [(sin�)/�]�
0.59ä�1, 5162 independent (Rint� 0.046) and 3966 observed reflections
[I� 2�(I)], 399 refined parameters, R� 0.093, wR2� 0.193, max/min
residual electron density 0.87/� 0.43 eä�3. Owing to symmetry (inversion
centre) the central phenyl group was disordered and refined with split
positions. Hydrogen atoms were calculated and refined as riding atoms.


Data sets were collected on a Nonius KappaCCD diffractometer, equipped
with a rotating anode generator Nonius FR591. Programs used: data
collection COLLECT (Nonius B.V., 1998), data reduction Denzo-SMN,[21]


absorption correction SORTAV,[22] structure solution SHELXS-97,[23]


structure refinement SHELXL-97,[24] , and graphics ORTEP-3.[25] CCDC
182712 ± 182714 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 Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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Bichromophoric Perylene Derivatives: Energy Transfer from
Non-Fluorescent Chromophores


Heinz Langhals* and Sigrid Saulich[a]


Abstract: The energy of excitation at non-fluorescent chromophores such as
fluorenone and anthraquinone has been trapped by a fast energy transfer to the
highly fluorescent perylene bisimides. To this end, anthraquinone, fluorenone and
anthracene derivatives have been linked to the perylene bisimides by non-
conjugating spacers and fluorescence quantum yield of such assemblies have been
determined as a function of the wavelengths of excitation. Energy transfer in such
assemblies is strongly influenced by the orientation of the two chromophores. This is
of interest for the construction of fluorescence switches.


Keywords: dyes/pigments ¥ energy
transfer ¥ fluorescence ¥ light-
harvesting antennae ¥ perylenes


Introduction


The investigation of energy transfer processes[1] is of general
interest (see for example refs. [2 ± 9]) because of their
importance for light-harvesting in bacteria and higher
plants.[10, 11] Usually processes are studied that proceed
between highly fluorescent energy donor and acceptor
chromophores in order to prevent any loss of energy by
fluorescence quenching; see for example ref. [12 ± 14] On the
other hand, one may ask if it is possible to use even non-
fluorescent energy donors for light harvesting if the energy
transfer to the acceptor is fast enough to compete with
fluorescence quenching.


Results and Discussion


We used perylene-3,4:9,10-tetracarboxylic bisimides (1)[15] as
the acceptor for the study of energy transfer according to


Figure 1 because of their high fluorescence quantum yield[16]


which guarantees the preservation of the energy of excitation.


Figure 1. Energy transfer in bichromophoric dyes.


Fluorenone and anthraquinone were applied as energy
donors. These chromophores exhibit only a weak fluorescence
themselves.[17] Pyrene, anthracene and naphthalene deriva-
tives have been used for comparison.


One nitrogen atom of 1 was used for linking energy donors.
This is an ideal position for this purpose because there are
nodes[18] in the orbitals HOMO and LUMO; this causes an
efficient electronic decoupling of the attached chromophore
and therefore, Fˆrster-type energy transfer through space is
preferred instead of the Dexter-type energy transfer[19, 20]


through bond. A further decoupling was achieved by the
introduction of sp3 hybridized links in spacers and by
arranging the two chromophores orthogonal, respectively.
The other nitrogen atom of 1 was used for the attachment of
solutizing groups such as long-chain sec-alky groups (™swal-
low-tail groups∫);[21, 22] see for example 1a) or tert-butylphenyl
groups.[23]


The distances of the donor chromophores and their
orientation versus 1 were varied. Therefore, they were both
directly linked to the nitrogen atoms and by means of spacers
(see Figure 1). Perylenetetracarboxylic bisimides 1 were used
as one group of starting materials for synthesis. Their partial
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saponification[24] leads to the perylenetetracarboxylic anhy-
dride imides 2. The condensation of 2 with aromatic amines
gave the directly linked bichromophoric dyes 9 (zero spacer)
and with aliphatic amines dyes 10. The condensation of 2 with
4-amino benzylic alcohol led to the dyes 6 with a hydroxy-
benzylic anchor group and the condensation with 4,4�-amino-
hydroxybiphenyl to dyes 5 with hydroxybiphenyl anchor
groups. Finally, dye 7 with the amino anchor group was
obtained by the reaction of 2 with hydrazine;[25] see Scheme 1.


Scheme 1. Preparation of perylene dyes with anchor groups.


The perylene anhydride imide 3 was obtained in a two-step
synthesis from the technical perylene-3,4:9,10-tetracarboxylic
bisanhydride through the easily accessible perylenentetracar-
boxylic anhydride monopotassium salt[24] and its condensation
with ammonia.[26] The bisimides 4 were obtained by a
condensation of 3 with primary amines. The hydroxyethyl
anchor group, dyes 8, was introduced by nucleophilic dis-
placement reaction with 4. Dye 4 was also the starting
material for dyes with methylene spacers because a nucleo-
philic displacement reaction with benzylic bromides proceeds
easily.


The dyes 5, 6 and 8 with a hydroxy anchor group were
linked to the second chromophore by an esterification using
the corresponding carboxylic acid chlorides so that dyes 13, 14
and 16 were obtained (see Scheme 2). The reaction of the
hydroxy derivatives with isocyanates gave the urethanes 12.


The isocyanates and the amino derivative 7 were also the
starting materials for the ureas 11. Finally, the reaction of the
amine 7 with carboxylic chlorides formed the carboxylic
amides 15.


The relative energetic positions of the HOMOs of the
perylenebisimide acceptor chromophore (1) and the donor
chromophore are of central importance for the optical
behaviour of the bichromophoric dyes. The position of the
HOMO of 1 can be estimated to be about �1.6 V by
cyclovoltammetry (oxidation; reduction: �0.54 V).[27] The
attachment of electron deficient chromophores with low-lying
HOMOs to 1 results in a situation according to Figure 2a
which shows that the fluorescence behaviour of the acceptor
chromophore (1) is unaffected by the attached donor
chromophore. The excitation of the donor chromophore
may cause an energy transfer so that the acceptor chromo-
phore exhibits fluorescence, compare ref. [28]. However, if an
electron rich donor chromophore with a high-lying HOMO is
attached to 1 the completely different situation of Figure 2b
will be obtained. An electronic excitation of the acceptor
chromophore or an exitation by an energy transfer causes an
unoccupied electronic position in HOMO that can be filled up
by an electron transfer from the HOMO of the attached donor
chromophore, compare ref. [29]. Thus, the completely filled
HOMO of the acceptor prevents a return of the exited
electron. As a consequence, a quenching of fluorescence
results. Such an electron transfer between the HOMOs
competes with fluorescence and the relative rates between
the two processes determine the over-all fluorescence quan-
tum yield. The rate of the electron transfer depends on the
energetic difference between the two HOMOs and Mar-
cus[30, 31] theory may be a useful approach for a quantitative
description. This concept can also explain the still unresolved
problem[32](W¸rthner and co-worker) that the fluorescence
quantum yield of a perylene bisimide with attached trialkoxy-
phenyl groups is low whereas a substitution of the perylene
nucleus with electron donor groups increases the fluorescence
quantum yield stepwise with the number of such groups; these
groups increase the HOMO of the perylene dye chromophore
so that it is pushed above the HOMO of the substituent.


The comparably electron rich napthalene, anthracene and
pyrene derived bichromophores exhibit low fluorescence
quantum yields. This corresponds to the situation of Fig-
ure 2b. On the other hand, anthraquinone and fluorenone are
sufficiently electron deficient so that the situation of Fig-
ure 2a is obtained if they are linked to the perylene bisimides;
all of these derivatives exhibit high fluorescence quantum
yields if the perylene bisimide chromophore is directly
irradiated, for example at 490 nm. This clearly indicates
additionally that the two linked chromophores are essentially
independent of each other, especially, because no interference
by the non-fluorescent attached chromophores is observed.


The additional absorption of the attached chromophores
can be calculated from the UV/Vis spectra by subtraction of
the spectrum of the basic perylene dye 1a ; the orbital nodes in
HOMO and LUMO of 1 are therefore important because
they isolate the attached chromophores and render the UV/
Vis spectra of the perylene bisimide unit nearly independent
from attached groups. We concentrated on the effects of
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anthraquinone as a donor chro-
mophore because the absorp-
tion of the fluorenone is mainly
below 300 nm and thus causes
more experimental difficulties.
The additional absorption by
the anthraquinone chromo-
phore lies between 300 and
350 nm and it is in this spectral
region about twice as high as
the absorption of the perylene
bisimide.


A plot of the fluorescence
quantum yield as a function of
the wavelengths of excitation is
a useful indicator of the effi-
ciency of energy transfer be-
tween the two chromophores.
One finds high fluorescence
quantum yields, nearly unity,
for the majority of anthraqui-
none containing bichromo-
phores (9 ± 16) if the region of
long wavelength is irradiated
(chromophore of 1) and a sharp
drop is found: for the irradia-Figure 2. Energy and electron transfer in bichromophoric dyes as discussed in the text.


Scheme 2. Bichromophoric perylene dyes.
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tion at about 350 nm; see for example 16a in Figure 3 and 10a
where the spacer is longer and more flexible in Figure 4 (a
rather high level of noise is obtained at about 400 nm because
of the low absorptivity of the dye in this spectral region) or in
9b with a zero spacer; see Figure 5. The constantly high
fluorescence quantum yield in the region of long wavelengths
is an additional indicator for the independency of the two
chromophores. A further proof of this independence is given


Figure 3. UV/Vis absorption spectra (E) of dye 16a (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of
16a as a function of the wavelength of excitation (upper noisy line);
emission at 577 nm.


Figure 4. UV/Vis absorption spectra (E) of dye 10a (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of
10a as a function of the wavelength of excitation (upper noisy line);
emission at 577 nm.


Figure 5. UV/Vis absorption spectra (E) of dye 9b (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of 9b
as a function of the wavelength of excitation (upper noisy line); emission at
577 nm.


by the measurements of fluorescence lifetimes;[33] these are
independent of the attached chromophore and identical with
the monochromophoric dye 1a ; see Table 1. The conclusion is
that the influence of the second chromophore on the
electronic transitions of the perylene bisimide units (1) is
negligible.


The sharp drop of fluorescence quantum yield matches the
additional absorption of the attached anthraquinone. There-
fore, energy transfer cannot compete with fluorescence
deactivation for the majority of anthraquinone derivatives
and this is not dependent on whether the anthraquinone is
directly connected to the imide nitrogen atom of 1 (dyes 9) or
by different spacers (dyes 10 ± 16); see for example 9b in
Figure 4. On the other hand, these drops proceed not to zero,
but to fluorescence quantum yields of about 40%; this
corresponds to the ratio of absorptivities between the linked
anthraquinone and the perylenbisimide chromophore at these
wavelengths. The conclusion is that the excitation of the two
chromophores results in two individual and independent
pathways for the fate of the energy of excitation; the energy
transmitted to the anthraquinone unit will be lost, however, if
energy is transferred to the perylene bisimide it cannot come
to the anthraquinone chromophore and will be emitted as
fluorescent light. This is remarkable because two energetically
similar levels might result in mixing; see the absorption of 12a
in Figure 6 in which the attached chromophore shows an
absorption over a broad spectral region.


Figure 6. UV/Vis absorption spectra (E) of dye 12a (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of
12a as a function of the wavelength of excitation (upper noisy line);
emission at 577 nm.


Table 1. Fluorescence lifetimes of perylene dyes in chloroform.


Dye �exc
[a] [nm] �em


[b] [nm] �[c] [ns]


1a 261 � 520 3.792
300 � 500 3.958
497 � 550 3.937


16b 261 � 520 3.858
300 � 500 3.911
497 � 550 3.901


16 f 261 � 520 3.933
300 � 500 3.911
497 � 550 3.930


[a] Wavelengths of excitation. [b] Spectral region of emission. [c] Time
constant for fluorescence decay (monoexponential).
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The anthraquinone derivative 9a is an exception to this
behaviour because an unaltered high fluorescence quantum
yield is observed even for an excitation between 300 and
350 nm where the anthraquinone unit absorbs light; see
Figure 7. The conclusion is that in 9a a very efficient energy
transfer proceeds from the anthraquinone chromophore to
the perylene bisimide chromophore. This is remarkable
because no such energy transfer proceeds in the position
isomeric dyes 9b. This is certainly a consequence of the
special and rigid orientation of the two chromophores.
Therefore, the orientation of two chromophores is of special
importance for the efficiency of energy transfer, especially for
transfer from chromophores with low fluorescence quantum
yields.


Figure 7. UV/Vis absorption spectra (E) of dye 9a (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of 9a
as a function of the wavelength of excitation (upper noisy line); emission at
577 nm.


Similar effects concerning energy transfer seem to be
important for the naphthalene, anthracene and pyrene
derivatives. The additional absorption of the second chromo-
phore is more pronounced than for the anthraquinone
derivatives, however, the energy transfer processes cannot
be as unequivocally determined as for the anthraquinone
derivatives because of their lower fluorescence quantum
yields. Special effects seem to be important for the anthracene
derivatives 10. There is not only a diminishing of the
fluorescence quantum yield in 10c to less than 40%, but
there is a further drop below 400 nm where the anthracene
unit absorbs light and minima in fluorescence quantum yield


where there are maxima in the absorption of the anthracene
unit; see Figure 8. This indicates that there is not only a
fluorescence quenching by the attached anthracene unit, but
also an independent way for energy loss if the anthracene unit
is optically excited; this is in as far remarkable as many
9-anthracenyl derivatives exhibit strong fluorescence. A
possible explanation for the unusual behaviour of the
anthracenyl derivative is given by the fact that it is appreciably
less photostable than the other perylene derivatives. Many
reaction products are found after irradiation for several days
with sunlight. These products could not be separated; how-
ever, the UV/Vis spectrum of the mixture clearly indicates
that the perylenen bisimide chromophore persists, whereas
the anthracene unit is destroyed.


Figure 8. UV/Vis absorption spectra (E) of dye 10c (thick line) compared
with 1a (thin line) in chloroform and fluorescence quantum yield (�) of
10c as a function of the wavelength of excitation (upper noisy line);
emission at 577 nm.


Conclusion


Chromophores with low fluorescence quantum yields can be
used as light-harvesting systems if their energy of excitation is
fast enough transferred to a highly fluorescent acceptor. Not
only the distance of the donor to the acceptor needs to be
therefore controlled, but also the relative positions of the
HOMO of the two chromophores and the orientation of the
chromophores versus each other. The control of the energy
transfer by the relative orientation of the chromophores is
also important for the construction of energy transfer
switches, see Figure 9; for fluorescence quenching switches


Figure 9. Switch for energy transfer by the orientation of chromophores.
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compare[34, 35] and molecular switches compare ref. [36]. Such
a control can be used for optical computing[37, 38] in which the
transport of electrical energy by wires in conventional
computing is replaced by the oriented transfer of optical
energy; for molecular data processing compare ref. [39].
Arrangements of chromophores with switchable energy
transfer may be also important for FRET-systems (™Fluo-
rescence Resonance Energy Transfer∫) in biochemistry for
the analysis of DNA.


Experimental Section


Spectra : UV/Vis absorption spectra: OMEGA 20 from Bruins. Fluores-
cence spectra and fluorescence quantum yields: Fluorescence Spectrom-
eter 3000 totally corrected according to ref. [28]; the fluorescence quantum
yields were obtained by the integration of the emission from 500 ± 800 nm.
Fluorescence excitation spectra: LS50B from Perking Elmer, totally
corrected according to ref. [28]; the emission at 490 nm has been used as
the reference for fluorescence quantum yields from the integration for the
measurements for the wavelengths dependence of fluorescence quantum
yields.


Extractive recrystallization : The recrystallization of dyes was combined
with an extraction according to ref. [40].


Preparation of N-alkyl-perylene-3,4 :9,10-tetracarboxylic bisimides (4)–
General procedure : Perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-
imide (2.0 g, 5.1 mmol), the corresponding alkylamine (8.13 mmol) and
imidazole (15 g) were stirred under argon (160 �C, 2 h), having cooled to
room temperature and stirred with a mixture of ethanol/2� HCl (100 mL,
30 min). The precipitate was collected by vacuum filtration, treated twice
with boiling aqueous potassium carbonate solution (100 mL, 10%, 30 min),
washed thoroughly with distilled water, dried under air (120 �C, 16 h), and
purified by column separation (silica gel 52X 4 cm) where an orange
forerun was removed with chloroform and the main fraction was obtained
with chloroform/acetic acid 10:1 as a broad orange red band.


N-(1-Hexylheptyl)-perylene-3,4 :9,10-tetracarboxylic diimide (4a): Pery-
lene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide (2.0 g,
5.1 mmol) and 7-aminotridecane (1.62 g, 8.13 mmol) were allowed to react
and purified according to the general procedure (2.16 g, 74%). M.p.
�300 �C; Rf (silica gel/CHCl3/HOAc 10:1)� 0.85; IR (KBr): �� � 3065w,
2956m, 2926m, 2856m, 1696 s, 1660s, 1594s, 1437m, 1403m, 1374w, 1344s,
1273m, 1247w, 1176w, 811w, 743w, 655 cm�1 m; 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.24 (m, 10H; 5CH2), 1.33 (m,
6H; 3CH2), 1.87 (m, 2H; �-CH2), 2.25 (m, 2H; �-CH2), 5.19 (m, 1H; 1CH),
8.60 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene), 8.62 (d, 3J(H,H)� 8.1 Hz,
2H; 2CH perylene), 8.66 (d, 3J(H,H)� 7.9 Hz, 4H; 4CH perylene), 8.83
(br s, 1H; 1NH).


N-(1-Heptyloctyl)-perylene-3,4 :9,10-tetracarboxylic diimide (4b): Pery-
lene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide (2.0 g,
5.1 mmol) and 8-aminopentadecane (1.85 g, 8.13 mmol) were allowed to
react and purified according to the general procedure (2.36 g, 77%). M.p.
�300 �C; Rf (silica gel/CHCl3/HOAc 10:1)� 0.87; IR (KBr): �� �3179w br.
(NH), 3068w, 2956m, 2926m, 2855m, 1697 s, 1658s, 1554s, 1579m, 1435w,
1403m, 1354m, 1344s, 1273m, 1245w, 1177w, 810m, 742w, 655 cm�1 m;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.29 (m,
20H; 10CH2), 1.87 (m, 2H; �-CH2), 2.26 (m, 2H; �-CH2), 5.18 (m, 1H;
1CH), 8.58 (br s, 1H; NH), 8.62 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene),
8.62 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.66 (d, 3J(H,H)� 8.0 Hz,
4H; 4CH perylene).


N-(1-Nonyldecyl)-perylene-3,4 :9,10-tetracarboxylic diimide (4c): Pery-
lene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide (2.0 g,
5.1 mmol) and 10-aminononadecane (2.30 g, 8.13 mmol) were allowed to
react and purified according to the general procedure (1.74 g, 51%). M.p.
�300 �C; Rf (silica gel/CHCl3/HOAc 10:1)� 0.87; IR (KBr): �� � 3179w br.
(NH), 3068w, 2956m, 2925s, 2854s, 1697s, 1660s, 1554s, 1465w, 1457w,
1403m, 1354m, 1344 s, 1273m, 811 s, 655 cm�1 m; 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.27 (m, 28H; 14CH2), 1.88
(m, 2H; �-CH2), 2.26 (m, 2H; �-CH2), 5.18 (m, 1H; 1CH), 8.56 (d,


3J(H,H)� 8.0 Hz, 2H; 2CH perylene), 8.58 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH
perylene), 8.62 (d, 3J(H,H)� 7.9 Hz, 4H; 4CH perylene), 8.72 (s, 1H; NH).


Preparation of N-alkyl-N�-hydroxyethyl-perylene-3,4 :9,10-tetracarboxylic
bisimides (8)–General procedure : N-alkyl-perylene-3,4:9,10-tetracarbox-
ylic bisimides (4) (1.22 mmol), 2-bromoethanol (5.02 g, 40.2 mmol),
anhydrous potassium carbonate (4.67 g, 33.8 mmol) and anhydrous DMF
(40 mL) were stirred at 100 �C for 24 h, added to water, acidified with 1�
HCl, collected by vacuum filtration, washed three times with distilled
water, dried under air, and purified by column separation (silica gel,
chloroform/acetone 15:1, broad red band).


N-(1-Hexylheptyl)-N�-(2-hydroxyethyl)-perylene-3,4 :9,10-tetracarboxylic
diimide (8a): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxylic diimide
(4a) (700 mg, 1.22 mmol) was allowed to react according to the general
procedure to yield the title compound a red dye (510 mg, 68%). M.p.
�300 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.31; IR (KBr) �� �3441 brm
(OH), 2955s, 2928s, 2857 s, 1697 s, 1658s, 1595s, 1579m, 1439w, 1405m,
1342s, 1251w, 1173w, 1055w, 852w, 810s, 746 cm�1 s; 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.24 (m, 16H; 8CH2), 1.88 (m,
2H; �-CH2), 2.25 (m, 2H; �-CH2), 4.81 (t, 3J(H,H)� 5.2 Hz, 2H; 1CH2),
4.04 (br s, 2H; 1CH2), 4.50 (t, 2H; 1CH2), 5.18 (m, 1H; 1CH), 8.56 (d,
3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.58 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH
perylene), 8.66 (d, 3J(H,H)� 7.9 Hz, 4H; 4CH perylene); 13C NMR
(CDCl3): �� 14.05 (2C, CH3), 22.60, 26.93, 29.24, 31.78, 32.41 (10C,
CH2), 42.97 (1C, CH2-NR2), 54.88 (1C, CH), 61.73 (1C, CH2-OH), 122.87,
122.96, 123.27, 126.48, 126.51, 129.51, 131.25, 134.18, 135.04 (20C, CH
perylene), 164.24 (4C, C�O); UV/Vis (CHCl3): �max (�)� 261 (31510), 370
(4120), 435 (4660), 460 (17040), 491 (47980), 528 nm (80200); fluorescence
(CHCl3): �max (Irel)� 542 (1), 576 nm (0.54); MS (70 eV): m/z (%): 617 (13)
[M��H], 616 (30) [M�], 599 (7), 447 (6), 436 (17), 435 (51) [M��C13H26],
434 (42) [M��C13H26�H], 417 (8), 404 (11), 403 (7), 393 (6), 392 (33), 391
(100), 390 (47) [M��C13H26�C2H3OH], 373 (17), 347 (6), 346 (13) [M��
C13H26�CH3OH�CO2], 345 (18); elemental analysis calcd (%) for
C44H42N2O5 (616.8): C 75.95, H 6.54, N 4.54; found: C 75.71, H 6.77, N 4.51.


N-(1-Heptyloctyl)-N�-(2-hydroxyethyl)-perylene-3,4 :9,10-tetracarboxylic
diimide (8b):N-(1-Heptyl-octyl)-perylene-3,4:9,10-tetracarboxylic diimide
(4b, 730 mg, 1.22 mmol) was allowed to react according to the general
procedure. Yield 490 mg (62%), m.p. � 300 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.27; IR (KBr): �� �3439brm (OH), 2926s, 2855s, 1694s,
1658s, 1595 s, 1439w, 1404m, 1342 s, 1251w, 1173w, 810s, 746 cm�1 s;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.28 (m,
20H; 10CH2), 1.89 (m, 2H; �-CH2), 2.25 (m, 2H; �-CH2), 2.44 (br s, 1H;
OH), 4.04 (br s, 2H; 1CH2), 4.48 (t, 3J(H,H)� 5.2 Hz, 2H; 1CH2), 5.17 (m,
1H; 1CH), 8.44 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.47 (d,
3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.57 (d, 3J(H,H)� 7.9 Hz, 4H;
4CH perylene); 13C NMR (CDCl3): �� 14.05 (2C, CH3), 22.61, 27.03, 29.23,
29.52, 31.80, 32.37 (12C, CH2), 42.95 (1C, CH2-NR2), 54.90 (1C, CH), 61.60
(1C, CH2-OH), 122.76, 122.83, 123.13, 126.13, 126.26, 129.32, 129.38, 131.51,
133.97, 134.81 (20C, CH perylene), 164.09 (4C, C�O); MS (70 eV): m/z
(%): 645 (13) [M��H], 644 (29) [M�], 527 (8), 436 (18), 435 (51), 434 (46),
417 (6), 404 (6), 403 (5), 393 (5), 392 (30), 391 (100), 390 (40) [M��
C15H30�C2H3OH], 373 (12), 346 (9) [M��C15H30�C2H3OH�CO2], 345
(11).


N-(1-Nonyldecyl)-N�-(2-hydroxyethyl)-perylene-3,4 :9,10-tetracarboxylic
bisimide (8c): N-(1-Nonyldecyl)-perylene-3,4:9,10-tetracarboxylic bis-
imide (4c, 800 mg, 1.22 mmol) was allowed to react according to the
general procedure (600 mg, 70%). M.p. �300 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.20; IR (KBr): �� �3450 brm (OH), 2925 s, 2854s, 1697s,
1653s, 1595 s, 1579m, 1457w, 1405m, 1343 s, 1254w, 1171w, 1061w, 810s,
746 cm�1 s; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.81 (t, 6H;
2CH3), 1.23 (m, 28H; 14CH2), 1.87 (m, 2H; �-CH2), 2.24 (m, 2H; �-CH2),
2.38 (br s, 1H; OH), 4.02 (t, 3J(H,H)� 5.0 Hz, 2H; 1CH2), 4.47 (t,
3J(H,H)� 4.9 Hz, 2H; 1CH2), 5.15 (m, 1H; 1CH), 8.45 (d, 3J(H,H)�
8.0 Hz, 2H; 2CH perylene), 8.48 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene),
8.57 (d, 3J(H,H)� 8.0 Hz, 4H; 4CH perylene); 13C NMR (CDCl3): ��
14.08 (2C, CH3), 22.64, 27.01, 29.27, 29.55, 31.86, 32.36 (16C, CH2), 43.23
(1C, CH2-NR2), 54.88 (1C, CH), 61.63 (1C, CH2-OH), 122.77, 122.85,
123.16, 126.48, 126.51, 129.35, 131.54, 134.01, 134.85 (20C, CH Perylen),
164.13 (4C, C�O); UV (CHCl3): �max(�)� 261 (28470), 370 (2170), 433 sh
(3340), 460 (15720), 491 (45970), 528 nm (77640); fluorescence (CHCl3):
�max (Irel)� 536 (1.00), 579 (0.53), 626 nm (0.12); fluorescence quantum
yield (�exc� 490 nm, E490 nm� 0.0251/1 cm, CHCl3, reference 1a with
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�� 1.00)� 0.97; MS (70 eV): m/z (%): 701 (23) [M��H], 700 (43) [M�],
683 (10) [M��OH], 447 (5), 436 (28), 435 (80) [M��C19H37], 434 (64)
[M��C19H37�H], 417 (6), 404 (9), 403 (6), 393 (6), 392 (31), 391 (88), 390
(46) [M��C19H37�C2H3OH], 373 (6), 346 (5) [M��C19H37�C2H3OH�
CO2], 345 (6); elemental analysis calcd (%) for C45H52N2O5 (700.4): C 77.11,
H 7.48, N 4.00; found: C 76.67, H 7.37, N 3.82.


N-(3,5-Di-tert-butylphenyl)-N�-(2-hydroxyethyl)-perylene-3,4 :9,10-tetra-
carboxylic bisimide (8d): N-(3,5-Di-tert-butylphenyl)-perylene-3,4:9,10-
tetracarboxylic bisimide (4d, 800 mg, 1.2 mmol) was allowed to react
according to the general procedure (600 mg, 70%). M.p. �300 �C; Rf (silica
gel, CHCl3/acetone 15:1)� 0.20; IR (KBr): �� �3441brm (OH), 2963m,
1700s, 1663s, 1595s, 1579m, 1506w, 1437m, 1404m, 1358 s, 1345s, 1252m,
1174w, 1064w, 825w, 811m, 748m, 651 cm�1 m; MS (70 eV): m/z (%): 623
(3) [M��H], 622 (6) [M�], 610 (2), 609 (6), 608 (2), 607 (5) [M��CH3],
605 (2) [M��OH], 567 (9), 566 (40), 565 (100) [M��C(CH3)3], 563 (2),
551 (3), 550 (4), 549 (8), 535 (2), 522 (4), 521 (7) [M��C(CH3)3�
C2H3OH], 505 (3).


N-(1-Hexylheptyl)-N�-(4-hydroxymethyl-phenyl)-perylene-3,4 :9,10-tetra-
carboxylic bisimide (6a): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracar-
boxylic-3,4-carboximide-9,10-anhydride (2a, 1.03 g, 1.79 mmol), 4-amino-
benzylalcohol (300 mg, 2.43 mmol), zinc acetate dihydrate (100 mg,
0.46 mmol) and imidazole (10 g) were stirred at 160 �C for 2 h, cooled to
room temperature, treated with a small amount of ethanol, acidified with
HCl (2�), stirred for 30 min, collected by vacuum filtration, treated two
times with boiling potassium carbonate solution (100 mL, 10%, 15 min),
collected by vacuum filtration, thoroughly washed with distilled water,
dried in air (120 �C, 16 h), purified two times by column separation (silica
gel, chloroform/ethanol 20:1 and chloroform/acetone 15:1) to yield a red
powder (170 mg, 14%). M.p. �350 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.18; IR (KBr): �� �3448 brm (OH), 3075w, 2954s, 2928s, 2856s,
1698s, 1658s, 1594s, 1579m, 1512w, 1458w, 1434m, 1405s, 1344s, 1255s,
1200w, 1177m, 852w, 811 s, 793w, 746 cm�1 s; 1H NMR (400 MHz, CDCl3,
25 �C, TMS): �� 0.81 (t, 6H; 2CH3), 1.26 (m, 16H; 8CH2), 1.86 (m, 2H; �-
CH2), 2.23 (m, 2H; �-CH2), 4.81 (s, 2H; 1CH2), 5.17 (m, 1H; 1CH), 7.34 (d,
3J(H,H)� 8.2 Hz, 2H; 2CH phenyl), 7.58 (d, 3J(H,H)� 8.2 Hz, 2H; 2CH
phenyl), 8.65 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.67 (d, 3J(H,H)�
8.1 Hz, 2H; 2CH perylene), 8.73 (d, 3J(H,H)� 8.1 Hz, 4H; 4CH perylene);
13C NMR (CDCl3): �� 14.01 (2C, CH3), 22.55, 26.91, 29.18, 31.73, 32.36
(10C, CH2), 54.82 (1C, CH), 64.94 (1C, CH2-OH), 123.07, 123.25, 123.34,
124.41, 126.33, 126.75, 127.87, 128.63, 129.57, 129.89, 131.90, 133.91, 134.38,
135.23, 139.11, 141.67, 148.25 (26C, CH perylene, CH phenyl), 164.2 (4C,
C�O); UV (CHCl3): �max (�)� 261 (36960), 369 (3420), 435 (3780), 459
(17290), 491 (50620), 527 nm ((85250); fluorescence (CHCl3): �max (Irel)�
535 (1.00), 577 (0.52), 625 nm (0.12); fluorescence quantum yield (�exc�
490 nm, E490 nm� 0.0311/1 cm, CHCl3, reference 1a with �� 1.00)� 1.01;
MS (70 eV): m/z (%): 679 (10) [M��H], 678 (21) [M�], 560 (9), 498 (23),
497 (70), 496 (100) [M��C13H26], 495 (19), 467 (14), 390 (18) [M��
C13H26�C7H5OH], 373 (20), 345 (7); elemental analysis calcd (%) for
C44H42N2O5 (678.8): C 77.85, H 6.24, N 4.13; found: C 77.60, H 6.27, N 4.16.


N-(1-Hexylheptyl)-N�-(4-(4�-hydroxybiphenyl))-perylene-3,4 :9,10-tetracar-
boxylic bisimide (5a): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxyl-
ic-3,4-carboximide-9,10-anhydride (2a, 300 mg, 0.52 mmol), 4-aminobi-
phenyl-4-ol (100 mg, 0.54 mmol), zinc acetate dihydrate (100 mg,
0.46 mmol) and imidazole (3.5 g) were stirred at 140 �C for 2 h, cooled to
room temperature, treated with a small amount of ethanol, acidified with
HCl (2�), stirred for 30 min, collected by vacuum filtration, treated two
times with boiling potassium carbonate solution (100 mL, 10%, 15 min),
collected by vacuum filtration, thoroughly washed with distilled water,
dried in air (120 �C, 16 h), purified two times by column separation (silica
gel, chloroform/ethanol 20:1 and chloroform/acetone 15:1) to yield a red
powder (240 mg, 62%). M.p. �350 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.45; IR (KBr): �� �3420 (brm, OH), 3070w, 2954s, 2927s, 2856s,
1698s, 1658s, 1594 s, 1579 s, 1502m, 1434m, 1405m, 1343s, 1255s, 1193w,
1175m, 850m, 825m, 811s, 746 cm�1 s; 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 0.80 (t, 6H; 2CH3), 1.24 (m 16H; 8CH2), 1.85 (m, 2H; �-CH2),
2.24 (m, 2H; �-CH2), 4.83 (s, 1H; 1 OH), 5.16 (m, 1H; 1CH), 6.90 (d,
3J(H,H)� 8.6 Hz, 2H; 2CH biphenyl), 7.36 (d, 3J(H,H)� 8.6 Hz, 2H; 2CH
biphenyl), 7.51 (d, 3J(H,H)� 8.6 Hz, 2H; 2CH biphenyl), 7.68 (d,
3J(H,H)� 8.6 Hz, 2H; 2CH biphenyl), 8.68 (d, 3J(H,H)� 8.1 Hz, 4H;
4CH perylene), 8.76 (d, 3J(H,H)� 8.1 Hz, 4H; 4CH perylene); 13C NMR
(CDCl3): �� 13.98 (2C, CH3), 22.54, 26.90, 29.17, 31.72, 32.37 (10C, CH2),


54.82 (1C, CH), 115.71, 123.08, 123.25, 123.33, 126.51, 127.78, 128.63, 128.79,
129.60, 129.93, 131.93, 134.37, 135.25, 141.46 (32C, CH perylene, CH
biphenyl), 163.69 (4C, C�O); UV (CHCl3): �max (�)� 261 (55520), 279 sh
(23510), 351 (4640), 369 (5190), 431 sh (6350), 459 (20480), 490 (55320),
527 nm (91630); fluorescence (CHCl3): �max (Irel)� 535 (1.00), 575 (0.55),
629 nm (0.14); MS (70 eV):m/z (%): 741 (13) [M��H], 740 (25) [M�], 560
(23), 559 (75), 558 (100) [M��C13H26], 557 (10), 373 (21); elemental
analysis calcd (%) for C49H44N2O5 (740.9): C 79.44, H 5.99, N 3.78; found: C
79.20, H 6.11, N 4.02.


Fluorene-9-one-1-carboxylic chloride : Fluorenone-1-carboxylic acid
(1.00 g, 4.46 mmol), thionyl chloride (5.0 mL, 69 mmol) an one drop of
pyridine were heated under reflux with the exclusion of moisture for
30 min. Subsequently, thionyl chloride was removed in vacuo, anhydrous
toluene (1 mL) was added as an entrainer and then removed in vacuo. The
residue was recrystallized from anhydrous toluene and dried over
phosphorous pentaoxide and paraffin to yield the title compound
(460 mg, 43%) as a yellow solid. IR (KBr): �� �1775w (COCl), 1715s,
1675w, 1607s, 1468m, 1415m, 1297w, 1139m, 932m, 735 s, 687 cm�1 w.


Fluorene-9-one-2-carboxylic chloride : Fluorenone-2-carboxylic acid
(1.00 g, 4.46 mmol) was allowed to react according to fluorene-9-one-1-
carboxylic chloride to yield the title compound (690 mg, 64%). M.p. 174 ±
175 �C; IR (KBr): �� �1749 s (COCl), 1734s, 1717s, 1616 s, 1602m, 1581w,
1427w, 1216m, 1204w, 1183s, 1105s, 979m, 882m, 848m, 774s, 768 s, 741s,
667s, 647 cm�1 s.


Anthraquinone-2-carboxylic chloride : Anthraquinone-2-carboxylic acid
(1.00 g, 3.96 mmol) was allowed to react according to fluorene-9-one-1-
carboxylic chloride to yield the title compound (690 mg, 63%). IR (KBr): ��
�1743s (COCl), 1672s (C�O), 1589 s, 1296s, 1206s, 881m, 712m,
682 cm�l s.


Fluore-9-one-2-isocyanate : Fluorene-9-one-2-carboxylic chloride (600 mg,
2.48 mmol) was dissolved in anhydrous toluene (20 mL). The solution was
added to a suspension of sodium azide (320 mg, 5.00 mmol) in dry toluene,
heated under reflux for 20 h, filtrated and evaporated in vacuo to yield the
title compound as a yellow solid (440 mg, 81%). IR (nujol): �� �2279s
(NCO), 1724 s, 1603s, 1587w, 1516w, 1424w, 1295m, 1287m, 1264m,
1192m, 837s, 763s, 735 s, 572 cm�1 s.


Anthraquinone-2-isocyanate : Anthraquinone-2-carboxylic chloride
(610 mg, 2.5 mmol) was allowed to react according to fluore-9-one-2-
isocyanate to yield the title compound as a yellow solid (590 mg, 95%). IR
(nujol): �� �2283br s (NCO), 1680s, 1669w, 1589m, 1577w, 1326m, 1297m,
1175w, 718w, 710 cm�1 m.


9-Bromomethyl-anthracene : 9-Hydroxymethyl-anthracene (500 mg,
2.4 mmol) was suspended in anhydrous toluene (10 mL), heated to 80 �C
for 2 h after having added phosphoric tribromide (0.3 mL, 3.2 mmol),
having cooled to room temperature, shaken with aqueous NaHCO3


(20 mL, 5%), dried (CaCl2) and evaporated to yield the title compound
as a (90 mg, 14%). IR (KBr): �� �3053w, 1623m, 1449m, 1198s, 1156w,
1055w, 957w, 883m, 844w, 787m, 730s, 692w, 601w, 550m, 489 cm�1 w; MS
(70 eV):m/z (%): 273 (1) [M��H], 272 (8) [M�], 271 (2) [M��H], 270 (8)
[M�], 192 (9) [M��H�Br], 191 (100) [M��Br], 190 (15) [M��H�Br],
189 (52) [M��Br], 165 (7), 163 (2), 163 (5), 96 (13), 95 (16),83 (9), 82 (3).


Preparation of bichromophoric dyes by esterification; general procedure :
N-(sec-Alkyl)-N�-(2-hydroxyethyl)-perylene-3,4:9,10-tetracarboxylic bisi-
mide (0.49 mmol) in anhydrous pyridine (10 mL) and the corresponding
carboxylic chloride (0.83 mmol) were stirred (room temperature, drying
tube, 24 h). Ice water was added and the solution was briefly treated with
1� HCl, collected by vacuum filtration, washed with distilled water and
dried in air (120 �C, 16 h). The reaction product was further purified by
column separation.


N-(1-Hexylheptyl)-N�-(2-ethyloxycarbonyl-2�-anthraquinonyl)-perylene-
3,4 :9,10-tetracarboxylix bisimide (16a): N-(1-Hexylheptyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8a) (200 mg,
0.32 mmol) and anthraquinone-2-carboxylic chloride (180 mg, 0.67 mmol)
were allowed to react according to the general procedure and purified by
two column separations (silica gel, chloroform/acetone 15:1 and chloro-
form; broad, red band) to yield a bright red powder (100 mg, 37%). M.p.
280 ± 282 �C; Rf (silica gel/CHCl3)� 0.07, Rf (silica gel, CHCl3/acetone
15:1)� 0.69; IR (KBr): �� �3070w, 2954m, 2927m, 2856m, 1730m, 1697s,
1678m, 1658s, 1594s, 1437m, 1405s, 1342s, 1295w, 1268s, 1245s, 1173w,
1110w, 811s, 746s, 708 cm�1 s; 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
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�� 0.83 (t, 6H; 2CH3), 1.31 (m, 16H; 8CH2), 1.89 (m, 2H; �-CH2), 2.23 (m,
2H; �-CH2), 4.71 (t, 3J(H,H)� 5.0 Hz, 2H; CH2-OR), 4.82 (t, 3J(H,H)�
5.3 Hz, 2H; CH2-NR�2), 5.18 (m, 1H; 1CH), 7.77 (m, 2H; 5-H and 8-H
anthraquinone), 8.26 (t, 3J(H,H)� 4.9 Hz, 2H; 6-H and 7-H anthraqui-
none), 8.31 (d, 3J(H,H)� 7.9 Hz, 1H; 3-H anthraquinone), 8.39 (dd,
3J(H,H)� 8.0 Hz, 4J(H,H)� 1.6 Hz, 1H; 2-H anthraquinon), 8.52 (d,
3J(H,H)� 7.8 Hz, 2H; 2CH perylene), 8.54 (d, 3J(H,H)� 7.9 Hz, 2H;
2CH perylene), 8.64 (d, 3J(H,H)� 7.8 Hz, 4H; 4CH perylene), 8.84 (d,
4J(H,H)� 1.5 Hz, 1H; 1-H anthraquinone); COSY NMR: cross-peaks at
�� (7.77, 8.26), (8.31, 8.39), (8.39, 8.84); 13C NMR (CDCl3): �� 14.08 (2C,
CH3), 22.63, 27.05, 29.09, 31.82, 32.41 (10C, CH2), 39.36 (1C, CH2-NR�2),
54.93 (1C, CH), 63.46 (1C, CH2-OR), 122.46, 122.83, 122.92, 125.65, 125.79,
127.18, 127.22, 127.42, 128.39, 128.97, 129.14, 131.04, 132.95, 133.17, 133.66,
134.25, 134.39, 134.76, 135.12, 135.72 (32C, CH perylene, CH anthraqui-
none), 163.22, 164.88 (5C, C�O perylene and ester), 182.00 (1C, C�O
fluorenone); UV/Vis (CHCl3): �max (�)� 260 (80850), 275 (20990), 325
(9090), 370 (4160), 433 sh (5020), 459 (18050), 490 (50520), 527 nm
(84880); fluorescence (CHCl3): �max (Irel)� 535 (1.00), 577 (0.52), 626 nm
(0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0356/1 cm,
CHCl3, reference 1a with �� 1.00)� 1.00; MS (70 eV): m/z (%): 851 (4)
[M��H], 850 (7) [M�], 669 (12), 668 (24) [M��C13H26], 433 (11), 418 (7),
417 (12), 391 (5), 390 (11) [M��C13H26�C17H10O4], 373 (4), 345 (3), 253
(16), 252 (100), 236 (13), 235 (24), 224 (29); elemental analysis calcd (%)
for C54H46N2O8 (850.3): C 76.21, H 5.45, N 3.29; found: C 76.11, H 5.45, N
3.20.


N-(1-Heptyloctyl)-N�-(2-ethyloxycarbonyl-2�-anthraquinonyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (16b): N-(1-Heptyloctyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8b, 260 mg, 0.40 mmol)
and anthraquinone-2-carboxylic chloride (200 mg, 0.74 mmol) were al-
lowed to react according to the general procedure and purified by two
column separations (silica gel, chloroform/acetone 15:1 and chloroform;
broad, red band) to yield a bright red powder (320 mg, 91%). M.p. 274 ±
277 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.72, Rf (silica gel/CHCl3)�
0.11; IR (KBr): �� �2926m, 2855m, 1728m, 1697s, 1678m, 1658s, 1595s,
1579m, 1437m, 1405 s, 1343s, 1295w, 1268m, 1246m, 1173w, 1110w, 811s,
746s, 707 cm�1 s; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t, 6H;
2CH3), 1.30 (m, 20H; 10CH2), 1.91 (m, 2H; �-CH2), 2.23 (m, 2H; �-CH2),
4.71 (t, 3J(H,H)� 5.0 Hz, 2H; CH2-OR), 4.83 (t, 3J(H,H)� 4.7 Hz, 2H;
CH2-NR�2), 5.17 (m, 1H; 1CH), 7.75 (m, 2H; 5-H and 8-H anthraquinone),
8.24 (t, 3J(H,H)� 5.7 Hz, 2H; 6-H and 7-H anthraquinone), 8.28 (d,
3J(H,H)� 7.9 Hz, 1H; 3-H anthraquinone), 8.39 (dd, 3J(H,H)� 8.1 Hz,
4J(H,H)� 1.7 Hz, 1H; 2-H anthraquinone), 8.47 (d, 3J(H,H)� 8.1 Hz, 2H;
2CH perylene), 8.50 (d, 3J(H,H)� 8.4 Hz, 2H; 2CH perylene), 8.60 (d,
3J(H,H)� 7.8 Hz, 4H; 4CH perylene), 8.81 (d, 4J(H,H)� 1.3 Hz, 1H; 1-H
anthraquinone); COSY NMR: cross-peaks at �� (7.75, 8.24), (8.28, 8.39),
(8.39, 8.81); 13C NMR (CDCl3): �� 14.04 (2C, CH3), 22.60, 27.04, 29.22,
29.52, 31.80, 32.37 (12C, CH2), 39.24, (1C, CH2-NR2�), 54.86 (1C, CH),
63.36 (1C, CH2-OR), 122.67, 122.98, 123.03, 126.00, 126.19, 127.26, 127.28,
127.45, 128.61, 129.28, 129.32, 131.40, 133.15, 133.21, 133.34, 133.97, 134.28,
134.38, 134.65, 134.69, 135.12, 135.88 (32C, CH perylene, CH anthraqui-
none), 163.39, 164.91 (C�O, 5C perylene and ester), 182.06, 182.25 (C�O,
2C anthraquinone); UV (CHCl3): �max (�)� 260 (84720), 275 (31020), 325
(9680), 371 (4360), 433 sh (5140), 459 (17970). 490 (49750), 527 nm
(83420); fluorescence (CHCl3): �max (Irel)� 535 (1.00), 577 (0.52), 625 nm
(0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0311/1 cm,
CHCl3, reference 1a with �� 1.00)� 0.95; MS (70 eV): m/z (%): 879 (5)
[M��H], 878 (9) [M�], 669 (10), 668 (22) [M��C15H30], 433 (12), 418 (10),
417 (16), 391 (7), 390 (16) [M��C15H30�C17H10O4], 373 (7), 345 (4), 253
(17), 252 (100), 236 (16), 235 (18), 224 (36); elemental analysis calcd (%)
for C56H50N2O8 (879.0): C 76.52, H 5.73, N 3.19; found: C 76.23, H 5.71, N
3.28.


N-(1-Hexylheptyl)-N�-(2-ethyloxycarbonyl-1-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (16c): N-(1-Hexylheptyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8a) (100 mg,
0.16 mmol) and fluorene-9-one-1-carboxylic chloride (80 mg, 0.33 mmol)
were allowed to react according to the general procedure and purified by
column separation (silica gel, chloroform/acetone 15:1), extraction with
cyclohexane and extractive recrystallization from toluene to yield a red
powder with solid-state fluorescence (90 mg, 68%). M.p. 276 ± 278 �C; Rf


(silica gel, CHCl3/acetone 15:1)� 0.46; IR (KBr): �� �3070brw, 2955m,
2926m, 2856m, 1720w, 1697s, 1658s, 1595s, 1438w, 1405m, 1343s, 1300w,


1282w, 1253w, 1191w, 1176w, 1139w, 811s, 747 cm�1 s; 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.30 (m, 16H; 8CH2), 1.88 (m,
2H; �-CH2), 2.25 (m, 2H; �-CH2), 4.70 (t, 3J(H,H)� 5.3 Hz, 2H; CH2-
OR), 4.80 (t, 3J(H,H)� 5.3 Hz, 2H; CH2-NR�2), 5.19 (m, 1H; 1CH), 6.95
(d, 3J(H,H)� 7.3 Hz, 1H; 5-H fluorenone), 6.98 (t, 3J(H,H)� 7.3 Hz, 1H;
6-H fluorenone), 7.36 (dt, 3J(H,H)� 7.3 Hz, 4J(H,H)� 1.6 Hz, 1H; 7-H
f1uorenone), 7.44 (d, 3J(H,H)� 7.5 Hz, 1H; 8-H f1uorenone), 7.51 (d,
3J(H,H)� 7.9 Hz, 1H; 2-H or 4-H f1uorenone), 7.52 (d, 3J(H,H)� 7.7 Hz,
1H; 2-H or 4-H fluorenone), 7.57 (dd, 3J(H,H)� 8.4 Hz, 3J(H,H)� 8.6 Hz,
1H; 3-H f1uorenone), 8.56 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.60
(d, 3J(H,H)� 8.1 Hz, 4H; 4CH perylene), 8.63 (d, 3J(H,H)� 8.1 Hz, 2H;
2CH perylene), 8.67 (br s, 2H; 1CH perylene); COSY NMR: cross-peaks
at �� (6.98, 7.36), (7.36, 7.44), (7.52, 7.57); 13C NMR (CDCl3): �� 14.01 (2C,
CH3), 22.56, 26.93, 29.20, 31.74, 32.37 (10C, CH2), 39.00 (1C, CH2-NR�2),
54.80 (1C, CH), 63.08 (1C, CH2-OR), 120.10, 122.28, 122.92, 123.02, 123.30,
124.08, 126.31, 126.45, 128.86, 129.10, 129.52, 129.57, 130.72, 131.21, 131.37,
133.37, 134.21, 134.52, 143.05, 144.82 (32C, Ar), 163.52, 166.73 (5C, C�O
perylene and ester), 190.66 (1C, C�O f1uorenone); UV (CHCl3): �max (�)�
261 (85160), 370 (4800), 433 sh (5010), 459 (17340), 490 (48130), 527 nm
(80410); fluorescence (CHCl3): �max (Irel)� 534 (1.00), 577 nm (0.52), 625
(0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0311/1 cm,
CHCl3, reference 1a with �� 1.00)� 0.93; Solid-state fluorescence: �max�
618 nm br.; MS (70 eV):m/z (%): 823 (1), 822 (3) [M�], 642 (1), 641 (3), 640
(2) [M��C13H26], 391 (1), 390 (2) [M��C13H26�C16H11O3], 224 (28)
[C14H8O3


�], 208 (4), 207 (2) [C14H7O2
�], 181 (18), 180 (100), 179 (1), 152


(30), 151 (20), 150 (13); elemental analysis calcd (%) for C53H46N2O7


(823.0): C 77.35, H 5.63, N 3.40; found: C 77.20, H 5.53, N 3.40.


N-(1-Hexylheptyl)-N�-(2-ethyloxycarbonyl-2-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (16d): N-(1-Hexylheptyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8a) (300 mg,
0.49 mmol) and fluorene-9-one-2-carboxylic chloride (200 mg, 0.83 mmol)
were allowed to react according to the general procedure and purified by
column separation (silica gel, chloroform/acetone 15:1 to yield a red
powder (100 mg, 24%). M.p. 275 ± 277 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.50; IR (KBr): �� �3070w), 2956m, 2927m, 2857m, 1720m, 1697s,
1658s, 1618w, 1595s, 1579w, 1458w, 1439w, 1405m, 1343s, 1286w, 1253s,
1184w, 1112w, 811 s, 746 s, 668 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 0.84 (t, 6H; 2CH3), 1.31 (m, 16H; 8CH2), 1.88 (m, 2H; �-CH2),
2.25 (m, 2H; �-CH2), 4.66 (s, 2H; CH2-OR), 4.77 (s, 2H; CH2-NR�2), 5.16
(m, 1H; 1CH), 7.36 (t, 3J(H,H)� 7.4 Hz, 1H; 7-H fluorenone), 7.53 (t,
3J(H,H)� 7.4 Hz, 1H; 6-H fluorenone), 7.55 (m, 2H; 5-H and 4-H
fluorenone), 7.69 (d, 3J(H,H)� 7.4 Hz, 1H; 8-H fluorenone), 8.17 (dd,
3J(H,H)� 7.6 Hz, 4J(H,H)� 1.5 Hz, 1H; 3-H fluorenone), 8.20 (s, 1H; 1-H
fluorenone), 8.63 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.64 (d,
3J(H,H)� 8.1 Hz, 4H; 4CH perylene), 8.73 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH
perylene); 13C NMR (CDCl3): �� 14.16 (2C, CH3), 22.70, 27.22, 29.35,
31.89, 32.40 (10C, CH2), 39.36 (1C, CH2-NR�2), 54.88 (1C, CH), 62.82 (1C,
CH2-OR), 119.59, 120.54, 121.98, 122.40, 122.75, 124.35, 124.90, 128.27,
128.63, 130.04, 130.43, 131.00, 133.01, 133.28, 133.66, 134.11, 134.53, 136.23,
142.76, 147.75 (32C, Ar), 162.84, 165.24 (5C, C�O perylene and ester),
192.28 (1C, C�O fluorenone); UV (CHCl3): �max (�)� 261 (83690), 271
(80840), 299 (9240), 315 (6760), 370 (4910), 434 sh (5200), 456 (18000), 490
(49850), 527 nm (83800); fluorescence (CHCl3): �max (Irel)� 535 (1), 577
(0.52), 625 nm (0.12); MS (70 eV):m/z (%): 823 (8), 822 (14) [M�], 805 (8),
642 (7), 641 (25), 640 (52) [M��C13H26], 616 (5), 615 (12) [M��C14H7O2],
598 (12) [M��C14H8O3], 435 (8), 434 (10), 433 (28), 418 (16), 417 (33), 416
(12), 415 (10), 391 (15), 390 (32) [M��C13H26�C16H11O3], 373 (15), 345
(10), 224 (29) [C14H8O3


�], 208 (61), 207 (100) [C14H7O2
�], 179 (24)


[C13H7O�], 151 (23) [C12H7
�]; elemental analysis calcd (%) for C53H46N2O7


(823.0): C 77.35, H 5.63, N 3.40; found: C 76.87, H 5.89, N 3.50.


N-(1-Heptyloctyl)-N�-(2-ethyloxycarbonyl-2-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (16e): N-(1-Heptyloctyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8b, 280 mg, 0.43 mmol)
and fluorene-9-one-2-carboxylic chloride (210 mg, 0.87 mmol) were al-
lowed to react according to the general procedure and purified by two
column separations (silica gel, chloroform/acetone 15:1 and chloroform;
violet band) to yield a red powder (200 mg, 55%). M.p. 265 ± 267 �C; Rf


(silica gel, CHCl3/acetone 15:1)� 0.61, Rf (silica gel/CHCl3)� 0.17; IR
(KBr): �� �3070w, 2956m, 2927m, 2855m, 1718 s, 1697s, 1658 s, 1595s,
1457w, 1437w, 1405m, 1343s, 1286w, 1252 s, 1111w, 810s, 746 cm�1 s;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.27 (m,
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20H; 10CH2), 1.87 (m, 2H; �-CH2), 2.24 (m, 2H; �-CH2), 4.71 (t, 2H; CH2-
OR), 4.73 (br s, 2H; CH2-NR�2), 5.18 (m, 1H; 1CH), 7.35 (t, 3J(H,H)�
7.5 Hz, 1H; 7-H fluorenone), 7.51 (t, 3J(H,H)� 7.3 Hz, 1H; 6-H fluore-
none), 7.55 (m, 2H; 5-H and 4-H fluorenone), 7.67 (d, 3J(H,H)� 7.5 Hz,
1H; 8-H fluorenone), 8.19 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.5 Hz, 1H;
3-H fluorenone), 8.20 (s, 1H; 1-H fluorenone), 8.58 (d, 3J(H,H)� 7.2 Hz,
4H; 4CH perylene), 8.70 (d, 3J(H,H)� 8.1 Hz, 4H; 4CH perylene);
13C NMR(CDCl3): �� 14.10 (2C, CH3), 22.67, 27.17, 29.30, 29.59, 31.88,
32.39 (12C, CH2), 39.30 (1C, CH2-NR�2), 54.87 (1C, CH), 62.84 (1C, CH2-
OR), 119.80, 120.74, 122.34, 122.71, 122.98, 124.42, 125.12, 125.43, 128.74,
128.96, 130.07, 130.36, 131.04, 133.48, 133.85, 134.35, 134.65, 134.78, 136.33,
142.97, 147.97 (32C, aryl), 163.12, 165.33 (5C, C�O perylene and ester),
192.40 (1C, C�O fluorenone); UV (CHCl3): �max (�)� 261 (83670), 271
(80840), 299 (9150), 369 (4960), 433 sh (5390), 459 (18020), 490 (49200),
527 nm (82080); fluorescence (CHCl3): �max (Irel)� 533 (1.00), 577 (0.52),
624 nm (0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0311/
1 cm, CHCl3, reference 1a with �� 1.00)� 0.96; MS (70 eV):m/z (%): 851
(18), 850 (33) [M�], 834 (10), 833 (17), 643 (25) [M��C14H7O2], 642 (12),
641 (48), 640 (100) [M��C15H3O], 627 (10), 626 (20) [M��C14H8O3], 435
(11), 434 (12), 433 (35), 418 (20), 417 (40), 416 (15), 415 (11), 391 (14), 390
(34) [M��C15H3O�C16H11O3], 373 (15), 345 (10), 224 (9) [C14H8O3


�], 208
(59), 207 (87) [C14H8O2


�], 180 (17), 179 (16), 151 (14) [C12H7
�]; elemental


analysis calcd (%) for C55H50N2O7 (851.0): C 77.63, H 5.92, N 3.29; found: C
77.68, H 6.03, N 3.20.


N-(1-Hexylheptyl)-N�-(2-ethyloxycarbonyl-4�-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (16 f): N-(1-Hexylheptyl)-N�-(2-hydrox-
yethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8a) (200 mg,
0.32 mmol) and fluorene-9-one-4-carboxylic chloride (170 mg, 0.71 mmol)
were allowed to react according to the general procedure and purified by
two column separations (silica gel, chloroform/acetone 15:1 and silica gel,
chloroform) to yield a reddish orange powder with solid-state fluorescence
(200 mg, 76%). M.p. 239 ± 241 �C;Rf (silica gel, CHCl3/acetone 15:1)� 0.67,
Rf (silica gel, CHCl3)� 0.12; IR (KBr): �� �2956w, 2927m, 2860w, 1720w,
1696s, 1658s, 1595 s, 1405m, 1343 s, 1248m, 810 s, 746 cm�1 s; 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.30 (m, 16H;
8CH2), 1.87 (m, 2H; �-CH2), 2.25 (m, 2H; �-CH2), 4.72 (t, 3J(H,H)�
5.2 Hz, 2H; CH2-OR), 4.82 (t, 3J(H,H)� 5.3 Hz, 2H; CH2-NR�2), 5.17 (m,
1H; 1CH), 7.17 (dt, 3J(H,H)� 7.4 Hz, 4J(H,H)� 1.0 Hz, 1H; 1CH, 6-H
fluorenone), 7.29 (dt, 3J(H,H)� 7.5 Hz, 4J� 1.3 Hz, 1H; 1CH 7-H fluo-
renone), 7.31 (t, 3J(H,H)� 7.3 Hz, 1H; 1CH, 2-H fluorenone), 7.57 (d,
3J(H,H)� 7.4 Hz, 1H; 1CH, 5-H fluorenone), 7.77 (dd, 3J(H,H)� 7.3 Hz,
4J(H,H)� 1.3 Hz, 1H; 1CH, 1 or 3-H fluorenone), 7.95 (dd, 3J(H,H)�
7.9 Hz, 4J(H,H)� 1.3 Hz, 1H; 1CH, 1 or 3-H fluorenone), 8.17 (d,
3J(H,H)� 7.7 Hz, 1H; CH, 8-H fluorenone), 8.52 (d, 3J(H,H)� 8.2 Hz,
2H; 2CH perylene), 8.55 (d, 3J(H,H)� 8.2 Hz, 4H; 2CH perylene), 8.60
(d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene), 8.64 (br s, 2H; 2CH perylene);
COSY NMR: cross-peaks at �� (7.17, 7.29), (7.17, 7.57), (7.29, 8.17),
(7.31,7.95,7.77); 13C NMR (CDCl3): �� 14.03 (2C, CH3), 22.58, 26.94, 29.21,
31.75, 32.37 (10C, CH2), 39.26 (1C, CH2-NR�2), 54.84 (1C, CH), 62.77 (1C,
CH2-OR), 122.77, 122.93, 123.24, 123.87, 126.17, 126.28, 126.52, 126.65,
127.21, 128.55, 129.48, 131.59, 134.12, 134.25, 134.93, 135.02, 135.45, 136.30,
142.96, 144.14 (32C, aryl), 163.49, 166.41 (5C, C�O perylene and ester),
192.80 (1C, C�O fluorenone); UV (CHCl3): �max (�)� 262 (77790), 272
(48980), 306 (14030), 371 (8330), 435 sh (8500), 460 (22440), 491 (57370),
527 nm (93880); fluorescence (CHCl3): �max (Irel)� 535 (1.00), 577 (0.52),
626 nm (0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0311/
1 cm, CHCl3, reference 1a with �� 1.00)� 0.95. Solid-state fluorescence:
�max� 614 nm br.; MS (70 eV): m/z (%): 823 (6), 822 (9) [M�], 805 (3), 641
(11), 640 (21) [M��C13H26], 615 (2) [M��C14H7O2], 433 (10), 418 (7), 417
(11), 416 (2), 391 (5), 390 (10) [M��C13H26�C16H11O3], 373 (4), 345 (3),
224 (100) [C14H8O3


�], 208 (7), 207 (33) [C14H7O2
�], 179 (23) [C13H7O�], 151


(22) [C12H7
�]; elemental analysis calcd (%) for C53H46N2O7 (823.0): C 77.35,


H 5.63, N 3.40; found: C 77.41, H 5.63, N 3.11.


N-(2,5-Di-tert-butyl-phenyl)-N�-(2-ethyloxycarbonyl-2�-fluorene-9-onyl)-
perylene-3,4 :9,10-tetracarboxylic bisimide (16g): N-(2,5-Di-tert-butyl-phe-
nyl)-N�-(2-hydroxyethyl)-perylene-3,4:9,10-tetracarboxylic bisimide (8d,
50 mg, 0.08 mmol) and fluorene-9-one-2-carboxylic acid chloride (0.66 g,
0.16 mmol) were allowed to react according to the general procedure to
yield a red solid (40 mg, 60%). M.p. �350 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.25; IR (KBr): �� �3080w, 2964m, 2927m, 1701 (brm), 1697s,
1664s, 1617w, 1594s, 1457w, 1437w, 1404m, 1356m, 1346s, 1285w, 1252s,


1183w, 1112w, 811 s, 748 cm�1 s; 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 1.27 (s, 9H; 1C(CH3)3), 1.32 (s, 9H; 1C(CH3)3), 4.70 (br s, 4H; R�2N-
CH2-CH2-OR), 7.08 (d, 4J(H,H)� 2.1 Hz, 1H; 6-H phenyl), 7.35 (dt,
3J(H,H)� 7.4 Hz, 4J(H,H)� 1.2 Hz, 1H; 7-H fluorenone), 7.46 (dd,
3J(H,H)� 8.6 Hz, 4J(H,H)� 2.1 Hz, 1H; 4-H phenyl), 7.51 (t, 3J(H,H)�
7.4 Hz, 1H; 6-H fluorenone), 7.56 (m, 2H; 5-H and 4-H fluorenone), 7.58 (d,
3J(H,H)� 8.5 Hz, 1H; 3-H phenyl), 7.67 (d, 3J(H,H)� 7.5 Hz, 1H; 8-H
fluorenone), 8.18 (dd, 3J(H,H)� 9.8 Hz, 4J(H,H)� 1.7 Hz, 1H; 3-H fluo-
renone), 8.19 (d, 4J(H,H)� 1.2 Hz, 1H; 1-H fluorenone), 8.62 (d,
3J(H,H)� 8.2 Hz, 2H; 2CH perylene), 8.63 (d, 3J(H,H)� 8.1 Hz, 2H;
2CH perylene), 8.70 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.72 (d,
3J(H,H)� 8.1 Hz, 2H; 2CH perylene); 13C NMR (CDCl3): �� 31.23 (3C,
CH3), 31.74 (3C, CH3), 34.29 (1C, C(CH3)3), 35.53 (1C, C(CH3)3), 39.20
(1C, CH2-NR�2), 62.72 (1C, CH2-OR), 120.15, 121.15, 123.06, 123.27, 123.32,
123.74, 124.56, 125.49, 126.35, 126.56, 127.79, 128.79, 129.51, 129.84, 130.14,
130.98, 131.72, 131.82, 132.58, 134.17, 134.78, 134.87, 134.91, 136.50, 143.32,
143.76, 148.36, 150.19 (38C, aryl), 163.51, 164.36, 165.41 (5C, C�O perylene
and ester), 192.56 (1C, C�O fluorenone); UV (CHCl3): �max (�)� 262
(85990), 271 (80260), 299 (10060), 315 (6150), 369 (5600), 433 sh (6100),
459 (19370), 491 (52590), 527 nm (88100); fluorescence (CHCl3): �max


(Irel)� 534 (1.00), 576 (0.52), 525 nm (0.12); fluorescence quantum yield
(�exc� 490 nm, E490 nm� 0.0374/1 cm, CHCl3, reference 1a with �� 1.00)�
0.98; MS (70 eV): m/z (%): 828 (1) [M�], 774 (1), 773 (12), 772 (45), 771
(76) [M��C4H9], 608 (3), 607 (9), 549 (5), 547 (2), 419 (2), 390 (3), 225
(13), 224 (100) [C14H8O3


�], 208 (6), 207 (48) [C14H7O2
�], 179 (16) [C13H7O],


151 (33) [C12H7]; elemental analysis calcd (%) for C54H40N2O7 (828.9): C
78.25, H 4.86, N 3.38; found: C 77.89, H 4.97, N 3.36.


N-(1-Hexylheptyl)-N�-(4-benzyloxycarbonyl-2�-anthraquinonyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (14a): N-(1-Hexylheptyl)-N�-(4-hydroxy-
methyl-phenyl)-perylene-3,4:9,10-tetracarboxylic bisimide (6a, 100 mg,
0.15 mmol) and anthraquinone-2-carboxyl chloride (80 mg, 0.30 mmol)
were allowed to react according to the general procedure and purified by
two column separations (silica gel, chloroform/acetone 15:1 and Al2O3


N II, chloroform; broad, orange band) to yield a red powder (50 mg, 37%).
M.p. 339 ± 342 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.76; IR (KBr): ��
�3070w, 2928m, 2856m, 1710m, 1698 s, 1660 s, 1594s, 1434w, 1405m,
1343s, 1268m, 1247m, 1174w, 811m, 747m, 708 cm�1 m; 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 0.81 (t, 6H; 2CH3), 1.27 (m, 16H;
8CH2), 1.87 (m, 2H; �-CH2), 2.22 (m, 2H; �-CH2), 5.17 (m, 1H; 1CH), 5.53
(s, 2H; CH2-OR), 7.42 (d, 3J(H,H)� 8.6 Hz, 2H; 2CH phenyl), 7.70 (d,
3J(H,H)� 8.6 Hz, 2H; 2CH phenyl), 7.81 (m, 2H; 5-H und 8-H anthra-
quinone), 8.31 (m, 2H; 6-H and 7-H anthraquinone), 8.28 (d, 3J(H,H)�
8.1 Hz, 1H; 3-H anthraquinone), 8.44 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)�
1.8 Hz, 1H; 2-H anthrachinone), 8.60 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH
perylene), 8.60 (d, 3J(H,H)� 8.4 Hz, 2H; 2CH perylene), 8.64 (br s, 2H;
2CH perylene), 8.70 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.96 (d,
4J(H,H)� 1.8 Hz, 1H; 1-H anthraquinone); 13C NMR (CDCl3): �� 14.03
(2C, CH3), 22.57, 26.94, 29.20, 31.75, 32.37 (10C, CH2), 54.84 (1C, CH),
66.92 (1C, CH2-OR), 123.05, 123.17, 123.34, 126.39, 126.66, 127.38, 127.45,
127.58, 128.76, 129.04, 129.53, 131.88, 133.36, 133.43, 133.56, 134.22, 134.36,
134.46, 134.62, 135.02, 135.20, 136.11, 136.15 (38C, CH perylene, CH
anthraquinone, CH phenyl), 163.49, 164.78 (5C, C�O perylene and ester),
182.11, 182.51 (2C, C�O anthraquinone); UV/Vis (CHCl3): �max (�)� 260
(86250), 275 sh (21990), 327 (9090), 368 (4410), 434 sh (5420), 459 (18920),
490 (52450), 527 nm (87450); fluorescence (CHCl3): �max (Irel)� 535 (1.00),
578 (0.52), 627 nm (0.12); fluorescence quantum yield (�exc� 490 nm,
E490 nm� 0.0311/1 cm, CHCl3, reference 1a with �� 1.00)� 0.99; MS
(70 eV): m/z (%): 913 (11) [M��H], 912 (18) [M�], 895 (6), 732 (14),
731 (37), 730 (48) [M��C13H26], 496 (10), 495 (25), 494 (13), 481 (11), 480
(19), 479 (8), 373 (27), 345 (6), 253 (19), 252 (100), 236 (10), 235 (22), 224
(29), 182 (16); elemental analysis calcd (%) for C59H48N2O8�H2O (931.5):
C 76.11, H 5.41, N 3.01; found: C 76.32, H 5.52, N 3.00.


N-(1-Hexylheptyl)-N�-(4-benzyloxycarbonyl-2�-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (14b): N-(1-Hexylheptyl)-N�-(4-hydrox-
ymethyl-phenyl)-perylene-3,4:9,10-tetracarboxylic bisimide (6a, 100 mg,
0.15 mmol) and fluorene-9-one-2-carboxylic acid chloride (70 mg,
0.30 mmol) were allowed to react according to the general procedure and
purified by column separation (silica gel, chloroform/acetone 15:1; broad,
orange band) to yield a red powder (120 mg, 90%). M.p. 292 ± 294 �C; Rf


(silica gel, CHCl3/acetone 15:1)� 0.60; IR (KBr): �� �3070w, 2954w,
2976m, 2856m, 1711s, 1698s, 1658 s, 1617w, 1594s, 1579m, 1433w, 1405m,
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1343s, 1285w, 1254 s, 1177w, 1123w, 1110w, 811m, 746 cm�1 m; 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 0.81 (t, 6H; 2CH3), 1.26 (m, 16H;
8CH2), 1.85 (m, 2H; �-CH2), 2.25 (m, 2H; �-CH2), 5.17 (m, 1H; 1CH), 5.48
(s, 2H; CH2-OR), 7.37 (dt, 3J(H,H)� 7.4 Hz, 4J(H,H)� 1.1 Hz, 1H; 7-H
fluorenone), 7.39 (d, 3J(H,H)� 8.4 Hz, 2H; 2CH phenyl), 7.53 (dt,
3J(H,H)� 7.5 Hz, 4J(H,H)� 1.2 Hz, 1H; 6-H fluorenone), 7.53 (d,
3J(H,H)� 7.2 Hz, 1H; 5-H fluorenone), 7.61 (d, 3J(H,H)� 7.8 Hz, 1H;
4-H fluorenone), 7.67 (d, 3J(H,H)� 8.5 Hz, 2H; 2CH phenyl), 7.71 (d,
3J(H,H)� 7.4 Hz, 1H; 8-H fluorenone), 8.26 (dd, 3J(H,H)� 7.7 Hz,
4J(H,H)� 1.5 Hz, 1H; 3-H fluorenone), 8.35 (d, 4J(H,H)� 1.6 Hz, 1H;
1-H fluorenone), 8.64 (d, 3J(H,H)� 8.2 Hz, 2H; 2CH perylene), 8.65 (d,
3J(H,H)� 8.2 Hz, 2H; 2CH perylene), 8.69 (br s, 2H; 2CH perylene), 8.73
(d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene); 13C NMR (CDCl3): �� 14.04
(2C, CH3), 22.58, 26.93, 29.21, 31.76, 32.38 (10C, CH2), 66.42 (1C, CH2-
OR), 120.22, 121.21, 123.09, 123.37, 124.64, 125.46, 128.95, 129.38, 130.19,
130.92, 131.94, 135.26, 136.51 (38C, CH perylene, CH fluorenone, CH
phenyl), 163.55 (5C, C�O perylene and ester), 177.02 (1C, C�O fluore-
none); UV (CHCl3): �max (�)� 261 (85380), 271 (83080), 299 (8140), 315
(5390), 369 (4310), 435 sh (4530), 459 (17160), 490 (48700), 527 nm
(82100); fluorescence (CHCl3): �max (Irel)� 535 (1.00), 577 (0.52), 626 nm
(0.12); fluorescence quantum yield (�exc� 490 nm, E490 nm� 0.0311/1 cm,
CHCl3, reference 1a with �� 1.00)� 0.97; MS (70 eV): m/z (%): 885 (11)
[M��H], 884 (21) [M�], 867 (2), 704 (10), 703 (27), 702 (30) [M��C13H26],
662 (2), 629 (5), 628 (11), 496 (3), 495 (12), 481 (5), 480 (11), 479 (7), 419
(12), 418 (19), 390 (6), 373 (31), 224 (12), 223 (100), 207 (17), 206 (69);
elemental analysis calcd (%) for C58H47N2O7 (884.0): calcd for C 78.80, H
5.36, N 3.17; found: C 78.27, H 5.42, N 3.09; elemental analysis calcd (%) for
C58H47N2O7: 884.3461; found: 884.3481 (HRMS).


N-(1-Hexylheptyl)-N�-(2-ethylcarbamyl-N-(1�-naphthyl))-perylene-
3,4 :9,10-tetracarboxylic bisimide (12c): 1-Naphthylisocyanate (170 mg,
1.00 mmol), N-(1-hexylheptyl)-N�-(2-hydroxyethyl)-perylene-3,4:9,10-tet-
racarboxylic bisiimide (8a, 300 mg, 0.41 mmol) and anhydrous toluene
(15 mL) were heated under reflux under Ar for 3 h, evaporated in vacuo,
dried (120 �C), purified by column separation (Al2O3 N II, chloroform/
ethanol 20:1) and by extractive recrystallization from chloroform to yield a
reddish brown powder (210 mg, 65%). M.p. 232 ± 234 �C; Rf (Al2O3 N II,
CHCl3/ethanol 20:1)� 0.43, Rf (silica gel, CHCl3/ethanol 20:1)� 0.29; IR
(KBr): �� �3350 (NH)w, 3070w, 2955 s, 2928s, 2856s, 1694br s, 1658 s, 1594s,
1579w, 1537m, 1501m, 1438m, 1405s, 1343 s, 1253m, 1213m, 1176w, 811s,
794m, 776m, 747 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
0.84 (t, 6H; 2CH3), 1.29 (m, 16H; 8CH2), 1.85 (m, 2H; �-CH2), 2.22 (m,
2H; �-CH2), 4.58 (t, 3J(H,H)� 4.2 Hz, 2H; CH2-OR), 4.66 (t, 3J(H,H)�
4.1 Hz, 2H; CH2-NR�2), 5.14 (m, 1H; 1CH), 7.37 (t, 3J(H,H)� 7.8 Hz, 1H;
1CH naphthalene), 7.47 (t, 3J(H,H)� 8.5 Hz, 2H; 2CH naphthalene), 7.59
(d, 3J(H,H)� 8.0 Hz, 1H; 1CH naphthalene), 7.79 (m, 2H; 2CH naph-
thalene), 8.01 (d, 3J(H,H)� 8.4 Hz, 1H; 1CH naphthalene), 8.13 (d,
J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.20 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH
perylene), 8.40 (d, 3J(H,H)� 7.8 Hz, 2H; 2CH perylene), 8.49 (br s, 2H;
2CH perylene); 13C NMR (CDCl3): �� 14.04 (2C, CH3), 22.59, 26.97, 29.21,
31.77, 32.32 (10C, CH2), 39.84 (1C, CH2-NR�2), 54.87 (1C, CH), 62.88 (1C,
CH2-OR), 121.16, 122.52, 122.67, 122.81, 125.28, 125.69, 125.86, 125.93,
126.00, 126.11, 128.48, 129.11, 129.17, 131.14, 132.58, 133.73, 134.03, 134.33
(30C, Ar), 154.51, 163.27 (5C, C�O perylene and urethane); UV/Vis
(CHCl3): �max (�)� 261 (35050), 293 (10910), 371 (4120), 434 sh (5060), 459
(17710), 490 (49050), 527 nm (81970); fluorescence (CHCl3): �max (Irel)�
535 (1.00), 578 (0.52), 640 nm (0.13); fluorescence quantum yield (�exc�
490 nm, E490 nm� 0.0334/1 cm, CHCl3, reference 1a with �� 1.00)� 0.54;
MS FAB (3-NBA): m/z (%): 787 (1) [M��H], 786 (2) [M�], 784 (3), 617
(4), 616 (7) [M��C11H7NO], 604 (14) [M��C13H26], 601 (11), 599 (100),
435 [M��C15H7NO�C13H26] (6), 419 (11), 418 (36), 417 (57), 391 (9), 390
(6), 373 (10), 345 (6); elemental analysis calcd (%) for C50H47N3O6 (785.9):
C 76.41, H 6.03, N 5.35; found: C 76.17, H 6.15, N 5.23.


N-(1-Hexylheptyl)-N�-(2-ethylcarbamyl-N-(2�-anthraquinonyl))-perylene-
3,4 :9,10-tetracarboxylic bisimide (12a): Anthraquinone-2-isocyanate
(90 mg, 0.36 mmol), N-(1-hexylheptyl)-N�-(2-hydroxyethyl)-perylene-
3,4:9,10-tetracarboxylic bisimide (8a, 140 mg, 0.23 mmol) and anhydrous
ligorine (5 mL) were heated under reflux under Ar for 5 h, cooled to room
temperature, collected by vacuum filtration (G4), dried (130 �C, 16 h) and
purified by column separation (silica gel, chloroform/acetic acid 10:1) and
extractive recrystallization from chloroform to yield a bright red powder
(30 mg, 15%). M.p. 283 ± 285 �C; Rf (silica gel, CHCl3/acetic acid 10:1)�


0.73; IR (KBr): �� �3070w, 2954m, 2927m, 2857m, 1735w, 1697s, 1660s,
1595s, 1579w, 1533w, 1437w, 1405m, 1343s, 1292w, 1252w, 1210w, 1176w,
811m, 747m, 714 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
0.84 (t, 6H; 2CH3), 1.31 (m, 16H; 8CH2), 1.91 (m, 2H; �-CH2), 2.27 (m,
2H; �-CH2), 3.61 (m, 1H; 1NH), 4.65 (s, 2H; CH2-OR), 4.73 (s, 2H; CH2-
NR�2), 5.21 (m, 1H; 1CH), 7.60 (m, 3H; 3CH anthraquinone), 7.83 (m, 1H;
1CH anthraquinone), 7.94 (m, 1H; 1-H anthraquinone), 8.04 (m, 2H; 2CH
anthraquinone), 8.43 ± 8.63 (m, 8H; 8CH perylene); UV/Vis (CHCl3): �max


(�)� 261 (51290), 276 (36590), 286 sh (33350), 371 (8590), 434 (5520), 461
(16240), 491 (43890), 528 nm (71590); fluorescence (CHCl3): �max (Irel)�
538 (1.00), 580 (0.56), 620 nm (0.14); fluorescence quantum yield (�exc�
491 nm, E491 nm� 0.0311/1 cm, CHCl3, reference 1a with �� 1.00)� 0.96;
MS FAB (3-NBA):m/z (%): 867 (3) [M��H], 866 (3) [M�], 617 (2) [M��
C15H7NO3], 615 (5), 601 (7), 600 (31), 599 (70), 598 (7), 597 (7), 513 (4), 419
(15), 418 (52), 417 (100) [M��C15H7NO3-C13H26-H2O], 391 (15), 390 (11),
375 (11), 373 (23), 345 (14); elemental analysis calcd (%) for C54H47N3O8


(866.0): C 74.90, H 5.47, N 4.85; found: C 74.26, H 5.52, N 5.03.


N-(1-Heptyloctyl)-N�-(2-ethylcarbamyl-N-(2�-anthraquinonyl))-perylene-
3,4 :9,10-tetracarboxylic bisimide (12b): Anthraquinone-2-isocyanate
(110 mg, 0.44 mmol), N-(1-heptyloctyl)-N�-(2-hydroxyethyl)-perylene-
3,4:9,10-tetracarboxdiimide (8b, 210 mg, 0.33 mmol) and anhydrous tol-
uene (20 mL) were heated under reflux under Ar for 18 h (change in colour
from dark red to light orange after 30 min), cooled to room temperature,
collected by vacuum filtration (D4), washed with chloroform/ethanol 20:1
and ethanol, dried at 130 �C for 16 h (bright orange material), and
extractively recrystallized from chloroform to yield a bright orange powder
with an intense solid-state fluorescence (190 mg, 64%). M.p. 280 ± 282 �C;
Rf (silica gel, CHCl3/ethanol 10:1)� 0.50; IR (KBr): �� � 3320m (NH),
3070w, 2954s, 2926s, 2855s, 1742m, 1697s, 1659s, 1594s, 1579w, 1535m,
1438m, 1405s, 1343s, 1293w, 1251m, 1209m, 1176w, 1060w, 811s, 747m,
721w, 714 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t,
6H; 2CH3), 1.27 (m, 20H; 10CH2), 1.90 (m, 2H; �-CH2), 2.26 (m, 2H; �-
CH2), 3.71 (br s, 1H; 1NH), 4.64 (t, 3J(H,H)� 4.6 Hz, 2H; CH2-OR), 4.73
(t, 2H; CH2-NR�2), 5.20 (m, 1H; 1CH), 7.59 (m, 3H; 3CH anthraquinone),
7.82 (m, 1H; 1CH anthraquinone), 7.93 (m, 1H; 1-H anthraquinone), 8.00
(m, 2H; 2CH anthraquinone), 8.40 (d, 3J(H,H)� 7.9 Hz, 2H; 2CH
perylene), 8.43 (d, 3J(H,H)� 7.9 Hz, 2H; 2CH perylene), 8.53 (d,
3J(H,H)� 7.9 Hz, 2H; 2CH perylene), 8.61 (br s, 2H; 2CH perylene);
UV/Vis (CHCl3): �max (�)� 262 (49620), 276 (34260), 286 (31430), 371
(7030), 434 (4210), 461 (15760), 493 (45220), 529 nm (75190); fluorescence
(CHCl3): �max (Irel)� 538 (1.00), 580 (0.57), 617 nm (0.14); fluorescence
quantum yield (�exc� 491 nm, E491 nm� 0.0345/1 cm, CHCl3, reference 1a
with �� 1.00)� 0.86; solid-state fluorescence: �max� 633 nm br; MS FAB
(3-NBA):m/z (%): 895 (1) [M��H], 894 (2) [M�], 893 (1), 628 (8), 627 (17)
[M��C15H7NO3�H2O], 626 (2), 625 (3), 550 (2), 419 (6), 418 (19), 417
(36) [M��C15H7NO3�C15H30�H2O], 391 (7), 390 (10), 373 (10), 345 (5),
307 (19), 154 (100); elemental analysis calcd (%) for C56H51N3O8 (894.0): C
75.23, H 5.75, N 4.70; found: C 75.37, H 5.80, N 4.85.


Condensation of perylene-3,4 :9,10-tetracarboxylic-3,4-anhydride-9,10-car-
boxylic imides with aromatic amines; general procedure : N-(sec-Alkyl)-
perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboxylic imide (2)
(0.35 mmol), the corresponding aminoaryl compound (0.42 mmol) zinc
acetate dihydrate (0.46 mmol) and imidazole (3.5 g) were heated at 150 �C
for 2 h. The solution was cooled, but still warm a small amount of ethanol
was added, acidified with 2� HCl, stirred for 30 min, collected by vacuum
filtration stirred with boiling aqueous potassium carbonate solution (10%),
collected by vacuum filtration, washed with distilled water and dried in air
(100 �C, 16 h).


N-(1-Hexylheptyl)-N�-(1-anthraquinonyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9a): 1-Amino-anthraquinone (90 mg, 0.42 mmol), N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-carboximide-9,10-anhy-
dride (2a, 200 mg, 0.35 mmol) and 1-aminoanthraquinone (90 mg,
0.42 mmol) were allowed to react according to the general procedure,
purified by two column separations (Al2O3 N I, chloroform and silica gel,
chloroform/acetone 15:1) and an extractice recrystallization from ethanol
to yield a red powder (100 mg, 37%). M.p. 340 ± 343 �C; Rf (silica gel,
CHCl3/acetone 15:1)� 0.80; Rf (Al2O3 N I, CHCl3)� 0.55; IR (KBr): ��


�3080w, 2954m, 2927m, 2856m, 1720 s, 1698 s, 1662s, 1594s, 1580m,
1433m, 1405m, 1371m, 1344s, 1320m, 1279m, 1257m, 1203m, 1176m,
811m, 747m, 709m, 636 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 0.84 (t, 6H; 2CH3), 1.31 (m, 16H; 8CH2), 1.88 (m, 2H; �-CH2), 2.27 (m,
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2H; �-CH2), 5.20 (m, 1H; 1CH), 7.68 (dt, 3J(H,H)� 7.5 Hz, J(H,H)�
1.4 Hz, 1H; 7-H anthraquinone), 7.74 (dd, 3J(H,H)� 7.7 Hz, 4J(H,H)�
1.3 Hz, 1H; 2-H anthraquinone), 7.76 (dt, 3J(H,H)� 7.5 Hz, 4J(H,H)�
1.3 Hz, 1H; 6-H anthraquinone), 8.00 (t, 3J(H,H)� 7.8 Hz, 1H; 3-H
anthraquinone), 8.03 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.4 Hz, 1H; 8-H
anthraquinone), 8.29 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.4 Hz, 1H; 5-H
anthraquinone), 8.58 (dd, 3J(H,H)� 7.9 Hz, 4J(H,H)� 1.4 Hz, 1H; 4-H
anthraquinone), 8.67 (d, 3J(H,H)� 7.6 Hz, 2H; 2CH perylene), 8.68 (d,
3J(H,H)� 7.9 Hz, 4H; 4CH perylene), 8.74 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH
perylene); 13C NMR (CDCl3): �� 14.03 (2C, CH3), 22.59, 26.96, 29.22,
31.77, 32.43 (10C, 10CH2), 54.85 (1C, CH), 123.07, 123.25, 123.51, 126.50,
127.01, 127.35, 128.99, 129.24, 129.61, 130.29, 131.80, 132.74, 134.03, 134.12,
134.41, 134.63, 135.37, 135.67, 135.84 (32C, CH perylene, CH anthraqui-
none), 163.85 (4C, C�O), 182.43, 182.60 (2C, C�O anthraquinone); UV/
Vis (CHCl3): �max (�)� 259 sh (61380), 273 sh (22020), 326 sh (8520), 431 sh
(5270), 460 (19190), 491 (53120), 529 nm (87670); fluorescence (CHCl3):
�max (Irel)� 536 (1.00), 578 (0.53), 626 nm (0.12); fluorescence quantum
yield (�exc� 490 nm, E490 nm� 0.0311/1 cm, CHCl3, reference 1a with ��
1.00)� 0.97; MS (70 eV): m/z (%): 779 (12) [M��H], 778 (24) [M�], 761
(5), 599 (6), 598 (27), 597 (82), 596 (100) [M��C13H26], 569 (5), 568 (20),
567 (41), 540 (12), 523 (9), 522 (8); elemental analysis calcd (%) for
C51H42N2O6: 778.3043; found: 778.3077 (MS); elemental analysis calcd (%)
for C51H42N2O6 (778.2): C 78.64, H 5.44, N 3.60; found: C 78.35, H 5.50, N
3.53.


N-(1-Hexylheptyl)-N�-(2-anthraquinonyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9b): 2-Amino-anthraquinone (90 mg, 0.42 mmol) and N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-carboximide-9,10-anhy-
dride (2a, 200 mg, 0.35 mmol) were allowed to react according to the
general procedure and purified by a column separation (Al2O3 N I,
chloroform) and an extractive recrystallization from ethanol to yield a red
solid (900 mg, 33%). M.p. �350 �C; Rf (silica gel, CHCl3/acetone 15:1)�
0.79; Rf (Al2O3 N I, CHCl3)� 0.64; IR (KBr): �� �3070w, 2955m, 2927m,
2856m, 1698s, 1676s, 1660 s, 1594s, 1579m, 1405m, 1342s, 1325w, 1286m,
1253m, 1175m, 811m, 746m, 712 cm�1 m; 1H NMR (400 MHz, CDCl3,
25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.29 (m, 16H; 8CH2), 1.88 (m, 2H; �-
CH2), 2.27 (m, 2H; �-CH2), 5.20 (m, 1H; 1CH), 7.83 (m, 3H; 3CH
anthraquinone), 8.37 (m, 3H; 3CH anthraquinone), 8.54 (d, 3J(H,H)�
8.1 Hz, 1H; 1CH anthraquinone), 8.54 (d, 3J(H,H)� 8.1 Hz, 6H; 6CH
perylene), 8.78 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene); UV/Vis (CHCl3):
�max (�)� 256 (80850), 276 sh (24370), 323 (9790), 436 sh (5590), 461
(18270), 491 (49560), 528 nm (82150); fluorescence (CHCl3): �max (Irel)�
536 (1.00), 578 (0.54), 628 nm (0.13); fluorescence quantum yield (�exc�
488 nm, E488 nm� 0.0374/1 cm, CHCl3, reference 1a with �� 1.00)� 0.01;
MS (70 eV):m/z (%): 779 (7) [M��H], 778 (13) [M�], 599 (5), 598 (23), 597
(67), 596 (100) [M��C13H26], 595 (11); elemental analysis calcd (%) for
C51H42N2O6: 778.3043; found: 778.3106 (MS); elemental analysis calcd (%)
for C51H42N2O6 (778.2): C 78.64, H 5.44, N 3.60; found: C 77.94, H 5.69, N
3.66.


N-(1-Hexylheptyl)-N�-(1-anthracenyl)-perylene-3,4 :9,10-tetracarboxylic
bisimide (9c): 1-Aminoanthracene (80 mg, 0.41 mmol) and N-(1-hexylhep-
tyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide (2a,
200 mg, 0.35 mmol) were allowed to react according to the general
procedure and purified by two column separations (Al2O3 N I, chloroform
and silica gel, chloroform/acetone 15:1; orange forerun and broad red main
fraction) and an extractive recrystallization from toluene. Yield 110 mg
(42%) of 9c, orange powder, m.p. ?350 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.70;Rf (silica gel, CHCl3)� 0.23;Rf (Al2O3 N I), CHCl3)� 0.63; IR
(KBr): �� �3050w, 2954m, 2928m, 2856m, 1698 s, 1660 s, 1594s, 1579m,
1430w, 1405m, 1342 s, 1253m, 1176m, 811m, 747m, 730w, 637 cm�1 w;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.84 (t, 6H; 2CH3), 1.29 (m,
16H; 8CH2), 1.89 (m, 2H; �-CH2), 2.28 (m, 2H; �-CH2), 5.21 (m, 1H;
1CH), 7.40 (dd, 1H; 1CH anthracene), 7.32 (m, 1H; 2CH anthracene), 7.45
(d, 2H; 2CH anthracene), 7.47 (t, 3J(H,H)� 8.3 Hz, 1H; 1CH anthracene),
7.55 (d, 3J(H,H)� 7.2 Hz, 1H; 1CH anthracene), 8.72 ± 8.76 (m, 8H; 8CH
perylene), 8.81 (s, 1H; 1CH anthracene), 8.84 (s, 1H; 1CH anthracene);
13C NMR (CDCl3): �� 14.01 (2C, CH3), 22.56, 26.91, 29.18, 31.74, 32.37
(10C, 10CH2), 54.84 (1C, CH), 122.85 123.03, 123.22, 123.53, 124.22,
126.85, 128.06, 128.41, 129.60, 132.07, 132.36, 133.80, 135.46, 135.60, 137.28,
137.57, 139.43 (34C, CH perylene, CH anthracene), 163.05 (4C, C�O); UV/
Vis (CHCl3): �max (�)� 258 (97790), 345 (4930), 363 (6770), 384 (5610), 435
sh (2970), 461 (11390), 492 (30440), 529 nm (49700); fluorescence


(CHCl3): �max (Irel)� 536 (1.00), 577 (0.57), 528 nm (0.17); fluorescence
quantum yield (�exc� 490 nm, E490 nm� 0.0311/1 cm, CHCl3, reference 1a
with �� 1.00)� 0.42; MS (70 eV): m/z (%): 749 (57) [M��H], 748 (100)
[M�], 569 (6), 568 (22), 567 (60), 566 (100) [M��C13H26], 521 (8), 374 (9),
373 (36), 345 (11), 283 (6); elemental analysis calcd (%) for C51H44N2O4


(748.9): C 81.79, H 5.92, N 3.74; found: C 81.85, H 5.72, N 3.72.


N-(1-Hexylheptyl)-N�-(2-anthracenyl)-perylene-3,4 :9,10-tetracarboxylic
bisimide (9d): 2-Amino-anthracene (80 mg, 0.41 mmol) and N-(1-hexyl-
heptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide
(2a, 200 mg, 0.35 mmol) were allowed to react according to the general
procedure and purified by two column separations (Al2O3 N I, chloroform
and silica gel, chloroform/acetone 15:1) and extractive recrystallizations
from chloroform and toluene to yield a red powder (50 mg, 19%). M.p.
�350 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.83; Rf (silica gel, CHCl3)�
0.32; Rf (Al2O3 N I, CHCl3)� 0.77; IR (KBr): �� �2954m, 2927m, 2856m,
1698s, 1660 s, 1594s, 1579m, 1459w, 1433w, 1405m, 1343s, 1254m, 1176m,
810m, 746 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t,
6H; 2CH3), 1.28 (m, 16H; 8CH2), 1.87 (m, 2H; �-CH2), 2.25 (m, 2H; �-
CH2), 5.19 (m, 1H; 1CH), 6.07 (s, 1H; anthracene), 6.13 (s, 1H; 1CH
anthracene), 7.29 (dd, 3J(H,H)� 7.7 Hz, 4J(H,H)� 1.9 Hz, 1H; 3-H anthra-
cene), 7.33 (m, 2H; 2CH anthracene), 7.44 (m, 3H; 3CH anthracene), 7.62
(d, 3J(H,H)� 7.6 Hz, 1H; 4-H anthracene), 8.74 (m, 8H; 8CH perylene);
13C NMR (CDCl3): �� 14.02 (2C, CH3), 22.57, 26.94, 29.20, 31.75, 32.40
(10C, 10CH2), 118.07, 123.10, 128.03, 131.99, 145.44; UV/Vis (CHCl3): �max


(�)� 258 (255900), 260 (245650), 343 (8560), 358 (10470), 378 (7800), 460
(19880), 491 (53650), 528 nm (87050); fluorescence (CHCl3): �max (Irel)�
536 (1.00), 578 (0.57), 631 nm, (0.19); fluorescence quantum yield (�exc�
490 nm, E490 nm� 0.0331/1 cm, CHCl3, reference 1a with �� 1.00)� 0.04;
MS (70 eV): m/z (%): 749 (39) [M��H], 748 (68) [M�], 569 (10), 568 (34),
567 (83), 566 (100) [M��C13H26], 565 (9), 522 (7), 521 (16), 374 (11), 373
(41), 346 (7), 345 (21), 328 (5), 284 (6), 283 (10), 182 (5) [C13H26


�];
elemental analysis calcd (%) for C51H44N2O4 (748.9): C 81.79, H 5.92, N
3.74; found: C 81.37, H 5.87, N 3.74.


N-(Hexylheptyl)-N�-(1-naphthyl)-perylene-3,4 :9,10-tetracarboxylic bisim-
ide (9e): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarbons‰ure-3,4-an-
hydride-9,10-carboximide (100 mg, 0.17 mmol), 1-aminonaphthalene
(30 mg, 0.30 mmol), zinc acetate dihydrate (40 mg, 0.18 mmol) and
Imidazol (3.5 g) were allowed to react according to the general procedure
and purified by two column separations (Al2O3 N I, chloroform and silica
gel, chloroform for an orange forerun and chloroform/acetone 15:1 for the
broad orange main fraction) to yield a red powder (100 mg, 82%). M.p.
�350 �C; Rf (silica gel/CHCl3/acetone 15:1)� 0.65; Rf (Al2O3 N I,
CHCl3)� 0.62; IR (KBr): �� �3070w, 2954m, 2927m, 2856m, 1710s,
1698s, 1660s, 1594s, 1579m, 1432w, 1405m, 1393w, 1341s, 1253 s, 1176w,
811m, 790m, 770w, 746m, 636 cm�1 m; UV/Vis (CHCl3): �max (�)� 261
(36840), 281 (11670), 291 (9810), 369 (4240), 433 sh (5400), 459 (18950),
490 (52370), 527 nm (87190); fluorescence (CHCl3): �max (Irel)� 536 (1.00),
578 (0.53), 627 nm (0.12); MS (70 eV):m/z (%): 699 (11) [M��H], 698 (20)
[M�], 681 (7), 518 (24), 517 (72), 516 (100) [M��C13H26,], 515 (8), 500 (6),
499 (12), 471 (11), 374 (10), 373 (37), 182 (2); elemental analysis calcd (%)
for C47H42N2O4 (698.9): C 80.78, H 6.06, N 4.01; found: C 81.00, H 6.12, N
4.20.


N-(Hexylheptyl)-N�-(3-pyrenyl)-perylene-3,4 :9,10-tetracarboxylic bisimide
(9 f): 3-Amino-pyrene (90 mg, 0.42 mmol), N-(1-hexylheptyl)-perylene-
3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carboximide (2a, 200 mg,
0.35 mmol), zinc acetate dihydrate (100 mg, 0.46 mmol) and imidazole
(3.5 g) were allowed to react according to the general procedure and
purified by column separation (Al2O3 N I, chloroform) to yield a red
powder (220 mg, 68%). M.p. �350 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.85; Rf (Al2O3 N I, CHCl3)� 0.76; IR (KBr): �� �3050w, 2954m,
2926m, 2856m, 1720w, 1696s, 1660 s, 1616w, 1594 s, 1579m, 1437w, 1405m,
1343s, 1254m, 1175w, 844w, 811m, 749 cm�1 m; 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 0.84 (t, 6H; 2CH3), 1.32 (m, 16H; 8CH2), 1.87 (m,
2H; �-CH2), 2.24 (m, 2H; �-CH2), 5.21 (m, 1H; CH), 7.84 (d, 3J(H,H)�
9.2 Hz, 1H; 10-H pyrene), 7.93 (t, 3J(H,H)� 7.7 Hz, 1H; 7-H pyrene), 7.98
(d, 3J(H,H)� 9.3 Hz, 1H; 9-H pyrene), 8.02 (d, 3J(H,H)� 8.1 Hz, 1H; 2-H
pyrene), 8.05 (s, 4-H pyrene, 2H; 5-H pyrene), 8.06 (d, 3J(H,H)� 8.1 Hz,
1H; 8-H pyrene), 8.13 (d, 3J(H,H)� 8.1 Hz, 1H; 6-H pyrene), 8.32 (d,
3J(H,H)� 8.1 Hz, 1H; 3-H pyrene), 8.54 (d, 3J(H,H)� 8.3 Hz, 2H; 2CH
perylene), 8.58 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene). 8.63 (br s, 2H;
2CH perylene), 8.75 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene); 13C NMR
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(CDCl3): �� 14.03 (2C, CH3), 22.58, 26.98, 29.22, 31.77, 32.40 (10C,
10CH2), 54.82 (1C, CH), 121.16, 123.05, 123.16, 123.30, 124.48, 125.33,
125.45, 125.53, 125.80, 126.12, 126.22, 126.51, 126.64, 127.11, 127.97, 128.09,
128.94, 129.06, 129.37, 130.06, 130.65, 130.87, 131.84, 131.99, 134.11 (36C,
CH perylene, CH pyrene), 163.97 (4C, C�O); UV/Vis (CHCl3): �max (�)�
261 (52560), 277 (52530), 312 (16610), 326 (30800), 342 (43170), 366
(5650), 435 sh (6690), 460 (21180), 491 (56650), 528 nm (92840);
fluorescence (CHCl3): �max (Irel)� 534 (1.00), 579 (0.60), 635 nm (0.19);
fluorescence quantum yield (�exc� 491 nm, E491 nm� 0.0296/1 cm, CHCl3,
reference 1a with �� 1.00)� 0.01; MS (70 eV):m/z (%): 773 (41), 772 (70)
[M�], 593 (8), 592 (33), 591 (86), 590 (100) [M��C13H26,], 545 (14), 374
(17), 373 (64), 346 (12), 345 (24), 328 (8), 296 (9), 202 (12); elemental
analysis calcd (%) for C53H44N2O4 (772.9): C 82.36, H 5.74, N 3.62; found: C
82.19, H 5.75, N 3.88.


N-(1-Hexylheptyl)-N�-(1-fluorene-9-onyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9g): 1-Amino-fluorene-9-one (80 mg, 0.41 mmol), N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carbox-
imide (2a, 200 mg, 0.35 mmol), zinc acetate dihydrate (100 mg, 0.46 mmol)
and imidazole (3.5 g) were allowed to react according to the general
procedure and purified by column separation (Al2O3 N I, chloroform) to
yield a red powder (150 mg, 57%). M.p. 327 ± 329 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.67; Rf (Al2O3 N I, CHCl3)� 0.61; IR (KBr): �� �3080w,
2954m, 2927m, 2856m, 1713 s, 1698s, 1658s, 1610m, 1594s, 1579m, 1452w,
1434w, 1405m, 1343s, 1255m, 1200w, 1176w, 811m, 755m, 747 cm�1 m;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.27 (m,
16H; 8CH2), 1.86 (m, 2H; �-CH2), 2.24 (m, 2H; �-CH2), 5.18 (m, 1H;
1CH), 7.23 (t, 3J(H,H)� 7.3 Hz, 1H; 7-H fluorenone), 7.27 (dd, 3J(H,H)�
7.3 Hz, 4J(H,H)� 1.3 Hz, 1H; 2-H fluorenone), 7.47 (t, 3J(H,H)� 7.5 Hz,
1H; 6-H fluorenone), 7.48 (d, 3J(H,H)� 7.5 Hz, 1H; 8-H fluorenone), 7.56
(d, 3J(H,H)� 7.3 Hz, 1H; 5-H fluorenone), 7.64 (dd, 3J(H,H)� 7.6 Hz,
4J(H,H)� 1.4 Hz, 1H; 4-H fluorenone), 7.67 (t, 3J(H,H)� 7.5 Hz, 1H; 3-H
fluorenone), 8.59 (d, 3J� 8.1 Hz, 4H; 4CH perylene), 8.65 (br s, 2H; 2CH
perylene), 8.68 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene); COSY NMR
(CDCl3): cross-peaks at �� (7.23, 7.47, 7.48, 7.56), (7.27, 7.63, 7.67); 13C NMR
(CDCl3): �� 14.01 (2C, CH3), 22.56, 26.93, 29.20, 31.74, 32.38 (10C,
10CH2), 54.78 (1C, CH), 120.52, 120.97, 122.99, 123.22, 123.28, 124.39,
129.38, 130.23, 131.74, 134.83, 135.10, 135.57, 143.77, 146.00 (32C, CH
perylene, CH fluorenone), 163.18 (4C, C�O), 191.55 (1C, C�O fluore-
none); UV (CHCl3): �max (�)� 252 (77490), 261 (94380), 369 (4560), 432 sh
(5490), 459 (19320), 490 (53700), 527 nm (89850); fluorescence (CHCl3):
�max (Irel .)� 535 (1.00), 578 (0.52), 626 nm (0.12); fluorescence quantum
yield (�exc� 490 nm, E490 nm� 0.0368/1 cm, CHCl3, reference 1a with ��
1.00)� 1.01; MS (70 eV):m/z (%): 752 (18), 751 (33) [M�], 733 (7), 571 (8),
570 (35), 569 (100) [M��C13H26], 568 (84), 542 (7), 541 (35), 540 (77), 539
(14), 513 (5), 512 (17), 511 (12), 496 (8), 495 (11); elemental analysis calcd
(%) for C50H42N2O5 (750.9): C 79.98, H 5.64, N 3.73; found: C 80.00, H 5.75,
N 3.78.


N-(1-Hexylheptyl)-N�-(2-fluorene-9-onyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9h): 2-Amino-fluorene-9-one (80 mg, 0.41 mmol), N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carbox-
imide (2a, 200 mg, 0.35 mmol), zinc acetate dihydrate (100 mg, 0.46 mmol)
and imidazole (3.5 g) were allowed to react according to the general
procedure and purified by column separation (Al2O3 N I, chloroform) to
yield a violet powder (50 mg, 19%). M.p. �350 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.85; Rf (Al2O3 N I, CHCl3)� 0.88; IR (KBr): �� �3070w,
2954m, 2927m, 2856m, 1698 (br s), 1658s, 1616w, 1594s, 1579m, 1457m,
1430w, 1405m, 1342 s, 1254m, 1191w, 1176m, 1100w, 811s, 746m, 738 cm�1


w; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.29
(m, 16H; 8CH2), 1.88 (m, 2H; �-CH2), 2.27 (m, 2H; �-CH2), 5.19 (m, 1H;
1CH), 7.36 (t, 3J(H,H)� 7.4 Hz, 1H; 7-H fluorenone), 7.49 (dd, 3J(H,H)�
7.6 Hz, 4J(H,H)� 1.8 Hz, 1H; 5-H fluorenone), 7.55 (t, 3J(H,H)� 7.5 Hz,
1H; 6-H fluorenone), 7.62 (d, 3J(H,H)� 7.5 Hz, 1H; 8-H fluorenone), 7.64
(d, 4J(H,H)� 1.9 Hz, 1H; 1H; fluorenone), 7.72 (d, 3J(H,H)� 7.6 Hz, 1H;
3-H fluorenone), 7.73 (d, 3J(H,H)� 7.6 Hz, 1H; 4-H fluorenone), 8.71 (d,
3J(H,H)� 7.9 Hz, 6H; 6CH perylene), 8.77 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH
perylene); UV (CHCl3): �max (�)� 252 88310), 261 (122500), 368 (5080),
433 sh (6060), 459 (19990), 490 (54520), 527 nm (90640); fluorescence
(CHCl3): �max (Irel)� 536 (1.00), 579 (0.52), 626 nm (0.12); fluorescence
quantum yield (�exc� 490 nm, E490 nm� 0.0311/1 cm, CHCl3, reference 1a
with �� 1.00)� 1.01; MS (70 eV): m/z (%): 751 (11), 750 (20) [M�], 733
(5), 570 (24), 569 (72), 568 (100) [M��C13H26], 567 (9), 523 (4), 374 (5), 373


(20), 345 (4); elemental analysis calcd (%) for C50H42N2O5 (750.9): C 79.98,
H 5.64, N 3.73; found: C 77.58, H 5.50, N 3.64; analysis calcd for
C50H42N2O5: 750.3093; found: 750.3094 (HRMS).


N-(1-Hexylheptyl)-N�-(3-fluorene-9-onyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9 i): 3-Amino-fluorene-9-one (80 mg, 0.41 mmol), N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carbox-
imide (2a, 200 mg, 0.35 mmol), zinc acetate dihydrate (100 mg, 0.46 mmol)
and imidazole (3.5 g) were allowed to react according to the general
procedure and purified by column separation (Al2O3 N I, chloroform) to
yield a red powder (150 mg, 57%). M.p. �350 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.48; Rf (Al2O3 N I, CHCl3)� 0.50; IR (KBr): �� �3080w,
2954m, 2927m, 2856m, 1713s, 1700 s, 1660s, 1614w, 1594 s, 1579m, 1448w,
1432w, 1405m, 1342 s, 1254m, 1176w, 810m, 746 cm�1 m; 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.31 (m, 16H;
8CH2), 1.90 (m, 2H; �-CH2), 2.27 (m, 2H; �-CH2), 5.12 (m, 1H; 1CH), 7.30
(dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.6 Hz, 1H; 2-H fluorenone), 7.33 (dt,
3J(H,H)� 7.9 Hz, 4J(H,H)� 1.6 Hz, 1H; 7-H fluorenone), 7.45 (d,
3J(H,H)� 7.3 Hz, 1H; 5-H fluorenone), 7.48 (t, 3J(H,H)� 7.8 Hz, 1H; 6-H
fluorenone), 7.57 (d, 4J(H,H)� 1.7 Hz, 1H; 4-H fluorenone), 7.68 (d,
3J(H,H)� 7.4 Hz, 1H; 8-H fluorenone), 7.85 (d, 3J(H,H)� 7.7 Hz, 1H; 1-H
fluorenone), 8.60 (d, 3J(H,H)� 8.3 Hz, 2H; 2CH perylene), 8.66 (br s, 2H;
2CH perylene), 8.72 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH perylene); COSY
NMR: cross-peaks at �� (7.30, 7.57, 7.85), (7.33, 7.45, 7.48, 7.68); 13C NMR
(CDCl3): �� 14.01 (2C, CH3), 22.56, 26.97, 29.19, 31.74, 32.37 (10C,
10CH2), 54.91 (1C, CH), 120.73, 121.37, 122.86, 123.02, 123.39, 124.44,
125.08, 126.28, 126.62, 129.43, 129.49, 129.55, 129.76, 131.88, 134.00, 134.25,
134.30, 134.78, 135.34, 140.87, 143.65, 145.86 (32C, CH perylene, CH
fluorenone), 163.24 (4C, C�O), 192.74 (1C, C�O fluorenone); UV
(CHCl3): �max (�)� 252 (89280), 261 (127320), 369 (4580), 434 sh (5560),
460 (19280), 491 (53420), 528 nm (89190); fluorescence (CHCl3): �max


(Irel)� 537 (1.00), 581 (0.53), 630 nm (0.13); fluorescence quantum yield
(�exc� 491 nm, E491 nm� 0.0266/1 cm, CHCl3, reference 1a with �� 1.00)�
0.94; MS (70 eV): m/z (%): 751 (8), 750 (14) [M�], 571 (6), 570 (30), 569
(78), 568 (100) [M��C13H26], 567 (28), 523 (9), 442 (9), 373 (15), 182 (6)
[C13H26


�]; elemental analysis calcd (%) for C50H42N2O5 (750.9): C 79.98, H
5.64, N 3.73; found: C 80.26, H 5.97, N 3.77.


N-(1-Hexylheptyl)-N�-(4-fluorene-9-onyl)-perylene-3,4 :9,10-tetracarboxy-
lic bisimide (9 j): 4-Amino-fluorene-9-one (80 mg, 0.41 mmol), N-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-carbox-
imide (2a, 200 mg, 0.35 mmol), zinc acetate dihydrate (100 mg, 0.46 mmol)
and imidazole (3.5 g) were allowed to react according to the general
procedure and purified by column separation (Al2O3 N I, chloroform) to
yield a red powder (120 mg, 46%). M.p. �350 �C; Rf (silica gel, CHCl3/
acetone 15:1)� 0.55; Rf (Al2O3 N I, CHCl3)� 0.56; IR (KBr): �� �3080w,
2954m, 2927m, 2855m, 1713s, 1698 s, 1660s, 1611w, 1594 s, 1579m, 1468w,
1432w, 1405m, 1342s, 1302w, 1253m, 1176w, 811m, 747m, 734 cm�1 m;
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.83 (t, 6H; 2CH3), 1.31 (m,
16H; 8CH2), 1.88 (m, 2H; �-CH2), 2.25 (m, 2H; �-CH2), 5.17 (m, 1H;
1CH), 7.01 (d, 3J(H,H)� 7.5 Hz, 1H; 5-H fluorenone), 7.16 (dt, 3J(H,H)�
7.6 Hz, 4J(H,H)� 1.3 Hz, 1H; 7-H fluorenone), 7.22 (dt, 3J(H,H)� 7.4 Hz,
4J(H,H)� 1.1 Hz, 1H; 6-H fluorenone), 7.43 (dd, 3J(H,H)� 7.9 Hz,
4J(H,H)� 1.1 Hz, 1H; 3-H fluorenone), 7.52 (t, 3J(H,H)� 7.7 Hz, 1H;
2-H fluorenone), 7.67 (dd, 3J(H,H)� 7.3 Hz, 4J(H,H)� 1.3 Hz, 1H; 8-H
fluorenone), 7.84 (dd, 3J(H,H)� 7.3 Hz, 4J(H,H)� 1.4 Hz, 1H; 1-H fluo-
renone), 8.73 (d, 3J(H,H)� 8.0 Hz, 6H; 6CH perylene), 8.80 (d, 3J(H,H)�
8.1 Hz, 2H; 2CH perylene); COSY NMR: cross-peaks at �� (7.01, 7.22),
(7.16, 7.22), (7.43, 7.52), (7.52, 7.84); 13C NMR (CDCl3): �� 14.02 (2C, CH3),
22.58, 26.95, 29.20, 31.75, 32.39 (10C, 10CH2), 54.91 (1C, CH), 121.73,
122.72, 123.19, 123.63, 124.62, 129.47, 130.15, 130.28, 132.37, 135.79, 135.87,
136.10, 141.45, 142.39 (32C, CH perylene, CH fluorenone), 163.06 (4C,
C�O), 192.60 (1C, C�O fluorenone); UV (CHCl3): �max (�)� 251 (79330),
259 (85660), 370 (4780), 435 sh (5520), 460 (18750), 491 (51570), 528 nm
(85900); fluorescence (CHCl3): �max (Irel)� 536 (1.00), 581 (0.54), 529 nm
(0.13); fluorescence quantum yield (�exc� 491 nm, E491 nm� 0.0311/1 cm,
CHCl3, reference 1a with �� 1.00)� 0.98; MS (70 eV): m/z (%): 751 (19),
750 (34) [M�], 733 (7), 571 (7), 570 (28), 569 (77), 568 (100) [M��C13H26],
552 (10), 551 (20), 523 (14), 373 (11); elemental analysis calcd (%) for
C50H42N2O5 (750.9): C 79.98, H 5.64, N 3.73; found: C 80.49, H 5.74, N 3.75;
analysis calcd for C50H42N2O5: 750.3094; found: 750.3042 (HRMS).


N-(1-Hexylheptyl)-N�-(3-methylpyrenyl)-perylene-3,4 :9,10-tetracarboxylic
bisimide (10b): 3-Ainomethylpyrene hydrochloride (110 mg, 0.41 mmol),
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N-(1-hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-
carboximide (2a, 200 mg, 0.35 mmol) and imidazole (3.5 g) were allowed to
react according to the general procedure and purified by column separation
(Al2O3 N I, chloroform) to yield light red powder (200 mg, 73%). M.p.
�350 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.80; Rf (Al2O3 N I,
CHCl3)� 0.71; IR (KBr): �� �3050w, 2954m, 2927m, 2856m, 1695s,
1658s, 1594 s, 1579m, 1437w, 1404m, 1355m, 1338 s, 1253m, 1173w, 847w,
810m, 750 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.82 (t,
6H; 2CH3), 1.27 (m, 16H; 8CH2), 1.88 (m, 2H; �-CH2), 2.26 (m, 2H; �-
CH2), 5.19 (m, 1H; CH), 6.13 (s, 2H; 1CH2), 7.91 (d, 3J(H,H)� 8.9 Hz, 1H;
10-H pyrene), 7.94 (t, 3J(H,H)� 7.4 Hz, 1H; 7-H pyrene), 7.95 (d,
3J(H,H)� 9.0 Hz, 1H; 9-H pyrene), 8.03 (d, 3J(H,H)� 8.2 Hz, 1H; 4-H
pyrene), 8.06 (d, 3J(H,H)� 7.9 Hz, 1H; 5-H pyrene), 8.09 (d, 3J(H,H)�
7.7 Hz, 1H; 6-H pyrene), 8.14 (d, 3J(H,H)� 7.8 Hz, 1H; 8-H pyrene), 8.17
(d, 1H; 3J(H,H)� 9.3 Hz, 3-H pyrene), 8.50 (d, J(H,H)� 8.2 Hz, 2H; 2CH
perylene), 8.52 (d, 3J(H,H)� 9.0 Hz, 2H; 2CH perylene). 8.64 (d,
3J(H,H)� 8.1 Hz, 4H; 4CH perylene), 8.66 (d, 3J(H,H)� 9.6 Hz, 2H;
2-H pyrene); COSY NMR: cross-peaks at �� (7.91,7.93), (7.94, 8.06, 8.09),
(8.03, 8.06), (8.17, 8.66); 13C NMR (CDCl3): �� 13.97 (2C, CH3), 22.54,
26.93, 29.18, 31.73, 32.38 (10C, CH2), 41.49 (1C, CH2), 54.80 (1C, CH),
122.89, 123.03, 123.12, 124.69, 124.84, 125.05, 125.13, 125.83, 126.08, 126.27,
126.42, 127.22, 127.26, 127.81, 128.86, 129.45, 130.16, 130.69, 130.76, 131.22,
131.70, 132.08, 132.99, 134.19, 134.86, 139.30 (36C, CH perylene, CH
pyrene), 162.65, 163.67 (4C, C�O); UV/Vis (CHCl3): �max (�)� 261
(45250), 278 (46850), 302 sh (8070), 315 (15790), 328 (32510), 344
(46060), 370 (4320), 434 sh (5160), 460 (19030), 491 (52840), 528 nm
(87020); fluorescence (CHCl3): �max (Irel)� 534 (1.0), 571 nm (0.6); MS
(70 eV): m/z (%): 788 (4) [M��H], 787 (70) [M�], 605 (6) [M��C13H26],
604 (6), 416 (4), 391 (5), 390 (8) [M��C13H26�C17H11], 217 (17), 216 (100),
215 (73), 182 (18); elemental analysis calcd (%) for C54H46N2O4 (787.0): C
82.42, H 5.89, N 3.56; found: C 82.99, H 5.91, N 3.73.


Coupling of chromophores by the formation of carboxylic amides; general
procedure : N-(sec-Alkyl)-N�-(amino)-perylene-3,4:9,10-tetracarboxylic bi-
simide (0.26 mmol) and a carboxylic chloride (0.52 mmol) in anhydrous
toluene (20 mL) were stirred under Ar at room temperature for 20 h. The
reaction product was collected by vacuum filtration (D4) and dried at
130 �C for 16 h.


N-(1-Hexylheptyl)-N�-(aminocarbonyl-2�-anthraquinonyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (15a): N-(1-Hexylheptyl)-N�-(amino)-
perylene-3,4:9,10-tetracarboxylic bisimide (150 mg, 0.26 mmol) and an-
thraquinone-2-carboxylic chloride (140 mg, 0.52 mmol) were allowed to
react according to the general procedure and purified by two extractive
recrystallizations (toluene and chloroform) to yield a reddish brown
powder (160 mg, 73%). M.p. �360 �C; Rf (silica gel, CHCl3/acetone
15:1)� 0.46; Rf (Al2O3 N II, CHCl3/acetone 15:1)� 0.47; IR (KBr): ��


�3350w (NH), 3080w, 2927m, 2856m, 1724w, 1697s, 1658 s, 1594s, 1404m,
1347s, 1253 s, 1173m, 810s, 740s, 709 cm�1 s; 1H NMR (400 MHz, CDCl3,
25 �C, TMS): �� 0.82 (t, 6H; 2CH3), 1.27 (m, 16H; 8CH2), 1.89 (m, 2H; �-
CH2), 2.27 (m, 2H; �-CH2), 3.66 (s, 1H; 1NH), 5.20 (m, 1H; 1CH), 7.84 (m,
2H; 2CH anthraquinone), 8.38 (m, 2H; 2CH anthraquinone), 8.50 (br s,
2H; 2CH anthraquinone), 8.63 (d, 3J(H,H)� 8.4 Hz, 2H; 2CH perylene),
8.67 (d, 3J(H,H)� 8.6 Hz, 2H; 2CH perylene), 8.75 (d, 3J(H,H)� 8.0 Hz,
4H; 4CH perylene), 8.96 (s, 1H; 1-H anthraquinone); UV/Vis (CHCl3):
�max (�)� 259 (76660), 276 sh (18390), 331 br. (9410), 367 (6820), 434 sh
(7430), 460 (22530), 491 (59700), 528 nm (97860); fluorescence (CHCl3):
�max (Irel)� 535 (1.00), 577 (0.54), 627 nm (0.13); MS (70 eV): m/z (%): 822
(5) [M��H], 821 (9) [M�], 641 (9), 640 (24), 639 (30) [M��C13H26], 588
(6), 587 (15), 407 (16), 406 (60), 405 (100) [M��C13H26�C15H6O3], 391
(6), 390 (10), 377 (11), 376 (31), 251 (11), 250 (7), 249 (40), 236 (12), 235
(70), 221 (13), 207 (13); elemental analysis calcd (%) for C52H43N3O7


(821.9): C 75.99, H 5.27, N 5.11; found: C 76.29, H 5.67, N 5.34.


N-(1-Hexylheptyl)-N�-(aminocarbonyl-2�-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (15b): N-(1-Hexylheptyl)-N�-(amino)-
perylene-3,4:9,10-tetracarboxylic bisimide (100 mg, 0.17 mmol) and fluo-
rene-9-on-2-carboxylic chloride (120 mg, 0.49 mmol) were allowed to react
according to the general procedure and purified by an extractive
recrystallization from chloroform to yield a reddish orange powder
(50 mg, 37%). M.p. �360 �C; Rf (silica gel, CHCl3/acetone 15:1)� 0.28;
IR (KBr): �� �3070w, 2927m, 2856m, 1722 s, 1697 s, 1660 s, 1616w, 1594s,
1579w, 1458w, 1404m, 1347m, 1306w, 1255m, 1176w, 810m, 740 cm�1 m;
UV/Vis (CHCl3): �max (�)� 261 (93070), 270 (85790), 298 sh (10990), 314 sh


(7640), 370 (5060), 434 sh (5930), 459 (19580), 490 (53100), 527 nm
(87580); fluorescence (CHCl3): �max (Irel)� 537 (1.00), 579 (0.54), 629 nm
(0.13); MS (70 eV):m/z (%): 794 (19) [M��H], 793 (34) [M�], 776 (8), 613
(17), 612 (39), 611 (34) [M��C13H26], 406 (3), 405 (3), 391 (4), 390 [M��
C13H26�C14H7NO2] (5), 377 (4), 376 (7), 221 (50) [M��C14H7NO2


�], 208
(16), 207 (100); elemental analysis calcd (%) for C51H43N3O8 (793.9): C
77.16, H 5.46, N 5.29; found: C 77.01, H 5.49, N 5.31.


N-(1-Hexylheptyl)-N�-(aminocarbamyl-2�-fluorene-9-onyl)-perylene-
3,4 :9,10-tetracarboxylic bisimide (11b): N-(1-Hexylheptyl)-N�-(amino)-
perylene-3,4:9,10-tetracarboxylic bisimide (100 mg, 0.17 mmol) and fluo-
rene-9-one-2-isocyanate (120 mg, 0.54 mmol) in anhydrous toluene
(10 mL) were stirred under Ar at room temperature for 24 h, evaporated
in vacuo (12 mbar) and purified by column separation (silica gel, chloro-
form/acetone 15:1 for a light red forerun and chloroform/ethanol 20:1 for
the broad red main fraction) to yield a violet solid (110 mg, 80%). M.p.
296 ± 299 �C decomp; Rf (silica gel, CHCl3/acetone 15:1)� 0.02; Rf (silica
gel, CHCl3/ethanol 20:1)� 0.57; IR (KBr): �� �3380w (NH), 3070w,
2927m, 2856m, 1730w, 1698 s, 1660m, 1595 s, 1579w, 1549w, 1493w, 1458m,
1430w, 1404w, 1346m, 1301m, 1253m, 1177m, 1109w, 810m, 765w,
738 cm�1 m; UV/Vis (CHCl3): �max (�)� 262 (75190), 272 (80030), 315 sh
(16770), 331 sh (11120), 436 sh (5110), 461 (13070), 492 (33390), 528 nm
(54510); fluorescence (CHCl3): �max (Irel)� 536 (1.00), 577 (0.63), 528 nm
(0.18); MS FAB (3-NBA): m/z (%): 809 (1) [M�], 589 (6), 588 (13) [M��
C14H7O2N], 587 (3), 407 (3), 406 (7) [M��C13H26�C14H7O2N], 405 (4),
392 (3), 391 (7) [M��C13H26�C14H7O2N-NH], 390 (4), 376 (2), 362 (2),
361 (2); elemental analysis calcd (%) for C51H44N4O6 (808.9): C 75.72, H
5.48, N 6.93; found: C 74.45, H 5.15, N 6.59.


Coupling of two chromophores by methylene spacers; general procedure :
N-(sec-Alkyl)-perylene-3,4:9,10-tetracarboxylic bisimide, the correspond-
ing alkyl bromide and potassium carbonate in anhydrous DMF were stirred
under Ar at 100 �C for 24 h. 10% KOH was added and the mixture was
stirred at room temperature for 1 h, acidified with conc. HCl and stirred for
further 30 min. The precipitate was collected by vacuum filtration, dried at
130 �C for 16 h and purified by column separation.


N2,N2�-Bis-(1-hexylheptyl)-N1,N1�-(1,2-ethandiyl)-bis-perylene-3,4 :9,10-
tetracarboxylic bisimide : N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracar-
boxylic bisimide (200 mg, 0.35 mmol), dibromomethane (0.70 mL,
10 mmol) and potassium carbonate (1.3 g, 9.4 mmol) in anhydrous DMF
(20 mL) and 10% KOH (5 mL) were allowed to react according to the
general procedure and purified by two column separations (silica gel,
chloroform/n-butanol 40:1 and chloroform/acetone 15:1), evaporated and
extracted with cyclohexane. The extract was discarded and the remaining
solid extractively recrystallized from chloroform to yiel a red solid (100 mg,
49%): M.p. �350 �C; Rf (silica gel, CHCl3/n-butanol 40:1)� 0.16; Rf (silica
gel, CHCl3/acetone 15:1)� 0.59; IR (KBr): �� �3070w, 2954m, 2927s,
2856m, 1698s, 1660s, 1594s, 1435m, 1405 s, 1356m, 1344m, 1325s, 1265m,
1212w, 1175w, 852w, 811 s, 751m, 745 cm�1 m; 1H NMR (400 MHz, CDCl3,
25 �C, TMS): �� 0.78 (t, 12H; 4CH3), 1.21 (m, 32H; 16CH2), 1.77 (m, 4H;
�-CH2), 2.13 (m, 4H; �-CH2), 5.07 (m, 2H; 2CH), 6.72 (s, 2H; R2N-CH2-
NR2), 8.48 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.50 (d, 3J(H,H)�
8.1 Hz, 4H; 4CH perylene), 8.57 (br s, 2H; 2CH perylene), 8.67 (d,
3J(H,H)� 8.1 Hz, 2H; 2CH perylene); 13C NMR (CDCl3): �� 14.01 (4C,
CH3), 22.55, 26.94, 29.18, 31.75, 32.29 (20C, CH2), 38.73 (1C, CH2), 54.80
(1C, CH), 122.81, 123.01, 123.08, 126.17, 126.38, 128.80, 129.35, 130.86,
131.68, 134.07, 134.78 (40C, CH perylene), 162.99 (8C, C�O perylene);
UV/Vis (CHCl3): �max (�)� 370 (6160), 434 sh (8170), 460 (32390), 492
(94330), 532 nm (174560); fluorescence (CHCl3): �max (Irel)� 538 (1.00),
580 (0.40), 631 nm (0.08); MS (70 eV): m/z (%): 1157 (0.6) [M�], 974 (1)
[M��C13H26], 793 (3) [M��C26H42], 404 (2) [C25H12N2O4


�], 391 (6), 390
(8) [C24H10N2O4


�], 374 (1), 182 (46)[C13H26
�]; elemental analysis calcd (%)


for C75H72N4O8 (1157.4): C 77.83, H 6.27, N 4.84; found: C 77.62, H 6.29, N
4.78.


N-(1-Hexylheptyl)-N�-(methyl-9�-anthracenyl)-perylene-3,4:9,10-tetracarb-
oxylic bisimide) (10c): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarbox-
ylic bisimide (100 mg, 0.17 mmol), 9-(bromomethyl)-anthracene (80 mg,
0.30 mmol) and potassium carbonate (650 mg, 4.70 mmol) in anhydrous
DMF (10 mL) was allowed to react according to the general procedure
(10% KOH was replaced by 20 mL of distilled water) and purified by
column separation (silica gel, chloroform; separation of a violet forerun
from the broad red main fraction) and an extractive recrystallization from
cyclohexane to yield a violet powder (30 mg, 23%). M.p. 209 ± 211 �C; Rf
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(silica gel, CHCl3)� 0.19; IR (KBr): �� � 3050w, 2954m, 2926m, 2856m,
1698s, 1658s, 1594s, 1579m, 1447w, 1434w, 1405m, 1378w, 1334m, 1250w,
1171w, 810s, 749m, 731 cm�1 w; 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 0.81 (t, 6H; 2CH3), 1.26 (m, 16H; 8CH2), 1.86 (m, 2H; �-CH2), 2.24 (m,
2H; �-CH2), 5.17 (m, 1H; 1CH), 6.39 (s, 2H; 1CH2), 7.44 (t, 3J(H,H)�
8.0 Hz, 2H; 2CH anthracene), 7.53 (dt, 3J(H,H)� 9.0 Hz, 4J(H,H)� 1.3 Hz,
2H; 2CH anthracene), 8.00 (d, 3J(H,H)� 8.1 Hz, 2H; 2CH anthracene),
8.45 (s, 1H; 5-H anthracene), 8.50 (d, 3J(H,H)� 8.2 Hz, 2H; 2CH
perylene), 8.54 (d, 3J(H,H)� 8.8 Hz, 2H; 2CH perylene), 8.58 (d,
3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.61 (d, 3J(H,H)� 9.0 Hz, 2H; CH
anthracene), 8.63 (m, 2H; 2CH perylene); 13C NMR (CDCl3): �� 13.99
(2C, CH3), 22.54, 26.90, 29.18, 31.72, 32.36 (10C, CH2), 38.18 (1C, CH2-
NR�2), 54.77 (1C, CH), 122.89, 123.12, 123.19, 124.73, 124.77, 126.04, 126.33,
126.35, 128.06, 128.48, 129.24, 129.51, 131.08, 131.37, 131.75, 134.27, 134.74
(34C, Ar), 163.88 (4C, C�O perylene); UV/Vis (CHCl3): �max (�)� 260
(122100), 351 (8286), 369 (11930), 390 (10120), 433 sh (5380), 460 (18130),
492 (49170), 528 nm (80760); fluorescence (CHCl3): �max (Irel)� 534 (1.00),
578 (0.53), 626 nm (0.13); MS (70 eV):m/z (%): 763 (51) [M��H], 762 (90)
[M�], 582 (9), 581 (21), 580 (19) [M��C13H26], 572 (9), 392 (5), 391 (18),
390 (31) [M��C13H26�C15H10], 373 (4), 346 (4), 345 (3), 192 (36), 191
(100), 190 (18) [C15H10


�], 189 (24); elemental analysis calcd (%) for
C52H46N2O4 (763.0): C 81.86, H 6.08, N 3.67; found: C 81.81, H 6.12, N 3.67.


N-(1-Hexylheptyl)-N�-(methyl-2-anthraquinoyl)-perylene-3,4 :9,10-tetra-
carboxylic bisimide) (10a): N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracar-
boxylic bisimide (200 mg, 0.35 mmol), 2-(bromomethyl)-anthraquinone
(200 mg, 0.66 mmol) and potassium carbonate (1.3 g, 9.4 mmol) in anhy-
drous DMF (20 mL) were allowed to react according to the general
procedure (10% KOH was replaced by 20 mL of distilled water) and
purified by column separation (silica gel, chloroform; separation of a red
forerun) to yield a red powder (40 mg, 14%). M.p. 342 ± 345 �C; Rf (silica
gel, CHCl3/acetone 15:1)� 0.86; Rf (Al2O3 N I, CHCl3/acetone 15:1)�
0.47; IR (KBr): �� �3070w, 2954m, 2927m, 2856m, 1697 s, 1660s, 1594s,
1580m, 1437m, 1405m, 1378w, 1339 s, 1294m, 1172m, 811m, 743w,
712 cm�1 m; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 0.79 (t, 6H;
2CH3), 1.34 (m, 16H; 8CH2), 1.85 (m, 2H; �-CH2), 2.23 (m, 2H; �-CH2),
5.16 (m, 1H; 1CH), 5.54 (s, 2H; 1CH2), 7.73 (t, 3J(H,H)� 6.4 Hz, 1H; 6-H
or 7-H anthraquinone), 7.90 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.8 Hz, 1H;
3-H anthraquinone), 8.23 (d, 3J(H,H)� 7.3 Hz, 1H; 5-H or 8-H anthraqui-
none), 8.25 (d, 3J(H,H)� 7.8 Hz, 1H; 5-H or 8-H anthraquinone), 8.25 (d,
3J(H,H)� 8.0 Hz, 1H; 4-H anthraquinone), 8.36 (d, 4J(H,H)� 1.4 Hz, 1H;
1-H anthraquinone), 8.59 (d, 3J(H,H)� 8.2 Hz, 2H; 2CH perylene), 8.60
(d, 3J(H,H)� 8.1 Hz, 2H; 2CH perylene), 8.67 (d, 3J(H,H)� 7.9 Hz, 4H;
4CH perylene); COSY NMR: cross-peaks at �� (7.73, 8.23, 8.25), (7.90,
8.25), (7.90, 8.36); 13C NMR (CDCl3): �� 14.01 (2C, CH3), 22.57, 26.94,
29.21, 31.76, 32.40 (10C, CH2), 43.54 (1C, CH2-NR2), 54.85 (1C, CH),
122.77, 123.01, 123.36, 126.86, 127.16, 127.18, 127.51, 127.75, 128.19, 129.50,
129.53, 129.62, 131.92, 132.74, 133.04, 133.46, 133.53, 133.73, 134.02, 134.04,
134.19, 134.57, 134.61, 135.23, 143.80 (32C, CH anthraquinone, CH
perylene), 163.37 (4C, C�O perylene), 182.73, 182.88 (2C, C�O anthra-
quinone); UV (CHCl3): �max (�)� 258 (87740), 277 (24430), 327 br.
(10810), 436 sh (5260), 460 (17310), 491 (47230), 528 nm (78960);
fluorescence (CHCl3): �max (Irel)� 537 (1.00), 579 (0.52), 625 nm (0.12);
solid-state fluorescence: �max� 654 nm; MS (70 eV): m/z (%): 793 (14)
[M��H], 792 (23) [M�], 775 (5), 613 (7), 612 (28), 611 (78), 610 (100)
[M��C13H26], 593 (6), 375 (5), 373 (15), 372 (18), 346 (18), 345 (4);
elemental analysis calcd (%) for C52H44N2O6 (792.9): C 78.77, H 5.59, N
3.53; found: C 78.60, H 5.30, N 3.13; analysis calcd for C52H44N2O6:
792.3199; found: 792.3233 (HRMS).
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About the Stability of Sulfurous Acid (H2SO3) and Its Dimer


Andreas F. Voegele,[a] Christofer S. Tautermann,[a] Thomas Loerting,[a, b]


Andreas Hallbrucker,[a] Erwin Mayer,[a] and Klaus R. Liedl*[a]


Abstract: The characterization and iso-
lation of sulfurous acid (H2SO3) have
never been accomplished and thus still
remain one of the greatest open chal-
lenges of inorganic chemistry. It is
known that H2SO3 is thermodynamically
unstable. In this study, however, we
show that a Ci-symmetric dimer of
sulfurous acid (H2SO3)2 is 3.5 kcalmol�1


more stable than its dissociation prod-
ucts SO2 and H2O at 77 K. Additionally,
we have investigated the kinetic stability
of the sulfurous acid monomer with
respect to dissociation into SO2 and
H2O and the kinetic isotope effect
(KIE) on this reaction by transition-
state theory. At 77 K, the half-life of
H2SO3 is 15� 109 years, but for the


deuterated molecule (D2SO3) it increas-
es to 7.9� 1026 years. At room temper-
ature, the half-life of sulfurous acid is
only 24 hours; however, a KIE of 3.2�
104 increases it to a remarkable 90 years.
Water is an efficient catalyst for the
dissociation reaction since it reduces the
reaction barrier tremendously. With the
aid of two water molecules, one can
observe a change in the reaction mech-
anism for sulfurous acid decomposition
with increasing temperature. The most
likely mechanism below 170 K is via an


eight-membered transition-state ring;
yet, above 170 K, a mechanism with a
six-membered transition state ring be-
comes the predominant one. For deu-
terated sulfurous acid, this change in
reaction mechanism can be observed at
120 K. Consequently, between 120 and
170 K, different predominant reaction
mechanisms occur for the decomposi-
tion of normal and deuterated sulfurous
acid when assisted by two water mole-
cules. However, the much longer half-
life of deuterated sulfurous acid and the
stability of the sulfurous acid dimer at
77 K are encouraging for future syn-
thesis and characterization under labo-
ratory conditions.


Keywords: ab initio calculations ¥
autocatalysis ¥ isotope effects ¥
kinetics ¥ proton-transfer reaction


Introduction


In many inorganic chemistry textbooks it is still reported that
the molecules sulfurous acid (H2SO3) and carbonic acid
(H2CO3) cannot be isolated in (water-)free form.[1±5] However,
this picture has been partially revised in the last couple of
years since it has become possible to prepare and isolate
carbonic acid by several methods[6±12] and to show its
remarkable kinetic stability.[11, 13]


Attempts to isolate and characterize free H2SO3 from an
aqueous SO2 solution have not yet been successful. However,
presumably a small fraction of SO2 dissolved in water is
present in the form of H2SO3.[3, 14] On cooling of such a
solution, SO2 hydrates form instead of H2SO3.[1±3] Solutions of


SO2 are weakly acidic and form two series of salts namely
sulfites (SO3


2�) and bisulfites (HSO3
�). The bisulfite ion has


been characterized by NMR spectroscopy by Horner and
Connick,[15] who showed that there are two isomeric forms of
the bisulfite ion. In one form the proton is attached to the
oxygen atom (SO2(OH)�, bisulfite ion), whereas in the other
form it is attached to the sulfur atom (HSO3


�, sulfonate
ion).[15] The equilibrium was determined to be in favor of the
bisulfite ion; this was confirmed by ab initio studies of
bisulfite and sulfonate water clusters.[15±18] S¸lzle et al. report a
successful generation of H2SO3 and showed that the bisulfite
form is produced rather than the sulfonate form.[19] In the
course of this study, H2SO3 was prepared in situ by a
dissociative ionizing process with diethylsulfite, followed by
a neutralization ± reionization process experiment during
mass-spectroscopic studies. The H2SO3 molecule produced
in this experiment was extremely short-lived and was neither
isolated nor characterized except by mass spectroscopy.
Taking ab initio calculations into consideration, the question
why it was hitherto impossible to isolate H2SO3 under normal
conditions becomes clearer.[20±22] The Gibbs standard state
free energy (�G0) for the reaction


SO2 � H2O�H2SO3 (1)
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is �14.6 kcalmol�1 at 298 K at the G2 level of theory. Thus,
under standard conditions, H2SO3 is thermodynamically
unstable and can be expected to dissociate into SO2 and
H2O.[20] Additionally, it has been shown that water acts
catalytically; thus, it lowers the reaction barrier between
H2SO3 and SO2 � H2O. This catalytic effect not only
accelerates the rate of decomposition but also explains why
attempts to isolate sulfurous acid from aqueous SO2 solutions
failed. Castleman and co-workers have studied protonated
sulfur dioxide ±water clusters experimentally and character-
ized them mass-spectroscopically.[23, 24] Clusters of constitu-
tion H3SO3


� are composed of two isomers, namely H2OH� ¥
SO2 and SO2H� ¥ H2O, but not of S(OH)3


� ; this shows that
H2SO3 does not form in an aqueous environment. SO2 and
water mixtures have also been investigated by infrared and
microwave spectroscopy,[25, 26] and a SO2 ¥ H2O complex in
which the planes of H-O-H and O-S-O are almost parallel was
identified.[25] Apart from these studies, the anhydride of
sulfurous acid SO2 itself has gained much attention. Since SO2


is one of the major pollutants in our atmosphere, it is not
surprising that researchers have been focusing on the
behavior and fate of SO2 in our atmosphere.[27, 28] However,
hydration of SO2 to H2SO3 has not been observed in our
atmosphere because of its slow rate.[29] Instead, SO2 is
oxidized, formally to SO3, in several steps. Therefore, much
research on mechanisms describing the oxidation of SO2 has
been done. It has been shown that oxidizing agents like HO.


and O2 are responsible for the oxidation to SO3.[20, 30±37] Then
SO3 is hydrated and forms sulfuric acid, H2SO4, in a multistep
mechanism.[38±52] In this study we investigate the kinetic
stability of H2SO3 and its deuterated form by transition-
state-theory considerations. We evaluate which laboratory
conditions are necessary to synthesize sulfurous acid and
characterize H2SO3 spectroscopically. Additionally, we show
for the first time that a symmetric sulfurous acid dimer is
thermodynamically stable with respect to dissociation into
SO2 � H2O.


Computational Methods


In order to calculate reaction rate constants, we have applied the
variational transition-state-theory approach (VTST) with inclusion of
quantum chemical effects like tunneling and corner cutting.[53±65] This
approach requires a detailed knowledge of the potential-energy surface
(PES). Calculation of a PES is computationally expensive, therefore the
PES was calculated by employing the hybrid density-functional method
B3LYP,[66±68] with the 6 ± 31�G(d) basis set, which is known to yield a
reasonably good description of the PES.[13, 52, 69±71] The minimum energy
path (MEP), which is the path of least energy connecting products and
reactants in internal mass-weighted coordinates, was determined by using
the Page ±McIver algorithm.[72, 73] The step size was set to 0.05 bohr, and at
every third step along the MEP, second derivatives of the energy with
respect to the nuclear coordinates were determined. To improve the quality
of the PES, the B3LYP energy surface was interpolated to three high level
stationary points (i.e., the reactants, the transition state, and the products)
according to an interpolation scheme that also maps the harmonic
frequencies and moments of inertia onto the high-level data.[74, 75] The
three stationary points (reactants, transition state, and products) have been
determined at several higher levels of theory, namely MP2/aug-cc-pVxZ
(x�D, T),[76, 77] CCSD(T)/aug-cc-pVxZ//MP2/aug-cc-pVxZ [x�D, T;
shorthand notation CCSD(T)/VxZ],[78] and Gaussian theory
[G2(MP2)].[79, 80] Comparison of these high-level methods showed that


they are in good agreement with each other within chemical accuracy.
Harmonic vibrational frequencies were determined at the B3LYP/6 ± 31�
G(d) and the MP2/aug-cc-pVxZ (x�D, T) levels of theory. Quantum-
chemical corrections have been applied to the variational transition-state-
theory result by the microcanonical-optimized multidimensional-tunneling
approach. In this approach, the Arrhenius prefactor of the rate constant is
multiplied by a transmission coefficient �. The transmission coefficient is
evaluated by different methods, which consider that the system tunnels
along shorter paths in the course of the reaction that are more demanding
in terms of energy. The methods we consider are the small-curvature-
tunneling (SCT) and large-curvature-tunneling (LCT) approaches within
the framework of semiclassical theory.[81] The SCT approximation[55, 82]


allows moderate corner-cutting along a curved MEP and is calculated by
means of the centrifugal dominant small-curvature semiclassical adiabatic
ground-state tunneling method according to the concept of Marcus and
Coltrin.[54, 55, 61, 83, 84] The LCT correction assumes that tunneling occurs
along straight-line connections between the reactant and the product
valley; this leads to tunneling paths far off the MEP in the nonadiabatic
region of the PES. We employed the large-curvature ground-state
approximation version 4 (LCG4)[85] to calculate LCT effects. Due to the
involvement of proton transfer in the course of H2SO3 decomposition, we
also investigated the influence of the substitution of ™normal∫ hydrogen
(i.e. 1


1H) by deuterium 2
1� H). Due to the difference in mass between 1


1H and
2
1H, molecules carrying either of the two isotopes have different zero-point
energies. The mass difference will usually result in a smaller transmission
coefficient for D transfer compared with H transfer. Therefore we
determined the rate constant kD2SO3


for the deuterated reaction, which
was done in analogy to kH2SO3


. The MEP was recalculated at the B3LYP/6 ±
31�G(d) level of theory with 2


1H instead of 1
1H and then interpolated to


G2(MP2). Rate constants and transmission coefficients were calculated by
VTST and the microcanonical optimized multidimensional tunneling
approach, respectively. The kinetic isotope effect (KIE) was calculated as
the ratio between ™normal∫ and deuterated reaction-rate constants KIE�
kH2SO3


kD2SO3


All stationary points were determined with the Gaussian 98 program
package,[86] and the kinetics calculations were performed with Poly-
rate 8.5[87] and Gaussrate 8.6,[88] which is an interface between Gaussian 98
and Polyrate 8.5.


Results and Discussion


Sulfurous acid : As already outlined in the introduction, there
are two isomeric forms with stoichiometry H2SO3 when sulfur
is in the oxidation state SIV.[15] Since the ™sulfurous acid∫
isomer is more stable than the sulfonic acid isomer, we have
concentrated only on sulfurous acid. In fact Li and McKee
reported that the standard state free energy (�G0) for the
reaction SO2 � H2O�H2SO3 is 14.6 kcalmol�1 at 298.15 K at
the G2 level of theory.[20] This is already highly endergonic, so
the sulfonic acid isomer would be even more endergonic. The
standard-state free-energy change reported by Li and McKee
is in very good agreement with our G2(MP2) result of
�G0(298.15 K, 1 bar)� 15.1 kcalmol�1. Another level of
theory namely CCSD(T)/VTZ yields a �G0(298.15 K) of
12.6 kcalmol�1, which is 2 kcalmol�1 lower than the G2
results. It is difficult to judge which of the results is most
accurate in describing the zero-point energy: while G2 uses
scaled Hartree ± Fock harmonic frequencies with a small basis
set, we used M˘ller ± Plesset perturbation theory with a large
basis set [MP2/aug-cc-pVTZ]. However, we used the
CCSD(T)/VTZ energies because we believe in using the
larger basis set. Figure 1 shows changes in free energy and in
standard-state free energy as a function of temperature. At
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Figure 1. Free-energy change for the formation of H2SO3 according to the
reaction SO2 � H2O�H2SO3. Three different pressures were investigated,
namely 0.001, 1.0 (standard state), and 10.0 bar. The energies were
determined at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ level of
theory, and zero point corrections were obtained with MP2/aug-cc-pVTZ.


77 K, �G0 for this reaction is
�5.4 kcalmol�1; this demon-
strates that at this temperature
H2SO3 is only slightly unstable.
The structure predicted in this
study does not deviate signifi-
cantly from the one reported by
Li and McKee.[20] The orienta-
tion of the hydrogen atoms is
cis-like to the double-bond oxy-
gen, as indicated in Scheme 1.
We also identified a trans-like
H2SO3 molecule, which is
0.98 kcalmol�1 higher in energy
with a cis ± trans isomerisation
barrier of 2.38 kcalmol�1 (de-
termined at the CCSD(T)/VTZ
level of theory).


Mechanism of H2SO3 decom-
position : The mechanism of
H2SO3 decomposition is shown
schematically in Scheme 1 (n�
0). The transition state during
H2SO3 decomposition is com-
prised of a four-membered ring
that suffers from high ring
strain, which in turn explains
the high reaction barrier of
30.0 kcalmol�1. In the presence
of only one water molecule, the
mechanism proceeds via a six-
membered transition state as
shown in Scheme 1 (n� 1). This
transition state does not suffer
so much from ring train, and


therefore the reaction barrier is 12.5 kcalmol�1 lower than for
n� 0. From the mechanistic point of view, one proton from
H2SO3 is transferred to the assisting water molecule and not
directly to the leaving�OH group. The water molecule in turn
transfers one of its own protons to the �OH leaving group.
Such a mechanism is termed water-mediated proton transfer,
and a similar mechanism has been described by Li and
McKee.[20] For cases with two water molecules there are
several mechanisms: the probably two most important ones
are drawn in Scheme 1 and termed n� 2 and n� 1�1. The n�
2 mechanism is the continuation of the previous mechanisms
with an increase in size of the transition-state ring. The
transition state ring is eight-membered, and one of the
protons is transferred via both water molecules to the leaving
group. In contrast to this mechanism, the n� 1�1 mechanism
can be seen as an ™improved∫ version of the n� 1 reaction.
One water molecule is actively involved in the proton transfer
and the other water molecule is only a spectator. This
spectator stabilizes the transition state and therefore lowers
the reaction barrier. Table 1 summarizes the reaction barriers
for the different reaction mechanisms.


Scheme 1. Reaction mechanisms for the decomposition of H2SO3. The left-hand structures correspond to the
reaction complexes, the middle ones to transition states and the right-hand ones to the products. In the series n� 0,
n� 1, and n� 2 the transition-state ring size increases systematically from 4 to 8, whereas in the n� 1�1 system,
the second water molecule acts as a spectator molecule that stabilizes the transition state by formation of
hydrogen bridges; this results in a lower reaction barrier than in the pure n� 1 case. (The arrows indicate the
motion of protons during the reaction.)
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The reaction barrier for n� 1�1 is 4.0 kcalmol�1 lower than
the barrier for n� 2; this makes the n� 1�1 mechanism
preferable. Taking a look at the reaction paths of the different
mechanisms shows that the shape of the minimum energy
path (MEP) with n� 2 water molecules is higher but narrower
than the n� 1�1 mechanism (see Figure 2). The shape of the
MEP has an effect on the probability of tunneling, which will
be discussed in more detail below. Extending the theoretical
consideration of H2SO3 decomposition to a ™real event∫
(either in solution, gas-phase, or crystal) this process is
autocatalytic. Every single decomposition event releases one
molecule of water that can act as a catalyst to destroy the next
H2SO3 molecule and so forth. In the gas-phase, however,
reaction mechanisms with a low number of water molecules
will occur since the probability that several water molecules
come into contact with H2SO3 is small.


Rate of decomposition and kinetic isotope effects : Figure 3A
shows the rates of H2SO3 decomposition for the different


Figure 2. Potential energy along the minimum-energy path as a function of
the reaction coordinate s for the reactions H2SO3 � nH2O� SO2 �
(n�1)H2O for n between 0 and 2. The reaction barrier decreases for an
increasing number of water molecules n. While the barrier becomes lower
and narrower for n� 1 and 2 relative to the uncatalyzed reaction, for n�
1�1 (one spectator water molecule) the reaction barrier is the lowest but
becomes wider again. The negative side of s corresponds to ™reactant-like∫
species, the positive side to ™product-like∫ species and s� 0 to the
transition state. Reaction barriers for H2SO3 decomposition are n� 0:
30.0 kcalmol�1, n� 1: 17.4 kcalmol�1, n� 2: 12.4 kcalmol�1, and n� 1�1:
8.44 kcalmol�1. Values determined at the G2(MP2) level of theory.


Figure 3. Reaction rates of sulfurous acid decomposition, as a function of
temperature, as catalyzed with no, one, or two water molecules. A) reaction
rate constants with the 1


1H isotope, B) reaction rates for the deuterium 2
1� H)


isotopes. In both cases quantum-mechanical tunneling is important. The
contribution of tunneling is lower for the deuterium-substituted reaction
channels, thus the cross-over between n� 2 and n� 1�1 occurs at lower
temperatures.


reaction channels. Pure H2SO3 decomposes at a rate of 7.8�
10�6 s�1 at 300 K. This corresponds to a half-life of approx-
imately 24 hours. The reaction rates of ™water-contaminated∫
H2SO3 increase up to 7.1� 104 s�1 (n� 1�1), which corre-
sponds to a half-life of only 10 �s and is 9� 109 times faster
than the uncatalyzed reaction. The value for the rate constant
(for mechanism n� 1�1) at room temperature is only lower
than the value of H2SO3 decomposition determined exper-
imentally by Eigen et al. for an aqueous solution by a factor of
90.[89] An extension of the n� 1�1 mechanism to an n� 1�m
mechanism will presumably lead to a result that is comparable
to experiment and will be the subject of future studies.


At lower temperatures, the n� 2 mechanism is faster than
the n� 1�1 mechanism, whereas at higher temperatures we
observe a crossover, and the n� 1�1 mechanism becomes
predominant. These large differences in the reaction rates are
caused mainly by the much stronger acceleration of the n� 2
mechanism due to tunneling as compared with the n� 1�1
mechanism. The higher barrier in the n� 2 case together with
the much lower tunneling enhancement than in the n� 1�1
case lead to the very rare case of a crossing in the reaction-rate
constants as a function of the temperature alone. This means


Table 1. Energy barriers and reaction energies of the reactions H2SO3�
nH2O� (n�1)H2O � SO2 at the G2(MP2) and CCSD(T)/aug-cc-pVxZ//
MP2/aug-cc-pVxZ (x�D, T) levels of theory. All values are in kcalmol�1.


n Method Energy Barrier Reaction Energy


0 G2(MP2) 30.0 � 8.09
CCSD(T)/VDZ 27.4 � 6.82
CCSD(T)/VTZ 28.6


1 G2(MP2) 17.4 � 5.42
CCSD(T)/VDZ 17.7 � 4.47


2 G2(MP2) 12.4 � 8.32
1�1 G2(MP2) 8.44 � 5.05
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that the chemical mechanism changes on reduction of the
temperature while keeping all other experimental parameters
constant, and goes over an eight-membered instead of a six-
membered transition state. However, if we consider possible
laboratory conditions, for instance the temperature of liquid
nitrogen (77 K), we observe that pure sulfurous acid is
kinetically stable for 15� 109 years (k� 1.5� 10�18 s�1) but
two water molecules lower this half-life to a few hours (k�
4.7� 10�5 s�1). As already indicated, tunneling plays a very
important role in the course of H2SO3 decomposition because
it accelerates the reaction rate by several orders of magnitude.
Therefore, we have substituted 1


1H by deuterium 2
1� H) and


investigated the kinetic isotope effect on the reaction rates
(see Figure 3B). The reaction-rate constants with deuterated
species are significantly lower, and the kinetic isotope effects
(KIE) are relatively big for some of the reactions. The KIEs
are given in Table 2. In terms of kinetic stability, the KIE
increases the half-life of pure H2SO3 6.3� 1016-fold at 77 K


and 3.2� 104-fold at 300 K. These rates of decomposition
correspond to half-lives of 8.0� 1026 years at 77 K and still
90 years at 300 K.


The cross-over between
mechanisms n� 2 and n� 1�1
has major consequences for the
reaction mechanism. First of
all, the predominant mecha-
nism at lower temperatures is
via an eight-membered transi-
tion state that is favored over a
six-membered transition state.
At approximately 170 K both
mechanisms are equally impor-
tant, at higher temperatures the
six-membered transition-state
mechanism becomes the more
dominant one. Even more in-
teresting is the fact that for the
deuterated species this cross-
over occurs at a much lower
temperature (approx. 120 K).
Thus, in the temperature range
between 120 and 170 K the
predominant mechanism for
the 1


1H- and 2
1H-substituted


molecules are different. From
an experimental point of view,


this would mean that in this range the observed KIE would be
a ratio between two different reaction channels. Therefore,
the KIEs between 120 and 170 K reported in this study will
not coincide with experimentally observable KIEs.


Sulfurous acid dimer : The sulfurous acid monomer turned out
to be thermodynamically unstable with respect to SO2 and
H2O over the complete temperature range investigated, even
though the �G0 at 50 K was only �4.6 kcalmol�1. However,
we investigated whether there is a sulfurous acid dimer that is
stable compared to the decomposition products SO2 and H2O.
We found a highly symmetric supermolecule with a center of
inversion (point group Ci) that is shown in Figure 4.


Figure 4 also shows the change in standard-state free energy
for the decomposition of the sulfurous acid dimer (H2SO3)2
into the monomer H2SO3 and into the constituents SO2 and
H2O according to the reactions


(H2SO3)2� 2H2SO3 (2)


(H2SO3)2� 2SO2 � 2H2O (3)


For reaction (2), �G0 is positive throughout the whole
investigated temperature range. The entropy of the dimer is
lower than that of the two monomers; however, the gain in
enthalpy due to the formation of four hydrogen bridges
clearly overcomes the entropic effect. Even though the four
hydrogen bridges are not linear, which normally lowers the
strength of hydrogen bonds significantly, the sum of all four
hydrogen bridges is �21.8 kcalmol�1, which is on average still
�5.5 kcalmol�1 each. Due to the symmetry of the molecule,
the protons can change their position and hop between the
two H2SO3 entities. This hopping occurs at a frequency of
about 5 GHz at 77 K, and the barrier for the proton transfer is


Figure 4. Standard-state free-energy change (�G0) for the decomposition of the H2SO3 dimer. The solid line
shows�G0 for the decomposition of the dimer into the monomers [(H2SO3)2� 2H2SO3], whereas the dashed line
represents decomposition of the dimer into the constituents SO2 and H2O [(H2SO3)2� 2H2O� 2SO2]. The insert
shows the structure of the highly symmetric sulfurous acid dimer with its four hydrogen bridges. The dimer is
stable relative to the monomers within the total temperature range and is also stable compared with SO2 and H2O
below 110 K. Harmonic infrared spectroscopic frequencies (intensity in kmmol�1): 3523.03 (1244), 3466.84 (0.1),
1276.10 (163), 1153.21 (170), 1095.90 (485),783.08 (330), 777.35 (439), 636.74 (17), 626.98 (96), 471.53 (42),374.76
(12), 364.12 (7.1), 213.13 (43), 96.01 (1.0), 62.91 (0.3)–calculated at the MP2/aug-cc-pVDZ level of theory.


Table 2. Kinetic isotope effects
kH


kD


� �
for the decomposition of H2SO3


catalyzed by n� 0 to n� 2 water molecules.


T [K] KIE
n� 0 n� 1 n� 1�1 n� 2


77 5.3� 1016 6.2� 103 4.0� 102 1.2� 103


100 1.1� 1013 6.8� 103 25 3.5� 103


150 1.2� 109 6.5� 103 2.2 1.6� 103


175 7.8� 107 5.1� 103 1.97 4.4� 102


200 9.5� 106 3.7� 103 1.86 1.2� 102


300 3.2� 104 1.2� 103 1.69 10.5
350 8.3� 103 9.2� 102 1.65 7.1
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12.0 kcalmol�1 at both the G2(MP2) and the CCSD(T)/VDZ
level. Additionally such a symmetric supermolecule as the
sulfurous acid dimer shows a ground-state tunneling splitting,
which is a small difference in the ground-state energy
potential occurring in symmetric molecules.[90] The ground-
state tunneling splitting determined for (H2SO3)2 is 2.2 Hz
(equivalent to 1.6� 10�19 J or 7.3� 10�11 cm�1), which is
clearly outside the experimentally accessible range and
cannot be used for characterization.[91, 92] Therefore the infra-
red spectroscopic frequencies are shown in the legend of
Figure 4 and can be used for later spectroscopic identification.
If we take a look at the standard-state free-energy change for
reaction (3), we find that �G0 is positive at temperatures
below 110 K. At 77 K, the thermodynamic stability of the
(H2SO3)2 supermolecule is �3.5 kcalmol�1 with respect to
SO2 and H2O. Thus, H2SO3 is not only kinetically stable, as
shown above, but the dimer is also thermodynamically stable
below 110 K with respect to dissociation into 2SO2 and 2H2O.
Compared with decomposition into a (SO2 ¥ H2O)2 complex,
the dimer is energetically higher by a �G0(77 K) of
9.6 kcalmol�1 [G2(MP2)]. However, we do not believe that
decomposition into this complex does actually happen
because this process seems to be kinetically difficult. In fact,
we were not able to find a fully converged transition state for
this reaction, but our best guess for the reaction barrier with
an almost converged transition state is 19.7 kcalmol�1 at the
B3LYP/6 ± 31�G(d) level and might be even larger for higher
levels of theory. A conservative TST guess based on such a
barrier suggests a rate of decomposition of approximately
10�30 s�1, which would mean a half-life of 1022 years. The dimer
seems to be stable against attack of single water molecules,
thus the direct decomposition of the dimer is highly unlikely.
The alternative mechanism of decomposition by dissociation
into the monomer units that might decompose into sulfur
dioxide and water or the SO2 ¥ H2O complex (probably
catalyzed by additional water molecules) is thermodynami-
cally unlikely at temperatures below 100 K due to the stability
of the dimer compared with the monomer units.


Conclusion


In this study we have demonstrated that H2SO3 is kinetically
stable at low temperatures. Even though sulfurous acid is
destroyed autocatalytically by water, it has a half-life of
1.1 million years at 77 K in the presence of one water
molecule. However, there are striking similarities between
carbonic acid and sulfurous acid in their thermodynamic and
kinetic behavior. While the monomers of both H2SO3 and
H2CO3 are thermodynamically unstable with respect to
dissociation (into SO2 � H2O and CO2 � H2O, respective-
ly),[93, 94] the dimers are stable.[11, 95] In recent studies it was
possible to sublime and recondense solid carbonic acid, and
thus, to prove the stability of H2CO3 in the gas phase[11] and to
show its remarkable kinetic stability. The long half-life of
H2SO3 at low temperatures demonstrated in this study should
encourage experimentalists to perform experiments under
similar conditions with lower temperatures than those that
were successful for synthesizing carbonic acid. For carbonic


acid, several different cryogenic techniques have been suc-
cessfully applied to synthesizing it in crystalline form.[8±11] For
instance, high energy and proton irradiation of cryogenic CO2/
H2O mixtures,[8] of pure solid CO2,[10] and protonation of
bicarbonate and carbonate[9, 11] at temperatures around 200 K
are conditions under which it is possible to synthesize
carbonic acid. The chance of being successful in synthesizing
sulfurous acid from cryogenic SO2 under laboratory condi-
tions is increased if deuterium is used instead of protons and if
lower temperatures are applied. At 77 K, the half-life of
H2SO3 is increased from 1.5� 1010 years to 7.9� 1026 years due
to deuteration. Even in the presence of a small fraction of
water (n� 1), the half-life of deuterated sulfurous acid is
710 million years, which is 700 times longer than that of
™normal∫, water-free sulfurous acid. Thus, in a similar way to
carbonic acid, it might be possible to prepare and characterize
H2SO3 from cryogenic SO2, SO2/H2O, or HSO3


�/ice by proton
(deuterium) irradiation.


An interesting fact that can be observed is the change in
reaction mechanism for the decomposition reaction of
sulfurous acid due to deuteration. In the temperature range
120 K to 170 K, the mechanism of decomposition assisted by
two water molecules changes upon deuteration from a six-
membered transition state to an eight-membered transition
state. This is largely caused by a much larger tunneling effect
in one of the mechanisms. The fact that a sulfurous acid dimer
is thermodynamically more stable by 3.5 kcalmol�1 at 77 K
compared with the decomposition products SO2 and H2O is
encouraging for experimentalists attempting to synthesize
H2SO3. If they are successful in preparing H2SO3 by, for
instance, one of the described techniques it is very likely that
the dimer forms spontaneously out of the monomers, since
this process should be barrierless. This dimer has Ci symmetry
and is stabilized by altogether four hydrogen bonds; the
protons can hop from one H2SO3 entity to the other. Once the
dimer has formed, it is thermodynamically unlikely that it will
dissociate back into monomers. Since this dimer is extremely
stable, and it is more stable against water attack than the
monomer, the chance to characterize H2SO3 either as a
monomer or a dimer is increased.
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Nucleophilic Addition of Nitrones to Ketones:
Development of a New Catalytic Asymmetric Nitrone-Aldol Reaction


Anders B˘gevig, Kurt V. Gothelf, and Karl Anker J˘rgensen*[a]


Abstract: A new organic reaction has
been discovered in which nitrones react
with carbonyl compounds in an aldol-
type reaction to give functionalized �-
hydroxynitrones. The �-carbon atom of
the nitrone undergoes a nucleophilic
addition reaction to electron-deficient
ketones, such as �-ketoesters, �,�-dike-
tones, and trifluoromethyl ketones, to
afford the products in moderate to good


yields. The scope and potential of the
reaction have been investigated and
developed. The reaction can also be
catalyzed by secondary amines. The use
of chiral cyclic amines, such as �-proline


leads to optically active �-hydroxyni-
trones in moderate yield and with mod-
erate to high enantiomeric excess. The
reaction mechanism was studied by
kinetic measurements, intermediate
and product analysis, and determination
of the absolute configuration of the
product; based on these investigations
a mechanism for the new reaction is
proposed.


Keywords: aldol reaction ¥ amines
¥ asymmetric catalysis ¥
enantioselectivity ¥ nitrones


Introduction


Nitrones are important compounds in organic synthesis and
they are known to undergo two fundamental reactions: 1,3-
dipolar cycloaddition reactions with alkenes and addition of
nucleophiles. The 1,3-dipolar cycloaddition reaction is prob-
ably the most important of these, and the isoxazolidine products
have been widely used for the preparation of a variety of
different highly functionalized molecules.[1] This reaction has
recently been intensively investigated due to the interest in
developing catalytic asymmetric 1,3-dipolar cycloadditions of
nitrones.[2] The nucleophilic addition to nitrones is the other
important reaction of this class of dipoles and this approach has
mainly been used for the formation of new C�C bonds.[3]


In the present paper, we report a new fundamental reaction
of nitrones. In this new C�C bond forming process, the nitrone
acts as a nucleophile that adds to electrophiles such as
carbonyl compounds.


Nitrones with an �-proton can be in equilibrium with theN-
hydroxylenamine tautomer as outlined in Scheme 1. This
nitrone ±N-hydroxylenamine tautomerism is analogous to
keto ± enol and imine ± enamine tautomerism. The formation
of the N-hydroxylenamine from the nitrone can be initiated
by deprotonation by a base as shown in Scheme 1. The
formation of the N-hydroxylenamine from the nitrone thus
generates a nucleophilic carbon atom, which may add to


carbonyl compounds, for ex-
ample. This reaction can be
considered as the nitrone an-
alogue of the aldol reaction,
that is, a nitrone-aldol reac-
tion.


Previous investigations of
the nucleophilicity of nitro-
nes are very limited. It has
been shown that the N-hy-
droxylenamine tautomer of
nitrones can be trapped
by silylation of the nitrone
oxygen atom to give
theO-TMS-hydroxylenamine
(Scheme 1).[4] However, the
reactivity of this species was
not studied. Others have studied the mechanism of the
dimerization of C-alkyl nitrones,[5] and they proposed the N-
hydroxylenamine as a key intermediate in this reaction. In
two independent studies it was shown that at elevated
temperature and under very harsh reaction conditions, nitro-
nes undergo condensation with benzaldehyde to give an �,�-
unsaturated nitrone.[6]


This paper presents a new reaction of nitrones 1 with
ketones 2 in which �-hydroxynitrones 3 are formed
(Scheme 2). The development of the new nitrone-aldol-type
reaction will be discussed in detail. These studies include the
basis for the reaction, its scope and mechanism, and finally the
development of an enantioselective organo-catalyzed reac-
tion leading to optically active �-hydroxynitrones with
moderate to high enantiomeric excess.
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Danish National Research Foundation: Center for Catalysis
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Scheme 2. Nucleophilic addition of nitrones to ketones: the nitrone-aldol
reaction.


Results and Discussion


The present work was initiated by investigations of the
reaction of protected N-hydroxylenamines 4 with ethyl 1,1,1-
trifluoropyruvate (2a) (Scheme 3). When different protected
N-hydroxylenamines 4 reacted with aldehydes and ketones
the expected TMS-protected product 3� was formed in low
conversion in a mixture with alcohol 3. In several cases, the
elimination product 5 and the double addition product 6 were
also isolated. The formation of the latter compound probably
takes place by a nucleophilic reaction of the �-carbon atom in
3 with a second equivalent of 2a to form a new C�C bond.
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Scheme 3. Reaction of the TMS-protected hydroxylenamine 4with ketone
2a.


This observation led us to explore the possibility of
performing the direct addition of nitrones to carbonyl
compounds, since it has been proposed that the dimerization
of nitrones with an aliphatic �-C�H proceeds through
spontaneous enolization of nitrones.[5] It turned out that the
N-benzyl-C-methylnitrone (1a) reacts with activated carbonyl
compounds such as ethyl 1,1,1-trifluoropyruvate (2a) by a
direct nucleophilic reaction to give the addition product 3a in
good yield (Scheme 4). Various reaction conditions were


tested and it was found that a fast, but less selective reaction
took place in THF compared to the reaction performed in
CH2Cl2 in which product 3a was formed in good yield. The
reaction between nitrones with an �-proton and 2a turned out
to be general and Table 1 shows the results for the direct
nitrone-aldol reaction of various nitrones 1a ± h with 2a.


N-Benzyl-C-methylnitrone (1a) and N-tert-butyl-C-meth-
ylnitrone (1b), both with the �-proton on a primary carbon
atom, react with ethyl 1,1,1-trifluoropyruvate (2a) to give 3a
and 3b in 63 % and 40 % yield, respectively (Table 1, entries 1
and 3). If three equivalents of 2a are used, the yield of 3a
increases slightly to 70 %; however, in addition to product 3a,
the double addition product similar to 6 (Scheme 3) was also
formed in 5 % yield (entry 2). Reactions between 1c or 1d,
both with the �-proton on a secondary carbon atom, and 2a
proceeded smoothly to afford the 86 and 71 % yield of 3c and
3d, respectively. In both cases the products have a diastereo-
meric ratio of 3:2 (entries 4 and 5). The nitrone 1e, derived
from 2-methyl propionaldehyde, did not react with 2a
(entry 6), which might be explained by the fact that the �-
proton is attached to a tertiary carbon atom making depro-
tonation more difficult compared to the other nitrones
studied. The low reactivity of nitrone 1e was further
supported by a slow deprotonation reaction, as a very slow
deuterium exchange of the �-proton was observed when 1e
was mixed with CF3COOD (15 equiv) in CDCl3. The
acetophenone-derived nitrone 1 f reacts with 2a to give the
addition product 3 f in moderate yield (entry 7), and a similar


result is obtained for the cyclic
nitrone 1g (entry 8). Thus, nitro-
nes derived from ketones can also
be applied in this reaction. The
difference in reactivity for the
two cyclic nitrones 1g and 1h is
notable (entries 8 and 9). The
ring in 1h might be too strained
to allow the formation of the N-
hydroxylenamine. The present
reaction gives an easy approach
to trifluoromethylhydroxy com-
pounds which have found appli-
cation in various fields.[7]


Table 1. Nitrone-aldol reactions of nitrones 1a ± h with ethyl 1,1,1-
trifluoropyruvate (2a) in CH2Cl2 at room temperature.


Entry Nitrone Equiv 2a Reaction time [h] Product Yield [%][a]


1 1a 1 24 3a 63
2 1a 3 15 3a 70[b]


3 1b 1 22 3b 40
4 1c 3 96 3c 86[c]


5 1d 2 120 3d 71[c]


6 1e 3 � 120 3e � 5
7 1 f 2 22 3 f 31
8 1g 1.2 72 3g 34[d]


9 1 h 1.2 120 3 h � 5


[a] Isolated yield. [b] The double addition product was isolated in 5% yield
after the addition of a second equivalent of 2a. [c] Diastereomeric ratio
3:2. [d] Diastereomeric ratio 4:1.
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Scheme 4. Reaction of nitrones 1a ± h with ketone 2a.
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To develop a catalytic variant of the present reaction, a
series of experiments was performed. Application of Br˘nsted
and Lewis acids as catalysts did not improve the reaction rate
significantly, but these reagents often resulted in decomposi-
tion of the desired products. However, the presence of a
secondary cyclic amine such as pyrrolidine (7a) (20 mol %)
led to a significant enhancement of the reaction rate. The
reaction of N-benzyl-C-methylnitrone (1a) with ethyl 1,1,1-
trifluoropyruvate (2a) in the presence of 7a gave product 3a
in high yield after only 4 h, whereas 24 h were required to
obtain 3a in only moderate yield in the absence of 7a (Table 1,
entry 1). Based on 1H NMR spectroscopic experiments, the
initial rate of formation of 3a was estimated to be 6 �� s�1 and
18 �� s�1 in the absence and presence of 7a, respectively.
Other primary and secondary amines were also tested as
catalysts. Isopropyl amine and diisopropyl amine did not
increase the reaction rate, and N-methyl aniline led to
formation of the Friedel ± Crafts product by reaction with
2a.[8]


Pyrrolidine (7a) was therefore found to be an effective
catalyst for the nucleophilic addition of nitrones to carbonyl
compounds (Scheme 5). Furthermore, with this catalyst the
reaction could be performed with carbonyl compounds other
than the highly activated carbonyl compound ethyl 1,1,1-
trifluoropyruvate (2a). The results for the reactions of N-
benzyl-C-methylnitrone (1a) with a series of different ketones
2a ±h catalyzed by 7a (20 mol %) are shown in Table 2. It
should be noted that for substrates other than 2a no reaction
takes place in the absence of catalyst 7a. The more activated
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Scheme 5. The pyrrolidine-catalyzed nitrone-aldol reaction.


ketones, trifluoroacetophenone (2b) and diethyl ketomalo-
nate (2c) afforded the fastest reactions in the presence of
catalyst 7a, and gave the addition products (3 i and 3 j) in 84
and 63 % yields, respectively (entries 2 and 3). Slower
reactions were obtained for the reactions between 1a and �-
ketoesters 2d and 2e, and due to the fact that 1a undergoes a
slow dimerization reaction, the isolated yields of 3k and 3 l
were moderate (entries 4 and 5). Nitrone 1a reacts with 2,3-
butanedione (2 f) to give 3m in 45 % yield (entry 6), while the
reaction with 1-phenyl-1,2-propanedione (2g) gives two
regioisomers 3n and 3o in a total yield of 49 % and in a 3:1
ratio (entry 7). 1,9-Decadien-5,6-dione (2h) was less reactive
and product 3p could only be obtained in 30 % yield after
72 h.


To expand the scope of the reaction further, we synthesized
two heteroatom-substituted nitrones 1 i and 1 j and subjected
these to reaction with ethyl 1,1,1-trifluoropyruvate (2a)
(Scheme 6). TheN-benzyl nitrone 1 i derived from benzyloxy-
acetaldehyde[9] undergoes pyrrolidine-catalyzed reaction with
2a to give the highly functionalized nitrone 3q in 73 % yield
and a diastereomeric ratio of 3:2. The N-benzyl nitrone 1 j
derived from N-Boc-aminoacetaldehyde is found to be less
reactive, and 3r is formed in only 35 % yield.
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Scheme 6. Reactions of �-heteroatom-substituted nitrones 1 i and 1 j with
2a.


The �-hydroxynitrones formed in this new reaction are
highly functionalized 1,3-dipoles, which can undergo inter-
molecular 1,3-dipolar cycloaddition reactions with electron-
deficient alkenes to give isoxazolidine products. For example,
nitrone 3a reacts with methyl acrylate (8) to give the
cycloaddition product 9 in 77 % yield after 1 h (Scheme 7).
The diastereomeric ratio of 9 was found to be 15:9:5:3
corresponding to an endo :exo selectivity of 5:3, and a facial
selectivity of 3:1 for both the endo and exo isomers.
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Scheme 7. 1,3-Dipolar cycloaddition reactions of nitrone-aldol adduct 3a
with methyl acrylate (8).


It is known that nitrones containing a double bond can
undergo intramolecular 1,3-dipolar cycloadditions.[10] This led
us to prepare the ketones 2e and 2h (Scheme 3),[11] but
unfortunately, the desired tandem 1,3-dipolar cycloaddition
reaction did not proceed.


Table 2. The reaction of N-benzyl-C-methylnitrone (1a) with various
carbonyl compounds 2a ± h catalyzed by pyrrolidine (7a) (20 mol %).


Entry Ketone
[equiv]


Reaction
time [h]


Conversion
of 2a [%]


Product Yield
[%][a]


1 2a (1.1) 4 � 95 3a 74
2 2b (1.2) 27 � 95 3 i 84
3 2c (1.5) 24 � 95 3j 63
4 2d (2.0) 48 � 95 3k 46
5 2e (2.0) 96 90 3 l 44
6 2f (2.0) 48 � 95 3m 45
7 2g (2.0) 48 90 3n� 3o 49[b]


8 2h (1.5) 72 70 3p 30


[a] Isolated yield. [b] Combined yield of regioisomers; ratio 3n :3o� 3:1.
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The structure of 3b obtained by reaction of 1b and 2a has
been determined by X-ray crystallography (Figure 1). The
structure of 3b is stabilized by a hydrogen bond from the
proton of the hydroxyl group to the nitrone oxygen atom
leading to a seven-membered ring.


The structure of the major diastereomer of the 1,3-dipolar
cycloaddition adduct 9 has also been determined (Figure 1). A
trans relationship between the two substituents on C1 and C3
of the isoxazolidine ring originates from an endo-transition
state structure in the 1,3-dipolar cycloaddition.


As an extension to the successful use of pyrrolidine (7a) as
a catalyst for the nitrone-aldol reaction, chiral amines[12] such
as 7b and 7c were investigated as chiral catalysts for the same
reaction (Scheme 8). The catalytic effect of methyl �-prolinate
(7b) on the reaction of N-benzyl-C-methylnitrone (1a) with
ethyl 1,1,1-trifluoropyruvate (2a) was found to be similar to
7a (i.e. , a racemic product was obtained), while the sterically
more hindered and commonly applied chiral organo-catalyst
7c[12s] failed to increase the reaction rate. Unfortu-
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Scheme 8. Organo-catalyzed asymmetric reactions of nitrones with ke-
tones.


nately, the two chiral catalysts 7b and 7c or their hydro-
chloride salts induced only sparse enantioselectivity in the
reaction.


Other chiral organo-catalysts 7d ±h have also been tested
for the nitrone-aldol reaction in an attempt to obtain optically
active products (Scheme 8). The results for the reaction of N-
benzyl-C-methylnitrone (1a) with trifluoroacetophenone
(2b) in the presence of the different catalysts are presented
in Table 3 (entries 1 ± 5). It appears that �-proline 7d and the


dipeptide �-Pro-�-Leu (7e) are the best chiral catalysts. The
optically active nitrone 3 i was obtained in up to 30 % ee
(entries 1 and 2). It turned out that the use of �-substituted
nitrones in the presence of catalytic �-proline in reactions
with diethyl ketomalonate (2c) led to an improvement in
enantioselectivity as shown in Table 3. The N-benzyl nitrone
derived from propionaldehyde (1c) reacts with 2c to give �-
hydroxynitrone 3s in 55 % isolated yield and with 76 % ee
(entry 7). The N-benzyl nitrones 1d and 1k derived from
butyraldehyde and isovaleraldehyde also react with 2c to give
the corresponding nitrones in 48 and 15 % yield and in 80 and
80 % ee, respectively (entries 7 and 8). It should be noted that
when aldehydes are used in these reactions the initially
formed �-hydroxynitrone eliminates water to give the corre-
sponding �,�-unsaturated compound.


In an attempt to obtain information about the reaction
mechanism, a series of kinetic measurements was carried out.


Figure 1. The X-ray structures of 3b (left) and 9 (right).


Table 3. Catalytic enantioselective nitrone-aldol reaction of various nitro-
nes with activated carbonyl compounds catalyzed by chiral amines 7d ± h.


Entry Nitrone Ketone Catalyst[a] Product Yield [%][b] ee [%][e]


1[c] 1a 2b 7d 3 i 50 30
2[d] 1a 2b 7e 3 i 46 29
3[d] 1a 2b 7f 3 i 22 9
4[d] 1a 2b 7g 3 i 86 21
5[d] 1a 2b 7h 3 i 81 20
6[c] 1c 2c 7d 3s 55 76
7[c] 1d 2c 7d 3 t 48 80
8[c] 1k 2c 7d 3u 15 80


[a] It should be noted that the catalysts have limited solubility. [b] Isolated
yield. [c] Solvent: CH2Cl2. [d] Solvent: DMSO. [e] Enantiomeric excess
was measured by HPLC with CHIRALPAC AD or AS columns.
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In the absence of a secondary cyclic amine catalyst such
as pyrrolidine (7a), the rate of formation of 3a from N-
benzyl-C-methylnitrone (1a) and ethyl 1,1,1-trifluoropyru-
vate (2a) had first-order dependency on the concentration
of both substrates (i.e., �� k [1a][2a]). These results indi-
cate that under these reaction conditions, the first step is a
fast equilibration between nitrone 1a and the N-hydroxylen-
amine 1a-tau (see Scheme 9). In the following step, 1a-tau
reacts with 2a in the rate-determining step (r.d.s.). Proton
transfer from the N-hydroxylenamine to the alkoxy-oxygen
atom finally forms product 3a. It should be noted that in
the absence of a cyclic secondary amine catalyst only the
most electron-deficient carbonyl compounds undergo reac-
tion.
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Scheme 9. A proposed mechanism for the reaction of nitrones with
ketones in the absence of a catalyst.


Addition of secondary amines such as pyrrolidine, piper-
idine, or �-proline to the reaction mixture leads to a more
complex kinetic picture. For example, the ratio between
pyrrolidine (7a) and ethyl 1,1,1-trifluoropyruvate (2a) be-
comes very important. Two kinetically different domains
exist, one in which 7a is in excess relative to 2a (i.e., [7a]�
[2a]), and a second in which the ketone is in excess (i.e.,
[2a]� [7a]). In the former case the rate of formation of the �-
hydroxynitrone 3a has a first-order dependency on the
concentration of both substrates (i.e. , �� k [1a][2a]), whereas
the concentration of 7a seems to be insignificant as long as it is
in excess. However, in the latter case, an unexpected relation-
ship between reaction rate and concentration of 2awas found.
In the region over which the rate of formation of 3a has first-
order dependency on the nitrone concentration, the depend-
ency of the ketone concentration is �1, that is, �� k [1a]/[2a].
Under these conditions the concentration of 7a seems to have
little influence on the reaction rate. To understand this
observation, two mixtures (1a�7a and 2a�7a) were studied
by 1H NMR spectroscopy. When nitrone 1a and 7a were
mixed ([1a]� [7a]) the dimerization of the nitrone was more
rapid than in the absence of 7a. However, the product of the
nucleophilic addition of the amine to the nitrone could not be
detected, which resembles findings reported in the litera-
ture,[13] in which formation of the addition product between a
nitrone and allyl amines is believed to be the first step in the
formation of 1,2,5-oxadiazinanes.


When pyrrolidine (7a) and ethyl 1,1,1-trifluoropyruvate
(2a) are mixed in a 1:1 ratio, complete conversion into the
hemi-aminal 11 is observed by 1H NMR spectroscopy
(Scheme 10 a). We anticipate that 11 is not involved in the
addition reaction (see below). However, addition of 1a to this
reaction mixture leads to the formation of �-hydroxynitrone
3a, that is, the desired reaction occurs, indicating that the
formation of 11 must be reversible. The equilibrium constant
(K1) for formation of 11 must be high. This equilibrium is the
key to understanding the observed reaction kinetics.
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Scheme 10. Intermediates in the pyrrolidine-catalyzed nitrone-aldol reac-
tion.


The abovementioned dependency on the concentration of
2a can be explained by the mechanism proposed in Sche-
me 10 b. A short-lived reactive intermediate 12a, which could
not be detected by 1H NMR spectroscopy, is formed between
1a and 7a and further reaction of this intermediate with 2a
leads to product 3a and pyrrolidine (7a). It is not obvious how
12a reacts with 2a, and indeed later we will outline how a
second intermediate is in fact formed before reaction with 2a
(see below). Due to the equilibrium with 11, the concentration
of pyrrolidine is very low when the ketone is in excess. A
consequence of this low pyrrolidine concentration is that the
r.d.s. is the formation of 12a. As soon as 12a is formed, it
rapidly reacts with 2awhich is in high concentration. Since the
formation of 12a is the r.d.s., an increase of the ketone
concentration (lower pyrrolidine concentration) gives a slow-
er reaction rate as observed.


When pyrrolidine (7a) is in excess, the ketone concentra-
tion is low, and the r.d.s becomes the last step. The
intermediate 12a is in equilibrium with nitrone 1a and 7a.
An increase of the concentration of 7a will thus also increase
the concentration of 12a. However, the concentration of 2a is
decreased due to the equilibrium with 11, and the overall rate
is therefore unchanged. Increasing the concentration of either
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1a or 2a leads to a higher reaction rate as observed. The fact
that ketones other than 2a only react in the presence of 7a,
can be explained by an increased reactivity of intermediate
12a relative to 1a-tau.


The good enantioselectivities obtained in reactions cata-
lyzed by �-proline (7d) led us to anticipate that the stereo-
genic center in 7d is close to the reaction center. Based on the
kinetic investigations and a series of investigations (see
below) we propose the mechanism outlined in Scheme 11
for the catalytic enantioselective reaction of nitrones with the
carbonyl compounds in the presence of catalyst 7d. The first
step in the reaction is the addition of 7d to the nitrone to form
the aminal 12b, which upon elimination of benzylhydroxyl-
amine (13) gives a chiral enamine 14. We propose that the
enantioselectivity is induced by the reaction of 14 with the
carbonyl compound 2c (see below). The zwitterionic aldol
product 15 then reacts with 13 to form a second aminal 16,
from which the catalyst �-proline (7d) is eliminated and the
optically active �-hydroxynitrone 3s is obtained.


To provide evidence for the mechanism proposed in
Scheme 11, we added a mixture of the nitrones 1c and 1d to
diethyl ketomalonate (2c) and catalytic pyrrolidine (7a) or �-
proline (7d). If the hydroxylamine is free in solution during
the reaction, the crossover products 3 t and 3v would also be
formed in addition to the expected products 3s and 3w
(Scheme 12). Both the reaction of 1c and 1d with 2d
catalyzed by 7a and 7d gave the expected products 3s and
3w together with the crossover products 3 t and 3v. It also
appears from the results in Scheme 12 that the ratio of the
four products is the same for the two catalysts. These
experiments therefore support a mechanism involving the
enamine-type intermediate 14 as shown in Scheme 11. How-
ever, it should also be noted that the enantiomeric excess of 3s
(21 % ee) obtained in this mixed reaction is much lower than
that obtained (76 % ee) in the reaction between 1c and 2c in
the presence of catalytic 7d (Table 3, entry 6).


Further support for the enamine intermediate 14 in the
present nitrone-aldol reaction has been obtained from experi-
ments used for the assignment of the absolute configuration of
the products as presented in Scheme 13. Reaction of butanal
(16) with diethyl ketomalonate (2c) in the presence of �-
proline (7d) gives the aldol adduct 17.[12f] The absolute
configurations of this type of product have been assigned as
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(S) based on conversion of 17 into optically active �-
hydroxycarboxylic acids of known absolute configuration.
Reaction of 17 with benzylhydroxylamine (13) gives the
optically active �-hydroxynitrone (R)-3 t with 90 % ee
(Scheme 8 and 13). The direct �-proline-catalyzed reaction
of nitrone 1d which is derived from butanal (16), with 2c also
gives the (R) enantiomer of the optically active �-hydroxyni-
trones 3 t, as found by comparing HPLC retention times
(Scheme 8 and 13).


The formation of the new stereocenter in the present
reaction is thus directed by the approach of the activated


carbonyl compound 2c to the
enamine intermediate 14.
Based on the absolute config-
uration of the product we pro-
pose that the approach of 2c to
the enamine intermediate 14 is
directed by the interaction of
the incoming carbonyl oxygen
atom with the proton of the
carboxylic acid of �-proline as
outlined in Scheme 14. This is
supported by the fact that re-
actions catalyzed by methyl �-
prolinate (7b) give racemic
products. The reaction step in
Scheme 14 creates a new chiral
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Scheme 11. Proposed mechanism for the organo-catalyzed reaction of nitrones with activated ketones.
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carbon atom in the reaction
leading to intermediate 15
(Scheme 11). Addition of the
hydroxylamine to 15 produces
aminal 16 (Scheme 11) and
elimination of the catalyst in
the final step produces optically
active �-hydroxynitrone.


Conclusion


A new catalytic aldol-type reaction of nitrones with activated
carbonyl compounds has been developed. The reaction
proceeds for nitrones with a methyl or methylene substituent
in the �-position to give functionalized �-hydroxynitrones.
Cyclic secondary amines such as pyrrolidine and �-proline are
excellent catalysts for the nitrone-aldol reaction leading to
racemic and optically active �-hydroxynitrones, respectively.
High yields and enantioselectivities are obtained for the
catalytic asymmetric reactions. Kinetic measurements, inter-
mediate and product analysis, and the absolute configuration
of the optically active �-hydroxynitrone product have re-
vealed that the reaction proceeds via an enamine intermedi-
ate, which is formed by the addition of the catalyst to the
nitrone followed by elimination of the hydroxylamine.
Reaction of this enamine intermediate with an activated
carbonyl compound in an aldol-type reaction is followed by
exchange of the proline catalyst with hydroxylamine to give
the �-hydroxynitrone products. This new nitrone-aldol reac-
tion demonstrates that nitrones can react not only as 1,3-
dipoles and electrophiles, but also as nucleophiles.


Experimental Section


General methods : All reactions were carried out under a nitrogen
atmosphere with anhydrous solvents and flame-dried glassware. Commer-
cially available compounds were used without further purification. Solvents
were dried according to standard procedures. Purification of the products
was carried out by flash chromatography (FC) on Merck silica gel 60 (230 ±
400 mesh) when necessary. TLC was performed on Merck silica gel 60 F254


aluminium plates and visualized with blue stain. Optical rotations were
measured on a Perkin ± Elmer 241 polarimeter. 1H NMR and 13C NMR
spectra were recorded in CDCl3 at 400 and 100 MHz, respectively.
Chemical shifts are reported in ppm downfield from TMS (�� 0) for
1H NMR and relative to the central CDCl3 resonance (�� 77.0) for
13C NMR. The enantiomeric excess (ee) of each product was determined by
HPLC or GC/GC-MS. Daicel Chiralpak AD or AS columns were used for
the ee determination by HPLC.


Materials : All substrate nitrones are known compounds. Preparation of
nitrones from aldehydes[14] and ketones[15] were therefore performed
according to literature methods.


Kinetic experiments : All kinetic data were obtained by using 1H NMR
spectroscopy on reactions preformed in CDCl3 (0.6 mL). In general
0.12 mmol (0.2�) of starting materials were used and the actual concen-
trations were estimated from integration of selected signals under the
assumption that no byproducts were formed (i.e., an internal standard was
not used).


General procedures


Method A. Reactions of nitrones with ethyl 1,1,1-trifluoropyruvate (2a):
The nitrone (0.6 mmol) and 2a (102 mg, 0.6 mmol) were mixed in dry
CH2Cl2 (2 ± 3 mL) in a Schlenk tube with a magnetic stirring bar. The


reaction was monitored by TLC with Et2O as the eluent; the products have
Rf values higher than the substrate nitrone. The product was isolated by FC
on silica (eluent: pentane/Et2O/EtOAc gradient of increasing polarity).


Method B. Organo-catalyzed reactions : The ketone (1.5 equiv), nitrone
(0.6 mmol, 1 equiv), and the cyclic amine (0.2 equiv) were mixed in dry
CH2Cl2 (2 ± 3 mL) in a Schlenk tube with a magnetic stirring bar and the
products were isolated as described in Method A.


Benzyl-(2-benzyloxyethylidene)amine N-oxide (1 i): MgSO4 (2 ± 3 g),
NaHCO3 (1 g), and CH2Cl2 (15 mL) were mixed in a 50 mL round-
bottomed flask with a magnetic stirring bar. N-Benzylhydroxylamine
hydrochloride (3.13 mmol, 0.5 g) was added followed by benzyloxyacetal-
dehyde (0.99 equiv). Within 1 min gas evolution occurs (CO2). After 5 min
the white suspension of N-benzylhydroxylamine hydrochloride disappears
and the reaction is complete. After 15 min the solution is filtered and
evaporated to dryness in vacuo. The crude product can be recrystallized
from a pentane/Et2O mixture. Note that the use of higher boiling solvents
might lead to substantial dimerization of the nitrone and cause a loss of
material. 1H NMR: �� 4.40 (m, 3J(H,H)� 4.4 Hz, 2 H), 4.46 (s, 2 H), 4.79 (s,
2H), 6.71 (t, 3J(H,H)� 4.4 Hz, 1H), 7.19 ± 7.33 (m, 10 H); 13C NMR: ��
66.43, 69.25, 74.05, 128.27, 128.33, 128.78, 129.31, 129.47, 129.92, 132.30,
137.38, 137.57; MS (TOF ES�): m/z : 278 [M�Na]� ; HRMS: m/z : calcd for
C16H17NNaO2: 278.1157; found: 278.1154.


Benzyl-(3-ethoxycarbonyl-4,4,4-trifluoro-3-hydroxybutylidene)amine N-
oxide (3a): 1H NMR: �� 1.22 (t, 3J(H,H)� 7.2 Hz, 3H), 3.10 (dd,
3J(H,H)� 5.8 Hz, 2J(H,H)� 15.6 Hz, 1H), 3.15 (dd, 3J(H,H)� 5.8 Hz,
2J(H,H)� 15.6 Hz, 1H), 4.21 (m, 3J(H,H)� 7.2 Hz, 2H), 4.88 (s, 2 H), 6.75
(s, 1H), 6.86 (t, 3J(H,H)� 6.0 Hz, 1H), 7.36 (m, 5H); 13C NMR: �� 14.05,
30.97, 63.56, 69.18, 78.29 (q, 2J(C,F)� 29 Hz), 123.48 (q, 1J(C,F)� 285 Hz),
129.28, 129.48, 129.52, 132.23, 134.35, 168.54; MS (TOF ES�): m/z : 342
[M�Na]� ; HRMS: m/z : calcd for C11H18F3NNaO4: 342.0929; found:
342.0926.


tert-Butyl-(3-ethoxycarbonyl-4,4,4-trifluoro-3-hydroxybutylidene)amine
N-oxide (3b): 1H NMR: �� 1.29 (t, 3J(H,H)� 7.2 Hz, 3 H), 1.40 (s, 9H),
3.12 (dd, 3J(H,H)� 5.6 Hz, 2J(H,H)� 15.0 Hz, 1H), 3.17 (dd, 3J(H,H)�
5.8 Hz, 2J(H,H)� 15.0 Hz, 1 H), 4.28 (q, 3J(H,H)� 7.2 Hz, 2H), 7.03 (t,
3J(H,H)� 5.8 Hz, 1H), 7.62 (s, 1H); 13C NMR: �� 14.17, 27.99, 31.11, 63.19,
70.31, 79.48 (q, 2J(C,F)� 29 Hz), 123.62 (q, 1J(C,F)� 285 Hz), 130.45,
168.66; MS (TOF ES�): m/z : 308 [M�Na]� ; HRMS: m/z : calcd for
C11H18F3NNaO4: 308.1086; found: 308.1081.


Benzyl-(3-ethoxycarbonyl-4,4,4-trifluoro-3-hydroxy-2-methylbutylidene)-
amine N-oxide (3c): Major diastereomer: 1H NMR: �� 1.12 (d, 3J(H,H)�
6.8 Hz, 3 H), 1.32 (t, 3J(H,H)� 7.0 Hz, 3 H), 3.78 (dq, 3J(H,H)� 7.0, 6.8 Hz,
1H), 4.33 (m, 2H), 4.90 (s, 2 H), 5.67 (br s, 1 H), 6.84 (d, 3J(H,H)� 6.8 Hz,
1H), 7.33 ± 7.43 (m, 5 H); 13C NMR: �� 10.57, 14.14, 30.52, 34.89, 64.10,
69.75, 78.80 (q, 2J(C,F)� 29 Hz), 123.51 (q, 1J(C,F)� 286 Hz), 129.25,
129.38, 129.45, 132.49, 137.69, 168.68; MS (TOF ES�): m/z : 333 [M�Na]� ;
HRMS: m/z : calcd for C15H18F3NNaO4: 356.1086; found: 356.1087.


Minor diastereomer: 1H NMR: �� 1.18 (t, 3J(H,H)� 7.2 Hz, 3H), 1.24 (d,
3J(H,H)� 5.6 Hz, 3 H), 3.88 (dq, 3J(H,H)� 7.0, 6.8 Hz, 1H), 4.08 (dq,
2J(H,H)� 10.4 Hz, 3J(H,H)� 7.2 Hz, 1H), 4.19 (dq, 2J(H,H)� 10.4 Hz,
3J(H,H)� 7.2 Hz, 1H), 4.85 (s, 2 H), 5.30 (br s, 1H), 6.66 (d, 3J(H,H)�
7.2 Hz, 1 H), 7.33 ± 7.43 (m, 5 H); 13C NMR: �� 11.07, 13.97, 29.94, 35.53,
63.93, 69.95, 78.80 (q, 2J(C,F)� 29 Hz), 123.51 (q, 1J(C,F)� 286 Hz),
129.22, 129.38, 129.45, 132.67, 137.69, 168.66.


Benzyl-(3-ethoxycarbonyl-2-ethyl-4,4,4-trifluoro-3-hydroxybutylidene)-
amine N-oxide (3d): Major diastereomer: 1H NMR: �� 0.85 (t, 3J(H,H)�
7.4 Hz, 3H), 1.32 (t, 3J(H,H)� 7.2 Hz, 3 H), 1.44 (ddq, 2J(H,H)� 13.8,
3J(H,H)� 4.0, 7.4 Hz, 1 H), 1.87 (ddq, 2J(H,H)� 13.8, 3J(H,H)� 10.8,
7.4 Hz, 1H), 3.62 (ddd, 3J(H,H)� 4.0, 7.4, 10.8 Hz, 1 H), 4.33 (m, 2H),
4.93 (s, 2H), 5.81 (br s, 1 H), 6.76 (d, 3J(H,H)� 8.0 Hz, 1 H), 7.40 (m, 5H);
13C NMR: �� 12.08, 14.16, 19.98, 41.78, 63.77, 69.91, 80.61 (q, 2J(C,F)�
27 Hz), 123.60 (q, 1J(C,F)� 286 Hz), 129.31, 129.54, 129.67, 132.36, 137.02,
168.61.


Minor diastereomer: 1H NMR: �� 0.88 (t, 3J(H,H)� 7.6 Hz, 3H), 1.21 (t,
3J(H,H)� 7.2 Hz, 3H), 1.64 (ddq, 2J(H,H)� 14.2, 3J(H,H)� 11.2, 7.6 Hz,
1H), 1.81 (ddq, 2J(H,H)� 14.2, 3J(H,H)� 4.0, 7.6 Hz, 1H), 3.82 (ddd,
3J(H,H)� 4.0, 8.0, 11.2 Hz, 1 H), 4.08 (dq, 2J(H,H)� 10.8, 3J(H,H)� 7.2 Hz,
1H), 4.18 (dq, 2J(H,H)� 10.8, 3J(H,H)� 7.2 Hz, 1 H), 4.89 (s, 2H), 5.76
(br s, 1H), 6.62 (d, 3J(H,H)� 7.6 Hz, 1H), 7.37 ± 7.43 (m, 5H); 13C NMR:
�� 12.08, 14.43, 20.35, 42.20, 63.66, 70.00, 80.61(q, 2J(C,F)� 27 Hz), 123.60
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Scheme 14. Proposed ap-
proach of the ketone 2c to the
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(q, 1J(C,F)� 286 Hz), 129.31, 129.54, 129.67, 132.53, 137.45, 168.61; MS
(TOF ES�): m/z : 370 [M�Na]� ; HRMS: m/z : calcd for C16H20F3NNaO4:
370.1242; found: 370.1241.


Benzyl-(3-ethoxycarbonyl-4,4,4-trifluoro-3-hydroxy-1-phenylbutylidene)-
amine N-oxide (3 f): 1H NMR: �� 0.98 (t, 3J(H,H)� 7.0 Hz, 3 H), 3.35 (d,
3J(H,H)� 13.6 Hz, 1H), 3.82 (dq, 2J(H,H)� 11.2 Hz, 3J(H,H)� 7.2 Hz,
1H), 3.84 (d, 3J(H,H)� 13.6 Hz, 1H), 3.98 (dq, 2J(H,H)� 11.2 Hz,
3J(H,H)� 7.2 Hz, 1H), 4.88 (d, 2J(H,H)� 14 Hz, 1 H), 4.95 (d, 2J(H,H)�
14 Hz, 1H), 7.14 ± 7.21 (m, 4H), 7.25 ± 7.31 (m, 3H), 7.35 ± 7.43 (m, 3 H), 8.37
(br s, 1H); 13C NMR: �� 13.84, 38.59, 62.81, 64.59, 79.56 (q, 2J(C,F)�
29 Hz), 123.69 (q, 1J(C,F)� 285 Hz), 128.02, 128.15, 128.77, 129.08, 129.47,
130.66, 133.47, 134.42, 148.61, 168.05; MS (TOF ES�): m/z : 395 [M�Na]� ;
HRMS: m/z : calcd for C20H20F3NNaO4: 418.1242; found: 418.1243.


Benzyl-(2-(1-ethoxycarbonyl-2,2,2-trifluoro-1-hydroxyethyl)-cyclohexyli-
dene)amine N-oxide (3g): Mixture of diastereomers: 1H NMR: �� 1.25 (t,
3J(H,H)� 7.0 Hz), 1.23 ± 1.44 (m, 2H), 1.61 ± 1.71 (m, 1 H), 1.72 ± 1,87 (m,
3H), 2.52 ± 2.71 (m, 2H), 3.97 (dd, 3J(H,H)� 5.6, 8.8 Hz, 1H; minor
diastereomer), 4.25 (dt, 3J(H,H)� 6.0, 2H), 4.38 (t, 3J(H,H)� 6.8, 1H;
major diastereomer), 5.10 (2 H, Bn; minor diastereomer), 5.14 (d,
2J(H,H)� 14.6, 1H; Bn major diastereomer), 5.20 (d, 2J(H,H)� 14.6, 1H;
Bn major diastereomer), 7.30 ± 7.43 (m, 5 H), 8.18 (br s, 1H); 13C NMR: ��
14.07 (14.00), 20.63 (21.92), 23.35 (24.34), 25.19 (25.98), 28.03 (29.46), 40.61
(44.18), 63.14 (64.12), 64.68 (64.93), 82.25 (q, 2J(C,F)� 28 Hz), 123.81 (q,
2J(C,F)� 285 Hz), 127.54, 128.68, 129.22, 133.32, 154.01, 168,38 (167,79);
MS (TOF ES�): m/z : 396 [M�Na]� ; HRMS: m/z : calcd for
C18H22F3NNaO4: 396.1399; found: 396.1399.


Benzyl-(4,4,4-trifluoro-3-hydroxy-3-phenylbutylidene)amine N-oxide (3 i):
The enantiomeric excess was determined by HPLC with a Chiralpak AD
column (hexane/iPrOH 90:10; flow rate 1.0 mL min�1; �major� 9.6 min; �


minor� 13.2 min). 1H NMR: �� 3.19 (dd, 3J(H,H)� 6.2 Hz, 2J(H,H)�
14.8 Hz, 1H), 3.44 (dd, 3J(H,H)� 6.2 Hz, 2J(H,H)� 14.8 Hz, 1H), 4.73 (d,
2J(H,H)� 14.4 Hz, 1H), 4.78 (d, 2J(H,H)� 14.4 Hz, 1H), 6.72 (t,
3J(H,H)� 6.0 Hz, 1 H), 7.03 ± 7.06 (m, 2H), 7.26 ± 7.38 (m, 6H), 7.58 ± 7.61
(m, 2H), 7.95 (br s, 1H); 13C NMR: �� 34.22, 68.88, 78.68 (q, 2J(C,F)�
27 Hz), 125.32 (q, 1J(C,F)� 285 Hz), 126.76, 128.60, 128.88, 129.05, 129.25,
129.38, 132.02, 136.32, 138.18; MS (TOF ES�):m/z : 346 [M�Na]� ; HRMS:
m/z : calcd for C17H16F3NNaO2: 346.1031; found: 346.1035.


Benzyl-(3,3-bis(ethoxycarbonyl)-3-hydroxypropylidene)amine N-oxide
(3 j): 1H NMR: �� 1.16 (t, 3J(H,H)� 7.2 Hz, 6H), 3.12 (d, 3J(H,H)�
6.9 Hz, 2 H), 4.14 (m, 3J(H,H)� 7.2 Hz, 4H), 4.84 (s, 2H), 6.08 (s, 1H),
6.89 (t, 3J(H,H)� 6.0 Hz, 1H), 7.24 ± 7.38 (m, 5H); 13C NMR: �� 14.13,
33.48, 62.71, 69.16, 78.91, 129.11, 129.21, 129.37, 132.69, 135.58, 169.81; MS
(TOF ES�): m/z : 346 [M�Na]� ; HRMS: m/z : calcd for C16H21NNaO6:
346.1267; found: 346.1270.


Benzyl-(3-ethoxycarbonyl-3-hydroxy-3-phenylpropylidene)amine N-oxide
(3k): 1H NMR: �� 1.16 (t, 3J(H,H)� 7.2 Hz, 3 H), 3.22 (dd, 3J(H,H)�
5.8 Hz, 2J(H,H)� 16.0 Hz, 1 H), 3.37 (dd, 3J(H,H)� 5.8 Hz, 2J(H,H)�
16.0 Hz, 1 H), 4.14 (m, 3J(H,H)� 7.2 Hz, 2H), 4.79 (s, 2H), 6.08 (s, 1H),
6.77 (t, 3J(H,H)� 5.8 Hz, 1H), 7.20 (m, 2 H), 7.24 ± 7.38 (m, 6 H), 7.53 (m,
2H); 13C NMR: �� 14.19, 38.07, 62.63, 69.23, 78.88, 125.37, 128.23, 128.67,
129.11, 129.16, 129.18, 132.72, 136.61, 141.36, 174.03; MS (TOF ES�): m/z :
350 [M�Na]� ; HRMS: m/z : calcd for C19H21NNaO4: 350.1368; found:
350.1375.


Benzyl-(3-allyloxycarbonyl-3-hydroxy-3-phenylpropylidene)amine N-ox-
ide (3 l): 1H NMR: �� 1.32 (s, 3H), 2.22 (s, 3H), 3.25 (dd, 3J(H,H)�
5.6 Hz, 2J(H,H)� 16.0 Hz, 1 H), 3.39 (dd, 3J(H,H)� 5.6 Hz, 2J(H,H)�
16.0 Hz, 1 H), 4.59 (m, 2H), 4.81 (s, 2 H), 5.15 (d, 3J(H,H)� 10.4 Hz, 1H),
5.16 (d, 3J(H,H)� 17.2 Hz, 1 H), 5.78 (ddt, 3J(H,H)� 6.0, 10.4, 17.2 Hz,
1H), 6.18 (s, 1 H), 6.77 (t, 3J(H,H)� 5.6 Hz, 1H), 7.20 ± 7.23 (m, 2H), 7.26 ±
7.39 (m, 6 H), 7.53 ± 7.56 (m, 2 H); 13C NMR: �� 38.10, 66.82, 69.24, 79.20,
119.03, 125.39, 128.30, 128.69, 129.14, 129.21, 129.22, 131.43, 132.62, 136.55,
141.26, 173.69; MS (TOF ES�): m/z : 362 [M�Na]� ; HRMS: m/z : calcd for
C20H21NNaO4: 362.1368; found: 362,1366.


Benzyl-(3-hydroxy-4-oxo-3-methylpentylidene)amine N-oxide (3m):
1H NMR: �� 1.32 (s, 3H), 2.22 (s, 3 H), 2.76 (dd, 3J(H,H)� 4.8 Hz,
2J(H,H)� 15.2 Hz, 1 H), 2.85 (dd, 3J(H,H)� 6.0 Hz, 2J(H,H)� 15.2 Hz,
1H), 4.84 (s, 2H), 6.29 (s, 1 H), 6.84 (dd, 3J(H,H)� 6.0, 4.8 Hz, 1H), 7.32 ±
7.39 (m, 5H); 13C NMR: �� 24.11, 26.35, 36.88, 69.28, 80.41, 129.26, 129.33,
129.41, 132.59, 137.26, 213.61; MS (TOF ES�): m/z : 258 [M�Na]� ; HRMS:
m/z : calcd for C13H17NNaO3: 258.1106; found: 258.1103.


Benzyl-(3-hydroxy-4-oxo-3-phenylpentylidene)amine N-oxide (3n):
1H NMR: �� 2.07 (s, 3 H), 3.09 (dd, 3J(H,H)� 6.0 Hz, 2J(H,H)� 14.8 Hz,
1H), 3.21 (dd, 3J(H,H)� 6.0 Hz, 2J(H,H)� 14.8 Hz, 1 H), 4.82 (s, 2H), 6.29
(s, 1 H), 6.84 (t, 3J(H,H)� 6.0 Hz, 1H), 7.21 ± 7.38 (m, 8H), 7.47 (d, 2H), 7.66
(s, 1 H); 13C NMR: �� 24.07, 37.27, 68.98, 85.35, 125.30, 128.14, 128.81,
128.84, 129.25, 129.37, 132.39, 138.45, 141.20, 209.91; MS (TOF ES�): m/z :
258 [M�Na]� ; HRMS: m/z : calcd for C13H17NNaO3: 258.1106; found:
258.1103.


Benzyl-(3-benzoyl-3-hydroxybutylidene)amine N-oxide (3o): 1H NMR:
�� 1.32 (s, 3H), 2.22 (s, 3 H), 2.76 (dd, 3J(H,H)� 4.8 Hz, 2J(H,H)�
15.2 Hz, 1 H), 2.85 (dd, 3J(H,H)� 6.0 Hz, 2J(H,H)� 15.2 Hz, 1 H), 4.84 (s,
2H), 6.29 (s, 1H), 6.84 (dd, 3J(H,H)� 6.0, 4.8 Hz, 1 H), 7.32 ± 7.39 (m, 5H);
13C NMR: �� 28.36, 38.76, 68.70, 82.65, 128.118, 129.00, 129.04, 129.07,
130.41, 132.21, 132.82, 134.08, 138.66, 203.29; MS (TOF ES�): m/z : 258
[M�Na]� ; HRMS: m/z : calcd for C13H17NNaO3: 258.1106; found:
258.1103.


Benzyl-(3-but-3-enyl-3-hydroxy-4-oxo-oct-7-enylidene)amine N-oxide
(3p): 1H NMR: �� 1.68 (ddd, 2J(H,H)� 13.7, 3J(H,H)� 11.3, 5.1 Hz,
1H), 1.78 (ddd, 2J(H,H)� 13.7, 3J(H,H)� 11.3, 4.7 Hz, 1H), 1.94 (m, 1H),
2.11 (m, 1 H), 2.29 (s, 3 H), 2.20 (dt, 3J(H,H)� 6.7, 7.2 Hz, 2 H), 2.69 (t,
3J(H,H)� 7.2 Hz, 2 H), 2.86 (dd, 2J(H,H)� 15.0, 3J(H,H)� 6.4 Hz, 3H),
2.80 (dd, 2J(H,H)� 15.0, 3J(H,H)� 5.3 Hz, 3H), 4.82 (d, 2J(H,H)� 15 Hz,
1H), 4.86 (d, 2J(H,H)� 15 Hz, 1H), 4.97 (m, 4H), 5.73 (ddt, 3J(H,H)� 17.0,
10.15, 6.6 Hz, 2H), 6.21 (br s, 1H), 6.82 (t, 3J(H,H)� 6.0 Hz, 1 H);
13C NMR: �� 27.50, 27.70, 35.97, 36.21, 38.91, 69.35, 82.86, 115.37, 115.55,
125.77, 129.28, 129.37, 132.58, 136.98, 137.31, 137.78, 215.18; MS (TOF ES�):
m/z : 338 [M�Na]� ; HRMS:m/z : calcd for C19H25NNaO3: 338.1732; found:
338.1732.


Benzyl-(2-benzyloxy-3-ethoxycarbonyl-4,4,4-trifluoro-3-hydroxybutylidene)-
amine N-oxide (3q): First diastereomer: 1H NMR: �� 1.21 (t, 3J(H,H)�
7.2 Hz, 3 H), 4.14 (dq, 3J(H,H)� 7.2 Hz, 2J(H,H)� 10.8 Hz, 1 H), 4.32 (dq,
3J(H,H)� 7.2 Hz, 2J(H,H)� 10.8 Hz, 1H), 4.53 (s, 2H), 4.69 (s, 1H), 4.87
(d, 3J(H,H)� 15 Hz, 1H), 4.91 (d, 3J(H,H)� 15 Hz, 1H), 5.47 (d,
3J(H,H)� 8.0 Hz, 1 H), 6.89 (t, 3J(H,H)� 8.0 Hz, 1 H), 7.21 ± 7.24 (m, 3H),
7.29 ± 7.32 (m, 3H), 7.35 ± 7.41 (m, 5 H); 13C NMR: �� 14.04, 64.23, 70.62,
71.36, 73.08, 79.96 (q, 2J(C,F)� 28 Hz), 122.28 (q, 1J(C,F)� 285 Hz),
128.19, 128.35, 128.67, 129.28, 129.52, 129.60, 132.32, 133.72, 137.17,
167.40; MS (TOF ES�): m/z : 448 [M�Na]� ; HRMS: m/z : calcd for
C21H22F3NNaO5: 448.1348; found: 448.1348.


Second diastereomer: 1H NMR: �� 1.20 (t, 3J(H,H)� 7.2 Hz, 3H), 4.14
(dq, 3J(H,H)� 7.2, 2J(H,H)� 10.4 Hz, 1 H), 4.23 (dq, 3J(H,H)� 7.2,
2J(H,H)� 10.4 Hz, 1H), 4.53 (d, 3J(H,H)� 12 Hz, 1H), 4.66 (d,
3J(H,H)� 12 Hz, 1H), 4.76 (d, 3J(H,H)� 13.6 Hz, 1H), 4.80 (d,
3J(H,H)� 13.6 Hz, 1H), 5.43 (d, 3J(H,H)� 6.8 Hz, 1H), 5.44 (s, 1H), 6.72
(t, 3J(H,H)� 6.8 Hz, 1H), 7.25 ± 7.33 (m, 7H), 7.36 ± 7.40 (m, 3 H); 13C NMR:
�� 13.98, 63.88, 70.04, 73.92, 74.11, 80.11 (q, 2J(C,F)� 28 Hz), 123.01 (q,
1J(C,F)� 285 Hz), 128.25, 128.43, 128.70, 129.29, 129.62, 129.72, 132.04,
135.35, 137.05, 166.95; MS (TOF ES�): m/z : 448 [M�Na]� ; HRMS: m/z :
calcd for C21H22F3NNaO5: 448.1348; found: 448.1352.


Benzyl-(2-(tert-butyloxycarbonylamino)-3-ethoxycarbonyl-4,4,4-trifluoro-
3-hydroxybutylidene)amine N-oxide (3r): Mixture of diastereomers:
1H NMR: �� 1.14 (t, 3J(H,H)� 7.2 Hz, 3H), 1.27 (t, 3J(H,H)� 7.2 Hz,
3H), 1.36 (s, 9 H), 1.39 (s, 9H), 4.08 (q, 3J(H,H)� 7.2 Hz, 2H), 4.26 (q,
3J(H,H)� 7.2 Hz, 2H), 4.85 (s, 2 H), 4.90 (s, 2H), 5.26 (dd, 3J(H,H)� 4.4,
9.2 Hz, 1 H), 5.92 (d, 3J(H,H)� 8.8 Hz, 1 H), 6.12 (d, 3J(H,H)� 8.8 Hz,
1H), 7.00 (d, 3J(H,H)� 4.4 Hz, 1H), 7.31 ± 7.37 (m, 2 H), 7.40 ± 7.42 (m, 3H),
7.75 (br s, 1 H); 13C NMR: �� 14.02, 28.26, 50.28, 63.43, 63.90, 69.69, 81.20,
122.91 (q, 1J(C,F)� 286 Hz), 129.29, 129.51, 129.67, 131.53, 135.56, 155.60,
167.36; MS (TOF ES�): m/z : 457 [M�Na]� ; HRMS: m/z : calcd for
C19H25F3N2NaO6: 457.1562; found: 457.1564.


Benzyl-(3,3-bis(ethoxycarbonyl)-2-methyl-3-hydroxypropylidene)amine
N-oxide (3 s): The enantiomeric excess was determined by HPLC with a
Chiralpak AS column (hexane/iPrOH 80:20; flow rate 1.0 mL min�1;
�major� 13.8 min; �minor� 18.5 min); [�]RT


D ��10.7 (c� 11.9 g per 100 mL
in CHCl3); 1H NMR: �� 1.07 (t, 3J(H,H)� 7.2 Hz, 3H), 1.08 (d, 3J(H,H)�
6.8 Hz, 3 H), 1.18 (t, 3J(H,H)� 7.2 Hz, 3H), 3.80 (dq, 3J(H,H)� 6.8 Hz,
1H), 4.02 (m, 2H), 4.16 (m, 2H), 4.78 (s, 2H), 5.55 (br s, 1H), 6.84 (d,
3J(H,H)� 6.8 Hz, 1 H), 7.19 ± 7.32 (m, 5H); 13C NMR: �� 10.6, 13.9, 14.1,
37.1, 62.5, 62.8, 69.4, 80.8, 128.9 (2 C), 128.9, 129.1 (2 C), 133.1, 139.4, 169.5,







FULL PAPER K. A. J˘rgensen et al.


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0824-5660 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 245660


169.6; MS (TOF ES�): m/z : 360 [M�Na]� ; HRMS: m/z : calcd for
C17H23NNaO6: 360.1423; found: 360.1429.


Benzyl-(3,3-bis(ethoxycarbonyl)-2-ethyl-3-hydroxypropylidene)amine N-
oxide (3 t): The enantiomeric excess was determined by HPLC with a
Chiralpak AS column (hexane/iPrOH 80:20; flow rate 1.0 mL min�1;
�major� 8.3 min; �minor� 11.1 min); [�]RT


D ��17.7 (c� 12.5 g per 100 mL in
CHCl3); 1H NMR: �� 0.80 (t, 3J(H,H)� 7.2 Hz, 3 H), 1.06 (t, 3J(H,H)�
7.2 Hz, 3 H), 1.18 (t, 3J(H,H)� 7.2 Hz, 3H), 1.47 ± 1.56 (m, 1 H), 1.63 ± 1.72
(m, 1 H), 3.66 ± 3.71 (m, 1H), 3.91 ± 4.05 (m, 2H), 4.11 ± 4.19 (m, 2 H), 4.79
(s, 2H), 6.24 (br s, 1H), 6.79 (d, 3J(H,H)� 7.6 Hz, 1H), 7.18 ± 7.33 (m, 5H);
13C NMR: �� 12.1, 13.8, 14.0, 20.7, 43.7, 62.5, 62.6, 69.7, 81.5, 128.9 (2C),
129.0, 129.3 (2C), 133.0, 138.7, 169.5, 169.8; MS (TOF ES�): m/z : 374
[M�Na]� ; HRMS: m/z : calcd for C18H25NNaO6: 374.1580; found:
374.1584.


Benzyl-(3,3-bis(ethoxycarbonyl)-2-isopropyl-3-hydroxypropylidene)amine
N-oxide (3u): The enantiomeric excess was determined by HPLC with a
Chiralpak AS column (hexane/iPrOH 80:20; flow rate 1.0 mL min�1;
�major� 6.7 min; �minor� 9.1 min); [�]RT


D ��9.8 (c� 10.5 g per 100 mL in
CHCl3); 1H NMR: �� 0.84 (d, 3J(H,H)� 6.8 Hz, 3 H), 0.89 (d, 3J(H,H)�
6.4 Hz, 3H), 0.99 (t, 3J(H,H)� 7.2 Hz, 3H), 1.16 (t, 3J(H,H)� 7.0 Hz, 3H),
1.96 ± 2.06 (m, 1 H), 3.77 ± 3.83 (m, 2H), 3.88 ± 3.94 (m, 1H), 3.97 (s, 1H),
4.10 ± 4.20 (m, 2H), 4.77 (s, 2H), 6.83 (d, 3J(H,H)� 8.4 Hz, 1H), 7.20 ± 7.34
(m, 5H); 13C NMR: �� 13.9, 14.1, 20.2, 22.8, 29.6, 46.8, 62.7, 62.8, 70.0, 81.3,
128.9 (2 C), 129.1, 129.5 (2 C), 133.3, 137.8, 170.0, 170.1; MS (TOF ES�):
m/z : 388 [M�Na]� ; HRMS:m/z : calcd for C19H27NNaO6: 388.1736; found:
388.1739.


tert-Butyl-(3,3-bis(ethoxycarbonyl)-2-methyl-3-hydroxypropylidene)-
amine N-oxide (3v): The enantiomeric excess was determined by HPLC
with a Chiralpak AS column (hexane/iPrOH 98:2; flow rate 1.0 mL min�1;
�major� 18.9 min; �minor� 23.8 min); 1H NMR: �� 1.06 (d, 3J(H,H)� 7.2 Hz,
3H), 1.15 (t, 3J(H,H)� 7.2 Hz, 3H), 1.18 (t, 3J(H,H)� 7.2 Hz, 3H), 1.36 (s,
9H), 3.74 (dq, 3J(H,H)� 7.2 Hz, 1 H), 4.06 ± 4.14 (m, 2H), 4.17 (q,
3J(H,H)� 7.2 Hz, 2 H), 5.67 (br s, 1H), 6.86 (d, 3J(H,H)� 6.8 Hz, 1H);
13C NMR: �� 10.7, 14.2 (2 C), 28.1, 37.3, 62.4, 62.7, 69.7, 81.5, 134.9, 169.7,
169.8; MS (TOF ES�): m/z : 326 [M�Na]� ; HRMS: m/z : calcd for
C14H25NNaO6: 326.1580; found: 326.1579.


tert-Butyl-(3,3-bis(ethoxycarbonyl)-2-ethyl-3-hydroxypropylidene)amine
N-oxide (3w): The enantiomeric excess was determined by HPLC with a
Chiralpak AS column (hexane/iPrOH 95:5; flow rate 1.0 mL min�1; �major�
7.6 min; �minor� 10.4 min); 1H NMR: �� 0.90 (t, 3J(H,H)� 7.2 Hz, 3 H), 1.25
(t, 3J(H,H)� 7.2 Hz, 3H), 1.28 (t, 3J(H,H)� 7.2 Hz, 3 H), 1.46 (s, 9H), 1.52 ±
1.63 (m, 1 H), 1.80 ± 1.91 (m, 1H), 3.65 ± 3.71 (m, 1 H), 4.18 (q, 3J(H,H)�
7.2 Hz, 2H), 4.25 (q, 3J(H,H)� 7.2 Hz, 2 H), 6.54 (s, 1H), 6.92 (d, 3J(H,H)�
7.2 Hz, 1 H); 13C NMR: �� 12.5, 14.2, 14.3, 20.3, 28.3 (3 C), 44.3, 62.5, 62.6,
70.1, 82.6, 134.4, 169.9, 170.2; MS (TOF ES�): m/z : 340 [M�Na]� ; HRMS:
m/z : calcd for C15H27NNaO6: 340.1736; found: 340.1749.


2-Benzyl-3-(2-ethoxycarbonyl-3,3,3-trifluoro-2-hydroxypropyl)isoxazoli-
dine-5-carboxylic methyl ester (9): Nitrone 3a (0.4 mmol) was dissolved in
methyl acrylate (8 mL) and heated at reflux for 1 h. Excess methyl acrylate
was evaporated in vacuo and the residue was purified by flash chromatog-
raphy (Et2O/pentane). The major diastereomer eluted first. Major diaster-
eomer: 1H NMR: �� 1.18 (t, 3J(H,H)� 7.2 Hz, 3H), 1.82 (dd, 3J(H,H)�
4.0 Hz, 2J(H,H)� 14.0 Hz, 1 H), 2.22 (dd, 3J(H,H)� 12 Hz, 2J(H,H)�
14.0 Hz, 1H), 2.26 (m, 3J(H,H)� 8.8 Hz, 2J(H,H)� 12.8 Hz, 1H), 2.75
(ddd, 3J(H,H)� 7.2, 8.8 Hz, 2J(H,H)� 12.8 Hz, 1 H), 3.58 (d, 2J(H,H)�
12.8 Hz, 1 H), 3.70 (m, 1H), 3.71 (s, 3 H), 3.99 (d, 2J(H,H)� 12.8 Hz, 1H),
4.23 (qd, 3J(H,H)� 7.2, 2J(H,H)� 10.8 Hz, 1 H), 4.06 (qd, 3J(H,H)� 7.2,
2J(H,H)� 10.8 Hz, 1H), 4.27 (s, 1 H), 4.50 (dd, 3J(H,H)� 8.8, 8.8 Hz, 1H),
7.18 ± 7.33 (m, 5 H); 13C NMR: �� 14.00, 34.35, 37.21, 52.77, 60.16, 62.33,
63.78, 75.97 (q, 2J(C,F)� 29 Hz), 123.87 (q, 1J(C,F)� 285 Hz), 127.80,
128.38, 130.00, 130.18, 136.90, 169.66, 173.35; MS (TOF ES�): m/z : 428
[M�Na]� ; HRMS: m/z : calcd for C18H22F3NNaO6: 428.1297; found:
428.1299.


X-ray data : The crystal structure of tert-butyl-(3-ethoxycarbonyl-4,4,4-
trifluoro-3-hydroxy-butylidene)amine N-oxide (3b ; C11H18F3NO4) was
solved by using data collected from a colorless needle on a SIEMENS
SMART CCD diffractometer at 120 K. The unit cell is monoclinic, P21/n,
a� 5.6754(5), b� 13.066(1), c� 18.625(2) ä, �� 97.476(2)�, V�
1369.4(2) ä3, Z� 4. Direct methods were applied,[16] and the structure
was refined by least squares methods to a final R� 0.040, Rw� 0.045,


goodness-of-fit (GOF)� 1.23. The conformation is stabilized by a hydrogen
bond from the hydroxyl group to the nitrone oxygen.


The crystal structure of 2-benzyl-3-(2-ethoxycarbonyl-3,3,3-trifluoro-2-
hydroxy-propyl)isoxazlidine-5-carboxylic methyl ester (9 ; C18H21F3NO)
was solved by using data collected from a colorless needle on a SIEMENS
SMART CCD diffractometer at 120 K. The unit cell is monoclinic, P21/c,
a� 14.956(4), b� 8.638(2), c� 14.427(4) ä, �� 94.902(2)�, V� 1857(1) ä3,
Z� 4. Direct methods were applied,[16] and the structure was refined by
least squares methods to a final R� 0.048, Rw� 0.053, GOF� 1.43. The
molecules are held together as dimers around a center of symmetry by
hydrogen bonds between the hydroxyl groups and the ester oxygen atoms
O2.


CCDC-189 358 and -189 359 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 e-mail : deposit@ccdc.cam.ac.uk).
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NMR Determination of Absolute Configuration of Butenolides
of Annonaceous Type


Shamil Latypov,[b] Xavier Franck,[a] Jean-Christophe Jullian,[a] Reynald Hocquemiller,[a]
and Bruno Figade¡re*[a]


Abstract: We report herein the first determination of the absolute configuration of
the annonaceous butenolides by a NMR method. This technique uses a chiral
solvating agent (CSA), the so-called Pirkle×s reagent, at low temperature and low
concentration, allowing one to apply this method to other natural products as well.
Indeed, the presence of basic sites (e.g. tetrahydrofuran, hydroxyl) did not interfere
with the major solvation of the reagent with the lactone moiety. A new model is
proposed which allowed us to confirm the (S) absolute configuration of the
butenolide of annonaceous acetogenins. Furthermore this method can be successfully
applied to the measure of the diastereomeric (or enantiomeric) excess of the same
butenolide containing compounds.


Keywords: lactones ¥ natural
products ¥ NMR spectroscopy


Introduction


The first determination of the absolute configuration of the
annonaceous butenolides by a NMR method is reported.
Numerous natural products with potent biological profile
bear a �-methyl butenolide moiety at one terminus such as
ancepsenolides,[1a±c] acaterine,[1d] hamabiwalactones,[1e] ako-
lactones,[1f] butenolides from Hortonia species,[1g] and aceto-
genins of Annonaceae are typical examples of such com-
pounds.[1h±j] For the structural determinations of the (�350)
known acetogenins of the Annonaceae, extensive spectro-
scopic methods have been used; however, only scarce reports
have been dealing with the absolute configuration determi-
nation of the butenolide part (based on specific rotation
comparisons, circular dichroism, or analyzes of degradation
metabolites such as lactic acid).[1h] Furthermore, total synthe-
ses have been reported, and most of the strategies used
thereof are based on an aldolisation, lactonisation and
dehydration sequence,[2] although we,[3] and others,[4, 5] have
reported the difficulties in performing these three chemical
transformations without epimerisation of the chiral center of


the butenolide. We wish to report the first applicable NMR
method for the determination of the absolute configuration of
the butenolide (without derivatisation or immolation of the
substrate).[6]


Results and Discussion


Theoretically, a chiral solvating agent (CSA) should form
stable complexes with enantiomers under question, and
should also possess strongly anisotropic group. Thus the
structure of the diastereomeric complex should be well suited
to produce selective shielding effects on protons of substrate
moiety. In the case of butenolide containing products this
means that orientation of aromatic system should be asym-
metric in respect with the butenolide ring plane in (R)- and
(S)-CSA-substrate diasteromeric complexes (Figure 1). Then,
provided the absolute stereochemistry of CSA is known, the
absolute configuration of substrates can be deduced from
respective high/low field chemical shifts of substituents at a
chiral center, which are on different sides of the lactone ring
plane. Therefore to start with, we analyzed several aryl
alcohols and amines to meet the above-mentioned require-
ments. We carried out calculations (MM, PM3 and HF/6-31G)
on complexes of simple 3-ethyl-5-methyl-furan-2(5H)-one A
with alcohols and amines 1 ± 4 (Figure 1).


According to calculations, only in the case of 2,2,2-trifluoro-
1-(9-anthryl)ethanol (TFAE), 1, both stability of the CSA-
substrate complex and its geometry may lead to selective
shielding effects: geometry of the complex is almost asym-
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Figure 1. CSA 1 ± 4 used for theoretical study with butenolide A.


metric with respect to the lactone ring plane (Figure 2).
Aromatic shielding effects of anthryl ring should lead to
upfield shifts for 5-Me and 5-H protons in (R,S) and (S,S)
complexes, respectively, and this can be used to establish an
absolute configuration at this chiral center.


Figure 2. PM3 geometries of stable complexes of TFAE 1 with 3-ethyl-5-
methylfuran-2(5H)-one A.


In the Seventies of the last century Pirkle,[7] and then
Epstein[8] reported the use of 2,2,2-trifluoro-1-(9-anthryl)e-
thanol, 1, the so-called Pirkle×s reagent, as CSA[9] for the
determination of the enantiomeric excess, as well as for
absolute configuration determination of several compounds
amongst others also lactones.[9, 10] NMR differentiation was
explained on the basis of a model where stabilization of
solvate structures was attributed to ™two-point only∫ inter-
actions. Later additional (™three-point∫) interactions were
invoked to generalize the ™two-point∫ model. In fact, the
geometry of our complexes differs from the one proposed by
Pirkle. He stressed ™two-point∫ interactions between OH and
H protons of CSA and carbonyl and carbinyl oxygen atoms,
respectively, of a lactone that stabilize the proposed complex.
According to our analysis, while OH proton can be involved in
intermolecular hydrogen bonding, the distance between H of
CSA and carbonyl oxygen of the lactone is about 5.6 ä, which
does not suggest that there is any close contact between these
atoms.


In order to prove this hypothesis we carried out NMR
experiments at low temperature because larger stabilization
of the complex can be expected at those conditions. Indeed,
the simplest racemic 5-methylfuran-2(5H)one (5 ; 1.8 mg,
37 m� in CDCl3) was analyzed by 1H NMR in the presence
of 4.3 equivalents of the (R)-reagent 1 at 300 K. We observed
that H-5 appeared as a single signal whereas the methyl
appeared as two overlapped doublets. However, at 223 K, we
were pleased to observe that both the methyl (�� 1.378 and
1.331 ppm) and H-5 (�� 5.095 and 5.054 ppm) signals were
split into two signals, corresponding to the (R,S) and (R,R)
solvates. Furthermore as expected, the chemical shift of the
methyl in the (R,S) solvate is shifted more upfield than in the
(R,R) solvate, as shown by selective irradiation, (opposite to
the H-5 signal, see below) and predicted by our model.
Irradiation of the methyl signals allowed us to integrate the
H-5 peaks and thus to further evidence the 50:50 mixture of
both enantiomers.


Moreover, NOE experiments[11] at low temperature (223 K)
allowed us to directly demonstrate interaction between HO
proton of CSA and lactonic H-3 proton (see Figure 3). These
experiments showed that the NOE effect between OH proton
and H-3 proton (Figure 3c) is of the same magnitude as
between 5-Me and H-3 proton (Figure 3b). At the same time,
no intermolecular interactions between H or anthryl protons
of CSA and protons of the lactone were observed in these
experiments.


Figure 3. Low field fragment of NOE spectra of racemic 5-methylfuran-
2(5H)-one 5 (37m� in CDCl3, at 223 K) in the presence of 4.3 equiv (R)-
reagent 1. DPFGNOE method was used with a mixing time of 800 ms;
a) without irradiation, b) 5-Me irradiation, c) OH irradiation.


These results are in agreement with the calculations
predicting a one-point interaction and in disagreement with
the model proposed by Pirkle, according to which distance
between H of CSA and substrate protons has to be shorter
and, as a result, NOE effect between these protons should be
expected. This is not the case.


The structure observed is most probably stabilized by both
the O-H ¥ ¥ ¥O�C intermolecular hydrogen bonding and the
dipole ± dipole interactions between the CSA fragment
and the substrate moiety (Scheme 1).


As soon as this model was
established the absolute config-
uration determination should
be straightforward. But, in
practice, there is an obstacle,
that is high CSA and substrate Scheme 1. Proposed model.
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concentrations are required to get reliable ��RS values, and
multiple ™basic∫ sites on the molecule which could interfere.
As an alternative to the concentration problem we decided to
tune the population of the complex by variation of the
temperature. As temperature has an effect on �� values[12] we
thought that the recording of the NMR data at lower
temperatures should increase these values based on the
notion that a preferred conformer of the two diastereomeric
complexes is being increasingly populated as the temperature
is lowered. Furthermore, we envisioned that low concentra-
tions (around 1m�) of acetogenins in CDCl3 (instead of the
usual 0.2 ± 0.02� solutions[7, 8]) should be tested,[13] using a
ratio of Pirkle reagent 1/acetogenin superior to what was
already reported (3:1).[7a]


In a first set of experiments, we used squamocin 6a, isolated
in our laboratory from Annona reticulata,[14] and studied the
behavior of Pirkle×s reagent 1 as chiral solvating agents (CSA)
using by 1H NMR (400 MHz) spectroscopy in view of the
preliminary results obtained above. In order to evaluate such
a reagent for the discrimination between (R)- and (S)-
butenolides, we treated squamocin 6a with Et2NH for 12 h
at room temperature, as already described,[3] where it was
used for epimerizing the stereogenic center at C-36 of the
butenolide, affording 6b as a mixture of diastereomers
(Scheme 2). The NMR experiments were carried out by
adding pure CSA 1 to a solution (1.6 ± 3.2m�) of the substrate
which was going to be analyzed. Then, several spectra were
recorded at low temperatures, and CH-36 was observed after
irradiation of the methyl at C-36 of the butenolide (at ��
1.40 ppm) for a better resolution. In fact, in the acetogenins
the signal of methyl at C-36 is partially overlapped by the
(CH2)n of the alkyl chain.


Scheme 2. Natural squamocin 6a and its epimerized diastereomer 6b.


The first experiment was performed with 6b (0.5 mg,
1.6 m�) and 3 equiv (S)-1 (0.7 mg) at 213 K in CDCl3 and
irradiation at �� 1.40 ppm; under these conditions the signal
for H-36 appears as a broad singlet at �� 5.059 ppm. With
6 equiv (S)-1, the signal shifted without discrimination, but
with 8 equivalents a large shouldered peak appeared at ��
5.023 ppm. However, under the same conditions, but with
17 equiv (S)-1, we observed a split of this signal into two
separated peaks at �� 5.014 (minor) and 4.975 ppm (major),
corresponding to a ��� 0.039. Finally, with 27 equiv (S)-1,
under the same conditions, the two signals (�� 4.991 and
4.934 ppm, ��� 0.057) are well separated, allowing their
integration (28:72, respectively, showing that epimerisation
partially occurred). It is also interesting to note that the
temperature has an influence; at 223 K in the presence of
27 equiv (S)-1, in CDCl3, the separation of the two peaks


decreased (minor peak appearing now at �� 4.986 and the
major one at �� 4.940 ppm, corresponding to ��� 0.046,
compare with ��� 0.057 at 213 K) (Figure 4).


Figure 4. Squamocin 6b with (S) reagent 1 at 213 K in CDCl3 (dotted line:
at 223 K).


We also observed a solvent effect, since when we analyzed
6b (1 mg, 3.2m�) in CD2Cl2 with 6 equiv (S)-1, at 223 K and
after irradiation at �� 1.40 ppm, the signal for H-36 appears
as two peaks at �� 4.904 (minor) and 4.886 ppm (major),
(��� 0.018, compare with results in CDCl3 in Figure 5,
showing a single peak). However, under the same conditions,
but at 213 K, the two peaks were well separated (at �� 4.898
(minor) and 4.865 ppm (major), corresponding to��� 0.033).
At 203 K, the two signals were observed at �� 4.887 (minor)
and 4.839 ppm (major), corresponding to ��� 0.048 (Fig-
ure 5).


Figure 5. Squamocin 6b with 6 equiv (S) reagent 1 in CD2Cl2 (dotted line:
in CDCl3 with a shifted scale).


Then we analyzed natural squamocin 6a (1 mg, 3.2m�,
possessing the 36S configuration[6]) with 6 equiv (R)-1 at
223 K in CDCl3. After irradiation at �� 1.40 ppm, we
observed a single signal at �� 5.024 ppm. Whereas when the
natural squamocin 6a (1 mg, 3.2 m�) was analyzed under the
same conditions with 6 equiv (S)-1, the signal appeared at ��
4.994 ppm (��� 0.030) (Figure 6). It is worth of note that
with only 3 equiv either (S)-1 or (R)-1, both chemical shifts for
H-36, in these two experiments, were almost identical (��
5.039, 5.044 ppm, respectively, corresponding to ��� 0.005).
We can further conclude that when (36S)-squamocin 6a is
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solvated with (S)-1, the H-36 signal appears upfield compared
with (36S)-squamocin 6a solvated with (R)-1. In other words,
we can predict that the H-36 signal for (S,S) or (R,R) solvates
appears upfield compare with the (R,S) or (S,R) solvates. This
implies that if �(�H-36R-1� �H-36S-1)� 0, then the absolute
configuration of the butenolide is (S). We repeated the
experiments with epimerized squamocin 6b (0.5 mg, 1.6m� in
CDCl3 at 213 K) with 25 equiv (R)-1 and observed that two
peaks for H-36 appeared with the major one at lower field
(�� 4.990, corresponding to the (S,R) solvate) and the minor
one at �� 4.956 (corresponding to the (R,R) solvate). Where-
as at 213 K with 27 equiv (S)-1 the minor one is at �� 4.991
and the major one at �� 4.934 ppm (��� 0.057) (Figure 6). It
is noteworthy that the H-36 chemical shifts in the solvates are
in accord with our model shown above.


Figure 6. Squamocin 6b and squamocin 6a with variable amount of either
(R)- or (S)-reagent 1.


We then decided to check if this method could be
generalized and thus performed a series of two experiments
with mixtures of natural acetogenins with either (S) or (R)
reagent 1 (Scheme 3, and Table 1). For instance, cis-solamin
7[15] (0.5 mg, 1.7 m�) was dissolved in CDCl3 together with
20 equiv (R)-1. The 1H NMR spectrum was recorded at 213 K


Scheme 3. Natural cis-solamin 7, annonacin 8, desacetyluvaricin 9 and
isodesacetyluvaricin 10.


after irradiation at �� 1.40 ppm. Under these conditions the
signal for H-34 appears as a broad singlet at �� 4.995 ppm,
whereas under the same conditions but 20 equiv (S)-1, H-34
appears at �� 4.955 ppm (����0.040). We can thus con-
clude that cis-solamin 3 has the (34S) absolute configuration
(as confirmed by our enzymatic method[6]).


In the case of annonacin 8,[16] it has been shown by
enzymatic method that the absolute configuration at C-34 was
(S); the 1H NMR method described above confirms such
findings (at 213 K, in the presence of 35 equiv (R)-1, � H-34�
4.859, whereas with 35 equiv (S)-1 � H-34� 4.772 ppm,
corresponding to ����0.087). It is noteworthy that the
hydroxyl group at the 4-position did not interfere with the
major solvating of the lactone ring by reagent 1. Desacety-
luvaricin 9[17] was analyzed next. Again, we observed two
different signals (at 213 K, in the presence of 14 equiv (R)-1, �
H-36� 5.015, whereas with 14 equiv (S)-1 � H-36�
4.949 ppm, corresponding to ����0.066). The results allow
us to assume the (S) absolute configuration at C-36. With
isodesacetyluvaricin 10[17] the absolute configuration was
again C-36 (S) as shown by NMR data (at 213 K, in the
presence of 9 equiv (R)-1, � H-36� 5.012, whereas with
12 equiv (S)-1, � H-36� 4.959 ppm corresponding to ���
�0.053).


In conclusion we describe herein a very efficient NMR
method for the determination of the absolute configuration of
the butenolide moiety of annonaceous acetogenins. This
technique uses Pirkle×s reagent at low temperature and low
concentration, and allows one to apply this method to other
natural products as well. Indeed, the presence of basic sites
(e.g. tetrahydrofuran, hydroxyl) did not interfere with the
major solvation of the reagent with the lactone moiety. We
propose a new model which allowed us to confirm the (S)
absolute configuration of the butenolide of annonaceous
acetogenins (further confirmed by enzymatic method[18]).
Furthermore, this method can be successfully applied to the
measure of the diastereomeric excess of the same containing
butenolide compounds, making this method a very useful tool
in total synthesis of such interesting bioactive products.[19] Of
course this can also be applied to the determination of the
enantiomeric excess of butenolides containing a single stereo-
genic center.


Experimental Section


NMR spectra were recorded at 400.13 MHz for 1H. The temperature was
controlled to 0.1 �C. Chemical shifts are reported in parts per million (ppm)
relative to internal TMS. Butenolide containing product (0.5 to 1 mg, 0.8 to
1.6 �mol), (S)- or (R)-2,2,2-trifluoro-1-(9-anthryl)ethanol (3 to 35 equiv),


Table 1. Chemical shift � of H-34 or �H-36 of 7 ± 10 with reagent 1 at
213 K.


Compound With (n equiv) With (n equiv) �(�R��S)
of (R)-1 of (S)-1


solamin 7 4.995 (20) 4.955 (20) � 0.040
annonacin 8 4.859 (35) 4.772 (35) � 0.087
desaceyluvaricin 9 5.015 (14) 4.949 (14) � 0.066
isodesaceyluvaricin 10 5.012 (9) 4.959 (12) � 0.053
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and 0.5 mL of solvent (CDCl3 or CD2Cl2) were placed in a 5 mm NMR tube
and the spectrum recorded at the required temperature with (or without)
irradiation at �� 1.40 ppm (45 Db). Molecular mechanics (employing the
MM2 force field) and PM3 molecular orbital calculations were performed
by the CS Chem3D Ultra6.0 on a AuthenticAMD Athlon(Im) computer.
Ab initio electronic structure calculations (at the restricted Hartree-Fock
level of theory) were performed using GAUSSIAN 98.
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Cu K-Edge EXAFS Characterisation of Copper(�) Arenethiolate Complexes
in both the Solid and Liquid State: Detection of Cu�Cu Coordination
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Abstract: Herein we describe a struc-
tural characterisation with EXAFS of
copper(�) arenethiolate complexes in
both the solid and liquid state. Previ-
ously noted difficulties in the detection
of the Cu�Cu interaction have been
attributed to anti-phase behaviour of
different Cu�Cu neighbour contribu-
tions. A data analysis procedure solely
based on EXAFS parameters is present-
ed which resolves these problems. A
careful analysis of the individual coor-
dination shells and the use of different k-
weightings during the data analysis are
shown to be an absolute necessity to


obtain reliable results. During R-space
fitting, the difference file technique is
used to separate, examine and compare
the individual contributions. Using this
technique their statistical significance
and correctness can be determined.
Anti-phase behaviour can be detected
and accounted for in this way. An addi-
tional mixed organocopper aggregate
[Cu4(SAr)2(Mes)2] with different Cu


sites is analysed, which proves the value
of the analysis procedure described
above. Moreover, this newly developed
EXAFS data analysis procedure is ap-
plicable to any other EXAFS spectrum
obtained. The structural analysis of
these organocopper complexes with EX-
AFS provides information about their
actual structure and dynamic behaviour
in solution. The technique can now be
used to obtain insights into the reactivity
of these complexes and the way in which
they form catalytic reaction intermedi-
ates.


Keywords: catalysts ¥ copper ¥ C�C
coupling ¥ EXAFS data analysis ¥
EXAFS spectroscopy


Introduction


An important reaction in organic synthesis is the (selective)
carbon ± carbon bond formation for which organocuprates
[R2CuLi],[1±3] [R2Cu(CN)Li],[4, 5] [R2Cu(CN)Li2][6] are most
widely applied.[7±12] In our ongoing studies in the field of
organocopper and cuprate chemistry, we have synthesised
well-defined heterocuprates derived from the aminoarene-
copper species (CuSC6H4CH(Me)NMe2-2)3 (1)[13±15] which
contain an S,N-bidentate coordinated arenethiolate. This
complex and related chiral copper arenethiolates promote
selective group transfer of Grignard reagents (RMgX) to
various organic substrates[16±24] , such as in chemo- and
enantioselective 1,4-addition to acyclic enones.[17] Specifically,
the latter marks the first reported case in which a copper


complex, here enantiopure 1 (R, R, R or S, S, S), has been used
in catalytic amounts to achieve enantioselective C�C bond
formation.[17, 18, 20, 22, 23]


The nature of the active cuprate species in these and related
reactions is still largely unknown. Extended X-ray absorption
fine structure (EXAFS) spectroscopy provides local structural
information about a specific element in a compound. In
contrast to X-ray diffraction (XRD), EXAFS spectroscopy
does not require long-range ordering of the material. There-
fore, EXAFS can be applied in structural studies of molecules
in any state of aggregation. EXAFS has been used for the
elucidation of the coordination sphere of metal centres in
enzymes[25, 26] and for the determination of the structure of
compounds in both the solid and liquid state.[27] EXAFS is
unique in unravelling the structure of species under non-
ambient conditions as it can be applied in situ, under high
pressure, temperature, and in the presence of gases. In
organometallic chemistry the technique is complementary to
IR spectroscopy, NMR spectroscopy and XRD. Studies of
63,65Cu NMR spectra on organocopper complexes, which
would potentially provide direct detailed information about
the coordination sphere of the copper site(s) in organo-
cuprates, is hampered by the large nuclear quadrupolar
moment of the copper nucleus.


EXAFS spectroscopy of organocopper and cuprate mix-
tures is not straightforward.[25, 26, 28±32] In the recent literature,
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several examples are given where Cu�Cu coordinations were
not detected or were very difficult to detect by EXAFS
spectroscopy, although in some cases XRD and/or other
chemical information strongly suggested that Cu neighbours
around the photon-absorbing Cu ion were present.[28, 30±35]


Sometimes Cu�Cu contributions were not detected at all or
unexpected Cu�Cu contributions were found (wrong distan-
ces), in combination with incorrect Cu�C or Cu�N contribu-
tions. These problems are often encountered for Cu com-
plexes in which Cu ¥¥ ¥ C distances are in the same range as the
Cu ¥¥ ¥ Cu distances.[33] Examples include organocopper re-
agents (CuCN � BuLi and CuCN ¥ 2LiCl)[28, 30±32] , and phe-
noxo-bridged dicopper(�) compounds[34] as well as copper(�)
thiolate clusters in the native protein [Cu�(�EC)nG].[35]


In a quest to understand the mechanistic aspects and to
improve the copper-based catalytic systems for enantioselec-
tive synthesis, we have applied EXAFS spectroscopy to
identify the catalytic site(s) of the key intermediates in our
system. In this study a systematic method for the analysis of
Cu K-edge EXAFS spectra is presented that allows the proper
detection of Cu�Cu contributions. The analysis method will
be established by means of Cu K-edge EXAFS spectroscopy
on the copper(�) arenethiolate species (CuSC6H4CH-
(Me)NMe2-2)3 (further abbreviated as [Cu3(SAr*)3] (1) see
Figure 1). The structure of this Cu arenethiolate complex is


S


Cu S


Cu


SCu N


N


N


S Cu R
Cu


R Cu S


CuN N


1 2


Figure 1. Schematic structures of Cu(�) arenethiolate complexes 1 and 2 as
determined in the solid state by XRD, see references [13 ± 15] for full
structural details.


well known from single-crystal XRD data.[13±15] The detect-
ability of the Cu�Cu coordination is investigated using the
structural information obtained from single-crystal XRD as a
starting point for the EXAFS analysis. The analysis strategy
will be demonstrated by using the solid state [Cu3(SAr*)3]
EXAFS spectra measured at room temperature. Subsequent-
ly, the analysis procedure will be applied to the EXAFS data
of [Cu3(SAr*)3] dissolved in toluene measured at room
temperature. The structure of a related mixed organo(arene-
thiolate)copper(�) aggregate [Cu4(SAr)2(Mes)2] (2) (Figure 1),
which contains distinctly different Cu sites,[21] has been
determined with EXAFS using the newly developed analysis
procedure to confirm and demonstrate the validity of the
developed analysis procedure.


The results of the EXAFS analysis provide essential
information about the structure and dynamics of the com-
plexes and of the vibrating Cu3S3 ring of the trimeric CuSAr
aggregate. This information will be important for an under-
standing of the formation of the kinetic intermediates
between the organocopper catalyst precursor of the Grignard
reagent and the substrate from which ultimately the C�C
coupled product is generated.


EXAFS data-analysis methods


Reference compounds : Theoretical references were used for
the analysis of the Cu�S, Cu�N, Cu�Cu and Cu�C coordina-
tions. The theoretical references were generated using the
code FEFF 8.[36] EXAFS data from reference compounds
were used to calibrate the theoretical references: Cu foil
(7 �m) for Cu�Cu, ZnS for Cu�S[37] and copper phthalocya-
nine for both Cu�N[37] and Cu�C since N and C are
neighbouring atoms in the periodic table. The XDAP
program[38] was used for the reference data fitting. The
theoretical references were optimised as described in refer-
ence [39]. Table 1 gives the FEFF 8 input parameters. For all


atom pairs a partially non-local potential was used.[36] Vi is
estimated to be 3 eV. S0


2, the Debye ±Waller factor and Vr


were varied until the generated references optimally fit in R-
space the first coordination shell of the experimental EXAFS
spectra of the above-mentioned reference compounds (see
Table 2). The reference spectra were measured at room
temperature so the references are optimised for these
conditions. These calibrated references can then be used to
fit the EXAFS data of the samples down to very low values of
k (k� 2.5ä�1).[39]


R-space fit : The EXAFS data were analysed by using the
commercially available program XDAP.[38] This program
allows multiple-shell fitting in R-space by minimising the
residuals between both the magnitude and imaginary part of
the Fourier transforms of the data and the fit. R-space fitting
has important advantages compared to the usually applied
fitting in k-space, as is extensively discussed in reference [39].
R-space fitting makes Fourier filtering unnecessary, which is
of great advantage if overlapping shells are present. More-
over, by choosing the proper window in R-space the back-
ground subtraction errors and the presence of further higher
shells can be avoided. Another important advantage is that
the amount of information (number of independent data
points, vide infra) is not decreased by shortening the range of
reliable data in k-space due to Fourier filtering errors.


Table 1. FEFF 8 input parameters used for the calculation of phase shifts
and backscattering amplitudes. For all atom pairs a partially non-local
potential is used.[36]


Atom pair �2 [ä2] S0
2 Vr [eV] Vi [eV]


Cu�Cu 0.009 0.92 4.0 3.0
Cu�S 0.005 0.88 2.5 3.0
Cu�C 0.000 0.92 1.0 3.0
Cu�N 0.002 0.84 � 3.1 3.0


Table 2. Best fit results for the experimental data using the theoretical references,
including fitting parameters. Fits were performed in R-space, k3-weighted.


Shell NXRD RXRD[ä] N R[ä] ��2 [ä2] E0 [eV] �k [ä�1] �R [ä]


Cu�Cu 12 2.56 11.9 2.54 0.000 � 0.2 2.9 ± 12.5 1.5 ± 2.7
Cu�S 4 2.35 4.0 2.35 0.001 0.4 2.9 ± 12.5 1.0 ± 2.4
Cu�C 4 1.95 4.0 1.96 0.001 � 1.2 3.5 ± 12.5 1.0 ± 2.0
Cu�N 4 1.93 4.0 1.94 � 0.001 � 2.3 3.5 ± 12.5 0.0 ± 2.1
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Variance and number of independent data points : The errors
in the structural parameters were calculated from the
covariance matrix taking into account the statistical noise of
the EXAFS data and the correlations between the different
coordination parameters. The standard deviation per data
point was estimated by averaging three data scans. The
number of independent data points (Nindp) was determined as
outlined in the ™Reports on Standard and Criteria in XAFS
Spectroscopy∫[40] and is calculated as shown in Equation (1).


Nindp�
2*�k*�R


�
� 2 (1)


A large number of independent data points is important,
especially if several contributions are present and overlap-
ping, to reliably fit the data reliably and account for possible
anti-phase behaviour of different contributions as shown in
this study.


The variances of the magnitude and imaginary part of the
Fourier transforms of fit and data were calculated according
to Equation (2).


kn variance�
� �kn�FTmodel�R� � FTexp�R��2dR� �knFTexp�R��2dR


	 100 (2)


Difference file technique : The difference file technique was
applied together with phase-corrected Fourier transforms to
resolve the different contributions in the EXAFS data.[39, 41]


The difference file technique allows the observation of each
individual contribution with respect to the other contributions
present in the EXAFS spectrum. The experimental �EXP(k) in
the range Rmin to Rmax can be described by summation of
different model EXAFS contributions �MOD,j(k), describing
each coordination shell as shown by Equation (3).


�EXP,j(k)�
�Shells


j�1


�MOD,j(k) (3)


For each individual fitted contribution m Equation (4)
should then logically be valid.


�m� �EXP�
�j


i�1 and i�m


�MOD,i (4)


The right side of Equation (4) is further denoted as the
difference file of shell m. A sensitive and practical method to
check whether a contribution is statistically significant con-
sists of a comparison of the amplitude of �m with the noise
level present in the difference file (the noise in the difference
file is essentially the same as the noise in the experimental
data). The total variances between total fit and data deter-
mine the correctness of the total analysis of the obtained
EXAFS data. Moreover, the use of the difference file
technique enables one to observe and examine the individual
contributions and their position, intensity and influence on
each other during the analysis procedure.


Weight factor kn : The phase shift and backscattering ampli-
tude of each neighbouring atom are in principle element
specific and have a characteristic dependency of the wave-
factor k. Normally, a combination of a k0- and k3-weighting
during the EXAFS data-analysis is used in order to separate
each individual contribution.[39] In this study the use of both


k0- and k3-weighting was crucial in order to unravel interfer-
ence effects of higher coordination shells. Principally, differ-
ent k-weightings should yield identical results and a good fit in
one weighting should be good in all other weightings
applied.[39] As found in this study to be of vital importance,
a fit in kn-weighting is only considered correct if other kn-
weightings show minima in variances too. In a system with
many contributions such as in this case, a single kn-weighting
may well show several minima in variances obscuring the true
minimum.


Results


Single-crystal X-ray diffraction on [Cu3(SAr*)3]:
The crystal structure of the copper(�) arenethiolate [Cu3-


(SAr*)3] (1) is known from single-crystal X-ray diffraction
data.[13±15] The molecular structure of 1 shows a triangular
trimeric aggregate which comprises three identical (crystallo-
graphically related) CuSAr units that are held together by
bridging of the thiolate sulfur atom between adjacent copper
atoms. This structure is shown in Figure 2 in which only one of


Figure 2. [Cu3(SAr*)3] (1) showing only one of the three chelating arms.
The position of the other two arms is only indicated by the presence of the
nitrogen atom from each. The C atoms at about the same Cu ¥¥¥ C distance
have identical colour.


the three chelating arms is displayed completely. The position
of the other two arms is indicated by showing only the
nitrogen atom of each. The crystallographic Cu-neighbour
distances are given in Table 3.[13±15] Three neighbouring


Table 3. Single-crystal X-ray diffraction data for [Cu3(SAr)3] at 110 K.


Ab�Sc pair[a] N R [ä][b]


Cu�N 1 2.08
Cu�S 2 2.21 (
0.02)
Cu ¥¥¥ Cu 2 2.83 (
0.00)
Cu ¥¥¥ Ca 3 2.96 (
0.02)
Cu ¥¥¥ Cb 3 3.31 (
0.14)


[a]Ab� absorber; Sc� scatterer. [b] The maximum deviation in distances
is given in parentheses.
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carbon atoms (denoted Ca) are located at a distance of 2.96 ä;
three other carbon atoms (denoted Cb), also relevant for the
EXAFS analysis, can be distinguished at a distance of 3.31 ä
(see also Figure 2). The values for the coordination distances
for the Cu�S, Cu�Cu, Cu�Ca and Cu�Cb pairs are average
values and the maximum deviation in the distance is given in
parentheses in Table 3.


EXAFS data of [Cu3(SAr*)3] in the solid state and solution
(at room temperature): Figure 3 displays the Cu K-edge
EXAFS data of [Cu3(SAr*)3] obtained in the solid state (solid
line) and solution (dotted line). The signal-to-noise ratio is


Figure 3. Raw EXAFS data of [Cu3(SAr*)3] in the solid state (solid line)
and in solution (dotted line).


very good, the data can be analysed up to k� 12.5ä�1. The
corresponding k0- and k3-weighted Fourier transforms (for
2.9� k� 12.5ä�1) are given respectively in Figures 4a and
4b. It can be observed that the intensity in the Fourier
Transforms for the sample in solution is in both k-weightings
slightly higher. Moreover, for R�� 2 ä some small but
significant changes in the imaginary parts can be observed. A
very important observation, and crucial for the EXAFS data
analysis to be applied in this study, is the fact that for the k3-
weighted Fourier transforms almost no intensity is observed
for R� 2.2 ä, whereas in the k0-weighted Fourier transforms
there is.


First, the [Cu3(SAr*)3] sample in solid state was analysed
since the crystal structure of this sample is known from single
crystal XRD. For the initial analysis in R-space of the
[Cu3(SAr*)3], EXAFS data a k0-weighted factor was used.
In the next step the correctness of the fit was checked by using
a higher k-weighting (k1, k2, k3). Additionally, the influence of
an increasing number of coordination shells is observed
carefully. The crystallographically known values for the
coordination numbers (N) and distances (R) (Table 3) were
used as starting input parameters. The data were analysed by
using an R-space fit with k-range of 2.9� k� 12.5ä�1 and R-
range of 1.0�R� 4.0 ä. Both the absolute and the imaginary
part of the Fourier transform were optimised. Each shell was
fitted by iteratively allowing the parameters (R, N, ��2 and
�E0) of that shell to be free. An increasing number of


Figure 4. Fourier transforms of the EXAFS data of [Cu3(SAr*)3] in the
solid state (solid line) and in solution (dotted line) for 2.9� k� 12.5ä�1.
a) k0-weighted; b) k3-weighted.


coordination shells were used to fit the data. A two-shell fit
(Cu�N, Cu�S), a three-shell fit (Cu�N, Cu�S, Cu�Cu), a four-
shell fit (Cu�N, Cu�S, Cu�Cu, Cu�Ca) and a five-shell fit
(Cu�N, Cu�S, Cu�Cu, Cu�Ca, Cu�Cb) were used to observe
the influence of an increasing number of coordination shells
(Table 4).


The final five-shell total fit for [Cu3(SAr*)3] at room
temperature (k0-weighted) is given in Figure 5a. To show that
the obtained fit is correct, the fit in an other k-weighting, k3, is
shown in Figure 5b, with the fit variances given in Table 4. As
the difference file technique was used for the analysis of the
EXAFS spectra, the individual contributions can be analysed
separately and should also fit correctly to be able to conclude
a good analysis. In Figure 6 the Fourier transforms of the
individual difference files are given, including the fits for the
individual shells. The Cu�N contribution, displayed in Fig-
ure 6a is fitted very well in the analysis range applied (1.0�
R� 4.0 ä). The Cu�S single-shell is the largest contribution in
the analysis and fits perfectly as can been seen in Figure 6b. In
Figure 6c the Cu�Cu contribution is shown. The Cu�Ca


contribution given in Figure 6d fits very well and the Cu�Cb


contribution, which is displayed in Figure 6e, shows little
noise on the measured data. It can be observed that both
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Figure 5. Fourier Transforms of raw data (solid line) and R-space fit
(dotted line) (2.9� k� 12.5ä�1and 1.0�R� 4.0 ä) with five coordination
shells of [Cu3(SAr*)3] in the solid state. a) k0 weighted; b) k3-weighted.


Cu�C contributions are larger than the Cu�Cu contribution.
Only little noise can be seen in the Fourier Transforms of the
difference files of the smallest contributions (Cu�Cu, Cu�Ca,
Cu�Cb). From these Figures it is clear that these individual
contributions are well above the noise, and are thus signifi-
cant, and that they are fitted very well. The final EXAFS
coordination parameters are summarised in Table 4.


The [Cu3(SAr*)3] was also measured in solution, in this
case, toluene. In Figure 7a the Fourier transforms (2.9� k�
12.5ä�1) of both the k0- and k3-weighted spectrum are given.
In the k3-weighted spectrum a very low intensity of the signal
is observed between 2 and 2.5 ä, whereas in the k0-weighted
spectrum a clear signal remains present (note the differences
in axis). A five-shell analysis has been performed by using a
k0-weighting. The crystallographic results are used as starting
input parameters and the shells are iteratively refined leaving
step by step (shell by shell) all parameters free. The k0-
weighted R-space fit is shown in Figure 7b and the results are
given in Table 5. The correctness of the fit is also shown in
Figure 7c for the k3-weighted fit using the obtained param-
eters, with the calculation variances given in Table 5.


Analysis of Cu4(SAr)2(Mes)2 : The structure of the tetranu-
clear aggregate Cu4(SAr)2(Mes)2 (2) has two non-equivalent
Cu atoms and comprises the binding of two different anions,
the arenethiolate anion and the mesityl anion.[21] The Cu-
neighbour coordination numbers (Nxrd) and distances (Rxrd) of
this aggregate as obtained with single-crystal XRD are given
in Table 6.[21] Both the k0- and the k3-weighted Fourier
transforms of the measured EXAFS data (2.89� k�
12.5ä�1) are given in Figure 8a. It can be seen that using
different weightings for the Fourier transforms leads to a loss
in intensity in several (different) R-ranges. So, in different R-
ranges, a different k-weighting will result in the most reliable
fit. The fitting procedure is carried out using a k0-weighting for
1.0�R� 1.7 ä and 2.2�R� 3.0 ä, and a k3-weighting for
1.0�R� 2.5 ä. During the fitting procedure the coordination
numbers were fixed and all other parameters were iteratively
refined. The final fit is shown in Figure 8b and Figure 8c for
the R-space fit with k0 and k3 weightings, respectively. The
obtained parameters are given in Table 6. In both k-weight-
ings an excellent total fit is obtained, showing the correctness
of the analysis procedure.


Discussion


Determination of the weight factor(s) used for the EXAFS
data-analysis: detection of anti-phase behaviour : Fitting the
spectrum of a compound with a well-known structure
provides information about the reliability of the EXAFS
data-analysis procedure. The influence of different k-weight-
ings and inclusion of an increasing number of shells on the fit
variances can then be studied. The difference file technique
can separate the single shells and compare the different shells
to each other. The goodness of the fit can be observed and the
statistical significance of the individual contributions can be
evaluated. Fitting in R-space is essential to prevent truncation
errors. Using a Fourier transform of the EXAFS data and


Table 4. EXAFS analysis of [Cu3(SAr)3] (solid, room temperature), k0-
weighted fit, 2 ± 5 shells.[a]


Ab�Sc Pair[b] N R ��2 �E0 Var.
Im.[b]


Var.
Abs.[b][ä] [ä2] [eV]


2-shell fit
Cu�N 2.1 2.20 0.040 7.8 k0 : 2.0 0.96
Cu�S 2.0 2.21 0.000 2.4 k3 : 4.3 2.0
3-shell fit
Cu�N 1.1 2.04 0.008 9.3 k0 : 0.17 0.083
Cu�S 2.0 2.22 0.002 � 0.2 k3 : 1.4 0.64
Cu ¥¥¥ ¥ Cu 6.9 2.96 0.040 � 6.9
4-shell fit
Cu�N 1.0 2.08 0.005 1.0 k0 : 0.037 0.063
Cu�S 2.0 2.21 0.003 0.4 k3 : 0.44 0.21
Cu ¥¥¥ Cu 2.8 3.00 0.014 � 3.7
Cu ¥¥¥ Ca 3.1 3.15 0.007 5.9
5-shell fit
Cu�N 1.0 2.05 0.001 0.6 k0 : 0.017 0.012
Cu�S 1.9 2.23 0.003 � 1.4 k3 : 0.20 0.10
Cu ¥¥¥ Cu 1.7 2.84 0.016 1.7
Cu ¥¥¥ Ca 3.3 2.99 0.010 7.9
Cu ¥¥¥ Cb 2.8 3.45 0.013 � 1.3


[a] Nindp� 20. Fit: R-space, 2.89� k� 12.50; 1.0�R� 4.0, all parameters
iteratively refined. [b] Ab� absorber; Sc� scatterer; Var. Im. and Var.
Abs. are the variances of the fit of the Imaginary and Absolute part,
respectively.
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applying different weightings can immediately reveal the
presence of anti-phase behaviour of the EXAFS oscillations
of the different coordination shells. In the literature, the peaks
observed in the total Fourier Transform of the EXAFS data
are regularly simply assigned to the separate contributions in
a spectrum. However, overlap of different shells (especially in
case of anti-phase behaviour) can significantly change the
shape and intensity of the total Fourier Transform peak(s) or


shift the position of the total peak,[39] as is also demonstrated
in this study. In this way the amount and position of
contributions can be underestimated and interpreted
wrongly.


For the [Cu3(SAr*)3] sample in the solid and liquid state
measured at room temperature anR-space fit of a k0-weighted
EXAFS including five coordination shells leads to a good
agreement with the results of single-crystal XRD (Tables 4


Figure 6. Fitted single shell contributions (dotted line) and difference files (solid line) of five shell R-space fit (k0, 2.9� k� 12.5, 1.0�R� 4.0) of
[Cu3(SAr*)3] in solid state measured at room temperature. a) Cu�N; b) Cu�S; c) Cu�Cu; d) Cu�Ca; e) Cu�Cb.
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Figure 7. a) Fourier transform (2.9� k� 12.5ä�1) of raw EXAFS data
of [Cu3(SAr)3] in solution k0-weighted (solid line), k3-weighted (dotted
line); b) k0-weighted and c) k3-weighted R-space fit (2.9� k� 12.5ä�1


and 1.0�R� 4.0 ä) with five coordination shells of [Cu3(SAr*)3] in
solution (at room temperature).


and 5). Both a k0- and a k3-weighting have to be used for the
analysis of Cu4(SAr)4(Mes)2 (Table 6). When the data analysis
procedure has been performed using the best k-weighting as a
starting point, an important check has to be performed. Only
if the fitting parameters obtained also result in a good


agreement in (all) other k-weightings, a correct EXAFS data
analysis is concluded. This study makes it clear that criteria
solely based on analysis of EXAFS data can be established,
which can be applied straightforwardly to determine the
structure of unknown compounds.


EXAFS data-analysis of [Cu3(SAr*)3] (1) in the solid state
and solution: statistical significance and analysis of anti-phase
behaviour : As shown in Figure 4, a k3-weighted Fourier
transform of the EXAFS data leads to a very small amplitude
of the higher shells peaks. Freeing all parameters iteratively
resulted in a good fit with coordination parameters, which are
in good agreement with the results of single crystal XRD
when using k0-weighting for the analysis of the room temper-
ature data. These results can be understood by a more
detailed examination of the single-shell EXAFS contributions
of the optimised fit.


Figure 9a displays the calculated Cu�Cu, Cu�Ca, and
Cu�Cb EXAFS functions determined for the analysis of the
solid state EXAFS data. All EXAFS oscillations are well
above the noise band of 
0.00025. A maximum noise level of
0.0005 is determined in the raw EXAFS data at k� 14ä�1.
Not only from the Fourier transforms of the difference files as
plotted in Figure 6 but also from Figure 9 it can therefore be
concluded that these higher shell contributions are statisti-
cally significant. Moreover, it can be seen also that the Cu�Cu
and the Cu�Cb EXAFS functions are opposite in phase to the
Cu�Ca EXAFS function in the range of 4.0� k� 9.0ä�1. This
results in a strong damping of the total higher shell EXAFS
contributions (Cu�Cu�Cu�Ca�Cu�Cb) at these high k-


Table 5. EXAFS analysis results of [Cu3(SAr)3] (solution, room temper-
ature), k0-weighted five-shell fit.[a]


Ab�Sc Pair[b] N R ��2 �E0 Var.
Im.[b]


Var.
Abs.[b][ä] [ä2] [eV]


Cu�N 1.1 2.01 0.003 1.0 k0 : 0.07 0.04
Cu�S 1.9 2.25 0.004 � 2.0 k3 : 0.32 0.16
Cu ¥¥¥ Cu 2.1 2.83 0.018 � 5.7
Cu ¥¥¥ Ca 2.8 2.95 0.012 11.0
Cu ¥¥¥ Cb 2.6 3.50 0.015 � 0.9


[a] Nindp� 20. Fit: R-space, 2.89� k� 12.50; 1.0�R� 4.0, all parameters
iteratively refined. [b] Ab� absorber; Sc� scatterer; Var. Im. and Var.
Abs. are the variances of the fit of the Imaginary and Absolute part,
respectively.


Table 6. EXAFS analysis of Cu4(SAr)2(Mes)2.[a]


Ab-Sc
Pair[b]


N R ��2 �E0 Var.
Im.[b]


Var.
Abs.[b]


Nlit Rlit


[ä] [ä2] [eV] [ä]


Cu�Ca 1.0 1.91 0.008 6.4 k3 : 0.04 0.02 1 2.02
Cu�N 0.5 2.27 � 0.006 � 7.3 k0 : 0.24 0.05 0.5 2.14
Cu�S 1.0 2.21 � 0.003 � 7.3 1 2.22
Cu ¥¥¥ Cua 1.0 2.44 0.002 � 0.7 1 2.40
Cu ¥¥¥ Cub 1.5 2.74 0.017 5.7 1.5 2.74
Cu ¥¥¥ Cb 3.0 2.96 0.001 13.2 3 2.93


[a] Nindp� 14. Fit: R-space, 2.89� k� 12.50; k0-weighted 1�R� 1.7 and 2.2�
R� 3 and k3-weighted 1�R� 2.5. N fixed, all other parameters iteratively
refined. [b] Ab� absorber; Sc� scatterer; Var. Im. and Var. Abs. are the
variances of the fit of the Imaginary and Absolute part, respectively.
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Figure 8. a) Fourier transforms (2.9� k� 12.5ä�1) of raw EXAFS data of
[Cu4(SAr)2(Mes)2] in the solid state measured at room temperature, k0-
weighted (solid line) and k3-weighted (dotted line); b) k0-weighted and
c) k3-weighted R-space fit (2.9�k� 12.5ä�1 and 1.0�R� 3.0 ä) with six
coordination shells of [Cu4(SAr)2(Mes)2] measured at room temperature.


values, which is shown in Figure 9b. A high k-weighting will
therefore make the fit insensitive to these higher shells.


Interference effects have a strong influence on the analysis
of the Cu�Cu contributions. As can be observed in Table 4
only after inclusion of the fifth shell (Cu�Cb), the EXAFS


Figure 9. a) Fitted single-shell Cu�Cu, Cu�Ca and Cu�Cb EXAFS
contributions of five-shell fit of [Cu3(SAr*)3] in the solid state; b) total
higher shell contributions (Cu�Cu � Cu�Ca � Cu�Cb) of five-shell fit of
[Cu3(SAr*)3].


analysis leads to a proper Cu ¥¥¥ Cu distance and structural
parameters which correspond to the single-crystal XRD
results. In the case of a four-shell fit, the Cu�Cu difference
file is compensating for the lack of an additional Cu�C
shell, explaining why an incorrect Cu ¥¥¥ Cu distance is
found in this case. When the Fourier transforms of the
Cu�Cu and Cu�Ca single-shell contributions, displayed here
for the [Cu3(SAr*)3] (solid) in Figure 10, are examined more
carefully, the Cu�Ca contribution peaks at an even lower
distance than the Cu�Cu coordination although its distance
is larger. This is due to the fact that the position of the peak
in the Fourier transform is determined by the argument (�)
of the EXAFS function and not solely by R, as shown in
Equation (5).


�� 2kR�� (5)


� is the phase function of the absorber-backscatterer pair.
Although the Cu�Cu coordination distance is smaller than for
Cu�Ca, the phase function (�) of the Cu�Ca is more negative
than that of the Cu�Cu EXAFS, leading to a Cu�Ca peak in
the non-phase-corrected Fourier transform at lower values of
R. This has important consequences in examining the Fourier
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Figure 10. Fourier transform (k0, 2.9�k� 12.5ä�1) of fitted single shell
Cu�Cu (solid line), Cu�Ca (dotted line) and Cu�Cb (dashed line)
contributions of five-shell fit of [Cu3(SAr*)3] solid state. a) k0-weighted;
b) k3-weighted.


transforms of the difference files for the analysis of the
EXAFS data of these classes of Cu complexes.


In the case of a two-shell fit, all parameters obtained for the
Cu�N contribution are wrong. The coordination number is
twice as high as expected, the distance is 0.1 ä too large and
the Debye ±Waller factor is unrealistically high. Normally, the
first shell in an EXAFS data analysis procedure can be
determined with the highest accuracy. However, in this case,
the inclusion of higher contributions is required to obtain the
correct parameters. Additionally, the Cu�S shell can be
determined accurately and correctly in all fitting procedures
and is not dependent on additional contributions. The
explanation for these phenomena consists of two parts: the
Cu�S shell is the biggest contribution to the total EXAFS
spectrum, it has the highest amplitude as can be seen in
the Fourier Transforms of the difference files given in
Figure 6a ± e. Therefore, the Cu�S contribution can be
determined with the highest accuracy. Since the Cu�S shell
is overlapping especially with the Cu�N contribution due to
their comparable distances, the analysis of this Cu�N is
more complicated. Moreover, the Cu�Cu and Cu�C contri-
butions also have a significant amplitude at lower k- and


lower R-range, causing overlap with the Cu�N contribution.
A reliable Cu�N analysis can thus only be done after inclusion
of these higher shells.


To be able to conclude a correct EXAFS analysis the
obtained parameters also have to fit correctly using other k-
weightings. The parameters obtained in the k0-weighted fit of
the [Cu3(SAr*)3] (RT) have been imported in a k3-weighted
analysis (as fixed parameters), resulting also in a good fit as
can be seen in Figure 5b and concluded from the low fit
variances as given in Table 4. Moreover, the single shell
contributions are also fitted significantly using another k-
weighting. Therefore, solely based on EXAFS parameters it
can be concluded that the data are analysed correctly.


The same observation can be made for the complex in
solution, resulting in a good fit in different weightings as can
be observed in Figure 7b and c and Table 5. It can be
concluded that the resulting parameters give an identical
structure to that in the solid state, but with a higher disorder
for all contributions.


Using a k3-weighted data analysis as normally used in the
literature, a good fit but without a Cu�Cu contribution is
obtained as can be observed in Table 7. The obtained fit


displays reasonably small variances in both the absolute and
the imaginary part of the Fourier transforms in both weight-
ings. Furthermore, the difference files of all contributions are
fitted well in this k3-weighted Fourier transform. However, if
the obtained parameters are imported in a k0-weighted fit (as
fixed parameters), it can be observed that the higher shell
contributions (Cu�Ca and Cu�Cb) do not fit well in this
weighting. In Figure 11a the total fit of the k0-weighted
Fourier transform is displayed, in which for R� 2.2 ä
significant differences in absolute and imaginary part can be
observed. These differences can be observed more closely by
looking at the fits of the difference files of these higher shells
Cu�Ca and Cu�Cb given in Figures 11b and c. Clear differ-
ences between difference files and single-shell contributions
are visible over the whole fitting range, indicating a poor fit
for these contributions. Apparently, during fitting, using a
single kn-weighted analysis, a local minimum can be found
which results in a seemingly good analysis without the Cu�Cu
contribution. This demonstrates the importance of fitting
while carefully observing all difference files and total fits in all
k-weightings.


Anti-phase behaviour can be detected and accounted for by
performing a multiple-shell analysis. In order to fit multiple


Table 7. EXAFS analysis results of [Cu3(SAr)3], k3-weighted four-shell fit
(without Cu�Cu contribution).[a]


Ab�Sc
Pair[b]


N R ��2 �E0 Var.
Im.[b]


Var.
Abs.[b][ä] [ä2] [eV]


Cu�N 1.2 2.08 0.002 0.8 k0 : 0.42 0.08
Cu�S 2.0 2.21 0.003 0.2 k3 : 0.36 0.17
Cu ¥¥¥ Ca 2.9 2.98 0.017 8.0
Cu ¥¥¥ Cb 3.2 3.39 0.011 1.4


[a] Nindp� 20. Fit: R-space, 2.89� k� 12.50; 1.0�R� 4.0, all parameters
iteratively refined. [b] Ab� absorber; Sc� scatterer; Var. Im. and Var.
Abs. are the variances of the fit of the Imaginary and Absolute part,
respectively.
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Figure 11. Fourier Transforms of the EXAFS data of [Cu3(SAr*)3] in the
solid state for a single k3-weighted fitting procedure (2.9� k� 12.5, 1.0�
R� 4.0) without a Cu�Cu contribution, implemented in a k0-weighted
analysis. a) Total Fourier Transform fit; b) fitted single shell contribution
Cu�Ca, c) fitted single shell contribution Cu�Cb.


shells the data must be of sufficient quality to allow the
required number of data points (Nind). Dependending on
which contributions are in anti-phase, first or higher shells, the
number of independent data points and consequently the
quality of the data needed is respectively lower or higher.


EXAFS data-analysis of Cu4(SAr)2(Mes)2 (2) (solid, room
temperature): The Cu4(SAr)2(Mes)2 (2) compound is a mixed
organo(arenethiolate)copper(�) aggregate, which contains dis-
tinctly different Cu sites. Different Cu ¥¥¥ Cu distances are
present, making the EXAFS data analysis even more
complicated. Figure 8a displays the Fourier transforms of
the EXAFS data using different k-weightings. Depending on
the k-weighting a lack of intensity is observed in different R-
ranges of the Fourier transforms. This also strongly indicates
the presence of anti-phase behaviour of the different EXAFS
coordination shells.


The single-shell contributions, as fitted using the difference
file technique, show anti-phase behaviour between different
shells in different parts of the spectrum. Two clear examples
are given in Figures 12a and b. Figure 12a shows a contribu-


Figure 12. a) Single shell Cu�Cub and Cu�Cb contributions for [Cu4-
(SAr)2(Mes)2] (2.9� k� 12.5, 1.0�R� 3.0); b) fitted single shell Cu�Cua


and Cu�Cb contributions for [Cu4(SAr)2(Mes)2] (2.9� k� 12.5, 1.0�R�


3.0).


tion with opposite phase for the Cu�Cub to the Cu�Cb


contribution in the range of 4.0� k� 8.0ä�1. The anti-phase
behaviour found for low values of k results in a low intensity
in a k0-weighted Fourier transform and consequently in a less
reliable fit using only a k0-weighted analysis. In Figure 12b the
anti-phase behaviour of the Cu�Cua and the Cu�Cb contri-
butions is displayed. Due to the anti-phase behaviour found at
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higher values of k a small intensity was observed in a k3-
weighted Fourier transform resulting in a less reliable fit for
the k3-weighted analysis in this range. A reliable analysis of
the data can be performed by dividing the Fourier transform
in several regions and fitting these regions with a proper k-
weighting. The separate difference files, the single-shell fits
and the resulting total fit have to be examined in order to
detect anti-phase behaviour and to determine the most
reliable analysis.


EXAFS data-analysis of copper carbon complexes: detection
of Cu�Cu contributions : As described in the introduction, it
can be inferred from the literature[25, 26, 28±35] and confirmed in
this study that detection with EXAFS of a Cu�Cu contribu-
tion in copper�carbon complexes is very difficult. Although a
Cu�Cu contribution is expected based on other character-
isation techniques such as XRD, some authors have been able
to analyse their data and to find a good fit without the
inclusion of a Cu�Cu contribution.[28, 30±32, 34, 35]


Many authors are using a k3-weighted fit in k-space by
default, since this type of weighting normally makes the fit
sensitive to the presence of high Z scatterers. If the fit is not
checked in a different (low) k-weighting an incorrect fit
without a Cu�Cu contribution can be obtained with low fit
variances. Cu has a maximum in its backscattering amplitude
around k� 8ä�1, whereas C or N have an amplitude function
which rapidly decays with k. However, a highly dynamic or
structural disorder of the Cu�Cu contribution in a Cu
compound will have a detrimental effect on its EXAFS
amplitude at high values of k. The detection of Cu�Cu
contributions was already recognised in the literature to be
further complicated if additional Cu�C shells are present in
the same distance range as the Cu�Cu contribution.[33] This
can be explained by the fact that Cu�Cu and Cu�C shells can
have opposite phase. When anti-phase behaviour is observed,
especially at higher k-weightings, a single k3-weighted analysis
will not be sensitive for these higher shells. Only if anti-phase
behaviour is observed at low k-ranges or if no anti-phase
behaviour is observed at all, a single k3-weighted fit results in a
reliable analysis of the EXAFS data. In addition to the
application of the appropriate weighting(s), it is demonstrated
in this paper thatR-space fitting while using the difference file
technique enables a careful examination of the different
contributions, both individually and relative to each other.
This can lead to the unravelling of anti-phase behaviour and
therefore to a reliable analysis of the EXAFS data.


The structure as a function of the state of aggregation : The
structure of [Cu3(SAr*)3] contains a Cu3S3 six-membered ring
in a chair-like conformation with alternating copper and
sulfur atoms. The C6H3((R)-CH(Me)NMe2)-2 group is bonded
on each sulphur atom equatorially with respect to this ring.
The bonding behaviour of the Cu�S�Cu bridge in the Cu3S3


ring is discussed extensively in several places.[14, 21] It is clear
that the complex is still present as a trimer in solution and that
the structure is in fact identical to that in the solid state. The
dynamics of the vibrating ring adds an additional contribution
to the Debye ±Waller factor, which is comparable for all
interactions. This indicates that dissolving the complex only


influences its vibrational behaviour and no preferable vibra-
tions or vibration direction of the ring can be observed.


The results discussed above make clear that only after
understanding how Cu K-edge EXAFS in organocopper
samples should be analysed, structural information about
these complexes in both solids and in solution can be
obtained. It has been shown that different states of aggrega-
tion give additional information about the dynamics of the Cu
arenethiolate complexes. The technique has proven its
strengths and possibilities and can now be used for the
determination of reaction intermediates in the C�C bond
formation reactions mentioned earlier.


Conclusion


With a systematic analysis of the Cu K-edge EXAFS data,
XAFS spectroscopy is a very good tool for the investigation of
Cu complexes, both in the solid phase and in solution. The
obtained EXAFS data have to be analysed very carefully,
especially by looking at the influence of different k-weight-
ings, as using a single k-weighting may lead to false minima in
variances. When, during R-space fitting, the difference file
technique is applied, the different individual contributions to
the total EXAFS spectrum can be examined in detail which
helps to detect and unravel anti-phase behaviour of different
contributions. When all contributions are statistically relevant
(well above the noise level) and the total fit as well as all
individual contributions fit the obtained EXAFS data very
well in all different k-weightings, a good and reliable analysis
can be concluded. This analysis procedure is solely based on
EXAFS parameters making it applicable to every (non-Cu)
EXAFS spectrum obtained.


In this study it is shown that Cu K-edge EXAFS spectro-
scopy can provide detailed information about the homoge-
neous catalysts in reaction media and can now be used to give
insights in the reactivity of homogeneous complexes and their
way to form catalytic intermediates in the presence of the
Grignard reagents and substrates.


Experimental Section


All experiments were carried out using standard Schlenk techniques under
an inert oxygen-free nitrogen atmosphere using flame-dried glassware. The
samples were sealed in the EXAFS probe in a Faircrest glove-box equipped
with O2 and H2O indicators, operating on 3 inch nitrogen over-pressure.
Boron nitride (99%) and anhydrous toluene (99� %) were purchased
from Aldrich Chemical Co., UK. [Cu3{SC6H4((R)-CH(Me)NMe2)-2}3]
(1)[14] , [Cu4(SAr)2(Mes)2] (2)[21] were prepared according to literature
methods.


EXAFS data collection : Cu K-edge (8979.0 eV) EXAFS spectra were
measured at the Synchrotron Radiation Source (SRS) in Daresbury, United
Kingdom, Station8.1, using a Si(220) double crystal monochromator and at
the European Synchrotron Radiation Facility (ESRF) in Grenoble, France,
Beamline29, using a Si(111) double crystal monochromator. The mono-
chromator was detuned to 50% intensity to avoid effects of higher
harmonics present in the X-ray beam. The measurements were done in the
transmission mode using optimised ion chambers as detectors. To decrease
noise, scans were made in k-space and three scans were collected for each
sample.
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Sample preparation in the solid state : Solid material and a known amount
of boron nitride were thoroughly mixed and pressed into a self-supporting
wafer (calculated to have a maximum total absorbance of 2.5 with a
preferable step-size of 1) and placed in an air- and water-tight EXAFS cell
provided with X-ray transparent beryllium windows.[42]


Sample details


[Cu3(SAr*)3] (1), solid : A self-supporting wafer was pressed from 35.5 mg 1
and boron nitride (50 mg).


[Cu3(SAr*)3] (1) in solution : [Cu3(SAr*)3] (33.4 mg, 0.0457 mmol) was
dissolved in toluene (1.1 mL) and this solution was transferred into the
EXAFS liquid cell making sure that the cell was completely filled.


[Cu4(SAr)2(Mes)2] (2), solid : A wafer was pressed from 9 mg 2 and boron
nitride (63 mg).
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Crystal-Driven Distortion of Ligands in Copper Coordination Complexes:
Conformational Pseudo-Enantiomers


Xiaodong Xu,[a] Kevin J. Maresca,[b] Debasis Das,[a, c] Steffen Zahn,[a]


Jon Zubieta,[b] and James W. Canary*[a]


Abstract: The ligand in [Cu(6)CH3CN]-
(ClO4)2 adopts two conformations that
may be described as ™pseudo-enantio-
mers∫ in that they possess approximate-
ly mirror-image molecular helicity, al-
though they differ in the orientation of a
single methyl substituent. The two con-
formations differ in energy as judged by
analogy to other compounds studied
previously, computation of the relative
free energies of formation of the iso-


mers, and measurement of solution cir-
cular dichroism spectra. The solid-state
structures of both single enantiomer and
racemic forms of the complex were
determined by X-ray crystallography.
In the chiral complex, a quasi-racemate


was observed with both pseudo-enantio-
meric conformers present in the asym-
metric unit. Packing forces induce a
higher energy conformation in order to
achieve higher apparent symmetry in
the solid state. In contrast, the racemic
complex only displayed a single confor-
mation corresponding to the lower en-
ergy one of the two observed in the
single enantiomer structure.


Keywords: chirality ¥ circular
dichroism ¥ conformation analysis ¥
copper ¥ solid-state structures


Introduction


Among the interesting issues currently being examined for
crystal structures and morphology are the discernment of
factors that influence solid-state structure[1] and the applica-
tion of solid-state supramolecular chemistry to achieve
asymmetric transformations and reactions.[2] Crystal struc-
tures of the enantiomers and of the racemic compound may
exhibit similarities in the packing of the constituent mole-
cules. Racemic crystals are generally more stable than crystals
containing single enantiomers, with the difference in energy
normally about �0.2 to �1 kcalmol�1, but it can be as high as
�2 kcalmol�1.[2] The basis for this phenomenon has not been
elucidated fully. One of the more widely accepted notions is
that space groups containing inversion centers are favored.[1]


In some cases this can lead to crystals with higher density[3±5]


although not always.[2] In one interesting case, crystals of [(R)-
1-cyanoethyl]bis(dimethylglyoximato)(4-methylpyridine)co-
balt(���) crystallize with two crystallographically independent


molecules in the asymmetric unit related by a pseudo inver-
sion center. On irradiation with X-rays, the chiral center
partially inverts, transforming one of the crystallographically
independent molecules from configuration R to S and in-
creasing the overall symmetry of the crystal structure.[6] A
tendency to maximize symmetry in the crystal can result in
interesting phenomena. For example, packing may give
elements of pseudosymmetry, such as the formation of
quasi-racemates, in which two different substances are
structurally similar and quasi-enantiomeric.[2, 7]


In this paper, we report X-ray crystallographic data that
provide an example in which the driving force for higher
symmetry enforces a higher energy conformation of a
molecule, which is difficult to characterize by other spectro-
scopic methods. There are well-documented cases in which
the conformations of enantiomers are influenced by crystal
packing forces. Structures of enantiopure and racemic amino
acids have provided several interesting examples.[8] Structures
of (�)- and (�)-ketopinic acids revealed a total of eight
conformationally distinct contributors to the two structures,
and these result from the low barriers to carboxyl rotation in
this molecule.[9]


Chiral tripodal ligands related to tris[(2-pyridyl)methyl]-
amine (TPA, 1) with an asymmetric center in one arm (e.g.,
2)[10] and their metal-ion complexes have been used as chiral
solvating agents,[10] metal-ion sensors with multiple signals,[11]


and redox chiroptical switches.[12±14] Related derivatives of �-
amino acids and �-amino alcohols have been used in the
assignment of absolute configurations.[15] The large ampli-
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tudes of the observed chiroptical spectra upon which these
applications are based derive from a conformational bias that
fixes the geometry of the heterocyclic chromophores, result-
ing in strong circular dichroism spectra that yield useful
stereochemical information.[16, 17] The complexation of a five-
coordinate metal ion in a trigonal bipyramidal coordination
geometry (e.g., [M(L)X]n�, M� zinc(��) or copper(��), L� 2, 3,
or 4, X� counterion or solvent) results in the formation of a
propeller-like orientation of the heterocyclic rings, and the
orientation approximates an additional axial symmetry ele-
ment (e.g., 5). Complexation of metals with other coordina-
tion geometries does not generate the propeller structure and
consequently does not result in strong CD spectra.[10]


Our previous studies examined complexes of 2 ± 4, with
either a methyl or phenyl substituent on the asymmetric arm.
We have suggested that two conformations are available to
the substituted derivatives complexed with zinc(��) and
copper(��) metal ions.[18] The two binding conformations
available (Scheme 1) include the ™anti∫ conformation, in


NH


CH3


N M
N


N


N
H3C


H


M
N


N
N


anti conformation syn conformation


Scheme 1. Stereochemical depictions of chiral TPA binding conforma-
tions.


which the � substituent points away from the pyridyl groups,
and the ™syn∫ conformation, in which the � substituent points
towards one pyridyl group. The syn conformation should be
less stable as a result of the presence of severe steric
interactions between the � substituent and one of the pyridyl
groups. Models suggest that the complex with a carbon-center
configuration of ™R∫ should display a left-handed propeller-
like twist. For the complex [Zn(2)Cl]� , there is a calculated
preference for the anti conformation by 1 ± 2 kcalmol�1


(Scheme 1).[19, 22] The existence of the anti conformer has
been well established by the solid-state structures of enantio-
merically pure[16] and racemic[19] chiral ligand ±metal com-


plexes and also by correlation between the chiroptical
properties of the solutions with the estimated preferred
conformations.[16] The unfavored syn conformation has been
predicted by several calculations,[19, 22] but no experimental
evidence for its existence has been available. Here we report
the first direct experimental evidence for the syn conforma-
tion, observed in the solid-state structure of a copper(��)
complex of ligand 6. Comparison of the optically pure and
racemic complexes suggests that the presence of the syn con-
formation may result from solid-state packing forces that seek
to increase the symmetry of the crystal.


Results and Discussion


The ligands (R)-6 and (S)-6 and their complexes with
ZnCl(ClO4) and CdI2 were previously reported.[19] Crystals
of [Cu{(R)-6}CH3CN](ClO4)2 suitable for X-ray crystallo-
graphic study were available previously, but the crystallo-
graphic analysis had been given low priority because novel
structural features were not anticipated. Several other struc-
tures had been done in this series of compounds (although not
with this particular ligand), and for all of the complexes
previously studied, including both racemic and optically pure
complexes, very similar structures were obtained with the
ligands displaying only the anti conformation. However, we
now report that the structure of [Cu(6)CH3CN](ClO4)2
revealed unique and important features (see Table 1).


The ORTEP drawing of the enantiomerically pure complex
is shown in Figure 1. Two asymmetric units were observed in
the same unit cell. One displays a left-handed propeller twist
with the methyl group pointing away from the pyridyl ring
(i.e., 7, anti conformation). The other one is right-handed with
the methyl group pointing towards the pyridyl group (i.e., 8,
syn conformation). The copper ion displays distorted trigonal


Table 1. Summary of crystal and refinement data.


[Cu{(R)-6}CH3CN](ClO4)2 [Cu(rac-6)CH3CN](ClO4)2


formula C33H31N5Cl2Cu C33H31N5Cl2Cu
Mw 760.09 760.09
crystal system monoclinic monoclinic
space group P21 P21/c
a [ä] 11.692(4) 11.739(2)
b [ä] 19.852(1) 19.701(3)
c [ä] 14.501(8) 14.531(1)
� [�] 90.0 90.0
� [�] 96.09(4) 96.54(1)
� [�] 90.0 90.0
V [ä3] 3346.7(3) 3338.76(8)
Z 4 4
T [K] 298 298
no. of reflections
collected


5343 20460


no. of unique
reflections


5064 7585


R 0.070 0.069
Rw 0.1102 0.1026
GOF 2.51 1.07
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bipyramidal geometry, in which the metal is 0.385 ä above the
plane of the heterocyclic nitrogens (see Table 2).


The observation of both anti and syn conformations was
surprising and at odds with our previous observations, so a
calculation was done to estimate the relative energies. The
structures of the complexes were calculated using semi-
empirical calculations on the commercially available SPAR-
TAN package of software. The initial geometries were
generated from the crystallographic coordinates and mini-
mized with geometry optimization by the PM3/tm semi-


empirical method.[21] The struc-
ture with the ligand in the anti -
conformation was found to be
lower in energy than that
with the syn conformation by
1.0 kcalmol�1. These results are
consistent with work on related
CuII and ZnII complexes, in which
the substituent on the chiral arm
of the ligand is methyl.[19]


The complex [Cu(rac-6)-
CH3CN](ClO4)2 shows lower en-
ergy peaks characteristic of trigo-
nal bipyramidal copper(��) coor-
dination[20] (�812� 259 and �635�
85; 0.82� 10�3� solution in ace-
tonitrile), indicating retention of
solid-state structure in solution.


The molar conductance of [Cu(rac-6)CH3CN](ClO4)2 in
0.82� 10�3� solution in acetonitrile indicates 1:2 electrolytic
nature in solution. The complex [Cu(rac-6)CH3CN](ClO4)2
shows a magnetic moment of 1.71 BM. The half wave
potential for the complex [Cu(rac-6)CH3CN](ClO4)2 mea-
sured by cyclic voltammetry (CV) in solution in acetonitrile
(1 m�) gives a value of �0.093 V with a peak-to-peak
separation 120 mV. The complex undergoes a quasireversible
one-electron redox process with ipa/ipc approaching unity. The
ferrocene/ferrocenium couple under the same conditions
exhibited E1/2� 0.358 V. These data are consistent with the
molecular structure and coordination geometry of the metals
that were observed in the X-ray structures.


Acquired UV/Vis (bottom) and CD (top) spectra of
complex [Cu{(R)-6}](ClO4)2 in acetonitrile are shown in
Figure 2; they bear strong resemblance to analogous zinc(��)
complexes of the same ligand.[14] While the UV/Vis spectra of
the ligand and copper(��) complex are very similar with strong
absorbances near 245 and 284 nm, the CD spectra are quite
different, exhibiting a strong peak near 291 nm and a trough
near 260 nm for the copper(��) complex, whereas the free
ligand gives rise to a relatively weak Cotton effect. The free
ligand has many conformations available, resulting in an ill-
defined geometry. Complexation of a copper(��) ion induces a
propeller-like shape, affording a much greater anisotropic
environment, which leads to a larger CD amplitude. Spectra
obtained from related complexes have been assigned to a
coupled oscillator model,[17] but the present spectra do not
satisfy the requirements for such an assignment.


At this point the computations and solution spectra
appeared to be at odds with the X-ray data. At face value,
one might infer from the X-ray data that the two conforma-
tions are of the same energy. The computations indicated a
difference in conformational energy that would suggest a
predominant population of the anti conformation. The sol-
ution circular dichroism spectra suggested that one conforma-
tional state was more significantly populated. Thus, all of the
data pointed to the adoption of a predominant anti confor-
mation except for the crystallographic structure. Indeed, the
X-ray structure constituted the first evidence for the existence
of the syn ligand conformation in �-substituted TPA deriva-


Figure 1. ORTEP diagram (30% probability ellipsoids) of the complex [Cu{(R)-6}CH3CN](ClO4)2. a) asym-
metric unit with ligand in the anti conformation; b) ligand in the syn conformation.


Table 2. Selected bond lengths [ä] and angles [�] for the complex [Cu{(R)-
6}CH3CN](ClO4)2.


Cu1�N100 1.96(2) N100�Cu1�N4 173.2(5)
Cu1�N4 2.003(12) N100�Cu1�N1 94.5(5)
Cu1�N1 2.016(12) N4�Cu1�N1 83.5(5)
Cu1�N2 2.084(10) N100�Cu1�N2 96.4(5)
Cu1�N3 2.162(13) N4�Cu1�N2 80.9(5)
Cu1�N200 1.99(2) N1�Cu1�N2 135.4(5)
Cu2�N8 2.005(14) N100�Cu1�N3 107.3(6)
Cu2�N7 2.042(13) N4�Cu1�N3 79.5(5)
Cu2�N5 2.102(11) N1�Cu1�N3 109.8(5)
Cu2�N6 2.19(2) N2�Cu1�N3 107.9(5)


N200�Cu2�N8 171.0(6)
N200�Cu2�N7 92.9(6)
N8�Cu2�N7 83.6(5)
N200�Cu2�N5 95.7(6)
N8�Cu2�N5 81.2(5)
N200�Cu2�N5 95.7(6)
N7�Cu2�N5 136.0(5)
N200�Cu2�N6 106.7(6)
N8�Cu2�N6 109.7(5)
N5�Cu2�N6 108.8(5)
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Figure 2. Circular dichroism (top) and UV (bottom) spectra of (R)-6
(dashed) and [Cu{(R)-6}](ClO4)2 (solid) in acetonitrile.


tives; previously the syn conformation was only predicted
from several computational models and anticipated from
analogy to TPA complexes.[19, 22] Under these circumstances,
we considered whether some crystal-packing issue would lead
to an anomalous observation in the X-ray structure.


Further examination of the two molecules in the asymmet-
ric unit led to the observation that these molecules may be
described as ™pseudo-enantiomers∫.[23] Except for the config-
uration of the chiral carbon of the molecules of the
asymmetric unit, the two structures are nearly mirror images.
The twists of the two molecules are enantiomorphic, and this
twist constitutes a large fraction of the overall shape of the
molecule compared with the chiral carbon center. Deletion of
the methyl groups, inversion of one molecule, and rigid
superimposition of the complexes gave RMS (root mean
square)� 0.037 ä for the Cu and N atoms and 0.141 ä for all
heavy atoms. An interesting precedent for this type of
behavior was reported recently for a series of organic salts.[24]


In our case, it seems plausible that the crystal tries to achieve a
higher symmetry by forcing one molecule into a higher
conformation, achieving a higher pseudosymmetry (see foot-
note #57 in Brock and Dunitz).[1] To test our hypothesis, we
prepared the racemic complex and determined the crystallo-
graphic structure. If the hypothesis were correct, then a higher
symmetry space group should be observed with only one
conformer.


The ORTEP drawing of [Cu(rac-6)CH3CN](ClO4)2 (see
Table 3) is shown in Figure 3. Indeed only one molecule was


Figure 3. ORTEP diagram (30% probability ellipsoids) of the complex
[Cu(rac-6)CH3CN](ClO4)2.


observed in the asymmetric unit. The racemic complex
crystallized in the P21/c space group, while the chiral complex
gave the P21 space group. The cell dimensions of the racemic
complex are almost the same as those for the chiral complex.
The bond lengths and bond angles are similar. The average
distance between the copper(��) and the N atoms is 2.060 ä
compared with that of 2.045 ä in the chiral complex. The
complex gives a right-handed twist with the ™S∫ chiral methyl
group, which is in the anti conformation. No syn conformation
is observed.


In conclusion, this study provides the first crystallographic
evidence for the formation of the higher energy syn con-
former of methylene-substituted TPA derivatives, a confor-
mation previously only predicted from models. The presence
of this conformer in the enantiomerically homogenous solid is
at odds with the predicted relative energies and with solution
chiroptical spectral data. Crystal packing forces appear to
coerce adoption of the higher energy conformer. Similar
packing phenomena have been reported in a variety of
systems,[7, 24, 25] but we are not aware of an example showing
conformational distortion as reported here. Indeed, crystal-
lization of both racemic and enantiopure samples of com-
pounds may be generally useful in cases in which conforma-
tional isomers are of interest.


Experimental Section


General methods : The room-temperature electron absorption spectra were
recorded on a Perkin Elmer Lambda40 UV/VIS spectrometer using quartz


Table 3. Selected bond lengths [ä] and angles [�] for the complex
[Cu(rac-6)CH3CN](ClO4)2.


Cu1�N5 1.982(5) N5�Cu1�N1 173.4(2)
Cu1�N4 2.028(4) N5�Cu1�N4 94.1(2)
Cu1�N1 2.011(4) N1�Cu1�N4 83.0(2)
Cu1�N2 2.185(4) N5�Cu1�N3 96.9(2)
Cu1�N3 2.092(4) N1�Cu1�N3 81.0(2)


N4�Cu1�N3 134.0(2)
N5�Cu1�N2 106.4(2)
N1�Cu1�N2 80.2(2)
N4�Cu1�N2 110.5(2)
N3�Cu1�N2 108.7(2)
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cuvettes (1 cm). Electrical conductivity measurements were carried out
with a YSIModel3200 conductivity instrument having a YSI model3256
conductivity dip cell. The cell constant was 0.1 cm�1. Room-temperature
magnetic moments were determined by using a Johnson Matthey magnetic
susceptibility balance (MSB-auto), which was calibrated with
Hg[Co(SCN)4]. Electrochemical experiments were carried out in a stand-
ard three-electrode apparatus with a glassy carbon working electrode,
platinum foil auxiliary electrode, and Ag wire reference electrode. The
measurements were performed at room temperature in solution in
acetonitrile containing tetrabutylammonium hexafluorophosphate
(TBAHP, 0.1�) as supporting electrolyte.


Synthesis : Synthesis of compound 6 was described previously.[19]


[Cu{(R)-6}CH3CN](ClO4)2 : Compound 6 (91.2 mg, 0.2 mmol) and Cu-
(ClO4)2 ¥ 6H2O (74.2 mg, 0.2 mmol) were dissolved in CH3CN (3 mL).
Diethyl ether was added to induce precipitation. The green precipitate was
collected to give the complex (120 mg, 79%). X-ray quality crystals were
obtained by recrystallizing the precipitate from solution in CH3CN/diethyl
ether. Elemental analysis calcd (%) for C33H31Cl2CuN5O8: C 52.15, H 4.11,
N 9.21; found: C 51.94, H 4.03, N 9.18.


[Cu(rac-6)CH3CN](ClO4)2 : The racemic complex was prepared by the
same method. Elemental analysis: found: C 52.33, H 4.08, N 9.43.


X-ray data collection and structure refinement details : Crystals were
mounted on glass fibers. The data for [Cu{(R)-6}CH3CN](ClO4)2 were
collected on a Rigaku AFC5Rdiffractometer and those for [Cu(rac-6)-
CH3CN](ClO4)2 on a CAD-4Area Detector. Cell constants and other data
collection parameters are given in Table 1. Further details including the
complete listing of the fractional atomic coordinates, thermal factors, and
bond lengths and angles are provided in the CCDC data. The structures
were solved using SHELX-86 and refined with SHELX-93. The non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
included but not refined.


CCDC-168268 and -168269 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 CB21EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Charged and Neutral NO3 Isomers from the Ionization of NOx and
O3 Mixtures


Fulvio Cacace,*[a] Giulia de Petris,*[a] Marzio Rosi,[b] and Anna Troiani[a]


Abstract: Mass spectrometric techniques have been utilized in conjunction with
theoretical methods to detect and characterize new species formed upon ionization
of gaseous mixtures containing ozone and an NOx oxide. NO5


� as well as isomeric
NO4


� and NO3
� ions have been identified. Moreover, utilization of neutralization


reionization mass spectrometry (NRMS) has provided strong evidence for, if not a
conclusive demonstration of, the existence of a new NO3 isomer, in addition to the
long-known trigonal radical, as a gaseous species with a lifetime in excess of �1 �s.


Keywords: gas-phase reactions ¥
mass spectrometry ¥ nitrogen oxides
¥ ozone


Introduction


Much of our recent activity has focused on the study of the
ionic chemistry of mixtures containing traces of O3 and simple
inorganic compounds diluted in atmospheric gases.[1] The
reasons for these studies are manifold. One stems from the
currently increasing recognition of the role of ionization
phenomena promoted in all regions of the atmosphere by
different agents, both natural (solar radiation, cosmic rays,
radioactive emanation, lightning, thunderstorm coronas) and
anthropogenic (coronas caused by high-voltage power lines,
wake flow-field behind re-entry vehicles, etc.).[2, 3] Further-
more, the ionic reactions occurring in atmospheric-pressure
gases are of direct interest to the development of plasma
technology for the removal of trace contaminants from
industrial effluents, especially with regard to the effects of
additives.[4] All the ionization phenomena produce high local
concentrations of ozone, and this consideration, together with
the great current interest in all processes responsible for the
formation and the destruction of O3, justifies its choice as a
component of all gaseous mixtures previously investigated.


As an extension of the above studies, we report here the
results of a joint mass spectrometric and theoretical inves-
tigation of the ionic chemistry promoted by the ionization of
mixtures containing O3 and NOx oxides. These molecules are
involved in globally relevant tropospheric and stratospheric
processes, and their life and fate are strictly related,[2] owing to
the manifold interactions involving both neutral and charged
species.[2, 3] As an example, the tropospheric ozone balance,
crucial to the problem of the oxidizing capacity of the
troposphere, strictly depends on the available NOx concen-
tration, the major source of tropospheric ozone being the
photolysis of nitrogen dioxide. Moreover, it is long known that
NOx oxides activate catalytic cycles that are effective in the
depletion of stratospheric ozone. Passing to plasma technol-
ogy, the strict link between O3 and NOx oxides is even more
evident, for example, recent kinetic studies have demonstrat-
ed the formation and the role of ozone in barrier discharges
utilized for exhaust gas purification.[5] A specific goal of the
present study, as of previous related investigations, is the
detection and the characterization of the intermediates and
the products of the ionic processes of interest, in particular of
previously unknown species, including the NO4


� and NO5
�


ions and new NO3
� isomers. Indeed, despite its importance, to


the best of our knowledge, no experimental studies of the
NO3


� ion have been reported, and the theoretical analysis of
its equilibrium structure and of the relative stability of its
isomers is seriously affected by symmetry-breaking effects.[6]


The same applies to the NO3
. radical, the major tropospheric


night-time oxidant, whose theoretical study is still the focus of
active interest.[7] From the experimental standpoint, studies
based on IR spectroscopy have provided circumstantial
evidence for the existence of a NO3


. isomer with OONO
connectivity, in addition to the well-established trigonal
radical.[8] The assignment has been questioned, and several
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theoretical studies predict that the
OONO radical should be unstable
or only marginally stable.[7a,c] In the
present study we have addressed
the problem utilizing neutralization
reionization mass spectrometry
(NRMS), a powerful technique for
the detection of elusive molecules
and radicals.[9]


Results


Formation and structural analysis
of the NO5


� ion : The NO5
� ion


(m/z 94) is observed in the chem-
ical ionization (CI) spectra of NO2/
O3/O2 mixtures. It is most probably
formed by reaction (1), which oc-
curs at sufficiently high pressures to
ensure collisional stabilization of
the adduct.


NO2
��O3�M NO5


� (1)


The CAD (collisionally activated dissociation) spectrum of
the mass-selected NO5


� ion, reported in Figure 1a, shows the
m/z 46 (NO2


�) peak as the most abundant fragment, with
minor abundances of m/z 30 (NO�), m/z 32 (O2


�) and m/z 48
(O3


�) fragments. Additional peaks of m/z 78 (NO4
�) and m/z


62 (NO3
�) are structurally informative, despite their low


intensity. Indeed, when mass- and energy-reselected and
analyzed in the TOF section of the mass spectrometer, their
MS3 (multistage spectrometry) spectra (Figure 1b and 1c)
display the m/z 46 fragment. This suggests that the NO5


� ion
and its fragments all have a On-NO2 (n� 1 ± 3) connectivity.


Formation and structural analysis of the NO4
� ion : These ions


are obtained by CI of NO/O3/O2 and NO2/O3/O2 mixtures.
Reaction (2) is the major process in the CI of NO/O3/O2


mixtures.


NO��O3 � NO4
� (2)


To prevent conceivable reactions between the neutral
species, ozone and nitric oxide were introduced into the
source through separate inlets, and indeed only a small
intensity (�5 %) of the NO2


� ion was observed under these
conditions. Therefore, the possible occurrence of reaction (3)


NO2
��O3 � NO4


��O (3)


can only account for a minor fraction, if any, of the NO4
� ionic


population. The other conceivable route [reaction (4)] can be


NO2
��O2 � NO4


� (4)


excluded, based on the results of separate experiments,
involving the CI of NO2/O2 mixtures, showing that NO2


� is
unreactive towards O2.


The CAD spectrum of the NO4
� population from reac-


tion (2), shown in Figure 2a, displays the m/z 30 (NO�) peak
as the most abundant fragment, which denotes a O3-NO
connectivity, different than that of the NO4


� fragment
obtained from the dissociation of NO5


� [reaction (1 a)].


Figure 2. CAD spectrum of the NO4
� ion (m/z 78), a) from the CI of NO/


O3/O2, b) from the low-pressure CI of NO2/O3/O2.


In the case of the CI of NO2/O3/O2 mixtures, the simulta-
neous occurrence of reactions (2) and (3) is more significant


Figure 1. a) CAD spectrum of the NO5
� ion (m/z 94), b) CAD-TOF mass spectrum of the m/z 78 daughter


ion from m/z 94, c) CAD-TOF mass spectrum of the m/z 62 daughter ion from m/z 94.
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as a result of the relatively high
abundance of NO� in this plas-
ma. Indeed, in this case, the
CAD spectrum of the NO4


�


population changes depending
on the NO2


�/NO� ratio, which
is in turn affected by the pres-
sure in the source. At the high-
est attainable pressure (0.1 ±
0.3 Torr), the NO2


�/NO� ratio
approaches unity and the spec-
trum is the same as that report-
ed in Figure 2a. This suggests
that, under these conditions,
NO� effectively competes with
NO2


�, and reaction (2) still pre-
dominates. At lower pressures
(NO2


�/NO�� 10) the spectrum
changes, displaying the peak of
m/z 46 as the most abundant
fragment (Figure 2b). By inde-
pendent experiments, we have excluded the possibility that
metastable components affect the abundance ratio of the
CAD peaks, and hence the different CAD spectra can be
ascribed to the presence of different NO4


� ions, one of O3-NO
and the other one of O2-NO2 connectivity, the latter being the
same species formed from the fragmentation of NO5


�


[reaction (1 a)]. The occurrence of NO4
� isomers is conclu-


sively confirmed by the MS3 spectra of their m/z 62 daughter
ions, displaying peaks of m/z 30 and 46, respectively, which in
turn gives a first hint of the existence of different NO3


�


isomers [reactions (2a) and (3a)].


[O3-NO]� ���O


CAD
[NO3]� ��MS�MS NO��O2 (2a)


[O2-NO2]� ���O


CAD
[NO3]� ��MS�MS NO2


��O2 (3a)


Formation and structural analysis of the NO3
� ion : The first


indirect evidence for different NO3
� isomers comes from the


dissociation of NO5
� and NO4


�, and suggests the existence of
at least two species, one of O-NO2 connectivity from NO5


�


and [O2-NO2]� [reactions (1b) and (3a)], the other one of O2-
NO connectivity from [O3-NO]� [reaction (2a)].


NO3
� species have been generated directly in the ion source


by the processes given in reactions (5) ± (7):


NO3
. ��EI NO3


�� e� (5)


NO��O2 ��CI NO3
� (6)


NO2
��O3 ��CI NO3


��O2 (7)


Based on the known structure of the parent radical, the
NO3


� ion from reaction (5) can be taken as a model ion of
trigonal structure. NO3


. was produced in situ by reaction of
NO2 with O3, according to an established procedure,[10] and
ionized by low-energy (40 eV) electron ionization (EI). The
CAD spectrum, shown in Figure 3a, displays wide Gaussian-
type peaks of m/z 46 (NO2


�) and m/z 30 (NO�), consistent
with the expected O-NO2 connectivity. In addition, the MIKE


(mass-analyzed ion kinetic energy) spectrum shows a dish-
topped peak ofm/z 46, characterized by a large kinetic energy
release (KER). It is also detectable in the CAD spectrum of
Figure 3a (see the inset) when the collision cell is floated to a
1 keV potential, which allows one to discriminate between
unimolecular dissociation of metastable ions and collisional
dissociation of stable ions.


The CAD spectrum of the NO3
� ion formed from reac-


tion (6) by high-pressure CI of NO/O2 mixtures is shown in
Figure 3b. It displays narrow peaks of m/z 30 (NO�) and m/z
32 (O2


�); this denotes a O2-NO connectivity. In addition, if
15NO/O2, NO/18O2, or 15NO/18O2 mixtures are employed, the
CAD spectra of the resulting 15NO3


�, NO18O2
�, and


15NO18O2
� ions, respectively, have peaks displaced to m/z 31


and 32 (15NO�, O2
�), m/z 30 and 36 (NO�, 18O2


�), and m/z 31
and 36 (15NO�, 18O2


�), respectively. The lack of isotopic
mixing points to a structure in which the NO and O2 moieties
retain their discrete identity.


With regard to reaction (7), the CAD spectrum of the NO3
�


ions formed by high-pressure CI of NO2/O3/O2 mixtures
considerably changes as to the nature, abundance, and shape
of the peaks, depending on the pressure and the NO2


�/NO�


ratio in the source. Actually, as noted for the NO4
� ion, the


occurrence of the alternative formation process (6) cannot be
excluded, owing to the significant abundance of NO� in the
NO2/O3 CI. Figure 4 illustrates two typical CAD spectra
recorded under different pressure conditions. At the highest
attainable pressure (Figure 4a), the spectrum displays narrow
peaks of m/z 46 and m/z 30, with a minor fragment of m/z 32.
Under these conditions, the abundance ratio of the two major
peaks of m/z 46 and 30 critically depends on the NO2


�/NO�


ratio in the CI source: a slight increase of the NO� ion in the
source causes a significant increase of the NO� fragment in
the CAD spectrum. Having excluded the presence of
metastable components, the differences observed can only
be traced to different NO3


� ions, whose composition in the
mixed population assayed changes as a function of the relative
amounts of the NO� and NO2


� charged reactants of reac-


Figure 3. CAD spectrum of the NO3
� ion (m/z 62), a) from the EI of NO3 (see text), b) from the CI of NO/O2.
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tions (6) and (7), respectively. Supporting evidence is provid-
ed by the minor peak of m/z 32, whose intensity strictly
follows that of the peak of m/z 30, reaching its maximum at
the I30/I32 ratio observed in the CAD spectrum of the ions of
O2-NO connectivity (see Figure 3b). We therefore assign the
m/z 30 and 32 peaks to the fraction of ions of O2-NO
connectivity from reaction (6), and the narrow m/z 46 peak,
typical of weakly bound species and of an O-NO2 connectivity,
to the fraction of ions from reaction (7). Interestingly, at low
source pressures the peaks of m/z 46 and m/z 30 become
composite (Figure 4b), a feature traceable to fragmentation
processes occurring through different potential-energy surfa-
ces (PESs). Both peaks show a broad component whose
intensity increases as the source pressure decreases. The peak
of m/z 46 is particularly telling, since the same dish-topped
metastable component observed in the case of the NO3


�


model ion from reaction (5) can be deconvoluted and appears
as a separate peak when floating the collision cell (see the
inset). This feature is suggestive of the existence of two
distinguishable species of O-NO2 connectivity, one corre-
sponding to the trigonal NO3


� model ion, and the other one
corresponding to a weakly bound species that undergoes a
near-threshold dissociation.


In summary, the mass spectrometric evidence points to the
existence of two isomeric NO4


� ions of O3-NO and O2-NO2


connectivity, and of three isomeric NO3
� ions, one of O2-NO


connectivity and two sharing the same O-NO2 connectivity,
but of different structures.


Neutralization of NO3
� and NO3


� ions : We have extended the
study to neutral species, utilizing three different ionic
populations as charged precursors in separate neutralization
reionization (NR) experiments: a) the ™pure∫ population of
trigonal NO3


� ions from reaction (5), b) the ™pure∫ popula-
tion of NO3


� ions of O2-NO connectivity from reaction (6),
and c) the mixed population from the NO2/O3 CI that


contains, in addition to the
above isomers, ions of O-NO2


connectivity, as noted in the
previous paragraph. Intense
™recovery∫ peaks of m/z 62 are
displayed by the �NR� and
�NR� spectra of population a,
consistent with the known sta-
bility of the trigonal NO3


. rad-
ical. The same spectrum as that
from �NR� has been obtained
from a charge reversal experi-
ment, in which NO3


� is formed
in a single collisional event.
Owing to the vertical character
of the process, the result re-
quires favorable Franck ± Con-
don factors, namely similar
equilibrium geometries of the
NO3


� and the NO3
� ions. We


have demonstrated this inde-
pendently by recording the
�NR� spectrum of the NO3


�


anion, obtained by negative-ion CI of methyl nitrate. The
intense NO3


� ion from the reionization has been mass- and
energy-selected and further analyzed by recording its CAD
spectrum in the TOF section of the mass spectrometer. The
CAD spectrum displays fragments of m/z 46 and m/z 30,
confirming the structural assignment of the NO3


� population
from reaction (5), and also showing that favorable Franck ±
Condon factors characterize the vertical transitions between
the trigonal NO3


� ion, the NO3
. trigonal radical, and the NO3


�


anion; this presupposes that the three species have similar
structures.


With regard to population b, it is noteworthy that recovery
peaks have also been obtained in the �NR� spectra of
different isotopomers of the [O2(NO)]� ion (m/z 62), namely
[18O2(NO)]� and [18O2(15NO)]� , of m/z 66 and 67, respectively.
Although the spectrum is not intense and obtaining an
acceptable S/N ratio requires averaging at least 400 scans
(Figure 5), it proves to be completely different from that of
the trigonal ion, the intensity of the recovery peak being
comparable to those of the fragments ofm/z 30, 32 and 31 (the
last doubly charged). As to the �NR� experiment, no
detectable spectrum, and therefore no recovery peak, was
obtained, owing to the insufficient intensity of the initial
signal. The fragments observed in the �NR� spectrum of the
labeled precursors confirm the lack of isotopic mixing already
observed in the CAD spectrum, and the absence of the
distinctive peak of the trigonal NO3


� ion (m/z 46) rules out
any isomerization of the neutral species occurring in the
�1 �s interval between the neutralization and the reioniza-
tion events.


Finally, depending on the experimental conditions previ-
ously illustrated, the NR spectra of population c are reminis-
cent of those typical of populations a and/or b, and display no
features typical of the loosely-bound adduct of O-NO2


connectivity, which most likely has no stable neutral counter-
part.


Figure 4. CAD spectrum of the NO3
� ion (m/z 62), a) from the high-pressure CI of NO2/O3/O2, b) from the low-


pressure CI of NO2/O3/O2 (see text).
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Computational results : We have explored the B3LYP and
CCSD(T) potential-energy surface (PES) of the NO5


� and
NO4


� ions, and found the minima whose structure is reported
in Figure 6. The ground state NO5


� ion 1 is a singlet that has


Figure 6. Optimized geometries of the minima localized on the potential
energy surface of the NO5


� ion (1, 2, and 3) and of the NO4
� ion (4, 5, and


6). Relative energies at the CCSD(T) level (B3LYP in parentheses) are
reported.


the structure of a NO2
�-O3 adduct, with a binding energy (BE)


of 7.2 and 7.0 kcal mol�1 at the CCSD(T) and B3LYP levels of
theory, respectively (Table 1). Two triplet species, with the
structure of NO3


�-O2 (2) and NO2
�-O3 (3) adducts, respec-


tively, have also been localized at higher energy. The most
stable species on the PES of the NO4


� ion is the triplet 4,
which has the structure of an adduct between NO2


� and O2,
with a BE of 3.5 and 2.7 kcal mol�1 at 298 K at the CCSD(T)
and B3LYP levels of theory, respectively (Table 1). At higher


energy there is the singlet 5
with the same connectivity, but
differing as to the O-N-O angle
of the nitro group. Finally, at
still higher energy, singlet 6
shows the O3-NO connectivity,
and its dissociation into NO�


and O3 at 298 K is computed
to require 8.1 and
15.3 kcal mol�1 at the CCSD(T)
and B3LYP levels of theory,
respectively. The two singlets 5
and 6 are connected by a tran-
sition state located 38.1 and
39.8 kcal mol�1 above 5 at the
CCSD(T) and B3LYP levels of
theory, respectively.


Consistent with previous re-
sults,[6] among the species char-


acterized by three N�O bonds, our calculations identify two
trigonal NO3


� (1A1) ions, the one of C2v symmetry (7) being
the most stable isomer, slightly lower in energy than 8, which
has D3h symmetry (Figure 7). The 3B2 species 9 lies only
14.5 kcal mol�1 higher in energy than 8 at the CCSD(T) level,
consistent with the experimental value (see Table 1).[11] Our
computational analysis at both levels of theory supports
previous results that identified the [OONO]� ion 10 as the
most stable isomer,[12] located 83.1 kcal mol�1 (CCSD(T))
below the D3h cation 8. A difference of 75.1 kcal mol�1 can be
derived (see Table 1) from available experimental data[11, 13]


and from the measured NO�/O2 binding energy (BE) of 2.9�
0.2 kcal mol�1.[14] Our computed NO�/O2 BE value amounts to
9.2 kcal mol�1 at the B3LYP level and 2.9 kcal mol�1 at the
CCSD(T) level (Table 1); the latter is in better agreement
with the experimental value and also with other theoretical
studies.[12] Two singlet species ofCs symmetry, cis-11 and trans-
12, have also been identified (Figure 7) that lie 23.8 and


Figure 5. �NR� mass spectrum of the NO3
� ion (m/z 62) from the NO/O2 CI, see text. The peak of m/z 31 is


assigned to the NO3
2� ion.


Table 1. �H� changes [kcal mol�1, 298 K] of selected reactions involving the
species of interest.[a]


CCSD(T)[b] B3LYP[b] Experi-
mental[c]


Reaction


NO5
�(1)�NO2


� � O3 7.2 7.0 (1)
NO4


�(4)�NO2
� � O2 3.5 2.7 (4)


NO4
�(6)�NO� � O3 8.1 15.3 (2)


NO3
�(8)�NO3


�(9) 14.5 � 6.7 14.5
NO3


�(10)�NO3
�(8) 83.1 95.2 75.1


NO3
�(10)�NO� � O2 2.9 9.2 2.9 (6)


NO3
�(8)�NO2


� � O(1D) 26.6
NO3


�(9)�NO2
� � O(3P) � 41.8 � 29.0 � 33.2


NO3
�(13)�NO2


� � O(3P) 5.5 5.2
NO2


� � O3�NO3
�(9) � O2 56.3 44.1 58.8 (7)


NO2 � O3
��NO3


�(8) � O2 � 21.4 (8)
NO2 � O3


��NO3
�(9) � O2 � 6.9 (8)


NO� � O3 �NO3
�(10) � O(3P) 11.8 5.9 22.7 (10)


NO2
� � O3�NO4


�(4) � O(3P) 11.0 12.4 (3)
NO2


� � O3�NO3
�(13) � O2 9.0 9.9 (7)


[a] See Figures 6, 7, 9, and 10. [b] This work. [c] Refs. [11, 13, 14].
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Figure 7. Optimized geometries of the minima localized on the potential
energy surface of the NO3


� ion. Relative energies at the CCSD(T) level
(B3LYP in parentheses) are reported.


27.2 kcal mol�1 above 10, respectively, at the CCSD(T) level.
Finally the triplet 13, whose NO2 group is nearly linear with a
176.7� angle, has been localized 32.8 kcal mol�1 lower in
energy than ion 8 at the CCSD(T) level.


Figure 8 shows the optimized geometries and the relative
stability of the species identified as minima on the PES of
neutral NO3. The symmetricalD3h radical 14 is the most stable
species at the B3LYP level, whereas the isomers 15 and 16 are
computed to be slightly more stable at the CCSD(T) level, the
discrepancy being traced to the symmetry-breaking problem,


Figure 8. Optimized geometries of the minima localized on the potential
energy surface of the NO3


. radical. Relative energies at the CCSD(T) level
(B3LYP in parentheses) are reported.


as recently suggested.[7f] The species 15 and 16, characterized
by an O-O-NO connectivity, are computed to be unbound
both at the B3LYP and the CCSD(T) levels, once zero-point
energy corrections are included, which would rule out their
experimental detection. However, it should be pointed out
that the above theoretical description of the NO3


. system is
affected by the computational problems associated with the
multireferenced character of the wave function and the
symmetry breaking effect, whose rigorous treatment defi-
nitely requires further theoretical work.


Discussion


Isomeric NOx
� species : The mass spectrometric and computa-


tional results reported in the previous section outline a
coherent picture of the systems investigated.


As to the NO5
� ion, the CAD evidence, pointing to a O3-


NO2 connectivity, would be consistent with the occurrence of
both species 1 and 3. However, formation of singlet 1 seems
more likely, since that of the considerably less stable triplet 3
is expected to have to overcome a barrier arising from the
change of multiplicity.


The NO4
� ion of O3-NO connectivity from reaction (2) is


likely to have the structure of species 6, whereas the NO4
� ion


of O2-NO2 connectivity from reaction (3) can have the
structure of either ions 4 or 5. Actually, on the basis of spin
conservation arguments, reaction (3) is expected to yield only
the triplet ion 4, which can hardly be stabilized owing to its
low NO2


�/O2 BE (Table 1). In addition, the experimental
evidence indicates that in the NO2/O3 CI the competing
reaction (2) of NO� is far more effective than the reaction (3)
of NO2


�. This becomes clearly evident when the abundances
of the two competing reactant ions are comparable (NO2


�/
NO� �1:1) and indeed no product from reaction (3) is
detected. At lower pressures (NO2


�/NO� �10:1), despite the
less efficient collisional stabilization, NO4


� ions of O2-NO2


connectivity are observed. This indicates that a product other
than 4 is formed, and, hence, a process other than reaction (3)
occurs. The most likely product is the singlet ion 5, probably
formed by a more energetically demanding process, an
inference supported by the considerations discussed in the
next paragraphs.


With regard to the NO3
� model ion, the MIKE and CAD


evidence leads to the assignment of the same trigonal
structure as that of the radical 14. The most salient spectral
feature is shown by the ionic fraction sampled by MIKE
spectrometry, namely the dish-topped peak of m/z 46 relative
to the metastable decomposition into NO2


� and O, charac-
terized by a large KER. This is known to be related to the
existence and the height of a barrier for the reverse reaction,
namely NO2


� and O�NO3
�. Actually, the adiabatic dissoci-


ation of NO3
� is spin-forbidden from the NO3


� singlet state 8
to the ground state products, whereas the allowed dissociation
into NO2


� and O(1D) is evaluated to be endothermic by
26.6 kcal mol�1 from available thermochemical data[13] (see
Table 1). In this case, the barrier for the reverse reaction
corresponds to the amount of energy exceeding the mere
endothermicity, namely to the kinetic component of the
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barrier for the direct reaction. As to the NO3
� triplet 9, also


accessible under our experimental conditions given the
energetics of the formation process, its decomposition to
ground-state products is evaluated to be exothermic by
33.2 kcal mol�1 (see, for comparison, the computed values in
Table 1). In this case, the barrier for the reverse reaction
would correspond to the above exothermicity plus the kinetic
barrier for the direct reaction. A larger KER is therefore
expected from the decomposing triplet state (the same applies
in the case of intersystem crossing) than from the singlet state.
Although a truly accurate measurement of the KER is
prevented by the low intensity of the metastable peak, it can
be estimated to be �20 kcal mol�1, a value that has to be taken
as the lower limit of the barrier. Indeed, only a fraction of the
energy released is converted into translational energy of the
fragments, whereas a significant amount is expected to be
deposited into the internal degrees of freedom of the NO2


�


ion, formed with a large vibrational energy excess since the
process involves relaxation to a linear structure of the initially
bent NO2 group. Hence, the dissociation of the triplet state,
whose barrier for the reverse reaction amounts to at least
33 kcal mol�1, appears consistent with the experimental value.
In summary, whereas both 8 and 9 can be formed within the
stable population sampled by CAD spectrometry, the evi-
dence for their trigonal structure is provided by the salient
spectral feature, namely the relatively large KER shown by
the metastable NO3


� population assayed, which probably
consists of triplet ions 9. In any case, the kinetic barrier for the
dissociation of NO3


� can reasonably be traced to the
activation energy required to rearrange the bent NO2 group
into the ground-state linear NO2


� ion.
As mentioned before, ions of O-NO2 connectivity, other


than the trigonal model ion, are formed by reaction (7).
Indeed, the trigonal ion cannot be formed by the reaction (7),
which is highly endothermic and spin-allowed only for the
triplet state (Table 1). However, at low pressures, in the
absence of efficient collisional stabilization, reaction (8) can
conceivably account for its formation (Table 1), thus explain-
ing the broad components of the m/z 46 and 30 composite
peaks, observed under these conditions and assigned to the
model trigonal ion.


NO2 �O3
� � NO3


��O2 (8)


This implies that reaction (7) yields a different species,
whose decomposition gives the narrow peak ofm/z 46, typical
of a weakly bound adduct. Accordingly, the best candidate is
the triplet 13, which is far more stable than the trigonal ion
and liable to be formed without appreciable excess of internal
energy. Moreover, it contains a nearly linearNO2 group, which
satisfactorily accounts for the negligible KER of its dissoci-
ation into NO2


� and O(3P), endothermic by only
5.5 kcal mol�1 at the CCSD(T) level of theory (Table 1).


Finally, let us examine the NO3
� ions of O2-NO connectivity


from reaction (6). The NO�/O2 BE is too low to account for
the stabilization of ion 10 from ground state NO� and O2


species (Table 1). On the other hand, reactions other than (6)
are unlikely to occur in the NO/O2 plasma, as the weak
(�5 %) NO2


� ion present in the source undergoes no reaction


with O2. As to the 11 and 12 singlets, their BE with respect to
the dissociation into NO� and the first O2 singlet state (a1�g)
are expected to be close to that of the ground-state adducts,
since the energy separation between O2 (a1�g) and the ground
O2 (X3�g


�), 22.6 kcal mol�1,[15] closely approaches the com-
puted energy difference between 10 and 11. An explanation
for the detection of a more stable O2-NO� adduct derives
from the observation that in order to detect the NO3


� ion one
has to work with a large (�4:1) excess of O2 over NO. This
suggests that O2


�, rather than NO�, might be the charged
precursor. The higher clustering ability of O2


�* in long-lived,
electronically excited states, with respect to ground-state O2


�,
is well documented.[16] In the case of interest, we tentatively
suggest the association of an O2


�* and a NO molecule
[reaction (9)].


O2
�*�NO � [O2


�* ¥ NO] � [O2* ¥ NO�] � [OO(NO)]�* (9)


The excited adduct eventually formed would be character-
ized by a sufficiently high BE to allow its stabilization in the
ion source. As a matter of fact, irrespective of their formation
process, NO3


� ions of O2-NO connectivity and sufficiently
stable to exit the CI source, have been detected.[17]


In conclusion, the structural analysis of the NO3
� species


suggests the occurrence of three isomers: 1) the trigonal
cation, of O-NO2 connectivity, with a bent NO2 group, 2) the
ion of O-NO2 connectivity, with a nearly linear NO2 group,
and 3) the NO3


� peroxy-type cation, of O2-NO connectivity.


Neutral NO3 species : The trigonal NO3
. radical is the only


species so far positively identified and characterized. Of
course, its stability in the isolated gas state is fully confirmed
by the present NR results. Perhaps our finding, potentially
most relevant to fundamental inorganic chemistry and to
atmospheric chemistry, is the evidence for the existence
of a different isomer, most likely of the peroxy-type con-
nectivity as that assigned to its charged precursor. Previous
computational studies characterized peroxy-type radicals as
unstable, or marginally stable,[7a,c] and the latter prediction is
confirmed by our own theoretical results that locate peroxy-
type NO3


. species in very shallow energy wells, prone to
dissociation once zero-point energy corrections are included.
The lack of theoretical support is compounded by the
weakness of the NR spectrum and hence of the ™recovery∫
peak detected. In this situation, in which isobaric contami-
nation is ruled out by the correct isotopic shifts of the m/z
ratio of the ™recovery∫ peaks observed when differently
labeled precursors are used, it cannot be rigorously excluded
that the peroxy-type NO3


� population assayed may contain a
very small fraction of ions of different connectivity, possibly
arising from ionic isomerization processes. Although there is
not the slightest indication for such a contamination, we
conservatively take the NR results as a strong evidence for,
rather than a proof-positive demonstration of, the existence of
a peroxy-type radical, with a lifetime exceeding 1 �s. Hope-
fully, the present results will encourage further experimental,
and especially theoretical, studies of this important class of
radical(s).
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General remarks on the reactivity of ionized NOx/O3 mix-
tures : Previous studies of the reactions occurring in ionized
mixtures of ozone with a number of simple molecules have
revealed the O- and O2-donor ability of O3 and/or its cation.[18]


The reaction pattern is influenced by factors such as the
ionization energy of the molecules involved and the stability
of the primary charged adducts. The peculiar features of the
NO�/O3 and NO2


�/O3 systems, deduced from the combination
of our experimental and theoretical results, are illustrated in
the energy profiles of Figures 9 and 10.


Figure 9. Energy profile (�H� [kcal mol�1]) relevant to the NO�/O3


system, see text. The CCSD(T) values are reported, T denotes the triplet
surface, S denotes the singlet surface.


Figure 10. Energy profile (�H� [kcal mol�1]) relevant to the NO2
�/O3


system, see text. The CCSD(T) values are reported, T denotes the triplet
surface, S denotes the singlet surface.


Starting from NO�, both the O2- and O-transfer reac-
tions (10) and (11) appear energetically unfavorable, despite
the observation of the NO4


� intermediate [reaction (2)].


NO��O3 � NO3
��O (10)


NO��O3 � NO2
��O2 (11)


Inspection of Figure 9 and Table 1 shows that O2-transfer to
NO�, even to form the most stable NO3


� ion 10 of O2-NO
connectivity, is endothermic by 11.8 and 5.9 kcal mol�1 at the
CCSD(T) and B3LYP levels, respectively. In contrast, a value
of 22.7 kcal mol�1, closer to the CCSD(T) one, can be derived
from thermochemical and spectroscopic data.[11, 12] Moreover,
the remarkably low dissociation energy of ion 10,
2.9 kcal mol�1, must be considered. Consistent with this
picture, the NO3


� ion is very weak in the NO/O3 CI plasma:
the minor amount observed being traceable to the alternative
reaction (6) with O2, a minor process that, at low O2 pressures,
does not significantly compete with the reaction (2) of NO�


with O3.
The O-transfer reaction (11), albeit highly exothermic


(Figure 9), is probably hindered by spin-conservation and
structural constraints. In theory, one would expect that
reaction (11) requires the intermediacy of a NO4


� ion of O2-
NO2 connectivity, whereas the experimental evidence clearly
indicates that in the NO/O3 CI only one NO4


� isomer of O3-
NO connectivity, namely that characterized by structure 6, is
formed. Consistent with this view, the reaction between NO�


and O3 on the singlet surface gives the [O3-NO]� adduct 6,
which has to overcome a barrier of 32.9 kcal mol�1 to form the
species 5 of [O2-NO2]� connectivity. Thus, the two sections of
the singlet surface, relevant to the formation of ions of O3-NO
and O2-NO2 connectivity, are only accessible starting from
different reactants, and we will show below that ion 5 can
actually be formed in the NO2


�/O3 system. Accordingly, in the
NO/O3/CI system, reaction (11) can be undergone, if at all, by
only a minor fraction of the ions that have the required
internal energy excess.


NO2
��O3 �NO4


� (4)�O (3)


NO2
��O3 �NO3


� (13)�O2 (7)


Let us examine the reactions occurring in the NO2
�/O3


system. In this case, different O2- and O-transfer reactions
occur on the singlet and triplet surfaces, depending on the
pressure regime adopted (Figure 10).


At high pressures (NO2
�/NO� �1), only the O-transfer


reaction (7) is observed. Indeed, as previously noted, the
endothermic O2-transfer reaction (3) yielding the NO4


� ion 4
is not observed owing to the competing exothermic reac-
tion (2) of NO� with O3, yielding the NO4


� ion 6 (Figure 9).
As to the O-transfer reaction (7), an inspection of Figure 10
and Table 1 shows that formation of the trigonal NO3


� ion is
highly endothermic, whereas that of the NO3


� ion 13 via the
singlet NO5


� ion 1, is endothermic by 9 and 9.9 kcal mol�1 at
the CCSD(T) and B3LYP levels, respectively (Table 1).
Adopting the above values, even taking into account their
presumably large uncertainty range, the reaction is likely to
require vibrational excitation of the reactant ions. Indeed,
consistent with the theoretical picture, the experimental
evidence indicates that at high pressures, when the NO5


�


intermediate is effectively stabilized and becomes detectable,
NO3


� ions of O-NO2 connectivity are formed having no
energy excess and prone to prompt dissociation into NO2


� and
O(3P). This supports the suggested assignment of structure 13,
which contains a nearly linear NO2 group as ion 1.
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At lower pressures, both the O2- and O-transfer reactions,
which yield NO4


� ions of O2-NO2 connectivity and the
trigonal NO3


� ion, respectively, are experimentally detected.
Reaction (8) between O3


� and NO2 has already been consid-
ered as the possible route to the trigonal NO3


� ion. Accord-
ingly, Figure 10 shows that access to the triplet surface from
reactions more exothermic than reactions (3) and (7) could, in
principle, yield the NO5


� ion 2 of O2-NO3 connectivity, with a
preformed trigonal NO3 group. Actually, whereas no NO5


�


ion is detected under these conditions, probably as a result of
inefficient collisional stabilization, its signature can be
deduced from the products observed, namely the trigonal
NO3


� ion and the NO4
� ion 5 of O2-NO2 connectivity


[reaction (12)].


NO2
��O3 � NO4


� (5)�O (12)


NO2
��O3 �NO3


� (8,9)�O2 (8)


Moreover, the expected charge exchange between O3
� and


NO2, exothermic by 65.7 kcal mol�1, could generate NO2
�


reactant ions in the triplet state, characterized by a bent
geometry.[19] Thus the singlet and the triplet surfaces of
Figure 10 are characterized by different geometries of the
species involved: species with a linear nitro group, namely the
NO5


� ion 1, the NO4
� ion 4, and the NO3


� ion 13 are located
on the singlet surface; species with a bent nitro group, namely
the NO5


� ion 2, the NO4
� ion 5, and the NO3


� ions 8 and 9, are
located on the triplet surface.


In conclusion, the complex reactivity pattern of ionized
mixtures of ozone and NOx oxides appears to be dominated
by spin conservation and structural factors. In particular, the
energy required to deform the linear NO2 group into a bent
geometry plays a crucial role in the reactions of interest.


Atmospheric implications : As to the relevance to atmospheric
chemistry, ionization of NO2/O3 mixtures shows interesting
outcomes. Under selective ionization conditions, reaction (7)
on the singlet surface gives the nearly linear [O-NO2]� ion 13,
that easily dissociates into NO2


� and O(3P) [reactions (13) and
(14)].


NO3
� (13)� NO2


��O(3P) (13)


O(3P)�O2 �M O3 (14)


Since potentially all ground-state O atoms can generate
ozone by reaction with O2, the overall process is a null cycle.
In contrast, if the ionization process is unselective, the
concomitant occurrence of reaction (8) on the triplet surface
yields bent [O-NO2]� ions. These are likely to undergo charge
transfer to O2 rather than dissociation with a resulting net loss
of ozone. The reaction sequence occurring on the singlet
surface is an ion-catalyzed dissociation of ozone that, unlike
photolysis, gives ground-state products, so that NO2 and
ozone are neither produced nor destroyed. In contrast, the
sequence occurring on the triplet surface could be relevant to
the chemistry of the troposphere. Indeed, it has been shown
that increasing concentrations of ozone and NO2 are recorded
by noon on smoggy days, and high local O3 concentrations are


reached in air ionized by lightning, and by natural or
anthropogenic corona discharges. The process could prove
effective in removing ozone and NO2, and its product, the
trigonal NO3


. radical eventually formed, is atmospherically
relevant as a night-time tropospheric oxidant, and a tempo-
rary odd-nitrogen reservoir.


Finally, a word of mention is deserved by the observation of
the peroxy-type NO3


� ion. Although NO� and/or O2
� ions


predominate in the E region of the ionosphere, ion ± molecule
reactions are generally more efficient at lower altitudes,
namely in the D region, in which a complex positive-ion
chemistry occurs. Whereas in the ™quiet∫ D region NO�


predominates, O2
� becomes dominant when the D region is


™disturbed∫ by the impact of energetic particles from the sun,
occurring both at night and during the day.[2] Excited states of
O2


� could thus become available to the formation of the
[O2(NO)]�* adduct, whose BE is larger than that of the
ground-state species. As a consequence, an additional route to
the formation of cluster ions, characterized by different
switching reactions between the neutrals involved, can be
envisaged in this region.


Conclusion


Ionization of gaseous mixtures containing NOx oxides and O3


promotes a complex reaction pattern, whose theoretical and
mass spectrometric study shows that the general tendency of
ozone and its cation to undergo O2- and O-transfer processes
is limited in the systems of interest by spin-conservation and
energetic constraints related to the change of geometry of the
NO2 moiety. Mass spectrometric evidence, supported by
theoretical results, has led to the detection and character-
ization of the NO5


� ion, and of isomeric NO4
� and NO3


�


species. In particular, in addition to the symmetrical trigonal
cation, the mutually supporting experimental and theoretical
results point to the formation in ionized NO2/O3 mixtures of a
NO3


� isomer of O-NO2 connectivity. This isomer contains a
nearly linear NO2 group, and is prone to dissociation into
NO2


� and O(3P). A NO3
� ion, formally of peroxy-type


structure, has been detected as a product from the ionization
of NO/O2 mixtures. As to the neutral chemistry, a most
significant finding is the strong NR evidence for, if not the
definitive demonstration of, the existence of a new NO3


.


isomer, in addition to the long known symmetrical, trigonal
radical.


Experimental Section


Mass spectrometry : A ZABSpec oa-TOF mass spectrometer of EBE TOF
configuration (Micromass, Manchester, UK) was used to generate the
species of interest by chemical ionization performed at pressures ranging
from �0.05 to 0.3 Torr. Typical operating conditions were as follows:
accelerating voltage 8 kV, emission current 0.5 mA, repeller voltage 0 V,
source temperature 150 �C. The mass-selected ions were structurally
assayed by MIKE and CAD mass spectrometry. In the latter case, He
was admitted into the collision cell to such a pressure as to reduce the beam
intensity to 70% of its original value. Multistage mass spectrometry (MS3)
experiments were performed by recording the CAD/TOF spectra of mass-
selected daughter ions. The KER were measured by averaging �400 scans
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at the energy resolution of 2.5 eV of the main beam width. The NRMS
experiments were performed with projectile ions accelerated to 6 ± 8 kV by
collision with CH4 in the first gas cell. After deflection of all the ions, the
neutrals were reionized by collision with O2 in the second gas cell. All gases
and the other chemicals utilized were research-grade products from
commercial sources with a stated purity in excess of 99.99 % and were used
without further purification. 18O2 (18O atoms 99%) was purchased from
ICON, and 15NO (15N atoms 99%) was purchased from Aldrich. Ozone was
prepared by passing UHP-grade oxygen (Matheson 99.95 mol %) through a
commercial ozonizer, collected in a silica trap cooled to 77 K, and released
upon controlled warming of the trap. The NO3


. radical was generated in
situ by mixing nitrogen dioxide with excess ozone in a flow system.


Computational details : Density functional theory, with the hybrid[21]


B3LYP functional,[22] was used to localize the stationary points of the
investigated systems and to evaluate the vibrational frequencies. Although
it is well known that density functional methods that use nonhybrid
functionals sometimes tend to overestimate bond lengths,[23] hybrid func-
tionals, such as B3LYP, usually provide geometrical parameters in excellent
agreement with experiment.[24] Single-point energy calculations at the
optimized geometries were performed with the coupled-cluster single- and
double-excitation method[25] with a perturbational estimate of the triple
excitations [CCSD(T)] approach[26] in order to include extensive correla-
tion contributions.[27] Transition states were located with the synchronous
transit-guided quasi-Newton method from to Schlegel and co-workers.[28]


The 6 ± 311�G(3d) basis set[29] was used. Zero-point energy corrections
evaluated at B3LYP/6 ± 311�G(3d) level were added to the CCSD(T)
energies. The 0 K total energies of the species of interest were corrected to
298 K by adding translational, rotational, and vibrational contributions.
The absolute entropies were calculated with standard statistical-mechan-
ical procedures from scaled harmonic frequencies and moments of inertia
relative to B3LYP/6 ± 311�G(3d) optimized geometries. All calculations
were performed with Gaussian 98.[30]
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Recurrent Intergrowths in the Topotactic Reduction Process of LaBaCuCoO5.2
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Abstract: A new perovskite-related ox-
ide with the LaBaCuCoO5.2 composition
has been stabilised. Its structure can be
described as formed by the recurrent
intergrowth of two alternating blocks of
YBaCuFeO5 (2ac, i.e., two-fold perov-
skite superlattice) and YBa2Fe3O8 (3ac)
structural types. From the starting ma-
terial LaBaCuCoO5.2-� (�� 0), the rigor-
ous control of the oxygen content has
allowed the stabilisation of three new


fivefold perovskite-related superstruc-
tures with the compositions �� 0.4, 0.8
and 1.1, which can also be described as
recurrent intergrowths of two blocks
showing 2ac and 3ac periodicity. The
reduction process takes place through


the 3ac periodic blocks, when 0� �� 0.8.
Further oxygen decrease seems to in-
volve the 2ac periodic blocks made up of
pyramidal layers, giving rise to infinite
layer units. The stability limit for these
fivefold superstructures is �� 1.1. In
agreement with this the as-synthesised
materials constitute an example of topo-
tactic reaction, since their basic struc-
ture is kept through the reduction proc-
ess.


Keywords: electron diffraction ¥
electron microscopy ¥ intergrowth
phases ¥ perovskite phases


Introduction


Cobaltites have been widely studied as they show unique
electronic and magnetic properties as a consequence of the
ability of Co to adopt II, III and IVoxidation states as well as
low-, intermediate- and high-spin states. Moreover, cobalt
atoms can exhibit several coordination environments, giving
rise to different structures. Among them, perovskite-related
cobalt oxides play an important role, since they can easily
accommodate compositional variations and, hence, induce
changes in the properties. When basic relationships linking
properties to crystal structure and chemical compositions are
understood new more efficient materials can be developed or
performances of known materials can be improved.


The basic ACoO3 stoichiometry can be stabilised in two
polytypes, depending on the size of the A cation: 3C (cubic
stacking of the AO3 layers) and 2H (hexagonal stacking of the
AO3 layers). For instance, LaCoO3,[1] although rombohedraly
distorted, is related to the cubic perovskite, while Ba2�


stabilises the 2H-BaCoO3 polytype.[2] In both cases, oxygen
defines octahedral holes in which cobalt atoms are placed.
[CoO6]o moieties (o stands for octahedral coordination) share


corners and faces in the 3C and 2H polytypes, respectively.
Reduction of the oxygen content can give rise to new phases
as a consequence of ordered rearrangement of the non-
occupied oxygen positions. This is indeed possible owing to
the cobalt ability to adopt tetrahedral and pyramidal oxygen
coordination as well as the, already mentioned, different
oxidation states.


We describe in this paper some new oxygen-deficient
phases related to the cubic polytype. An interesting example,
which combines both promising properties and flexibility to
accommodate oxygen vacancies in new ordered patterns, is
the case of LnBaCo2O5�� (Ln�Pr, Nd, Sm, Eu, Gd, Tb)
compounds.[3] Their great interest is focused on its magneto-
resintant behaviour[4] as the better known La-Ca-Mn perov-
skite system.[5] From the structural point of view, ordering of
nonoccupied oxygen positions in LnBaCo2O5�� leads to the
formation of square pyramids. In this sense, materials with
�� 0 (3) are built up of square-pyramids that share corners
(Figure 1a), and are isostructural to YBaCuFeO5.[6] A higher
oxygen content leads to LnBaCo2O5.5,[3] whose structure can


Figure 1. a) Structural model corresponding to YBaCo2O5, isostructural to
YBaCuFeO5. b) Structural model corresponding to LnBaCo2O5.5
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be described as formed by the ordered intergrowth of
octahedra and square pyramids of Co atoms along the b
direction (Figure 1b). Besides these ordered structures,
phases with intermediate oxygen contents, LnBaCo2O5.3


(Ln�Dy, Ho), show areas based on intergrowths of one
octahedron and two pyramids with a theoretical stoichiometry
of 5.11 oxygen atoms per unit formula, as observed by high-
resolution electron microsocpy (HREM).[3]


The above ordered intergrowths were initially described in
the oxygen deficient perovskite system YBaCo2�xCuxO5��


[7]


when studying the relationship between superconductivity
and magnetism in high Tc superconductors. Although up to
now undoped cobalt compounds have attracted more atten-
tion owing to their transport properties, the Cu-substituted
ones can show a broader crystallochemistry. Actually, in
addition to the octahedral, square-pyramidal and tetrahedral
environments available for cobalt cations, copper can also
adopt square-planar and linear coordinations. Therefore, the
mixture of both cations, Cu and Co, at the B perovskite
positions should open more structural possibilities.


Taking into account the above ideas the aim of this work has
been the search of new ordered phases in the LaBaCuCoO5��


system. It is worth noticing that Y has been substituted by La;
since both cations have different polarizing power,[8] that is,
different q/r ratio, their oxygen avidity is not the same and,
hence, compositional and structural changes are expected.


Results and Discussion


LaBaCuCoO5.2 : The X-ray diffraction (XRD) pattern of the
starting material, LaBaCuCoO5.2, can be indexed on the basis
of a cubic perovskite, although slightly broad maxima are
observed. To analyse the microstructure of this material
selective area electron diffraction (SAED) and HREM
studies were performed.


The SAED pattern along [001]c (Figure 2a) is in agreement
with the basic cubic perovskite cell according to the XRD
information. Additional weaker reflections, along b*, are
observed in the [11≈ 0]c pattern (Figure 2b). Such reflections


Figure 2. SAED pattern corresponding to LaBaCuCoO5.2 along a) [001]c;
b) [11≈ 0]c and c) [100]c zone axes.


seem to be related to the presence of a fivefold superstructure,
since they appear at 2/5 and 3/5. Weak streaking along c is
indicative of some structural disorder which will be further
discussed. Figure 2c is an SAED pattern along the [100]c zone
axis, in which superlattice reflections, at 2/5 and 3/5, appear
either along b* and c* directions. Since superstructure spots
along b are absent in [001]c pattern (Figure 2a) they could be
related to the presence of perpendicular domains. This is,


indeed, a quite usual phenomenon in perovskite-related
materials.[11, 12] According to that, a modulated fivefold super-
lattice along the cubic c axis is evident. Besides, it is worth
recalling that distances along a* and b* are identical (Fig-
ure 2a). Therefore, from the SAED results, a tetragonal unit
cell ac� ac� 5ac can be proposed for LaBaCuCoO5.2 , in which
ac stands for the cubic perovskite subcell parameter. To
confirm the tetragonal symmetry, a microdiffraction study was
performed. Patterns along [100]c and [001]c are shown in
Figure 3a and b, respectivelly, in which mirror planes are
observed and superimposed in the figure, suggesting a
possible P4/mmm symmetry.


Figure 3. Microdiffraction patterns corresponding to LaBaCuCoO5.2 along
a) [100]c and b) [001]c.


Figure 4 is a HREM image along [100]c. The image
confirms the existence of perpendicular domains as well as
the fivefold order superstructure along c. Such a super


Figure 4. HREM image along [100]c of LaBaCuCoO5.2 . Perpendicular
domains are apparent.


structure, as better observed in the enlarged image (Fig-
ure 5a), is built up of blocks of 2ac and 3ac periodicity (marked
on the image). The 2ac periodic unit is made up of bright-dark-
bright motifs, while the 3ac incorporates one dark more
(bright-dark-dark-bright). Notice the brightest contrast limit-
ing both blocks. As described in the introduction section,
ordered stacking of octahedra and square-planar pyramids is
characteristic of oxygen deficient cobaltites. According to
that, blocks of 3ac and 2ac periodicity could be related to the
polyhedra sequence ¥ ¥ ¥ POhP ¥¥ ¥ and ¥ ¥ ¥ PP ¥¥ ¥ , respectively
(P� square-pyramid; Oh� octahedron). Those sequences
constitute the structural features characteristic of YBa2-
Fe3O8


[13] (¥ ¥ ¥ POhP ¥¥¥ ) and YBaCuFeO5
[6] (¥ ¥ ¥ PP ¥¥ ¥ ) struc-


tural types (Figure 6a and b, respectively). An ordered
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Figure 5. a) Enlarged HREM image of an ordered domain of LaBaCu-
CoO5.2 along [100]c. Blocks of 3ac and 2ac periodicity are marked. b) FTof
the above image showing fivefold superstructure.


Figure 6. Structural models corresponding to the a) YBa2Fe3O8 and
b) YBaCuFeO5 types.


arrangement of both units, ¥ ¥ ¥ POhP PP ¥¥¥ , would give rise to
a fivefold superstructure and the oxygen content would be in
agreement with the experimental one. However, this perio-
dicity seems to be interrupted, in some areas, due to the
junction of two blocks of the same periodicity 3ac or 2ac,
giving rise to a contrast inversion (marked in Figure 7). On the


Figure 7. Detail of a HREM image of LaBaCuCoO5.2 along [100]c showing
local changes in the ¥ ¥ ¥ 3ac ± 2ac ¥ ¥ ¥ sequence.


basis of the polyhedra sequence described above, the differ-
ences in contrast observed in the image (Figure 7) could be
explained as induced by a change in the metal coordination
and/or composition. For instance, it is worth noticing, as
schematically represented in Figure 8, that periodicity of a 2ac


block can be disturbed if a P pyramidal block is changed to an
octahedral one Oh. This nonordered occurrence of Oh and/or
P polyhedra would involve a random distribution of the Cu/
Co cations. In this sense, as already pointed out, differences in


Figure 8. Schematic representation showing local changes in blocks
periodicity.


the Cu/Co ratio along the crystal have been detected, being,
probably, the cause of the local change of periodicity observed
as contrast inversions in the experimental images. The
presence of perpendicular domains as well as the local
interruption of the ordered ¥ ¥ ¥ 2ac ± 3ac ¥ ¥ ¥ sequence, avoids
the existence of long-range order. However, the correspond-
ing Fourier transform (FT) (Figure 5 b), in which all super-
lattice spots appear, evidences fivefold order.


To obtain more reliable structural information, crystallo-
graphic image processing (CIP) was performed. The CIP
technique, by combining both SAED and HREM informa-
tion, leads, after corrections, to gather potential maps. In this
work, the CRISP program[14] was used for image processing.
The steps followed in CIP are represented in Figure 9.
Figure 9a corresponds to a thin area of the experimental


Figure 9. a) Experimental high-resolution image corresponding to LaBa-
CuCoO5.2 . b) Processed image. c) Potential map obtained after applying
(pmm) symmetry. Unit cell and structural model are outlined.


image along [100]c. Figure 9b is a potential map obtained
after some corrections, tilt, CTF, phases and amplitudes. After
symmetry application (p2mm), according to the space group
P4/mmm determined by SAED and CBED, the final potential
map (Figure 9c) is obtained; this confirms the fivefold super-
structure. Since no differences in the black contrast (related to
the cation positions) are observed, there is no evidence of
cation order in a fivefold superstructure. In fact, the cation
relation La/Ba/Cu/Co� 1:1:1:1 does not seem to favour such
an order. Moreover, Cu and Co order could not be detected
by this technique, since both cations have similar atomic
numbers. Although it is not possible to determine the oxygen
exact position by CIP, differences in white contrasts are
observed. It is, in fact, well known that under the optimum
defocus conditions the brightest contrast corresponds to the
lower potential areas, that is, oxygen and oxygen vacancies. In
this sense, the superstructure must be induced by an ordered
arrangement of oxygen vacancies in agreement with
the polyhedral model previously mentioned (Figure 10a)
( ¥ ¥ ¥ POhP PP ¥¥¥ ) and superposed on the potential map. Cobalt
and copper must be randomly arranged at the B positions of
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Figure 10. Structural models proposed for a) LaBaCuCoO5.2, b) LaBaCu-
CoO4.8, c) LaBaCuCoO4.4 and d) LaBaCuCoO4.


the basic ABO3 perovskite structure, that is, at the octahedral
and pyramidal environments.


On the basis of the above results, X-ray profile refinement
of LaBaCuCoO5.2 was performed taking as starting point the
structural model obtained by SAED and HREM. Figure 11
shows the graphic results of the fitting of the experimental


Figure 11. Experimental (points), calculated (solid lines) and difference
(bottom) X-ray diffraction patterns for LaBaCuCoO5.2 .


X-ray diffraction pattern and the difference between ob-
served and calculated data. The final structural parameters
are collected in Table 1, whereas some selected interatomic
distances are gathered in Table 2. The structural refinement
confirms the model obtained by SAED and HREM (Fig-


ure 10a). The essential feature of the structure is the presence
of a well-ordered intergrowth between PP and POhP blocks,
that is, basic units of the YBaCuFeO5 and YBa2Fe3O8


structural types along the c axis, in which La, Ba and Cu, Co
atoms are randomly distributed over A and B sites of the
ABO2.6 lattice, respectively. (La/Ba)1 and (La/Ba)3 are
coordinated by twelve oxygen atoms, whilst (La/Ba)2 have
eightfold coordination. The obtained values for all (La/Ba)�O
distances are reasonable and consistent with previously
reported bond lengths in other comparable oxides.[15] (Cu/
Co)1 are octahedrally coordinated by nearby oxygen atoms at
distances ranging from 1.89 ± 1.96 ä. The (Cu/Co)2 and 3
occupy quite regular square pyramids characterised by four
(Cu/Co)�O equatorial equivalent distances (see Table 2). All
M�O distances are comparable to those found for Cu or Co in
the same oxygen environments.[6, 16]


It is worth recalling, that structural blocks of 3ac periodicity
constitute the basic units of different LnBa2B3O7�� com-
pounds (Ln and B means rare-earth and metal of the first
transition-series cations, respectively). Besides the above-
mentioned YBa2Fe3O8 type,[13] characterised by the polyhedra
sequence ¥ ¥¥ POhP ¥¥¥ , YBa2Cu3O7


[17] and YBa2Cu3O6
[18] ex-


hibit similar periodicity,that is, 3ac. However, the central
polyhedron of these blocks is different to that present in the
iron compound as a consequence of the Cu ability to stabilise
square-planar and linear oxygen coordination. In this sense,
the YBa2Cu3O7 structure can be described as built up from the
polyhedra squence ¥ ¥¥ PSPP ¥¥¥ (SP� square-planar coordina-
tion), whilst the lower content oxide YBa2Cu3O6 shows the
¥¥ ¥ PLP ¥¥¥ (L� linear) one. It is then clear that the reduction
process YBa2Cu3O7�YBa2Cu3O6 involves a change of the
copper environment from SP to L. On the basis of these facts,
if Cu, in LaBaCuCoO5.2, occupied the octahedral central
position of the ¥ ¥¥ POhP ¥¥¥ block, a similar reduction path
would be expected for new LaBaCuCoO5.2�� compounds
thorough the 3ac periodic block. Since the threefold order
should not be drastically affected due to the coordination
change (Oh�SP�L), while the pyramid layer is to be
maintained, the fivefold superstructure should be also kept in
the ™hypothetical∫ reduction process.


According to this, in order to test the validity of the above
proposal, samples of nominal composition LaBaCuCoO4.8 and
LaBaCuCoO4.4, corresponding to the anionic composition
required to the formation of SP and L, respectively, were
prepared in an electrobalance, as described in the exper-
imental section.


LaBaCuCoO5.2-� : XRD patterns of �� 0.4 and �� 0.8 samples
can be indexed, as the starting material LaBaCuCoO5.2, on the
basis of a cubic perovskite. Cation compositions are in


Table 1. Final structural parameters of LaBaCuCoO5.2.[a]


Atom x/a y/b z/c B [ä2] Occupancy


Cu/Co1 0 0 0 0.17(8) 1
Cu/Co2 0 0 0.203(1) 0.17(8) 1
Cu/Co3 0 0 0.395(1) 0.17(8) 1
La/Ba1 0.5 0.5 0.1014(6) 0.77(4) 1
La/Ba2 0.5 0.5 0.3010(6) 0.77(4) 1
La/Ba3 0.5 0.5 0.5 0.77(4) 1
O1 0 0 0.097(5) 0.22(3) 1
O2 0 0.5 0.213(2) 0.22(3) 1
O3 0 0.5 0.414(2) 0.22(3) 1
O4 0 0 0.5 0.22(3) 1
O5 0.5 0 0 0.22(3) 1


[a] Space group�P4/mmm (no. 123), a� 3.9352(3), c� 19.538(2) ä, Rwp�
11.1%, RB� 3.74% Rp� 4.88%, �2� 1.61%.


Table 2. Selected interatomic distances [ä] in LaBaCuCoO5.2.


La/Ba1�O1 2.783(3)� 4 Cu/Co1�O1 1.89(9)� 2
La/Ba1�O2 2.95(3)� 4 Cu/Co1�O5 1.966(1)� 4
La/Ba1�O5 2.79(8)� 4 Cu/Co2�O1 2.07(9)
La/Ba2�O2 2.602(3)� 4 Cu/Co2�O2 1.98(5)� 4
La/Ba2�O3 2.96(3)� 4 Cu/Co3�O3 1.999(9)� 4
La/Ba3�O3 2.58(3)� 8 Cu/Co3�O4 2.03(3)
La/Ba3�O4 2.781(1)� 4
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agreement to the nominal ones. However, again, EDS analysis
indicates that, although in average constant, the Cu/Co ratio
changes over small areas.


SAED patterns corresponding to both LaBaCuCoO4.8 and
LaBaCuCoO4.4 oxides along [11≈ 0]c and [100]c zone axes
(Figure 12a, b) are similar to those of the higher oxygen


Figure 12. SAED patterns corresponding to LaBaCuCoO4.8 along
a) [100]c; b) [11≈ 0]c and c) [001]c zone axes. Identical results are obtained
for LaBaCuCoO4.4 .


content sample; this suggests that the fivefold modulated
superlattice is preserved in the reduction. However, in the
SAED pattern along [001]c (Figure 12c) it can be appreciated
that a* and b* are slightly different, thus indicating a small
orthorhombic distortion and P2/mmm as possible space
group. HREM study confirms the fivefold superlattice.
Actually, 1.95 nm periodicity along c is observed in Fig-
ure 13a, which is a HREM image corresponding to the


Figure 13. a) HREM image corresponding to LaBaCuCoO4.8 along [100]c.
b) Corresponding FT.


LaBaCuCoO4.8 sample. The corresponding FFT (Figure 13b)
shows again the fivefold superstructure. Once again, a CIP
study was performed on a thin area of the above image.
Figure 14 depicts the potential map obtained after corrections
and applying symmetry. As in the starting material, LaBaCu-
CoO5.2, the fivefold order is clearly seen, while, at the same


Figure 14. Potential map corresponding to LaBaCuCoO4.8. Unit cell and
structural model are outlined.


time, there is no evidence of cation ordering. These results
would be in agreement with the ¥ ¥ ¥ PP PSPP ¥¥¥ stacking
polyhedra sequence proposed for LaBaCuCoO4.8 with a
random A (La/Ba) and B (Cu/Co) distribution over the
corresponding lattice positions with the exception of the
square-planar coordination site, which seems logical to be
occupied by Cu. On the other hand, as happens in LaBaCu-
CoO5.2, local changes at the ¥ ¥ ¥ 2ac ± 3ac ¥ ¥ ¥ periodicity are
observed in the HREM of Figure 13. The origin of such a
discontinuity could be again understood on the basis of the
small differences in Cu/Co ratio, detected by energy-disper-
sive spectroscopy (EDS), over small areas. In this case, the
periodicity of a 2ac block can be disturbed if a P polyhedron is
subtituted by a SP one, taking into account the Cu ability to
adopt either pyramidal or square-planar coordination in oxide
compounds.


Although, diffraction data corresponding to the sample
with lower oxygen content, LaBaCuCoO4.4, are similar to
those of LaBaCuCoO4.8, CIP shows noticeable differences.
Figure 15a corresponds to HREM image along [100]c and
Figure 15b is the corresponding potential map obtained after


Figure 15. a) HREM image and b) potential map along [100]c corre-
sponding to LaBaCuCoO4.4 . The two different distances (d1� d2) between
the B cations are clearly seen.


CIP was performed. The map shows, in addition to the
fivefold superlattice, two different distances (marked on
Figure 15b), d1 and d2, between the A cations, with d1� d2 .
The shortest distance (d1) affects to the central position of the
3ac periodic block. At this point, it is worth recalling that La/
Ba ionic radius, in accordance to Shannon,[19] decreases when
the coordination number is lower. In this sense, the shortest
detected distance (d1) could be related to a lower La/Ba cation
coordination in the mentioned block. This would, in fact,
involve a reduction of the coordination of the B cation (Cu),
placed at the central position of the 3ac periodic block
according to SP�L.


These structural facts allow to propose not only the
stabilisation of three new phases, LaBaCuCoO5.2, LaBaCu-
CoO4.8, LaBaCuCoO4.4 , but also the reduction mechanism of
the first one, LaBaCuCoO5.2, as represented in Figure 10a ± c,
through the 3ac periodic blocks. Moreover, although it is not
possible to determine by XRD or microscopy the Co/Cu
arrangement, the obtained samples only would be stable if
copper occupies the central position of the threefold unit. The
three oxides are fivefold superstructures of the basic perov-
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skite one and can be described as recurrent intergrowths[20] of
two sequences of periodicity 2ac and 3ac. The first one, built up
of square pyramids, is kept through the reduction process,
whereas a decrease in oxygen content seems to be associated
to the second one. As a consequence, a new ordered arrange-
ment of the nonoccupied oxygen positions at the starting
octahedral site in the ¥ ¥¥ POhP ¥¥ ¥ sequence of the LaBaCu-
CoO5.2 is created.


The possibility to stabilise lower oxygen-content samples
has been also studied. In this sense, a material with the
fivefold superstructure is stable up to 4.1 oxygen atoms per
unit formula. XRD and SAED patterns are similar to those
corresponding to �� 0.4 and 0.8 samples. Figure 16 a is a
HREM image along [100]c zone axis. Periodicity of 1.95 nm,


Figure 16. a) HREM image along [100]c corresponding to LaBaCuCoO4.1.
Contrast variations due to local changes in block periodicities are outlined.
b) Corresponding potential map. The two different distances (d1� d2)
between the B cations are observed.


that is, 5ac, is clearly observed. Compositional analysis is in
agreement with the nominal one. However, it is worth
pointing out that averaging changes on the Co/Cu ratio, over
small areas, are even more remarkable than in more oxidised
samples. According to this, the contrast inversion (marked
with white lines), described in the above samples, appears
more frequently in LaBaCuCoO4.1, being related to coordi-
nation changes as a consequence of the compositional
variation.


CIP was again performed over a thin area of the image. Two
different distances can be observed in the potential map
(Figure 16b), d1� d2 , as happens in the LaBaCuCoO4.4


sample. Nevertheless, the arrangement of these periodicities
is different in both compounds. Such a distribution is
¥ ¥ ¥d1d2d2d2d2 ¥ ¥ ¥ in LaBaCuCoO4�4 and ¥ ¥ ¥d1d2d1d1d2 ¥ ¥ ¥ in
LaBaCuCoO4�1. One of the d1 distances in LaBaCuCoO4.1


corresponds to the 3ac periodic block, as in sample LaBaCu-
CoO4.4, in agreement with the linear environment for Cu
atoms. The other d1 distance involves the 2ac unit and,
therefore, it could be associated with a lower coordination of
the pyramidal layers, that is, a square-planar one, giving rise to
an infinite layer unit.[21] A tentative structural model for this
sample is shown schematically in Figure 10d. The correspond-
ing oxygen content would be four atoms per unit formula,
slightly different from the experimental value (4.1). As we
have already mentioned, Cu can easily adopt square-planar


coordination, but this is not the case for Co. According to this,
it seems that Cu is involved not only in the 3ac unit, but also in
the 2ac periodic block and, thus, a Cu/Co ratio 3:2 would
result. Therefore, both the Cu/Co ratio and the oxygen
content are different from the ideal values. This different
composition could be responsible for the local changes in
contrast observed in the experimental image and the real
model must be built up of randomly areas of different
composition, that is, LaBaCuCoO4.4 and LaBaCuCoO4. The
different kind of possible environments seems to favour
random substitution and then local changes in periodicity. In
any case, CIP results suggest the existence of square-planar
environments in the LaBaCuCoO4.1 oxide. This means that
reduction of the oxygen content in LaBaCuCoO4.4 takes place
through the block of 2ac periodicity instead of through the 3ac.
By the way, this process seems logical, since oxygen elimi-
nation on the 3ac blocks ¥ ¥¥ PLP ¥¥ ¥ should lead to the collapse
of the basic structure.


The reduction process of LaBaCuCoO5.2 constitutes an
example of topochemical reaction as those described for
many solid-state decomposition reactions[22] and, in particular,
the reduction of ABO3 related perovskites.[23] Interesting
examples are CaMnO3


[24] and LaNiO3.[25±27] Both compounds
can be reduced to an oxygen stoichiometry of 2.5 atoms per
unit formula, while intermediate compositions can be stabi-
lised, under the accurate control of the oxygen content. In the
first case, CaMnO3 reduction takes place through the
octahedral environments to square pyramids, giving rise to
superlattices based on interconnected [MnO6] octahedra and
[MnO5] square pyramids, usually rotated in the (100) plane.
Similar phases are obtained in the La-Cu-O system.[28]


Reduction of LaNiO3 involves the formation of square planes
which intergrow with the octahedra along the [110] direction.
On the other hand, the already discussed reduction process of
YBa2Cu3O7


[17] to YBa2Cu3O6
[18] is also a topochemical process


that involves the change SP�L.
Another interesting point is the effect of La/Y substitution.


For the same cationic stoichiometry, the La sample (LaBa-
CuCoO5.2) shows higher oxygen content that the correspond-
ing Y sample (YBaCuCoO5).[14] This fact can be understood
taking into account the inductive effect on the basis of the
different polarizing power, q/r, of La and Y cations. Since this
ratio is lower for La,[17] this cation tends to share electrons
with the most electronegative element, that is, oxygen. If an
excess of negative charge is placed on this element, higher
oxidation states are expected for the B (Cu/Co) cation and,
therefore, an increase of the oxygen content occurs. The
different oxygen content is reflected in the structure. In this
sense, YBaCuCoO5 is built up from square pyramids that
share corners, and is isostructural with the YBaCuFeO5,[6]


while LaBaCuCoO5.2 incorporates a ¥ ¥¥ POhP ¥¥¥ block.
Neither of the synthesised samples shows cationic order.


This should be favoured by changing the cation ratio. In fact,
the related Y2Ba3Cu3Co2O12 compound[29] has been described
as a fivefold perovskite superstructure due to the ordered
intergrowth of YBa2(Cu,Co)3O7 and YBa(Co,Cu)2O5 units. In
this sense, different compositions in the La-Ba-Cu-Co-O
system are under investigation and will due reported in due
course.
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Experimental Section


A sample of nominal composition LaBaCuCoOy was prepared from the
stoichiometric amounts of BaCO3, La2O3, Co3O4 and CuO. This mixture
was ground in an agate mortar and heated, after carbonate decomposition,
at 960 �C during a week with intermediate milling.


The cationic composition was determined by energy-dispersive X-ray
spectroscopy (EDS) by using a field emission electron microscope (FEG)
Philips CM200 equipped with an EDAX microanalytical system. Powder
X-ray diffraction (XRD) was performed using a Philips X×Pert diffrac-
tometer with CuK� radiation. The diffraction data were analysed by the
Rietveld method[9] by using the Fullprof program.[10] Selected electron
diffraction area (SAED) and high resolution electron microscopy (HREM)
studies were carried out on both JEOL 2000-FX and JEOL 4000-EX
electron microscopes. Oxygen content was determined by thermogravi-
metric analysis by using a Cahn D-200 electrobalance equipped with a
furnace and a two-channel register, allowing simultaneously recording of
the weight loss and the reaction temperature. The oxygen content can be
determined within �5� 10�3 for a sample of total mass of about 50 mg.


According to EDS and thermogravimetric analysis, the stoichiometry of
the sample was LaBaCuCoO5.2 . However, it is worth emphasizing that EDS
analysis indicates that, although in average constant, the Cu/Co ratio
changed over small areas. Reduced samples of general formula La-
BaCuCoO5.2�� were prepared by reduction of the starting material at 350 �C
in an H2/He atmosphere. Once a desired weight loss, monitored with a
CAHN-D200 electrobalance, was attained, the sample was annealed at
700 �C under He atmosphere. � values were chosen according to the
reduction path described in the text.
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Abstract: The ground-state properties
of a CoII


3 moiety encapsulated in a
polyoxometalate anion were investigat-
ed by combining measurements of spe-
cific heat, magnetic susceptibility, and
low-temperature magnetization with a
detailed inelastic neutron scattering
(INS) study on a fully deuterated poly-
crystalline sample of Na12[Co3W-
(D2O)2(ZnW9O34)2] ¥ 40D2O (Co3). The
ferromagnetic Co3O14 cluster core con-
sists of three octahedrally oxo-coordi-
nated CoII ions. According to the single-
ion anisotropy and spin ± orbit coupling


of the octahedral CoII ions, the appro-
priate exchange Hamiltonian to
describe the ground-state properties
of the Co3 spin cluster is anisotropic
and is expressed as � �
�2���x�y�z(J


12
� S√1�S√2�� J23� S√2�S√3�), where


J� are the components of the exchange
interactions between the CoII ions. To


reproduce the INS data, different ori-
entations of the two anisotropic J ten-
sors must be considered, and the follow-
ing conditions had to be introduced:
J12x � J23y , J12y � J23x , J12z � J23z . This result
was correlated with the molecular sym-
metry of the complex. The following set
of parameters was obtained: J12x � J23y �
1.37, J12y � J23x � 0.218, and J12z � J23z �
1.24 meV. This set also reproduces in a
satisfactory manner the specific heat,
susceptibility, and magnetization prop-
erties of Co3.


Keywords: anisotropic exchange ¥
cobalt ¥ magnetic properties ¥
neutron diffraction ¥ polyoxo-
metalates


Magnetism in Polyoxometalates: Anisotropic Exchange Interactions in the
CoII3 Moiety of [Co3W(D2O)2(ZnW9O34)2]12�–A Magnetic and Inelastic
Neutron Scattering Study


Juan. M. Clemente-Juan,*[a] Eugenio Coronado,[a] Alejandro Gaita-Arinƒo,[a]
Carlos Gime¬nez-Saiz,[a] Gre¬gory Chaboussant,[b] Hans-Ulrich G¸del,*[b]
Ramo¬n Burriel,[c] and Hannu Mutka[d]


Introduction


Magnetic clusters are currently receiving much attention in
areas of research such as molecular chemistry, magnetism, and
biochemistry. As they are intermediate between small mole-
cules and the bulk state, they can serve as model systems for


in-depth understanding of the magnetic exchange interactions
and provide a testing ground for theories.[1] A class of
inorganic compounds that provides excellent examples of
magnetic clusters are the polyoxometalates.[2, 3] These metal
oxo complexes have proved to be especially valuable for the
study of magnetic interactions in discrete systems, because
many of their diamagnetic structures permit the inclusion of
well-isolated magnetic clusters with various nuclearities and
definite topologies and geometries.[4] A good example of this
capability is provided by complexes obtained from the
trivacant Keggin ligands [XW9O34]n� or Dawson ±Wells
ligands [X2W15O56]n� and divalent or trivalent paramagnetic
transition-metal ions. Thus, tri- to nonanuclear magnetic
clusters can be created. Most of them show ferromagnetic
interactions, or a coexistence of ferromagnetic and antiferro-
magnetic interactions, together with large magnetic anisotro-
pies.[5±15]


Detailed information on these electronic parameters was
obtained by using a combination of experimental techniques.
Typical thermodynamic methods (magnetic susceptibility,
magnetization, specific heat) provided information on the
sign and magnitude of the exchange parameters, but were
mostly insensitive to their anisotropy. The use of inelastic
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neutron scattering (INS) spectroscopy has complemented
such information by providing more direct access to the lower
energy levels and the corresponding spin functions of the
magnetic clusters. In fact, this technique has proved to be a
valuable tool for obtaining information on the nature of the
exchange interactions, in particular on the parameters con-
nected with the magnetic anisotropy. We have used the above
approach to study various CoII polyoxometalate complexes:
From the simple CoII


3 moiety embedded in the salt
K8[Co2(D2O)W11O39] ¥ nD2O (Co2)[16] to larger magnetic clus-
ters with nuclearities of four (K10[Co4(D2O)2(PW9O34)2] ¥
nD2O, Co4),[17±19] five (Na12[Co3W(D2O)2(CoW9O34)2] ¥
nD2O, Co5),[20] and nine (K16[Co9(OD)3(D2O)6(HPO4)2-
(PW9O34)3] ¥ nD2O, Co9).[9, 21]


InCo2, one tetrahedral and one octahedral oxo-coordinated
CoII site share a common oxygen atom. This complex is of
special interest because of the inequivalence of the two CoII


ions. While the ground state of the tetrahedral ion can be
approximated as spin-only S� 3/2, we expect an anisotropic
situation with an effective S� 1/2 for the ground state of the
octahedral partner. Whereas the magnetic susceptibility has
been interpreted in terms of a Heisenberg coupling model
with an antiferromagnetic interaction, the low-energy pattern
derived from INS spectra shows a high anisotropy and can be
reproduced by an axial anisotropic exchange.
In Co4, the four CoII ions are octahedrally coordinated and


all lie in one plane to form a rhombuslike structure. In this
case, the difficulties associated with the exchange topology of
the cluster are accentuated by the fact that the exchange
interactions are expected to be anisotropic due to the highly
anisotropic ground state of octahedral CoII. The overall
ferromagnetic nature of the exchange coupling in Co4 is
derived from the susceptibility. The experimental magnetic
data can be well reproduced by an exchange Hamiltonian with
purely axial anisotropy, although it does not reproduce the
Schottky anomaly of the experimental heat capacity. Consid-
ering the INS intensity in addition to energies shows that a
purely axial anisotropy is the wrong solution. Here, the real
strength of the INS technique becomes manifest. We had to
extend the anisotropy range, and with the rhombic anisotropy
model we finally obtained a set of parameters that are in
agreement with both INS energies and intensities.
The Co5 spin cluster is composed of two tetrahedral and


three octahedral CoII ions. Thus, the exchange network in the
magnetic Co5 cluster contains an octahedral ± octahedral
exchange interaction, which resembles those of the related
Co4 clusters and the Co3 cluster of the present work, and a
tetrahedral ± octahedral exchange interaction, which resem-
bles that of the Co2 spin cluster. In analogy to the chemical
construction of high-nuclearity complexes by assembly of
smaller molecular fragments, one can build up knowledge
about the magnetic properties of large magnetic clusters from
the known magnetic properties of smaller subunits. We
showed that the additional information on the exchange
interactions derived from these simpler subunits, together
with the high-resolution INS data on a fully deuterated
sample of Co5, allows a detailed description of the low-lying
energy levels and exchange parameters of the system. This
allowed us to identify the presence of two different exchange


pathways having different signs and significant anisotropies.
Due to the overparametrization this analysis did not, how-
ever, yield the orientation of the anisotropy tensors, which we
now report here. The parameters reported in a preliminary
study on the title compound[20] should be superseded by the
more detailed results presented here.
Finally, in the case of Co9 the large number of parameters


makes a reasonable analysis of the data impossible without
the help of clear ground rules based on simpler systems. This
makes the analysis of the title compound especially important.


Results


Crystal and molecular structure of the anion : The structure of
the salt Na12[WCo3(D2O)2(ZnW9O34)2] ¥ 40D2O (Co3) was
determined by X-ray crystallography. Crystallographic data
and parameters are listed in Table 1. The compound is
isomorphous to the Zn analogue Na12[WZn3(H2O)2-
(ZnW9O34)2] ¥ 40H2O (Zn5), previously reported by Tourne¬
et al.[11] Like this compound, Co3 contains similar �-
[ZnW9O34]12� fragments of the Keggin polyoxometalate
[ZnW12O40]6�, from which a triad of edge-sharing octahedra
has been removed. Two of these fragments encapsulate four
coplanar metal atoms in such a way that the latter are
octahedrally coordinated in a close-packed arrangement. Two
of these four sites are related by an inversion center and
surrounded by six oxygen atoms of the [ZnW9O34]12� frag-
ments. These two sites are each randomly occupied by one W
atom and one Co atom. The two other sites remain equivalent
and contain two Co atoms surrounded by five oxygen atoms of
the [ZnW9O34]12� fragments and the oxygen atom of a D2O
molecule. Then, the magnetic cluster is defined by three
octahedrally coordinated Co atoms, as shown in Figure 1.


Table 1. Crystallographic data for Co3.


formula Na12[WCo3(D2O)2(ZnW9O34)2] ¥ 40D2O
M 6005.70
T [K] 293(2)
radiation MoK� (�� 0.71069 ä)
crystal system monoclinic
space group P21/c
Z 2
a [ä] 13.0749(16)
b [ä] 17.817(2)
c [ä] 24.205(3)
� [�] 119.047(6)
V [ä3] 4929.5(10)
� [gcm�3] 4.045
� [mm�1] 23.212
max/min transmission 0.1284/0.0545
crystal form prism
crystal size [mm] 0.30� 0.20� 0.15
2�max [�] 61.06
reflections 40862
independent reflections 14946
observed reflections [I� 2�(I)] 13134
restraints/parameters 285/668
GOF on F 2 1.158
final R(F) 0.0597
final Rw(F 2) 0.1435
max/min in difference map [eä�3] 7.652/� 5.201
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Figure 1. ORTEP plot of the anion of Co3 with 60% ellipsoids. For clarity,
only crystallographically independent metal atoms and oxo anions involved
in the magnetic exchange are labeled. Unlabeled metal atoms are
generated by an inversion center. Co2 denotes the random occupancy by
W10 or Co2.


The four metal atoms lie at the corners of a rhomboidlike
polygon, two opposite sides of which differ slightly in length to
the other two (3.170(2) and 3.1827(19) ä). The average
Co1-O-Co2 angles, Co1-O-O-Co2 dihedral angles, and Co�O
and Co1�Co2 distances are listed in Table 2. For our purposes
it is important to note that O31 and O32, though crystallo-
graphically independent, are nearly chemically equivalent, so
that angles and dihedral angles listed in Table 2 differ by less
than 0.4%, and only in the case of the Co�O distances does
this value increase to 2%.


Magnetic measurements : Magnetic susceptibility data for a
deuterated sample of Co3 are shown in Figure 2a, which plots
�mT versus T at 0.1, 1, 2, and 4 T. When the sample is cooled
from room temperature, �mT decreases from 10.3 emuKmol�1


at 293 K to 7.8 emuKmol�1 at 35 K, at which a round
minimum is observed, then increases at lower temperatures
to reach a maximum value at about 6 K (at 0.1 T, see below).
The decrease is due to spin ± orbit coupling of CoII, while the


Figure 2. a) Experimental �mT of a polycrystalline sample of Co3 between
2 and 30 K (� at four different fields. Inset: Experimental �mT of the same
sample at 0.1 T in the temperature range 2 ± 300 K. b) Isothermal magnet-
ization of Co3 at 2 and 5 K. The solid lines represent the magnetic
properties calculated by applying the Hamiltonian of Equation (1) with the
parameter sets of Equation (2) and a set of g parameters in the usual range.


increase is indicative of ferromagnetic CoII ± CoII interactions
within the trinuclear spin cluster. The low-temperature
behavior (below 50 K) depends on the applied magnetic field.
At 0.1 T, �mT reaches a maximum value of 8.8 emuKmol�1 at
6 K. At higher fields, the maximum first shifts to higher
temperatures and becomes broader and lower, and finally
disappears, after which �mT decreases monotonically on
cooling. The dependence of the low-temperature isothermal
magnetization on field at 2 and 5 K, from 0 to 5 T, is plotted in
Figure 2b.


Heat capacity : The results of the heat capacity measurements
on Co3 and isostructural Zn5 are shown in Figure 3a for
temperatures below 20 K. They show a smooth behavior with
an increasing excess for the magnetic compound on decreas-
ing the temperature. The specific heat of the Zn analogue has
the typical T3 behavior of the lattice contribution at low
temperatures, with a Debye constant of 	D� 200 K. The
curves of the two compounds almost coincide above 30 K. The
magnetic contribution of Co3 was obtained by subtracting the
molar heat capacity of the other compound. The difference
shows a Schottky-type anomaly with a maximum at 7 K
(Figure 3b). The absolute values of the anomaly were scaled
to the maximum height of the Schottky contribution given by
the energy levels deduced from the INS measurements. Thus,
we take into account the occupational defects (see below).


Inelastic neutron scattering : Figure 4 shows the INS spectra of
polycrystalline Co3 with an incident neutron wavelength of
4.1 ä at four temperatures. The energy-transfer range be-
tween �3.8 and 4 meV is depicted with positive values for
neutron-energy loss (right) and negative values for neutron-
energy gain (left). The resolution is 110 �eVat the position of
the elastic peak. At 1.7 K we observe two inelastic transitions


Table 2. Average interatomic distances [ä] and bond and dihedral an-
gles [�] in Co3.


Co1-O-Co2 (O31, O32) 96.5
Co1-O-Co2 (O34) 102
Co1-O-O-Co2 (O31 ±O34, O32 ±O34) 168.5
Co�O (Co1, Co2; O31, O32, O34) 2.1
Co1�Co2 3.18
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Figure 3. a) Experimental heat capacity data for Co3 (�) and Zn5 (�)
below 20 K. b) Magnetic heat capacity deduced from the measured values
(see text). The solid line is the curve calculated by using the exchange
parameters derived from INS.


Figure 4. INS spectra of Co3 at 1.7, 5.0, 10, and 30 K, measured on IN6 of
ILL with an incident wavelength of �� 4.1 ä. The labels of the transitions
are explained in the text. Right: neutron-energy loss side. Left: neutron-
energy gain side.


at 2.04 and 3.54 meV on the neutron-energy loss side, label-
ed II and III, respectively. At 4.1 ä the loss spectrum is
obscured below 1 meV by a spurious shoulder, most probably
a Bragg reflection of the aluminum-shielded cryostat. On
increasing the temperature to 5, 10, and 30 K two hot peaks
appear at 2.5 and 1.5 meV, labeled IVand V, respectively. The
corresponding gain transitions II� ±V� (Figure 4, right) appear
with rising temperature, as the excited levels become popu-
lated. A new transition is observed at 1.0 meV and denoted
I�(�VI�). This transition is obscured on the neutron-energy
loss side by the spurious peak. On the gain side all five peaks
are resolvable, while on the loss side only II ±Vare resolvable.
The least-squares fitting analysis in Figure 4 was performed by
assuming one Gaussian for each peak. As background we
used the INS spectra of Na12[Mn3W(D2O)2(ZnW9O34)2] ¥
46D2O under the same conditions, as this isostructural
compound is silent in this region. The intensities derived
from the least-squares fitting analysis are summarized in
Table 3.
Figure 5 shows INS spectra of Co3 at 5.9 ä. At this


wavelength, the range between �1.4 and 1.8 meV is covered,
so only the peaks I(�VI) and I�(�VI�) are observed. In this
case, the peak I(�VI) is not obscured, and resolution at the
elastic-peak position is improved to 40 �eV. At 30 K, we can


Figure 5. INS spectra of Co3 recorded at 1.7, 10, and 30 K, measured on
IN6 of ILL with an incident wavelength of �� 5.9 ä. The labels of the
transitions are explained in the text. Right: neutron-energy loss side. Left:
neutron-energy gain side.


Table 3. Experimental and theoretical energies and relative intensities of the INS transitions.


Intensity [arbitrary units]
Energy [meV] 1.5 K 5 K 10 K 30 K � Q range


Label exptl calcd exptl calcd exptl calcd exptl calcd exptl calcd [ä] [ä�1]


I� 0.98(1) 0.98 0 0 0.212(3) 0.0974 0.559(6) 0.276 0.76(2) 0.445 4.1 0.276 ± 2.30
V� 1.50(1) 1.50 0 0 0 0 0.080(3) 0.009 0.149(5) 0.086 4.1 0.276 ± 2.30
II� 2.040(6) 2.040 0 0 0 0.008 0.083(3) 0.065 0.138(4) 0.190 4.1 0.276 ± 2.30
IV� 2.56(1) 2.56 0 0 0 0 0.011(2) 0.009 0.074(3) 0.080 4.1 0.276 ± 2.30
III� 3.54(1) 3.54 0 0 0 0 0.005(1) 0.010 0.055(2) 0.088 4.1 0.276 ± 2.30
I � 0.98(1) � 0.98 ± 0.981 ± 0.963 ± 0.880 ± 0.658 4.1 0.276 ± 2.30
V � 1.50(1) � 1.50 0 0 0.095(8) 0.006 0.18(1) 0.053 0.303(8) 0.155 4.1 0.276 ± 2.30
II � 2.040(6) � 2.040 1.00(1) 1.000 0.87(1) 0.901 0.70(1) 0.700 0.42(1) 0.419 4.1 0.276 ± 2.30
IV � 2.56(1) � 2.56 0 0 0.127(8) 0.069 0.30(1) 0.168 0.34(1) 0.214 4.1 0.276 ± 2.30
III � 3.54(1) � 3.54 0.797(6) 0.830 0.681(6) 0.748 0.493(9) 0.581 0.256(9) 0.347 4.1 0.276 ± 2.30
I� 0.980(7) 0.980 ± 0 ± ± 0.274(6) 0.274 0.494(7) 0.431 5.9 0.192 ± 1.599
V� 1.51(1) 1.51 ± 0 ± ± 0.011(2) 0.008 0.101(3) 0.071 5.9 0.192 ± 1.599
I � 0.980(7) � 0.980 1.00(2) 1.000 � ± 0.84(2) 0.871 0.57(2) 0.636 5.9 0.192 ± 1.599
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also resolve the peak V�. The resulting intensities are also
summarized in Table 3.
The good statistics of the spectra allowed the behavior of


the scattering intensity of transitions I ±V to be studied as a
function of the scattering vector Q, at ten intervals (between
0.192 and 1.599ä�1 for �� 5.9 ä, and between 0.276 and


2.30ä�1 for �� 4.1 ä). Some
typical results are plotted in
Figure 6 for transitions I and V.
The observed Q dependencies
identify transitions I ±V as
magnetic; phonon excitations
would typically show an in-
crease of the INS intensity
proportional to Q2.
From the experimental data


presented in Figures 4 and 5
and Table 3, we derive the en-
ergy-level diagram depicted in
Figure 7. The cold transitions
I ± III originating from the
ground level are indicated by
full arrows, and hot transitions
from the excited levels by bro-
ken arrows. The two hot tran-
sitions (IVand V) are from the
two lower excited states (0.98


and 2.04 meV) to the highest energy level (3.54 meV).
Analysis of the temperature dependence of the peak inten-
sities is consistent with a scheme of four energy levels with
equal degeneracies and relative energies of 0.00, 0.98, 2.04,
and 3.54 meV. According to this energy level diagram, another
transition (VI) between the two lower excited states may be
observed at 1.06 meV. Such a transition is very close in energy
to transition I (0.98 meV), so the peak assigned to I should
actually come from these two near-isoenergetic transitions
and is denoted I(�VI).


Figure 7. Experimental ground-state splitting. The cold transitions I ± III
originating in the ground level are shown with full arrows. The hot
transitions originating from the excited levels at 0.98 and 2.04 meV are
shown with broken arrows. Each gain transition is experimentally observed,
and therefore all arrows are double-headed. The neutron-energy gain
transitions are referred to in the text as I�, II�, etc. Each energy level is
labeled according to the Ms associated with the basis functions having the
major contribution in the wave functions 
n of the CoII


3 moiety. This
contribution, that is, the sum of the squared coefficients in the linear
combination in Equation (2), is given on the right.


Discussion


Anisotropic exchange model : Magnetostructural correlations
for octahedrally coordinated CoII are far from clear, but due
to the small differences in the exchange pathways along the
oxo bridges, we can regard the subunit Co3O14 as having
idealized C2 symmetry. It is formed by three edge-sharing
CoO6 octahedra. The two terminal CoO6 octahedra share
nonparallel, noncoplanar edges with the central CoO6 moiety,
and are not connected with each other. The structure is shown
in Figure 1. In view of this geometry, the exchange pathways
between the central CoII ion and the two terminal ions are
equivalent. Furthermore, the lack of bridging atoms between
the terminal CoII ions allows us to assume, in a first
approximation, that the exchange interaction between these
terminal ions is negligible.
The 4T1 high-spin ground state of octahedral CoII shows a


first-order spin ± orbit coupling and splits into six anisotropic
Kramers doublets. At low temperature (below 30 K) only the
lowest Kramers doublet is populated, so that the exchange
interaction between two CoII ions can be described by
assuming a coupling between these fully anisotropic Kramers
doublets with effective spins of 1/2. Expressing this spin
anisotropy in terms of exchange anisotropy gives the effective
exchange Hamiltonian for our CoII


3 moiety [Eq. (1)].


� ��2���x�y�z(J
12
� S√1�S√2�� J23� S√2�S√3�) (1)


Generally, the operator involved in Equation (1) does not
commute with S√2, the total spin of the system. Therefore
neither S norM are good quantum numbers of the system, and
the eigenfunctions of the trinuclear unit will be given by
appropiate linear combinations of the �Sƒ2)SM� basis functions
[Eq. (2)]:



n��S~2 �S�M
an(Sƒ2 ,S,M) � (Sƒ2)SM� (2)


in which an(Sƒ,S,M) are the eigenvector coefficients of the
cluster levels, and Sƒ2 is an intermediate spin quantum number,
defined as Sƒ2� S1� S2 .
The models so far used to successfully reproduce the INS


spectra of the closely related systemsCo4 andCo5 required the
consideration of fully anisotropic exchange interactions (Jx�
Jy�Jz) with parallel J tensors.[15, 16] In fact, an axial exchange
model (with Jx� Jy�Jz) proved to be clearly insufficient for
the correct analysis of the data. Bearing in mind these results,
we assumed as a first step the same kind of model to treat Co3.
This involves as parameters the three components of the
exchange interaction J, since J12� � J23� (�� x, y, z). However,
after exploring the whole range of parameters, no solution was
found that matches the experimental energy-level diagram.
This result shows that new considerations must be taken into
account in the present case. However, it does not mean that
the Hamiltonian under consideration is inappropriate. In fact,
the problem is not the Hamiltonian itself, but the lack of
symmetry considerations. Thus, owing to the angular geom-
etry of the complex we considered, in a second step, the
possibility of nonparallel anisotropic J tensors. In view of the
C2 symmetry of the Co3O14 unit it is possible to relate the


Figure 6. Experimental and
calculated Q dependencies of
the INS intensities of transi-
tions I�VI and V. The form
factors F(Q) are taken from the
literature,[36] and the Co�Co
distances from the X-ray struc-
ture. The intensities of transi-
tions I�VI and V are very
different (see Table 3), so they
have been scaled.
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diagonal components of the anisotropic exchange tensor J12


and J23. In this particular case and with the purpose of keeping
only diagonal components, the local axes of anisotropy were
chosen to point towards some of the oxygen atoms of the
octahedral site (see Figure 8), and we chose the same


Figure 8. Assumed orientations of the local anisotropy axes, which have
been chosen to point towards some of the oxo anions defining the
octahedra of each site. The anisotropy axes of 3 and 1 are related by the C2


symmetry of the molecule. The spatial relations between the anisotropy
axes defines the conditions in Equations (1) and (3).


molecular anisotropic tensor as for ion 2. This choice is
convenient because then all components of the different local
and molecular tensors are parallel or perpendicular to each
other. This gives a symmetry-adapted Hamiltonian without
nondiagonal exchange components [Eq. (1)], which is not the
case if the molecular tensor is chosen to be parallel to the
molecular C2 axis. To some extent, the assumed direction for
the anisotropy axes is only an approximation, because it may
show some deviations from the coordination axes, as was
shown by EPR spectroscopy in simpler systems.[22] However,
these studies cannot yet be performed on a relatively complex
system like that studied here.
Taking into account the local anisotropic tensors and their


projection on the molecular one, we find the following
relationship between the parameters: J12x � J23y , J12y � J23x ,
J12z � J23z . This allows the experimental energy-level scheme
depicted in Figure 7 to be reproduced, and the set of
parameters given in Equation (3) is obtained.


J12x � J23y � 1.37; J12y � J23x � 0.218; J12z � J23z � 1.24 meV (3)


These parameters imply doubly degenerate levels with
linear combination of different �M base functions, a level
scheme which is typical for axial J anisotropy, but not for a
fully rhombic anisotropy. In this particular case, however, the
symmetry relations between the exchange components of the
two exchange tensors give rise to this surprising energy-level
scheme. Table 4 lists the energy of and main contributions to
each wavefunction.
To confirm the validity of the proposed solution a full


evaluation of the INS transition intensities and Q depen-


dencies was performed. This study should provide direct
information on the nature of the eigenfunctions of the
trinuclear unit. For this purpose, the relative INS intensities
and Q dependencies were analyzed with a general formalism
developed in ref. [23] and integrated in the program package
MAGPACK.[24] The comparison between experimental and
calculated energies and intensities is given in Table 3. For
4.1 ä data the experimental and calculated intensities were
scaled to transition II at 1.7 K, which is the most intense
transition. For 5.9 ä the most intense transition, I(�VI) at
1.7 K, was normalized to unity. For cold transitions (I ± III) the
agreement is excellent, and only for excited transitions (IV
and V) are the experimental intensities slightly underesti-
mated in the calculated spectra.
Another test is provided by comparison of the experimental


and observed Q dependencies of the INS intensities. Figure 6
shows the experimental Q dependencies for two selected
transitions in which they are distinctly different and well
resolved. The theory closely reproduces these dependencies
and confirms the good assignment of the quantum number
to each energy level. Thus, the Q dependence for
transition I shows a continuous decrease with increasing Q,
a behavior typical for a transition between levels with the
same S and different M values. In turn, for transition V the
intensity increases with increasingQ and reaches a maximum,
that is, the initial and final functions of this transition have
different values.


Analysis of the magnetic properties : To reproduce the low-
temperature magnetic properties, the different g components
associated with each center must be taken into account. For
this the Zeeman terms are added to the Hamiltonian of
Equation (1), and the exchange parameters obtained from the
INS analysis are conserved. In a first approximation, the three
g tensors were considered to be parallel. No solution was
found after exploring the whole range of parameters, with the
only limitation g1i � g2i � g3i (i� x, y, z). Hence, a more detailed
consideration of the symmetry was again necessary to
reproduce the experimental data. A solution was found with
an orientation of the g tensors consistent with that assumed
for the J tensors [Eq. (4)].


g1x� g3x, g1y� g3z ; g1z� g3y ; g2y� g2z (4)


This model involves a large number of independent
parameters, so to avoid overparametrization, the fit was
performed simultaneously over four �mT curves measured at
different external magnetic fields (Figure 2a). As the wave-
functions and eigenvalues of the magnetic cluster are
accurately determined by INS, the differences observed in


Table 4. Experimental and calculated energy levels with corresponding wavefunctions expanded in the � (Sƒ2)SM� basis obtained by applying the spin
Hamiltonian of Equation (1) with the parameter set of Equation (2).


Exptl energy [meV] Calcd energy [meV] Main contribution to functions � (Sƒ2)SM�
0.00 0.00 � 0.222 � (0)1/2� 1/2�� 0.384 � (1)1/2� 1/2�� 0.896 � (1)3/2� 3/2�
0.98(1) 0.98(1) � 0.956 � (1)3/2� 1/2�� 0.281 � (1)3/2� 1/2�
2.040(6) 2.040(6) 0.448 � (0)1/2� 1/2�� 0.776 � (1)1/2� 1/2�� 0.443 � (1)3/2� 3/2�
3.54(1) 3.54(1) � 0.721 � (0)1/2� 1/2�� 0.475 � (0)1/2� 1/2�� 0.416 � (1)1/2� 1/2�� 0.274 � (1)1/2� 1/2�
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the �mT curves at different magnetic fields can only be due to
the Zeeman contributions.
An excellent fit that reproduces the low-temperature range


of the �mTmeasured at different magnetic fields was obtained
with the g parameters of Equation (5).


g1x� g3x� 6.25; g1y� g3z� 4.83; g1z� g3y� 0.70; g2y� g2z� 4.00 (5)


Attention should be paid to the need to introduce
anisotropic g values and to the relative orientation of their
components, rather than to their values, which can only be
taken as approximate.
The validity of the anisotropic exchange model is further


confirmed by the low-temperature behavior of the magnet-
ization as a function of the external magnetic field (Fig-
ure 2b). The parameters deduced from INS and susceptibility
analysis provide an excellent description of the experiment
(solid lines in Figure 2). However, the low information
content of the magnetic data (�m andM), which were obtained
from polycrystalline samples, makes it impossible to extract
accurate values for the g parameters. Clearly, other combina-
tion of parameters can fit the available data equally well,
especially if other relative orientations of the g tensors are
selected.


Analysis of the specific-heat data : The specific heat gives
further independent information that helps to confirm the
validity of the model. Assuming the energy levels directly
provided by INS (0, 0.98, 2.04, 3.54 meV) are correct, the
position and height of the Schottky anomaly can only be
properly reproduced by the calculations if all levels have the
same degeneracy. Different schemes result in important
differences in the shape of the anomaly and/or a shift in its
position. As can be seen in Figure 3b, the Schottky anomaly is
properly reproduced by using the INS-derived energy-level
scheme and the model-derived degeneracy pattern, and this is
further experimental support for the model. To quantitatively
fit the experimental data, the sample was assumed to contain
about 9% of Co-poor polyoxoanions (a mixture of rhomb ±
side or rhomb± long axis magnetic systems), which would only
contribute a small perturbation to the susceptibility and
magnetization, and as noisy peaks to the INS experiments,
and which are expected from the synthetic pathway.[11]


Conclusion


The ferromagnetic and anisotropic exchange parameters of
Co3 are in the same range as those of the related compounds
Co4 and Co5. The small deviations are attributed to the
differences in structure and charge distribution due to the
substitution of a CoII by a WVI ion (in both Co4 and Co5), and
of a PV by a ZnII ion (in Co4).
The current study on the ferromagnetic Co3 cluster shows


the fruitfulness of paying attention to relatively simple
systems. Far from being easier to characterize, this smaller
analogue of the Co4 and Co5 clusters has fairly complex
ground-state properties. These two higher nuclearity poly-
oxometalates, both containing the Co3O14 magnetic network


with only minor modifications in bond lengths and angles,
have already been successfully studied by INS. These studies
yielded a better understanding of the magnetic anisotropy in
molecular systems. However, exchange anisotropy, which is
significantly caused by single-ion anisotropy, is a very complex
phenomenon, and the properties measured on these large
clusters may not provide enough information to fully under-
stand it, as they may represent cases of overparametrization.
The sign and order of magnitude of the exchange parameters,
as well as some indication of their anisotropy, can be extracted
from magnetic and other thermodynamic data. The INS
spectra are a further step toward providing precise informa-
tion on the amount of exchange anisotropy. However, in these
large clusters INS proved to be insensitive to the relative
orientation of the anisotropic J tensors, and a model assuming
parallel J tensors was sufficient to reproduce the experiments.
Here we have shown that the symmetry and low nuclearity


of Co3, together with the high quality of the INS data, allow a
more profound insight into its magnetic anisotropy. For the
first time to our knowledge, the different orientation of the
anisotropic J tensors had to be taken into account to
reproduce the data of a magnetic system. In future this
information will be useful for studying in more detail the
exchange interactions in higher nuclearity anisotropic mag-
netic clusters. Further, this result also emphasizes the need to
study even simpler systems (i.e., CoII


2 moieties) to obtain even
better magnetic models in which the nature of the exchange
interaction in the presence of orbital degeneracy can be
studied by INS. Additionally, theoretical derivation of the
appropriate exchange Hamiltonians[25, 26] and calculation of
the magnetic parameters[27±31] are required to give a physical
meaning to the parameters extracted from an effective and
simple spin Hamiltonian. The combination of these three
strategies will hopefully lead to a general understanding of
magnetic interactions and magnetic anisotropy in molecular
clusters formed by anisotropic ions.


Experimental Section


Approximately 15 g of Co3 was obtained by the method described in
ref. [11]. The last step (metathesis) of the synthesis was performed in D2O.
The deuterated product grew as single crystals, one of which was used for
X-ray diffraction. The sample was reduced to fine crystalline powder and
sealed under helium in an aluminum container of 15 mm diameter and
55 mm length suitable for INS experiments.


Crystal and molecular structure of the anion of Co3 : Crystals suitable for
X-ray diffraction were obtained by repeated crystallization of the sodium
salt of the polyoxometalate anion in D2O. Crystallographic data were
collected on a three-circle diffractometer (Bruker Smart CCD) with a CCD
detector. Intensities were corrected for Lorentzian and polarization effects.
An empirical absorption correction was applied by using the SADABS
program based on the Laue symmetry of the reciprocal space. The structure
was solved by direct methods (SIR97)[33] and refined against F 2 with a full-
matrix least-squares algorithm by using SHELX-97[34] and the WinGX
(1.64) software package.[35] Further details of the crystal structure inves-
tigation can be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany, (fax: (�49)7247-808-666;
e-mail : crysdata@fiz-karlsruhe.de) on quoting the depository number
CSD-412572.


Magnetic measurements : Variable-temperature susceptibility measure-
ments were carried out in the temperature range 2 ± 300 K on a 3 mm
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diameter compacted pellet molded from a ground crystalline sample of Co3
on a magnetometer equipped with a SQUID sensor (Quantum Design
MPMS-XL-5). The data were corrected for the diamagnetic contribution,
which was estimated from the Pascal constants. Isothermal magnetization
measurements at low temperature (2 K and 5 K) were performed up to a
field of 5 T in the same apparatus.


Inelastic neutron scattering (INS): INS spectra with cold neutrons were
recorded on the time-of-flight spectrometer IN6 at the Institut Laue
Langevin (ILL) in Grenoble. The measurements were performed at 1.7, 5,
10, and 30 K with an incident neutron wavelength of �� 4.1 ä, and at 1.7, 10
and 30 K with �� 5.9 ä.


The data processing involved the subtraction of a background spectrum
measured on an empty aluminum container of the same size, and
calibration of the detectors by means of a spectrum of vanadium metal.
Conversion of time-of-flight to energy and data reduction were done with
the standard program INX at ILL. The data were treated further by using
the commercial program IgorPro 3.14 (Wave Metrics).


Heat capacity : The heat capacity of well-crystallized sample grains was
measured in an adiabatic calorimeter[35] from 4.5 to 120 K. 1.5 g of Co3 was
sealed in a 1 cm3 sample container under 45 mbar of helium gas to ensure
heat exchange and temperature equilibration. The measurements were
made with temperature steps between 0.5 and 2 K. Carbon ± glass and Rh ±
Fe thermometers were used on the sample holder and on the adiabatic
shield that surrounds it, which was held at the temperature of the sample to
provide adiabatic conditions. The specific heat of the sample was obtained
by subtracting the contribution of the empty sample holder, measured in a
separate experiment. Similar measurements were performed on 2 g of
isostructural Zn5 to deduce the specific heat of the nonmagnetic lattice.
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Abstract: The tetrapodal pentaamine
2,6-C5H3N[CMe(CH2NH2)2]2 (pyN4, 1)
forms a series of octahedral iron(��)
complexes of general formula
[Fe(L)(1)]Xn with a variety of small-
molecule ligands L at the sixth coordi-
nation site (L�X�Br, n� 1 (2); L�
CO, X�Br, n� 2 (3); L�NO, X�Br,
n� 2 (4); L�NO�, X�Br, n� 3 (5);
L�NO2


�, X�Br, n� 1 (6)). The bromo
complex, which is remarkably stable
towards hydrolysis and oxidation, serves
as the precursor for all other complexes,
which may be obtained by ligand ex-
change, employing CO, NO, NOBF4,
and NaNO2, respectively. All complexes
have been fully characterised, including
solid-state structures in most cases. At-
tempts to obtain single crystals of 6


produced the dinuclear complex [Fe2{�2-
(�1-N :�1-O)-NO2}(1)2]Br2PF6 (7), whose
bridging NO2


� unit, which is unsupport-
ed by bracketing ligands, is without
precedent in the coordination chemistry
of iron. Compound 2 has a high-spin
electronic configuration with four un-
paired electrons (S� 2), while the car-
bonyl complex 3 is low-spin (S� 0), as
are complexes 5, 6 and 7 (S� 0 in all
cases); the 19 valence electron nitrosyl
complex 4 has S� 1³2. Complex 4 and its
oxidation product, 5 ({Fe(NO)}7 and
{Fe(NO)}6 in the Feltham±Enemark
notation) may be interconverted by a


one-electron redox process. Both com-
plexes are also accessible from the
mononuclear nitro complex 6 : Treat-
ment with acid produces the 18 valence
electron NO� complex 5, whereas hy-
drolysis in the absence of added protons
(in methanolic solution) gives the 19
valence electron NO. complex 4, with
formal reduction of the NO2


� ligand.
This reactivity mimicks the function of
certain heme-dependent nitrite reduc-
tases. Density functional calculations for
complexes 3, 4 and 5 provide a descrip-
tion of the electronic structures and are
compatible with the formulation of
iron(��) in all cases; this is derived from
the careful analysis of the combined IR,
ESR and Mˆssbauer spectroscopic data,
as well as structural parameters.


Keywords: chelates ¥ iron ¥ nitrite
reductase ¥ N ligands


Introduction


Iron-nitrogen coordination chemistry in oxidation states ��
and ��� is dominated by mono- or multidentate imines,


especially in the case of FeNx cores, with x� 4, 5, 6. Such
ligands have �* orbitals available for back-donation of
electron density from the metal, thereby contributing to the
overall stability of the complexes.[1±3] By contrast, aliphatic
amines have pure �-donor character, which causes the central
metal to have high electron density. Iron complexes of such
ligands are known, but they are numerous only in the case of
macrocyclic ligands, such as triazacyclononane,[4, 5] cyclam[6, 7] or
sarcophagine,[8] for which complex stability is owed largely to
the ™macrocyclic∫ or the ™cryptate effect∫.[9] In the case of open-
chain aliphatic amines, complexes of iron are extremely rare.
The known compounds undergo ready hydrolysis and/or
oxidation, yielding stable iron± imino species in some cases[10, 11]


and ill-defined rust-like decomposition products in others.[12, 13]


Similarly, while the hexaammine complex [Fe(NH3)6]2� is
known, it is stable only under very special conditions.[14, 15]


Our recent work introduced a highly symmetrical open-
chain pentaamine ligand with an NN4 donor set, which
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consists of a ™central∫ pyridine
unit and four equivalent ali-
phatic primary amino groups
(™pyN4∫, 1). This polyamine
has predominantly �-donor


character, is expected to render the coordinated metal ion
electron-rich and imposes virtually no steric constraints;
hence it may be construed as a ™chelating analogue∫ of the
pentaammine donor set (NH3)5. Initial reports detailed its
coordination chemistry with CoIII and NiII.[16, 17] The ligand
acts as a square-pyramidal ™coordination cap∫, leaving a sixth
coordination site for a small monodentate ligand in complexes
of overall octahedral geometry. We are currently exploring
derivatives of such complexes,[18, 19] with functional groups
appended to the basal donor atoms of 1, that will engage in
secondary interactions with the monodentate ligand, so as to
control its binding and reactivity. Depending on the choice of
functional group, binding of the monodentate ligand may–
when compared to the parent complex with nonderivatised
pyN4–become reversible.


In contrast to the reported lability of iron(��) complexes with
open-chain aliphatic amine ligands, we have found that
complexation with the pentaamine 1 is facile, and that these
complexes possess remarkable stability with respect to
hydrolysis and oxidation. Indeed, an alkaline aqueous solu-
tion is the preferred medium of preparation in some cases. We
report here on the bromo complex [FeBr(1)]Br, and the
carbonyl and nitro derivatives that have been obtained from it
by ligand exchange ([Fe(CO)(1)]Br2 and [Fe(NO2)(1)]Br).
The nitro complex shows reactivity reminiscent of the action
of certain nitrite reductases,[20] in that it may be transformed
into a pair of homologous 18 and 19 valence-electron iron ±
nitrosyl complexes ([Fe(NO)(1)]Br3 and [Fe(NO)(1)]Br2),
upon reaction with H� and H2O, respectively, in methanol.
Attempts to characterise structurally the mononuclear nitro
complex led to the isolation of a dinuclear complex with an
unprecedented feature in the coordination chemistry of
iron(��), namely, a bridging �2-(�1-N : �1-O)-NO2 ligand,
supported only by intramolecular interligand hydrogen bond-
ing.


Results


[FeBr(1)]Br (2): A degassed aqueous solution of stoichio-
metric amounts of 1 ¥ 4HBr (the acid form of the ligand
facilitates its handling and storage) and FeSO4 hydrate, and a
20-fold excess of NaBr, when treated with aqueous NaOH,
will, at pH 8 to 9, precipitate a yellow microcrystalline solid
which is the FeII bromo complex [FeBr(1)]Br (2 ; isolated yield
57%; Scheme 1). NaBr is needed to ™salt out∫ the complex,
and a precipitate is not usually obtained in its absence. The
1H NMR spectrum of the complex (at room temperature)
shows paramagnetically broadened signals, and the effective
magnetic moment is �eff� 5.23 (RT, solid state). Compound 2
is moderately stable in the presence of air in water or
methanol.[21] Oxidation (as judged by the observation of a
colour change) is instantaneous only in the case of the ion-
exchanged perchlorate salt, in which the sixth coordination


Scheme 1. Preparation of the pentaamine iron(��) bromo complex and its
reactivity towards CO, NO, NO�, and NO2


�


site is most likely occupied by an aqua ligand.[22] In the cyclic
voltammogram, compound 2 has a quasi-reversible one-
electron redox wave at �0.17 V (FeII/FeIII). The Mˆssbauer
spectrum consists of a symmetrical doublet with an isomer
shift of �Fe� 1.09(1) mms�1 and a quadrupole splitting of
�EQ� 2.45(1) mms�1 (Figure 1 and Table 1; the noise is due


Figure 1. Zero-field Mˆssbauer spectra of solid complexes 2, 3, 4 and 5 at
77 K. The experimental spectra were fitted (solid curves) with the set of
parameters listed in Table 1.


to the fact that a large part of the 14 keV Mˆssbauer radiation
is absorbed by bromide ion from residual NaBr in the sample,
see Experimental Section for details of sample preparation).
The solid-state structure (at 200 K) shows the NN4 ligand to
be mononucleating and pentadentate (Figure 2),[16, 17] as
expected. All Fe�N bonds are of similar length (Table 2),
with an average of 2.169(6) ä, and the N-Fe-Br moiety is
nearly linear, with an angle of 176.1(2)�.
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Figure 2. Molecular structure of the cation in 2 ; for clarity, a ball-and-stick
representation has been chosen, and hydrogen atoms have been omitted for
clarity.


[Fe(CO)(1)]Br2 (3): Compound 2 reacts cleanly and in high
yield with carbon monoxide in methanol, by displacement of
the bromo ligand, to give the dicationic carbonyl complex.
This precipitates from the solution at room temperature, and
has been isolated as a yellow microcrystalline solid which is
the dibromide salt, [Fe(CO)(1)]Br2 (3 ; isolated yield 87%;
Scheme 1). Solubility of complex 3, while not in itself low, is
increased considerably upon exchange of bromide for the
BArF anion (BArF� [B(3,5-(CF3)2C6H3)4]�),[23] the resulting
salt being readily soluble in methylene chloride.[24] The IR
spectrum of solid 3 (KBr disc) has the CO stretching vibration
at 1960 cm�1. The compound is diamagnetic, with well-
resolved 1H and {1H}13C NMR spectra. They support a C2v


symmetrical structure of the cation in solution (see Exper-
imental Section), and are overall similar to those observed for
a series of cobalt(���) complexes of the pentaamine ligand.[16]


The 13C resonance of the carbonyl ligand occurs at ��
220.71 ppm (D2O). This is an extreme value for an FeII�CO
complex when compared to the range of chemical shifts found
for the CO adducts of hemoproteins and porphyrin-based
model complexes (�� 208 ± 202 ppm).[25] Mˆssbauer spectros-
copy yields �Fe� 0.29(1) mms�1 for the isomer shift and
�EQ� 0.25(1) mms�1 for the quadrupole splitting (Figure 1
and Table 1). In the solid-state structure (Figure 3), the mean


Figure 3. Molecular structure of the cation in 3 ; hydrogen atoms have been
omitted for clarity.


of the Fe�N bond lengths, which are all similar, is 2.02(1) ä.
The coordination of the carbonyl ligand is essentially linear
(�(Fe1-C1-O1)� 166(2)�), and the Fe�C bond length
(1.73(2) ä) is similar to values determined for porphyrinato
FeII�CO complexes with aromatic imines in the trans posi-
tion (e.g., 1.744(5) ä[26]). Some of the primary amine nitrogen
atoms have weak hydrogen-bonded contacts with the
Br� counterions (e.g., d(N14-H14A ¥ ¥ ¥Br1) � 3.392(9) ä,
�(NHBr)� 159(1)� ; sum of van der Waals radii of N and Br:
3.4 ä[27]).


[Fe(NO)(1)]Br2 (4): The reaction of the bromo complex 2
with a stoichiometric amount of nitrogen oxide, in methanol,
gives an immediate colour change from orange to red, and
eventually produces a reddish-brown precipitate that has
been characterised as the 19 valence-electron iron ± nitrosyl
complex [Fe(NO)(1)]Br2 (4), classified as {Fe(NO)}7 accord-


Table 1. Zero-field Mˆssbauer parameters[a] of solid complexes 2, 3, 4, and 5.


[FeBr(1)]Br [Fe(CO)(1)](Br)2 [Fe(NO)(1)](Br)2 [Fe(NO)(1)](Br)3
(2) (3) (4) (5)


spin 2 0 1³2 0
�Fe [mms�1] 1.09(1) 0.29(1) 0.31(1) 0.04(1)
�EQ [mms�1] 2.45(1) 0.25(1) 0.84(1) 1.84(1)
��[b] [mms�1] 0.39(3) 0.27(1) 0.29(1) 0.30(1)
��[b] [mms�1] 0.39(3) 0.25(1) 0.29(1) 0.27(1)


[a] Standard deviations are given in parentheses. [b]�� full width at half-maximum
of the Lorentzian lines. Indices � and � refer to the lower and higher energy lines,
respectively.


Table 2. Selected bond lengths [ä] and angles [�] for compounds 2, 3, 4 and
7 with estimated standard deviations in parentheses.


2 3 4 7


Fe1�N11 2.197(6) 2.02(1) 2.095(5) 2.079(3)
Fe1�N12 2.165(6) 2.01(1) 2.004(6) 2.108(3)
Fe1�N13 2.140(6) 2.01(1) 2.023(5) 2.053(3)
Fe1�N14 2.171(6) 2.015(9) 2.010(5) 2.051(3)
Fe1�N15 2.174(6) 2.02(1) 2.030(6) 2.114(3)
Fe1�X[a] 2.673(2) 1.73(2) 1.737(6) 2.049(4)
X�O1[a] ± 1.20(2) 1.175(8) ±
N1�O1A ± ± ± 1.259(6)
N1�O2 ± ± ± 1.118(6)
N11-Fe1-N12 86.4(2) 83.1(5) 82.9(2) 86.9(1)
N11-Fe1-N13 86.0(2) 89.6(4) 87.2(2) 91.6(1)
N11-Fe1-N14 90.1(2) 93.1(5) 91.5(2) 90.8(1)
N11-Fe1-N15 81.8(2) 87.4(4) 87.3(2) 86.5(1)
N12-Fe1-N13 83.1(2) 91.4(5) 91.9(2) 85.7(1)
N14-Fe1-N15 85.5(2) 84.5(4) 84.5(2) 86.1(1)
N13-Fe1-N14 94.8(2) 91.8(4) 92.0(2) 95.3(1)
N12-Fe1-N15 95.8(2) 92.1(4) 91.0(2) 93.0(1)
N11-Fe1-X[a] 176.1(2) 174.9(7) 172.5(3) 169.6(1)
N12-Fe1-N14 176.0(2) 174.9(5) 173.0(2) 177.5(1)
N13-Fe1-N15 167.8(2) 175.1(4) 173.4(2) 177.7(1)
Fe1-X-O1[a] ± 166(2) 139.4(5) ±
Fe1-N1-O1A ± ± ± 118.4(4)
Fe1-N1-O2 ± ± ± 116.5(3)
O1A-N1-O2 ± ± ± 125.1(6)
Fe1-N11-C11 119.1(5) 118.7(9) 119.0(4) 119.2(2)
Fe1-N12-C16 118.7(5) 116.7(8) 116.6(4) 116.5(2)
Fe1-N13-C17 115.7(5) 117.9(8) 118.4(4) 115.9(2)
N11-C11-C18 116.6(6) 118(1) 116.6(6) 117.1(3)
C11-C18-C16 110.9(6) 112(1) 110.9(6) 111.0(3)
C11-C18-C17 111.7(6) 109(1) 108.6(5) 110.6(3)
C18-C16-N12 114.2(6) 110(1) 112.6(6) 114.3(3)
C18-C17-N13 117.0(6) 113(1) 114.1(5) 114.6(3)


[a] 2 : X�Br1, 3 : X�C1, 4 : X�N1, 7 : X�N1; N1 is equivalent to O1A
owing to disorder of the bridging nitro group, as shown in Figures 9 and 10.
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ing to the Feltham±Enemark notation (isolated yield 34%,
Scheme 1).[28] Compound 4 is also formed by the reaction of a
stoichiometric mixture of 1 ¥ 4HBr ¥MeOH, 4LiOMe, FeCl2
and NO in methanol. It is characterised by an NO stretching
frequency (KBr disc) of �(NO)� 1620 cm�1. The complex is
paramagnetic, with an S� 1³2 ground state. Its predicted spin-
only value of 1.73 �B lies within the range of magnetic
moments measured at variable temperatures (2 ± 300 K, 1.6�
�eff� 2.0; Figure 4). The EPR spectrum of 4, which was


Figure 4. Temperature dependence of the magnetic moment �eff [�B] of a
solid sample of 4. At low temperatures, the magnetic moment decreases
sharply due to intermolecular antiferromagnetic interactions.


obtained on the frozen sample at 115 K, is shown in Figure 5.
The observed g tensor is rhombic (g1� 2.051, g2� 2.005, g3�
1.966), with 14N hyperfine coupling due to the nitrosyl ligand
resolved for g2 ; the coupling constant is A(14NO)� 22.9 G.
The spectrum resembles that of the tetraphenylporphyrina-
tonitrosyliron complex with piperidine as an axial base (g1�
2.080, g2� 2.040, g3� 2.003; A(14NO)� 21.7 G),[29] and a
similar set of parameters was also determined for the nitrosyl
derivative of myoglobin (MbNO).[30] Two redox waves are
recorded in the cyclic voltammogram of 4 (Figure 6): a quasi-
reversible one-electron oxidation (E1/2��0.18 V) and an
irreversible reduction at �1.06 V. The oxidation yields the
18 valence electron complex 5 ({Fe(NO)}6, below), whereas
the reduction is assumed to produce a 20 valence electron
species, {Fe(NO)}8, for which there is precedent in the
literature.[31, 32] The zero-field Mˆssbauer parameters (Fig-
ure 1 and Table 1) are �Fe� 0.31(1) mms�1 and �EQ�
0.84(1) mms�1. The solid-state structure of this 19 valence


Figure 6. Cyclic voltammogram of 4 in DMF (for details see Experimental
Section).


electron nitrosyl complex is presented in Figure 7, and
relevant distances and angles are given in Table 2. Specifically,
the equatorial Fe�N bond lengths are similar, with a mean of
2.017(6) ä, while the bond to the pyridine nitrogen atom,
Fe�Npy, is 2.095(5) ä. The
bond of the nitrosyl ligand to
iron, d(Fe�NO), is 1.737(6) ä,
and the ligand is coordinated
at an angle of �(Fe1-N1-
O1)� 139.4(5)�.


[Fe(NO)(1)]Br3 (5): The 18
valence electron nitrosyl
complex [Fe(NO)(1)]Br3 (5,
{Fe(NO)}6), which is isoelec-
tronic with the carbonyl com-
plex 3, is directly accessible
from the bromo complex 2 by
reaction with an NO� source
such as NOBF4 in a CH2Cl2
suspension. Alternatively, 5
has been obtained by prolonged reaction of 2 with NO gas
in methanol, from which the product precipitates as a
sparingly soluble yellow solid (when dissolved in methanol,
5 is unstable with respect to solvent-induced reduction to the
19 valence electron complex 4, see below). Its formation by
this route is presumably due to oxidation of the initially
formed 19 valence electron complex 4 by small amounts of


higher nitrogen oxides, such as
NO2 and N2O3, which are pro-
duced by reaction of NO with
traces of oxygen in the gas
stream.[33] Spectroscopic data
also indicate spontaneous for-
mation of 5 upon combination
of the pentaamine ligand 1, an
iron(���) salt and NO in meth-
anol. All samples are character-
ized by a strong absorption in
the IR spectrum (KBr disc)
at 1926 cm�1 (�(NO) stretch).
Compound 5 is diamagnetic,


Figure 5. EPR spectrum of 4 at 130 K in DMF. Field markers A, B, C: g� 2.051, 2.005, 1.966. The enlargement of
the feature at g� 2.005 (inset) shows superhyperfine structure due to 14N coupling (A(14NO)� 22.9 G).


Figure 7. Molecular structure
of the cation in 4 ; hydrogen
atoms have been omitted for
clarity.
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and its 1H and 13C NMR spectra show no unusual deviations
from those of the carbonyl complex 3. The cyclic voltammo-
gram shows the same redox behaviour as the 19 valence
electron complex 4, as expected. The Mˆssbauer parameters
(Figure 1 and Table 1) are entirely different from those of 4,
with values of �Fe� 0.04(1) mms�1 and �EQ� 1.84(1) mms�1


for the isomer shift and quadrupole splitting, respectively.
X-ray structural studies of 5 have so far been hampered by
disorder in the anions, which has been difficult to resolve (the
best crystals obtained so far are of a mixed bromide/sulfate
salt, with Br� and SO4


2� sharing positions). It has, however,
been possible to establish the connectivity and overall
geometry of the cation, which is shown in Figure 8.


Figure 8. The overall connectivity and geometry of the cation in 5, as
obtained from a preliminary X-ray structure determination (see text).


[Fe(NO2)(1)]Br (6) and its hydrolysis : Formation of the NO2
�


complex 6 upon addition of NaNO2 to complex 2 in methanol
is immediate, as judged by the colour change from orange to
deep red and the deposition of an orange-red precipitate in
60% isolated yield. The product has been fully characterised
by IR, NMR and UV/Vis spectroscopy as well as other
methods. Attempts to obtain single crystals of 6, however,
have invariably produced the nitrosyl complex {Fe(NO)}7 by
slow hydrolysis, which has so far precluded structural
characterisation of the mononuclear NO2


� complex (cf. the
description of the dinuclear iron nitro/nitrito complex,
below). The IR spectrum of 6 (KBr disc) shows two very
strong absorptions at 1258 and 1219 cm�1, which are shifted to
lower wavenumbers upon 15N labelling (1245 and 1209 cm�1,
respectively), and which we assign to the symmetrical
stretching vibration of an N-coordinated, nitro ligand. Nitrito
ligands typically have their N�O stretching frequencies
around 1450 and 1050 cm�1 (�N�O, �N�O).[34] The nitro complex
is diamagnetic with well-resolved NMR spectra, which,
similar to the spectra of the carbonyl and {Fe(NO)}6


complexes, indicate a C2v symmetrical cation in solution (see
Experimental Section). In the FD mass spectrum, the
molecular ion gives rise to the signal of highest intensity,
and the cyclic voltammogram (DMSO solution) has one
quasi-reversible one-electron redox wave at �0.07 V as the
only feature, which we assign to the FeII/FeIII couple of the
mononuclear complex.


Addition of water to solutions of 6 (in sub-stoichiometric or
stoichiometric amounts) in methanol under anaerobic con-
ditions leads to the formation of the 19 valence electron
complex [Fe(NO)(1)]Br2 ({Fe(NO)}7, 4) as the major product
(Scheme 1; IR spectroscopic evidence suggests that a small
amount of the 18 valence electron complex 5 is also pro-


duced). Solutions set up to grow single crystals of 6 invariably
produced single crystals of 4 unless moisture was rigorously
excluded, in which case single crystals of the dinuclear
complex 7 were obtained.


[Fe2{�2-(�1-N :�1-O)-NO2}(1)2]Br2PF6 (7): Attempts to obtain
single crystals of the mononuclear nitro complex 6 under
strictly anhydrous conditions (redistilled solvents and freshly
dried solids, see Experimental Section) gave a dinuclear
iron(��) complex instead, containing an N,O-coordinated
nitrite bridge (Scheme 1). SQUID measurements show the
dinuclear complex to be diamagnetic over the full temper-
ature range. The crystallisation was carried out in the presence
of hexafluorophosphate, which may help to create a vacant
coordination site on iron(��), in accord with previous observa-
tions of PF6


�-induced loss of a labile ligand from nickel(��).[17]


The solid-state structure of the cation in 7 is shown in Figure 9.
The Fe�N bond lengths to the pyridine and primary amine
nitrogen atoms vary over the range 2.051(3) ± 2.114(3) ä (see
Table 2 for other relevant distances and angles). The NO2


bridge shows disorder (which has been resolved), arising from
the superposition of two possible orientations in the crystal
structure in a 1:1 ratio (Figure 10). There is a crystallographic
inversion centre at the midpoint of the N1�O1A bond vector,
see Figure 9.


Figure 9. Molecular structure of the cation in 7; intramolecular hydrogen
bonds are shown as broken lines. The disorder of the bridging nitro/nitrito
ligand is illustrated in Figure 10 (N1�O1; O1A�N1A; O2A not shown).


Figure 10. The two orientations of the cation of 7 in the solid state
(occupancy factors: 0.5/0.5), which lead to the observed disorder. The
underlying reason is a crystallographic inversion centre at the midpoint of
the N1�O1A bond.
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Discussion


Reactivity : The hydrolysis reaction of 6, in which the nitro
ligand is reduced to coordinated nitric oxide, is remarkable in
that it parallels the reactivity of certain heme cd1-dependent
nitrite reductases at physiological pH.[20] It is important to
note that the hydrolysis of 6 to give 4 proceeds under neutral
conditions. In acidic solution, uncoordinated NO2


� is known
to disproportionate into NO and NO3


�. We therefore also
investigated the reactivity of 6 in the presence of added
protons (HBr or HBF4), but found that these conditions lead
to exclusive formation of the {Fe(NO)}6 complex 5
(Scheme 1), which precipitates from solution. This reaction
corresponds to the formal generation of NO� from NO2


� and
H� by loss of water, aided by metal coordination of the NO2


�


ligand; disproportionation is not observed. While this reaction
is straightforward, it is more difficult to suggest a mechanism
for the production of 4. The reduction equivalents necessary
for the NO2


��NO conversion may either be supplied by the
pentaamine ligand[35] (which would explain the rather low
yield of 4) or by part of the FeII ions, which should lead to the
formation of 4 (which contains formal FeII) and an FeIII


species in a 1:1 ratio. The FeIII species could be the aqua
complex [Fe(OH2)(1)]X3, but this has been found in separate
work to produce the dinuclear oxo complex [(1)Fe-
(�-O)Fe(1)]X4 by condensation,[36] and we have so far no
indication for this product. However, partial formation of FeIII


has been shown to occur in the nitric-oxide-forming reaction
between an iron(��) dithiocarbamate complex and nitrite.[37]


The most likely explanation for the observed reactivity,
however, is to invoke methanol as a reducing agent. Addition
of H� to a solution of 6 in methanol leads to the rapid
formation of {Fe(NO)}6 by loss of water from coordinated
NO2


�, and the product is protected against reduction by its
low solubility. On addition of H2O to a solution of 6 in
methanol, the formation of {Fe(NO)}6 proceeds much more
slowly, so that whatever product is formed can immediately be
reduced to {Fe(NO)}7, with no precipitation of {Fe(NO)}6.
Methanol would thus play the same role in this functional
model as do nonphysiological reducing agents (such as
ascorbate) coupled with heme c in the case of heme cd1-
dependent nitrite reductase, for which such agents have been
shown to sustain the function of the enzyme in vitro.[20, 38, 39] A
comparison of these processes is given in Scheme 2. In our
case, detection of the oxidised species deriving from meth-
anol, a change of solvent and/or a kinetic study of the
dependence of the reaction rate on the concentrations of
nitrite and FeII are expected to resolve the question of which
of the mechanisms outlined above applies.


Magnetism : The effective magnetic moment (�eff� 5.23)
determined for the bromo complex 2 indicates four unpaired
electrons (calculated spin-only value for S� 2:4.90) and thus a
high-spin Fe d6 centre. Replacement of bromide by the strong-
field ligand CO causes the carbonyl complex 3 to be low-spin,
and, hence, diamagnetic. The nitrosyl complex {Fe(NO)}6 is
diamagnetic for similar reasons, whereas its reduction prod-
uct, {Fe(NO)}7, is paramagnetic due to the presence of one


Scheme 2. Dehydration/reduction of nitrite by heme cd1 nitrite reductase
(A),[20, 38] and the reactivity of [Fe(NO2)(1)]Br described in this work (B).


unpaired electron (S� 1³2). The diamagnetism of the nitro
complex 6 is inferred from the appearance of the NMR
spectra. The dinuclear nitro/nitrito-bridged iron complex 7
also shows diamagnetism (between 2 and 300 K), which
suggests low-spin electronic configurations for the metal
centres or, alternatively, strong antiferromagnetic coupling
within the {Fe-NO2-Fe} core (which would have to be
maintained over the full range of temperatures).


Solid-state structures : The crystal structures presented here
show the pentaamine ligand to be mononucleating through-
out, with all five nitrogen donor atoms coordinated to the
metal centre in approximate square pyramidal fashion. The
distortion of the equatorial FeN4 unit from planarity varies,
but is moderate in all cases (cf. the angles N-Fe-N in Table 2).
The mean Fe�N bond length in the bromo complex 2
(2.169(6) ä) is indicative of a high-spin FeII complex (cf. the
value of 2.21(1) ä reported for [Fe(en)3]X2 (en� ethylenedi-
amine)[40, 41]). Conditions that may induce a high-spin� low-
spin transition in this complex have so far not been
identified.[41]


The carbonyl complex 3 is unusual in that it appears to be
the first octahedral FeII�CO complex with a non-porphyrin N
donor environment to have been structurally characterised.
Its most striking structural feature, when compared to 2, is the
sharp contraction of the Fe�N bonds, in accord with a low-
spin FeII formulation. The mean bond length of 2.02(1) ä is in
the range of values determined for low-spin FeII complexes of
macrocyclic aliphatic amines[42] and podand polyamines with
predominantly imine donor sets.[2, 41, 43] The other structural
parameters, such as the bond angles at Fe, show no unusual
deviation from their equivalents in the structure of 2
(Table 2), beyond what is to be expected for a central ion of
smaller radius.


When comparing 3 with the 19 valence-electron nitrosyl
complex 4, the only striking difference involves the pyridine ±
iron bond lengths trans to the CO and NO ligands, respec-
tively; these are d(Fe�N)� 2.02(1) ä in 3, and d(Fe�N)�
2.095(5) ä in 4. Whereas the bond lengths Fe�NNO and N�O
(1.737(6) ä and 1.175(8) ä, respectively) agree with previ-
ously reported structural data,[32, 44] the Fe-N-O angle in 4
(139.4(5)�) is 10 ± 20� smaller than in other six-coordinate
{Fe(NO)}7 complexes,[32, 44] possibly due to an intramolecular
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hydrogen bond between the nitrosyl ligand and one of the
amine protons (N12�H12B ¥ ¥ ¥O1 2.926(8) ä, �(NHO)�
121�). By contrast, the Fe-N-O unit in the 18 valence electron
complex 5 is linear, as shown by a preliminary structure
determination. Approximate lengths of the Fe�N bonds
between the iron ion and the pentadentate ligand are between
1.97 and 2.02 ä (and thus in accord with a low-spin
formulation, cf. the carbonyl complex 3), and the values for
d(Fe�NO) and d(N�O) are 1.67 ä and 1.12 ä, respectively.
The parameters involving the Fe-N-O unit are comparable to
those of an 18 valence electron iron nitrosyl complex with an
NS4 ligand.[32]


While the bond angles in the {Fe(pyN4)} fragment of the
dinuclear complex 7 are similar to those of the other
structures (Table 2), the Fe�N bonds to the pyridine and
primary amine donor atoms are significantly longer
(2.051(3) ± 2.114(3) ä) than in the low-spin complexes 3 and
4. This may reflect a high-spin configuration of the iron
centres in 7, which would have to be strongly antiferromag-
netically coupled to give rise to the observed diamagnetism
(cf. the section on magnetism). Further investigations are
expected to clarify this point, and to delineate the role played
by the N6 and N5O donor sets with respect to the iron centres
in this mixed nitro/nitrito complex. The bond angles at the
nitrogen atom of the NO2 ligand deviate from the expected
value of 120�, and the angle Npy-Fe-NNO2 is contracted to
169.6(1)� from the expected value of 180�. These distortions
are, to a large part, due to intramolecular hydrogen bonds
between the uncoordinated NO2 oxygen atom and protons on
the primary amino groups of the pentadentate ligand, as
shown in Figure 9 (N12�H12B ¥ ¥ ¥O2 2.498 ä, �(NHO)�
108� ; N15�H15A ¥ ¥ ¥O2 2.404 ä, �(NHO)� 113�). The �2-
(�1-N :�1-O)-NO2 bridge, which is unsupported by other
ligands, is an unprecedented feature in the coordination
chemistry of iron(��), and the only other instance in which this
bonding mode has been found in a nonpolymeric compound
appears to be a dinuclear copper(�) complex of macrocyclic
ligands derived from triazacyclononane, synthesised as a
model for the active sites of copper-dependent nitrite
reductases.[45, 46]


Bonding description on the basis of spectroscopic (IR, ESR,
Mˆssbauer) and structural data : The effective magnetic
moments and the Fe�N bond lengths determined by X-ray
crystallography indicate a high- and low-spin electronic
configuration for iron(��) in the bromo complex 2 and the
carbonyl complex 3, respectively. The rather low frequency of
the CO stretching vibration in the IR spectrum of solid 3 (KBr
disc) at 1960 cm�1 points to a strong Fe�CO interaction,[47] as
expected for the electron-rich NN4 ligand environment.[48]


Low values (1940 ± 1960 cm�1) were also reported for the
rather unstable pentaamine iron(��) complexes [Fe(CO)-
(tetren)]X2 (tetren� tetraethylenepentaamine; X�Cl, I,
ClO4).[13] Similarly, the low �(NO) stretching frequency found
for the 19 valence electron nitrosyl complex 4 (1620 cm�1;
KBr disc) points to an electron-rich metal centre, due to the
almost exclusive �-character of the NN4 donor set, which
enhances M�N�O back donation. By way of comparison, a
low value has also been determined for trans-[FeCl(cyclam)-


(NO)]ClO4 (1611 cm�1).[31] The occurrence of 14N-induced
hyperfine splitting in the ESR spectrum of 4 shows that the
singly occupied HOMO of the {Fe(NO)}7 unit retains a
substantial amount of NO-based orbital character.[32, 49] The
fact that the axial bond Fe�Npy in 4 is significantly elongated
(2.095(5) ä) relative to the mean of the equatorial bonds
(2.017(6) ä) suggests the HOMO in 4 to be antibonding with
respect to Fe�Npy and bonding with respect to the Fe�Neq


interactions, a conclusion borne out by the molecular orbital
calculations (below). Upon oxidation of 4 to the 18 valence
electron complex 5 ({Fe(NO)}6), the NO stretching frequency
(KBr) shifts by more than 300 wavenumbers, to 1926 cm�1. We
interpret this drastic shift as a manifestation of the oxidation
being largely centred on the NO ligand (NO.�NO�). Taken
together, ESR and IR data provide a first indication that the
nitrosyl complexes 4 and 5 contain FeII/NO. and FeII/NO�,
respectively.


The assignment of formal iron oxidation states, especially in
the case of the nitrosyl complexes, is surrounded by a good
deal of controversy in the literature.[50, 51] We obtained the
zero-field Mˆssbauer spectra of the mononuclear complexes
2, 3, 4 and 5 (as solids at 77 K) in order to correlate this series
with other iron ± amine complexes. The parameters deter-
mined for the bromo complex 2 (Table 1) are in accord with
the description of the complex as a high-spin iron(��) (d6)
system,[52] and in excellent agreement with values obtained by
Wieghardt et al. for a series of iron ± cyclam complexes
(cyclam� 1,4,8,11-tetraazacyclotetradecane), for which iso-
mer shifts � and assigned formal oxidation states were
correlated.[31, 53] By contrast, no data are as yet available for
carbonyl complexes of iron with non-porphyrin amine ligands,
and 3 appears to be the first such complex to have been
examined by Mˆssbauer spectroscopy. In comparison to 2,
both isomer shift �Fe and quadrupole splitting �EQ are much
smaller (Table 1). Usually, and particularly in the case of
structurally related complexes, a lowered isomer shift corre-
lates with an increase in oxidation state.[52] In the case of 3,
however, the assignment of a � �� oxidation state is unequiv-
ocal, on the grounds of cation/anion balance in the solid-state
structure and the notion that a description such as FeIII/CO�


or FeIV/CO2� has no parallel in iron ± porphyrin chemistry.
The observed trend for both Mˆssbauer parameters upon
going from 2 to 3may, however, be explained as follows: �Fe is
expected to be reduced as the valence s-electron population
increases, which it does as a consequence of reduced
d-electron shielding due to the CO ligand being a strong �


acid; �EQ is smaller, since the asymmetry of the electron
cloud around the nucleus is greatly reduced in a low-spin
((t2g)6) as compared to a high-spin ((t2g)4(eg)2) complex. It is
noteworthy that the data for 3 do not fit Wieghardt×s
correlation of isomer shift and formal oxidation state for the
series of iron ± cyclam complexes mentioned above;[31] this
would lead one to predict a value for 3 of �Fe� 0.53 mms�1


(low-spin FeII) or, conversely, a carbonyl complex with iron in
a formal oxidation state of � ���, and hence a CO� ligand.


We now consider the data obtained for the nitrosyl
complexes 4 and 5 ({Fe(NO)}7 and {Fe(NO)}6), and begin
with the 18 valence electron complex 5. The very high IR
stretching frequency at 1926 cm�1 (KBr) makes the formula-
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tion of an NO� ligand reasonable (in a localised bonding
picture, electron density is removed from an antibonding
orbital upon going from NO to NO�, resulting in an increased
force constant). Consequently, the metal ion in the diamag-
netic complex 5 (S� 0) must be in a low-spin iron(��)
configuration, as in the case of the carbonyl complex 3,
whose CO stretching frequency is 1960 cm�1 (KBr). The
Mˆssbauer parameters of 5, however, are completely differ-
ent (Table 1).[54] Based on the correlation proposed for iron ±
cyclam complexes,[31] the formal oxidation state of 5 predicted
from its isomer shift would lie between � �� and ��. In our
view, however, the measured parameters do not rule out the
description of 5 as low-spin FeII/NO�, since NO� is a much
stronger � acid than even CO, thus decreasing the isomer shift
considerably. Moreover, the increase of back-donation in 5
should induce some asymmetry in the electron distribution
(which gives rise to a larger quadrupole splitting). Energy
levels calculated for related compounds ([FeII(CN)5(CO)]3�


and [FeII(CN)5(NO)]2�) support this argument,[55] and are in
accord with the qualitative (and by now classic) description of
the bonding in metallonitrosyl complexes proposed by Ene-
mark and Feltham.[56] The results presented here, particularly
the evidence provided by the carbonyl complex 3, suggest that
the small-molecule ligands in 3 and 5 are best viewed as an
isoelectronic set (i.e., CO and NO�), so that the oxidation of
the 19 valence electron nitrosyl complex 4, which gives 5, is
ligand-centred. While conceding that the distinction is one of
degrees and thus not entirely free from the blame of being
academic (strong back-donation amounting to a formal
intramolecular redox reaction), we rule out the description
of 5 as being a combination of FeIV with an NO� ligand, which
has been proposed by Wieghardt et al. for an {Fe(NO)}6


complex with a cyclam/chloride donor sphere.[31]


DFT calculations on [Fe(CN)5(NO)]2� have provided an
orbital diagram with a LUMO that is doubly degenerate and
predominantly �*NO in character. One-electron reduction will
give an NO-centred orbital as the new HOMO.[57] By way of
analogy and short of a rigorous theoretical description of the
bonding in 4 (which is given below), this situation would lead
one to expect a rhombic g tensor with 14NO hyperfine splitting
for the ESR spectrum of 4,[29] and this is what we observe.
Moreover, if, as proposed, the reduction is ligand-centred, the
value of the NO stretching frequency is expected to fall
sharply (electron density is placed in a �* NO orbital), as it
does. We therefore describe our {Fe(NO)}7 complex 4 (S� 1³2)
as a low-spin iron(��) species with a coordinated NO radical.
Two other descriptions of the bonding situation are conceiv-
able, namely, low-spin FeIII coupled antiferromagnetically to
NO� (A), and intermediate spin FeIII (S� 3³2) also with
antiferromagnetic coupling to NO� (B). We rule out both
for the following reasons: A : Comparison of the average
equatorial iron ± amine bond lengths in 4 (2.017(6) ä) and an
authentic low-spin FeIII complex of the pentaamine ligand
([Fe(N3)(1)]BrPF6, 1.998(3) ä)[58] shows the latter to have
shorter bond lengths, in accord with its higher oxidation state.
B : The isomer shifts of the carbonyl complex 3 and the
{Fe(NO)}7 complex 4 are very similar (Table 1), which means
that the electron density at the nucleus is similar for both
complexes, suggesting identical oxidation states. Moreover,


the equatorial donor atoms impose no steric constraints, and
the average equatorial iron ± amine bond lengths are the same
within experimental error (2.012(10) ä (3) and 2.017(6) ä
(4)). To summarise, we suggest the following descriptions of
the nitrosyl complexes presented here: {Fe(NO)}6, 5 : low-spin
iron(��)/NO� ; {Fe(NO)}7, 4 : low-spin iron(��)/NO. . These views
are in agreement with recent results published by Neese[59] for
{Fe(NO)}7 and {Fe(NO)}6 species obtained with a cyclam±
acetate ligand, and by Wieghardt et al.[60] for {FeNO}7 and
{FeNO}6 species obtained with a pentadentate, pendent-arm
macrocyclic ligand.


DFT calculations : We have carried out calculations in the
framework of Kohn ± Sham Density Functional Theory
(DFT) for the complexes 3, 4 and 5 in order to provide a
description of the electronic structure of the molecules, and to
compare this with the picture deduced from the experimental
data, as outlined above. We used the program T�����
��	
 5.4[61] for our all-electron DFT calculations and em-
ployed the BP86 functional[62, 63] with a triple-zeta valence-
polarised Gaussian basis set[64] for the structure determina-
tion, making use of the Resolution of the Identity (RI)
approximation.[65] All structures were fully optimised. A
vibrational analysis confirming our stationary points as local
minima on the potential surface was performed with the
program SNF.[66] The harmonic stretching frequencies of the
CO and NO ligands have been found at 2024, 1674, and
1939 cm�1 for 3, 4, and 5, respectively (experimental values:
1960, 1620, and 1926 cm�1, respectively). Bond lengths and
angles are in good agreement with experimental values
(Table 3). Since the X-ray structure analysis refers to the


geometry of the molecule in the crystal structure, whereas the
calculations describe a single molecule, a contribution of the
crystal lattice (packing effect) is to be expected. Theoretical
structure optimisations on [Fe(CN)5(NO)]2� (ref. [67]) indi-
cate that the bond lengths of the central atom to the first
coordination shell are overstimated by an amount of the order
of 0.02 ä in a single-molecule calculation, in agreement with
our results, which yield values that are slightly too high,
particularly for the bond lengths to the amine ligands.
Whereas we find an essentially C2v arrangement for the
heavier atoms, the framework hydrogen atoms break the
overall symmetry to C1. This is due to the fact that a staggered
conformation of the hydrogen atoms is energetically consid-


Table 3. Comparison of experimentally observed and calculated geometry
parameters [bond lengths in ä, angles in �] for 3, 4 and 5.


3 (theory) 3 (exptl) 4 (theory) 4 (exptl) 5 (theory)


Fe1�N11 2.03 2.02 2.08 2.10 2.02
Fe1�N12 2.04 2.01 2.07 2.00 2.08
Fe1�N13 2.05 2.01 2.05 2.02 2.05
Fe1�N14 2.03 2.02 2.04 2.01 2.08
Fe1�N15 2.06 2.02 2.04 2.03 2.05
Fe1�X 1.76 1.73 1.74 1.74 1.67
X�O1 1.16 1.20 1.19 1.18 1.15
N11-Fe1-X 179 175 177 173 180
Fe1-X-O1 179 166 139 139 179
C13-N11-Fe1 177 170 179 167 179
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erably more favourable (by about 390 kJmol�1) than the all-
eclipsed C2v arrangement of the hydrogen atoms. While the
calculations find that the local C2v axis of the pyridine ring is
collinear with the pseudotetragonal axis of the complex
(leading to a C13-N11-Fe1 angle which is about 180�), the
pyridine ring is tilted by more than 10� with respect to this axis
in the X-ray structure. We find that the normal mode
describing this movement is the lowest in all complexes (at
about 55 cm�1); hence, such a distortion should be facile if a
small force is exerted on the complex due to the crystal
environment.


Our minimum-energy structure for complex 4 is found to be
stabilised by a hydrogen-bonding interaction to one of the
amine hydrogen atoms, leading to an energy gain of the order
of 10 kJmol�1 as obtained by means of our recently developed
method of estimating hydrogen-bond energies based on
shared-electron numbers.[68] The calculated single-molecule
minimum configuration of the NO unit has a dihedral angle to
the plane of the pyridine ring slightly different from the
experimental structure, and we used the calculated minimum
for our further analysis. A calculation for a single molecule by
using the coordinates taken from the X-ray structure is found
higher in energy, but also exhibits a stabilisation of about
6 kJmol�1 due to a hydrogen-bond interaction with one of the
amine ligands.


To elucidate the electronic structure of species 3, 4 and 5,
we have subjected the density obtained in our DFT calcu-
lation to several types of population analysis. In general, the
assignment of charge to an atomwithin a polyatomic molecule
cannot be carried out unambiguously, because it is at the heart
of the concept of a covalent chemical bond that electrons are
shared between atomic centres. Thus, for dividing those
shared electrons up, a prescription not following directly from
quantum mechanics is necessary; consequently, different
population analyses will give different answers. Moreover, it
is well known that the classical Mulliken population analy-
sis[69, 70] in particular is strongly dependent on the basis set and
doubtful for an extended basis set, as far as absolute values of
charges are concerned. We try to avoid this dilemma by
carrying out various types of analysis, and extracting only the
common features. Thus, we are going to interpret the results
of a Mulliken analysis, a natural bond orbital (NBO)
analysis[71±73] and an analysis according to the Roby ±David-
son ±Ahlrichs protocol,[74] mainly for the purpose of describ-
ing the differences in electronic structure introduced upon
reduction of 5 to 4. Results of the three types of population
analysis based on the calculated Kohn ± Sham orbitals are
given in Table 4 along with a charge analysis based on
generalised atomic polar tensors,[75] which is dependent on the
basis set only implicitly by way of the general quantum-
mechanical description. From these analyses we can draw the
following conclusions:


The oxidation state of iron (represented by its d occupa-
tion) does not change upon reduction of 5 to 4. It is
compatible with the formulation of FeII in each of the
compounds 3, 4 and 5. Upon reduction, the charge on the
NO fragment is appreciably reduced, which is compatible with
a description of 5 as a nitrosyl (NO�) compound, whereas the
NO moiety in 4 is best described as neutral.


Whereas only part of the electron transferred upon
reduction ends up on the FeNO fragment, practically all the
spin polarisation is found on FeNO, about half of the magnetic
moment being located on the iron d orbitals, the other half on
NO. By contrast, practically all of the additional negative
charge transferred to the FeNO fragment is located on NO,
consistent with the finding that the singly occupied MO in 4 is
practically exclusively of NO �* type (Mulliken population of
the SOMO: 10% Fe, 55%N, 33%O); see also Figures 11 and
12 for a visualisation of the SOMO and the total spin density
of 4. The explanation of the different behaviour of charge and
magnetic moment is apparent from the NBO analysis, namely
subtle differences in back-bonding interactions in 4 and 5. The
contribution of Fe orbitals acting as donors to NO �* orbitals
can be found with significant contributions in second-order
energy analysis in the case of 5 and the �-spin orbitals in 4,
whereas no such interactions are present in the �-spin orbital
manifold of 4. Thus, absence of back-donation in the latter
case and even slightly increased back-donation in the �-spin
orbital manifold (relative to 5) results in appreciable net spin
polarisation on the iron centre upon reduction, whereas still
practically all of the charge transferred to FeNO ends up in
the NO �* orbital.


The most prominent structural change upon reduction is
the transition from a linear to a bent FeNO unit. This feature
is, of course, well known from similar complexes and has
occasionally been interpreted as a Jahn ±Teller effect. The
Jahn ±Teller effect refers to the situation that upon unsym-
metric occupation of a degenerate orbital in the central atom


Table 4. Partial charges as calculated by various types of analysis of the density
obtained in DFT.


3 5 4
[Fe(CO)(pyN4)]2� [Fe(NO)(pyN4)]3� [Fe(NO)(pyN4)]2�


total spin polari-
� � � sation �� �


Mulliken population analysis
charge on Fe 0.156 0.033 0.203 0.457
charge on X 0.031 0.239 0.045 0.320
charge on O 0.017 0.128 � 0.052 0.197
charge on FeXO 0.204 0.400 0.197 0.974
charge on XO 0.048 0.367 � 0.007 0.517
d-orbital occupation 6.55 6.60 6.64 0.45


Natural Bond Orbital analysis[71±73]


charge on Fe 0.956 0.954 0.480
charge on X 0.171 � 0.001 0.292
charge on O 0.028 � 0.170 0.187
charge on FeXO 1.155 0.782 0.958
charge on XO 0.199 � 0.171 0.479
d-orbital occupation 6.74 6.75 0.48


Roby ±Davidson ±Ahlrichs analysis[74]


charge on Fe 0.381 0.599 0.537 0.434
charge on X 0.060 0.336 0.174 0.310
charge on O 0.041 0.138 � 0.005 0.218
charge on FeXO 0.482 1.073 0.706 0.962
charge on XO 0.101 0.474 0.169 0.528


Charges from generalised atomic polar tensors[75]


charge on Fe � 0.060 0.223 0.407
charge on X 1.005 1.117 0.725
charge on O � 0.695 � 0.615 � 0.641
charge on FeXO 0.250 0.725 0.491
charge on XO 0.310 0.502 0.084
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Figure 11. Contour plot of the singly occupied orbital (SOMO) of 4.


Figure 12. Contour plot of the spin density of 4.


of a complex, a distortion of the complex takes place with a
concomitant stabilisation of one of the degenerate molecular
orbitals with respect to the others, which is then occupied by
the additional electron.


From the discussion above it is clear that the additional
electron is not located in an orbital of the iron atom, but
rather in the �* orbital of NO. This orbital is one of an
(almost) degenerate pair of orbitals which occur as LUMOs of
5. The analogue of the Jahn ±Teller effect for this situation in
the linear fragment FeNO is the Renner ±Teller effect,[76, 77]


which offers the possibility that one orbital out of the
degenerate pair is stabilised upon bending of the linear
moiety. It depends on the details of the electronic structure if
such a stabilisation of one of the orbitals takes place, or rather
one of the alternative cases that both or none of the two


degenerate orbitals are stabilised. Thus, invoking the notion
of a Renner ±Teller effect to explain the observed bending is
not particularly helpful, since the Renner ±Teller effect
generally allows for three possible responses of the system,
including the one with a linear FeNO arrangement. Rather,
we adopt the interpretation put forward by Guenzburger[57]


that bending of the NO unit offers the possibility of an
additional bonding interaction (of local � symmetry) of NO
with the metal, which cannot be present in a linear arrange-
ment; this shows that stabilisation of both Renner ±Teller
orbitals is to be expected. This explains why several close-
lying local minima have been observed for the geometrical
arrangement of the NO ligand in similar cases,[57, 67] and
indeed we have found two additional local minima with
slightly different dihedral angles of the NO ligand with respect
to the plane of the pyridine ring, having an energy less
favourable than our optimised structure by 3.6 and
6.6 kJmol�1, respectively.


The SOMO is antibonding with respect to the pyridine ring
and has very small contributions from the amine ligands. This
explains the considerable increase of the bond length to the
pyridine ring upon reduction of 5. Notwithstanding this
interpretation, the observed tetragonal distortion of the
complex might also be interpreted as a Jahn ±Teller-type
distortion in the transition of 5 to 4. This distortion has not
been observed in a similar pair of a 18/19 valence electron
complexes characterised by a sulfur-rich first-ligand sphere,[32]


in which the sulfur orbitals effect a very closely spaced
quasiband of orbitals near the Fermi surface; this acts as an
electron buffer for electron redistribution at the iron centre
and thus precludes appreciable energy gains upon distortion
of the complex. The signature of this strong mixing of the
sulfur orbitals is substantiated in the case of ref. [32] through a
SOMO with appreciable antibonding contributions to all
ligands.


Conclusion


This study describes an emerging rich coordination chemistry
of the tetrapodal pentadentate amine ligand 2,6-
C5H3N[CMe(CH2NH2)2]2 (pyN4) towards iron(��). The com-
plexes show remarkable stability, both with respect to
oxidative degradation of the ligand and to unspecific hydrol-
ysis. The ligand has predominant �-donor character and thus
provides an electron-rich coordination environment for the
metal centre; this is conducive to unusual reactivity, such as
the observed reduction of coordinated nitrite to NO. The
assignment of formal iron oxidation states to the 18 and
19 valence electron nitrosyl complexes builds on the spectro-
scopic characteristics of the carbonyl complex, [Fe(CO)-
(pyN4)]Br2, which appears to be the first iron ±CO complex
with a non-porphyrin nitrogen-ligand environment to have
been fully characterised. Experimental data and theoretical
calculations are fully consistent, allowing the unambiguous
formulation of the complexes presented here as containing
iron(��) in all cases. Current work is concerned with modifi-
cations of the amine ligand that will make the coordination of
NO reversible.
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Experimental Section


Materials and instrumentation : Manipulations were performed under
dinitrogen by using standard Schlenk techniques and freshly dried solvents.
Reagents were AR grade or better and were purchased from Merck, Fluka,
and Aldrich. 1 ¥ 4HBr ¥MeOH and Na[B(3,5-(CF3)2C6H3)4] (� NaBArF)
were prepared as described previously.[24, 78] pH values were monitored with
an NGOLD U455 pH meter (glass electrode). IR (KBr discs) and UV/Vis
spectra (solvent: methanol) were recorded on Perkin ±Elmer 16PC FTIR
and Shimadzu UV-3101 PC instruments, respectively. NMR spectra were
measured on a JEOL JNM-EX 270 spectrometer, and mass spectra were
obtained on JEOL MSTATION 700 spectrometers. EPR spectra (Bruker
ESP300, spectrometer settings: X-band (9 GHz); power, 6.35 mW; mod-
ulation amplitude, 0.943 G; modulation frequency, 100 kHz; sweep time,
21 s; receiver gain, 10000).
All Mˆssbauer measurements were performed on solid samples at 77 K,
with a constant acceleration spectrometer calibrated with hematite. Isomer
shifts are reported relative to an Fe metal standard at room temperature.
The samples contain about 50 mg of solid complex in a nylon cell. The
Mˆssbauer spectra were analysed by using home-made software. In
addition, we also measured the Mˆssbauer spectra of all complexes (solid
samples) between 4.2 and 200 K (data not shown), and no change in their
electronic structure was detected in this temperature range.[60]


Room temperature magnetic moments were measured by using a
Johnson ±Matthey Gouy balance, with diamagnetic corrections calculated
from Pascal×s constants.[79] Variable temperature magnetic susceptibility
measurements were carried out in the temperature range 2 ± 300 K at a
magnetic field of 0.1 T on polycrystalline samples using a magnetometer
(Quantum Design MPMS-XL-5) equipped with a SQUID sensor. Dia-
magnetic corrections were applied by using Pascal×s constants.[79] Cyclic
voltammograms were recorded using an EG&G potentiostat PAR model
264A and a conventional three-electrode configuration consisting of a
glassy carbon working electrode, a platinum auxiliary electrode and a Ag/
AgCl reference electrode (room temperature; scan rate: 20 mV s�1;


supporting electrolyte: NBu4PF6 [10�1�]; internal standard: ferrocene,
E(Fc/Fc


�)��0.4 V vs NHE[80]). The reversibility of the voltammograms
and the number of electrons involved in the redox processes at 25 �C were
determined as described in ref. [81]. Elemental analyses were performed
on Carlo Erba Elemental Analysers 1106 and 1108.


X-ray crystallography : Crystal data for compounds 2, 3, 4, and 7 are given
in Table 5, and selected bond lengths and angles are listed in Table 2.
Cation structures are presented in Figures 2, 3 and 7 ± 9. All structures were
solved by direct methods and refined by full-matrix least-squares proce-
dures on F 2 using SHELXTL NT 5.10 (Bruker AXS, 1998). All non-
hydrogen atoms were refined anisotropically. Treatment of hydrogen
atoms: Compound 2 : All hydrogen atom positions were obtained from a
difference Fourier synthesis, and both positional and common isotropic
displacement parameters were kept constant during refinement. Com-
pounds 3, 4 : The hydrogen atoms were geometrically positioned and
allowed to ride on their carrier atoms during refinement; their isotropic
displacement parameters were tied to those of the adjacent C and N atoms
by a factor of 1.5 (3 ; C, N), and 1.2 (4 ; C) or 1.5 (4 ; N). Compound 7: All
hydrogen atom positions were obtained from a difference Fourier syn-
thesis ; the positional parameters were refined, while a common isotropic
displacement parameter was kept constant during refinement. Other
remarks: Compound 2 : The compound crystallises with 1³3 of an MeOH
molecule per formula unit. The solvate molecule is disordered around a
threefold crystallographic rotation axis; its hydrogen atoms were omitted
from the refinement. Compound 7: The complex cation lies on a crystallo-
graphic inversion centre, which causes the bridging nitro ligand to be
disordered (Figure 10). CCDC-189708 (2), CCDC-189709 (3), CCDC-
189710 (4) and CCDC-189711 (7) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).


[FeBr(1)]Br (2): A solution of FeSO4 ¥ 7H2O (0.56 g, 1.98 mmol) in water
(3 mL), followed by solid NaBr (4.0 g, 39 mmol) was added to a solution of


Table 5. Crystallographic data for compounds 2, 3, 4 and 7.


2 3 4 7


formula C13H25Br2FeN5 ¥ 1³3CH3OH C14H25Br2FeN5O C13H25Br2FeN6O C26H50Br2F6Fe2N11O2P
Mr 477.73 495.06 497.06 965.26
crystal system rhombohedral orthorhombic orthorhombic monoclinic
space group (no.) R3≈c (no. 167) P212121 (no. 19) P212121 (no. 19) P21/c (no. 14)
a [ä] 21.825(3) 9.131(3) 9.194(1) 13.4024(2)
b [ä] 21.825(3) 10.308(4) 9.955(1) 10.7433(1)
c [ä] 40.270(5) 20.192(5) 20.042(2) 12.4809(2)
� [�] 90 90 90 95.874(1)
Z 36 4 4 4
V [ä3] 16610(10) 1900(1) 1834.4(3) 1787.64(4)
�calcd [gcm�3] 1.719 1.730 1.800 1.793
diffractometer Siemens P4 Nicolet R3m/V Siemens P4 Nonius KappaCCD
	[a] [ä] 0.71073 0.71073 0.71073 0.71073
crystal size [mm3] 0.90� 0.50� 0.35 0.24� 0.16� 0.14 0.44� 0.12� 0.08 0.23� 0.18� 0.08
T [K] 200(2) 298(2) 200(2) 100(2)
absorption correction Psi-scan Psi-scan Psi-scan SORTAV
min/max transmission 0.0334/0.0858 0.0936/0.1204 0.054/0.083 0.418/0.579
scan 
 
 
 �,
 (2.0� and 24 s per frame)
2� range 4� 2�� 54 4� 2�� 50 4� 2�� 54 7� 2�� 54
measured reflections 8640 2539 4578 16795
unique reflections 4042 2381 3996 3879
observed reflections[b] 1812 1135 3184 3220
�(MoK�) [mm�1] 5.151 5.009 5.191 3.167
refined parameters 209 210 210 307
data/parameter ratio 19.3 11.3 19.0 12.6
wR2 (all data)[c] 0.1149 0.1108 0.1008 0.0868
R1 (obs. data)[d] 0.0593 0.0548 0.0481 0.0356
�fin (max/min) [eä�3] 0.761/� 0.477 0.596/� 0.532 0.703/� 0.479 0.895/� 0.764
weighting scheme[e] k� 0.0351/l� 0 k� 0.0966/l� 3.7031 k� 0.0396/l� 2.2071 k� 0.0323/l� 5.2331
abs. struct. parameter ± 0.01(3) 0.03(2) ±


[a] MoK� , graphite monochromator. [b] With Fo 	 4�(F). [c] wR2� ({�[w(F 2
o �F 2


c 
2]}/{�[w(F 2
o 
2]})0.5. [d] R1�� � �Fo �� �Fc � �/� �Fo � for F� 4�(F). [e] w�1/


[�2(F 2
o 
� (kP)2� lP] and P� (F 2


o �2F 2
c 
/3.
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1 ¥ 4HBr ¥MeOH (1.20 g, 1.98 mmol) in water (3 mL). Upon dissolution of
the NaBr, the pH of the mixture was raised by dropwise addition of
aqueous NaOH (6�) until a microcrystalline yellow precipitate started to
form (pH 8 ± 9). The solid was collected, and dried in vacuo (0.53 g, 57%).
In some experiments, the material contained coprecipitated NaBr (0.7 ±
2 equiv). Single crystals of the NaBr-free complex were obtained by
isothermal diffusion of diethyl ether into a solution of the raw material in
methanol. Elemental analysis calcd (%) for C13H25Br2FeN5 (467.0): C 33.42,
H 5.36, N 15.00; found: C 33.17, H 5.62, N 14.41; IR (KBr): � � 3225 (s),
3129 (s), 2915 (m), 1602 (m), 1583 (m), 1458 (m), 1097 (m), 1005 (s), 820
(m), 765 cm�1 (m); MS (FD): m/z (%): 386 (100), 388 (75) [M�]; �Eff (spin
only): 5.23 �B; cyclic voltammetry (RT, 10�3� soln. in abs. MeCN): E1/2


(FeII/FeIII): �0.17 V, �E� 125 mV, ipa/ipc� 0.91 (quasireversible, one elec-
tron); UV/Vis: 	max (�)� 403 nm (701 dm3mol�1 cm�1).


[Fe(CO)(1)]Br2 (3): A stream of CO was passed through a solution of 2
(0.58 g, 1.24 mmol) in methanol (20 mL) for 30 min. Precipitation of the
product set in immediately. The mixture was kept at �78 �C overnight and
filtered at the same temperature. The product was collected as yellow
microcrystals, which were dried in vacuo (0.49 g, 87%). Single crystals were
obtained by isothermal diffusion of diethyl ether into a solution of 2 in
methanol. Elemental analysis calcd (%) for C14H25Br2FeN5O (495.0): C
33.96, H 5.09, N 14.15; found C 33.57, H 5.59, N 13.94; IR (KBr): � � 3175
(s), 3122 (s), 2964 (m), 1960 (s) (CO), 1608 (m), 1597 (m), 1572 (w), 1465
(m), 1026 (m), 826 (w), 778 cm�1 (m); 1H NMR ([D6]DMSO, RT): �� 8.33
(AB2, 3 lines, 3J(H,H)� 7.77/7.66 Hz, 1H; H4), 7.88 (AB2, 2 lines,
3J(H,H)� 7.90 Hz, 2H; H3,5), 3.51 (br s, 4H; �NHH), 2.36 (br s, 4H;
�NHH), 2.11 (m, 8H; �CH2�), 1.34 ppm (s, 6H; �CH3); 1H NMR (D2O,
RT): �� 8.20 (AB2, 3 lines, 3J(H,H)� 7.90/8.14 Hz, 1H; H4), 7.83 (AB2,
2 lines, 3J(H,H)� 8.14 Hz, 2H; H3,5), 2.25 (d, 2J(H,H)� 13.08 Hz, 4H;
�CHH�), 2.13 (d, 2J(H,H)� 12.84 Hz, 4H; �CHH�), 1.32 ppm (s, 6H;
�CH3); {1H}13C NMR (D2O, RT): �� 220.71 (s, CO), 166.79 (s, py-C2/6),
140.71 (s, py-C4), 121.24 (s, py-C3/5), 45.06 (s, �CH2�), 43.48 (s, �C� ),
21.52 ppm (s, �CH3); 1H NMR for [Fe(CO)(1)](BArF)2 (CD2Cl2, RT):
�� 8.42 (AB2, 3 lines, 1H; H4), 8.01 (AB2, 2 lines, 2H; H3,5), 7.72 (s,
16H; BArF-H2,6), 7.57 (s, 8H; BArF-H4), 2.30 (br s, 4H; �NHH), 2.36
(s, 4H; �CHH�), 2.29 (s, 4H; �CHH�), 1.52 (s, 6H; �CH3), 0.87 (s, 4H;
�NHH); UV/Vis: 	max (�)� 317 (413), 402 nm (220 dm3mol�1 cm�1);
Mass spectra (FD) do not show a peak for the parent ion; rather, intense
signals at m/z (%)� 386/388 (100/80) suggest that [FeBr(1)]� is formed
under these conditions. Cyclic voltammetry (RT, 10�3� soln. in abs.
DMSO): Epa(FeII/FeIII)��0.79 V, �Epa/2�Epa �� 55 mV (irreversible, one
electron).


[Fe(NO)(1)]Br2 (4, {Fe(NO)}7)


Method A : NO (14.4 mL, 0.60 mmol) was added by syringe to a solution of
2 (0.28 g, 0.60 mmol) in methanol (20 mL), and the mixture stirred
vigorously. The colour of the solution changed from orange to red
immediately, and a red precipitate appeared. Stirring was continued for
1 h, after which time the mixture was filtered to leave a red-brown solid
which was washed with diethyl ether (5 mL) and dried in vacuo (0.10 g,
34%).


Method B : The compound was also prepared from a stoichiometric mixture
of 1 ¥ 4HBr ¥MeOH, 4LiOMe, FeCl2 and NO in methanol.


Method C : Single crystals of 4 were obtained as follows. NO (1 equiv,
calculated for the bromo complex) was added by syringe to the aqueous
mother liquor from a synthesis of the bromo complex 2 (above) with
stirring, and the mixture kept at 4 �C overnight. Elemental analysis was
satisfactory irrespective of the method of preparation.


Elemental analysis calcd (%) for C13H25Br2FeN6O (497.0): C 31.41, H 5.07,
N 16.91; found: C 31.60, H 5.28, N 16.65. IR (KBr): � � 3152 (vs), 3084 (vs),
2962 (s), 2923 (s), 1620 (vs, NO), 1605 (s), 1593 (s), 1463 (m), 1395 (w), 1273
(w), 1209 (m), 1169 (w), 1039 (m), 1025 (m), 828 (w), 717 cm�1 (w); ESR
(130 K, DMF glass): g1� 2.050, g2� 2.005, g3� 1.966; A(14NO)� 22.9 G;
Variable temperature magnetic susceptibility measurements: S� 1/2, �Eff


(2 ± 300 K): 1.6 ± 2.0 �B. UV/Vis: 	max (�)� 395 (560), 550 nm
(112 dm3mol�1 cm�1); cyclic voltammetry (RT, 10�3� soln. in abs. DMF):
E1/2 ({FeNO}7/{FeNO}6): � 0.18 V, �E� 80 mV, ipa/ipc� 0.98 (quasi-rever-
sible, one-electron), Epc ({FeNO}7/{FeNO}8)��1.06 V, �Epc/2�Epc ��
50 mV (irreversible, one electron); MS (FD): see the comment for
compound 3, above.


[Fe(NO)(1)]Br3 (5, {Fe(NO)}6)


Method A : A vigorous stream of NO was passed through a solution of 2
(0.22 g, 0.47 mmol) in methanol (15 mL). The colour of the solution
changed from orange to deep red immediately, indicating the intermediate
formation of the {Fe(NO)}7 complex (compound 4, above). After about
10 min, a yellow precipitate started to form, and bubbling of NO was
continued for 20 min. The solid was filtered off, washed with diethyl ether,
and dried in vacuo (0.11 g, 41%).


Method B : [NO]�[BF4]� (30 mg, 1 equiv) as a solid in one portion was
added to a suspension of 2 (0.12 g, 0.26 mmol) in methylene chloride
(20 mL). Single crystals of 5 have so far proved difficult to obtain. Crystals
used for a preliminary structure determination formed in an aqueous
solution of the bromo complex 2, with 1 equiv of NaNO2 added, after about
1 week. There is, however, considerable disorder in the anions (see text).
Elemental analysis calcd (%) for C13H25Br3FeN6O (576.9): C 27.06, H 4.37,
N 14.57; found: C 26.60, H 4.69, N 14.42; IR (KBr): � � 3196 (vs), 3094 (vs),
3025 (vs), 2922 (s), 1926 (vs, NO), 1604 (m), 1576 (m), 1468 (m), 1223 (w),
1107 (w), 1032 (m), 823 (w), 717 (w), 478 cm�1 (w); UV/Vis: 	max (�)�
354 nm (1263 dm3mol�1 cm�1); 1H NMR ([D6]DMSO, RT): �� 8.55 (AB2,
3 lines, 3J(HH)� 7.39/7.90 Hz, 1H; H4), 8.04 (AB2, 2 lines, 3J(HH)�
7.90 Hz, 2H; H3,5), 5.74 (br s, 4H; �NHH), 4.72 (br s, 4H; �NHH), 2.66
(m, 4H; �CHH�), 2.40 (m, 4H; �CHH�), 1.55 ppm (s, 6H; �CH3); after
addition of D2O: �� 8.53 (AB2, 3 lines, 3J(HH)� 7.77/7.90 Hz, 1H; H4),
8.02 (AB2, 2 lines, 3J(HH)� 7.90 Hz, 2H; H3,5), 2.64 (d, 2J(HH)� 12.24 Hz,
4H;�CHH�), 2.36 (d, 2J(HH)� 12.11 Hz, 4H;�CHH�), 1.53 ppm (s, 6H;
�CH3); {1H}13C NMR ([D6]DMSO, RT): �� 161.9 (s, py-C2/6), 143.6 (s, py-
C4), 122.9 (s, py-C3/5), 46.6 (s, �CH2�), 43.55 (s, �C� ), 21.4 ppm (s,
�CH3); cyclic voltammetry: the same waves are observed as for 4
({Fe(NO)}7); MS (FD): see the comment for compound 3, above.


[Fe(NO2)(1)]Br (6): A solution of NaNO2 (14.0 mg, 0.20 mmol) in
methanol (2 mL) was added to an orange solution of [FeBr(1)]Br ¥ 2Na-
Br ¥H2O (111 mg, 0.16 mmol) in methanol (8 mL). The colour changed to
deep red immediately, and an orange-red precipitate appeared. The
mixture was stirred at room temperature for 10 min, after which time the
solid was collected by filtration, washed with Et2O, and dried in vacuo
overnight (56 mg, 60%). Elemental analysis calcd (%) for C13H25BrFe-
N6O2 ¥CH3OH (465.2): C 36.15, H 6.28, N 18.07; found: C 36.16, H 6.66, N
17.60; IR (KBr): � � 3280 (vs), 3221 (vs), 2963 (s), 2927 (s), 2878 (s), 1607
(vs, NH scissor), 1577 (s), 1467 (s), 1395 (m), 1302 (m), 1258 (vs) (1245
15NO2), 1219 (vs) (1209 15NO2), 1161 (vs), 1099 (s), 1036 (vs), 818 (m), 764
(w), 620 (w), 450 cm�1 (w); 1H NMR (CD3OD, RT): �� 8.03 (AB2, 3 lines,
3J(HH)� 7.90/7.79 Hz, 1H; H4), 7.60 (AB2, 2 lines, 3J(HH)� 8.04 Hz, 2H;
H3,5), 2.55 (d, 2J(HH)� 13.35 Hz, 4H; �CHH�), 2.23 (d, 2J(HH)�
13.22 Hz, 4H; �CHH�), 1.34 ppm (s, 6H; �CH3); {1H}13C NMR
([D6]DMSO, RT): �� 171.5 (s, py-C2/6), 137.1 (s, py-C4), 119.0 (s, py-C3/
5), 46.7 (s,�CH2�), 44.8 (s, �C� ), 22.5 ppm (s,�CH3); UV/Vis: 	max (�)�
472 nm (4009 dm3mol�1 cm�1); MS (FD): m/z (%): 355 (100) [M��2H],
252 (80) [pyN4], 386 (40) [FeBr(pyN4)�]; cyclic voltammetry (RT, 10�3�
soln. in abs. DMSO): E1/2 (FeII/FeIII): �0.07 V, �E� 90 mV, ipa/ipc� 0.97
(quasireversible, one electron). From the filtrate of this preparation, after
one week at 4 �C, were isolated single crystals of 4, as identified by X-ray
structure analysis. The formation of 4 is due to the presence of traces of
water. Attempts to prepare and crystallise 6 with rigorous exlusion of
moisture led to the isolation of the �-NO2-bridged dinuclear complex 7.


[Fe2{�2-(�1-N :�1-O)-NO2}(1)2]Br2PF6 (7): Solid LiOMe (87 mg, 2.29 mmol)
was added to a suspension of 1 ¥ 4HBr ¥MeOH (0.35 g, 0.58 mmol) in
methanol (6 mL); this produced a clear solution. After stirring for 10 min,
the solvent was removed under reduced pressure, and the remaining
colourless powder dried in vacuo overnight. This was then dissolved in
methanol (redistilled from Na/NaOMe), and solid anhydrous [Fe(ac)2]
(101 mg, 0.58 mmol) was added, giving a dark orange solution. A solution
of NaNO2 (40 mg, 0.58 mmol; dried in an oil pump vacuum at room
temperature for 2 d) in methanol (2 mL) was added, causing the colour of
the mixture to change to a deep red immediately. The solution was filtered,
and a small amount of an orange-red solid was collected (1H NMR and IR
data conform to [Fe(NO2)(1)]Br, 6, as obtained from [FeBr(1)]Br and
NaNO2). The filtrate and a 0.05� solution of NnBu4PF6 in methanol were
placed into the halves of a U-shaped glass tube separated by a glass frit.
After 2 weeks, a small amount of single crystals had formed which were
identified as 7 by X-ray crystallography. IR (KBr): � � 3377 (s), 3353 (s),
3273 (vs), 3238 (vs), 3127 (s), 2963 (s), 2938 (s), 2881 (w), 1594 (s), 1578 (s),
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1469 (s), 1397 (m), 1315 (m), 1260 (m), 1208 (m), 1163 (s, NO2
�), 1085s, 1017


(s), 858 (vs, PF6), 845 (vs) (PF6), 810 (s), 752 (m), 557 cm�1 (s, PF6); variable
temperature magnetic susceptibility measurements (2 ± 300 K) gave S� 0
over the full range of temperatures.


Reaction of [Fe(NO2)(1)]Br (6) with H� : Treatment of solutions of 6 in
methanol with acid (HBr 48% or HBF4 ¥Et2O, 2 equiv) yielded the
18 valence electron species [Fe(NO)(1)]Br3 (5, {Fe(NO)}6) as the only
product, as identified by 1H NMR and IR spectroscopy. Upon acidification
of a suspension of [Fe(15NO2)(1)]Br in methanol, the corresponding
{Fe(15NO)}6 species had �(15NO)str� 1892 cm�1, as opposed to �(NO)str�
1926 cm�1 for the unlabelled material (above).[82]
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Suggestion of a ™Twist∫ Mechanism in the Oligomerisation of a Dimeric
Phospha(���)zane: Insights into the Selection of Adamantoid and Macrocyclic
Alternatives
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David Moncrieff,[c] Mary McPartlin,[b] Anthony D. Woods,[a] and Dominic S. Wright*[a]


Abstract: The reaction of the dimeric
phospha(���)zane [ClP(�-Npy)]2 (1)
(py� 2-pyridyl) with pyNHLi (2:1
equivalents, respectively) in THF/Et3N
leads to rapid formation of the bicyclic
nona-phospha(���)zane [{ClP(Npy)2}2-
{P2(Npy)}] (2). This novel rearrange-
ment can be rationalised by a mecha-
nism involving ™twisting (or swivelling)∫
of the central P(�-Npy)P fragment
of the presumed intermediate
[{ClP(�-Npy)2P}2(�-Npy)] (3), a process
that provides a fundamental mechanistic


relationship between the majority of
previously reported imidophosphos-
pha(���)zanes. This process is fundamen-
tally reliant on relief from ring strain on
going from the four-membered ring
units of 3 to the six-membered units of
2. The rearrangement observed for 1 is
suppressed on steric grounds by Me-


substitution of the pyridine ring at the
6-position, the dimeric phosphazane
[ClP(�-N-6-Me-py)]2 (4) (6-Me-py�
6-methyl-2-pyridyl) being formed al-
most exclusively in the 1:1 reaction of
PCl3 with 6-Me-pyNHLi. The syntheses
and X-ray structures of 1, 2 and 4 are
reported, together with 31P NMR spec-
troscopic and DFT calculational studies
of the conversion of models of 1 into 2.
The combined studies pinpoint relief
from ring strain as the key factor dictat-
ing the rearrangement.


Keywords: density functional
calculations ¥ nitrogen ¥ phosphorus
¥ rearrangement


Introduction


The reactions of PCl3 with primary amines (RNH2), amine
hydrochlorides (RNH3Cl), amides (RNH�) or silylamides
[RN(SiR�3)2] give a range of phospha(���)zane products,
depending largely on the steric demands of the organic
substituents (R) and the stoichiometry of the reactions. The
commonest products are dimers of the type [ClP(�-NR)]2 (A,
Scheme 1),[1] which have been observed mainly with more
sterically demanding primary amines. Larger trimeric (B)[2]


rings have been obtained with less sterically bulky precursors.
Also of note are bicyclic (C),[2c, 3] adamantoid (D)[4] and
macrocyclic (E)[5] phosphazane cages, which are obtained by a


range of synthetic procedures for less sterically demanding
organic groups.


Although representative examples of phosphazanes A ±E
have been well characterised, few systematic studies have
focused on the mechanism of formation of these species and
the potential mechanistic relationship between them. In one
example, such a mechanistic relationship between a trimeric
arrangement B and a bicyclic arrangement C has been
established, the trimer [ClP(�-NMe)]3 being converted into
the bicyclic compound [Cl2P4(NMe)5] upon reaction with
MeN(SiMe3)2.[6] In addition, the dimer [{P(�-NiPr)}2-
(�-NiPr)]2 (of type E) was shown to revert to the more
thermodynamically stable adamantoid isomer (type D) upon
thermolysis in the solid state.[5a] Interestingly, the increased
steric demands of the organic substituents in the isostructural
dimer [{P(�-NtBu)}2(�-NtBu)]2 confer greater stability, and
the compound does not undergo rearrangement into the
adamantoid structure under similar conditions.[5b]


We recently showed that the 1:1 stoichiometric reaction of
the dimers [ClP(�-NtBu)]2 and [H2NP(�-NtBu)]2 in the
presence of Et3N leads to the almost quantitative formation
of the tetrameric macrocycle [{P(�-NtBu)}2(�-NH)]4[7] [struc-
turally related to the previously reported cyclic dimers [{P-
(�-NR)}2(�-NR)]2 (R� iPr, tBu)[5]] (Scheme 2). The selectivity
of this cyclisation reaction appears to result partly from preor-
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Scheme 2. Structure of the tetrameric macrocycle [{P(�-NtBu)}2(�-NH)]4.


ganisation of the dimeric precursors, both of which prefer
cis conformations in the solid state and in solution. However,
the isolation of minor amounts of the host ± guest adduct
[{P(�-NtBu)}2(�-NH)]5 ¥HCl from this reaction (containing a
macrocyclic pentamer) may also indicate that templating by
Cl� anions provides an additional factor favouring cyclisa-
tion.[8] Our interest in extending this synthetic approach to
other macrocycles of the type [{P(�-NR)}2(�-NH)]n has led us
to explore the synthesis of a broad range of dimers of the type
[ClP(�-NR)]2 (the fundamental starting materials for cyclisa-
tion). We present here a study
of the synthesis of the dimer
[ClP(�-Npy)]2 (1) (py� 2-pyr-
idyl) and the observation of
its surprising rearrangement
into the bicyclic complex
[Cl2P4(Npy)5] (2) in the pres-
ence of pyNHLi/Et3N. This ob-
servation, and the suppression
of the rearrangement in the
case of the dimer [ClP(�-N-6-
Me-2-py)]2 (4) (6-Me-2-py� 6-


methyl-2-pyridyl), provide a
key to the relationship between
many of the imidophosphazane
structural types previously ob-
served.


Results and Discussion


Synthesis and X-ray structures :
One target of our ongoing syn-
thetic studies of macrocycles
of the type [{P(�-NR)}2-
(�-NH)]n is the preparation of
species containing donor func-
tionality within their organic
substituents (R). However,
comparatively few of the di-
mers [ClP(�-NR)]2 (the neces-
sary starting materials for these
studies) have been fully charac-
terised previously and only one
of these species has donor func-


tionality present within the organic substituent.[1e] Pyridyl (py)
substituents seemed to us to be particularly suitable for this
purpose since their low steric demands should allow relatively
unhindered rotation within the dimeric constituents of the
macrocyles, therefore facilitating the coordination of their
donor N centres to metal ions within the macrocyclic cavities.


Pilot studies in this area concentrated on 2-pyridyl amine
substituents (pyN). Several synthetic approaches based on
conventional literature procedures were investigated, includ-
ing: i) reaction of 2-pyNH2 with PCl3 in THF, in the presence
of Et3N as the Br˘nsted base; ii) reaction of pyNH2 with PCl3
as the solvent. Both of these methods proved ineffective and
only intractable solids were obtained. Finally, a procedure
based on that developed by Roesky et al. in the synthesis of
[ClP(�-NDipp)]2 (Dipp� 2,4,6-(CF3)3C6H2) was adopted,[1d]


in order to minimise the likely complication of the pyridyl
substituent behaving as a Br˘nsted base. Accordingly, PCl3
was treated with pyNHLi (1:1 equivalents) in THF/Et3N at
�78 �C. However, following extraction and crystallisation of
the product with toluene, the phosphazanes [ClP(�-Npy)]2 (1)
and [Cl2P4(Npy)5] (2 ¥ toluene) are both obtained (Scheme 3)
(see Experimental Section). Compounds 1 and 2 can be
separated by careful fractional crystallisation from solutions
of the crude extract in toluene, with 1 being crystallised in the
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Scheme 1. Major structural types identified for imidophospha(���)zanes.
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first batch and 2 being obtained as the major component of
the second batch (which is normally contaminated with 1).
Both compounds were initially characterised by elemental
analysis and by IR, 1H and 31P NMR spectroscopy. The 31P
NMR chemical shift for 1 at room temperature (a singlet at
�� 178.5) is particularly diagnostic, the value being similar to
that found for other dimers of the type [ClP(�-NR)]2 (e.g.,
R� tBu, �� 207.6). Two triplets are observed in the room-
temperature 31P NMR spectrum of 2 in toluene [�� 108.4
(P�Cl) and �� 64.6; J(PNP)� 7.3 Hz], indicating that only
one conformational isomer of 2 is present in solution. The low
value of the P�P coupling constant (J(PNP)) in cages of this
type has been attributed to the transoid orientation of the P
lone pairs within the cage.[3] The room-temperature 1H NMR
spectrum of 2 exhibits pairs of related, complex multiplets
(relative ratio 1:4) in the aromatic region. Presumably, these
pairs correspond to the two py ligand environments within the
eight-membered ring unit (4py) and the bridgehead (1py).


In an attempt to suppress the formation of the bicyclic
framework, the reaction was performed using 6-Me-2-pyNH-
Li (6-Me-2-py� 6-methyl-2-pyridyl) under similar conditions.
The 31P NMR spectrum of the crude toluene extract from this
reaction reveals that the dimer [ClP(�-N-6-Me-py)]2 (4) is
formed almost exclusively (Scheme 4). Only a minor amount
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Scheme 4. Formation of dimer [ClP(�-N-6-Me-py)]2 (4).


of the presumed bicyclic product could be identified in this
mixture (�� 109.0 (t), 62.7 (t)). Compound 4 can be isolated
in a highly pure form by solvent reduction of the crude extract
under vacuum, followed by crystallisation at room temper-
ature (see Experimental Section). As in the case of 1, the 31P
NMR chemical shift of 4 (a singlet at �� 182.0) provided an
initial, strong indication of the formation of a dimeric
framework.


X-ray crystallographic studies were undertaken on 1, 2 ¥
toluene and 4. Details of the crystal data and structure
refinements are given in Table 1. Table 2 lists key bond
lengths and angles for the dimers 1 and 4 and Table 3 gives the
corresponding data for the bicyclic complex 2.


The structures of the dimers 1 (Figure 1) and 4 (Figure 2)
are as anticipated, both being composed of four-membered,
virtually planar P2N2 rings (maximum deviation 0.02 ä in both
complexes). The P�N bonds [range 1.711(3) ± 1.723(3) ä] and
P�N�P [100.4(7) ± 100.8(7)�] and N�P�N [79.3(1) ± 79.4(1)�]
angles within these ring units are very similar for both
compounds and typical of dimeric imidophosphazanes.[1] The


cis conformation of the Cl atoms with respect to the P2N2 units
in both compounds is also typical of the majority of
imidophosphazane dimers of this type[1] and is reassuring
with respect to their potential applications as precursors for
the target functionalised macrocycles. The pyridyl ring units in


Table 1. Crystal data and refinements for [ClP(�-Npy)]2 (1),
[Cl2P4(Npy)5] ¥ toluene (2 ¥ toluene) and [ClP(�-N-6-Me-py)]2 (4).


Compound[a] 1 2 ¥ toluene 4


empirical formula C10H8Cl2N4P2 C32H28Cl2N10P4 C12H12Cl2N4P2


MW 317.04 747.42 345.10
crystal system monoclinic triclinic monoclinic
space group P21/n P1≈ P21/c
T [K] 223(2) 203(2) 180(2)
unit cell parameters
a [ä] 9.237(4) 11.005(5) 10.0421(2)
b [ä] 12.327(3) 11.687(4) 12.0631(3)
c [ä] 12.743(3) 14.462(4) 13.0545(3)
a [�] – 73.04(2) –
b [�] 104.76(2) 86.71(3) 104.277(2)
g [�] – 78.96(5) –
U [ä3] 1403.0(7) 1746.1(11) 1532.56(6)
Z 4 2 4
�calcd [Mgm�3] 1.501 1.422 1.496
� [mm�1] 0.677 0.410 0.626
independent reflections 1943 4815 3506
Rint 0.022 0.043 0.029
R indices [I� 2�(I)], R1 0.038 0.060 0.031
WR2 0.076 0.137 0.078
R indices (all data), R1 0.060 0.127 0.039
WR2 0.150 0.189 0.082


Table 2. Selected bond lengths and angles for the dimers [ClP(�-NR]2
[R� py (1), 6-Me-py (4)].


1 4


bond lengths [ä]
P(1)�N(1) 1.721(3) 1.714(1)
P(1)�N(2) 1.711(3) 1.707(1)
P(2)�N(1) 1.711(3) 1.703(1)
P(2)�N(2) 1.723(3) 1.722(1)
P(1)�Cl(1) 2.095(2) 2.1073(6)
P(2)�Cl(2) 2.108(2) 2.1003(6)
C(11,21)�N(1,2) mean 1.403 mean 1.400
C(11,21):N(12,22) mean 1.338 mean 1.332


angles [�]
P(1)�N(1)�P(2) 100.7(2) 100.82(7)
P(1)�N(2)�P(2) 100.6(2) 100.35(7)
N(1)�P(1)�N(2) 79.4(1) 79.41(7)
N(1)�P(2)�N(2) 79.3(1) 79.31(6)
N�P�Cl mean 102.5 mean 102.5
max. P2N2 ring deviation 0.02 0.02


Table 3. Selected bond lengths and angles for bicyclic [Cl2P4(�-Npy)5] (2).


bond lengths [ä]
P(1)�N(1) 1.707(5) P(3)�N(1) 1.755(6)
P(1)�N(4) 1.716(6) P(3)�N(3) 1.748(5)
P(1)�Cl(1) 2.147(3) P(3)�N(5) 1.729(6)
P(2)�N(2) 1.692(5) P(4)�N(2) 1.754(6)
P(2)�N(3) 1.725(5) P(4)�N(4) 1.737(5)
P(2)�Cl(2) 2.138(3) P(4)�N(5) 1.708(5)


angles [�]
N�P�N range 94.8(3) ± 99.8(2) P�N�P range 125.2(3) ± 128.6(3)
N�P�Cl mean 100.1 �N range 354.9 ± 360.0
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Figure 1. Structure of dimeric 1.


Figure 2. Structure of dimeric 4.


1 and 4 lie almost in the same plane as the P2N2 rings, but are
tilted slightly in opposite directions (dihedral angle between
the pyridyl rings 10.2� in 1 and 9.4� in 4). This arrangement is
similar to the phenyl rings in [ClP(�-NPh)]2.[1a]


Cage molecules of 2 are composed of a P4N5 core, which
adopts a bicyclo-1,3,3-nonane arrangement (Figure 3). In
addition, there is one molecule of toluene in the lattice per
molecule of 2. The two fused P3N3 rings making up this
structure of 2 adopt twisted, half-chair conformations, with
the P�Cl bonds being orientated towards N(5), the bridge-
head 2-pyN group. The P�N bonds fall over a slightly larger
range [1.707(5) ± 1.755(6) ä] than those found in the dimers 1
and 4. However, there is no discernible pattern in the P�N
bond lengths within the P4N5 core of 2. The P�N�P [range
125.2(3) ± 128.6(3)�] and N�P�N [range 94.8(3) ± 99.2(2)�]
angles within 2 are considerably greater than the correspond-
ing angles in 1 and 4, indicating that relief from ring strain may
underpin the formation of the bicyclic framework from
dimeric 1. Although three compounds containing the same
P4N5 core structure have been structurally characterised
previously, none of these are directly comparable to 2 since
all examples in which the cage is not coordinated to a metal
centre are partially or completely oxidised at one or more of
the P atoms.[3] The P�N bonds are therefore generally shorter
(i.e., 1.664(2) ± 1.707(2) ä[3]) than in 2. In contrast, the P�N�P
and N�P�N angles in 2 are very similar to those found in the
previous examples.[3] The distorted, trigonal-planar geome-


Figure 3. Structure of the bicyclic cage 2.


tries of the N centres in 2 are typical of related P4N5 cages of
this type, the sum of angles about the N centres falling in the
range 354.9 ± 360.0�.


The mechanism of selection of macrocyclic and adamantane
alternatives : We were intrigued by the formation of the
apparently unrelated phosphazane frameworks of 1 and 2 and
wondered whether a mechanistic relationship might exist
between them. In order to determine this, the reaction of 1
(1 equivalent) with pyNHLi (0.5 equivalents) in THF/Et3N
was monitored by 31P NMR spectroscopy (Figure 4). The
addition of pyNHLi/Et3N to a solution of 1 at �78 �C results
in immediate formation of 2 (Figure 4a ± c), together with an
intermediate 3, which is characterised by two poorly resolved
doublets (at �� 158.2 and 121.1). The values of the chemical
shifts observed for 3 suggest that the two phosphorus
environments present in this species are similar to those
found in 2. In addition, the coupling constant for 3 (ca. 33 Hz)
is consistent with a (2J) P�N�P linkage. Holding the reaction
mixture at �78 �C for four hours results in an increase in the
amount of this intermediate relative to 2 (Figure 4c). Allow-
ing the reaction mixture to warm from �30 to 70 �C gives 2
together with other minor unidentified products (Figure
4d ± f).


The exact mechanism by which 1 is converted into 2 is still
open to debate. However, the involvement of the trimer
[ClP(�-Npy)]3[6] as an intermediate in this reaction appears
unlikely, since there is no obvious pathway by which 1 could
be converted into this species. A more plausible mechanism
involves the formation of the chain isomer of 2, [{ClP-
(�-Npy)P}2(�-Npy)] (3), by simple oligomerisation of the
dimer constituents of 1, followed by ™twisting∫ of the central
P(�-Npy)2 fragment (Scheme 5). Interestingly, it has been
shown previously that the reaction of PCl3 with PhNH2


ultimately results in the formation of a related chain product
[(PhNH)P(�-NPh)2P]2(�-NPh), by a stepwise pathway from
the dimeric diazadiphosphazane [(PhNH)P(�-NPh)]2.[1b] In
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addition, the thermal rearrangement of the macrocyclic dimer
[{P2(�-NiPr)2}2(�-NiPr)]2 into the adamantoid [P4(NiPr)6] can
be reappraised in the light of the observed conversion of 1
into 2, as also occurs by a similar ™twist∫ process (Sche-
me 6).[5a]


A number of factors complicate any attempt to suggest an
overall mechanistic scheme that might allow all the principal
phospha(���)zane structural types discussed at the beginning of
the introduction to this paper to be related to each other. In
particular, radically different synthetic procedures have been


employed in the preparation of these species. However, a key
observation from all previous studies that the structural type
obtained is strongly influenced by the steric demands of the
organic substituents provides a fundamental indication of
thermodynamic control in all of these cases. Combining the
observed rearrangement of 1 into 2 with these previous
reports[1±5] allows a plausible link between the principal
structural types to be proposed, the overall scheme being
shown in Figure 5. Depending on the steric demands of the
organic substituent (R), dimers (A) and/or trimers (B) can


Figure 4. Variable-temperature 31P NMR spectroscopic study of the reaction of 1 with pyNHLi/Et3N in THF [a) 1, �78 �C; b) �pyNHLi/Et3N, �78 �C;
c) � 78 �C, 4 h; d) � 10 �C; e) 25 �C; f) 70 �C].
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Figure 5. Proposed scheme relating the common types of imidophos-
pha(���)zane structures.


result initially, for example, from the reactions of PCl3 with
RNH2. The formation of the larger six-membered ring of B is
favourable only where the organic groups have relatively low
steric demands (e.g., Et or Me[2]), since the space available for
the accommodation of these groups decreases with increased
ring size. The formation of dimers in the majority of cases
results from the desire to minimise steric congestion, since a
four-membered ring unit maximises the space available for
more sterically demanding groups.[1] However, minimising
steric congestion occurs at the expense of increased ring strain
in these units.


We suggest that the ™twist∫ mechanism observed for the
conversion of 1 and 2 provides the pivotal mechanistic
pathway responsible for the ultimate selection of the macro-
cyclic (E) and adamantoid (D) alternatives. For sterically
demanding substituents, pathway I will be followed in which
the dimeric units are retained in
the intermediate C�, leading to
the formation of E. However,
for less sterically demanding
groups (such as py) relief from
ring strain results in rearrange-
ment of C� into the isomeric
bicyclic structure (C), in which
the organic substituents can be
accommodated within its fused
six-membered ring constitu-
ents. Although, to our knowl-


edge, no representative examples of the conversion of a
bicyclic cage (C) into an adamantoid (D) have been reported
previously, this process appears highly likely on the basis of
related studies. Specifically, it has been shown that the P4N5


cores of uncoordinated cages are conformationally flexible
and that such cages can readily be coordinated to transition
metals (TM) using their wing-tip P atoms as donor centres.[3b]


This process results in the formation of adamantane-like
cage structures containing P4N5TM cores. Alternatively, as
shown by Scherer et al., collapse of the macrocylic arrange-
ment (E) into the adamantane isomer (D) can also occur,[5a]


provided the organic groups (R) are not too sterically
demanding.[5b] It should be noted also that in one case a
trimer (B) has been shown to be a precursor for a bicyclic
structure (C).[6]


In order to provide further insights into the ways in which
steric factors and ring strain influence the structural arrange-
ment adopted, ab initio calculations were performed in an
effort to understand the energetics involved in the isodesmic
rearrangement of the chain isomer (C�) to the bicylic isomer
(C) (Scheme 7). This rearrangement is a pivotal one in the
proposed pathways outlined in Figure 5. Hydrogen and
methyl substituents (R) were used in the model calculations
to simulate the effect of different functional groups. Opti-
misation and frequency analysis were performed using the
Gaussian98 (G98) software program.[9] Two theoretical
models were used to determine the energetics involved in
the C� to C rearrangement: density functional theory (DFT)
using the B3LYP functional[10] and a MP2 model. In the DFT/
B3LYP model, the INT�ULTRAFINE parameter was
employed for the numerical grid whilst in the MP2 model
the core orbitals were kept frozen and doubly occupied. Two
basis sets were used, cc-pvdz basis[11] and a cc-pvtz basis,[12]


which were employed in both theoretical models.
Optimisation and frequency calculations were performed at


B3LYP/cc-pvdz, B3LYP/cc-pvtz andMP2/cc-pvdz onC� and C
when R�H, while for R�CH3, only the B3LYP model
combined with both basis sets was employed. The optimised
structures of C� and C obtained from B3LYP/cc-pvdz and
MP2/cc-pvdz are in close agreement; bond lengths are within
0.01 ä and angles are within 1� when compared with the P�N
cage structures. The only deviation between the two models
comes in the P�Cl bond length, for which the MP2 structure
gave a shorter bond length over the B3LYP structure in the
range 0.02 ± 0.04 ä; this is true for both optimised isomers.
The effect on changing the basis set (B3LYP model only) is
common to both optimised isomers (R�H and CH3) such


P
N


P


N


Cl


R


R


P
N


P


N


Cl


R


R


N


R


P
N


P
N


P


N


N


P


N


Cl
Cl


R


R


RR


R


CC'


Scheme 7. The rearrangement of the chain isomer (C�) to the bicylic isomer (C).
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that the P�N and P�Cl bond lengths are reduced by 0.02 ±
0.03 ä in going from a cc-pvdz basis to a cc-pvtz basis set.
Changing the basis set has little effect on the N�P�N, P�N�P
and N�P�Cl angles within C� and C optimised structures
(R�H and CH3). A direct comparison of experimental and
theoretical structures is not possible since the subsitutents
(R) differ, but comparing the B3LYP/cc-pvtz/R�CH3 of
the optimised isomer C with the experimental structure
of bicyclic [Cl2P4(�-Npy)5] (Table 3) shows a remarkable
similarity in the P�N cage. P�N bond lengths are within
0.02 ä of agreement between theory and experimental
data, with the B3LYP bonds lengths being longer. The
N�P�N angles were calculated in the range 99.5 ± 102.4�,
the P�N�P angles were calculated in the range 123.4 ± 129.4�
and N�P�Cl mean was calculated to be 101.6� ; these are
all in close agreement with the angle parameters given
in Table 3. The B3LYP/cc-pvtz model calculated a P�Cl
bond length that is roughly 0.08 ä longer than given in
Table 3.


Frequency analysis of the optimised structures obtained
from all model and basis set combinations calculated for
isomer C� (R�H and R�CH3) gave minimum structures on
the potential energy surface (PES). Care must be taken to
ensure the methyl hydrogen atoms are in a staggered
orientation for isomer C� otherwise in an eclipsed configu-
ration, an imaginary frequency is obtained with the B3LYP/
cc-pvtz optimised structure. This saddle point pertains to the
oscillation of the methyl groups on the P�N cage, not the
methyl on the bridge. For isomer C the frequency analysis was
somewhat more complicated. For this isomer (R�H), an
imaginary frequency was obtained for the optimised struc-
tures generated from the B3LYP/cc-pvdz and MP2/cc-pvdz
models. Subsequent analysis of this structure confirmed it to
be a transition state on the potential energy surface (PES).
The bridged hydrogen oscillates along the Cl�H�Cl plane.
The optimised structure obtained for isomer C (R�H)
calculated from the B3LYP/cc-pvtz model produces a mini-
mum on the PES. Minimum structures were confirmed,
generated from the B3LYP/cc-pvdz and B3LYP/cc-pvtz
models for isomer C (R�CH3).


Table 4 details the �E, �H and �G for the isomer
rearrangement (Scheme 7). The energetics are not presented
for the BL3YP/cc-pvdz/R�H and MP2/cc-pvdz/R�H struc-
tures, since this would involve the reaction of a local minimum
to a transition state on the PES, although the computed
energies predict this would be a favourable rearrangement
(C��C). As outlined in Table 4, the energetics of the
rearrangement of the chain isomer (C�) to the bicyclic isomer
(C) are always favoured, although by increasing the size of the
R group the process becomes less favourable; replacing


hydrogen with a methyl group decreases �E by 9.1 kcalmol�1


while �G is lowered by 9.7 kcalmol�1 at the B3LYP/cc-pvtz
level. Steric factors therefore appear to play an important role
in this rearrangement, and it is reasonable to imagine that
with even more sterically demanding substituents the ener-
getic balance may be shifted further towards C�. In addition,
although the entropy for the conversion of C� to C is
calculated always to be unfavourable, as the size of the
substituent increases from R�H to R�Me the entropy
favours the chain isomer C� and disfavours the rearrangement.


Conclusion


The study presented here has shown for the first time that
dimers of the type [ClP(�-NR)]2, the commonest structural
class of imidophospha(���)zanes, can be converted into bicyclic
cages by a presumed ™twist∫ mechanism. Placing this obser-
vation in the context of previous studies of other classes of
imidophospha(���)zanes, it is possible to suggest a plausible
mechanistic connection between the majority of structural
types identified so far, which explains the observed depend-
ence of the reactions on the steric demands of the organic
substituents. This proposed scheme accounts for the observed
selectivity between the macrocylic or adamantoid alterna-
tives. In the broader context of our ongoing studies of larger
macrocycles of the type [{P(�-NR)}2(�-NH)]n (n� 2), one
future prospect is the potential thermal rearrangement of
these species by a similar mechanism to that involved in the
conversion of 1 into 2, or for the similar rearrangement of the
dimeric macrocyle [{P(�-NiPr)2(�-NiPr)]2 into the adaman-
toid [P4(NiPr)6]. Such a scenario is depicted in Scheme 8 for a
tetrameric macrocyclic framework.


Experimental Section


PCl3 was freshly distilled prior to use and stored under argon subsequently.
Toluene and THF were dried by distillation over sodium/benzophenone
under N2 prior to the reactions. Compounds 2-amino-pyridine (2-pyNH2)
and 6-methyl-2-amino-pyridine (6-Me-2-pyNH2) were used as supplied
(Aldrich), without further purification. The products 1, 2 and 4 were air-
and moisture-sensitive. They were handled on a vacuum line using standard
inert-atmosphere techniques[13] and under dry, oxygen-free argon. The
products were isolated and characterised with the aid of a N2-filled glove
box fitted with a Belle Technology O2 and H2O internal recirculation
system. Elemental analyses were performed by first sealing the samples
under argon in air-tight aluminium boats (1 ± 2 mg) and C, H and N content
was analysed using an Exeter AnalyticalCE-440 Elemental Analyser.
P analysis was performed by spectrophotometric means. 1H and 31P NMR
spectra were recorded on a BrukerAM 400 MHz spectrometer in dry
deuterated THF and/or benzene. 1H NMR spectra were referenced to the
internal solvent resonances. 31P NMR spectra were referenced to an
external standard of 85% H3PO4/D2O.


Synthesis of 1 and 2 : nBuLi (13.4 mL, 1.5 moldm�3 in hexanes) was added
to a solution of 2-pyNH2 (1.882 g, 20 mmol) in THF (50 mL) at 0 �C.
Warming of the mixture to room temperature and stirring for 15 mins gave
a yellow solution of the lithiate. This solution was added dropwise to a
solution of PCl3 (1.75 mL, 20 mmol) in THF (60 mL) and Et3N (5 mL) at
�78 �C. Immediate precipitation of a white solid occurred. Themixture was
stirred at�78 �C for a further 2 h after full addition of the lithiate, and then
at room temperature for 12 h. The solvent was removed under vacuum and
the yellow residue extracted with toluene (60 mL) and filtered (Celite, P3)


Table 4. Energetics for isomer C��C rearrangement.


C��C �E[a, b] �H[b, c) �G[b, c)


B3LYP/cc-pvtz (R�H) � 18.5 � 19.1 � 15.8
B3LYP/cc-pvdz (R�CH3) � 11.6 � 12.6 � 8.4
B3LYP/cc-pvtz (R�CH3) � 9.4 � 10.4 � 6.1


[a] Includes zero-point energy. [b] Units in kcalmol�1. [c] At 298.15 K and
1 atm.
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to remove LiCl and Et3NHCl. The toluene was removed completely under
vacuum and the solid residue held under vacuum for 30 mins (10�1 torr) to
remove volatile components. The solid was dissolved in toluene (6 mL) and
heated into solution. Storage of the solution at room temperature (12 h)
gave large yellow blocks of 1. The first batch yield was 0.68 ± 0.93 g (21 ±
29% on the basis of P supplied). Further crystallisation gave 2 ¥ toluene as
yellow rods, which were generally contaminated with small amounts of 1
(0.21 ± 0.30 g).


Compound 1: M.p. 170 �C; IR (Nujol, NaCl): �� � 3050 (w) (C�H str, aryl),
1587 (s) (C :N str), 1567 (s) (C :C str), other bands at 1295 (s), 1238 (s), 1154
(m), 1104 (m), 1050 (w), 994 (s), 944 (s), 921 (s), 778 (d.s), 734 (d.s),
690 cm�1 (d.s); 1H NMR (400.16 MHz, [D6]benzene, �25 �C): �� 8.11 (m,
1H; C(6)�H), 6.93 (m, 1H; C(5)�H), 6.42 (m, 2H; C(3,4)�H]; 31P NMR
(161.975 MHz, [D6]benzene, �25 �C): �� 178.5 (s); MS (EI): m/z : 316.0
[MH�] (50%); elemental analysis calcd (%) for 1 (317.04): Cl 22.4, P 19.5;
found: Cl 22.0, P 18.3.


Compound 2 : M.p. 196 �C; IR (Nujol, NaCl): �� � 3055 (w) (C�H str aryl),
1587 (s) (C�N str), 1570 (s) (C�C str), other bands at 1239 (s), 1150 (w),
1102 (w), 1047 (w), 997 (s), 972 (s), 939 (s), 921 (s), 908 (s), 889 (m), 776
(d.m), 730 cm�1 (m); 1H NMR (400.16 MHz, [D6]benzene, �25 �C): ��
8.27 (m, 1H), 8.05 (m, 4H), 7.59 (d, 4H), 7.35 (d, 1H), 7.24 (m, 5H;
C6H5CH3), 7.12 (m, 8H), 6.98 (m, 2H), 2.19 (s, 3H; C6H5CH3), the pairs of
multiplets at 8.27/8.05, 7.59/7.35 and 7.12/6.98 have identical appearances;
31P NMR (161.975 MHz, [D6]benzene, �25 �C): �� 108.4 (t), 64.6 (t,
2J(PNP)� 7.3 Hz); elemental analysis calcd (%) for 2 ¥ toluene (747.42):
C 51.4, H 3.7, N 18.7, Cl 9.5, P 16.6; found: C 48.7, H 3.8, N 17.9, Cl 9.8,
P 16.4.


Synthesis of 4 : nBuLi (13.4 mL, 1.5 moldm�3 in hexanes) was added to a
solution of 6-Me-2-pyNH2 (2.163 g, 20 mmol) in THF (40 mL) at 0 �C.
Warming of the mixture to room temperature and stirring for 15 mins gave
a yellow solution of the lithiate. This solution was added dropwise to a
solution of PCl3 (1.75 mL, 20 mmol) in THF (60 mL) and Et3N (5 mL) at
�78 �C. Immediate precipitation of a white solid occurred. Themixture was
stirred at �78 �C for a further 2 h after full addition of the lithiate and then
at room temperature for 12 h. The solvent was removed under vacuum and
the yellow residue extracted with toluene (60 mL) and filtered (Celite, P3)
to remove LiCl and Et3NHCl. The solvent was removed under vacuum and
a yellow precipitate was formed after removal of approximately 30 mL of
toluene. The solid was dissolved by heating to approximately 70 �C. Storage
of the solution at room temperature (12 h) gave large yellow rods of 4.
Removal of a further 10 mL of solvent and storage of the solution at room
temperature gave a further batch of 4. Total yield 1.01 g (29%); M.p.
161 �C; IR (Nujol, NaCl): �� � 1594 (s) (C :N str), 1570 (s) (C :N str), other
bands at 1255 (s), 1241 (s), 1234 (m), 1166 (s), 1159 (s), 1095 (s), 1060 (m),
994 (s), 964 (s), 925 (m), 824 (s), 807 (m), 785 (m), 782 cm�1 (m); 1H NMR
(400.16 MHz, [D6]benzene, �25 �C): �� 6.91 (t, J(H,H)� 7.4 Hz, 1H;
C(4)�H), 6.28 (dd, J(H,H)� 2.6, 7.8 Hz, 2H; C(3,5)�H), 2.23 (s, 3H; Me);
31P NMR (161.975 MHz, [D6]benzene, �25 �C): �� 183.3 (s); elemental
analysis calcd (%) for 4 (345.10): C 41.8, H 3.5, N 16.2, Cl 20.6, P 18.0;
found: C 38.2, H 3.6, N 15.4, Cl 19.8, P 17.6.


X-ray crystallographic studies of 1, 2 ¥ toluene and 4 : Crystals of 1, 2 and 4
were mounted directly from solution under argon using an inert oil which
protected them from atmospheric oxygen and moisture.[14] X-ray intensity


data were collected using a BrukerP4
four-circle diffractometer (for 1 and 2)
or a Nonius Kappa CCDC diffractom-
eter (for 4). Details of the data collec-
tions and structural refinements are
given in Table 1. The structures were
solved by direct methods and refined
by full-matrix least squares on F 2.[15]


Atomic coordinates, bond lengths and
angles and thermal parameters for 1, 2
and 4 have been deposited with the
Cambridge Crystallographic Data
Centre.


CCDC-188038 (1), -188039 (2 ¥ to-
luene) and -188040 (3) 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 CB21EZ, UK;
fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Scheme 8. Potential thermal rearrangement of a tetrameric macrocycle [{P(�-NR)}2(�-NH)]4.
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Coordination Chemistry in the Solid: Evidence for Coordination Modes
within Hybrid Materials Different from those in Solution


Robert J. P. Corriu,*[a] Frank Embert,[a] Yannick Guari,[a] Catherine Reye¬,[a] and
Roger Guilard[b]


Abstract: Two routes of incorporation
of europium(���) salts into cyclam-con-
taining hybrid materials have been ex-
plored, to elucidate the coordination
mode of EuIII in cyclam-containing hy-
brid materials in a study of the arrange-
ment of cyclam moieties during the sol ±
gel process. They were 1) complexation
of europium salts by N-tetrasubstituted
1,4,8,11-tetraazacyclotetradecane (cy-
clam) derivatives bearing four hydro-
lysable Si(OEt)3 groups, followed by
hydrolysis and polycondensation of


these complexes; and 2) hydrolysis and
polycondensation of N-tetrasubstituted
silylated cyclam derivatives, then incor-
poration of europium salts directly into
the hybrid materials. The coordination
mode of europium salts within solids is
not the same as in solution. In solution,
the complexation of EuIII with cyclam is


not possible; it requires cyclam deriva-
tives containing N-chelating substituents
such as amido groups in an appropriate
geometry. In contrast, the incorporation
of EuIII into hybrid materials is always
possible, whatever the nature of the
arms of the cyclam moieties. Thus, EuIII


uptake is one EuIII/two macrocycles with
cyclam moieties containing N-alkyl sub-
stituents. This constitutes the first exam-
ple of 4N�4N lanthanide coordination.


Keywords: amorphous materials ¥
coordination modes ¥ cyclams ¥
europium ¥ sol-gel processes


Introduction


Nanostructured organic ± inorganic hybrid materials[1, 2] are
obtained by hydrolytic polycondensation of molecular pre-
cursors bearing more than one hydrolysable Si(OR)3 group.
They constitute a new class of materials obtained under mild
conditions and including organic units covalently linked to the
inorganic silica matrix (Scheme 1).


One of the essential characteristics of such systems is their
short-range autoorganisation ability during the sol ± gel proc-
ess, which has been demonstrated[2]by their chemical proper-
ties[3] and by small-angle X-ray scattering (SAXS).[4] Besides,
evidence of long-range organisation in the solid has been
provided by birefringence experiments in the case of rigid
organic moieties.[5] These results were then extended to more
flexible models.[6]


We have also recently described[7] the incorporation of
CuCl2 within nanostructured cyclam-containing hybrid mate-


rials obtained by hydrolytic polycondensation of the molec-
ular precursor 1 (Scheme 2).


This route of incorporation of CuII into cyclam-containing
hybrid materials allows the complexation of one CuII/cyclam
moiety. Interestingly, it gives rise to copper ± copper inter-
actions, evidenced by ESR spectroscopy.[7] Such interactions
have been observed from ESR measurements in solution of
dinuclear CuII complexes specifically designed for this pur-
pose, in which two cyclam rings are in a face-to-face
conformation (Figure 1).[8] Furthermore, these materials pos-
sess an oxygen bonding capacity,[9] which has never been
observed for CuII complexes in solution.


The existence of copper ± copper interactions obtained by
the direct incorporation of CuCl2 into cyclam-containing
hybrid materials involves an arrangement of cyclam moieties
during the sol ± gel process in such a way that they are in close
proximity to each other. Such an organisation would probably
be due to the hydrophobic character of the tetra-N-propyl
cyclam moieties, opposed to the hydrophilic part around the
silicon atom [RSi(OR)x(OH)3�x] formed during the sol ± gel
process.


To obtain further evidence concerning the arrangement of
cyclam moieties during the sol ± gel process, we studied the
incorporation of EuIII into cyclam-containing hybrid materials
for three reasons.
1) The coordination mode of lanthanide ions is very different


from that of CuII; lanthanide complexes exhibit coordina-
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tion numbers ranging from six to twelve, with eight and
nine being the most common.[10]


2) In solution, the complexation of CuII by cyclam moieties
occurs whatever the nature of the N substituents of the
cyclam. In contrast, the 1,4,8,11-tetraazacyclotetradecane
(cyclam) does not complex lanthanide ions in solution. The
complexation of lanthanide ions requires N-substituted
cyclam derivatives with four pendant arms containing
chelating groups, because of their high coordination
number.


3) EuIII is a luminescent centre displaying multiple emissions
whose relative intensities and line splitting patterns are
very sensitive to the bonding environment around the
metal ion.[10, 11]


Herein, two routes of incorporation of EuIII salts into
cyclam-containing hybrid materials are described (Scheme 3).
We have prepared three silylated N-tetrasubstituted cyclam
derivatives (Scheme 3): 1 contains four pendant arms without
chelating groups and consequently unable to complex lantha-
nide ions in solution; 2 contains four pendant arms with
chelating groups[12] allowing the complexation of lanthanide
ions in solution; 3 appears as an intermediate model in which
the pendant arms bear chelating groups, but the rigidity of
these arms does not allow the complexation of lanthanide ions
in solution.


We show that the coordination mode of EuIII in cyclam-
containing hybrid materials is very different from that in
solution. Indeed, whereas the molecular precursor 2 is the
only one able to complex EuIII in solution, thus allowing the
incorporation of the salt by route A in Scheme 3 (gelation of
the isolated EuIII complex), the incorporation of the europium
salts into the solid by route B in Scheme 3 is always possible,


Scheme 1.


Scheme 2.


Figure 1. Face-to-face conformation of CuII cyclam complexes.


Scheme 3.
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whatever the nature of the pendant arms (gelation of 1, 2 or 3,
then incorporation of EuIII into the hybrid materials).
Furthermore, we show that the amount of the europium salts
incorporated by route B depends on the nature of the N-
substituents of the cyclam moieties.


Results and Discussion


Cyclam derivative 1 was prepared as previously described.[13]


Treatment of the cyclam with 2-bromo-N-triethoxysilylpro-
pylacetamide (4 equiv) afforded 2 in 97% yield. The reaction
of the cyclam with p-chloromethyl-N-triethoxysilylpropylbenz-
amide (4 equiv) gave 3 in 76% yield. Treatment of a boiling
solution of anhydrous europium salt (nitrate or chloride) in
ethanol with 2 (4 equiv) in boiling ethanol afforded the
corresponding europium salt complexes 4a and 4b in high


yield; these were identified as 1:1 complexes. All attempts to
isolate crystals suitable for X-ray analysis failed. FTIR
experiments gave evidence that the reaction was complete.
Indeed, both the C�O stretching vibrations of the free ligand
were shifted to lower frequencies (30 to 37 cm�1 for the upper
band I and 21 to 27 cm�1 for the other one), indicating that all
the amido groups are involved in the formation of 4a and 4b
(Table 1). We checked that, as expected, no reaction took
place when 1 or 3 was treated with a boiling ethanol solution
of the europium salt.


Preparation and characterisation of hybrid materials obtained
from complexes 4a and 4b (Scheme 3, route A): The hydro-
lytic polycondensation of complexes 4a and 4b was per-
formed at 30 �C in a THF solution containing H2O (6 equiv),
under acidic conditions
(10 mol% HCl). Gelation of
4a and 4b was also carried out
under nucleophilic conditions
(1 or 10 mol% tetrabutylam-
monium fluoride (TBAF) as
catalyst). However we have
observed that the gelation


times are always shorter under acidic conditions than under
nucleophilic conditions, probably owing to the strong ten-
dency of LnIII complexes to coordinate small ions such as
F�.[14, 15] The gels were allowed to age for five days at the
gelation temperature. They were then powdered, washed with
ethanol, acetone and diethyl ether, and dried under vacuum at
120 �C for 14 h.


We will consider only the solids prepared under acidic
conditions. The dried gels were named SZ, where S indicates
solid (xerogel) and Z is the number characterising the
precursor (4a or 4b). Physical data for these solids are
reported in the Experimental Section. The BET surface areas
were very low (�10 m2g�1). Their elemental analyses indicate
that the complexation survives the hydrolytic polycondensa-
tion as the experimental ratio Eu/N is close to the expected
one (see the Experimental Section).


Preparation and characterisation of hybrid materials obtained
from 1, 2 and 3 (Scheme 3): The hydrolytic polycondensation
of 1, 2 and 3 was performed at 30 �C in THF solution
containing H2O (6 equiv) and in the presence of TBAF
(1 mol%) as catalyst. Translucent colourless monoliths were
obtained. The gels underwent the work-up described above.
1H NMR analysis of the filtrates revealed no traces of
precursor.


The solid-state 29Si NMR spectra of the xerogels displayed
a set of resonance signals lying between ���45.2
and �77 ppm assigned to T1 [C�Si(OR)2OSi], T2


[C�Si(OR)(OSi)2], and T3 [C�Si(OSi)3] substructures (Ta-
ble 2). The absence of a resonance signal corresponding to Q
substructures[16] (in the ���100 ppm region) indicated that
no cleavage of Si�C bonds occurred during the sol ± gel
process. The degree of condensation � of the hybrid materials
was evaluated by deconvolution of the individual T resonance
signals.[17±19] The degree of condensation of S1 is fairly high,
whereas the xerogels S2 and S3 are very condensed (Table 2).
Powder X-ray diffraction data for the xerogels showed that
they are amorphous. The BET surface areas SBET determined
by adsorption ± desorption of N2 were very low (�10 m2g�1)
for S2 and S3. The BET surface area of S1 was over 300 m2g�1.
The complete elemental analysis of these materials (Table 2)
confirms the conservation of the cyclammoieties within them.


Direct incorporation of Eu(NO3)3 ¥ 6H2O and of EuCl3 ¥ 6H2O
into the xerogels SZ (Z� 1 ± 3) (Scheme 3, route B): We
checked that the incorporation of EuIII did not take place in
the absence of cyclam moieties inside the solids: a silica
prepared from TEOS was treated with a solution of Eu-
(NO3)3 ¥ 6H2O in ethanol heated under reflux for 14 h. After
filtration of the solid and washing with ethanol, elemental
analyses of the silica revealed no trace of europium.


Table 1. C�O stretching vibrations (�(C�O) [cm�1]) for 2 and the
corresponding europium complexes.


2 4a 4b


1684.0 1648.5 1648.5
1646.1 1621.8 1621.8


Table 2. 29Si CP MAS NMR data and elemental analysis of xerogels S1 ± S3.


29Si CP MAS NMR data [%] � [%] Elemental analysis
T1 T2 T3 calcd formula exp. formula


S1 � 45.2(3) � 59.1(50) � 66.3(47) 81 C22H44N4O6Si4 C23.4H48.5N3.9O9.3Si4.0
S2 (0) � 57.6(24) � 66.2(76) 92 C30H56N8O10Si4 C31.1H62.0N8.0O12.9Si4.1
S3 (0) � 57.4(10) � 65.9(90) 97 C54H72N8O10Si4 C56.2H77.7N8.0O13.3Si4.1
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The xerogels SZ (Z� 1 ± 3) were treated with an excess of
Eu(NO3)3 ¥ 6H2O or EuCl3 ¥ 6H2O (2 equiv Eu3�/cyclam moi-
ety within the solids) in ethanol solution. The mixture was
heated under reflux for 14 h. The resulting solids were washed
copiously with ethanol and diethyl ether to eliminate the
uncomplexed salt, until no traces of nitrate were detected by
FTIR spectroscopy in the concentrated filtrate. They were
named SZ[EuX3] , where S and Z are as defined above and
EuX3 represents the salt. Table 3 summarises elemental
analyses of xerogels dried under vacuum (120 �C, 13 h,
0.1 mmHg). Surprisingly, the direct incorporation of euro-
pium salt appeared possible by route B in all cases, even that
of S1 prepared from the precursor 1, which does not contain
chelating arms. However, the EuIII uptake per macrocycle is
highly dependent on the nature of the N substituents of the
macrocycle. It is even greater than one EuIII/macrocycle for
S3.


Preparation of co-gels from 1 and 2 and confirmation of the
proportion of EuIII incorporated into S1 and S2 (Scheme 4):
Elemental analyses of xerogels S1[Eu(NO3)3] and S2[Eu-
(NO3)3] have indicated the presence of approximately one
EuIII/cyclam for S2[Eu(NO3)3] and one EuIII/two cyclams for
S1[Eu(NO3)3] . This last result suggests the proximity of
cyclam moieties within the hybrid material, allowing the
complexation of one equivalent of Eu3� between two tetraa-
zamacrocycles. This is in agreement with the previous study of
the incorporation of CuII into the same material.[7]


For further proof of this result, we have studied the
incorporation of Eu(NO3)3 into materials obtained by co-
hydrolysis and polycondensation of 1 or 2 with tetraethox-
ysilane (y equiv; y� 5, 10, 15, 40) to scatter the cyclam
moieties into silica. Scattering of the cyclam moieties within
the materials prepared from 2 should not alter the EuIII/


cyclam ratio if it is of one EuIII/cyclam moiety. In contrast, the
EuIII uptake within the materials prepared from 1 should
decrease as y increases, the distance between the cyclam
moieties becoming greater and greater.


The co-hydrolysis and polycondensation of the precursor 1
or 2 with TEOS (y equiv) was performed in the presence of
TBAF (1 mol%) as catalyst, at 30 �C in THF solution
containing the stoichiometric amount of water (Scheme 4).
Dried gels obtained after the usual work-up (see the
Experimental Section) were named SyZ, where S indicates
solid (xerogel), the index y specifies the number of equiv-
alents of TEOS and Z is the number characterising the
precursor (1 or 2).


Both types of co-gels Sy1 and Sy2 (y� 5, 10, 15, 40) were
treated with an excess of an ethanol solution of Eu(NO3)3 ¥
6H2O (2 equiv EuIII/cyclam moiety) heated under reflux for
14 h. The resulting solids Sy1[Eu(NO3)3] and Sy2[Eu(NO3)3]
were washed copiously with ethanol at room temperature to
eliminate the non-complexed salt until no traces of Eu(NO3)3
were detected in the filtrate. The extent of the complexation
reaction was determined by elemental analysis of the
materials after they had been dried under vacuum (120 �C,
14 h, 0.1 mmHg) (Table 4). The results show clearly that the
EuIII/cyclam ratio does not change with the composition of the
co-gels Sy2, which is in agreement with an uptake of about one
EuIII/cyclam moiety; however, it decreases notably for Sy1
when y� 40. This result is in agreement with the coordination
of one EuIII between two cyclam moieties.


FTIR and thermal analysis of xerogels : The FTIR spectra of
xerogels S4a and S4b (route A) revealed that the C�O
stretching vibrations (bands I) within the solids are very close
to those of the starting complex, indicating that there was no
decomplexation during the sol ± gel process (compare Table 1
and Table 5).


The FTIR spectra of xerogels S2[Eu(NO3)3] and S2[EuCl3]
(route B) display two bands attributed to the stretching
vibration of C�O groups and very close to those observed for
the xerogels S4a and S4b (route A) but they are different
from that observed for S2 (solid without EuIII) (Table 5). This
suggests strongly that the incorporation of europium salts
according to route B involves most of the C�O groups. The
FTIR spectrum of S3[Eu(NO3)3] exhibits two C�O stretching
bands (1644 and 1620 cm�1). As the FTIR spectrum of S3
displays a band at 1643 cm�1, it can be concluded that in this
case not all the C�O groups are involved in the complexation


Table 3. EuIII uptake into xerogels S1 ± S3.


Xerogel N substituent of
the macrocycle


EuIII uptake
[equiv EuIII/macrocycle][a]


S1[EuCl3] 0.65
S1[Eu(NO3)3] 0.51


S2[EuCl3] 0.74


S2[Eu(NO3)3] 0.80


S3[Eu(NO3)3] 1.12


[a] Determined from elemental analysis.


Scheme 4.
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of EuIII ions, the band at 1644 cm�1 being attributed to the free
C�O groups.


Thermogravimetric analyses (TGA) of xerogels SZ (Z�
1 ± 3) and of xerogels containing europium nitrate incorpo-
rated by each route were performed under air, from
room temperature to 1200 �C. The TGA patterns for S4a,
S2[Eu(NO3)3] (Figure 2c) and S1[Eu(NO3)3] (Figure 2b) are


Figure 2. TGA curves (air, 10 �Cmin�1) for a) Eu(NO3)3 ¥ 7.7H2O; b) S1,
S1[Eu(NO3)3] ; c) S2, S4a, S2[Eu(NO3)3] ; d) S3, S3[Eu(NO3)3] .


very similar: after the removal of water, there is a sharp
weight loss attributed to the nitrato groups, occurring within a
very narrow temperature range, followed by a progressive
weight loss assigned to the organic groups up to 1200 �C.
Interestingly, the TGA patterns of Eu(NO3)3 ¥ 7.7H2O (Fig-
ure 2a) as well as that of S3[Eu(NO3)3] (Figure 2d) are very
different. The loss of the nitrato groups occurs within a wide
temperature range for both of them. For S3[Eu(NO3)3] , there
is a progressive and concomitant loss of the nitrato groups and
the organic groups (Figure 2d): onset of decomposition occurs
at about 200 �C with complete oxidation by about 1200 �C. In
this last case, the TGA pattern is very similar to those of
materials S1, S2 and S3 that do not contain europium nitrate
(Figure 2b ± d), for which the loss of the organic groups occurs
from about 200 to 1200 �C.


As the three nitrato groups are bidentate to Eu3� ions for
Eu(NO3)3 ¥ 7.7H2O,[19] we have concluded that the nitrato
groups are also bidentate to EuIII within S3[Eu(NO3)3] ,
whereas they are not within S4a, S2[Eu(NO3)3] and S1[Eu-
(NO3)3]. That should explain the rapid loss of the nitrato
groups in these last cases.


Thus, when the ligand 2 with amido groups as pendant arms
is used, the nitrato groups are not involved in the complex-
ation of EuIII, whatever the route of incorporation of EuIII.
They are not involved in the complexation of EuIII even with
the ligand 1, although the propyl ™arms∫ cannot take part in
the complexation. In contrast, taking into account the TGA
curve, the nitrato groups should be bidentate on EuIII within
the xerogels S3[Eu(NO3)3] whereas the ligand 3 bears
pendant arms with chelating groups.


Photoluminescence of materials at 2 K : Luminescence spec-
tra of EuIII are known to exhibit an extraordinary sensitivity to
the ligand environment.[10] Therefore we took advantage of
the luminescence behaviour of our amorphous materials to
gain more information on the environment around the metal
centres.


The luminescence of the xerogels was measured at 2 K
under laser excitation at 325 nm. The emission lines of the
xerogel in the EuIII emission spectrum for S4a (Figure 3) were
assigned to the transitions from the 5D0 level to the 7Fj (j� 0 ±
4) levels (Figure 3). The 5D0 ± 7F0 transition is of particular
interest as neither the 5D0 nor the 7F0 state can be split by the
crystal field.[10] The number of components observed for this
transition is then related to the number of chemically distinct


Table 4. EuIII uptake into co-gels Sy1 and Sy2.


sample Calc. stoichiometry Exp. stoichiometry Equiv.of EuIII/cyclam moiety[a]


S1[Eu(NO3)3] C22H44Eu0.5N5.5O10.5Si4 C23.8H54.4Eu0.51N5.7O18.3Si4.0 0.51
S51[Eu(NO3)3] Eu0.5N5.5Si9 Eu0.54N5.1Si9.0 0.54
S101[Eu(NO3)3] Eu0.5N5.5Si14 Eu0.47N5.0Si14.0 0.47
S151[Eu(NO3)3] Eu0.5N5.5Si19 Eu0.44N4.9Si19.0 0.44
S401[Eu(NO3)3] Eu0.5N5.5Si44 Eu0.23N4.6Si44.0 0.23
S2[Eu(NO3)3] C30H56Eu1N11O19Si4 C35.1H58.7Eu0.80N8.8O19.5Si4.0 0.80
S52[Eu(NO3)3] Eu1N11Si9 Eu0.86N9.7Si9.0 0.86
S102[Eu(NO3)3] Eu1N11Si14 Eu0.82N9.4Si14.0 0.82
S152[Eu(NO3)3] Eu1N11Si19 Eu0.75N9.4Si19.0 0.75
S402[Eu(NO3)3] Eu1N11Si44 Eu0.80N10.0Si44.0 0.80


[a] Determined from elemental analysis.


Table 5. Stretching vibrations [cm�1] for C�O groups in various materials
containing EuIII salts.


S2 S4a S2[Eu(NO3)3] S4b S2[EuCl3]


1665 1649 1648 1648 1653
1622 1624 1622 1627
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environments of the EuIII ion and the transition has been used
as a probe of sample homogeneity. Only one line is observed
for the material S4a prepared by hydrolysis and polyconden-
sation of isolated complex 4a by route A (Figure 3). Thus, in
this material, the bonding environment of EuIII is unique,
confirming that the complexation of EuIII survives the sol ± gel
process without any change.


The emission spectrum of S2[Eu(NO3)3] (Figure 3) pre-
pared by route B differs from that of S4a in several respects.
1) There is a shoulder for the 5D0 ± 7F0 transition in addition


to the main line, in contrast with the unique line for S4a.
2) The line for the 5D0 ± 7F1 transition is split into three


components for S4a, which indicates only one type of Eu3�


bonding site, whereas for
S2[Eu(NO3)3] the hyperfine
structure of the 5D0 ± 7F1 tran-
sition is much more compli-
cated.
These observations show that


the incorporation of EuIII into S2
(route B), in which the cyclam
moieties have adopted certain
conformations, gives rise to a
EuIII-doped material that is not
perfectly homogeneous.


In the emission spectra of both
S1[Eu(NO3)3] and S3[Eu(NO3)3]
(Figure 4), a broad shoulder is
observed in addition to the main
5D0 ± 7F0 line, as well as splitting
into more than the three compo-
nents obtained for the 5D0 ± 7F1


transition. This indicates that dif-
ferent environments exist around
EuIII within these materials.


Thus, the luminescence study
of these materials shows the


hypersensitive character of the
5D0 ± 7F0 and 5D0 ± 7F1 transitions
to the ligand environment.


Coordination mode of EuIII within
the cyclam-containing hybrid ma-
terials : In spite of the amorphous
character of our solids, from the
physical data described in this
paper we propose a coordination
mode for EuIII within the different
materials.


Among the three cyclam deriv-
atives that we have prepared, 2,
which contains amido groups, is
the only one able to complex EuIII


in solution. In contrast, the direct
incorporation of EuIII within the
cyclam-containing hybrid materi-
als is always possible, even if the N
substituents of the cyclam moieties
are not chelating (precursor 1).


This great difference between the coordination mode of EuIII


in solution and in the solid state results from the entropy of
the solid being lower than that of the solution, which allows
the formation in the solid state of complexes that are unstable
in solution.


Coordination mode of EuIII within S4a, S4b and S2[Eu-
(NO3)3]: The main inferences from the analytical data of these
materials are that:
1) FTIR spectra of xerogels have revealed that most of the


C�O groups are coordinated to EuIII.
2) Thermal analyses of these three materials have shown that


the nitrato groups are not bidentate to EuIII.


Figure 3. Emission spectra of xerogels S4a (top, ––) and S2[Eu(NO3)3] (bottom, - - - -) recorded under laser
excitation at 325 nm at 2 K. * Corresponds to second-order scattered laser beam.


Figure 4. Emission spectra of xerogels S1[Eu(NO3)3] (top, ––) and S3[Eu(NO3)3] (bottom, - - - -) recorded
under laser excitation at 325 nm at 2 K. * Corresponds to second-order scattered laser beam.
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3) The luminescence spectrum of S4a (route A) has revealed
that the bonding environment around EuIII is unique
within these materials, whereas within S2[Eu(NO3)3] the
first coordination sphere of EuIII is weakly disturbed by a
crystal field of a different nature.
Therefore we propose a coordination mode of one Eu3�/


cyclam moiety for S4a and S4b (route A). The EuIII would
probably be eight-coordinate
and located between the four
nitrogen atoms of the macro-
cycle and the four oxygen
atoms of the amido groups
(Figure 5).


Though the ring size is of
importance for the coordina-
tion mode of lanthanide cati-
ons as well as that of metallic


cations,[21±23] the coordination mode that we propose would be
rather similar to that observed in the crystal structure of the
lanthanum complex 5[24] of the cyclen derivative. (To the best
of our knowledge, there is no example of the crystal structure
of a lanthanide complex of a cyclam derivative bearing neutral
chelating ligands.)


In 5, obtained in anhydrous conditions, the lanthanum(���)
ion is eight-coordinate and is encapsulated by the four
nitrogen atoms of the macrocycle and the four oxygen atoms
of the amide groups. The nitrogen and oxygen atoms involved
in the primary coordination sphere lie in two planes that are
almost parallel.


We also propose a coordination mode of one EuIII/cyclam
moiety within S2[Eu(NO3)3] , although the EuIII load is
0.8 equiv/cyclam moiety for Eu(NO3)3 and 0.74 for EuCl3.
This coordination mode is strongly suggested by the elemental
analysis results of co-gels Sy2. In this case, it is not the
organisation of cyclam moieties occurring during the sol ± gel
process which controls the complexation of EuIII, as each
cyclam moiety can complex EuIII independently of the other
units.


The incorporation of EuIII into S2 may be less than one
EuIII/cyclam moiety because the hydrolysis and polyconden-
sation of 2 may lead to conformations of four chelating arms
of cyclam moieties in such a way that the complexation of the
EuIII may not always be possible.


Thus, EuIII ions are probably eight-coordinate in the same
way as EuIII within S4a (Figure 5), but also in a different way
as proposed in Figure 6 (coordination with the four nitrogen
atoms of the macrocycle and four oxygen atoms of amido
groups originating from different macrocycles) which could
explain the luminescence data for S2[Eu(NO3)3] .


Figure 6. Proposed coordination mode within S2[Eu(NO3)3] .


Coordination mode of EuIII within S1: The thermal analyses of
S1[Eu(NO3)3] have shown that the nitrato groups are not
bidentate to EuIII.


The luminescence properties of S1[Eu(NO3)3] suggest the
presence of several EuIII bonding sites within the xerogels.


We propose a coordination mode of one EuIII/two cyclam
moieties, in agreement with the elemental analysis data of the
xerogel S1[Eu(NO3)3] and of co-gels Sy1[Eu(NO3)3] . This
result involves the location of cyclam moieties in close
proximity to each other. The same conclusion was reached
in a study of the incorporation of CuII in this same material.[7]


EuIII would be eight-coordinate and located between two
planes, each defined by four nitrogen atoms. Such complex-
ation is unlikely in solution. Indeed, whereas a number of
examples of lanthanide complexes resulting from coordina-
tion 4N�4O have been reported,[24±26] to the best of our
knowledge there is no example of 4N�4N coordination of
lanthanide ions. The four nitrogen atoms could originate from
the same macrocycle or from different rings (Figure 7), which
would explain the luminescence behaviour of these materials.
It is important that, in this case, the incorporation of EuIII is
controlled by the self-assembly of the cyclam moieties during
the sol ± gel process on one hand, and by the weak entropy of
the system on the other.


Figure 7. Possible modes of 4N�4N coordination within S1[Eu(NO3)3] .


Coordination mode of EuIII within S3 : The FTIR spectrum of
S3[Eu(NO3)3] indicated that all the C�O groups are not
coordinated to EuIII. The thermal analysis of this same xerogel
revealed that the nitrato groups are probably bidentate to the
EuIII. The EuIII uptake is more than one EuIII/cyclam moiety.


In this case, each N-substituted cyclam unit is unable to
complex a EuIII in solution because the amido groups are not
in an appropriate geometry. However, in the solid the


Figure 5. Proposed coordina-
tion mode within S4a and S4b.
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situation is very different. Each cyclam unit introduces into
the solid four nitrogen and four amido groups, the distribution
of which is dependent on the conformations resulting from the
sol ± gel process. Thus, that the EuIII/cyclam moiety ratio
exceeds unity can be explained by taking into account the
behaviour of the nitrato groups as bidentate ligands, in
addition to the other chelating groups (tetraazamacrocycles
and amido groups). This would give rise to several types of
coordination, in agreement with the luminescence spectrum
of S3[Eu(NO3)3].


Conclusion


We have shown that the coordination mode of europium salts
within solids is not the same as in solution. In particular we
have found that EuIII uptake into hybrid material incorporat-
ing cyclam moieties containing N-alkyl substituents is possi-
ble, because during the sol ± gel process cyclam moieties are
arranged so that they are in close proximity to each other.
Their proximity gives rise to EuIII complexes of type 4N�4N
in the case of the incorporation of EuIII into the material S1,
whereas CuII incorporation into the same material leads to the
formation of copper ± copper interactions.[7]


Experimental Section


General : All air-sensitive manipulations were carried out in a dry argon
atmosphere using standard Schlenk techniques. All solvents were dried
carefully and distilled before use. The 1H and 13C NMR solution spectra
were recorded on a Bruker DPX200 (at 200 MHz for 1H and 50 MHz for
13C), and the 29Si NMR spectra on a Bruker AC200 (at 40 MHz). Chemical
shifts are reported as � values. They are referenced to Me4Si (1H, 13C, 29Si).
Multiplicity is indicated as follows: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet.


Cross-polarisation magic-angle spinning (CP MAS) 29Si as well as CP MAS
13C NMR spectra were recorded on a Bruker FTAM300 (repetition times 5
and 10 s with contact times of 5 and 2 ms). IR spectra were recorded on a
Perkin-Elmer 1600 spectrometer. Fast atom bombardment (FAB) mass
measurements [matrix,m-nitrobenzyl alcohol (NBA)] were registered on a
JEOL JMS-D3000 spectrometer. Specific surface areas were determined
by the Brunauer ±Emmett ± Teller (BET) method on Micromeritics
ASAP2010 and Micromeritics Gemini III2375 analysers. Melting points
were measured with a B¸chi B-540. Microanalyses were performed by the
Service Central d×Analyse (CNRS, France). Bromoacetylbromide, p-
(chloromethyl)benzoyl chloride, tetraethoxysilane (TEOS), Eu(NO3)3 ¥
6H2O and EuCl3 ¥ 6H2O were purchased from Acros. Aminopropyltrie-
thoxysilane was supplied by Aldrich. Photoluminescence measurements
were performed at low temperature (2 K) using the 325 nm radiation of a
He ±Cd laser as the excitation source, operating at 10 mW power. Sample
cooling was provided by a closed-cycle He optical cryostat (Cryomech GB-
15). Excitation spectra were recorded using a Xe lamp.


2-Bromo-N-triethoxysilylpropylacetamide : A solution of bromoacetyl
bromide (21.7 g, 107.4 mmol) in anhydrous diethyl ether (150 mL) was
added dropwise at �80 �C under stirring to a mixture of freshly distilled
triethylamine (10.85 g, 107.4 mmol) and of aminopropyltriethoxysilane
(22.6 g, 102.3 mmol) in anhydrous ether (350 mL). When the addition was
complete, the mixture was allowed to warm to 20 �C. The ammonium salts
were filtered and washed with anhydrous diethyl ether under argon. The
filtrate was then concentrated. A red oil was obtained and distilled under
vacuum to give a colourless oil (22.8 g, 66.7 mmol, 65%). B.p.0.05 mmHg 135 ±
140 �C; 1H NMR (200 MHz, CDCl3): �� 0.59 (m, 2H), 1.17 (t, 3J� 7.0 Hz,
9H), 1.62 (m, 2H), 3.25 (m, 2H), 3.78 (q, 3J� 7.0 Hz, 6H), 3.83 (s, 2H),
6.88 ppm (m, 1H); 13C NMR (50 MHz, CDCl3): �� 7.74, 18.38, 22.76, 29.23,


42.56, 58.57, 165.73 ppm; 29Si NMR (40 MHz, CDCl3): ���45.71 ppm (s);
IR (NaCl): �� � 3291.0, 3084.6, 1653.8 cm�1.


p-Chloromethyl-N-triethoxysilylpropylbenzamide : A solution of p-(chlor-
omethyl)benzoyl chloride (4.8 g, 26.4 mmol) in anhydrous diethyl ether
(40 mL) was added dropwise at �80 �C under stirring to a mixture of
freshly distilled triethylamine (2.7 g, 26.9 mmol) and of aminopropyltrie-
thoxysilane (5.8 g, 26.4 mmol) in anhydrous diethyl ether (100 mL). After
exactly the same procedure as for 2-bromo-N-triethoxysilylpropylaceta-
mide, a colorless oil (6.3 g, 16.8 mmol, 66%) was obtained. B.p.0.04 mmHg


145 ± 150 �C; 1H NMR (200 MHz, CDCl3): �� 0.70 (m, 2H), 1.22 (t, 3J�
7.0 Hz, 9H), 1.75 (m, 2H), 3.46 (m, 2H), 3.82 (q, 3J� 7.0 Hz, 6H), 4.60 (s,
2H), 6.63 (m, 1H), 7.37 (d, 3J� 8.5 Hz), 7.77 ppm (d, 3J� 8.5 Hz, 2H);
13C NMR (50 MHz, CDCl3): �� 8.07, 18.52, 23.08, 42.47, 45.67, 58.75, 127.59,
128.85, 135.15, 140.78, 167.12 ppm; 29Si NMR (40 MHz, CDCl3): ��
�45.30 ppm (s); IR (NaCl): �� � 3316.2, 3070.5, 1637.8 cm�1.


1,4,8,11-Tetrakis[(3-triethoxysilylpropylcarbamoyl)methyl]-1,4,8,11-tetraa-
zacyclotetradecane (2): A solution of 2-bromo-N-triethoxysilylpropylace-
tamide (11.1 g, 32.5 mmol) in anhydrous acetonitrile (25 mL) was added
dropwise at 20 �C to a suspension of 1,4,8,11-tetraazacyclotetradecane
(cyclam) (1.6 g, 8.05 mmol) and of potassium carbonate in anhydrous
acetonitrile (80 mL). The reaction mixture was heated under reflux for
12 h. The solvent was removed under vacuum. The white residue was taken
up again in CH2Cl2. After filtration of salts, the filtrate was concentrated to
give a white solid (9.7 g, 7.77 mmol, 97%). M.p. 108.7 ± 110.4 �C; 1H NMR
(200 MHz, CDCl3): �� 0.59 (m, 8H), 1.20 (t, 3J� 7.0 Hz, 36H), 1.58 (m,
12H), 2.58 ± 2.62 (m, 16H), 3.02 (s, 8H), 3.22 (m, 8H), 3.79 (q, 3J� 7.0 Hz,
24H), 7.03 ppm (t, 3J� 5.7 Hz, 4H); 13C NMR (50 MHz, CDCl3): �� 8.15,
18.52, 23.64, 24.67, 41.89, 51.16, 52.38, 58.61, 58.89, 170.67 ppm; 29Si NMR
(40 MHz, CDCl3): ���45.77 ppm (s); IR (NaCl): �� � 3273.5, 3070.5,
1684.0, 1646.1 cm�1; C54H116O16N8Si4: calcd: C 52.06, H 9.38, Si 9.02, N 8.99;
found: C 51.82, H 9.12, Si 9.20, N 8.93.


1,4,8,11-Tetrakis-(p-methyl-N-triethoxysilylpropylbenzamide)-1,4,8,11-tet-
raazacyclotetradecane (3): This was prepared by the same procedure as 2.
The starting reagents were the cyclam (0.83 g, 4.15 mmol), potassium
carbonate (5.1 g, 37.2 mmol) in anhydrous acetonitrile (65 mL) and p-
chloromethyl-N-triethoxysilylpropylbenzamide (6.3 g, 16.7 mmol) in anhy-
drous acetonitrile (15 mL). Compound 3 was obtained as a slightly yellow
powder (4.9 g, 3.15 mmol, 76%). M.p. 139.8 ± 140.9 �C; 1H NMR (200 MHz,
CDCl3): �� 0.71 (m, 8H), 1.21 (t, 3J� 7.0 Hz, 36H), 1.76 (m, 12H), 2.37 ±
2.53 (m, 16H), 3.42 ± 3.50 (m, 16H), 3.81 (q, 3J� 7.0 Hz, 24H), 6.80 (t, 3J�
5.8 Hz, 4H), 727 (d, 3JH,H� 8.2 Hz, 8H), 7.65 ppm (d, 3JH,H� 8.2 Hz, 8H);
13C NMR (50 MHz, CDCl3): �� 8.01, 18.42, 23.07, 24.34, 42.50, 50.93, 51.88,
58.58, 59.31, 126.94, 128.95, 133.50, 143.66, 167.65 ppm; 29Si NMR (40 MHz,
CDCl3): ���45.22 ppm (s); IR (NaCl): �� � 3226.9, 1637.8 cm�1;
C78H132O16N8Si4: calcd: C 60.43, H 8.58, Si 7.25, N 7.23; found: C 59.92, H
8.57, Si 7.00, N 7.68.


Complex 4a : A solution (0.2�) of 2 (1.5 g, 1.21 mmol) in boiling anhydrous
ethanol (25 mL) was added to a boiling ethanol solution containing
anhydrous europium nitrate[27] (1 equiv, 50 mmolL�1). The reaction
mixture was heated under reflux for 2 h, then left to stand at room
temperature for 12 h. The precipitate was filtered; the filtrate was
concentrated and the solid was washed with pentane and dried under
vacuum. The product was obtained as a white solid (1.7 g, 1.09 mmol, 90%).
M.p. 82.1 ± 82.9 �C; 1H NMR (200 MHz, CDCl3): �� 0.60 (m, 8H), 1.21 (t,
3J� 7.0 Hz, 36H), 1.56 ± 1.62 (m, 12H), 1.76 (m, 12H), 2.61 ± 2.65 (m, 16H),
3.03 (s, 8H), 3.21 (m, 8H), 3.80 (q, 3J� 7.0 Hz, 24H), 7.27 ppm (t, 3J�
5.7 Hz, 4H); 13C NMR (50 MHz, CDCl3): �� 8.26, 18.66, 23.77, 24.75,
42.03, 51.24, 52.48, 58.76, 60.00, 170.84 ppm; 29Si NMR (40 MHz, CDCl3):
���45.78 ppm (s); IR (NaCl): �� � 3284.2, 3081.2, 1648.5, 1621.8 cm�1; MS
(FAB�, NBA): m/z (%): 1395 (100) [(M�H)� 3NO3]� .


Complex 4b : This was prepared by the same procedure as 4a, from 2 (3.0 g,
2.41 mmol) in anhydrous ethanol (40 mL). The product was obtained as a
white solid (3.3 g, 2.21 mmol, 91%). M.p. 72.1 ± 73.5 �C; IR (NaCl): �� �
3220.1, 3049.1, 1648.5, 1621.8 cm�1; MS (FAB�, NBA): m/z (%): 1395 (100)
[(M�H)� 3Cl]� ; C54H116O16Cl3EuN8Si4: calcd: C 43.11, H 7.77, Si 7.47, N
7.45, Eu 10.10; found: C 41.99, H 7.48, Si 7.50, N 7.28, Eu 10.65.


Preparation of xerogels : The hydrolysis and polycondensation of the
europium complexes was carried out by the procedure exemplified by the
preparation of S4a.
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Xerogel S4a : A solution of 4a (1.50 g, 0.95 mmol) in THF (1.19 mL) was
placed in a 35 mL Pyrex test tube. A sample (1.19 mL) of a THF solution
(6� in H2O (5.69 mmol) and 0.1� in HCl (10% mol)) was added dropwise
at room temperature with a syringe. After it had been stirred for 3 min, the
solution was placed in a thermostatted water-bath at 30 �C without stirring.
A translucent gel was formed after 4 h 30 min. The wet translucent gel was
allowed to age for five days at 30 �C, after which it was powdered and
washed with acetonitrile and ether. The gel was powdered again and dried
under vacuum (0.1 mmHg) for 13 h at 120 �C yielding 0.99 g of a white
powder. SBET� 10 m2g�1; IR (DRIFT, KBr): �� � 3504, 1649, 1622 cm�1;
C30EuH56N11O19Si4: calcd: C 31.63, Eu 13.34, H 4.96, N 13.53, Si 9.86; found:
C 33.47, Eu 11.40, H 6.00, N 11.81, Si 9.50.


S4b : SBET� 10 m2g�1; IR (DRIFT, KBr): �� � 3504, 1649, 1622 cm�1;
C30Cl3EuH56N8O10Si4: calcd: C 34.00, Cl 10.05, Eu 14.34, H 5.33, N 10.58,
Si 10.60; found: C 34.31, Cl 8.75, Eu 13.75, H 6.39, N 8.71, Si 8.85.


The hydrolysis and polycondensation of precursors 1 ± 3were carried out by
the procedure exemplified by the preparation of S1: a 2.45 mL sample of a
THF solution containing H2O (0.21 mL, 11.8 mmol) and 1� in THF
(1 mol%) was added dropwise at room temperature to a solution of 1
(2.00 g, 1.97 mmol) in THF (2.46 mL). After 3 min stirring, the solution was
placed in a thermostatted water-bath at 30 �C without stirring. A trans-
lucent gel was formed after 2 h 30 min. After five days aging at 30 �C, the gel
was powdered and washed with acetonitrile and diethyl ether. It was
powdered again and dried under vacuum (0.1 mmHg) for 13 h at 120 �C
yielding 1.19 g of a white powder. SBET� 315 m2g�1; TGA (weight loss [T]):
0.9% [25 ± 150 �C]; 18.2% [220 ± 400 �C]; 39.5% [400 ± 1100 �C]; 13C NMR
(75 MHz, CP MAS): �� 12.5, 24.77, 24.0, 30.0, 54.7, 57.8; 29Si NMR
(60 MHz, CP MAS): ���45.2 (T1), �59.1 (T2), �66.3 (T3); C22H44N4O6-
Si4: calcd: C 46.12, H 7.74, N 9.78, Si 19.61; found: C 43.60, H 7.59, N 8.35, Si
17.45.


Xerogel S2 : SBET� 10 m2g�1; TGA (weight loss [T]): 3.0% [25 ± 120 �C],
36.9% [200 ± 550 �C]; 27.6% [550 ± 1200 �C]; 29Si NMR (60 MHz, CP
MAS): ���57.9 (T1), �65.0 (T2), �77.0 (T3); C30H56N8O10Si4: calcd: C
44.97, H 7.05, N 13.99, Si 14.02; found: C 43.16, H 7.19, N 12.87, Si 13.37.


Xerogel S3 : SBET� 10 m2g�1; TGA (weight loss [T]): 0.9% [25 ± 150 �C];
33.9% [200 ± 500 �C], 32.7% [500 ± 1220 �C]; 13C NMR (75 MHz, CP
MAS): �� 10.4, 23.8, 43.2, 58.5, 128.9, 144.4, 168.9; 29Si NMR (60 MHz,
CP MAS): ���57.4 (T2), �65.9 (T3); C54H72N8O10Si4: calcd: C 58.67, H
6.56, N 10.14, Si 10.16; found: C 57.54, H 6.67, N 9.55, Si 7.80.


Direct incorporation of Eu(NO3)3 ¥ 6H2O and of EuCl3 ¥ 6H2O into the
xerogels SZ (Z� 1 ± 3) (route B): Europium salts were incorporated into
xerogels SZ (Z� 1 ± 3) by the same procedure in all cases. Just before
reaction, the xerogels were dried for 14 h at 120 �C under vacuum
(0.1 mmHg). The incorporation of Eu(NO3)3 ¥ 6H2O into S1 is given as an
example.


Incorporation of Eu(NO3)3 ¥ 6H2O into S1: Xerogel S1 (600 mg, 1.05 mmol)
and Eu(NO3)3 ¥ 6H2O (0.93 g, 2.09 mmol) in absolute alcohol (35 mL) were
placed in a Pyrex tube (35 mL). After it had been stirred for 14 h under
reflux (78 �C), the suspension was filtered, then washed with ethanol until
there was no trace of europium nitrate in the filtrates. After 13 h of drying
under vacuum (0.1 mmHg) at 120 �C, a white powder (532 mg) was
obtained. SBET� 10 m2g�1. ; TGA (weight loss [T]): 1.9% [25 ± 130 �C];
41.5% [215 ± 225 �C], 8.4% [225 ± 335 �C], 16.2% [335 ± 695 �C], 2.9%


[695 ± 1080 �C]; C22H44Eu0.5N5.5O10.5Si4: calcd: C 35.61, H 5.98, Eu 10.24, N
10.38, Si 15.14; found: C 31.62, H 6.08, Eu 8.60, N 8.81, Si 12.45 (that is,
C23.8H54.4Eu0.51N5.7Si4.0).


Incorporation of EuCl3 ¥ 6H2O into S1: SBET� 10 m2g�1; TGA (weight loss
[T]): 20.1% [200 ± 350 �C], 34.6 [350 ± 950 �C], 2.0% [900 ± 1250 �C];
C22H44Cl1.5Eu0.5N4O6Si4: calcd: C 37.63, H 6.32, Cl 7.58, Eu 10.82, N 7.98,
Si 16.00; found: C 31.53, H 6.64, Cl 10.77, Eu 11.90, N 6.43, Si 13.40 (that is,
C22.0H55.2Cl2.54Eu0.65N3.9Si4.0).


Incorporation of Eu(NO3)3 ¥ 6H2O into S2 : SBET� 10 m2g�1; TGA (weight
loss [T]): 1.5% [25 ± 130 �C]; 31.3% [258 ± 268 �C], 33.3% [268 ± 1200 �C];
IR (DRIFT, KBr): �� � 3092, 1648, 1624, 1547, 1456, 1317 cm�1; C30H56Eu-
N11O19Si4: calcd: C 31.63, H 4.96, Eu 13.34, N 13.53, Si 9.86; found: C 31.24,
H 5.53, Eu 12.10, N 11.51, Si 10.50 (that is, C35.1H58.7Eu0.85N8.8Si4.0).


Incorporation of EuCl3 ¥ 6H2O into S2 : SBET� 10 m2g�1; TGA (weight loss
[T]): 23.6%, [200 ± 400 �C], 10.7% [400 ± 550 �C], 27.9% [550 ± 1250 �C]; IR
(DRIFT, KBr): �� � 3071, 1653, 1627, 1542 cm�1; C30H56Cl3EuN8O10Si4:
calcd: C 34.00, H 5.33, Cl 10.05, Eu 14.34, N 10.58, Si 10.60; found: C 34.94,
H 6.51, Cl 7.76, Eu 10.95, N 10.19, Si 10.25 (that is, C29.8H66.8Cl2.24Eu0.74N7.5-
Si4.0).


Incorporation of Eu(NO3)3 ¥ 6H2O into S3 : SBET� 10 m2g�1; TGA (weight
loss [T]): 16.6% [205 ± 345 �C]; 15.9% [345 ± 505 �C], 36.6% [505 ±
1065 �C]; IR (DRIFT, KBr): �� � 3060, 1644, 1627, 1547, 1456, 1307 cm�1;
C54H72EuN11O19Si4: calcd: C 44.93, H 5.03, Eu 10.53, N 10.67, Si 7.78; found:
C 42.73, H 5.36, Eu 11.00, N 9.95, Si 7.25 (that is, C53.9H82.4Eu1.12N11.0Si4.0).


Preparation of co-gels Sy1 and Sy2 (y� 5, 10, 15, 40): All the co-gels were
prepared by the procedure exmplified by the preparation of S51: 1 (1.50 g,
1.48 mmol) and TEOS (1.45 g, 7.38 mmol) were placed in a Schlenk in THF
(6.6 mL). A 6.6 mL sample of a THF solution containing H2O (0.43 mL,
23.62 mmol) and 1� in TBAF (1 mol%) was added dropwise at 20 �C to a
solution of 3 (1.50 g, 1.48 mmol) and of TEOS (1.45 g, 7.38 mmol) in THF
(6.6 mL). After 3 min of stirring, the solution was placed in a thermostatted
water-bath at 30 �C without stirring. A gel was formed after 50 min. The wet
gel was allowed to age for five days at 30 �C, after which it was powdered
and washed with ethanol, acetone and diethyl ether. After drying for 13 h
under vacuum (0.1 mmHg) at 120 �C, 1.37 g of a white powder was
obtained.


The textural characteristics of Sy1 and Sy2 are given in Table 6.


Incorporation of Eu(NO3)3 ¥ 6H2O into the co-gels Sy1 and Sy2 (y� 5, 10, 15,
40): The co-gels were treated with Eu(NO3)3 ¥ 6H2O as indicated in the
Results and Discussion section. The textural characteristics of the resulting
solids are given in Table 7.
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Table 6. Some relevant physicochemical characteristics of co-gels Sy1 and Sy2.
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Table 7. Some relevant physicochemical characteristics of co-gels Sy1[Eu(NO3)3] and Sy2[Eu(NO3)3].
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Synthesis and Characterization of a Series of Novel Heptanuclear Trigonal-
Prismatic Polyhedra with Different Edge-Ligands


Jian-Jun Zhang,[a] Sheng-Min Hu,[a] Li-Min Zheng,[b] Xin-Tao Wu,*[a] Zhi-Yong Fu,[a]
Jing-Cao Dai,[a] Wen-Xin Du,[a] Han-Hui Zhang,[c] and Rui-Qing Sun[c]


Abstract: Five novel heptanuclear
trigonal-prismatic polyhedra, Na4[Pr-
Ni6(Gly)9(�3-OH)3(H2O)6] ¥ (ClO4)7 (1),
Na2[PrNi6(Gly)8(�3-OH)3(�2-OH2)-
(H2O)6] ¥ (ClO4)6 ¥ (H2O)2 (2), Na-
[DyNi6(Gly)7(�3-OH)3(�2-OH2)2(H2O)6] ¥
(ClO4)6 ¥H2O (3), [SmNi6(Gly)6-
(�3-OH)3Cl3(H2O)6] ¥ Cl3 ¥ (H2O)9 (4),
and [ErNi6(Gly)6(�3-OH)3Cl3(H2O)6] ¥
Cl3 ¥ (H2O)9 (5), were synthesized
through self-assembly and characterized
by X-ray structure analysis. Complex 1
crystallizes in the trigonal P3
space group (a� b� 18.1121(2), c�
11.987(0) ä, and Z� 2). Complex 2
belongs to the triclinic P1≈ space group


(a� 16.0145(3), b� 20.58650(10), c�
20.8452(3) ä, �� 78.0590(10), ��
67.9200(10), �� 68.1540(10)�, and Z�
4). Complex 3 belongs to the monoclinic
P2(1)/m space group (a� 14.9863(3),
b� 13.533, c� 15.6171(3) ä, ��
116.8970(10)�, and Z� 2). Complexes 4
and 5 are isomorphous (4 : trigonal, P3≈ ;
a� b� 11.8661(4), c� 18.2034(10) ä,
Z� 2; 5 : a� b� 11.9001(5), c�
18.1229(11) ä, Z� 2). A Ln3� ion is in


the center of the prism formed by six
nickel atoms. It coordinates to nine
oxygen atoms. Its coordination polyhe-
dron may be best described as a tricap-
ped trigonal prism. The five complexes
all have a core of [LnNi6(Gly)6-
(�3-OH)3(H2O)6]6� and were obtained
through the edge-ligand exchange of the
three �2-OH2 ligands of [LnNi6(Gly)6-
(�3-OH)3(H2O)6(�2-OH2)3]6� partly or
wholly by glycine or Cl�. Magnetic
measurements reveal that 1 and 4 ex-
hibit antiferromagnetic interaction,
while 5 exhibits a ferromagnetic inter-
action.


Keywords: cluster compounds ¥
lanthanides ¥ magnetic properties ¥
nickel


Introduction


High-nuclearity metal complexes attract much attention in
several fields because of their fascinating structures and
interesting optoelectronic, magnetic, and catalytic proper-
ties.[1] Thus there is much interest in the design and character-
ization of high-nuclearity clusters. By proper use of suitable
chelating ligands such as pyridones,[2] Schiff bases,[3] oxalato,[4]


oximates[5] or oxamides,[6] cyano groups,[7] and carboxylic


acids,[8±9] heteropolynuclear clusters of transition metals and
rare earth metals may be formed, disregarding the distinct
difference in their chemical nature. Until now most of the
reported 3d ± 4f complexes have been focused on Gd ±Cu
coupling which displays magnetic properties amenable to a
rather simple analysis. Reports about other lanthanide or
transition metal heteronuclear complexes are rather scarce.[10]


Up until now, three heptanuclear 3d ± 4f clusters with the
general formula of LnM6 (M� transition metal) have been
reported. They contain the structural motif of an octahedron
(LnNi6),[11] trigonal prism (LnCu6),[12a] or wheel (LnCu6).[12b]


The only trigonal-prismatic cluster LnCu6 was reported by
Gao et al.[12a] and crystallizes in the highly symmetrical
hexagonal P63/m space group with iminodiacetic acid as
ligand. Its structure is similar to that of complex 1 except that
no edge ligand participates in coordination. This may be
because the Cu2� ion is five-coordinate.
An amino acid may coordinate by means of the carboxylate


groups with lanthanide ions and the carboxylate or amino
groups with transition metal ions. Over the past two decades,
although many rare-earth or transition metal complexes with
amino acids have been reported,[13,14] only two of these have
focused on a system comprising a transition-metal, a rare-
earth metal, and an amino acid.[11a, 15a] Therefore, the design
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and synthesis of high-nuclearity clusters of this type has been a
challenge.
Recently, our research has been focused on the coordina-


tion chemistry of lanthanides and transition metals with
amino acids.[15] Herein we report five novel heptanuclear
lanthanide-centered trigonal-prismatic clusters formed by
self-assembly: Na4[PrNi6(Gly)9(�3-OH)3(H2O)6] ¥ (ClO4)7 (1);
Na2[PrNi6(Gly)8(�3-OH)3(�2-OH2)(H2O)6] ¥ (ClO4)6 ¥ (H2O)2
(2); Na[DyNi6(Gly)6(�3-OH)3(�2-OH2)2(H2O)6] ¥ (ClO4)6 ¥
H2O (3); [SmNi6(Gly)6(�3-OH)3Cl3(H2O)6] ¥ Cl3 ¥ (H2O)9 (4),
and [ErNi6(Gly)6 (�3-OH)3Cl3(H2O)6] ¥ Cl3 ¥ (H2O)9 (5). The
five complexes have a common core of [LnNi6(Gly)6(�3-
OH)3(H2O)6]6� and were obtained through the edge-ligand
exchange of the three �2-OH2 ligands of [LnNi6(Gly)6(�3-
OH)3(H2O)6(�2-OH2)3]6� partly or wholly by glycine or Cl� (as
shown in Figure 1). The six nickel atoms form a prism in the
center of which is an Ln3� ion that coordinates to nine oxygen
atoms. Its coordination polyhedron may best be described as a
tri-capped trigonal prism.


Figure 1. Heptanuclear lanthanide-centered trigonal-prismatic clusters
formed through edge-ligand exchange. a) Ln:Ni:Gly� 1:6:9 or
Ln:Ni:Gly:Cl�� 1:6:6:3; b) Ln:Ni:Gly� 1:6:8; c) Ln:Ni:Gly� 1:6:7;
d) Ln:Ni:Gly� 1:6:6.


Results and Discussion


Synthesis of the complexes : To date nearly 50 kinds of rare-
earth metal complexes with amino acids have been synthe-
sized and structurally characterized.[13] Most of these com-
plexes were synthesized under conditions of pH1 ± 4. Only
three of the reported high-nuclearity rare-earth metal com-
plexes were synthesized under conditions of high pH (pH�


6).[16] There have also been many reports about complexes
containing a transition metal and an amino acid in ratios of 1:1
and 1:2 since the 1960s. Most of these complexes were also
synthesized at pH 1 ± 4, and had mononuclear, chain, or
netted structures.[14] We have synthesized two heptanuclear


sodium-centered octahedral copper clusters under conditions
of high pH (pH� 6).[15b]


To date there have been only two reports focused on the
system comprising a transition metal, a rare-earth metal, and
an amino acid, that is the octahedral complex [LnNi6(Pro)12]
reported by Yukawa et al.[11a] and the high nuclearity 3d ± 4f
heteronuclear complex [{La6Cu26(Gly)18(�3-OH)30(H2O)24-
(ClO4)}(ClO4)21 ¥ (H2O)26]n reported by our group.[15a] The
difficulty of obtaining this kind of complex may be attributed
to the fact that rare-earth metal ions and transition-metal ions
have distinct differences in their chemical nature, as well as
the easy hydrolysis of metal ions under high pH. The design
and synthesis of high-nuclearity clusters of this system there-
fore presents a challenge. By controlling the reactant ratio and
the pH value to about 6.6, a series of novel heptanuclear
trigonal-prismatic clusters were obtained through the edge-
ligand exchange of the three �2-OH2 ligands of [LnNi6-
(Gly)6(�3-OH)3(H2O)6(�2-OH2)3]6� partly or wholly by glycine
or Cl� (see Figure 1). Many attempts to synthesize the mother
complex [LnNi6(Gly)6(�3-OH)3(H2O)6(�2-OH2)3]6�, unfortu-
nately failed; rapid deliquescence prevented it from being
structurally characterized.


The structure of complex 1: The structure of the cation is
shown in Figure 2, and selected bond lengths and bond angles
are given in Table 1. It can be seen from Figure 2 that six Ni2�


ions form a large trigonal prism with a Pr3� ion in the center


Figure 2. Structure of the cation of complex 1 (ellipsoids at 15%
probability). Symmetry code: A: �x� y� 1, �x, z ; B: �y, x� y� 1, z.


(as shown in Figure 1a). The distance between the two
parallel layers, each of which is composed of three Ni2� ions, is
about 3.6 ä. The two Ni2� ions in the corresponding sites are
connected by a glycine molecule, which forms the ™edge∫ of
the prism. In each layer, the three Ni2� ions form an
equilateral triangle, the edges of which comprise a molecule
of glycine; the Ni ¥¥¥ Ni length is about 5.3 ä. The nickel
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framework may be described as a ™flat∫ equilateral trigonal
prism.
The Pr ¥¥¥ Ni length is about 3.57 ä, which is slightly longer


than the Tb ¥¥¥ Cu length of 3.45 ä in another heptanuclear
trigonal prism, TbCu6.[12a] Here, the iminodiacetic acid is the
ligand, and the Sm ¥¥¥ Ni length is 3.7 ä in the heptanuclear
octahedron, SmNi6,[11a] which contains proline as the ligand.
Short distances may cause strong magnetic exchanges be-
tween the 3d and 4f ions.
The coordination polyhedron of the nine-coordinate Pr3�


ion (Figure 3) may best be described as a tricapped trigonal
prism. The six carboxyl oxygen atoms from six glycine
molecules form six apexes, and the three oxygen atoms from


Figure 3. Coordination polyhedron of an Ln3� ion in the clusters.


three �3-OH� groups form three caps. The Pr�O (prism) bond
lengths are about 2.47 ä, which are slightly shorter than the
Pr�O (cap) bond lengths (2.52 ä). The distance between the
two apexes in the same layer is about 2.95 ä, but the distance
between the corresponding two apexes in different layers is
about 3.6 ä. The coordination polyhedron may therefore be
described as a ™prolonged∫ equilateral trigonal prism.


Each Ni atom has an NO5 donor set which consists of one
nitrogen atom of glycine, three carboxyl oxygen atoms from
three glycine ligands, one coordinated water molecule, and a
�3-OH� group. The distance from the Ni2� ion to the
coordinated water molecule is about 2.17 ä, slightly longer
than other Ni�O lengths (about 2.05 ä). The Ni�N lengths
are about 2.05 ä. At Ni2 (see Figure 2), small deviations from
bond angles of 180� of the idealized octahedral geometry are
found (O6-Ni2-O4 166.3(4), O3-Ni2-O15 176.2(4), O13-Ni2-
N2 163.9(4)�), implying that all the Ni ions have a slightly
distorted octahedral configuration. It should be noted that N3
was found to be disordered.
Each cation has three �3-OH� groups. They are located in


the same plane as the Pr3� ion, forming an equilateral triangle
with a side length of about 4.37 ä. Each �3-OH� group
coordinates to the Pr3� ion and the two corresponding Ni2�


ions from the two parallel layers. The O3-Pr1-O13 angle is
66.4(3)� and the Ni2-O13-Ni1 angle is 125.4(4)�.
There are two coordination modes for the glycine ligands,


among which six atoms (N1, N1A, N1B and N2, N2A, N2B)
are bound in the �4-coordination mode and three (N3, N3A,
N3B) are attached in the �2-coordination mode (Scheme 1).
Within the five-membered chelate rings, the N-Ni-O moiety
formed in the �4-coordination mode has an angle of about 80�.


Scheme 1. Two coordination modes of glycine. a) �4-coordination mode;
b) �2-coordination mode.


The 3D network of complex 1 along the c axis is shown in
Figure S1 in the Supporting Information. Figure S1 reveals
that with the help of the electrovalent bonds between the Na�


ion and the seven surrounding oxygen atoms, among which
are four from the PrNi6 cation and three from the ClO4� ions,
large honeycomb-like channels may be formed. The Na�O
lengths range from 2.3 to 3.0 ä. Figure S2 in the Supporting
Information shows a schematic diagram of one of the
channels. The side of the big hexagon is about 7 ä and the
distance between two layers is about 5.97 ä. Free Na� and
ClO4� ions may be housed in the large channels.


The structure of complex 2 : The structure of the cation is
shown in Figure 4 and selected bond lengths and bond angles
are given in Table 2. The structure is almost the same as that
of complex 1 except that only one of the �2-H2O edge ligands
is replaced by glycine (see Figure 1b). This causes a slight
distortion of the whole structure compared with the highly
symmetrical structure of complex 1. The Ni ¥¥ ¥ Ni separations
in the same layer are about 5.3 ä, almost the same as that in
complex 1; however, there is some difference in the Ni ¥¥¥ Ni
separations between different layers. When nickel ions are


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


Pr1�O1 2.474(8) Ni1�N1 2.053(11)
Pr1�O3 2.476(8) Ni2�O3 2.055(9)
Pr1�O13 2.523(8) Ni2�O4 2.087(10)
Ni1�O1 2.053(9) Ni2�O6 2.029(11)
Ni1�O2 2.077(10) Ni2�O13 2.026(8)
Ni1�O5 2.043(11) Ni2�O15 2.160(13)
Ni1�O13 2.026(8) Ni2�N2 2.051(11)
Ni1�O14 2.170(13)
O1A-Pr1-O1 73.2(3) O3A-Pr1-O3B 73.0(3)
O1A-Pr1-O1B 73.2(3) O3-Pr1-O3B 73.0(3)
O1-Pr1-O1B 73.2(3) O13A-Pr1-O13B 120.000(1)
O1A-Pr1-O3A 93.1(3) O1-Ni1-N1 80.1(4)
O1-Pr1-O3A 139.7(3) N2-Ni2-O3 80.0(4)
O1A-Pr1-O3 139.8(3) Ni1-O1-Pr1 103.7(3)
O1-Pr1-O3 93.1(3) Ni2-O3-Pr1 103.4(3)
O3A-Pr1-O3 73.0(3) Ni2-O13-Ni1 125.4(4)
O1A-Pr1-O3B 139.7(3) Ni2-O13-Pr1 102.7(3)
O1B-Pr1-O3B 93.1(3) Ni1-O13-Pr1 102.8(3)
O1-Pr1-O3B 139.8(3) O3-Pr1-O13 66.4(3)


Symmetry transformations used to generate equivalent atoms: A: �x�
y� 1, �x, z ; B: �y, x� y� 1, z.
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Figure 4. Structure of the cation of complex 2 (ellipsoids at 15%
probability).


connected by a glycine ligand, the Ni ¥¥¥ Ni separations are
about 3.6 ä, almost the same as that of complex 1. But
when nickel ions are connected by a �2-H2O edge ligand, the


Ni ¥¥ ¥ Ni separation is only 3.269 ä. This may lead to the
formation of a dihedral angle between the two layers (4.5�).
The nickel atoms have two different coordination environ-


ments. Ni1, Ni2, Ni4, and Ni5 have an NO5 donor set just as in
complex 1. Ni3 and Ni6 also have an NO5 donor set, but one of
the oxygen atoms comes from a �2-H2O group rather than a
carboxy group. All the Ni atoms have a slightly distorted
octahedral configuration.


The structure of complex 3 : Complex 3 crystallizes in the
monoclinic system, in the P21/m space group. The structure of
the complex cation is shown in Figure 5, and selected bond
lengths and bond angles are given in Table 3. The structure is


Figure 5. Structure of the cation of complex 3. Symmetry code: A: x,�y�
3/2, z.


almost the same as that of complex 1 except that only two of
the edge �2-H2O ligands are replaced by glycine (see Fig-
ure 1c). This also causes a slight distortion of the whole
structure. The Ni ¥¥¥ Ni separation for nickel ions from differ-
ent layers connected by a glycine edge ligand is 3.654 ä, for
those Ni ions connected by a �2-H2O edge ligand the Ni ¥¥¥ Ni
separations are shorter (Ni1 ¥¥ ¥ Ni1A 3.234, Ni2 ¥¥ ¥ Ni2A
3.370 ä). This also leads to the formation of a dihedral angle
between the two layers (4.5�).
The nickel atoms also have two different coordination


environments. Ni3 has an NO5 donor set as in complex 1, Ni1
and Ni2 also have an NO5 donor set as in complex 1, but one of
the oxygen atoms comes from a �2-H2O group rather than a
carboxy group. All the Ni atoms have a slightly distorted
octahedral configuration.


The structure of complexes 4 and 5 : Complexes 4 and 5 are
isomorphous. The structure of the cation of complex 4 is
shown in Figure 6 and selected bond lengths and bond angles


Table 2. Selected bond lengths [ä] and bond angles [�] for 2.


Pr1�O1 2.483(6) Ni3�O23 2.037(7)
Pr1�O3 2.502(6) Ni3�N2 2.058(9)
Pr1�O5 2.525(6) Ni3�O6 2.112(7)
Pr1�O7 2.458(6) Ni3�O20 2.229(7)
Pr1�O9 2.477(6) Ni4�O14 2.055(8)
Pr1�O11 2.533(6) Ni4�O17 2.057(6)
Pr1�O17 2.473(6) Ni4�O11 2.067(6)
Pr1�O18 2.517(6) Ni4�O8 2.090(7)
Pr1�O19 2.522(6) Ni4�N6 2.096(8)
Ni1�O17 2.036(6) Ni4�O24 2.108(7)
Ni1�O13 2.038(9) Ni5�O18 2.054(6)
Ni1�O21 2.049(7) Ni5�O25 2.059(7)
Ni1�O5 2.064(7) Ni5�O16 2.063(7)
Ni1�N3 2.115(9) Ni5�O7 2.065(6)
Ni1�O2 2.121(7) Ni5�N4 2.082(8)
Ni2�O18 2.038(6) Ni5�O10 2.108(7)
Ni2�O15 2.042(8) Ni6�O19 2.022(6)
Ni2�O22 2.064(7) Ni6�O9 2.025(6)
Ni2�O1 2.085(7) Ni6�O26 2.065(7)
Ni2�N1 2.091(9) Ni6�N5 2.071(8)
Ni2�O4 2.122(7) Ni6�O12 2.110(6)
Ni3�O19 2.007(6) Ni6�O20 2.232(7)
Ni3�O3 2.032(7)
O1-Pr1-O3 76.1(2) O3-Ni3-N2 81.7(3)
O1-Pr1-O5 71.5(2) O11-Ni4-N6 80.6(3)
O3-Pr1-O5 71.8(2) O7-Ni5-N4 81.3(3)
O7-Pr1-O9 76.9(2) O9-Ni6-N5 82.0(3)
O7-Pr1-O11 75.3(2) Ni1-O17-Ni4 124.9(3)
O9-Pr1-O11 73.8(2) Ni1-O17-Pr1 102.1(3)
O17-Pr1-O18 123.4(2) Ni4-O17-Pr1 103.4(2)
O17-Pr1-O19 112.8(2) Ni2-O18-Ni5 125.3(3)
O18-Pr1-O19 123.8(2) Ni2-O18-Pr1 101.7(3)
O5-Pr1-O11 95.6(2) Ni5-O18-Pr1 102.1(2)
O7-Pr1-O1 93.5(2) Ni3-O19-Ni6 108.5(3)
O9-Pr1-O3 85.7(2) Ni3-O19-Pr1 102.3(2)
O5-Ni1-N3 80.4(3) Ni6-O19-Pr1 101.3(3)
O1-Ni2-N1 80.4(3) Ni3-O20-Ni6 94.2(2)







FULL PAPER X.-T. Wu et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5746 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 245746


Figure 6. Structure of the cation of complex 4 (ellipsoids at 15%
probability). Symmetry code: A: �y� 1, x� y, z ; B: �x� y� 1, �x� 1, z.


of complexes 4 and 5 are given in Tables 4 and 5, respectively.
The structures are almost the same as that of complex 1 except
that the three �2-H2O edge ligands are replaced by Cl� (see
Figure 1a). The cluster cation of complex 5 is ™smaller∫ than
that of complex 1 because the ionic radius of Er3� is only
0.88 ä, while that of Pr3� is 1.01 ä. From Table 6 we see that
the Ni ¥¥¥ Ni separation in the same layer (ca. 5.24 ä), the
Ni ¥¥ ¥ Ni separation between different layers (ca. 3.32 ä), the
Ln ¥¥ ¥ Ni separations (ca. 3.44 ä), and the separation between
Ln3� and the two layers (ca. 1.64 ä) for complex 5 are all


shorter than those for complex 1 (ca. 5.34, 3.60, 3.57, and
1.8 ä, respectively). Each Ni atom has an NO4Cl donor set.
All the Ni atoms have a slightly distorted octahedral config-
uration.
The 3D network of complex 4 along the c axis is shown in


Figure S3 in the Supporting Information. There are weak links
between Cl2 and six water molecules (O9), and these six water
molecules could form hydrogen bonds with the oxygen atoms
(O7) of the LnNi6 clusters. The Cl2�O9 bond length is 3.2 ä
and the O9�O7 bond length is 2.86 ä. Weak links help to
connect the LnNi6 clusters into honeycomb-like channels.
Figure S4 in the Supporting Information shows the schematic
diagram of one of these channels. The side of the large
hexagon is about 6.85 ä in length and the distance between
two layers is about 9.10 ä.


Photoluminescence and magnetic properties : The emission
spectra of the five complexes were measured in the solid state
at room temperature. (The excitation and emission spectra of
compound 1 are shown in Figure S5 in the Supporting
Information as an example). It can be observed that all five


Table 3. Selected bond lengths [ä] and bond angles [�] for 3.


Dy1�O1 2.445(9) Ni2�O2 2.086(10)
Dy1�O3 2.455(8) Ni2�O5 2.060(8)
Dy1�O5 2.484(8) Ni2�O8 2.010(7)
Dy1�O7 2.480(11) Ni2�O10 2.316(14)
Dy1�O8 2.440(11) Ni2�O13 2.083(10)
Dy1�O9 2.431(12) Ni2�N3 2.080(13)
Ni1�O3 2.040(8) Ni3�O1 2.065(9)
Ni1�O6 2.128(10) Ni3�O4 2.142(10)
Ni1�O7 1.996(7) Ni3�O9 2.061(6)
Ni1�O11 2.059(9) Ni3�O14 2.059(15)
Ni1�O12 2.223(9) Ni3�O15 2.083(11)
Ni1�N2 2.087(12) Ni3�N1 2.106(13)
O1A-Dy1-O1 98.2(5) O3-Ni1-N2 82.4(4)
O1A-Dy1-O3 140.9(3) O5-Ni2-N3 81.3(4)
O1-Dy1-O3 75.5(3) O1-Ni3-N1 81.4(4)
O1-Dy1-O3A 140.9(3) Ni3-O1-Dy1 102.4(3)
O3-Dy1-O3A 85.6(4) Ni1-O3-Dy1 102.4(3)
O1-Dy1-O5A 140.1(3) Ni2-O5-Dy1 100.7(3)
O3-Dy1-O5A 135.2(3) Ni1-O7-Ni1A 108.2(5)
O1A-Dy1-O5 140.1(3) Ni1-O7-Dy1 102.9(4)
O1-Dy1-O5 72.9(3) Ni1A-O7-Dy1 102.9(4)
O3-Dy1-O5 75.8(3) Ni2A-O8-Ni2 114.0(6)
O3A-Dy1-O5 135.2(3) Ni2-O8-Dy1 103.7(3)
O5A-Dy1-O5 89.2(4) Ni3A-O9-Ni3 124.4(6)
O9-Dy1-O8 118.3(4) Ni3-O9-Dy1 103.0(3)
O9-Dy1-O7 125.5(4) Ni2-O10-Ni2A 93.4(7)
O8-Dy1-O7 116.2(4) Ni1A-O12-Ni1 93.3(5)


Symmetry transformations used to generate equivalent atoms: A: x, �y�
3/2, z.


Table 4. Selected bond lengths [ä] and bond angles [�] for 4.


Sm1�O1 2.446(4) Ni1�Cl1 2.4826(18)
Sm1�O3 2.448(4) Ni2�O3 2.037(4)
Sm1�O5 2.407(4) Ni2�O4 2.103(4)
Ni1�O1 2.040(4) Ni2�O5 2.010(4)
Ni1�O2 2.100(4) Ni2�O7 2.056(5)
Ni1�O5 2.009(4) Ni2�N2 2.083(5)
Ni1�O6 2.058(5) Ni2�Cl1 2.4819(18)
Ni1�N1 2.085(5)
O5-Sm1-O5A 120.0001 O1-Ni1-N1 80.38(18)
O3A-Sm1-O3 74.15(15) O3-Ni2-N2 80.47(18)
O1A-Sm1-O1 74.06(16) Ni1-O1-Sm1 100.37(16)
O5-Sm1-O1 69.57(14) Ni2-O3-Sm1 100.36(16)
O5B-Sm1-O1A 134.03(14) Ni1-O5-Ni2 111.6(2)
O5-Sm1-O3 69.54(13) Ni1-O5-Sm1 102.61(16)
O5-Sm1-O3B 134.14(13) Ni2-O5-Sm1 102.58(16)
O1-Sm1-O3 91.83(14) Ni2-Cl1-Ni1 84.10(6)
O1-Sm1-O3A 139.33(13)


Symmetry transformations used to generate equivalent atoms: A: �y� 1,
x� y, z ; B: �x� y� 1, �x� 1, z.


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


Er1�O1 2.412(5) Ni1�Cl1 2.476(2)
Er1�O3 2.412(5) Ni2�O3 2.046(5)
Er1�O5 2.352(5) Ni2�O4 2.085(6)
Ni1�O1 2.040(6) Ni2�O5 2.016(5)
Ni1�O2 2.094(5) Ni2�O7 2.068(6)
Ni1�O5 2.012(5) Ni2�N2 2.083(7)
Ni1�O6 2.070(6) Ni2�Cl1 2.478(2)
Ni1�N1 2.085(7)
O5-Er1-O5A 120.000(1) O1-Ni1-N1 81.3(2)
O1A-Er1-O1 74.3(2) O3-Ni2-N2 81.5(2)
O3A-Er1-O3 74.0(2) Ni1-O1-Er1 101.1(2)
O5-Er1-O1 69.58(18) Ni2-O3-Er1 100.9(2)
O5B-Er1-O1A 134.15(18) Ni1-O5-Ni2 109.8(3)
O5-Er1-O3 69.86(18) Ni1-O5-Er1 104.0(2)
O5-Er1-O3B 134.12(18) Ni2-O5-Er1 103.8(2)
O1-Er1-O3 91.73(18) Ni1-Cl1-Ni2 83.38(7)
O1-Er1-O3A 139.14(18)


Symmetry transformations used to generate equivalent atoms: A: �x�
y� 2, �x� 2, z ; B: �y� 2, x� y, z.
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complexes exhibit intense photoluminescence emission at
about 410 nm (�ex� 309 nm) which corresponds to the emis-
sion peak of the glycine ligand. No emission peak of the
lanthanide metal ion was observed. That the combination of
Ni2� or Cu2� ions with the lanthanide ion may lead to the
quenching of Ln3� has also been observed by other authors.[17]


The reason was proposed to be that energy transfers from the
excited Ln3� ion to the Ni2� ions through the bridging oxygen
atoms followed by radiationless energy loss.[17]


Temperature-dependent magnetic susceptibilities of com-
plexes 1, 4, and 5 were measured in the range 2 ± 300 K (for 1)
or 5 ± 300 K (for 4, 5) at 10 kOe. Figure 7 shows the �MT versus
T curves for 1 and 4. At 300 K, the �MT values per LnNi6 unit


Figure 7. Temperature dependence of magnetic susceptibility of 1 and 4.


are 9.46 and 7.93 cm3mol�1K for 1 and 4, respectively, slightly
larger than the expected values (9.06 cm3mol�1K for 1,
7.55 cm3mol�1K for 4) for one LnIII free ion and six spin-only
NiII ions (S� 1, g� 2.23). Upon cooling, the value of �MT
decreases continuously for both compounds, suggesting an
overall antiferromagnetic coupling. This antiferromagnetic
interaction is confirmed by the negative Weiss constants
(�16.7 K for 1, �3.83 K for 4) determined for data in the
temperature range 50 ± 300 K.
The room temperature �MT value for complex 5 is


18.45 cm3mol�1K, again in agreement with the calculated
value (18.94 cm3mol�1K) for one ErIII free ion and six spin-


only NiII ions (Figure 8). The value of the �MT on cooling
remains almost constant down to about 100 K, where it begins
to increase smoothly until reaching a maximum of
19.25 cm3mol�1K around 28 K. This phenomenon corre-
sponds to an overall ferromagnetic interaction, in contrast
to the antiferromagnetic interactions observed in compounds
1 and 4. Consequently, the Weiss constant determined in the
range 50 ± 300 K is �1.07 K for 5.


Figure 8. Temperature dependence of magnetic susceptibility of 5.


According to the structures described above, it is the LnNi6
clusters that make the major contributions to the magnetic
behavior of these compounds. Within the LnNi6 core in each
case, the Ni�Ni separations in the same layer (5.24 ± 5.39 ä)
are much longer than those between the different layers
(3.26 ± 3.65 ä) (Table 6). The six Ni atoms can thus be viewed
as three Ni2 dimers, each of which is separated from the others
by about 5.3 ä. Considering the length of the Ln�Ni distance
in these compounds (3.44 ± 3.57 ä), the magnetic behavior of
1, 4, and 5 can be affected by the competitive Ni�Ni (between
the different layers) and Ln�Ni interactions, if other factors
such as ligand field effects of LnIII are neglected. In compound
1, the magnetic interaction between Ni1 and Ni2 can be
propagated through �3-O13 and O5 ±C5 ±O6 pathways. The
Ni1-O13-Ni2 angle (125.4�) falls in the range where anti-
ferromagnetic exchange is favored for the Ni2 dimer.[18] The
overall antiferromagnetic behavior observed in 1may indicate


Table 6. The comparison of selected bond lengths [ä] and bond angles [�] of the complexes.


Ni ¥¥ ¥ Ni Separation [ä] Ni ¥¥ ¥ Ni Separation [ä] Ln ¥¥¥ Ni Separation [ä] The separation of Ln3� The dihedral angle Ni-(�2-OH2)-Ni
(in the same layer) (between different layers) to the two layers [ä] of the two layers [�] and Ni-(�2-Cl)-Ni [�]


1 Ni1 ¥¥¥ Ni1A 5.337 Ni1 ¥¥ ¥ Ni2 3.600 Pr1 ¥¥ ¥ Ni1 3.569 1.801 and 1.798 0 ±
Pr1 ¥¥ ¥ Ni2 3.566


2 Ni1 ¥¥¥ Ni2 5.341 Ni1 ¥¥ ¥ Ni4 3.629 Pr1 ¥¥ ¥ Ni1 3.516 1.756 and 1.758 4.5 Ni3-O20-Ni6 94.2
Ni1 ¥¥ ¥ Ni3 5.257 Ni2 ¥¥ ¥ Ni5 3.635 Pr1 ¥¥ ¥ Ni2 3.546
Ni2 ¥¥ ¥ Ni3 5.335 Ni3 ¥¥ ¥ Ni(6) 3.269 Pr1 ¥¥ ¥ Ni3 3.541
Ni4 ¥¥ ¥ Ni5 5.393 Pr1 ¥¥ ¥ Ni4 3.565
Ni4 ¥¥ ¥ Ni(6) 5.307 Pr1 ¥¥ ¥ Ni5 3.568
Ni5 ¥¥ ¥ Ni(6) 5.346 Pr1 ¥¥ ¥ Ni(6) 3.528


3 Ni1 ¥¥¥ Ni2 5.308 Ni1 ¥¥ ¥ Ni1A 3.234 Dy1 ¥¥¥ Ni1 3.512 1.709 4.5 Ni1-O12-Ni1A 93.3
Ni1 ¥¥ ¥ Ni3 5.351 Ni2 ¥¥ ¥ Ni2A 3.370 Dy1 ¥¥¥ Ni2 3.510 Ni2-O10-Ni2A 93.4
Ni2 ¥¥ ¥ Ni3 5.299 Ni3 ¥¥ ¥ Ni3A 3.654 Dy1 ¥¥¥ Ni3 3.522


4 Ni1 ¥¥¥ Ni1A 5.247 Ni1 ¥¥ ¥ Ni2 3.325 Sm1 ¥¥¥ Ni1 3.456 1.663 and 1.662 0 Ni1-Cl1-Ni2 84.1
Ni2 ¥¥ ¥ Ni2A 5.247 Sm1 ¥¥¥ Ni2 3.455


5 Ni1 ¥¥¥ Ni1A 5.241 Ni1 ¥¥ ¥ Ni2 3.295 Er1 ¥¥ ¥ Ni1 3.446 1.648 and 1.647 0 Ni1-Cl1-Ni2 83.38
Ni2 ¥¥ ¥ Ni2A 5.239 Er1 ¥¥ ¥ Ni2 3.444
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that the magnetic interaction of Pr�Ni is also antiferromag-
netic.
In compounds 4 and 5, the Ni1 and Ni2 atoms are bridged


by both O5 and Cl1 atoms. The Ni1-O5-Ni2 and Ni1-Cl1-Ni2
angles are 111.6 and 84.1� for 4 and 109.8 and 83.38� for 5,
respectively. Antiferromagnetic coupling should be dominant
for the Ni2 dimers in both cases. The fact that the overall
interaction is antiferromagnetic in 4, while ferromagnetic in 5
suggests that the nature of the interaction between SmIII and
NiII is antiferromagnetic, while that between ErIII and NiII is
ferromagnetic. Ferromagnetic coupling was also observed in a
similar heptanuclear TbCu6 compound.[12a] Further decreasing
of �MT below 28 K in 5 could be due to the antiferromagnetic
interactions between the Ni2 dimers and/or the ErNi6 cores
and the ligand field effects of ErIII ions.


Conclusion


In summary, a rational synthetic route for the preparation of
high-nuclearity clusters of transition-metal/rare-earth metal/
amino acid system has been carried out and five heptanuclear
trigonal-prismatic clusters have been obtained. Future work
will target the synthesis of clusters having other edge ligands
such as chiral amino acids and other halogen ions, and clusters
in which the ratio of Ln:Ni:Gly is 1:6:6.


Experimental Section


Materials and instrumentation : Ln(ClO4)3 ¥ 6H2O was synthesized by
dissolving lanthanide oxide in an excess of perchloric acid. Other starting
materials were of reagent grade and were used without further purification.
Elemental analyses were carried out by the Elemental Analysis Lab of our
Institute. Fluorescence spectra were measured with an Edinburgh FL-FS90
TCSPC system at the Spectroscopy Lab of Fuzhou University. Magnetic
measurements were carried out with a Quantum Design PPMS model6000
magnetometer.


Synthesis of the complexes
���Na4[PrNi6(Gly)9(�3-OH)3(H2O)6] ¥ (ClO4)7 (1): Ni(ClO4)2 ¥ 6H2O
(2.184 g, 6 mmol) and glycine (0.675 g, 9 mmol) were added to an aqueous
solution (10 mL) of Pr(ClO4)3 ¥ 6H2O (0.546 g, 1 mmol). The pH value of
the reaction mixture was carefully adjusted to about 6.6 by slow addition of
0.1� NaOH. After stirring for two hours, the solution was filtered to
remove the precipitate and placed in a desiccator filled with phosphorus
pentaoxide. Green crystals were obtained about one month later.
Elemental analysis calcd (%) for C18H51Cl7N9Na4Ni6O55Pr: C 10.26, H
2.44, N 5.98; found: C 10.16, H 2.63, N 5.58.


Na2[PrNi6(Gly)8(�3-OH)3(�2-OH2)(H2O)6] ¥ (ClO4)6 ¥ (H2O)2 (2): The
above synthetic procedure was repeated with the exception that the ratio
of reactants used was Pr3� :Ni2� :Gly� 1:6:8. Elemental analysis calcd (%)
for C16H53C16N8Na2Ni6O52Pr: C 9.90, H 2.75, N 5.77; found: C 9.36, H 3.13,
N 5.31.


Na[DyNi6(Gly)7(�3-OH)3(�2-OH2)2(H2O)6] ¥ (ClO4)6 ¥H2O (3): The above
synthetic procedure was repeated with the exception that Dy(ClO4)3 ¥
6H2O was used and the ratio of reactants was Dy3� :Ni2� :Gly� 1:6:7.
Elemental analysis calcd (%) for C14H49Cl6DyN7NaNi6O50: C 9.01, H 2.65,
N 5.25; found: C 9.10, H 2.63, N 5.27.


[SmNi6(Gly)6(�3-OH)3Cl3(H2O)6] ¥ Cl3 ¥ (H2O)9 (4): The above synthetic
procedure was repeated with the exception that Sm(ClO4)3 ¥ 6H2O and
NiCl2 ¥ 6H2O were used and the ratio of reactants was Sm3� :Ni2� :Gly�
1:6:6. Elemental analysis calcd (%) for C12H57Cl6N6Ni6O30Sm: C 9.73, H
3.88, N 5.68; found: C 9.44, H 3.67, N 5.43.


[ErNi6(Gly)6(�3-OH)3Cl3(H2O)6] ¥ Cl3 ¥ (H2O)9 (5): The above synthetic
procedure was repeated with the exception that Er(ClO4)3 ¥ 6H2O and
NiCl2 ¥ 6H2O were used and the ratio of reactants was Er3� :Ni2� :Gly�
1:6:6. Elemental analysis calcd (%) for C12H57Cl6ErN6Ni6O30: C 9.62, H
3.84, N 5.61; found: C 9.36, H 3.69, N 5.36.


X-ray crystallography : Intensity data for the five complexes were collected
at 293(2) K on a Siemens Smart/CCD area-detector diffractometer with
MoK� radiation (�� 0.71073 ä). Data reductions and cell refinements were
performed with Smart-CCD software.[19] An absorption correction by using
SADABS software was applied.[20] The structures were solved by direct
methods using SHELXS-97[21] and were refined by full-matrix least-squares
methods using SHELXL-97. Anisotropic displacement parameters were
refined for all non-hydrogen atoms. Final R�� �Fo ���Fc � /� �Fo � , Rw�
{�w[(F 2o �F 2c �2]/�w[(F 2o�2]}1/2, with w� 1/[�2(F 2o�� (aP)2� bP] [where P�
(Fo


2� 2Fc
2)/3]. The crystallographic data are summarized in Table 7. CCDC


184309 ±CCDC-184313 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallograghic


Table 7. Crystallographic and data collection parameters for 1 ± 5.


1 2 3 4 5


formula C18H51Cl7N9Na4Ni6O55Pr C16H53C16N8Na2Ni6O52Pr C14H49Cl6DyN7NaNi6O50 C12H57Cl6N6Ni6O30Sm C12H57Cl6ErN6Ni6O30
Mr 2106.96 1941.51 1866.05 1480.95 1497.86
crystal system trigonal triclinic monoclinic trigonal trigonal
space group P3 P1≈ P2(1)/m P3≈ P3≈


a [ä] 18.1121(2) 16.0145(3) 14.9863(3) 11.8661(4) 11.9001(5)
b [ä] 18.1121(2) 20.58650(10) 13.533 11.8661(4) 11.9001(5)
c [ä] 11.987(0) 20.8452(3) 15.6171(3) 18.2034(10) 18.1229(11)
� [�] 90 78.0590(10) 90 90 90
� [�] 90 67.9200(10) 116.8970(10) 90 90
� [�] 120 68.1540(10) 90 120 120
V [ä3] 3405.48(5) 5892.99(14) 2824.77(8) 2219.72(16) 2222.59(19)
Z 2 4 2 2 2
�calcd [gcm�3] 2.055 2.188 2.194 2.216 2.238
F(000) 2104 3888 1858 1486 1498
measured reflections 11907 29910 9616 6574 5411
independent reflections 7735 20286 5134 2641 2620
R(int) 0.0275 0.0433 0.0477 0.0392 0.0328
goodness of fit on F 2 1.032 1.011 1.175 1.171 1.213
R[a] 0.0796 0.0630 0.0833 0.0414 0.0449
Rw


[b] 0.2049 0.1543 0.1794 0.1129 0.1047


[a] R���Fo �� �Fc � /� �Fo � ; [b] Rw� {�w[(Fo
2�Fc


2)2]/�w[(Fo
2)2]}1/2, w�1/[�2(Fo


2)� (aP)2�bP], P� (Fo
2�2Fc


2)/3]. 1 : a�0.1274, b�35.9769; 2 :
a�0.0960, b�68.6160; 3 : a�0.0439, b�67.7011; 4 : a�0.0512, b�12.7451; 5 : a�0.0397, b�19.5989.
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Structural Variation in Transition-Metal Bispidine Compounds
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Abstract: The experimentally deter-
mined molecular structures of 40 tran-
sition metal complexes with the tetra-
dentate bispyridine-substituted bispi-
done ligand, 2,4-bis(2-pyridine)-
3,7-diazabicyclo[3.3.1]nonane-9-one
[M(bisp)XYZ]n� ; M�CrIII, MnII, FeII,
CoII, CuII, CuI, ZnII; X, Y, Z�mono- or
bidentate co-ligands; penta-, hexa- or
heptacoordinate complexes) are charac-
terized in detail, supported by force-
field and DFT calculations. While the
bispidine ligand is very rigid (N3 ¥¥ ¥ N7


distance� 2.933� 0.025 ä), it tolerates
a large range of metal ± donor bond
lengths (2.07 ä��(M�N)/4� 2.35 ä).
Of particular interest is the ratio of the
bond lengths between the metal center
and the two tertiary amine donors
(0.84 ä�M�N3/M�N7� 1.05 ä) and


the fact that, in terms of this ratio there
seem to be two clusters with M�N3�
M�N7 andM�N3�M�N7. Calculations
indicate that the two structural types are
close to degenerate, and the structural
form therefore depends on the metal
ion, the number and type of co-ligands,
as well as structural variations of the
bispidine ligand backbone. Tuning of the
structures is of importance since the
structurally differing complexes have
very different stabilities and reactivities.


Keywords: bond-stretch isomerism
¥ complementarity ¥ elasticity ¥
N ligands ¥ structure correlation ¥
transition metals


Introduction


The most common type of bonding isomerism in transition
metal coordination compounds results from ambidentate
ligands, such as NCS�, NO2


�, and CN� ; less frequently
discussed examples include substituted tetrazolates and bio-
logically important substrates, such as urea, purines, and
pyrimidines.[1] Other types of structural variation are the
various bonding modes of dioxygen in hemocyanin and
corresponding model compounds;[2±7] metal ±metal bonding
isomerism as in face-shared bis(octahedral) dimetal-nona-
chloro complexes[8±10] and translational isomers in coordina-
tion compounds and supramolecular systems.[11±16] The various
bonding modes may be enforced by the co-ligands (for
example, in hemocyanin model compounds, that is, these are
then only isomers with respect to the metal-O2 core), by the
environment (crystal lattice, for example, in the bis(octahe-


dral) dimetal compounds; or solvent and temperature, for
example, with some hemocyanin models) or by changing
oxidation states and/or pH (e.g., in translational isomerism;
again, these are then not true isomers). Applications of these
various types of structural variations (™isomerism∫) include
the tuning of specific properties, such as catalytic activities
and the development of switches and sensors.


A vigorous controversy evolved around early theoretical
and experimental reports of bond-stretch or distortional
isomerism.[17±24] Bond-stretch isomers are molecules which
differ only in the length of one or several bonds. Spin-
crossover compounds (and metal ±metal bonding isomerism,
as described above, as well as the various bonding modes of
dioxygen) might be classified as distortional isomers; how-
ever, on a more rigorous basis, bond-stretch isomers are
defined as species on a single potential energy surface with
two (or more) minima.[25, 26] Even with this restrictive
definition, a clear distinction is not always obvious, as was
recently shown on the basis of experimental and theoretical
studies with a dichloro-bridged diruthenium complex.[27±29]


Experimental studies as well as a thorough theoretical
analysis revealed that the early examples of distortional
isomerism were caused by artifacts.[23, 30±33] While examples of
™true∫ bond-stretch isomerism are still rare[34±37] there have
been recent examples of interesting structural and spectro-
scopic studies in this field, although (partly for good reason)
not all of them have been discussed as distortional iso-
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mers.[38, 39] In blue copper pro-
teins, another relevant exam-
ple, quantum mechanical calcu-
lations predict that there are
two nearly degenerate ground
states with significantly differ-
ent geometries,[40±43] and the
recently published observation
of a temperature-dependent,
reversible color change of a
cupredoxine mutant[44] can also
be interpreted on this basis and
might therefore be a genuine case of distortional isomerism.[45]


Tetradentate bispidine-type ligands with two tertiary amine
and two pyridine donors (Scheme 1) have a very rigid
sparteine-type backbone and are known to enforce, for


pentacoordinate metal centers, a square-pyramidal coordina-
tion polyhedron with one free in-plane coordination site.[46, 47]


This unusual and rigid coordination geometry is of interest for
the stabilization and activation of substrates and has been the
reason for an increasing interest in bispidine coordination
chemistry. Four-coordinate (distorted tetrahedral coordina-
tion, tridentate bispidine, one monodentate co-ligand, cop-
per(�)),[48, 49] five-coordinate (square-pyramidal coordination,
one monodentate co-ligand, copper(�), copper(��),
zinc(��)),[6, 48±51] six-coordinate (octahedral coordination, one
bidentate or two monodentate co-ligands, chromium(���),
manganese(��), iron(��), cobalt(��), copper(��))[49, 50±53] and seven-
coordinate (pentagonal-bipyramidal coordination, one mono-
and one bidentate co-ligand, manganese(��)) complexes have
been observed and structurally analyzed. Note, that in this
publication we concentrate on tetradentate bispidine ligands of
the type shown in Scheme 1; bispidine-type ligands with other
donor sets, penta- and hexadentate, as well as macrocyclic
ligands[50, 53±57] will not be discussed here in detail.


Three types of isomerism with bispidine coordination
compounds have been discovered: 1) an equilibrium between
four- and five-coordinate structures (tri- and tetradentate
bispidine, true constitutional isomerism; Scheme 2a).[48]


2) Four bonding modes of tetrachlorocatecholate to
copper(��)± or biscopper(��) ± bispidine complexes, that is,
monodentate, two different chelating modes (equatorial-


equatorial, that is, the usual mode for copper(��) catecholate
complexes, and equatorial ± axial); and bridging between two
bispidine-copper(��) sites, true isomerism in some cases.[51]


3) A dislocation of the metal ion in the cavity, leading to
geometries with varying ratios of M�N3/M�N7 bond lengths
(see Scheme 2b, distortional isomerism with respect to the
metal-bispidine fragment if these are structures with the same
metal center and if the varying ratios correspond to discrete
minima). Based on the available structural information
(40 relevant crystal structure datasets), approximate density
functional theory (DFT) and empirical force-field calcula-
tions (MM) this latter structural variation is analyzed here in
detail. An answer to the question as to whether there is a
continuum or two (or more) separate clusters of structures
and the ability to tune the structures, are not only of
importance in terms of the question of distortional isomerism
(note again that isomerism in this context is only an
appropriate term with respect to the M(bispidine) fragment
and if compounds with the same metal center and bispidine
ligand are discussed) but also for the variation of the reactivity
(catalytic activity) and stability of bispidine coordination
compounds. Recent studies have shown that copper(��) com-
pounds with a long Cu�N7 axis lead to unusually stable
peroxodicopper(��) complexes, while the others do not.[6, 49]


There are large differences in reduction potential, electron-
transfer rate, and bond strength to the co-ligands between the
two forms.[49, 50, 58] Copper(��) complexes with a long Cu�N3
bond are at least twice as efficient as catalysts for the
aziridination of styrene than the others.[50] Also, the two
structural forms of iron(��) complexes with pentadentate
bispidine derivatives (one additional pyridine donor) lead,
upon oxidation with H2O2, to low-spin iron(���) hydroperoxo
complexes with significantly different stabilities and oxidation
catalytic reactivities.[59]


Results and Discussion


Forty datasets of experimentally determined structures of
transition-metal compounds with tetradentate bispidine li-
gands with an N2py2 donor set (Scheme 1) and one (tetragonal
pyramidal), two (pseudo-octahedral), or three additional
donors (pentagonal bipyramidal) are known so far. These
include complexes with chromium(���), manganese(��),[60] iron-
(��),[53] cobalt(��),[52] copper(�),[48, 49] copper(��)[6, 48±51] and zinc(��).
ORTEP[61] plots of the structures not published elsewhere are
given in Figure 1. This also includes two structures with seven-


Scheme 1. L1a: R1, R2�CH3; R3�COOCH3; R4�H; X�C�O. L1b: R1,
R2�CH3; R3�COOCH3; R4�H; X�C(OH)2. L1c : R1, R2�CH3; R3�
COOCH3; R4�H; X�C(OH)(OCH3). L1d: R1, R2�CH3; R3�COOCH3;
R4�H; X�CHOH. L2: R1�CH3, R2� (CH2)2OH, R4�H; (R3, X, a ± d:
as for L1). L3: R1, R2�CH3; R4�CH3 (R3, X, a ± d: as for L1). L4: R1�CH3,
R2� (CH2)2L; R4�H; (R3, X, a ± d: as for L1). L5: R1�CH3, R2� (CH2)3L;
R4�H; (R3, X, a ± d: as for L1).


Scheme 2.
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coordinate (pentagonal bipyramidal) manganese(��) centers.
Although many manganese(��) coordination compounds are
six-coordinate, seven-coordination is not uncommon with
large metal centers, such as manganese(��), ligands with a
rather small and inflexible bite, such as bispidines, and metal
centers with little electronic demand, such as high-spin d5


systems.
The rigidity of the bispidine backbone is demonstrated in


Figure 2. These are plots from crystal structures and corre-
sponding overlay plots (excluded in the overlay plots are the
structure of the metal-free ligand (see Figure 2b) and
structures involving the methylated ligand (L3); co-ligands
and substituents to the ligand backbone are omitted). In
Figure 2a, the metal centers and co-ligands have been deleted
from the structures. Figure 2b shows the structure of the
metal-free ligand (rotation of the pyridine groups around the
C2�C9 bonds (see Scheme 1 for the numbering scheme) by
�180� with respect to the coordinated ligand).[48] This
indicates that the ligand is complementary for square-
pyramidal and cis-octahedral coordination geometries.[47, 62, 63]


Figure 2c is the averaged ligand structure from Figure 2a with
all 40 metal centers included; Figure 2d, e show two views of
a plot similar to that of Figure 2c but with only three metal ion
positions included, namely, those of copper(��), copper(�), and
manganese(��) (see 1, 32, 19 in Table 1; an arbitrary choice but
typical for the three clusters, see below, and also Scheme 2b).
This is a visualization of the dislocation of the metal center
within the rigid bispidine cavity; distances between the three
metal centers in Figure 2d, e are up to �0.5 ä.


Selected geometric parameters of the experimental struc-
tures discussed here are given in Table 1. Not included in the
structural analysis are the co-ligands, that is, we only
characterize the M±bispidine fragments (distances to the
co-ligands are given in the caption of Figure 1). The rigidity of
the bispidine backbone is further highlighted by a constant
N3 ¥¥ ¥ N7 distance (2.933� 0.025 ä) but a large variation of
the metal ion size (2.07 ä��(M�N)/4� 2.35 ä) and the
M�N3/M�N7 ratio (0.84 ä�M�N3/M�N7� 1.05 ä). A sig-
nificant variation is also apparent for the torsion of the
pyridine substituents (28���(C2�C9)� 45� ; this is also


Figure 1. ORTEP[61] plots of the molecular cations (distances in ä) of 10 (Cu�O7 1.98, Cu�O9 2.61), 11 (Cu�Cl 2.22), 21 (Mn�O7 2.11, Mn�O10 2.16), 22
(Mn�O7 2.13, Mn�O9 2.15), 23 (Mn�O7 2.06, Mn�O8 2.12), 24 (Mn�O10 2.22, Mn�O12 2.57, Mn�O7 2.18), 25 (Mn�O6 2.28, Mn�O7 2.41, Mn�O9 2.17), 26
(Mn�O8 2.43, Mn�O7 2.26, Mn�O9 2.19), 27 (Cr�Cl2 2.29, Cr�Cl1 2.31), 29 (Co�O7 2.06, Co�O8 2.23) 30 (Co�O8 2.04, Co�O7 2.20), 31 (Co�O8 2.07,
Co�O7 2.14), 36, 37 (Cu�N5 1.91), 38, 39 (Zn�Cl 2.26), 40 (Zn�O7 2.09, Zn�O8 2.37).
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Table 1. Structural parameters of forty [M(bispidine)Xn]m� complexes


Metal
ion


Ligand Co-ligands[a] CN Ref. M�N3 M�N7 M�py1 M�py2 �(M�N) M�N3/
M�N7


M�Nam/
M�Npy


N3 ¥¥¥ N7 py1 ¥¥¥ py2 �av


(C2�C9)
� h v


1 Cu(��) L1b Cl 5 [6] 2.04 2.27 2.02 2.02 8.35 0.9 1.07 2.92 3.97 35 30 1.58 � 0.17
2 Cu(��) L4b NCCH3 5 [50] 2.01 2.34 1.99 2.01 8.35 0.86 1.09 2.93 3.94 34 30 1.60 � 0.24
3 Cu(��) L5b Cl 5 [50] 2.03 2.36 2.01 2.03 8.43 0.86 1.09 2.91 3.94 33 30 1.63 � 0.25
4 Cu(��) L5b Cl 5 [50] 2.03 2.30 1.99 2.02 8.34 0.88 1.08 2.92 3.97 31 15 1.59 � 0.20
5 Cu(��) L1b cat 6 [51] 2.04 2.43 2.01 2.03 8.51 0.84 1.11 2.92 3.99 34 25 1.68 � 0.30
6 Cu(��) L1b Hcat 5 [51] 2.03 2.31 1.98 1.99 8.31 0.88 1.09 2.92 3.91 33 25 1.60 � 0.21
7 Cu(��) L1b Hcat 5 [51] 2.02 2.32 1.99 1.99 8.32 0.87 1.09 2.91 3.92 34 25 1.60 � 0.22
8 Cu(��) L5b cat 5 [51] 2.03 2.37 2.02 2.02 8.44 0.86 1.09 2.95 3.97 31 20 1.62 � 0.25
9 Cu(��) L5b cat 5 [51] 2.03 2.36 2.00 1.98 8.37 0.86 1.1 2.94 3.94 32 18 1.62 � 0.25
10 Cu(��) L1b NO3 6 [b] 2.00 2.28 2.00 2.00 8.28 0.88 1.07 2.90 3.95 31 16 1.56 � 0.21
11 Cu(��) L2b Cl 5 [b] 2.03 2.36 2.00 2.01 8.40 0.86 1.09 2.94 3.94 30 22 1.62 � 0.24
12 Cu(��) L3b Cl 5 [48] 2.15 2.12 2.06 2.06 8.39 1.01 1.04 2.93 4.08 45 35 1.55 0.02
13 Cu(��) L3b NCCH3 5 [48] 2 2.38 2.05 2.08 8.51 0.84 1.06 2.93 4.03 28 21 1.61 � 0.28
14 Fe(��) L1a (NCS)2 6 [52] 2.24 2.37 2.17 2.18 8.96 0.95 1.06 2.92 4.2 39 33 1.78 � 0.10
15 Fe(��) L1a (OAC)2 6 [52] 2.27 2.45 2.18 2.18 9.08 0.93 1.08 2.91 4.21 37 25 1.86 � 0.15
16 Fe(��) L1a (piv)(trif) 6 [52] 2.27 2.36 2.19 2.19 9.01 0.96 1.06 2.93 4.21 38 26 1.79 � 0.08
17 Fe(��) L5b (OH2)2 6 [52] 2.19 2.34 2.16 2.18 8.87 0.94 1.04 2.92 4.22 36 22 1.73 � 0.11
18 Fe(��) L5b (trif)(OH2) 6 [52] 2.20 2.36 2.17 2.17 8.90 0.93 1.05 2.94 4.22 37 29 1.74 � 0.12
19 Mn(��) L1a (Cl)2 6 [56] 2.39 2.53 2.23 2.26 9.41 0.94 1.10 2.96 4.27 38 35 1.96 � 0.12
20 Mn(��) L1d (Cl)2 6 [56] 2.35 2.44 2.23 2.23 9.25 0.96 1.07 2.98 4.27 42 37 1.87 � 0.07
21 Mn(��) L1c (trif)2 6 [b] 2.30 2.35 2.21 2.23 9.09 0.98 1.05 2.96 4.27 39 31 1.79 � 0.05
22 Mn(��) L4b (OAc)2(OH2)2 6 [b] 2.33 2.45 2.26 2.30 9.34 0.95 1.05 2.98 4.35 36 24 1.87 � 0.10
23 Mn(��) L4c (acac) 6 [b] 2.30 2.44 2.23 2.21 9.18 0.94 1.07 2.95 4.30 39 20 1.85 � 0.11
24 Mn(��) L4b (ONO2)4 (7) [b] 2.31 2.41 2.29 2.31 9.32 0.96 1.03 2.98 4.38 42 46 1.83 � 0.08
25 Mn(��) L1a (ONO2)2 7 [b] 2.35 2.36 2.26 2.30 9.27 1.00 1.03 2.94 4.36 41 39 1.84 � 0.01
26 Mn(��) L1b (OAC)OH2 7 [b] 2.37 2.39 2.28 2.30 9.34 1.00 1.04 2.94 4.32 34 21 1.87 � 0.01
27 Cr(���) L1c (Cl)2 6 [b] 2.1 2.22 2.05 2.06 8.43 0.95 1.05 2.87 4.04 38 26 1.61 � 0.09
28 Co(��) L1b (ONO2) (6) [45] 2.14 2.13 2.08 2.09 8.44 1 1.02 2.88 4.03 37 33 1.58 � 0.02
29 Co(��) L1b (OAc) (6) [b] 2.15 2.17 2.11 2.10 8.53 0.99 1.03 2.90 4.09 37 25 1.60 � 0.01
30 Co(��) L1b (OH2)2 6 [b] 2.16 2.22 2.09 2.12 8.59 0.97 1.04 2.92 4.1 36 26 1.63 � 0.06
31 Co(��) L1b (OH2)2 6 [b] 2.15 2.21 2.12 2.14 8.62 0.97 1.02 2.9 4.18 40 31 1.63 � 0.06
32 Cu(�) L1a NCCH3 5 [6] 2.29 2.19 2.17 2.24 8.89 1.05 1.02 2.97 4.21 39 35 1.68 � 0.08
33 Cu(�) L1a NCCH3 5 [6] 2.24 2.16 2.25 2.38 9.03 1.04 0.95 2.95 4.41 41 42 1.63 � 0.06
34 Cu(�) L5a NCCH3 5 [50] 2.23 2.18 2.25 2.34 9 1.02 0.96 2.95 4.37 40 45 1.64 � 0.04
35 Cu(�) L5a NCCH3 5 [50] 2.2 2.2 2.21 2.49 9.1 1 0.94 2.95 4.45 42 42 1.63 � 0.00
36 Cu(�) L2a NCCH3 5 [b] 2.21 2.21 2.29 2.30 9.01 1.00 0.96 2.93 4.50 39 38 1.65 � 0.00
37 Cu(�) L2a NCCH3 5 [b] 2.24 2.22 2.22 2.39 9.07 1.01 0.97 2.95 4.37 37 34 1.67 � 0.02
38 Zn(��) L1b Cl 5 [b] 2.21 2.11 2.10 2.11 8.53 1.05 1.03 2.94 4.02 33 25 1.58 � 0.07
39 Zn(��) L1b Cl 5 [b] 2.19 2.1 2.09 2.12 8.5 1.04 1.02 2.94 4.04 35 27 1.56 � 0.07
40 Zn(��) L1b NO3 6 [b] 2.16 2.13 2.11 2.11 8.51 1.01 1.02 2.95 4.08 38 35 1.56 � 0.02


[a] cat� catecholate, OAc� acetate, piv�pivalate, trif� triflate, acac� acetylacetonate. [b] This work.


Figure 2. Plots of the bispidine ligand backbone and the metal ion position, based on experimentally determined coordinates, of the structures from Table 1
and that of the metal-free ligand.[48] a) Overlay of the ligand backbone of the 40 structures from Table 1, two structures of L3 excluded. b) Metal-free ligand.
c) Average structure from (a) and overlay of all metal centers. d, e) Average structure from (a) and overlay of the metal centers from structures 1, 19, 32 from
Table 1.
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apparent from Figure 2a), the out-of-plane angle of the
Npy�M vectors with respect to the pyridine planes (3�� ��


18� ; not given in Table 1) and the angle between the two
pyridine planes (15�� �� 46�). It is obvious that these latter
parameters, related to the relatively weak torsion around
C2�C9, are correlated with the dislocation of the metal center
within the rigid bispidine cavity. Intuitive geometric measures
for this dislocation are the horizontal and vertical translation,
h and v, respectively, of the metal ion from the center of the
line through N3 and N7 (Scheme 3). Large values for h are


Scheme 3.


observed for large metal ions (large values for �(M�N));
positive values for v emerge for M�N3/M�N7� 1, negative
values for M�N3/M�N7� 1 (this assumes that M lies on or
very close to the plane through N3, N7, X, which has been
shown to be the case). As expected from a geometric analysis,
a plot of M�N3/M�N7 versus v is linear (see Supporting
Information, Figure S1).


A plot of v versus h for all 40 structures is given in Figure 3.
It emerges that, while the ligand is very rigid (Figure 2a),
there is a high degree of elasticity in the coordination
sphere.[47] The cluster with structures of copper(��) bispidine


Figure 3. Plot of v versus h of all 40 stuctures from Table 1 (see Scheme 3
for the definition of v and h); the numbers correspond to those of Table 1,
different symbols are used for different metal centers and/or ligands.


complexes (1 ± 11) is well separated from all other datasets (at
this point, the copper(��) structures 12 and 13 with L3 (open
diamonds) are not considered; also excluded from the
following general discussion are structures 25, 26, open
triangles, seven-coordinate manganese(��); see below). The
separation of the copper(��) structures is probably caused by
an electronically enhanced (Jahn ±Teller lability of copper(��))
asymmetry of the optimal position of the metal ion in the rigid
bispidine cavity. Indeed, inspection of the structures (see


Figure 1, Figure 2) indicates that the tight five-membered
chelate rings involving the pyridine donors enforce M�N3�
M�N4, and most structures with metal centers which gen-
erally do not lead to Jahn±Teller active states (e.g., chromium-
(���), manganese(��)) have v� 0. Therefore, it was unexpected
that there are bispidine complexes with v�0 (e.g., the
copper(�) compounds 32 ± 37). Admittedly, the ™cluster∫ of
structures with v�0 is, in terms of v, not well-separated from
that with v� 0, that is, there might be a continuum rather than
two distinct geomeric forms [the solid lines which suggest two
separate clusters (and a third cluster with the copper(��) group
of structures, see above) will be discussed below]. The fact
that, apart from well-understood exceptions (see below),
namely, cobalt(��) 28, 29 versus 30, 31 the copper(��) structures
12 versus 13, and the two manganese structures 25, 26, groups
of structures of a particular metal ion belong to one or the
other structural type might justify the separation into two
types of structures with v� 0 and one with v�0.


An interesting observation is that, within a group of
structures with a constant metal center (e.g., manganese(��)),
there is a significant variation of metal ± donor bond lengths,
and this variation is generally much larger for the amine than
for the pyridine donors (see Table 1). Part of this variation
must result from the electronic influence exerted by the co-
ligands; however, there must also be another reason since the
two manganese(��) complexes 19 and 20 have identical donor
sets. From pKa determinations, photoelectron spectra, and
molecular orbital calculations of diazaadamantane derivatives
it emerges that keto groups in the ™caps∫ (X�C�0 in
Scheme 1) lead to a reduction of the basicity of the amine
donors as a result of through-bond interactions and inductive
effects.[64] The data in Table 1 confirm this trend. Therefore, it
is not unexpected that 19, the only six-coordinate mangane-
se(��) complex in this series with a keto group in the cap (X�
C�O) has the longest Mn�Namine bond lengths and therefore is
moving out of the rigid bispidine cavity (large h and slightly
decreasing v).


Of particular interest are the two structures of copper(��)
coordinated to L3 (12 and 13), with chloride and acetonitrile
as co-ligands, respectively. While 13, with a coordinated
acetonitrile, has a typical copper(��) structure (v��0.28) that
with chloride (12) leads to an inversion of the Jahn ±Teller
axis (M�N3 is considerably longer than in all other copper(��)
structures, M�N7 is much shorter than usual and M�N3 is a
little but significantly longer than M�N7, leading to a positive
v (v��0.02); the metal ± pyridine bond lengths are as usual;
see Figure 3 and Table 1). The structure is still square
pyramidal, with the co-ligand Cl� in-plane (similar bond
length as in 1), but with N3 instead of N7 as the apical donor
(see Figure 4). A DFT analysis reproduced this structural
feature and indicated that the Cu�Cl bonding energy is
significantly smaller than in structures with N7 as the axial
donor and that this ™isomer∫ is less stable;[46] the predicted
complex stability and Cu�Cl bond energy differences are well
supported experimentally by the corresponding reduction
potentials[49, 50] and stability constants for chloride binding.[58]


Our present analysis indicates that constraints of the ligand
backbone lead to a situation where M�N3may become longer
than M�N7 but the M�N3/M�N7 ratio (average of 0.86 for
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the CuII(L1)-fragment versus 1.01 in 12) may not be inverted.
This leads to a quenching of the Jahn ±Teller stabilization, and
also emerges from the published DFT analysis[46] and reduc-
tion potentials.[49, 50]


Molecular mechanics was used to analyze the elasticity of
the tetradentate bispidine-type ligands (MOMEC97 pro-
gram[65] and force field;[66] new parameters are given in the
Experimental Section). Some ad hoc changes to the force field
were necessary to improve the agreement with the exper-
imental structures (note that these ™new parameters∫ were
not fully optimized and the computational results are used
here only for qualitative purposes). The changes include a
torsional potential for the copper(��) ± pyridine bond, an out-
of-plane potential for the copper(��) ± pyridine vector with
respect to the pyridine plane (these were assumed to be of
importance but never introduced in MOMEC before because
of a lack of experimental data,[66] see, however, ref. [67]).
Jahn ±Teller distortions were modeled with the conventional
technique, based on two different sets of parameters for in-
plane and axial bonding.[68, 69] It is interesting that, with the
original force field, all computed copper(��) ± donor bonds
were too short. There are at least two plausible reasons for
this: 1) the harmonic potentials used are too weak and/or
2) the original force field has been tuned to copper(��) amine
chromophores with planar CuN4 geometries, and these are
electronically different from the copper-bispidine chromo-
phores.[46]


For the evaluation of the size, shape, and elasticity of the
bispidine cavity the constrained sum of all four metal ± donor
bonds was varied between 7 ä and 9 ä (average M�N bond
length between 1.75 ä and 2.3 ä).[70] Curves of energy versus
cavity size were computed for the metal-free ligand (kM±L�
0.0; metal-ion-independent shape, size, and elasticity), for
cobalt(���), copper(��), chromium(���), cobalt(��), nickel(��), and
zinc(��) complexes; those for the ligand and for cobalt(��) (both
™isomers∫) are shown in Figure 5. From the metal-ion-
independent curve it emerges that the optimum size of the
metal ion is quite large (M�Nav� 2.15 ä), that is, in the region
of the observed bond lengths of the iron(��), cobalt(��), and
zinc(��) complexes (see Table 1 and Figure 5, which also shows
averaged observed M�L bond lengths for the various metal
ions). The curve is rather flat for metal ions larger than the
optimum size (e.g. copper(�), manganese(��)): there is only little
strain induced to the ligand by coordination to large metal
ions. This is also true for small metal ions to some extent. This


result is not unexpected since
the metal ion is at the ™periph-
ery∫ of the partly open coordi-
nation site and, therefore, does
not lead to much distortion of
the ligand backbone when it is
moved out of it (the only major
strain included in this analysis is
metal-donor-ligand-backbone
angular strain; note that the
fact that the corresponding po-
tentials are harmonic is an over-
simplification).[47]


Figure 5. Cavity size and shape curves for the two ™isomers∫ of [Co(L1)]2� ;
starting structures for the molecular mechanics calculations were structures
28 and 30 ; it is unlikely but not excluded that there are other minimum
structures (™isomers∫); also included are averaged observed M�L bond
lengths (arrows, for the data see Table 1).


The curves for the two possible ™isomers∫ of cobalt(��) (and
for the other metal ions not shown in Figure 5) are much
steeper and reflect the strain induced by the ligand on the
metal center; the minima reflect the preference of the metal
ion for a specific metal ± donor bond length. The two curves of
the ™isomers∫ of cobalt(��) (M�N3/M�N7� 0, M±N3/M±
N7� 0) are nearly superimposable. However, the correspond-
ing optimized minimum structures are significantly different
(Co�N3, Co�N7, Co�Npy, h, v [ä]; 2.11, 2.19, 2.11, 1.6, �0.06;
2.16, 2.11, 2.19, 1.52, �0.037, respectively; the latter structure
is similar to that described in the literature (entry 28 in Table 1
and Figure 3).[52] Similar differences are observed for all other
pairs of structures with identical �(M�N) but lying on the two
different curves. From this molecular mechanics analysis it
follows that there are two distinct minima rather than a
continuum of structures. From the two curves in Figure 5 it
also emerges that the two structural forms are close to
degenerate, an observation which is not unexpected in view of
the shallow curve for the metal-free ligand (note that co-
ligands and metal-centered electronic effects, excluded in this
simple molecular mechanical analysis, might therefore be
of importance for defining the position of the metal ion in
the cavity). On the basis of these model calculations, it was
expected that it might be possible to crystallize both
geometric forms for cobalt(��). Figure 3 and Table 1 (structures


Figure 4. Plots of the experimental structures of a) [Cu(L1)(Cl)]�[6] (Cu�N3� 2.04 ä, Cu�N7� 2.30 ä) and
b) [Cu(L3)(Cl)]�[48] (Cu�N3� 2.15 ä, Cu�N7� 2.12ä).
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28 ± 31) indicate that two structures each (28, 29/30, 31; v� 0/
v� 0) with different co-ligands may be attributed to the two
clusters.


The geometric parameters h and v, which visualize the
displacement of the metal ion from the center of the cavity of
the cobalt(��)-bispidine fragment, derived from the molecular
mechanical analysis, are plotted as solid lines in Figure 3. They
underline the idea of two different clusters of structures (plus
that of the Jahn ±Teller distorted copper(��) structures). 1) The
line defined by the computed curve for the cobalt(��) isomer
with a short Co�N7 axis has v��0.04 ä and passes through
the CuI, CoII1, ZnII cluster. 2) The line defined by the
computed curve for the cobalt(��) isomer with a long Co�N7
axis indicates that v becomes slightly more negative with
increasing metal ion size. This is in agreement with the
observed structures of the CrIII, FeII, MnII, CoII2 cluster. 3) The
copper(��) complexes have a strongly negative value of v and a
rather large dependence of v from subtle structural differ-
ences (sum of the bond lengths, Cu�N7/Cu�N3 ratio).


The molecular mechanics and geometric analyses, as well as
the observed experimental structural data indicate that the
two ™isomeric∫ forms with long and short M�N7 axes are very
close in energy and that the corresponding energy surface is
very shallow. Therefore, metal ion preferences (amine versus
pyridine donors), co-ligands, and solvation or crystal lattices
are of importance for the stabilization of either structural
type. It is interesting that there is a small but significant
difference in the ratio of the metal ± amine to metal ± pyridine
bond lengths between structures with a positive and negative
parameter v (or M�N3/M�N7 ratio of 0.95 and 1.11,
respectively, see Table 1). This indicates that relatively strong
(and short) bonds to the pyridine donors prefer structures
with negative v. Therefore, the copper(�) compounds with long
Cu�Npy bonds (see also[48]) are well accommodated in
structures with long Cu�N3 bonds. Another possible inter-
pretation of the observed copper(�) structures is that four-
coordination allows for an increasing angle � since there is no
repulsion by axial ligands. Indeed, generally structures with a
relatively short M�N7 bond are five-coordinate. This is so for
the copper(�) structures, for the copper(��) structure 12 with L3


and for the zinc(��) structures 38 and 39 ; exceptions are the
zinc(��) structure 40, the cobalt(��) structures 28 and 29, and the
seven-coordinate manganese(��) structures 25 and 26. The
copper(��) structures 1 ± 11, 13 are five-coordinate and have a
long M�N7 bond as a result of a Jahn ±Teller distortion (see
above).


Structures with a relatively short M�N7 and long M�N3
bond lengths which are not five-coordinate are the six-
coordinate cobalt(��) structures 28 and 29 as well as the zinc(��)
structure 40with four-membered chelate rings involving NO3


�


or OAc�. These compounds have a short equatorial bond to
the co-ligand (�2.07 ä), a long axial bond (�2.3 ä) and a
distorted N7-M-X axis (�160�), that is, the interaction with
the extra axial donor is weak. The other exceptions are the
seven-coordinate manganese(��) compounds 25 and 26, which
have strong in-plane bonding (five donors) and relatively
weak axial interactions. An interesting structure therefore is
that of the manganese compound 24 which, in contrast to 25,
has the equatorial (bidentate) nitrate in a very asymmetric


coordination geometry (2.22, 2.57 ä in 24 versus 2.28, 2.41 ä
in 25), that is, the former structure may be regarded as an
intermediate between seven- and six-coordinate, and this
supports the overall structural trends (see Figure 3 and
Table 1). It follows that the co-ligands have a considerable
influence in terms of the position of the metal ion inside the
bispidine cavity.


A correlation between the type of donor X at the fifth and
sixth coordination site, the corresponding M�X bond lengths
and the M�N3/M�N7 ratio also emerges from the experi-
mental structural parameters (not discussed here in detail, see
caption to Figure 1)[50, 53] and preliminary DFT model calcu-
lations. These have been carried out for cobalt(��) complexes
with one or two Cl� or OH2 as co-ligands and a slightly
simplified bispidine backbone (CH2 at C9, CH at C1, C5) or
with a very simple model with four monodentate donors (NH3


at N3, N7 and HN�CH2 at the pyridine sites), in analogy to
earlier DFT studies with the copper(��) complexes.[46] The
preliminary results suggest that, in agreement with the force-
field calculations, there is a very flat energy surface with two
extreme structures with M�N3�M-N7 and M�N3�M�N7.
Also, in agreement with the experimental data, the bond
lengths to the co-ligands are correlated with the distances to
the amines in the trans position. An interesting feature is that
the optimized structures and relative energies are strongly
dependent on the number (one or two) and types of co-
ligands.[71]


Conclusion


The metal ± bispidine structures discussed here are clustered
in two groups, with M�N3�M�N7 and M�N3�M�N7. The
experimental structural data indicate that this differentiation
is somewhat arbitrary. However, both molecular mechanical
and DFT model calculations suggest that there are shallow
energy minima on the energy surface. In terms of ligand
strain, the two distinct clusters are close to degenerate. The
electronic structure of the metal center and co-ligands are of
importance for the stabilization of a particular geometric
form, and this may lead to a significant change in stability and


Table 2. New force-field parameters (for published parameters see[66])


bond stretch potentials
Structural parameter kb [mdynä�1] r0 [ä]


Cu�Namine
in-plane 0.80 2.00


Cu�Namine
axial 0.30 2.15


Cu�Npyridine 0.80 1.97


Valence angle potentials
structural parameter k� [(mdynärad�2] �0 [rad]


Cu-Npyridine-Cpyridine 0.05 2.094


Torsional potentials
structural parameter k� [mdynä] m �offset


*Cu�Npyridine * 0.005 2.0 0.262


Out-of-plane potentials
structural parameter koop [mdynärad�2]


C-N-Cpyridine-Cu 2.00
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Table 3. Crystallographic data of 10, [Cu(L1b)(ONO2)]NO3 ¥CH3CN; 11, [Cu(L2b)(Cl)]Cl ¥CH3OH; 21, [Mn(L1c)(O3SCF3)2]; 22, [Mn2(L4b)(O2CCH3)2-
(OH2)2](O2CCH3)2 ¥ 11H2O; 23, [Mn2(L4c)(acac)2](ClO4)2 ; 24, [Mn2(L4b)(ONO2)4] ¥ 1.5H2O¥6CH3CN; 25, [Mn(L1a)(ONO2)2] ¥ 2CH3CN; 26, [Mn(L1b)-
(O2CCH3)(OH2)]PF6 ¥ 2H2O; 27, [Cr(L1c)(Cl)2]PF6 ; 29, [Co(L1b)(O2CCH3)]O2CCH3 ; 30, [Co(L1b)(OH2)2](ClO4)2 ; 31, [Co(L1b)(OH2)2]Cl2 ¥ 2H2O; 36, 37,
[Cu(L2a)(NCCH3)]BF4 ; 38, 39, [ZN(L1b)(Cl)](ZnCl4)0�5 ¥CH3CN; 40, [Zn(L1b)(ONO2)]NO3 ¥H2O


10 11 21 22 23


formula C25H31CuN7O12 C25H34Cl2CuN4O8 C26H30F6MnN4O12S2 C54H92Mn2N8O33 C60H70Cl2Mn2N8O26


M 685.11 653.00 823.60 1491.24 750.01
T [K] 103(2) 173(2) 173(2) 173(2) 173(2)
crystal system triclinic monoclinic triclinic monoclinic monoclinic
space group P1≈ P21/n P1≈ C2/c P21/c
a [‹o] 8.2798(5) 10.9520(2) 10.3834(2) 25.8439(4) 12.3541(6)
b [ä] 11.8390(7) 22.5705(4) 10.6443(2) 12.9398(2) 15.9731(8)
c [ä] 15.4431(9) 11.8450(2) 15.9704(3) 21.2132(3) 17.3008(9)
� [�] 79.1360(10) 90 77.3250(10) 90 90
� [�] 89.8490(10) 112.3240(10) 75.3990(10) 98.9220(10) 108.7080(10)
� [�] 74.3640(10) 90 76.3110(10) 90 90
V [ä3] 1429.80(15) 2708.54(8) 1635.45(5) 7008.17(18) 3233.6(3)
Z 2 4 2 4 2
�calcd [g cm�3] 1.591 1.601 1.672 1.413 1.541
� [mm�1] 0.841 1.061 0.633 0.454 0.565
Fooo 710 1356 842 3144 1556
crystal size [mm] 0.32� 0.27� 0.25 0.25� 0.36� 0.45 0.24� 0.10� 0.10 0.40� 0.40� 0.37 0.43� 0.35� 0.15
�max [�] 32.01 28.30 25.00 28.32 28.34
measured reflns 18468 23997 20387 46575 21953
unique reflns (Rint) 9293 [0.0228] 6590 [0.029] 5760 [0.048] 8646 [0.044] 7776 [0.035]
parameters 540 483 470 622 573
GOF 1.037 1.077 1.070 1.028 0.987
R1 0.0310 0.0406 0.0552 0.0321 0.0405
wR2 0.0826 0.1094 0.1601 0.0903 0.1096
resid. electron density 0.606/� 0.275 1.208/� 1.617 0.990/� 0.521 0.518/� 0.209 0.566/� 0.490


24 25 26 27 28


formula C58H71Mn2N18O23.5 C29H35MnN8O11 C25H37F6MnN4O11P C26.6H35Cl2CrF6N4.8O6P C31H36CoN4O11


M 752.85 726.59 769.50 785.86 699.57
T [K] 173(2) 173(2) 173(2) 173(2) 106(2)
crystal system monoclinic triclinic triclinic triclinic monoclinic
space group P21/c P1≈ P1≈ P1≈ P21/c
a [‹o] 11.8672(6) 10.5075(6) 10.1943(2) 20.3111(5) 10.644(4)
b [ä] 17.1373(9) 11.6223(7) 11.14730(10) 21.9601(5) 15.014(6)
c [ä] 16.5640(9) 13.6084(8) 14.6133(2) 22.3176(5) 20.615(8)
� [�] 90 96.963(4) 99.5610(10) 78.847(2) 90
� [�] 97.1700(10) 96.909(4) 91.6210(10) 86.311(2) 103.826(8)
� [�] 90 99.078(4) 93.5710(10) 72.470(2) 90
V [ä3] 3342.3(3) 1612.39(16) 1633.13(4) 9312.7(4) 3199(2)
Z 2 2 2 10 4
�calcd [g cm�3] 1.496 1.497 1.565 1.401 1.452
� [mm�1] 0.471 0.482 0.549 0.566 0.603
Fooo 1565 756 794 4032 1460
crystal size [mm] 0.36� 0.24� 0.11 0.37� 0.27� 0.13 0.43� 0.19� 0.12 0.06� 0.34� 0.38 0.17� 0.20� 0.23
�max [�] 28.30 28.38 28.29 23.26 32.05
measured reflns 23020 21700 22073 85264 42373
unique reflns (Rint) 8085 [0.045] 7919 [0.057] 7958 [0.039] 26726 [0.072] 10987 [0.0376]
parameters 634 554 581 2195 553
GOF 0.954 1.047 1.031 1.041 1.048
R1 0.0493 0.0529 0.0348 0.0691 0.0467
wR2 0.1430 0.1564 0.0993 0.2280 0.1428
resid. electron density 1.251/� 0.535 1.146/� 0.596 1.088/� 0.249 1.452/� 0.800 1.916/� 0.915


30 31 36, 37 38, 39 40


formula C23H32Cl2CoN4O16 C23H36Cl2CoN4O10 C26H31BcuF4N5O6 C25H31Cl3N5O6Zn1,5 C23H30N6O13Zn
M 750.36 658.39 659.91 701.95 663.90
T [K] 106(2) 106(2) 173(2) 106(2) 106(2)
crystal system monoclinic orthorhombic triclinic monoclinic triclinic
space group P21/c P212121 P1≈ Cc P1≈
a [‹o] 11.2690(15) 12.2931(15) 7.6468(10) 11.308(2) 10.727(2)
b [ä] 15.296(2) 13.0773(16) 18.872(5) 17.957(3) 11.259(2)
c [ä] 17.723(2) 17.534(2) 20.344(3) 29.383(5) 12.707(2)
� [�] 90 90 89.696(19) 90 70.962(4)
� [�] 106.789(3) 90 80.698(14) 99.903(4) 82.502(4)
� [�] 90 90 82.022(19) 90 66.630(4)
V [ä3] 2924.7(7) 2818.7(6) 2868.7(9) 5877.7(18) 1331.8(4)
Z 4 4 2 8 2
�calcd [g cm�3] 1.704 1.551 1.528 1.586 1.656
� [mm�1] 0.855 0.859 0.837 1.555 1.004
Fooo 1548 1372 1360 2880 688
crystal size [mm] 0.28� 0.18� 0.13 0.27� 0.20� 0.09 0.24� 0.23� 0.20 0.28� 0.15� 0.15 0.27� 0.17� 0.15
�max [�] 32.02 32.02 28.29 32.04 32.06
measured reflns 26931 29960 36174 103980 23137
unique reflns (Rint) 9858 [0.0492] 9594 [0.0422] 36175 [0.0000] 19075 [0.0472] 9007 [0.0360]
parameters 564 505 808 924 500
GOF 1.015 1.034 1.045 1.049 1.031
R1 0.0457 0.0321 0.0732 0.0387 0.0409
wR2 0.1250 0.0757 0.2140 0.0881 0.1095
resid. electron density 0.749/� 0.908 0.603/� 0.360 1.079/� 1.229 0.794/� 0.484 0.858/� 1.049
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reactivity. The strong correlation of the M�N3/M�N7 ratio
with the bonding to co-ligands (substrates) leads to important
applications. With carefully modified bispidine ligands, such
as with L3 and with pentadentate ligands with an additional
pyridine donor at N3 or N7, it is, therefore, possible to tune the
catalytic activity, and this was demonstrated with the copper-
catalyzed aziridination[50] and the iron-catalyzed epoxida-
tion.[59]


Experimental Section


The ligands were prepared as reported in the literature,[48, 60, 72±74] the metal
complexes were obtained by standard methods,[6, 48±53, 57, 60] and all were
characterized by elemental analyses and spectroscopy. Single crystals for
X-ray structure determinations were obtained by slow evaporation of the
solvents or by solvent diffusion.


Force-field calculations were carried out with the MOMEC program[65] and
force field;[66] cavity size curves were computed as described.[70] For the
structure optimization of the copper(��) complexes some modifications of
the force field were necessary (note that these new parameters were not
fully refined and used here mainly for qualitative purposes, see Results and
Discussion). The parameters not previously reported are given in Table 2.


DFT calculations were performed with Gaussian98,[75] with the B3LYP
functional and the 6 ± 31�G(d) basis set for all atoms. No symmetry
constraints were applied. [Co(NH3)2(NHCH2)2(H2O)2] was used as a model
in all calculations. All structures reported here are fully optimized.


Crystal structure determinations : Crystal data and experimental details are
listed in Table 3. Intensity measurements were carried out on a Bruker-
AXS Smart1000 diffractometer with graphite-monochromated MoK�


radiation (	� 0.71073 ä) at low temperature.


Absorption corrections were performed (multiple scans of equivalent
reflections, SADABS[76]). The structures were solved by direct methods and
refined by full-matrix least-squares techniques based on F 2 of all data, with
the SHELXTL programs.[77] All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were localized in difference Fourier
syntheses and refined isotropically (except in 21, 27 and 36, 37 and for some
methyl groups or in disordered groups). In some structures disorder of
anions, solvent molecules, or ester groups were observed. For 36 and 37
only twinned crystals were obtained. That structure was solved and refined
with GEMINI[78] and SHELXL97.


CCDC-187977 ±CCDC-187991 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 CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).


Acknowledgement


Financial support by the German Science Foundation (DFG) is gratefully
acknowledged.


[1] J. M. Harrowfield, S. B. Wild in ™Comprehensive Coordination Chem-
istry∫, Vol. 1, Pergamon Press, Oxford 1987.


[2] A. G. Blackman, W. B. Tolman, Structure and Bonding, Vol. 97,
Springer, Berlin 2000, p. 179.


[3] R. R. Jacobson, Z. Tyeklar, A. Farooq, K. D. Karlin, S. Liu, J. Zubieta,
J. Am. Chem. Soc. 1988, 110, 3690.


[4] Kitajima, J. Am. Chem. Soc. 1989, 111, 8975.
[5] J. A. Halfen, S. Mahapatra, E. C. Wilkinson, S. Kaderli, V. G. Young,


L. Que, Jr., A. D. Zuberb¸hler, W. B. Tolman, Sience 1996, 271, 1397.
[6] H. Bˆrzel, P. Comba, C. Katsichtis, W. Kiefer, A. Lienke, V. Nagel, H.


Pritzkow, Chem. Eur. J. 1999, 5, 1716.
[7] L. Que, Jr., W. B. Tolman, Angew. Chem. 2002, 114, 1160; Angew.


Chem. Int. Ed. 2002, 41, 1114.


[8] F. A. Cotton, R. A. Walton, Multiple bonds between metal atoms,
Oxford University Press, Oxford, UK 1993.


[9] J. E. McGrady, R. Stranger, T. Lovell, J. Phys.Chem.A 1997, 101, 6265.
[10] R. Stranger, J. E. McGrady, T. Lovell, Inorg. Chem. 1998, 37, 6795.
[11] L. F. Lindoy, I. M. Atkinson, Self-Assembly in Supramolecular Sys-


tems in Monographs in Supramolecular Chemistry (Ed.: J. F. Stod-
dard), RSC, Cambridge 2000.


[12] D. J. Cardenas, A. Livoreil, J.-P. Sauvage, J. Am. Chem. Soc. 1996, 118,
11980.


[13] R. A. Bissell, E. Cordova, A. E. Kaifer, J. F. Stoddart, Nature 1994,
369, 133.


[14] L. Zelikovich, J. Libman, A. Shanzer, Nature 1995, 374, 790.
[15] C. Belle, J.-L. Pierre, E. Saint-Aman, New. J. Chem. 1998, 1399.
[16] T. R. Ward, A. Lutz, S. P. Parel, J. Ensling, P. G¸tlich, P. Buglyo, C.


Orvig, Inorg. Chem. 1999, 38, 5007.
[17] W.-D. Stohrer, R. Hoffmann, J. Am. Chem. Soc. 1972, 94, 779.
[18] W.-D. Stohrer, R. Hoffmann, J. Am. Chem. Soc. 1972, 94, 1661.
[19] J. Chatt, L. Manojovic-Muir, K. W. Muir, Dalton Trans. 1972, 686.
[20] K. Wieghardt, G. Backes-Dahmann, B. Nuber, J. Weiss,Angew. Chem.


1985, 97, 773; Angew. Chem. Int. Ed. Engl. 1985, 24, 777.
[21] Y. Jean, A. Lledos, J. K. Burdett, R. Hoffmann, J. Am. Chem. Soc.


1988, 110, 4506.
[22] G. Parkin, Acc. Chem. Res. 1992, 25, 455.
[23] G. Parkin, Chem. Rev. 1993, 93, 887.
[24] F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Advanced


Inorganic Chemistry, 6th ed., Wiley New York, Chichester, Weinheim,
Brisbane, Singapore, Toronto 1999.


[25] P. G¸tlich, H. A. Goodwin, D. N. Hendrickson, Angew. Chem. 1994,
106, 441; Angew. Chem. Int. Ed. Engl. 1994, 33, 425.


[26] G. Parkin, R. Hoffmann, Angew. Chem. 1994, 106, 1530; Angew.
Chem. Int. Ed. Engl. 1994, 33, 1462.


[27] U. Kˆlle, J. Kossakowski, N. Klaff, L. Wesemann, U. Englert, G. E.
Herberich, Angew. Chem. 1991, 103, 732; Angew. Chem. Int. Ed. Engl.
1991, 30, 690.


[28] U. Kˆlle, H. Luekeu, K. Handrick, K. Schilder, J. K. Burdett, S.
Balleza, Inorg. Chem. 1995, 34, 6273.


[29] J. E. McGrady, Angew. Chem. 2000, 112, 3216; Angew. Chem. Int. Ed.
2000, 39, 3077.


[30] K. Yoon, G. Parkin, A. L. Rheingold, J. Am. Chem. Soc. 1992, 114,
2210.


[31] K. Yoon, G. Parkin, A. L. Rheingold, J. Am. Chem. Soc. 1991, 113,
1437.


[32] P. J. Desrochers, K. W. Nebesny, M. J. Labarre, M. A. Bruck, G. F.
Neilson, R. P. Sperline, J. H. Enemark, G. Backes, K. Wieghardt,
Inorg. Chem. 1994, 33, 15.


[33] J. Song, M. B. Hall, Inorg. Chem. 1991, 30, 4433.
[34] F. A. Cotton, L. M. Daniels, G. T. Jordan IV, Chem. Commun. 1997,


421.
[35] M. M. Rohmer, A. Strich, M. Be¬nard, J. P. Malrieu, J. Am. Chem. Soc.


2001, 123, 9126.
[36] R. Cle¬rac, F. A. Cotton, L. M. Daniels, K. R. Dunbar, C. A. Murillo,


X. Wang, Inorg. Chem. 2001, 40, 1256.
[37] V. M. Miskowski, S. Franzen, A. P. Shreve, M. R. Ondrias, S. E.


Wallace-Williams, M. E. Barre, W. H. Woodruff, Inorg. Chem. 1999,
38, 2546.


[38] B. A. Jazdzewski, P. L. Holland, M. Pink, V. G. Young Jr., D. J. E.
Spencer, W. B. Tolman, Inorg. Chem. 2001, 40, 6097.


[39] S. Franzen, V. M. Miskowski, A. P. Shreve, S. E. Wallace-Williams,
W. H. Woodruff, M. R. Ondrias, M. E. Barr, L. Moore, S. G. Boxer,
Inorg. Chem. 2001, 40, 6375.


[40] K. Pierloot, J. O. A. De Kerpel, U. Ryde, B. O. Roos, J. Am. Chem.
Soc. 1997, 119, 218.


[41] K. Pierloot, J. O. A. DeKerpel, U. Ryde, M. H. M. Olsson, B. O. Roos,
J. Am. Chem. Soc. 1998, 120, 13156.


[42] U. Ryde, M. H. M. Olsson, B. O. Roos, A. C. Borin, Theor.Chem.Acc.
2001, 105, 452.


[43] P. Comba, R. Remenyi, J. Comput. Chem. 2002, 23, 697.
[44] C. Buning, G. W. Canters, P. Comba, C. Dennison, L. Jeuken, M.


Melter, J. Sanders-Loehr, J. Am. Chem. Soc. 2000, 122, 204.
[45] P. Comba, R. Remenyi, unpublished results.
[46] P. Comba, A. Lienke, Inorg. Chem. 2001, 40, 5206.
[47] P. Comba, W. Schiek, Coord. Chem. Rev. , in press.







FULL PAPER P. Comba et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0824-5760 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 245760


[48] H. Bˆrzel, P. Comba, K. S. Hagen, C. Katsichtis, H. Pritzkow, Chem.
Eur. J. 2000, 6, 914.


[49] H. Bˆrzel, P. Comba, K. S. Hagen, M. Kerscher, H. Pritzkow, M.
Schatz, S. Schindler, O. Walter, Inorg. Chem. 2002, 41, 5440.


[50] P. Comba, M. Merz, H. Pritzkow, unpublished results.
[51] H. Bˆrzel, P. Comba, H. Pritzkow, Chem. Commun. 2001, 97.
[52] P. Comba, B. Nuber, A. Ramlow, J.Chem. Soc.Dalton Trans. 1997, 347.
[53] H. Bˆrzel, P. Comba, K. S. Hagen, M. Merz, Y. D. Lampeka, A.


Lienke, G. Linti, H. Pritzkow, L. V. Tsymbal, Inorg. Chim. Acta 2002,
337, 408.


[54] G. D. Hosken, R. D. Hancock, J. Chem. Soc. Chem. Commun. 1994,
1363.


[55] G. D. Hosken, C. C. Allan, J. C. A. Boeyens, R. D. Hancock, J. Chem.
Soc. Dalton Trans. 1995, 3705.


[56] P. Comba, H. Pritzkow, W. Schiek, Angew. Chem. 2001, 113, 2556;
Angew. Chem. Int. Ed. 2001, 40, 2465.


[57] H. Bˆrzel, P. Comba, M. Kerscher, S. Kuwata, G. Laurenczy, G. A.
Lawrance, A. Lienke, M. Merz, H. Pritzkow, unpublished results.


[58] P. Comba, M. Kerscher, A. Roodt, unpublished results.
[59] M. Bukowski, P. Comba, M. Merz, L. Que, Jr., unpublished results.
[60] P. Comba, B. Kanellakopulos, C. Katsichtis, A. Lienke, H. Pritzkow, F.


Rominger, J. Chem. Soc. Dalton Trans. 1998, 3997.
[61] C. K. Johnson, ORTEP, A Thermal Ellipsoid Plotting Program, Oak


National Laboratories, Oak Ridge, TN 1965.
[62] S. P. Artz,D. J. Cram, J. Am. Chem. Soc. 1984, 106, 2160.
[63] D. J. Cram, G. M. Lein, T. Kaneda, R. C. Helgeson, C. B. Knobler, E.


Maverick, K. N. Trueblood, J. Am. Chem. Soc. 1981, 103, 6228.
[64] R. Gleiter, M. Kobayashi, J. Kuthan, Tetrahedron 1976, 32, 2775.
[65] P. Comba, T. W. Hambley, N. Okon, G. Lauer, in MOMEC97, a


molecular modeling package for inorganic compounds, Heidelberg
1997.


[66] J. E. Bol, C. Buning, P. Comba, J. Reedijk, M. Strˆhle, J. Comput.
Chem. 1998, 19, 512.


[67] D. E. Reichert, M. J. Welch, Coord. Chem. Rev. 2001, 212, 111.
[68] P. Comba, Coord. Chem. Rev. 1993, 123, 1.
[69] P. Comba, M. Zimmer, Inorg. Chem. 1994, 33, 5368.
[70] P. Comba, N. Okon, R. Remenyi, J. Comput. Chem. 1999, 20, 781.
[71] P. Comba, R. Remenyi, unpublished results.
[72] R. Haller, Arch. Pharm. 1968, 301, 741.
[73] R. Haller, Arch. Pharm. 1969, 302, 113.
[74] U. Holzgrabe, E. Ericyas, Arch. Pharm. (Weinheim, Germany) 1992,


325, 657.
[75] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,


J. R. Cheeseman, V. G. Zakrzewski, J. Montgomery, Jr., R. E. Strat-
mann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N.
Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.
Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian98, Gaussian,
Inc., Pittsburgh PA, 1998.


[76] G. M. Sheldrick, Universit‰t Gˆttingen, 2001.
[77] G. M. Sheldrick, SHELXTL5.1, Bruker-AXS, Madison, WI, 1998.
[78] Bruker-AXS, Madison, WI, USA, 1999.


Received: July 10, 2002 [F4232]








Assembly of Hydrophobic Shells and Shields around Lanthanides


Steven W. Magennis,[b] Simon Parsons,[b] and Zoe Pikramenou*[a]


Abstract: Luminescent lanthanide com-
plexes have been developed, based on
the assembly of bulky ligands around the
lanthanide ion, to provide shell-type
protection of the ion from coordinated
solvent molecules. Aryl-functionalised
imidodiphosphinate ligands (tpip and
Metpip) provide a bidentate anionic site
that leads to hexa-coordinate lanthanide
complexes in which the aryl groups
surround the ion. There are twelve


phenyl groups around the lanthanide
that act as ™remote∫ (from the binding
site) sensitisers for the metal ion. It is
shown that these ligands are suitable for
sensitising luminescence for all the lan-
thanides that emit in the visible range,


namely, SmIII, EuIII, TbIII, DyIII. A ™built-
in∫ shield on the ligand is designed to
provide a complete block of the ap-
proach of water to the lanthanide ion.
The synthesis of the ligands and their
lanthanides complexes as well as de-
tailed photophysical studies of the com-
plexes in solution and in the solid-state
are presented.Keywords: cages ¥ lanthanides ¥


luminescence ¥ molecular devices ¥
supramolecular chemistry


Introduction


Lanthanide(���) ions are popular luminescent centres with
sharp f ± f based emission at room temperature that ranges
from the visible region to near-infrared. They do not absorb
light efficiently; therefore, strong luminescence is triggered
only by sensitisation of the lanthanide ion luminescence by
coordinated organic ligands. A diverse range of associated
applications have emerged that span the labelling of biomo-
lecules to sensing and new display technologies.[1, 2] For light-
conversion systems based on Ln3� ions, the main requirements
are high ligand-absorption coefficients, efficient ligand-to-
metal energy transfer and minimal non-radiative deactivation
of the excited state of the metal. Encapsulation of the Ln3� ion
by a polydentate/macrocyclic ligand (e.g. cryptands,[1, 3] calix-
arenes[4] and podands[5]) is the most common strategy
employed to satisfy these criteria, particularly because it
protects the lanthanide ion from water molecules that quench
its luminescence.[6]


Instead of using pre-organised macrocyclic structures that
encapsulate the ion, we are interested in the development of
ligands that assemble around the lanthanide to form a
hydrophobic shell. Our ligand design employs simple units,
based on strong binding sites for lanthanide coordination and
bulky aromatic groups, to play the dual role of antenna and
solvent shield, and to thus form a hydrophobic shell around
the metal ion. In this way, multi-step synthesis required to
create macrocyclic structures is avoided. Additionally, the
binding and antenna domains may be independent of each
other to allow the sensitising group to be energetically
optimised for a particular Ln3� ion without changing the
binding characteristics of the ligand (unlike those ligands in
which the antennas are also the binding units, e.g. polypyr-
idines,[1] benzimidazoles.[7] ™Remote∫ light-harvesting units
have been successfully employed to sensitise Ln3� lumines-
cence, though this was restricted to more intricate macrocyclic
structures[8, 9]
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We chose aryl-substituted imidodiphosphinates [R2P(O)-
NP(O)R2]� (R�Ph, tpip) as ligands that fit the requirements
for our approach. Imidodiphosphinates can be viewed as
inorganic analogues of �-diketonates, and it is well-known
that the latter form luminescent lanthanide complexes.[10]


However, imidodiphosphinates have a number of distinct
advantages over �-diketonates with respect to their


use as antenna ligands. Firstly, the chelating unit of tpip does
not contain any O±H, C ±H or N±H bonds (these bonds lead
to non-radiative vibrational deactivation of the excited states
of bound Ln3� ions) unlike �-diketonates, which contain a C ±
H bond in the binding unit. Secondly, four aromatic groups
can be attached to an imidodiphosphinate ligand (two on each
phosphorus atom), whereas only two aromatic groups can be
attached to a �-diketonate (one on each carbonyl carbon),
allowing the imidodiphosphinate to collect a greater amount
of light for a given chromophoric substituent. Thirdly, the
bulkiness of each ligand (bearing four aryl groups) is
important in our design as a shell to protect the lanthanide
from water molecules; in contrast, �-diketonate lanthanide
complexes have three open coordination sites for water
molecules to bind and surfactant-like molecules have to be
used in DELFIA immunoassay applications to increase their
luminescence intensity and lifetime.[11] Finally, the aromatic
substituents of a �-diketonate are in conjugation with the
chelate, thereby affecting the excited-state properties of
the light-harvesting unit. This can result in unpredictable
changes of the sensitiser energy levels upon altering the light-
harvesting units, and, in many cases, to strong ligand-to-metal
charge-transfer bands that quench the lanthanide lumines-
cence of the easily reduced lanthanides. In tpip-type ligands,
the light-harvesting unit is ™remote∫ from the binding site and
it can be systematically modified to tune the emission
properties of the lanthanide, thus avoiding the aforemen-
tioned problems.
A preliminary report of our work with tetraphenylimido-


diphosphinate[12] introduced tpip as a new antenna ligand for
europium and terbium ions to give highly luminescent, six-
coordinate [Ln(tpip)3] complexes. This article gives a full
account of the preparation and identification of complexes of
tpip with Ln3� ions that emit in the visible range (i.e., Ln�Sm,
Eu, Tb, Dy), as well as the photophysical studies of these
complexes in solution and in the solid state. We find that the
lanthanide ion in these complexes is still partially susceptible
to water binding. To circumvent this we have developed a new
ligand, tetra-o-tolylimidodiphosphinic acid (HMetpip), that
carries an additional built-in shield to fully encapsulate the
lanthanide ion. The luminescent properties of the lanthanide
complexes with Metpip are also described herein. We
demonstrate that the extra shield leads to complete blocking
of the approach of water molecules.


Results and Discussion


Preparation and characterisation of ligands : The ligand Htpip
is prepared by the reaction of chlorodiphenylphosphine and
hexamethyldisilazane followed by oxidation with H2O2.[13]


Full spectroscopic characterisation of the ligand is undertaken
as previous reports were incomplete. The FAB-MS of the
ligand shows peaks at m/z 418 and 219, corresponding to
[M�H]� and [M�Ph2PO�2H]� respectively. The 1H NMR
spectrum of the ligand in CDCl3 shows two multiplets at ��
7.27 ± 7.48 and 7.65 ± 7.80 in a 3:2 ratio for the phenyl protons.
The 31P NMR spectrum in CDCl3 shows a single resonance at
�� 21.0, corresponding to two equivalent phosphorus atoms.
It has been previously shown by X-ray crystallography[14] that
this ligand crystallises in the tautomeric form N�P-OH. The
molecules are linked, in infinite chains, by OH ¥ ¥ ¥O hydrogen
bonds so that Htpip is insoluble in most solvents. This
hydrogen bonding can only be overcome in strongly protic or
basic media. To assess the light-absorbing properties of the
ligand and the extent of conjugation in solution, the UV/Vis
absorption spectrum was analysed. The structured band
centred at �� 266 nm for the Htpip sample is assigned to
the characteristic long-wavelength ���* transition of ring-
substituted benzene.[15] The position of this band is partic-
ularly affected by substituents that cause an increase in the
conjugation of the benzene �-system. The observed absorp-
tion maximum suggests that this band can be attributed to a
phosphorus-substituted benzene in which there is no conju-
gation of the phenyl groups with �P�N� in the binding
unit.[16] In support of this, diphenylphosphinic acid,
[(C6H5)2P(O)OH], in which there is obviously no �P�N�
conjugation, shows the same spectral pattern as Htpip.[16] It
should also be noted that the characteristic phenyl B-band in
Htpip is situated at the tail end of a far more intense band at
shorter wavelength, which can be attributed to the K band of
the phenyl groups.
The preparation of the new ligand N-(P,P-di-2-methylphe-


nylphosphinoyl)-P,P-di-2-methylphenyl-phosphinimidic acid
(HMetpip), which is the o-tolyl analogue of Htpip, is
accomplished in two steps (Scheme 1). The reagent chloro-
di-2-methylphenylphosphine is prepared by the reaction of
PCl3 with the Grignard reagent of 2-bromotoluene.[17] Char-
acterisation of chlorodi-2-methylphenylphosphine was per-
formed by 1H and 31P NMR spectroscopy. Because of the
sensitivity of this material, it was used immediately. The
second step in Scheme 1 is the reaction of chlorodi-2-
methylphenylphosphine and hexamethyldisilazane followed
by oxidation with H2O2 to give pure HMetpip.
The FAB-MS of the HMetpip ligand shows an intense peak


atm/z 474, corresponding to [M�H]� . The 1H NMR spectrum
of the ligand in CDCl3 shows multiplets corresponding to the
phenyl protons and a singlet at �� 2.18 for the protons of the
methyl group. The 31P NMR spectrum, also in CDCl3, shows
one singlet at �� 25.4 for the equivalent phosphorus atoms of
the ligand. As observed for Htpip, this ligand has a very low
solubility in common organic solvents, and indeed is generally
less soluble than Htpip. This suggests that, like Htpip, the
ligand adopts a hydrogen-bonded structure in the solid state.
The IR spectrum of HMetpip shows strong absorptions at �� �
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1196, 1215 and 1229 cm�1, characteristic of the vibrations of
�P�N� systems, and strong absorptions at �� � 1068 and
1094 cm�1 assigned to P ±O stretching vibrations. These two
sets of vibrations agree with those observed in many
complexes of imidodiphosphinates, indicative of delocalisa-
tion of electron density in the solid-state structure of the free
ligand.
The potassium salts of Ktpip and KMetpip, are prepared by


dissolving the ligands in a methanolic KOH solution, remov-
ing the solvent and recrystallising the resultant white solid
from ethanol to give the desired product. The FAB-MS of the
products show peaks corresponding to [M�H]� . The 1HNMR
spectra in CD3OD show two multiplets corresponding to the
phenyl protons, and an additional singlet at �� 2.12 for the
protons of the methyl group of KMetpip. The 31P NMR
spectra show one singlet for the equivalent phosphorus atoms.
The crystal structure of KMetpip (Figure 1) is a hydrogen-


bonded network with the formula [K(Metpip)(MeOH)2-
(H2O)]n. One oxygen atom of each ligand is bonded directly
to one K� ion and is hydrogen-bonded to a water molecule,
while the other oxygen atom of the ligand is hydrogen-bonded


Figure 1. X-ray crystal structure of KMetpip showing the atomic number-
ing scheme; selected bond lengths [ä]: K1 ±O1 2.713(8), P1 ±O1 1.508(7),
P1 ±N1 1.586(9), P2 ±N1 1.546(9), P2 ±O2 1.510(8).


to both a water and a MeOH molecule; the K� ion is bonded
to the same MeOH molecule, another MeOH and a water.
The network is formed by various additional interactions
involving bridging solvent molecules, such as hydrogen
bonding of the oxygen atom of adjacent ligands to the same
water molecule. The P ±N and P ±O bond lengths of the
imidodiphosphinate are short and are comparable to those
found for the tpip complexes, indicative of electron delocal-
isation around the binding unit. The core of the hard donor
sites is surrounded by the hydrophobic phenyl groups. The
absorption spectra of KMetpip and Ktpip have similar
profiles to those observed for the ligands.


Preparation and characterisa-
tion of lanthanide complexes :
One equivalent of LnCl3 ¥ 6H2O
(Ln� Sm, Eu, Gd, Tb, Dy) was
reacted with three equivalents
of Ktpip[18] or KMetpip to af-
ford good yields of the com-
plexes [Ln(tpip)3] or [Ln(Met-


pip)3], respectively. These complexes are soluble in solvents,
such as CHCl3, CH2Cl2 and acetone, and are reasonably
soluble in more polar solvents, such as acetonitrile. The Eu3�,
Tb3�, Sm3� and Dy3� ions were chosen because these ions are
all luminescent in the visible region.
The crystal structures of the europium and terbium com-


plexes of Htpip were previously reported in our preliminary
communication.[12] The unit cells revealed two types of
symmetry around the metal: trigonal prismatic and distorted
octahedral. We noticed a short van der Waals contact of a
water molecule with the metal centre in the trigonal prismatic
structure. This led us to the design of the methyl shield on the
Metpip ligand as it was envisaged that the methyl groups
would block the approach of the water molecule. The crystal
structure of [Eu(Metpip)3] is shown in Figure 2. Three anionic


Figure 2. X-ray crystal structure of [Eu(Metpip)3] showing the atomic
numbering scheme; selected bond lengths [ä: Eu1 ±O1 2.28(3), Eu1 ±O2
2.27(3), P1 ±O1 1.50(3), P2 ±O2 1.51(3), P1 ±N1 1.591(9), P2 ±N1 1.580(9).


Metpip ligands adopt a bidentate coordination mode to the
Eu3� ion to produce a six-coordinate metal ion as there are no
coordinated solvent molecules (one CHCl3 molecule per
complex is found in the crystal lattice). The o-tolyl groups
bound to the same P atom orient themselves such that the two
methyl groups are pointing away from each other. There is
evidence of CH±� interactions between protons of the
methyl group and the phenyl rings in adjacent phosphorus
atoms of the different ligands. As with the tpip structures, the
low coordination number is attributed to the twelve o-tolyl
groups that form a hydrophobic shell around the central metal
ion. The average Eu ±O bond length for the structure is
2.28 ä, with average P ±N and P ±O bond lengths of 1.59 and
1.51 ä, respectively, which compare well with those observed
for [Eu(tpip)3]. Six of the twelve methyl groups are located
above the faces of the distorted octahedron defined by the
oxygen atoms, shielding the approach of any solvent mole-
cules.


Scheme 1. Synthetic route to HMetpip.
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All complexes have been characterised by FAB-MS. The
results confirm the complex formation, showing intense
signals corresponding to [M�H]� and [M�L]� where L�
tpip or Metpip for the respective complexes.
A full NMR study of the [Ln(tpip)3] complexes has been


performed and the chemical shifts observed in the 1H, 13C and
31P NMR spectra are summarised in Table 1. The NMR
spectra of the complexes have broadly similar features, with
the exception of the characteristic differences that arise from


the magnetic properties of the different Ln3� ions. In general,
the chemical shifts arising from the interaction of ligand
nuclei with a paramagnetic Ln3� ion can be described in terms
of two additive interactions: contact and pseudo-contact.[19]


The pseudo-contact shift is caused by a through-space
interaction between the electron and nuclear magnetic di-
poles. The contact shift arises from covalent bonding inter-
actions, where there is transfer of unpaired electron density
onto the ligand. This effect is important for nuclei that are
very close to the metal ion. Theoretical and experimental
studies of paramagnetic lanthanide complexes can allow the
relative magnitude and sign of the contact or pseudo-contact
shifts for Ln3� ions in a given complex to be deduced. The
well-documented effect of Ln3� ions on the NMR spectra of
ligand nuclei will be used in a qualitative manner to aid
characterisation of the [Ln(tpip)3] complexes.
Each of the complexes gives a 1HNMR spectrum with three


signals in a 2:1:2 ratio. These signals are very sharp multiplets
for the Sm3� and Eu3� complexes whereas for the Tb3� and
Dy3� complexes, each of them is broadened into a singlet. For
the Dy3� and Tb3� complexes, the resonance at high frequency
is especially broad and can be assigned to the ortho protons.
These are nearest to the paramagnetic Ln3� ion. Therefore,
they would be expected to be more strongly affected than the
meta and para protons, to which the other two signals can be
attributed. These assignments suggest that each of the phenyl
rings is equivalent; this is confirmed by the 13C NMR spectra.
For [Eu(tpip)3], seven signals are observed. This corresponds
to three doublets, assigned to coupling between P and each of
the quaternary, ortho and meta carbons, and a singlet that can
be assigned to the para carbon. Similarly, the seven signals in


the 13C NMR spectrum of the Sm3� complex must also be
assigned to 31P ± 13C couplings; three doublets and one singlet.
In this case, however, the peaks are too close together to
identify them further. Similar 31P ± 13C couplings have been
reported for complexes of tpip with SnIV where 1J(P,C)�
139 Hz, 2J(P,C)� 11 Hz and 3J(P,C)� 14 Hz.[20] Any fine
structure is lost in the 13C NMR spectra of the Dy3� and
Tb3� complexes, as it was for the 1H NMR spectra; four broad
peaks are observed which are assigned to the quaternary,
ortho, meta and para resonances, respectively. One peak,
which is attributable to the quaternary carbon, is significantly
shifted to higher frequency for the Tb3� and Dy3� complexes,
and this agrees with the shifts for the ortho protons in the
1H NMR spectra.
In the 31P NMR spectrum of each of the complexes, a single


resonance is obtained for all of the phosphorus atoms shifted
to higher frequency with respect to the value of �� 20.3
reported[21] for the diamagnetic analogue [Y(tpip)3] due to the
paramagnetic ion coordination. Broad 31P NMR signals are
observed for the Tb3� and Dy3� complexes, with large shifts to
higher frequency. For a predominant pseudo-contact inter-
action, the 31P signals of the Tb3� and Dy3� complexes would
be expected to show large shifts in one direction, the Sm3�


complex would shift a small amount in the same direction and
the Eu3� complex would show shifts in the opposite direc-
tion.[22] If the contact interaction predominates, the order of
31P shifts to higher frequency should be Tb�Dy�Eu� Sm,
as observed for the tpip complexes.
These results provide good evidence that there is only one


species in solution, with a single ligand environment. The
possibility that a dynamic equilibrium (that is fast on the
NMR timescale) exists between free and complexed ligand
was also examined. The 1H and 31P NMR spectra of a mixture
of [Eu(tpip)3] and [Tb(tpip)3] show only those signals
observed for the original pure samples, which rules out the
possibility of a fast exchange process. In support of this, the
only changes that occur in the 31P NMR spectrum of
[Tb(tpip)3] in [D6]acetone on cooling the solution from 297
to 240 K, is a slight broadening and a shift from �� 207 to 270.
Such temperature-dependent shifts are not uncommon for
lanthanide complexes.[19] Similarly, the 31P NMR spectrum of
[Eu(tpip)3] in CD2Cl2 at 297 K shows a singlet at �� 39.8, and
at 260 K it shows a singlet at �� 39.6. This further evidence
confirms that the only species which exists in solution is
[Ln(tpip)3].
The 1H NMR spectrum of [Eu(Metpip)3] in CDCl3 shows


two multiplets, in a 1:1 ratio, for the aromatic protons at ��
7.15 ± 7.16 and 6.10 ± 6.31 and a singlet for the methyl protons
at �� 3.06. In the 31P NMR spectrum of the same sample, a
single resonance is obtained at �� 25.7 for all of the
phosphorus atoms. As [Tb(Metpip)3] was less soluble in
CDCl3 than [Eu(Metpip)3], only a 31P NMR spectrum was
obtained. Although this spectrum is weak, a broad singlet at
�� 142 is clearly observed. As expected, the patterns and
lanthanide-induced shifts observed in the [Ln(Metpip)3]
NMR spectra are in agreement with NMR data for the
corresponding [Ln(tpip)3] complexes.
The IR spectra of these complexes show strong absorptions


assigned to P ±O and P-N-P stretching vibrations. For both


Table 1. NMR data for [Ln(tpip)3].


Complex[a] � (1H) � (13C) � (31P)


[Sm(tpip)3] 7.58 ± 7.66 (m, 24H; Ar) 131.1, 131.0, 130.9, 129.8 25.1 (s)
7.19 ± 7.26 (m, 12H; Ar) 127.5, 127.4, 127.3
7.03 ± 7.08 (m, 24H; Ar) [s, d, d, d]


[Eu(tpip)3] 7.48 ± 7.54 (m, 24H; Ar) 129.8 (d, 1J(P,C)� 137 Hz) 37.7 (s)
7.21 (t, 12H; Ar) 129.4 (s)
6.95 ± 6.99 (m, 24H; Ar) 128.9 (d, J(P,C)� 10 Hz)


127.0 (d, J(P,C)� 13 Hz)
[Tb(tpip)3] 7.97 (br s, 24H; Ar) 159.3 (br s, quart. C) 200.7 (s)


7.35 (s, 12H; p-Ar) 134.5 (s)
6.28 (s, 24H; Ar) 130.4 (s)


128.6 (s)
[Dy(tpip)3] 8.1 (br s, 24H; Ar) 154 (br s, quart. C) 147.9 (s)


7.45 (s, 12H; p-Ar) 132.6 (s)
6.57 (s, 24H; Ar) 130.2 (s)


128.3 (s)


[a] CDCl3 solvent at room temperature.
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[Eu(Metpip)3] and [Tb(Metpip)3], these occur at 1224 and
1195 cm�1 [��(P-N-P)] and 1098 and 1071 cm�1 [��(P ±O)].
These absorptions are similar to those observed for the free
ligand, and are probably caused by hydrogen bonding in the
latter molecule. The lack of absorbance in the region between
3100 and 4000 cm�1 suggests that there are no H2O or MeOH
molecules coordinated to the Ln3� ion.


Photophysical studies of lanthanide complexes of tpip : The
absorption spectrum of [Eu(tpip)3] in CH3CN (Figure 3a) has
a structured band centred at 270 nm (�max� 265 and 272 nm)
on the tail of an intense band at a shorter wavelength; the
absorption profile in CHCl3 is identical, with the exception of
a slight shift to a longer wavelength. The Beer±Lambert law
is obeyed across the concentration range from 7� 10�6 to 1�
10�4 moldm�3 in CHCl3 in which the absorption spectra were


Figure 3. Excitation spectrum of [Dy(tpip)3] in CH3CN, �em� 574 nm.


measured, which confirms the stability of the complexed
species. The absorption spectra of the other [Ln(tpip)3]
complexes are identical to that shown in Figure 3, confirming
that they have the same complex formulation and that the
bands observed are characteristic of the tpip ligand. Since
deprotonation of the ligand and its subsequent binding to a
tripositive metal ion has little effect on the absorption
spectrum of the ligand, this is further evidence that the
phosphorus-substituted phenyl groups of tpip can be consid-
ered as being remote from the imidodiphosphinate binding
unit. The value of the � of the complexes confirms the
presence of multiple ™remote∫ benzene harvesting units and
precludes the presence of a charge-transfer band in ��


240 nm. This is an advantage for the photophysical studies,
because it is well-known that charge-transfer bands present in
most of the nitrogen or carboxylate donor sets quench
lanthanide luminescence.[9]


The excitation spectrum of [Dy(tpip)3] (Figure 3), moni-
tored at the 574 nm emission band (4F9/2� 6H13/2), shows a
structured band with peaks at 265 and 272 nm. This band
closely resembles the absorption spectrum, which demon-
strates that the Dy3� emission is sensitised by an energy-
transfer process from the tpip ligand. The excitation profile


also extends to wavelengths shorter than 250 nm, in agree-
ment with the intense band observed at higher energy in the
absorption spectrum of [Eu(tpip)3]. The excitation spectra of
[Tb(tpip)3], [Sm(tpip)3] and [Eu(tpip)3] in CH3CN (monitor-
ing the strongest f ± f transition in each case: 545 nm for Tb3�


(5D4� 7F5), 647 nm for Sm3� (4G5/2� 6H9/2) and 610 nm for
Eu3� (5D0� 7F2)) also confirm that energy transfer takes place
from the ligand to the different lanthanides (Supporting
Information).
The emission spectrum of a CH3CN solution of [Eu(tpip)3]


is shown in Figure 4. Excitation at 273 nm leads to a strong red
emission assigned to the characteristic 5D0� 7FJ (J� 0 ± 4)
transitions of Eu3�. The dominant band in the corrected
emission spectrum is the hypersensitive 5D0� 7F2 transition,
which is split into two components (within the resolution of
the instrument) that are centred at �� 610 and 620 nm.
Emission spectra of [Tb(tpip)3], [Sm(tpip)3] and [Dy(tpip)3]
complexes (Figure 4) show that the same sensitisation process
discussed for [Eu(tpip)3] also occurs in these complexes.
Excitation at a wavelength corresponding to ligand-centred


Figure 4. Corrected emission spectra of a) [Eu(tpip)3] (––),
[Tb(tpip)3] (����) (2� 10�5 moldm�3), in CH3CN, �exc� 273 nm;
b) [Sm(tpip)3] (––), [Dy(tpip)3] (����) (1� 10�5 moldm�3) in CH3CN,
�exc� 270 nm, emission intensity not to scale.
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bands results in the luminescence characteristic of the Ln3�


ion. The emission spectrum of [Tb(tpip)3] shows strong a
green emission that is assigned to the 5D4� 7FJ (J� 2 ± 6)
transitions of Tb3�, with an intense structured 5D4� 7F5 band
with peaks at �� 541 and 549 nm. Excitation of [Sm(tpip)3] at
270 nm leads to the pink emission of Sm3� assigned to 4G5/2�
6HJ (J� 5³2, 7³2, 9³2, 11³2) transitions; the most intense peak is the
hypersensitive transition 4G5/2� 6H9/2 at 647 nm. Similarly, the
sensitisation process in [Dy(tpip)3] results in the typical yellow
luminescence from Dy3�, with the 4F9/2� 6HJ (J� 15³2, 13³2, 11³2)
transitions observable. The latter spectrum is dominated by
the hypersensitive 4F9/2� 6H13/2 transition at 575 nm.
In order to further assess the photophysical processes


involved in the luminescence of [Ln(tpip)3] (Ln�Eu, Tb, Sm,
Dy), the complexes were studied by time-resolved spectros-
copy. The measured luminescence lifetimes, following excita-
tion into ligand-centred bands (�exc� 266 nm), are displayed
in Table 2. All of the luminescence lifetimes measured for
these complexes are monoexponential, as expected for one
discrete [Ln(tpip)3] solution species.


The lifetimes of [Eu(tpip)3] and [Tb(tpip)3] in the solid state
are 2.2 and 3.1 ms, respectively. These very long lifetimes are
characteristic of an absence of deactivating, non-radiative
pathways.[23] This is in agreement with the lack of coordinated
water molecules we observed in the single-crystal X-ray
structures of [Eu(tpip)3] and [Tb(tpip)3]. The tpip ligand was
partly chosen because of the absence of any potentially
quenching oscillators (e.g. N ±H and C±H) in the imidodi-
phosphinate binding unit, and the measured lifetimes suggest
that the role of any other oscillators is minimal. These long
lifetimes are in contrast with the short reported values of the
[Eu3�� 2.2.1] and [Tb3�� 2.2.1] cryptates[24] in the solid state,
namely 0.31 and 1.5 ms, respectively, which indicate the
presence of deactivation pathways from the coordinated
water molecules. The results for the tpip complexes compare
favourably with the reported luminescence lifetimes (at
298 K) of other solid-state samples that have no coordinated
H2O molecules. For example [EuCl2(D2O)6]Cl and
[TbCl2(D2O)6]Cl have lifetimes of 1.64 and 2.38 ms, respec-
tively, while Na[Eu(EDTA)(D2O)3] ¥ 5D2O and Na[Tb(ED-
TA)(D2O)3] ¥ 5D2O have lifetimes of 1.79 and 2.27 ms, re-
spectively.[23]


In dry acetonitrile, [Eu(tpip)3] and [Tb(tpip)3] also exhibit
long-lived luminescence, with lifetimes of 1.8 and 2.8 ms,
respectively. These values are only slightly reduced in
comparison with the solid-state results, confirming that no
water molecules are complexed in the first coordination
sphere of the Ln3� ion. The lifetimes of [Sm(tpip)3] and
[Dy(tpip)3] in dry CH3CN are 0.15 and 0.18 ms, respectively.
While these are short in comparison with isostructural Eu3�


and Tb3� complexes, they are quite long relative to other Sm3�


and Dy3� complexes. For comparison, the lifetimes of
perchlorate salts of Sm3� and Dy3� in D2O are reported[25] to
be 0.054 and 0.038 ms, while more recently an m-terphenyl-
based tricarboxylate ligand was used to form 1:1 complexes
with Sm3� and Dy3�, with lifetimes in CD3OD reported to be
0.090 and 0.079 ms, respectively.[26]


The observed lifetimes differ for each Ln3� complex; this
can be explained by considering the energy gap between the
luminescent state and the highest J level of the ground state.
This energy gap is similar for Sm3� and Dy3� and amounts to
�7500 and 7800 cm�1, respectively, whereas for Eu3� and Tb3�


the gap is larger at 12300 and 14800 cm�1, respectively.[27] For
Tb3� and Eu3�, the energy gap is large enough that, to a first
approximation, only the high-energy O±H oscillators con-
tribute to vibrational quenching. The smaller gap for Sm3� and
Dy3� results in lower frequency vibrations causing significant
deactivation. This explains why the lifetimes of the Sm3� and
Dy3� complexes are much shorter than those of the Tb3� and
Eu3� complexes in dry CH3CN. Addition of H2O
(10 moldm�3) to the dry CH3CN solutions of [Sm(tpip)3]
and [Dy(tpip)3] lead to a decrease in the luminescence
lifetimes to 0.06 and 0.12 ms, respectively (Table 2). A similar
effect was previously observed for the EuIII and TbIII


complexes.[12] The observed lifetime reductions correspond
to an increase in the decay rate for the complexes of 640
(Eu3�), 350 (Tb3�),�10000 (Sm3�) and�2000 s�1 (Dy3�). The
conformational freedom of the complexes in solution allows
the approach and coordination of a water molecule which can
lead to such a decrease. The Sm3� and Dy3� luminescence is
more efficiently quenched by addition of H2O than the Eu3�


and Tb3� luminescence because the energy gap is bridged by
lower vibrational overtones of H2O. However, the decay rate
of Sm3� luminescence increases much more than that of Dy3�,
despite the similar energy gap for these two ions. This may be
caused by the larger Sm3� ion accommodating an additional
deactivating water molecule compared to the Dy3� ion.
An empirical relationship can be used to estimate the


number of water molecules coordinated to Eu3� or Tb3� in
aqueous solutions.[6] This equation can also be used with
CH3CN as the solvent by measuring the lifetimes following
the addition of equal amounts of H2O or D2O to the CH3CN
solution.[28] It is possible to estimate the hydration state of the
Eu3� and Tb3� ions with Equation (1):


q�A(kH2O� kCH3CN) (1)


Where q is the number of water molecules in the primary
coordination sphere, A is a proportionality constant (AEu�
1.05, ATb� 4.2), kH2O is the observed decay rate in aqueous
CH3CN, kCH3CN is the observed decay rate in dry CH3CN. This


Table 2. Luminescence lifetimes of the Eu3� (5D0), Tb3� (5D4), Sm3� (4G5/2)
and Dy3� (4F9/2) levels in [Ln(tpip)3] (Ln�Eu, Tb, Sm, Dy) (�exc� 266 nm).
Ln Conditions[a] � [ms] q


Eu solid (powder) 2.2
dry CH3CN solution 1.8
dry CH3CN solution � H2O[b] 0.82 0.7


Tb solid (powder) 3.1
dry CH3CN solution 2.8
dry CH3CN solution � H2O[b] 1.4 1.5


Sm dry CH3CN solution 0.15
dry CH3CN solution � H2O[b] 0.06


Dy dry CH3CN solution 0.18
dry CH3CN solution � H2O[b] 0.12


[a] Lifetimes measured at room temperature; concentration of CH3CN
solutions� 1� 10�4 moldm�3, except for [Dy(tpip)3] with concentration�
1� 10�5 moldm�3. [b] [H2O]� 10 moldm�3.
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approach has been used successfully with Eu3� and Tb3�


complexes of a ligand derived from 1,4,7,10-tetraazacyclodo-
decane.[29] The application of Equation (1) to the values in
Table 2 gives q� 0.71� 0.5 and 1.5� 0.5 for [Eu(tpip)3] and
[Tb(tpip)3], respectively, in aqueous CH3CN. This confirms
the inner-sphere coordination of water molecules to the Ln3�


ion in these complexes. Based on these q values, there is
probably one water molecule coordinated to the metal ion of
[Eu(tpip)3] and [Tb(tpip)3].
In addition to luminescence decay measurements of


[Eu(tpip)3], the growth of the Eu (5D0� 7F2) luminescence
has been examined and found to increase exponentially, with
a rise time of 7.5 �s. This initial rise is attributed to the non-
radiative decay from the upper 5D1 level to the 5D0 level, from
which emission subsequently occurs. The population of the
5D1 level following an energy-transfer process from suitably
matched ligand excited states has been noted on numerous
occasions. Many europium �-diketonates, for example, have
rise times in the region of 2 ± 3 �s, in agreement with the value
determined for [Eu(tpip)3].[30]


Having assessed the factors that control the relative rate of
luminescence from the excited Ln3� states, it is important to
consider the overall efficiency of the sensitisation process.
Luminescence quantum yields were measured for [Eu(tpip)3]
and [Tb(tpip)3] in dry CH3CN upon excitation at 273 nm, with
[Ru(bpy)3]Cl2 in aerated H2O and quinine sulfate in H2SO4


(0.5 moldm�3) as standards. The values obtained are 1.3% for
[Eu(tpip)3] and 20% for [Tb(tpip)3], showing that the overall
efficiency of the antenna effect is high.
The quantum yield results were very encouraging as they


demonstrate that the tpip ligand can act as a good antenna for
both Eu3� and Tb3�, even though no particular attempt was
made to select the ™remote∫ energy donors so that there was a
good matching of their energy levels with those of the tpip
ligand. For many previously reported complexes, sensitisation
is only efficient with either Eu3� or Tb3�. For example, the
room-temperature quantum yield of [Eu(acac)3], where acac
is the �-diketonate acetylacetonate ligand, is�0.2%, whereas
the corresponding value for [Tb(acac)3] is 19%.[30] Similarly,
for the Tb3� complex with p-t-butylcalix[4]arene-tetraaceta-
mide, the luminescence quantum yield is 20% (the same as
that measured for [Tb(tpip)3]); however, it is three orders of
magnitude lower for the Eu3� complex (0.02%).[31] In both the
acac and the calixarene complexes, the low quantum yield of
Eu3� emission was attributed to LMCT deactivation. In
contrast, some complexes have a low quantum yield for Tb3�


luminescence which arises from an energy back-transfer
process occurring from the Tb3� (5D4) level to a ligand excited
state. This is the case for the [Tb� bpy ¥bpy ¥bpy] cryptand;
the quantum yield at room temperature is only 3% in H2O.[32]


This decay process, which is also common for other polypy-
ridine ligands,[1] normally involves energy transfer to the triplet
state of the ligand. We measured the phosphorescence of
[Gd(tpip)3] at 77 K to estimate the energy of the triplet state of
the tpip ligands in [Ln(tpip)3]. The signal of the phosphor-
escence band indicates the 0 ± 0 to be �24 Kcm�1. This places
the ligand triplet state much higher than the TbIII 5D4 excited
state preventing the energy back-transfer process, which
reduces the emission efficiency of the TbIII cryptate complexes.


The high quantum yield obtained for [Tb(tpip)3] complexes
can be attributed to a combination of the shielding of the Ln3�


ions from quenching solvent molecules (as shown by the
lifetime measurements), efficient ligand-to-metal energy
transfer and the absence of energy back-transfer. In view of
the reasonably high quantum yield and long luminescence
lifetime of [Eu(tpip)3], LMCT states do not appear to play a
prominent role in the deactivation of the metal ion. The
difference in quantum yield is probably caused by a better
match between ligand and metal excited states in [Tb(tpip)3].


Photophysical studies of lanthanide complexes of Metpip :
The absorption spectrum of [Eu(Metpip)3] in CH3CN is
shown in Figure 5. The measured absorption coefficient is
approximately three times greater than that of KMetpip,
corresponding to the absorption of three Metpip ligands
[�max [nm] (� [dm3mol�1 cm�1]), 278 (6800), 271 (6200)]. Ex-
citation at a wavelength corresponding to ligand-centred
bands results in the luminescence characteristic of the
Ln3� ion. The excitation spectra of [Eu(Metpip)3] and


Figure 5. a) Absorption spectrum of [Eu(Metpip)3] (1� 10�6 moldm�3) in
CH3CN. b) Excitation spectrum of [Eu(Metpip)3] (1� 10�6 moldm�3) in
CH3CN; �em� 610 nm.
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[Tb(Metpip)3] solutions show one structured band with peaks
at 270 and 277 nm (Figure 5). bThis band matches the
vibronic band observed for the o-tolyl groups in the absorp-
tion spectrum of [Eu(Metpip)3]. This demonstrates that the
sensitisation process which occurs in [Ln(tpip)3] (Ln� Sm,
Eu, Tb, Dy) complexes also operates in [Eu(Metpip)3] and
[Tb(Metpip)3].
Steady-state luminescence spectra of CH3CN solutions of


[Eu(Metpip)3] and [Tb(Metpip)3] are shown in Figure 6. For
[Eu(Metpip)3], the characteristic 5D0� 7FJ (J� 0 ± 4) transi-
tions of Eu3� are observed in the emission spectrum, with the


Figure 6. Corrected emission spectra of [Eu(Metpip)3] (––) and
[Tb(Metpip)3] (����) in CH3CN, �em� 610 nm and 550 nm, respectively;
�exc� 273 nm, emission intensity not to scale.


hypersensitive 5D0� 7F2 transition resolved into two compo-
nents centred on 611 and 621 nm. The 5D4� 7FJ (J� 2 ± 6)
transitions of Tb3� are observed for [Tb(Metpip)3], with an
intense structured 5D4� 7F5 band that has peaks at 542 and
551 nm. In terms of the splitting and relative intensities of the
f ± f transitions, the emission spectra of [Eu(Metpip)3] and
[Tb(Metpip)3] are almost identical to the spectra recorded for
their respective tpip analogues, indicative of a high degree of
structural similarity between [Ln(tpip)3] and [Ln(Metpip)3]
complexes in solution.
In order to investigate the possibility of solvent coordina-


tion in solution, time-resolved luminescence spectroscopy has
been performed on [Eu(Metpip)3] and [Tb(Metpip)3] in both
the solid state and in solution. The measured luminescence
lifetimes, following excitation into ligand-centred bands
(�exc� 266 nm), are displayed in Table 3. All of the decays
are monoexponential.
The measured lifetimes at room temperature of [Eu(Met-


pip)3] and [Tb(Metpip)3] as powdered solids appear to be
rather short in comparison with the analogous tpip complexes.
The increase in decay rate for [Eu(Metpip)3] compared with
[Eu(tpip)3] is 550 s�1; the increase for [Tb(Metpip)3] com-
pared with [Tb(tpip)3] is 390 s�1. However, the crystal
structure of [Eu(Metpip)3], elemental analyses and IR
spectroscopy give no evidence of solvent content in [Ln-
(Metpip)3] (Ln�Eu and Tb) in the solid state. This significant
increase in the decay rate is attributed to the presence of a
new deactivating pathway. A temperature-dependent path-


way can be eliminated, as the solid-state luminescence
lifetimes do not change upon lowering the temperature to
77 K (Table 3). This implies that the higher decay rate is not
caused by energy back-transfer to ligand excited states or to a
charge-transfer mechanism. The increase in decay rate for
[Ln(Metpip)3] could be associated with vibrational deactiva-
tion, and in the absence of coordinated solvent molecules such
deactivation would be caused by the ligand itself. We attribute
the increase in the luminescence decay rate to the presence of
an additional 36 C±H oscillators in the Metpip complexes
compared to those of tpip. Although C ±H vibrations are
much less efficient in quenching the luminescence than O±H
vibrations, the cumulative effect can be large. In the Eu3�


complex of a substituted 1,4,7,10-tetraazacyclododecane, for
example, the average contribution of each C±H oscillator to
the decay rate was either 5 s�1 or 26 s�1 depending on the
distance between the oscillator and the Ln3� ion.[33] Studies of
other lanthanide complexes have produced similar esti-
mates.[34]


In dry CH3CN, the lifetimes of the Eu3� (5D0) level in
[Eu(Metpip)3] and the Tb3� (5D4) level in [Tb(Metpip)3]
increase to 1.33 and 1.89 ms, respectively. A longer lifetime in
solution compared with the solid state is not uncommon and is
good evidence that solvent molecules are not deactivating the
excited state. For example, nine-coordinate complexes of Eu3�


with tripodal ligands, in which there are no coordinated water
molecules, have shorter lifetimes in the solid state than in dry
CH3CN.[28]


Upon addition of H2O (10 moldm�3) to these anhydrous
solutions, there is a slight reduction in the lifetimes of both the
Eu3� (5D0) and the Tb3� (5D4) lifetimes to 1.13 and 1.67 ms,
respectively. This reduction upon adding water is much
smaller than that observed with [Eu(tpip)3] and [Tb(tpip)3]
(in spite of the 100-fold increase in the H2O:complex ratio for
[Ln(Metpip)3] compared with [Ln(tpip)3]), and is consistent
with H2O molecules solely interacting in the second coordi-
nation sphere of the Ln3� ion.
Application of Equation (1) to the values in Table 3 gives


q� 0.14 and 0.29 for [Eu(Metpip)3] and [Tb(Metpip)3] in
aqueous CH3CN, which supports the conclusion that there are
no water molecules coordinated to the lanthanide ion and the
minor quenching is attributed to second-sphere interactions in
contrast with [Ln(tpip)3] in aqueous CH3CN. This change to
outer-sphere coordination is attributed to the greater shielding
of the Ln3� ion by the bulky o-tolyl groups in theMetpip ligand.


Table 3. Luminescence lifetimes of the Eu3� (5D0) and Tb3� (5D4) levels in
[Ln(Metpip)3] (Ln�Eu, Tb) (�exc� 266 nm).
Ln Conditions[a] � [ms] q


Eu solid (powder, RT) 1.0
solid (powder, 77 K) 0.99
dry CH3CN solution 1.3
dry CH3CN solution � H2O[b] 1.1 0.14


Tb solid (powder, RT) 1.4
solid (powder, 77 K) 1.4
dry CH3CN solution 1.9
dry CH3CN solution � H2O[b] 1.7 0.29


[a] Solution lifetimes measured at room temperature; concentration of
CH3CN solutions� 1� 10�6 moldm�3 ; [b] [H2O]� 10 moldm�3.
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Conclusion


In this paper we demonstrate that the assembly of tetraaryl
imidodiphosphinates ligands around lanthanide ions leads to
complexes with efficient lanthanide luminescence sensitisa-
tion for all lanthanides emitting in the visible region, namely,
EuIII, TbIII, DyIII and SmIII. This is attributed to several factors
incorporated in the ligand design: i) shielding of the ion from
the water molecules by encapsulation with the three-ligand
structure to form a hydrophobic shell around the ion; ii) the
flexibility of the design to allow an extra ™built-in∫ shield on
the ligand which blocks the approach of water molecules;
iii) the lack of any strong ligand-to-metal charge-transfer
bands that are usually responsible for the weak emission of
the more readily reduced lanthanides; iv) the lack of any
energy back-transfer from the sensitiser triplet state. Al-
though the exclusion of coordinating solvent molecules by
structurally complex polydentate ligands is not uncommon,
the same result which is achieved with only three bidentate
ligands is very unusual and suggests that this assembly
approach could be extended to other simple ligand systems.
It is the flexibility of imidodiphosphinates that makes them


most useful as antenna ligands, since they offer a wealth of
possibilities for further derivitisation. Since the binding and
antenna domains are not in conjugation, imidodiphosphinate
complexes can be altered whilst maintaining binding proper-
ties. Simply exchanging one Ln3� ion for another allows the
complex to be tuned so that light emission is centred on four
different wavelengths, with no attendant changes to structure
or absorption wavelength. It should be possible to further
modify the ligands to optimise the antenna groups for a
particular Ln3� ion, and to incorporate new physical proper-
ties (e.g. solubility) as required.
The aforementioned properties of the ligands are partic-


ularly important in the search for new luminescent lanthanide
complexes for application as photonic devices and sensors.
Neutral lanthanide complexes are also highly desired for
applications in biological systems to minimise possible non-
specific binding. Further studies in our group into the
development of lanthanide imidodiphosphinate complexes
are underway.


Experimental Section


Equipment : 1H, 13C{1H} and 31P{1H} NMR spectra were recorded on
Bruker AC-200, 250 and 360 MHz spectrometers. 1H and 13C{1H} shifts
were referenced to external SiMe4, while 31P{1H} shifts were referenced to
external 85% aqueous phosphoric acid. Positive-ion FAB mass spectra
were recorded on a KratosMS-50 mass spectrometer in a m-nitrobenzyl
alcohol matrix. Elemental analyses were performed on a Perkin-Elmer
2400CHN elemental analyser. IR spectra were obtained from KBr pellets
with a Perkin ±Elmer 1710 Fourier Transform spectrometer. UV/Vis
absorption spectra were recorded on a Perkin ±Elmer Lambda9 spec-
trometer. All measurements were made at room temperature (�20 �C) in
aerated solutions, unless otherwise stated.


Luminescence emission and excitation spectra were recorded on a Photon
Technology International (PTI) QM-1 emission spectrometer, previously
described.[35] Emission spectra were typically obtained with an excitation
and emission band-pass of 5 nm, with the most highly resolved spectra
having an emission band-pass of 1 nm. Emission spectra were corrected for


the wavelength dependence of the PMT. Uncorrected excitation spectra
were typically obtained with an excitation and emission band-pass of 5 nm,
with the most highly resolved spectra having an excitation band-pass of
1 nm. Lifetime measurements were carried out with a nanosecond Nd-
YAG laser (Continuum, Surelite II) as the excitation source. The fourth
harmonic output of the laser was used for excitation at 266 nm. Emission
from the sample was collected at 90�, passed through appropriate cut-off
filters and detected by a photomultiplier tube (HamamatsuR928) follow-
ing wavelength selection by a PC-controlled monochromator (PTI
model101) with a band-pass of 5 nm. In the excitation spectra, the
emission was monitored at 616 nm for Eu3� (5D0), 545 nm for Tb3� (5D4),
647 nm for Sm3� (4G5/2) and 574 nm for Dy3� (4F9/2). The signal from the
photomultiplier tube was processed through a digital storage oscilloscope
(LeCroy 9350AM, 500 MHz), triggered by the laser pulse. For room
temperature measurements, solution samples were placed in 1 cm quartz
cuvette and powdered solid samples in a quartz tube. For measurements at
77 K, samples were placed in a quartz tube and cooled in a quartz Dewar
filled with liquid nitrogen.


Data analysis : The emission decay curves were averaged over 1000 laser
shots and transferred to a PC for analysis. The so-obtained unweighted data
were analysed by a non-linear least-squares iterative technique (Mar-
quardt ±Levenberg algorithm) by means of the Kaleidagraph software. The
luminescence decay curves were fitted to a single exponential of the form
I(t)� I(0)exp(� t/�), where I(t) is the intensity at time t after the excitation
flash, I(0) is the initial intensity at t� 0 and � is the luminescence lifetime.
High Pearson×s correlation coefficients (	0.999) were observed in all cases.
Lifetimes were reproducible to �5%.


Luminescence quantum yields were measured by an optically dilute
relative method[36] with [Ru(2,2�-bipyridyl)3]Cl2 (�� 0.028 in aerated
H2O)[37] and quinine sulfate (�� 0.546 in aerated H2SO4 (0.5 moldm�3)[38]


as standards for complexes of europium(���) and terbium(���), respectively.
Europium(���) emission was measured between �� 550 and 750 nm,
corresponding to the dominant 5D0� 7FJ (J� 0 ± 4) transitions, while
terbium(���) emission was measured between �� 450 nm and 700 nm,
corresponding to the 5D4� 7FJ (J� 0 ± 6) transitions. The accuracy of these
procedures is estimated to be� 10%.


Materials : Starting materials were of reagent grade, obtained from Aldrich
or Acros, and used without further purification, unless otherwise stated.
Lanthanide(���) chlorides were obtained from Aldrich or Acros (99.9%)
and used as received. Deuterated solvents were obtained from Goss
Scientific and used as received. Anhydrous solvents, when required, were
freshly distilled over the appropriate drying agents under dinitrogen.
Reactions requiring anhydrous conditions were performed under dinitro-
gen by means of standard Schlenck and vacuum-line techniques


For the photophysical studies, DMF and methanol were of spectroscopic
grade and used as received. CH3CN was dried over P2O5 (5% w/v) and
freshly distilled prior to use. Water was purified by a Millipore (Milli-
RO15) water purification system.


Htpip :[13] A solution of chlorodiphenylphosphine (4.07 g, 18.4 mmol) and
hexamethyldisilazane (1.49 g, 9.23 mmol) in toluene (30 mL) was refluxed
for 3 h, after which time Me3SiCl was distilled off. The mixture was cooled
for 10 minutes in an ice bath and a solution of H2O2 (2 mL, 27.5 wt.% in
H2O) in THF (4 mL) was added dropwise. This solution was added to
diethyl ether (50 mL) resulting in the formation of a white precipitate. This
solid was washed several times with water and recrystallised frommethanol
to give the desired product (1.0 g, 26%). 1H NMR (200 MHz, CDCl3): ��
7.48 ± 7.27 (m, 12H; Ar), 7.80 ± 7.65 (m, 8H; Ar); 31P{1H} NMR (101 MHz,
CDCl3): �� 21.0 (s); FAB-MS:m/z : 418 [M�H]� , 219 [M�Ph2PO�2H]� ;
UV/Vis (EtOH): �max (� [dm3mol�1 cm�1])� 261 (2060), 266 (2460), 273
(1940) nm.


Chlorodi-2-methylphenylphosphine :[17] A solution of o-bromotoluene
(10.0 g, 57.9 mmol) in dry THF (10 mL) was added dropwise under
nitrogen to dry magnesium turnings (1.57 g, 64.6 mmol). The reaction
mixture was stirred for 1 h, after which time formation of the Grignard
reagent was complete. The Grignard reagent, and washings in dry THF
(7 mL), were added dropwise to a solution of phosphorus trichloride
(2.2 mL, 25 mmol) in dry THF (10 mL) cooled in an ice bath. After a few
minutes, a large amount of white precipitate formed. This mixture was
stirred at room temperature for 23 h, filtered and washed with dry toluene
(20 cm3). The solvent was removed from a small sample of this solution, and
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the resultant material was identified as the desired compound by 1H and 31P
NMR spectroscopy. Because of the sensitivity of the material, the THF/
toluene solution of this compound was used without further purification.
1H NMR (250 MHz, CDCl3): �� 2.47 (d, 6H, 4J(P,H)� 2.7 Hz, CH3);
31P{1H} NMR (101 MHz, CDCl3): �� 74.4 (s).
N-(P,P-Di-2-methylphenylphosphinoyl)-P,P-di-2-methylphenyl-phosphini-
midic acid (Metpip): Hexamethyldisilazane (1.59 g, 9.85 mmol) was
dissolved in dry toluene (2 mL) and added dropwise to a solution of
chlorodi-2-methylphenylphosphine in toluene/THF under nitrogen
(25 mmol, assuming 100% yield of preparation described above). This
solution was refluxed for 4.5 h, after which time Me3SiCl and THF were
distilled off. The solution was cooled in an ice bath for 30 minutes. H2O2


(1.7 mL, 35 wt.% in H2O) in THF (2 mL) was added dropwise, and the
solution stirred for 18 h. This solution was added to diethyl ether (50 mL),
resulting in the immediate precipitation of a white solid. The solid was
filtered and washed with water and MeOH to give the desired product
(0.71 g, 15%, based on hexamethyldisilazane). 1H NMR (250 MHz,
CDCl3): �� 7.82 ± 7.74 (m, 4H; Ar), 7.33 ± 7.27 (m, 4H; Ar), 7.14 ± 7.00 (m,
8H; Ar), 2.18 (s, 12H; CH3); 31P{1H} NMR (101 MHz, CDCl3): �� 25.4 (s);
IR (KBr): �� � 1196, 1215 and 1229 (PNP) and 1068, 1094 cm�1 (PO); FAB-
MS: m/z : 474 [M�H]� ; elemental analysis calcd (%) for C28H29NO2P2 ¥
0.5H2O: C 69.70, H 6.27, N 2.90; found: C 69.89, H 6.10, N 2.77.


Potassium tetraphenylimidodiphosphinate (Ktpip): Htpip (0.30 g,
0.72 mmol) was dissolved in a 2% methanolic KOH solution (10 mL).
The solvent volume was decreased to 2 mL under reduced pressure and
diethyl ether was added (20 mL). The resultant solid was recrystallised
from ethanol to give the desired product (0.187 g, 58%). 1H NMR
(360 MHz, D2O): �� 7.79 ± 7.73 (m, 8H; Ar), 7.52 ± 7.41 (m, 12H; Ar);
31P{1H} NMR (146 MHz, D2O): �� 17.0 (s); FAB-MS: m/z : 456 [M�H]� .
KMetpip : Metpip (0.615 g, 1.30 mmol) was heated at reflux for 1 h in a
10% methanolic KOH solution (30 mL). The solvent was removed under
reduced pressure and the resultant white solid was washed with water
(5 mL). This solid was recrystallised from ethanol to give the desired
product (0.390 g, 59%). Single crystals of KMetpip suitable for an X-ray
diffraction analysis were grown by slow evaporation from a methanolic
solution. 1H NMR (200 MHz, CD3OD): �� 8.31 ± 8.20 ((m, 4H; Ar), 7.29 ±
6.99 (m, 12H; Ar), 2.12 (s, 12H; CH3); 31P{1H} NMR (81 MHz, CD3OD):
�� 9.1 (s); FAB-MS: m/z : 512 [M�H]� , 550 [M�K]� ; UV/Vis (MeOH):
�max (� [dm3mol�1 cm�1])� 270 (2700), 277 nm (2500); elemental analysis
calcd (%) for C28H28KNO2P2 ¥ 3.5H2O: C 58.53, H 6.14, N 2.44; found:
C 58.19, H 6.30, N 2.25.


Ln(tpip)3 (Ln�Eu, Tb, Sm, Dy): To a solution of Ktpip (3 equiv, 0.187 g,
0.41 mmol) in H2O, was added dropwise LnCl3 ¥ xH2O (1 equiv) dissolved
in H2O. The white solid that immediately precipitated was filtered, washed
with H2O several times and dried under vacuum to give the corresponding
[Ln(tpip)3] in 70 ± 80% yield.


[Eu(tpip)3]: 1H NMR (360 MHz, CDCl3): �� 7.54 ± 7.48 (m, 24H; Ar), 7.21
(t, 12H; 3J(H,H)� 7.4 Hz, Ar), 6.95 ± 6.99 (m, 24H; Ar); 13C{1H} NMR
(91 MHz, CDCl3): �� 129.8 (d, 1J(P,C)� 137 Hz, quart. C), 129.4 (s), 128.9
(d, J(P,C)� 10 Hz), 127.0 (d, J(P,C)� 13 Hz); 31P{1H} NMR (146 MHz,
CDCl3): �� 37.7 (s); FAB-MS: m/z : 1400 [M�H]� , 983 [M� tpip]� ; UV/
Vis (CHCl3): �max (� [dm3mol�1 cm�1])� 273 nm (5000); elemental analysis
calcd (%) for C72H60EuN3O6 ¥ 3H2O: C 59.43, H 4.57, N 2.89; found:
C 59.16, H 4.24, N 2.83.


[Tb(tpip)3]: 1H NMR (360 MHz, CDCl3): �� 7.97 (br s, 24H; Ar), 7.35 (s,
12H; p-Ar), 6.28 (s, 24H; Ar); 13C{1H} NMR (91 MHz, CDCl3): �� 159.3
(quart. C), 134.5 (s), 130.4 (s), 128.6 (s); 31P{1H} NMR (146 MHz, CDCl3):
�� 200.7 (s); FAB-MS: m/z : 1408 [M�H]� , 991 [M� tpip]� .
[Sm(tpip)3]: 1H NMR (250 MHz, CDCl3): �� 7.66 ± 7.58 (m, 24H; Ar),
7.26 ± 7.19 (m, 12H; p-Ar), 7.08 ± 7.03 (m, 12H; Ar); 13C{1H} NMR (63 MHz,
CDCl3): �� 131.1, 131.0, 130.9, 129.8, 127.5, 127.4, 127.3 [s, d, d, d]; 31P{1H}
NMR (101 MHz, CDCl3) 25.1 (s); FAB-MS: m/z : 1403 [M�H]� , 985 [M�
tpip]� .


[Dy(tpip)3]: 1H NMR (250 MHz, CDCl3): �� 8.1 (br s, 24H; Ar), 7.45 (br s,
12H; p-Ar ), 6.57 (br s, 24H; Ar); 13C{1H} NMR (63 MHz, CDCl3): �� 154
(br s), 132.6 (s), 130.2 (s), 128.3 (s); 31P{1H} NMR (101 MHz, CDCl3): ��
147.9 (s); FAB-MS: m/z : 1414 [M�H]� , 997 [M� tpip]� .
[Eu(Metpip)3]: EuCl3 ¥ 6H2O (0.016 g, 0.044 mmol) dissolved in methanol
(1 mL) was added dropwise to a solution of KMetpip (0.067 g, 0.13 mmol)
in methanol (5 mL). The white solid that immediately precipitated was


filtered, washed with methanol (2� 2 mL) and dried under vacuum
(0.054 g, 78%). Single crystals, suitable for an X-ray diffraction analysis,
were grown by slow evaporation from a CHCl3 solution. 1H NMR
(250 MHz, CDCl3): �� 7.16 ± 7.15 (m, 24H; Ar), 6.31 ± 6.10 (m, 24H; Ar),
3.06 (s, 36H; CH3); 31P{1H} NMR (101 MHz, CDCl3): �� 25.7 (s); IR
(KBr): �� � 1224, 1195 (PNP) and 1098, 1071 cm�1 (PO); FAB-MS: m/z :
1571 [M�H]� , 1097 [M�Metpip]� ; UV/Vis (CH3CN): �max
(� [dm3mol�1 cm�1])� 278 (6800), 271 nm (6200); elemental analysis calcd
(%) for C84H84EuN3O6P6: C 64.29, H 5.39, N 2.68; found: C 63.95, H 5.55, N
2.52.


[Tb(Metpip)3]: TbCl3 ¥ 6H2O (0.014 g, 0.037 mmol) dissolved in methanol
(1 mL) was added dropwise to a solution of KMetpip (0.053 g, 0.10 mmol)
in methanol (8 mL). The white solid that immediately precipitated was
filtered, washed with methanol (2� 2 mL) and dried under vacuum
(0.050 g, 86%). 31P{1H} NMR (101 MHz, CDCl3): �� 142 (br s); IR
(KBr): �� � 1224, 1195 (PNP) and 1098, 1071 cm�1 (PO); FAB-MS: m/z :
1576 [M�H]� , 1103 [M�Metpip]� ; elemental analysis calcd (%) for
C84H84TbN3O6P6: C 64.00, H 5.37, N 2.67; found: C 63.62, H 5.47, N 2.57.


Crystal structure analysis : Single-crystal X-ray diffraction data were
collected on a Stoe Stadi-4 diffractometer equipped with an Oxford
Cryosystems low-temperature device operating at 220 K. CuK	 radiation
was used for the potassium complex, and the structure was solved by direct
methods (SIR92).[39] MoK	 radiation was used for the Eu complex, and its
structure was solved by Patterson methods (DIRDIF).[40] Absorption
corrections based on
 scans were applied to both data sets. Both structures
were refined by full-matrix least-squares against F 2 (Shelxtl),[41] with H
atoms in idealised positions. Further analysis was performed with Platon.[42]


Crystallographic data of [K(Metpip)(MeOH)2(H2O)]n : C30H38KNO5P2,
M� 593.65, orthorhombic, space group Pna21, a� 16.956(7), b� 22.495(5),
c� 8.0303(19) ä, V� 3063.0(16) ä3, Z� 4, �calcd� 1.287 gcm�3, F(000)�
1256, �� 2.817 mm�1, R1� 0.0709 [max� 70�, 1556 data F� 4�(F)],
wR2� 0.1716 for 2854 independent reflections, GOF� 0.977.
Crystallographic data of [Eu(Metpip)3] ¥ CHCl3 : Single crystals of [Eu-
(Metpip)3], suitable for X-ray diffraction analysis, were grown by slow
evaporation from a CHCl3 solution. C85H85Cl3EuN3O6P6, M� 1688.69,
rhombohedral, space group R≈3, a�b� 15.2788(6), c� 30.532(5) ä, V�
6172.5(10) ä3, Z� 3, �calcd� 1.363 gcm�3, F(000)� 2604, �� 1.029mm�1,
R1� 0.0549 [max� 25�, 2217 data F� 4�(F)], wR� 0.1296 for 2418 inde-
pendent reflections, GOF� 1.113. The point group of this complex is 3;
however, it is disordered about at crystallographic �3 special position.
Similarity and rigid bond restraints were applied to all light-atom
anisotropic displacement parameters. The chloroform of solvation was
also disordered, its geometry was controlled during refinement by the
application of explicit restraints.


CCDC-187661 and -187662 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 CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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