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Photothermal Therapeutic Agents
In their Full Paper on page 2956 ff. , C.-S. Yeh et al. present
a new class of AuxAg1�x nanostructured dendrites with a
hollow interior. The composition of the Au/Ag ratio is tuna-
ble and it was found that hollow Au0.3Ag0.7 dendrites exhib-
ited strong NIR absorption and good biocompatibility. The
NIR absorption band of Au0.3Ag0.7 dendrites allows them to
serve as photothermal absorbers for photothermal therapy.


Dyes and Pigmens
In their Full Paper on page 2976 ff. , M. Brçring et al. have
reported the preparation, structure determination, and spec-
troscopic characterization of a set of highly fluorescent
covalent BODIPY dimers (bisBODIPYs). As a result of the
specific conformation of these species, which is present in
the solid state and in solution, the photophysical properties
deviate significantly from those of the monomers.


p-Conjugated Polymers
In their Concepts article on page 2942 ff., H. Frauenrath
and E. Jahnke describe a general strategy toward hierarchi-
cally structured p-conjugated polymers that relies on the
design of supramolecular scaffolds based on b-sheet-forming
oligopeptide–polymer conjugates.


Chem. Eur. J. 2008, 14, 2927 = 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2927


Polymeric homoleptic…



http://dx.doi.org/10.1002/chem.200700723

http://dx.doi.org/10.1002/chem.200700723

http://dx.doi.org/10.1002/chem.200700723

http://dx.doi.org/10.1002/chem.200800114

http://dx.doi.org/10.1002/chem.200800114

http://dx.doi.org/10.1002/chem.200701912

http://dx.doi.org/10.1002/chem.200701912

http://dx.doi.org/10.1002/chem.200701325

www.chemeurj.org






A General Concept for the Preparation
of Hierarchically Structured p-Conjugated Polymers


Holger Frauenrath* and Eike Jahnke[a]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2942 – 29552942


DOI: 10.1002/chem.200701325







Introduction


Biomaterials such as silk, collagen, or wood often exhibit ex-
traordinary properties, which is even more remarkable as
they are produced under mild, physiological conditions. One
of the origins of these features is the fact that biopolymers
typically exhibit structure and order on different length
scales. In proteins, for example, the amino acid sequence
(primary structure) predetermines different chain segments
to attain well-defined conformations like, for instance, a-
helices or b-sheets (secondary structure). These are then
folded into a specific spatial arrangement (tertiary structure)
that determines the overall topographic shape of the macro-
molecules in solution. Finally, several of these folded macro-
molecules may serve as subunits that self-assemble into the
active protein complex or structure protein (quaternary
structure). Biological systems often achieve this kind of hier-
archical structure formation utilizing a combined “bottom-
up” and “top-down” approach. Thus, the information to
adopt a certain higher structure is programmed on the mo-
lecular level. At the same time, the macromolecules are
carefully guided to find the desired structure among the
manifold of energetically similar possibilities, for instance,
by using template molecules (e.g., chaperone proteins) or by
means of sophisticated processing procedures (e.g., the spin-
ning of a spider silk thread).


Accordingly, the preparation of hierarchically structured
synthetic polymers has been recognized as an important
field of research.[1] However, while polymer chemists have
been striving to understand the basic principles of hierarchi-
cal structure formation in biopolymers over the past three
decades and huge progress has been made on the field of
synthetic polymer chemistry in general, the tools at hand to
exert a control of polymer structure comparable to biologi-
cal systems are still limited in scope.[1d] Recent successful at-
tempts to prepare hierarchically structured polymer materi-
als were based on strategies which aimed to combine
modern organic and polymer chemistry,[1e] as well as materi-
als science and supramolecular chemistry.[1f] Supramolecular
self-assembly has already been extensively investigated as a
tool to create hierarchically structured, optoelectronically
active materials from monodisperse, p-conjugated oligo-
mers.[2] The “supramolecular approach” attempts to alleviate
the shortcomings of common processing procedures such as
chemical vapor deposition by providing a pathway toward
highly ordered, nanostructured arrays of p-conjugated oligo-
mers from solution.
This Concept paper aims to demonstrate how the supra-


molecular approach can be extended toward the preparation
of hierarchically structured, p-conjugated polymers. With
the help of selected examples, we wish to develop a general
strategy towards the preparation of such polymers based on
the supramolecular self-assembly of oligopeptide–polymer
conjugates. Thus, a concise overview of the structures of
amyloid proteins as well as the supramolecular self-assembly
of short oligopeptides and their polymer conjugates will
serve to explain why and how exactly the latter can be de-
signed and utilized as supramolecular scaffolds for this spe-
cific purpose. Finally, we will summarize and explain how
these scaffolds can be used in the preparation of well-de-
fined, soluble p-conjugated polymers with predictable multi-
stranded, multiple-helical quaternary structures.


Hierarchically Structured Polymers via the
Foldamer Approach


In the realm of conventional synthetic polymers, the most
successful examples of hierarchically structured polymers re-
sulted from transferring the “foldamer” concept[3] to the
world of high molecular weight polymer materials. In one
incarnation of this approach, the polymers comprise interac-
tions between “sticky sites” in the side chains of non-adja-
cent repeating units. These serve to induce the formation of
stable folded conformations due to cooperative intrachain
supramolecular interactions and, thus, mimic the folding
mechanism observed in biopolymers. The preparation of
oligopeptide-substituted poly(isocyanide)s 1 and their block
copolymers reported by the groups of Nolte and Cornelissen
represents a particularly beautiful implementation of that
concept (Figure 1).[4] The number of hierarchically struc-
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tured p-conjugated polymers, on the other hand, is very lim-
ited to date, mainly due to the demanding synthetic require-
ments. Notably, Masuda and co-workers have published a
large body of investigations on poly(acetylene)s with hydro-
gen-bonded side chains which may be regarded as foldam-
ers.[5] The authors interpreted the increased rigidity upon
the incorporation of homochiral side chains, the large opti-
cal rotations of the polymers, and the strong CD effect of
the main chain chromophore in terms of stable folded con-
formations due to cooperative intramolecular hydrogen
bonding.


“Self-Assemble into a Hierarchical Structure, then
Polymerize”—A Complementary Approach


In the preceding examples, the hierarchically structured syn-
thetic polymers have been prepared using a general ap-
proach that can be described as “polymerize, then fold into
a hierarchical structure”. Alternatively, one may envisage to
reverse the order of the required steps and develop a com-
plementary strategy which may be paraphrased as “self-as-
semble into a hierarchical structure, then polymerize”
(Figure 2).[6] Thus, appropriately functionalized macromono-
mers are supposed to first self-assemble into uniform supra-
molecular polymers with a defined, finite number of strands,
as opposed to micellar or vesicular one-dimensional aggre-
gates. These supramolecular polymers should, at the same
time, show a propensity to hierarchical structure formation
in solution. They are then to be converted into functional,
possibly multi-stranded polymers under retention or, at
least, controlled conversion of their previously assembled hi-
erarchical structure.
This general strategy toward hierarchically structured,


conjugated polymers would, hence, combine the supra-
molecular preorganization of monomers prior to polymeri-
zation[6] with covalent capture as a versatile concept for the
fixation of supramolecular materials.[7] Furthermore, it may
leverage “structural self-healing” as one of the crucial ad-
vantages of the supramolecular self-assembly of oligomers
to the preparation of high molecular weight p-conjugated
polymers. It is worth noting that the “foldamer approach” is
limited by the inherently poor control over the polymer pri-
mary structure that can be achieved even with modern poly-
merization methods, for instance, in terms of regioselectivity
and stereospecificity of monomer incorporation. This limita-
tion is detrimental to the efficient and defect-free folding
into the final conformation. In case of a low degree of tac-
ticity, for example, any stereochemical defect will irreversi-
bly be incorporated into the polymer, and the subsequent
folding may fail or produce defective structures. By contrast,
dynamic self-assembly prior to fixation by polymerization
may allow defects to be corrected and the hierarchical struc-
ture to be controlled or fine-tuned by changing the tempera-
ture, the solvent or other external parameters.


Figure 1. a) Foldamers obtained by the polymerization of tripeptide-sub-
stituted isocyanides 1; b) the poly(isocyanide)s fold into 41 helices stabi-
lized by side chain hydrogen bonding in the four b-sheet “blades” (blue)
that are helically wound around the helical backbone (red). Reproduced
(in part) with permission from ref. [4a].


Figure 2. Schematic representation of the “self-assemble into a hierarchical structure, then polymerize” approach; appropriately designed (macro)mono-
mers first preorganize into supramolecular polymers which exhibit higher order structure formation (e.g. a double-stranded helical superstructure, as
shown above); the latter are then converted into conjugated polymers (red) under retention of their previously assembled hierarchical structure.
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On the other hand, most covalent capture processes will
inevitably result in structural reorganisations which may
even destroy the self-assembled hierarchical structures.
Therefore, a number of requirements will have to be fulfil-
led in order for the proposed complementary strategy to be
successfully applied:


* Most importantly, a reliable supramolecular synthon[8] is
needed that will give rise to the formation of uniform
supramolecular polymers with a defined, finite number
of polymer strands.


* These supramolecular polymers must have the propensity
to show predictable or, at least, rationally explicable
higher order structure formation.


* The repeating units of the supramolecular polymers and
their polymerizable functions need to be arranged in a
well-defined manner such that individual strands of the
supramolecular polymers are unambiguously converted
into single covalent polymer backbones.


* The applied polymerization methodology must be per-
formed under conditions compatible with the self-assem-
bly process and vice versa.


* The formation of the covalent polymer backbone should
proceed under retention or, at least, controlled conver-
sion of the previously self-assembled hierarchical struc-
tures; this requires, in particular, the structural require-
ments of the covalent capture process to be commensu-
rate with the placement of the polymerizable functions in
the self-assembled aggregates.


As our own investigations are specifically directed at the
preparation of hierarchically structured polymers with p-
conjugated backbones, we have chosen macromomonomers
based on b-sheet forming oligopeptide–polymer conjugates
as the supramolecular scaffold and the UV induced topo-
chemical diacetylene polymerization[9] as the polymerization
methodology. The latter appears to be the method of choice
because it is atom-efficient, initiator- and catalyst-free. Fur-
thermore, it proceeds in the sense of a trans-stereospecific
1,4-polyaddition, and the obtained poly(diacetylene)s are p-
conjugated, photoconductive polymers.[9] The polymeri-
zation is possible whenever diacetylenes are placed at an ap-
propriate distance and packing angle. It is, therefore, not re-
stricted to 3D single crystals, and research in the field has
been reinvigorated with ideas from supramolecular chemis-
try and crystal engineering.[10] Topochemical diacetylene
polymerizations have, for example, been performed in self-
assembled mono-, bi- and multilayers and Langmuir–Blodg-
ett films of diacetylene containing amphiphiles.[10a–c] Other
types of self-assembled scaffolds have been employed, such
as 1D lamellar structures in self-assembled monolayers on
surfaces,[10d–f] columnar LC phases of discotic monomers,[10g–i]


vesicles and related self-assembled structures in the submi-
cron range,[10j–m] as well as organogels from hydrogen
bonded 1D aggregates in solution.[10n–q]


In contrast to previous investigations, however, the target-
ed preparation of hierarchically structured poly(diacety-


lene)s with a defined, finite number of polymer strands re-
quires the presence of equally well-defined, uniform supra-
molecular polymers[11] with the propensity to form predicta-
ble superstructures, instead of micellar or vesicular one-di-
mensional aggregates. As will be shown in the following
sections, b-sheet forming oligopeptide–polymer conjugates
have been proved to be reliable supramolecular synthons,
giving rise to uniform nanoscopic aggregates with a high
aspect ratio and the propensity to rationally explicable hier-
archical structure formation in solution. As the packing dis-
tance between adjacent b-strands within a single b-sheet of
d �4.8 L is close to the diacetylene packing distance of
4.91 L ideally required for a successful topochemical diace-
tylene polymerization, the chosen supramolecular scaffold
and polymerization method appear to be mutually compati-
ble and perfectly fulfil the above requirements.


Lessons from the Formation of Amyloid Fibrils


As natureMs way of self-organizing molecules into materials
serves as the role model for the strategy toward hierarchi-
cally structured p-conjugated polymers outlined above, the
best starting point for its development appears to be a look
at nanostructures from b-sheet forming oligopeptides as
they occur in biological systems. A prominent example of
such structures are fibrous protein deposits termed “amy-
loids” which have received increasing attention in recent
years because they are in one way or another associated
with a number of severe diseases such as AlzheimerMs, Par-
kinsonMs, and HuntingtonMs disease, as well as various prion
diseases and type II diabetes.[12] Their exact role in context
with the associated diseases[12a,c] as well as the actual forma-
tion mechanism(s)[12d] are still a matter of debate, and differ-
ent, sometimes conflicting structural models have been pro-
posed for specific examples. There is, in fact, no evidence
that all examples of amyloid fibrils need to be formed via
the same mechanism or that their spines rely on exactly the
same structural elements. By contrast, there are examples
for different structure models, and different oligopeptide
fragments from the same protein (or even one and the same
oligopeptide under different conditions) may self-organize
into different types of aggregates.[12b] Nevertheless, the for-
mation of amyloid fibrils appears to follow a generic pattern
in the sense that i) they are formed from a range of structur-
ally non-related precursor proteins, ii) their internal struc-
ture is rich in b-sheet structures, and iii) their nanoscopic
morphology is very similar. Thus, typical amyloid fibrils are
helically twisted filaments of several micrometers in length
and a width on the order of 10 nm. They exhibit a cross-b-
sheet signature in X-ray diffractograms with a 4.7 L meri-
dional reflection and a broader equatorial reflection at a
spacing of typically 6–12 L, which means that their spine
structures most likely contain a finite number of stacked
(“laminated”) parallel or antiparallel b-sheets aligned in the
direction of the fibril axis.[13]
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In a number of important examples,[14] such as protofila-
ments from the full length amyloid protein Ab associated
with AlzheimerMs disease,[14a–c] from the yeast prion proteins
Sup35p[14d] and Ure2p,[14e,f] or from human amylin associated
with type II diabetes,[14g] the presence of stacked parallel, in-
register b-sheets[15] has recently been conclusively estab-
lished. In these specific examples, a terminal region of the
precursor protein is folded into serpentine structures of b-
strands[16] which then aggregate into parallel, in-register b-
sheet structures such that the stacked b-sheets have an alter-
nating b-strand directionality (Figure 3a–c). A somewhat
different model has been proposed for fibrils from insulin[14h]


where the three disulfide bonds place constraints on the mo-
lecular structure of the fibrils. Here, the two oligopeptide
chains of the insulin molecule are assumed to rearrange
their conformation and stack in a way that they form a pair
of parallel b-sheets with opposite b-strand directionality
which then further self-assemble into a variety of entwined


fibrils (Figure 3e, f). In other cases, parallel b-helix spine
structures have been proposed,[17] and it appears that, until
to date, antiparallel b-sheets have only been demonstrated
in amyloid-like fibrils from relatively short oligopeptides
composed of 15 residues or less.[12b] Interestingly, the some-
what surprising prevalence of parallel b-sheet structures has
recently been correlated with the presence of specific amino
acid sequences.[18] For example, the oligopeptide GlyAsn-
AsnGlnGlnAsnTyr 2 in the b-sheet forming domain of the
yeast prion protein Sup35p has been shown to form tight
pairs of parallel, in-register b-sheets with opposite strand di-
rectionality.[18a] The dimerization proceeds under complete
exclusion of solvent molecules and is based on both the self-
complementary topology of the resulting b-sheet surfaces
and the presence of the Asn and Gln side chain amide
groups as, likewise, self-complementary hydrogen bond
donors and acceptors (Figure 4). These are arranged in such
a way that an efficient interstrand, intrasheet hydrogen


Figure 3. Representative examples of TEM images and proposed structural models for amyloid fibrils from (a–c) human amylin and (d–f) insulin; a) pro-
posed serpentine fold with three b-strands from human amylin; b) protofilament model showing a stack of these serpentine folds; c) electron micrograph
of a human amylin fibril (shadowed) and a model consisting of three entwined protofilaments; d) a variety of negatively stained (top) and shadowed
(bottom) left-handed helical filaments from insulin; e) surface representation of 3D maps and contoured density cross-sections of these insulin filaments;
f) the native conformation of the two insulin chains (green, blue) can be rearranged into two pairs of parallel b-strands which stack to form the protofila-
ments; g) a model of three entwined protofilaments overlayed with a TEM density map (transparent gray surface). Reproduced with permission from
ref. [14g,h].
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bonding can only be realized in case of a parallel, in-register
b-strand orientation within the b-sheets. This structural
motif has been termed a “dry steric zipper”, and a whole
range of related structures have recently been described and
associated with amyloid fibril formation.[18b]


Looking at the process of amyloid fibril formation with
the eyes of a polymer chemist and leaving aside both the di-
versity and complexity of biological structures for a
moment, an analogy to rod-coil block copolymers comes to
mind. It looks like the prerequisite for the formation of
well-defined, high aspect ratio filaments relies on some sort
of “phase segregation” between, on one side, the b-strands
as relatively short, monodisperse, and preorganized crystal-
lizable segments and, on the other side, the connecting turns
and loops as well as the remainder of the proteins, all of
which create a “soft shell” around the filaments.[19] It may
seem trivial to state that the crystallization of the former is
the driving force for fibrillization for which reason it may
not come as a surprise that proteins with natively disordered
terminal domains constitute an important family of amyloi-
dogenic proteins. However, a less obvious conclusion is that
the soft shell around the crystalline core also plays a crucial
role in that it helps to provide sufficient solubility to allow
for a fast aggregation into well-defined, high aspect-ratio
one-dimensional aggregates and prevents the premature
precipitation of insoluble polycrystalline assemblies. Of
course, the obtained fibrils are, ultimately, completely in-
soluble. This and the fact that comparably large oligopeptide


segments have to be appropriately folded as the first step of
self-assembly probably render amyloid based systems them-
selves too complex to be utilized as supramolecular scaffolds
in synthetic chemistry. However, it would be a sufficient
simplification if short, linear oligopeptides could be utilized
to form b-sheets, and synthetic polymer segments would be
employed in order to take over the role of the globular do-
mains attached to the fibrils’ core, even enhance phase seg-
regation, and provide improved solubility in a larger range
of protic or aprotic solvents.


Defined Nanoscopic Aggregates from Designed
Short Oligopeptides and Peptidomimetics


As a first step in this direction, the self-organization of
short, linear oligopeptides into b-sheets and higher struc-
tures has to be thoroughly understood. The situation is dif-
ferent from the self-assembly of amyloid fibrils in one im-
portant aspect; the individual b-strands are not folded into
arrangements that yield several stacked b-sheets at once, so
that the stacking of these b-sheets becomes an independent
process. Boden and co-workers investigated the hierarchical
self-organization of the 24-residue oligopeptide K24 derived
from the b-sheet forming domain of a transmembrane pro-
tein as well as a set of de novo designed 11-residue oligo-
peptides.[20] These oligopeptides were found to undergo a
step-wise self-organization into distinct types of uniform,
left-handed helical, nanoscopic 1D aggregates which the au-
thors described as curled single b-sheet tapes, twisted rib-
bons (double tapes), fibrils (stacked ribbons), as well as
fibers (entwined fibrils). Based on their experimental find-
ings, Boden, Fishwick et al. rationalized the observed hier-
archical self-organization in a remarkably intuitive general-
ized model (Figure 5).[20b] Thus, they assumed that the oligo-
peptide strands attained a chiral rod conformation with a
right-handed helical twist originating from the l-chirality of
the natural amino acids. The molecules would then self-as-
semble into single antiparallel b-sheet tapes with different
left-handed helical superstructures, depending on the nature
of the tapesM surfaces. For instance, if the tapesM surfaces are
amphiphilic, the tapes will tend to “curl” into tubular left-
handed helices in order to hide the more hydrophobic sur-
face inside. Alternatively, they may form ribbons (double
tapes) via b-sheet stacking for the same purpose. These rib-
bons undergo further b-sheet stacking via their more hydro-
philic surfaces to yield fibrils ; and the latter may, finally,
form fibers via edge-to-edge attraction.[21]


The most important implication of this model is that dis-
tinct types of supramolecular interactions with significantly
different energies are associated with each level of self-or-
ganization.[20b] The self-assembly into single b-sheet tapes
occurs due to N-H···O=C type hydrogen bonding. By con-
trast, both the b-sheet stacking of tapes into ribbons via the
more hydrophobic b-sheet surfaces as well as the subsequent
stacking of ribbons into fibrils via the more hydrophilic sur-
faces will depend on the chemical nature and the topology


Figure 4. Crystal structure of the dry steric zipper observed in fibrils of
the oligopeptide GNNQQNY 2 from the spine structure of the yeast
prion protein Sup35p; a pair of parallel b-sheets (gray, purple) forms
under exclusion of solvent due to the self-complementary topology (com-
pare cross-section on the right) and hydrogen bonding sites in the side
chain amides. Reproduced with permission from ref. [18a].
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of the involved surfaces and may be mediated by diverse
kinds of interactions, for example, hydrogen bonding, elec-
trostatic, van der Waals, or repulsive steric interactions.
However, the former process is expected to be supported by
the hydrophobic effect and will, typically, be significantly
more favorable than the latter. Finally, fiber formation will
strongly depend on the exact chemical nature of the b-
sheets’ edges and, again, be significantly less favorable than
the other processes. In conclusion, the distinct levels of self-
organization are associated with what may be regarded as
an orthogonal set of interactions, all of which may be ad-


dressed individually by changing the molecular structure or
the chemical environment.
Secondly, it is the inherent helical twisting of b-sheet


based fibrillar aggregates on all levels of self-organization
which is the main factor responsible for the formation of
uniform 1D aggregates with a defined and finite number of
laminated b-sheet tapes.[20b] The observed helical pitch f of
the final aggregate is a mere compromise in order to main-
tain the N-H···O=C hydrogen bond connectivity between all
amino acid residues in all b-strands of all incorporated b-
sheet tapes. Thus, increasing the number of laminated tapes
must lead to an unwinding of the helical twist until it com-
pletely disappears in a whole layer of infinitely stacked b-
sheets. Likewise, increasing the length of the constituent
oligopeptide b-strands will result in a decreased b-sheet
twisting. Assuming that there is an optimal degree of twist-
ing for individual b-strands of a given length and chemical
structure, the unwinding process must be associated with an
elastic energy penalty which counteracts and, at a certain
point, compensates the enthalpy gain associated with b-
sheet stacking, prohibiting an “unlimited” b-sheet lamina-
tion.
In summary, it is the interplay of the significantly different


aggregation enthalpies on the distinct levels of self-organiza-
tion combined with the energetic penalty associated with re-
adjusting the helix geometry upon aggregation that controls
the formation of well-defined aggregates with a finite
number of laminated tapes and, consequently, a finite diam-
eter. The result is a uniform thermodynamic equilibrium
structure with a defined, finite number of laminated b-
sheets that can be fine-tuned by a judicious choice of the oli-
gopeptideMs molecular structure. While this model provides
an elegant explanation for most aspects of oligopeptide self-
organization, it should be critically noted that the implica-
tions of parallel b-sheet formation as well as the role of the
b-sheets’ residual dipole moment components in general
have not been explicitly considered.[22]


Nanoscopic Scaffolds from Oligopeptide–Polymer
Conjugates


The above examples serve to highlight that pure oligopepti-
des are versatile supramolecular scaffolds. Nevertheless,
moving toward oligopeptide–polymer conjugates significant-
ly enlarges their scope, in particular with respect to the ac-
cessible chemical environments. Furthermore, the decora-
tion of the b-sheet tape edges with polymer segments will
introduce an element of phase segregation unknown in the
realm of pure oligopeptides which will strongly favor the
formation of filaments with a lower number of laminated
sheets and disfavor bundle formation. Aggregation via b-
sheet stacking would successively restrict the space available
to the attached polymer segments, and the required chain
extension would only be thermodynamically favorable if the
associated entropic penalty was overcompensated by an en-
thalpic contribution, for example, from a crystallization of


Figure 5. Schematic summary of BodenMs model for the step-wise hier-
archical self-organization of oligopeptides in protic media; depending on
the amino acid sequence, oligopeptides will aggregate into a) single b-
sheet tapes with different helical superstructures; b) amphiphilic tapes
will dimerize into ribbons via b-sheet stacking, hiding the more solvopho-
bic surfaces; c) ribbons may further stack into fibrils which can further
aggregate into fibers via edge-to-edge attraction.
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the polymer segments. Hence, while the general considera-
tions concerning the self-assembly of oligopeptides remain
valid, the attachment of amorphous polymer segments to
the tape edges plays a role similar to the “soft shell” of amy-
loid proteins or, for instance, electrostatic repulsion in the
case of pure oligpeptides, although the thermodynamic
origin of the effect is different, that is, entropic in nature.
The following representative examples will help to dem-


onstrate that polymer attachment provides solubility in the
chosen solvent and helps to promote the well-defined supra-
molecular aggregation into high aspect ratio filaments with-
out premature precipitation of ill-defined insoluble materi-
al.[23] Lynn et al., for instance, investigated PEO conjugates
of the b-sheet forming fragment Ab10–35 of the b-amyloid
protein associated with AlzheimerMs disease.[23a–c] This exam-
ple is illustrative because it allows for a direct comparison
of the pure amyloidogenic oligopeptides (see above) and
their polymer conjugates. The authors observed a reversible,
pH dependent aggregation into parallel b-sheet structures
accompanied with the formation of nanoscopic helical fibril-
lar features similar to the ones obtained from the pure
oligopeptide and other amyloidogenic oligopeptides (see
above). The fibrils exhibited a core diameter of about 9 nm,
a large superhelical pitch of 110 nm, and appeared to consist
of about six laminated b-sheets. However, in marked con-
trast to the pure oligopeptides, the PEO conjugates did not
exhibit any tendency to form fibril bundles. This factor, con-
sequently, appeared to be the key element to avoid the irre-
versible formation of insoluble material. In contrast to the
supposedly folded amyloid fragment used in the preceding
example, Bçrner et al. investigated the self-assembly of the
probably unfolded PEO-NH-Gly ACHTUNGTRENNUNG(ValThr)5TrpGly-NH2 3.[23d]


The molecules featured an amino acid sequence that gives
rise to antiparallel b-sheet tapes with strongly amphiphilic
surfaces and formed extremely long microfibers instead of
nanoscopic aggregates, with a surprisingly narrowly disperse
diameter of 2.0�0.5 mm and a height of about 50�5 nm
(Figure 6a). The authors proposed these microfibers to com-
prise a large number of laminated b-sheets running parallel
to the fiber axis and stacked perpendicular to their long di-
ameter. Nanoscopic filaments were obtained, on the other
hand, when either a shorter oligopeptide segment was em-
ployed or the significance of the b-sheet surfaces’ amphiphi-
licity was reduced by changing to an organic solvent. While
the shorter linear PEO-NH-(ValThr)4C(O)CH2NMe2 4 did
not show any tendency toward fibrillization at all, the pepti-
domimetic molecules 5[24] as well as the closely related poly-
mer conjugates 6,[23e] which comprise two ValThrValThr
strands linked with a dibenzofuran and a PEO-substituted
carbazole moiety, respectively, both gave rise to defined
nanoscopic aggregates.[25] Thus, the conjugates 6 were found
to produce uniform nanoscopic ribbons with a height of
1.4�0.1 nm and a lateral spacing of closely packed ribbons
of 13.6�1 nm (Figure 6b). Again, they showed no tendency
to form higher aggregates such as bundles, as opposed to fil-
aments from the pure peptidomimetic molecules 5. Similar-
ly, the poly(butyl acrylate) equipped pBuA-C(O)NH-(Val-


Thr)5-nPheGly0OH 7 (nPhe=4-nitrophenylalanine) self-as-
sembled into left-handed helically twisted nanoscopic fila-
ments with a height of 2.9�0.5 nm, a helix pitch of 37.4�
3 nm, and lengths of up to 2.3 mm (Figure 6c).[23f]


A Set of Guidelines for the Construction of
Scaffolds from Oligopeptide–Polymer Conjugates


Summarizing the above examples of and conclusions from
the self-organization of oligopeptides and their polymer con-
jugates, the following set of guidelines can be derived for
their design and utilization as nanoscopic supramolecular
scaffolds.


* In aprotic organic solvents, the formation of stable single
b-sheet tapes can be achieved with shorter oligopeptide
segments because the N-H···O=C-type hydrogen bonding
is stronger in the absence of competition from the sol-
vent.


* Single b-sheet tapes from shorter oligopeptides are ex-
pected to favor a stronger helical twisting and, therefore,
disfavor higher aggregation via b-sheet stacking. This
may, hence, favor tape over ribbon over fibril formation,
or at least lead to filaments with a lower number of lami-
nated b-sheets.


* The mutual attraction of b-sheets should, in general, be
noticeably reduced in apolar solvents as compared to


Figure 6. a) SEM micrograph of the microfibers obtained from 3 ; b)
TEM image (negative stain) of nanoscopic filaments observed in the case
of 6 ; c) SFM image of helical nanoscopic filaments self-assembled from
7. Reproduced (in part) with permission from ref. [23d–f].
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protic media due to the absence of the hydrophobic
effect. This should favor systems with a lower number of
laminated b-sheets.


* An alternating sequence of hydrophilic and hydrophobic
amino acids leads to amphiphilic tape surfaces, which will
selectively favor the dimerization of tapes into ribbons
and suppress higher aggregation, irrespective of the envi-
ronment.[26]


* The inclusion of additional repulsive (e.g., electrostatic)
interactions will selectively favor tape (or ribbon) forma-
tion over higher aggregation via b-sheet stacking (de-
pending on their actual placement along the b-sheet sur-
faces).


* The steric repulsion of non-crystalline polymer segments
attached to the b-sheet surfaces or edges may serve a
similar purpose. Due to the entropic nature of this effect,
increasing the length of the polymer segments should
favor systems with a lower number of laminated b-sheets.


How To Enforce Parallel versus Antiparallel
Aggregation


For the envisaged topochemical diacetylene polymerization
using self-assembled oligopetide fibrils as scaffolds, the poly-
merizable diacetylene moieties must be placed in-register at
the intersheet b-strand identity period of around 4.8 L. An
antiparallel b-strand arrangement would, hence, be detri-
mental, and a viable strategy to achieve parallel b-sheet for-
mation is needed. Considering the prevelance of b-sheet-
rich proteins with parallel b-sheet structures in nature, it
may seem a little disappointing that more or less all investi-
gations on synthetic oligopeptides and their polymer conju-
gates either quietly assumed, experimentally observed, or
deliberately targeted predominantly antiparallel b-sheet for-
mation. With the exception of LynnMs and MeredithMs inves-
tigations on PEO conjugates of amyloidogenic oligopeptides
which exhibited the same parallel b-sheet structure as the
unmodified amyloid proteins, there is, to the best of our
knowledge, not a single example of a synthetic oligopeptide
or its polymer conjugate which was specifically designed for
parallel b-sheet formation. In this context, it is important to
acknowledge that, for simple oligopeptides, an antiparallel
b-strand orientation should usually be preferred because of
the favorable compensation of the molecular dipoles and
the more optimal hydrogen bond geometries. Furthermore,
it can straightforwardly be enforced by including additional
complementary interaction sites in the side chains or at the
b-strand termini, as it has been done in the above examples
by Boden, Kelly, or Bçrner.
While no similarly straightforward method to enforce par-


allel b-sheet formation has previously been described, the
simple inclusion of appropriately placed complementary in-
teraction sites (e.g., pairs of acid/base, hydrogen bond
donor/acceptor, or cationogenic/anionogenic functionalities)
should be expected to give rise to a parallel b-strand align-


ment only if two different, mutually complementary types of
molecules are employed and co-assembled (Figure 7a). An
alternative strategy may be the attachment of two different,
non-miscible polymer segments to the oligopeptide termini,
which would favor a parallel aggregation due to phase seg-
regation. Finally, a desymmetrization of the interactions re-
sponsible for b-sheet formation such as, for instance, a non-
equidistant placement of the N-H···O=C backbone hydrogen
bonding sites by including a non-peptidic spacer, can be en-
visaged to induce parallel b-sheet formation because, only in
this way, the maximum number of hydrogen bonds can be
achieved. It is interesting to note that this last strategy ap-
pears to be closely related to how parallel b-sheets are ob-
tained in biology; the described “dry steric zipper” motif
(see above) frequently observed in amyloid fibrils incorpo-
rates additional, self-complementary side chain N-H···O=C
type hydrogen bonding sites placed in a way that the stabi-
lizing interstrand, intrasheet hydrogen bonding can only be
realized in a parallel b-sheet structure (Figure 4). The re-


cently demonstrated generic nature and abundance of this
motif in fibrous proteins makes this last strategy seem most
promising for its utilization in the preparation of self-assem-
bled scaffolds for the topochemical diacetylene polymeri-
zation.


Self-Assembly of Diacetylene Macromonomers
Based on Oligopeptide–Polymer Conjugates


Macromonomers 8–12 (Figure 8) were designed on the basis
of the above guidelines and considerations.[27] Thus, they in-


Figure 7. Possible strategies to enforce a parallel b-strand orientation; a)
the inclusion of complementary interaction sites requires the preparation
of two different, mutually complementary molecules; b) oligopeptides
equipped with two different, immiscible polymer segments may favor a
parallel orientation due to phase segregation; c) likewise, the non-equi-
distant placement of N-H···O=C backbone hydrogen bonding sites or ad-
ditional side chain interaction sites may induce parallel alignment.
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corporated a hydrogenated poly ACHTUNGTRENNUNG(isoprene) segment as a
non-crystalline, flexible, hydrophobic polymer segment;
tetra(l-alanine) as a simple, short, and hydrophobic oligo-
peptide aggregator in order to allow for self-assembly in or-
ganic media; a diacetylene moiety as the polymerizable
function; and a variety of hydrogen bonded end groups. As
the strand direction in these end groups was chosen to be
the same as in the aggregator segment, the diacetylene moi-
eties themselves may be regarded as rigid, non-peptidic
spacers directly incorporated into the N-H···O=C backbone
hydrogen bonding array, separating the latter into two un-
equal sections. Of course, any contribution from the addi-
tional hydrogen bonds in favor of a parallel b-strand com-
petes with other factors (e.g., steric repulsion of the at-
tached polymer segments) and the outcome must, hence, be
expected to depend on the number of additional hydrogen
bonds and their strength. Therefore, derivatives 13–16 were
synthesized as a control to investigate the role of the hydro-
gen bonding sites in the end groups.


All derivatives were synthesized from amine terminated
poly ACHTUNGTRENNUNG(isoprene) by high pressure hydrogenation, sequential
peptide coupling reactions, and a final coupling to different
amino acid substituted diacetylene building blocks. The solu-
tion phase IR spectra in CH2Cl2 in combination with solid
state REDOR and DOQSY NMR experiments on 13C and
15N labelled compounds allowed to conclude that derivatives
8–14 exhibited the expected predominant formation of b-
sheet secondary structures, whereas mixtures with other
structures were observed for 15 and 16.[28] The particularly
clear IR signature of macromonomers 8–12 implied a high
degree of b-sheet formation and internal order. More impor-
tantly, however, a detailed comparison revealed systematic
and distinct differences between these macromonomers and
the other compounds. Thus, an unusual combination of
amide I and amide II bands was observed and found to be
similar to calculated values of hypothetical parallel single b-


sheet structures.[27] By contrast, 13 and 14 exhibited both
amide I and amide II bands in excellent agreement with the
presence of antiparallel b-sheets.
SFM imaging proved that the number and pattern of the


(5+x) N-H···O=C type hydrogen bonding sites strictly con-
trolled both the stability of the b-sheet aggregates and their
superstructures.[27] Thus, macromonomers 8–12 self-organ-
ized into many micrometers long fibrillar features with a
persistence length estimated to be significantly beyond
100 nm (Figure 9). By contrast, compounds 13 and 14 gave
rise to much shorter and more flexible flat tapes together
with substantial amounts of non-fibrillar material (not
shown), and only non-fibrillar material was observed in the
case of 15 and 16. Interestingly, the filaments produced by
macromonomers with the same number and pattern of hy-
drogen bonds turned out to be very similar in morphology.
For example, 8 and 9 with (5+1) hydrogen bonds both pro-
duced fibrils which could be identified as right-handed
double-helical fibrils with a uniform apparent height and an


estimated width on the order of
5–6 nm as well as a periodicity
of about 18 nm (i.e. , a helix
pitch of about 36 nm). The heli-
ces were constituted from two
flat ribbon substructures which
had a width on the order of
about twice the molecules’ ex-
tended length. By contrast,
macromonomers 10 and 11,
which comprise (5+2) hydrogen
bonding sites, gave rise to uni-
form left-handed single-helical
ribbons which exhibited a com-
plex fine structure with a perio-
dicity of approximately 120 nm
and were tentatively interpret-
ed as curled and twisted helices.
Finally, SFM images of the sym-
metric dimer 12, exhibiting
(5+5) hydrogen bonds, revealed


the presence of smooth, flat, and very rigid tapes with an ap-
parent height of about 2.5 nm and an approximate width of
7 nm, that is, a little less than the extended length of one
molecule.
The experimental fndings can straightforwardly be ration-


alized on the basis of BodenMs model extended toward oligo-
peptide–polymer conjugates with hydrophobic polymer seg-
ments in organic solution (see above) if the effects of paral-
lel b-sheet formation are considered.[27] Thus, the formation
of comparably stable single b-sheet tapes may be safely as-
sumed as the first step in the self-organization of all macro-
monomers and derivatives. As a result, both edges of single
antiparallel b-sheet tapes from compounds 13–16 will be
lined with the hydrophobic polymer segments, and the oligo-
peptidesM inherent dipole moment components in b-strand
direction cancel each other out (Figure 10b). Consequently,
this mode of assembly may be referred to as apolar. The at-


Figure 8. Diacetylene macromonomers substituted with oligopeptide–polymer conjugates and different end
groups (Px+y �10, and a ratio of x/y �0.2).
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tached polymer segments can completely wrap the whole
tape into a “hydrophobic cushion”, shielding the polar oligo-
peptide core from the hydrophobic environment. As the
chosen hydrogenated poly ACHTUNGTRENNUNG(isoprene) segments are unable to
pack due to their non-uniformity in molecular weight, tactic-
ity and branching, any sort of b-sheet stacking will be ren-
dered unfavorable. In the case of the symmetric dimer 12,
which contains two oligopeptide segments with opposite di-
rectionality covalently attached to the central diacetylene
unit, the obtained single parallel b-sheet tapes incorporate
two separate b-sheet domains with an opposite b-strand ori-
entation (Figure 10a). As a result, the mode of aggregation
is also apolar because the different domainsM dipole moment
components perpendicular to the tape axis cancel out and
both tape edges are equally decorated with hydrophobic po-
lymer segments. Accordingly, a further organization into
higher structures via b-sheet stacking is, again, unfavorable.
Of course, the resulting tapes are wider as compared to the
ones formed by 13–16 and also substantially more rigid be-
cause of the doubled number of hydrogen bonds.
A more complex situation is encountered in the case of


macromonomers 8–11 because the formation of single b-
sheet tapes with a parallel b-strand orientation leaves only
one tape edge decorated with polymer chains whereas the
other one is bare, leading to a steric mismatch. Furthermore,
the tapes obtained have a net dipole component perpendicu-
lar to the tape axis so that the mode of self-assembly can be
regarded as polar (Figure 10c). Finally, a simple molecular
model helps to illustrate that the chosen chain length of Pn
�10–12 of the attached hydrogenated poly ACHTUNGTRENNUNG(isoprene) seg-
ments is too short to wrap the entire tapes and, thus, shield
the polar cores from the hydrophobic environment. The
combination of these factors is believed to induce the for-
mation of ribbons composed of two (partially) stacked tapes
with opposite b-strand orientation (Figure 10d).
The origin of the observed differences between the super-


structures of 8 and 9, on one side, as well as 10 and 11, on
the other side, is less obvious. One reason may be the fact
that the helically bent and twisted ribbons from 10 and 11
are held together by (5+2) hydrogen bonds per tape and


may, consequently, be too stiff
to easily accommodate a fur-
ther aggregation into fibrils
(Figure 10e). By contrast, the
smaller number of (5+1) hydro-
gen bonds in the ribbon sub-
structures formed from 8 and 9
may provide just enough flexi-
bility to accommodate double
helix formation (Figure 10 f).
The presence of residual dipole
moments in tape direction as a
consequence of the even or
uneven numbers of N-H···O=C
hydrogen bonding sites on
either side of the diacetylene
spacer may be an additional


contributing factor the implications of which are difficult to
assess.


Topochemical Polymerization—From
Supramolecular Assemblies to Conjugated


Polymers


Upon UV irradiation in solution, macromonomers 8–12
were converted into the corresponding poly(diacetylene)s,
whereas derivatives 13–16 did not undergo a polymerization
at all.[27] UV spectra (Figure 11c) proved the successful poly-
(diacetylene) formation which was further corroborated
with solid state 13C NMR as well as Raman spectroscopy on
dried samples after polymerization. Hence, the UV induced
polymerization also served as a sensitive probe for the inter-
nal structure of the self-assembled aggregates and helped to
unambiguously confirm the interpretation of the IR spectra.
Apparently, the presence of additional N-H···O=C type hy-
drogen bonding sites in the molecules’ end groups was an in-
dispensable prerequisite for their topochemical polymeriza-
bility, in agreement with the assignment of the correspond-
ing signature in the IR spectra to the presence of parallel b-
sheet secondary structures. Interestingly, the order of reac-
tivity was strictly determined by the total number (5+x) of
hydrogen bonding sites in the macromonomers, with macro-
monomer 12 exhibiting the highest initial reactivity of all
macromonomers, followed by 11, 10, 9, and 8. As expected
for a chiral, helical conjugated polymer, the backbone chro-
mophores exhibited CD activity. SFM imaging provided fur-
ther evidence for the successful conversion of the supra-
molecular polymers into covalent, conjugated polymers
under retention of their hierarchical structure. First of all,
SFM images obtained from any of the polymerizable macro-
monomers 8–12 looked virtually identical before or after
polymerization. The addition of a small amount of a deag-
gregating cosolvent such as hexafluoroisopropanol (HFIP)
to the sample solutions in CH2Cl2 before the UV irradiation
led to a complete disappearance of fibrillar structures. By
contrast, intact fibril sections with helical fine structure and


Figure 9. Representative examples of SFM images of the diacetylene macromonomers; a) 8 formed right-
handed double-helical fibrils with an apparent height of 5.8 (�0.4) nm and a periodicity of 18.1 ACHTUNGTRENNUNG(�1.0) nm; b)
10 gave rise to left-handed single helices which only occasionally formed bundles and had a complex periodic
fine structure with an identity period of 120 (�18) nm; c) SFM images of 12 showed flat tapes with an appar-
ent height of 2.5 (�0.3) nm and an approximate width of about 7 nm.[27]
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an average contour length beyond 100 nm remained after
UV irradiation (Figure 11a,b). Furthermore, these fibrils
could be manipulated with the SFM tip, in contrast to the
self-assembled fibrils before the UV-induced polymerization
(Figure 11d–f).[27]


Conclusion


In conclusion, oligopeptide–polymer conjugates are reliable
supramolecular synthons for the formation of defined supra-
molecular assemblies which exhibit hierarchical structure
formation. The latter can be rationalized (although not yet
fully predicted) on the basis of structure models derived
from both investigations of amyloid fibrils and designed syn-
thetic oligopeptides, if the role of the attached polymer seg-
ments is taken into consideration. Thus, the aggregates’ uni-
formity on the nanoscopic level is attributed to the complex


interplay of the oligopeptides’ crystallization enthalpy, the
elastic energy of helix pitch adjustment, and the grafted po-
lymer segments’ chain extension entropy. The superstructur-
al diversity and, more explicitly, the molecular level control
over secondary and higher structure formation as well as
polymerizability can be rationalized to result from a simple
set of parameters, that is, the non-equidistant placement, the
exact distribution, and the total number of N-H···O=C type
hydrogen bonding sites in the macromonomers. Hence,
supramolecular self-assembly and covalent capture by topo-
chemical polymerization were utilized as supramolecular-
synthetic methods, complementing traditional organic- and
polymer-synthetic methods, in order to prepare a new class
of functional, soluble poly(diacetylene)s.
As the constituting single b-sheet tapes may be regarded


as supramolecular polymers, the observed tapes, ribbons,
and fibrils were uniform supramolecular polymers with a de-
fined, finite number of polymer strands corresponding to


Figure 10. Model for the hierarchical self-organization of 8–16 ; a) 12 forms tapes comprising two covalently linked single parallel b-sheet domains with
opposite orientation; b) 13 and 14 aggregate into more flexible and less stable single antiparallel b-sheet tapes; c) tapes obtained by parallel b-sheet for-
mation from 8–11 are polar structures which d) further self-organize into ribbons; e) left-handed twisted and bent ribbons from 10 and 11 are more rigid
in comparison to f) ribbons from 8 and 9 which are flexible enough to form double-helical fibril bundles.[27]
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the number of stacked b-sheet tapes, rather than micellar or
vesicular structures. Hence, their conversion into covalent,
conjugated polymers by topochemical diacetylene polymeri-
zation yielded multi-stranded conjugated polymers with
equally well-defined single-stranded, double-helical, or
quadruple helical quaternary structures which only find an
analogy in biopolymers. The detailed understanding of the
underlying self-assembly processes will allow to prepare
multifunctional conjugated polymers with designed super-
structures and justifies the applied approach to be consid-
ered as a viable general strategy toward such polymer archi-
tectures which complements the already successful foldamer
concept.
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Introduction


The use of nanoparticles in medicine is currently one of the
most important applications in the nanotechnology field.
Numerous nanoscale materials with different compositions
have been used in drug delivery,[1] cancer cell diagnostics,[2]


and therapeutics.[3] Among these applications, photothermal
cancer therapy with near-infrared laser radiation is an
emerging field. This technique provides a minimally invasive
alternative to conventional surgical treatment of solid
tumors. Thermal therapeutics is relatively simple to perform
and has the advantages of fast recovery, fewer complica-
tions, and shorter hospital stays. The laser wavelength used
in this technique is located in the near-infrared (NIR)
region, at which tissue transmission is optimal due to low-
energy absorption, providing maximum irradiation penetra-
tion through tissue.


Materials absorbing radiation in the NIR range are con-
sidered suitable agents for photothermal cancer therapy.
Even though no evident surface plasmon absorption band
for the dispersed Au nanoparticles was found in the NIR
region, the aggregated Au nanoparticles exhibiting NIR ab-
sorption can still transform NIR radiation into heat and pro-
vide a sufficient increase in temperature for killing cancer
cells.[4] Selective photothermolysis with different kinds of Au
nanomaterials with a continuous-wave (CW) or ultrafast
femtosecond laser has been demonstrated. For example,
Halas et al. developed nanoshell nanostructures consisting
of silica cores, 110 nm in diameter, embedded in a 10 nm
thick Au nanolayer.[3a] The silica@Au core-shell nanostruc-
tures with NIR absorption were introduced in photothermal
ablation on cancer cells. At a laser exposure of 35 Wcm�2


for 7 min, all nanoshell-treated SK-BR-3 breast cells under-
went photothermal destruction within the laser spot. Xia
et al. developed another fascinating Au nanostructure, Au
nanocages, and showed their potential as an effective photo-
thermal therapeutic agent for cancer treatment.[5] The nano-
cages could induce thermal destruction of the SK-BR-3
cancer cells after being irradiated by a mode-locked Ti-sap-
phire laser with an intensity threshold of only 1.5 Wcm�2.
Kim et al. presented Au nanoshells embedded with Fe3O4


nanoparticles (Mag-GNS) to serve a bimodal function for
magnetic resonance imaging (MRI) and NIR photothermal
therapy.[6] The Mag-GNS-AbHER2/neu-treated SK-BR-3 (Her2/
neu-positive breast cancer cells) and H520 (Her2/neu-nega-
tive lung cancer cells) cells were exposed to a femtosecond-
pulse laser with a wavelength of 800 nm for 10 s. The SK-
BR-3 cells began to die at a laser power of 20 mW, which is
lower than the power of 60 mW required for H520 cells to
die with nonspecific targeting. Additionally, El-sayed et al.
showed that Au nanorods, 20 nm in diameter and 78 nm in
length, can serve as a photothermal therapeutic agent after


Abstract: A new class of AuxAg1�x


nanostructures with dendrite morphol-
ogy and a hollow interior were synthe-
sized by using a replacement reaction
between Ag dendrites and an aqueous
solution of HAuCl4. The Ag nanostruc-
tured dendrites were generated by the
reaction of AgNO3 with ascorbic acid
in a methanol/water system. The den-
drites resemble a coral shape and are
built up of many stems with an asym-
metric arrangement. Each stem is ap-
proximately 400 nm in length and
65 nm in diameter. The bimetallic com-
position of AuxAg1�x can be tuned by
the addition of different amounts of
HAuCl4 to the Ag dendritic solution.
The hollowing process resulted in tubu-


lar structures with a wall thickness of
10.5 nm in Au0.3Ag0.7 dendrites. The
UV/Vis spectra indicate that the stron-
gest NIR absorption among the result-
ing hollow AuxAg1�x dendrites was in
Au0.3Ag0.7. The MTT assay was con-
ducted to evaluate the cytotoxicity of
Ag dendrites, hollow Au0.06Ag0.94 and
Au0.3Ag0.7 dendrites, and Au nanorods.
It was found that hollow Au0.06Ag0.94
and Au0.3Ag0.7 dendrites exhibited good
biocompatibility, while both Ag den-
drites and Au nanorods showed dose-


dependent toxicity. Because of absorp-
tion in the NIR region, hollow
Au0.3Ag0.7 dendrites were used as pho-
tothermal absorbers for destroying
A549 lung cancer cells. Their photo-
thermal performance was compared to
that of Au nanorod photothermal ther-
apeutic agents. As a result, the particle
concentration and laser power required
for efficient cancer cell damage were
significantly reduced for hollow
Au0.3Ag0.7 dendrites relative to those
used for Au nanorods. The hollow
Au0.3Ag0.7 nanostructured dendrites
show potential in photothermolysis for
killing cancer cells.
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the capping of anti-EGFR antibodies on the nanorod surfa-
ces to provide a selective target.[7] They found that after ex-
posure to a CW laser at 800 nm, malignant cells required
about half the laser energy than that required for the non-
malignant cells for photodestruction.


Herein, core-free, AuAg, nanostructured dendrites are re-
ported for the first time as photothermal therapeutic agents
in the treatment of lung cancer cells. Dendritic Ag nano-
structures have been fabricated from many wet-chemical
routes[8–12] and have shown potential applications as cata-
lysts,[8] in optics, in surface-enhanced Raman scattering
(SERS) as bio-sensors,[9] and as superhydrophobic sur-
ACHTUNGTRENNUNGfaces,[13] because of their supramolecular structures and
large surface area. Sun and Hanger synthesized dendritic Ag
nanostructures with p-phenylenediamine (PPD) acid as a re-
ducing agent.[10d] Ag dendrites also can be produced by
means of a polymer-assisted strategy[11] or by using the het-
erogeneous reaction of silver ions with Zn plate.[9b,10a]


Among the different preparation methods, Imai et al. devel-
oped a surfactant-free soft method by adjusting the concen-
tration ratio of ascorbic acid (AsA) to silver ions to form
flower-like dendritic Ag materials.[12] In this study, we have
modified ImaiKs method by using a water/methanol co-sol-
vent system to fabricate Ag nanostructured dendrites. The
reaction of AgNO3 with ascorbic acid in a water/methanol
solvent resulted in an assembly of silver nanoparticles in
dendritic structures. The resulting Ag dendrites were further
hollowed to form bimetallic AuAg dendrites by using a gal-
vanic replacement reaction. The core-free AuxAg1�x den-
drites are composed of tubular branches. The Au0.3Ag0.7 den-
drites displayed a strong absorption in the NIR region. We
have carefully examined and investigated the photothermal
performance of Au0.3Ag0.7 dendrites on malignant A549 lung
cancer cells using a diode CW laser with a wavelength of
808 nm. Since Au nanorods can serve as an effective photo-
thermal therapeutic agent, we have also investigated the
photothermal performance of Au nanorods in A549 lung
cancer cells and compared the photothermal efficiency of
Au0.3Ag0.7 nanostructured dendrites with that of Au nano-
rods.


Results and Discussion


Preparation of core-free, AuxAg1�x, nanostructured den-
drites : The surfactant-free synthesis of dendritic Ag nano-
structures was performed in the methanol/water solvent
system by the reduction of AgNO3 (0.43 mm) with ascorbic
acid (7.15 mm) at room temperature according to the reac-
tion given in Equation (1).


C6H8O6 þ 2Agþ ! 2Agþ C6H6O6 þ 2Hþ ð1Þ


A typical scanning electron microscopy (SEM) image
(Figure 1a) shows the collected Ag products with well-de-
fined dendritic nanostructures resembling a coral shape. As
shown in the image, the Ag dendrites exhibit a form of


radial growth. An individual dendrite is built of many stems
with an asymmetric arrangement. The stems are roughly
400 nm in length and 65 nm in diameter. A close up view of
a single dendrite reveals that the individual stem is com-
posed of small, asymmetric branches 28 nm in diameter
(Figure 1b). The selected area electron diffraction (SAED)
pattern was recorded for an individual dendrite, as shown in
Figure 1c. The SAED pattern of the polycrystalline structure
indicates that the Ag dendrites are crystalline, but have no
preferred orientation. The SAED measurements were also
taken for the respective stems of one Ag dendrite. Figure 2
shows the SAED patterns and growth direction of each
stem, marked by A, B, C, and D. As can be seen from the
insets of Figure 2, the SAED patterns display spots superim-
posed on the ring, indicating that the stems are not perfect
crystals. The growth direction of the stems can be assigned
as h200i for A, h311i for B, h220i for C, and h420i for D.


To gain insight into the growth process of Ag dendrites,
time-dependent transmission electron microscopy (TEM)
images were taken to monitor the morphological evolution
of silver dendrites (see Supporting Information Figure S1).
At the reaction time of 5 s, the results show the formation


Figure 1. a) SEM and b) TEM images of the dendritic Ag nanostructures.
c) ED pattern for an individual dendrite.
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of spherical Ag nanoparticles in an aggregated form. Over
the period between 5 and 45 s of the reaction time, Ag den-
drite nanostructures formed along with some Ag spheres.
After 80 s, the growth process was dominated by the devel-
opment of Ag nanostructured dendrites. Initially, the small
Ag nanoparticles were quickly (�5 s) reduced by the AsA
agent, as confirmed by TEM images. At the reaction time of
�45 s, spherical, aggregated network, and dendritic products
co-existed in the solution. It seems that aggregation oc-
curred immediately after Ag nanoparticles were generated.
The particle aggregation is further supported by the
HRTEM images, which show the branches of the dendrite
being composed of aggregated particles (see Supporting In-
formation Figure S1d). It is possible that the growth path-
way is dominated by a diffusion controlled process;[10c,d,14]


that is, the diffusion of Ag nanoparticles plays an important
role in the formation of the asymmetric building and leads
to the polycrystalline Ag dendrites. The embryo Ag aggre-
gates serve as the clustering cores. The free Ag nanoparti-
cles in the liquid medium diffuse in a random motion and
adhere to the cores. The free particles continuously became
attached due to diffusion and are anchored by the cores,
giving rise to the out-growth irradiating form.


To prepare AuxAg1�x bimetal nanostructured dendrites,
the as-obtained silver dendrites were collected and re-dis-
persed into an aqueous solution containing PVP polymers.
After the addition of the aqueous solution of HAuCl4 into
the solution of Ag dendrites in water resulted in a hollowing
process that produced dendritic AuAg composites with a
tubular morphology. By adjusting the amount of added
HAuCl4, different compositions of AuxAg1�x hollow den-
drites can be obtained. Figure 3a shows a SEM image for
the hollow Au0.3Ag0.7 dendrites. It can be seen that the tips
of the stems of the dendrites have a void, indicating tubular
nanostructures. The interior structures of the stems were fur-
ther examined by using TEM (Figure 3b), which shows
lower contrast in the interior than at the periphery, provid-
ing evidence of a tubular formation. The tubular shell is esti-


mated to be around 10.5 nm thick. In the hollowing process,
the solid dendritic Ag can be converted to core-free dendrit-
ic nanomaterials by wet-chemical etching. This reaction is
based on the spontaneous replacement reaction, because the
standard reduction potential of the AuCl4


�/Au pair (0.99 V
vs. SHE) is higher than that of the Ag+/Ag pair (0.88 V vs.
SHE).[15] Accordingly, the interiors of the dendritic Ag were
oxidized to Ag+ ions, followed by the combination of Ag+


with Cl� ions to form an insoluble AgCl species in the solu-
tion. An excess of an aqueous solution of NaCl was used to
remove AgCl byproducts through a complex formation of
AgCl4


3� (aq).[16]


XRD measurements (Figure 4) characterized the crystal
phase of the resulting products before and after the addition
of the aqueous solution of HAuCl4. The dendritic Ag parti-
cles have a crystalline structure with face-centered cubic
(fcc) crystallization (lattice constant of a value in 4.077 M).


Figure 2. TEM image of the growth direction of individual stems from
the dendrite particle. The insets indicate the corresponding ED pattern
for stems marked by A, B, C, and D.


Figure 3. a) SEM and b) TEM images of core-free Au0.3Ag0.7 dendrites.
The arrows in a) show the voids on the tips of the stems of the dendrites.


Figure 4. XRD patterns of Ag and core-free Au0.3Ag0.7 dendrites.
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The hollow Au0.3Ag0.7 dendrites produce the same diffrac-
tion patterns (a=4.075 M). It is known that fcc metallic Ag
and Au are difficult to discriminate, because their fcc iso-
structure lattice constants [a=4.086 M for Ag (JCPDS 04-
0783) and a=4.078 M for Au (JCPDS 04-0784)] are similar.
Therefore, energy dispersive X-ray analysis (EDX) was con-
ducted to determine the presence of Au and Ag elements.
Figure 5 shows a series of absorption spectra from the silver


dendritic solutions reacted with different amounts of an
aqueous solution of HAuCl4 (0.125–0.8 mL). As can be seen,
the AuxAg1�x dendritic absorptions of the UV/Vis spectra
appear in the range 400–950 nm. Upon increasing the
amount of added HAuCl4, the absorbances relative to each
other increased progressively. The absorption spectra show
no characteristics and exhibit a flattening contour with an
intense tail toward the NIR region. It was found that the bi-
metallic composition of Au0.3Ag0.7, which originated from
the addition of an aqueous solution of HAuCl4 (0.8 mL),
gave the strongest NIR absorbance. The addition of more
than 0.8 mL of the aqueous solution of HAuCl4 resulted in
the collapse of the AuAg dendrites leading to fragment for-
mation. EDX analysis was conducted to characterize and
determine the atomic ratio of [Au]/ ACHTUNGTRENNUNG[Au+Ag] as a function
of the added amount of HAuCl4. The corresponding
AuxAg1�x compositions were identified as Au0.06Ag0.94
(0.125 mL), Au0.07Ag.093 (0.25 mL), Au0.18Ag.0.82 (0.5 mL),
Au0.24Ag0.76 (0.75 mL), and Au0.3Ag0.7 (0.8 mL).


Biocompatibility of AuxAg1�x nanostructured dendrites, Ag
dendrites, and Au nanorods : Before the performance of the
photothermal experiments was measured, the cytotoxicity of


the different materials was evaluated. Cell viability experi-
ments were conducted on A549 lung cancer cells by means
of a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoli-
um bromide (MTT) assay. Figure 6 indicates the results of


cell viability from the MTT assay with Au nanorods, Ag
dendrites, and hollow Au0.06Ag0.94 and Au0.30Ag0.70 dendrites.
To eliminate unbound cetyltrimethylACHTUNGTRENNUNGammonium bromide
(CTAB) molecules, the Au nanorods were washed twice in
de-ionized water prior to the cell viability experiments. The
cells treated with Au nanorods show an apparent cell-viabili-
ty dose dependence. The cell viability decreased as particle
concentration increased, with viable cells dropping to 18%
at 100 mgmL�1 for Au nanorods. The toxicity in Au nano-
rods can be attributed to the presence of CTAB surfactants
on the nanorod surfaces.[17] When treating cells with Ag den-
drites, toxicity was observed at higher particle concentra-
tions, with cell viability dropping to 71% at 100 mgmL�1. It
seems that the additional Au component in Au0.06Ag0.94 and
Au0.3Ag0.7 dendrites gives rise to better biocompatibility.
Dendrite Au0.3Ag0.7 shows especially good biocompatibility
with cell viability of more than 95% for a particle concen-
tration of up to 200 mgmL�1, while Au0.06Ag0.94 shows a de-
creasing trend in cell viability to 88% at 200 mgmL�1. The
MTT assay demonstrated lower toxicity in hollow AuxAg1�x


dendrites.


The performance of photothermal cancer therapy using
AuxAg1�x dendrite nanoparticles and Au nanorods : As
shown in the UV/Vis absorption spectra of Figure 5, the
hollow Au0.3Ag0.7 dendrite nanomaterials have the strongest
absorption in the NIR region. This suggests that the
Au0.3Ag0.7 dendrites might act as efficient absorbers for de-
stroying cancer cells if an NIR laser is used. Malignant lung
cancer cells A549, which overexpress the epidermal growth
factor receptor (EGFR) on the cell surfaces, were used to
study the photothermal effect. By conjugating anti-EGFR
monoclonal antibodies with Au0.3Ag0.7 dendrites, we can


Figure 5. UV/Vis absorption spectra of various AuxAg1�x composites as a
function of the amount of added HAuCl4. The inset shows a linear rela-
tionship between the atomic ratio of Au and the amount of added
HAuCl4.


Figure 6. Biocompatibility of the Au nanorods, Ag dendrite particles, and
AuxAg1�x nanostructured dendrites was analyzed by using a MTT assay.
The malignant A549 cancer cells were treated with various dosages of
nano-materials from 0.0001 mgmL�1 to 200 mgmL�1 with an incubation of
24 h.
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evaluate the cancer cells killing efficiency. As there is a pos-
sible electrostatic interaction between the negatively
charged Au0.3Ag0.7 dendrites (determined using zeta poten-
tial) and the positively charged segment of the anti-
EGFR,[18] the Au0.3Ag0.7 dendrites can readily conjugate with
anti-EGFR. The laser irradiation dosages were varied from
5 to 35 Wcm�2 with a focused spot of 1 mm2 for 4 min. The
concentration of Au0.3Ag0.7 dendrite particles was fixed at
150 mgmL�1. After NIR laser treatment, the cells were incu-
bated with calcein AM and ethidium homodimer-1 (EthD-
1) to verify the cell viability by using fluorescence microsco-
py. The green fluorescence color of calcein AM displays the
viable cells and the red fluorescence color of EthD-1 indi-
cates the dead cells. As can be seen in Figure 7, the anti-


EGFR conjugated with Au0.3Ag0.7 dendrites treated A549
cells shows a significant loss of viability, with the area lack-
ing green fluorescence and exhibiting red fluorescence be-
ginning at 15 Wcm�2. When the laser power dropped to
10 Wcm�2, no photothermal destruction was observed in
A549 cells. For comparison, Au0.06Ag0.94 dendrites with lower
absorption in the NIR region were also studied. When the
A549 cells were exposed to the NIR laser after being treat-
ed with anti-EGFR-conjugated Au0.06Ag0.94 dendrites, only a
slight destruction of A549 cells was observed, even when
the laser power density was increased to 35 Wcm�2 (see
Supporting Information Figure S2). It should be mentioned


that our NIR laserKs maximum power density is 35 Wcm�2


for a laser spot of 1 mm2.
The anti-EGFR conjugated with Au nanorods was also


studied for the photoinduced thermal effect on A549 cancer
cells. The Au nanorods were synthesized to exhibit an
aspect ratio of four, giving them a maximum absorption
band close to a wavelength of 800 nm. The Au nanorods
were 36 nm in length and 8.8 nm in diameter (see Support-
ing Information Figure S3). The presence of CTAB gave the
Au nanorods a positive surface charge. To conjugate with
anti-EGFR, Au nanorods were altered to have a negative
surface charge by coating them with poly(styrenesulfonate)
(PSS), following the method from El-sayed et al.[7] The anti-
EGFR conjugated with Au nanorods treated with A549
cancer cells were then irradiated for 4 min by NIR laser ir-
radiation at various laser powers. The concentration of Au
nanorods used for photoablation was raised to 500 mgmL�1.
We found that the required concentration for Au nanorods
to give efficient photodestruction of A549 cells should be at
least 450 mgmL�1. As demonstrated in Figure 8, a significant
loss of cancer cell viability appeared at the power density of
30 Wcm�2, at which a clear void in calcein AM staining and
a red fluorescence spot in EthD-1 staining can be seen.
However, no damage to A549 cancer cells was observed
when the laser dosage was turned down to 25 Wcm�2. It is
apparent that a higher particle concentration and a more in-


Figure 7. Anti-EGFR conjugated with Au0.3Ag0.7 dendrites (150 mgmL�1)
treated A549 cancer cells were irradiated by laser dosages of 20 Wcm�2


(top row), 15 Wcm�2 (middle row), and 10 Wcm�2 (bottom row) for
4 min. The left column shows staining by green fluorescence dye, calcein
AM, for living cells. The right column displays stainning by EthD-1, in
which the red fluorescence color indicates cell death.


Figure 8. Anti-EGFR conjugated with Au nanorods (500 mgmL�1) treated
A549 cancer cells were irradiated by laser dosages of 30 Wcm�2 (top
row), 25 Wcm�2 (middle row), and 20 Wcm�2 (bottom row) for 4 min.
The left column shows staining by green fluorescence dye, calcein AM,
for living cells. The right column displays stainning by EthD-1, in which
the red fluorescence color indicates cell death.
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tense laser power are required for the efficient photother-
mal damage of A549 cells using Au nanorods.


Figure 9 illustrates the cell viability versus NIR laser
power for A549 cells treated with anti-EGFR conjugated
with Au0.3Ag0.7 dendrites (500 mgmL�1) and anti-EGFR con-


jugated with Au nanorods (500 mgmL�1). The irradiated
cells were stained with calcein AM immediately after NIR
laser irradiation. The green fluorescence intensity of the ob-
serving area was integrated to quantify the A549-viable
cells. The integrated green fluorescence light intensity was
then divided by the fluorescence intensity of the control
cells, producing cell viability (%). The control cells without
treatment of the nanomaterials were irradiated by using the
same NIR laser power under the same illumination condi-
tions. A dramatic loss of viability appeared in the power
range of 10–15 Wcm�2 when the cells were treated with
anti-EGFR conjugated with Au0.3Ag0.7 dendrites. On the
other hand, cell viability exhibited a significant decrease
until the laser power was increased to the range of 25–
30 Wcm�2 for Au nanorods. Once again, these results sug-
gest that Au0.3Ag0.7 dendrites act as efficient photothermal
absorbers for destroying cancer cells.


The lower particle concentration and lower NIR laser
power for Au0.3Ag0.7 nanostructured dendrites, compared to
those for Au nanorods, for the photodestruction of cancer
cells may be attributed to the following reasons. First, the
Au nanorods were synthesized in the presence of CTAB as
a capping agent, and further modified by PSS to conjugate
with anti-EGFR. Thus, the surface framework may have af-
fected photon (hn) absorption, therefore reducing heat
transfer to the surrounding cancer cells. As a result, a larger
particle concentration and a higher NIR laser dosage were
required for Au nanorods to induce sufficient heat for
cancer cell destruction. The surface of the Au0.3Ag0.7 den-
drite nanoparticles is surfactant-free and, hence, there is no
hindrance to block absorption of photons and heat transfer
from particles to the surrounding cancer cells. Therefore,
photothermal cancer therapy can be achieved easily by
using Au0.3Ag0.7 dendrites. The other contribution might be


due to the large surface area of the hollow Au0.30Ag0.70 nano-
structured dendrites, which provide more binding sites for
anti-EGFR, leading to efficient selective targeting for pho-
tothermal destruction.


Conclusions


We have presented a new class of AuxAg1�x nanostructured
dendrites with a hollow interior. The composition of Au/Ag
ratio is tunable by adjusting the amount of added HAuCl4
to the Ag dendrites solution. It was found that the resulting
hollow Au0.3Ag0.7 dendrites exhibited strong NIR absorption
and showed good biocompatibility. The NIR absorption
band of Au0.3Ag0.7 dendrites allows them to serve as photo-
thermal absorbers for photothermal therapy. By conjugating
with anti-EGFR for specific binding on A549 lung cancer
cells, the hollow Au0.3Ag0.7 dendrites used lower particle
concentration and less laser power for cancer cell destruc-
tion relative to that needed with Au nanorods. The effective
photothermal capability of hollow Au0.3Ag0.7 nanostructured
dendrites is probably due to their surfactant-free surface
and large surface area.


Experimental Section


Preparation of dendritic Ag nanostructures : The dendritic Ag nanostruc-
tures were synthesized by reducing Ag+ ions with ascorbic acid (AsA).
First, an aqueous solution of AsA (3 mL, 100 mm) was mixed with metha-
nol (10 mL). Subsequently, of an aqueous solution of AgNO3 (1 mL,
6 mm) was added to the solution of AsA solution in water/methanol
(13 mL) and aged for 10 min at room temperature. The color changed
from colorless to blackish. After aging, the products were collected by
centrifugation to remove supernatants and were then washed for further
analysis.


For the observation of the time-dependent TEM images, the aging solu-
tion at different time stages was pipetted onto a TEM mesh, covered
with a filter paper to soak up the solvent for drying because of the short
reaction period.


Preparation of core-free AuxAg1�x nanostructured dendrites : To synthe-
size core-free AuxAg1�x nanostructured dendrites, the as-prepared den-
dritic Ag nanostructures (14 mL) were collected and washed with water,
then re-dispersed into water (3 mL) that contained poly(vinylpyrroli-
done) (PVP) (MW: 55000) polymer (0.33 mm). Subsequently, various
amounts of an aqueous solution of HAuCl4 (1 mm ; 0.8 mL, 0.75 mL,
0.5 mL, 0.25 mL, and 0.125 mL) were carefully dripped into the PVP-con-
taining Ag dendritic solution. Magnetic stirring was employed for a reac-
tion of 6 h. After the hollowing reaction, the final products were collect-
ed by centrifugation. A saturated aqueous solution of NaCl was then
used to wash the hollowing products to remove AgCl byproducts. These
purification steps were repeated several times.


Preparation of Au nanorods with an aspect ratio of four : The Au nano-
rods were prepared by using the seedless growth method in aqueous solu-
tion following a previous report.[19] Cetyltrimethylammonium bromide
(CTAB) was used as a capping agent. In a typical synthesis, an aqueous
solution containing CTAB (5 mL, 0.1m) and HAuCl4 (0.5 mm) was pre-
pared. Next, an aqueous solution of AgNO3 solution was added. The
AuIII was reduced to AuI by adding of an aqueous solution of ascorbic
acid (30 mL, 0.1m) under vigorous stirring. Nucleation and growth were
initiated by quickly injecting of an aqueous NaBH4 solution (2 mL,
1.6 mm) under vigorous stirring.


Figure 9. A549 cell viability versus the power density of the NIR laser;
(~) A549 cells treated with anti-EGFR conjugated with Au0.3Ag0.7 nano-
structured dendrites and (&) A549 cells treated with anti-EGFR conju-
gated with Au nanorods.
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Preparation of anti-EGFR conjugated with Au nanorods and anti-EGFR
conjugated with AuxAg1�x dendrites : Because of the surface capping by
CTAB, the surface charge of the Au nanorods was positive. To conjugate
the nanorods with anti-EGFR, the surface charge of Au nanorods was al-
tered to be negative by coating them with poly(styrenesulfonate) (PSS)
polyelectrolytes.[7,20] The Au nanorods were mixed with PSS in aqueous
solution of NaCl (1 mm) in a volume ratio of 10:1. The reaction was al-
lowed to proceed for 30 min. Then, the solution was purified using the
centrifugation/resuspension process to remove unbound PSS. After modi-
fication of the surface with PSS, the nanorods were redispersed in N-(2-
hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES) solution
(pH 7.4), and then mixed with anti-EGFR for 20 min. The anti-EGFR
antibodies can bind to PSS-coated Au nanorods through electrostatic in-
teractions.[7] The Au nanorods conjugated with anti-EGFR were centri-
fuged and redispersed into phosphate-buffered saline (PBS, pH 7.4). The
hollow AuxAg1�x dendritic nanostructures conjugated with anti-EGFR
were prepared by incubating with anti-EGFR in HEPES buffer solution
for 30 min. After conjugating with anti-EGFR, the AuxAg1�x dendrites
were then centrifuged and redispersed in PBS buffer solution to form a
stable stock solution at 4 8C for several days.


Evaluation the biocompatibility of AuxAg1�x and Ag dendrites and Au
nanorods : The A549 cells were cultured in a 96-well microplate with Dul-
beccoKs modification of EagleKs medium (DMEM, cellgro) plus 5% fetal
bovine serum (FBS, Gem Cell) in an initial density of 5P103 cells per
well. They were maintained at 37 8C in a humidified atmosphere of 95%
air and 5% CO2. After 48 h, serial dilutions of nanomaterials, that is,
AuxAg1�x dendrites, Ag dendrites, and Au nanorods, with particle concen-
trations of 0.0001, 0.001, 0.01, 0.1, 1, 10, 100, and 200 mgmL�1 were added
to the culture wells to replace the original culture medium, with a final
volume of 100 mL. Following one day of continuous exposure to the
nanomaterials, cell viability was determined using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.[21] In this
assay, cells that properly metabolize the MTT dye undergo a visible color
change, while cells that are incapable of metabolizing the dye remain col-
orless. The culture medium was removed and replaced by 100 mL of the
new culture medium containing 10% MTT reagent. The cells were then
incubated for 4 h at 37 8C to allow the formation of formazan dye. The
medium containing 10% MTT reagent was replaced by DMSO, which
was used to solubilize the formazan crystals. After aging for 10 min fol-
lowed by centrifugation for 10 min, 80 mL from each well was transferred
to a new plate for spectrophotometric measurements. The quantification
of cell viability was performed using optical absorbance (540/690 nm)
and an ELISA plate reader.


NIR photothermal experiments : Malignant lung cells A549, which over-
express EGFR on the cell surface, were cultured in 96-well plates with
DulbeccoKs modification of EagleKs medium (DMEM, cellgro) plus 5%
fetal bovine serum (FBS, Gem Cell) at 37 8C under 5% CO2 until fully
confluent. Each well contained 1P105 cells. The NIR-induced thermal
therapy experiments were performed by using a diode continuous-wave
(CW) laser with an irradiation wavelength of 808 nm. After incubation of
anti-EGFR-conjugated nanomaterials with A549 cancer cells for 45 min,
the DMEM medium was removed, then rinsed with PBS buffer solution
three times to remove unbound or non-specific bound anti-EGFR-conju-
gated nanomaterials from the surface of A549 lung cancer cells. The
A549 cancer cells were immersed in fresh medium prior to irradiation by
the diode CW laser. The efficiency of photoinduced cancer cell thermal
ablation was investigated with various concentrations of anti-EGFR-con-
jugated nanomaterials and different power densities of the CW laser at
808 nm. Each well was exposed to the laser light with a focused area of
1 mm2 for 4 min. The cell viability was confirmed by staining the cells
with calcein AM and ethidium homodimer-1 (EthD-1), for which green
fluorescence from calcein AM indicated live cells and red fluorescence
from EthD-1 indicated dead cells.


Characterization : Electron micrographs were obtained using transmission
electron microscopes (JEOL 3010 at 300 KV and PHILIPS CM-200 at
200 KV). A drop of the sample was placed on a copper mesh coated with
an amorphous carbon film, followed by evaporation of the solvent in a
vacuum desiccator. Scanning electron microscopy (SEM) images of the


as-synthesized nanomaterials on the silicon substrates were obtained on a
field-emission scanning electron microscope (XL-40FEG; Philips Re-
search Europe, Eindhoven, The Netherlands). For the EDX measure-
ments, both dendritic Ag particles and core-free AuxAg1�x dendrites were
deposited on the silicon substrates without platinum coating. The crystal-
line structures were identified using an X-ray diffractometer (XRD-
7000S; Shimadzu Corporation, Tokyo, Japan) with CuKa radiation (l=


1.54060 M) at 30 kV and 30 mA. A UV/Vis spectrophotometer (Hewlett–
Packard 8452 A) was used to characterize the optical absorption.


Acknowledgements


We would like to thank the National Science Council of Taiwan for finan-
cially supporting this work.


[1] a) J. L. West, N. J. Halas, Annu. Rev. Biomed. Eng. 2003, 5, 285–
292; b) G. F. Paciotti, L. Myer, D. Weinreich, D. Goia, N. Pavel,
R. E. McLaughlin, L. Tamarkin, Drug Delivery 2004, 11, 169–183;
c) K. K. Jain, Technol. Cancer Res. Treat. 2005, 4, 407–416.


[2] a) X. Wu, H. Liu, J. Liu, K. N. Haley, J. A. Treadway, J. P. Larson, N.
Ge, F. Peale, M. P. Bruchez, Nat. Biotechnol. 2003, 21, 41–46;
b) W. C. W. Chan, D. J. Maxwell, X. Gao, R. E. Bailey, M. Han, S.
Nie, Curr. Opin. Biotechnol. 2002, 13, 40–46; c) A. P. Alivisatos,
Nat. Biotechnol. 2004, 22, 47–52; d) K. Sokolov, J. Aaron, B. Hsu,
D. Nida, A. Gillanwater, M. Follen, C. Macaulay, K. Adler-Storthz,
B. Korgel, M. Discour, R. Pasqualini, W. Arap, W. Lam, R. Ri-
chartz-Kortum, Technol. Cancer Res. Treat. 2003, 2, 491–504.


[3] a) L. R. Hirsch, R. J. Stafford, J. A. Bankson, S. R. Sershen, B.
Rivera, R. E. Rrice, J. D. Hazle, N. J. Halas, J. L. West, Proc. Natl.
Acad. Sci. USA 2003, 100, 13549–13554; b) C. Loo, A. Lowery, N.
Halas, J. West, R. Drezek, Nano Lett. 2005, 5, 709–711; c) D. P.
OKNeal, L. R. Hirsch, N. J. Halas, J. D. Payne, J. L. West, Cancer
Lett. 2004, 209, 171–176.


[4] V. P. Zharov, E. N. Galitovskaya, C. Johnson, T. Kelly, Laser Surg.
Med. 2005, 37, 219–226.


[5] J. Chen, D. Wang, J. Xi, L. Au, A. Siekkinen, A. Warsen, Z. Y. Li,
H. Zhang, Y. Xia, X. Li, Nano Lett. 2007, 7, 1318–1322.


[6] J. Kim, S. Park, J. E. Lee, S. M. Jin, J. H. Lee, I. S. Lee, I. Yang, J. S.
Kim, S. K. Kim, M. H. Cho, T. Hyeon, Angew. Chem. 2006, 118,
7918–7922; Angew. Chem. Int. Ed. 2006, 45, 7754–7758.


[7] X. Huang, I. H. El-Sayed, W. Qian, M. A. El-Sayed, J. Am. Chem.
Soc. 2006, 128, 2115–2120.


[8] M. H. Rashid, T. K. Mandal, J. Phys. Chem. C 2007, 111, 16750–
16760.


[9] a) X. Wen, Y.-T. Xie, M. W. C. Mark, K. Y. Cheung, X.-Y. Li, R.
Renneberg, S. Yang, Langmuir 2006, 22, 4836–4842; b) L. Lu, A.
Kobayashi, Y. Kikkawa, K. Tawa, Y. Ozaki, J. Phys. Chem. B 2006,
110, 23234–23241.


[10] a) J. Fang, H. You, P. Kong, Y. Yi, X. Song, B. Ding, Cryst. Growth
Des. 2007, 7, 864–867; b) J. Yang, L. Qi, D. Zhang, J. Ma, H. Cheng,
Cryst. Growth Des. 2004, 4, 1371–1375; c) W. Shizhong, X. Houwen,
J. Phys. Chem. B 2000, 104, 5681–5685; d) X. Sun, M. Hagner,
Langmuir 2007, 23, 9147–9150.


[11] a) G.-J. Lee, S.-I. Shin, S.-G. Oh, Chem. Lett. 2004, 33, 118–119;
b) W.-T. Wu, W. Pang, G. Xu, L. Shi, Q. Zhu, Y. Wang, F. Lu, Nano-
technology 2005, 16, 2048–2051.


[12] T. Fukuyo, H. Imai, J. Cryst. Growth 2002, 241, 193–199.
[13] F. Shi, Y. Song, J. Niu, X. Xia, Z. Wang, X. Zhang, Chem. Mater.


2006, 18, 1365–1368.
[14] a) T. A. Witten, L. M. Sander, Phys. Rev. Lett. 1981, 47, 1400–1403;


b) S. R. Forrest, T. A. Witten, J. Phys. A 1979, 12, L109–L117; c) P.
Meakin, Phys. Rev. Lett. 1983, 51, 1119–1122.


[15] a) Y. Sun, Y. Xia, Science 2002, 298, 2176–2179; b) Y. Sun, Y. Xia, J.
Am. Chem. Soc. 2004, 126, 3892; c) Y. Sun, B. T. Mayers, Y. Xia,
Nano Lett. 2002, 2, 481–485.


Chem. Eur. J. 2008, 14, 2956 – 2964 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2963


FULL PAPERGold–Silver Nanostructures



http://dx.doi.org/10.1146/annurev.bioeng.5.011303.120723

http://dx.doi.org/10.1146/annurev.bioeng.5.011303.120723

http://dx.doi.org/10.1146/annurev.bioeng.5.011303.120723

http://dx.doi.org/10.1080/10717540490433895

http://dx.doi.org/10.1080/10717540490433895

http://dx.doi.org/10.1080/10717540490433895

http://dx.doi.org/10.1038/nbt764

http://dx.doi.org/10.1038/nbt764

http://dx.doi.org/10.1038/nbt764

http://dx.doi.org/10.1016/S0958-1669(02)00282-3

http://dx.doi.org/10.1016/S0958-1669(02)00282-3

http://dx.doi.org/10.1016/S0958-1669(02)00282-3

http://dx.doi.org/10.1038/nbt927

http://dx.doi.org/10.1038/nbt927

http://dx.doi.org/10.1038/nbt927

http://dx.doi.org/10.1073/pnas.2232479100

http://dx.doi.org/10.1073/pnas.2232479100

http://dx.doi.org/10.1073/pnas.2232479100

http://dx.doi.org/10.1073/pnas.2232479100

http://dx.doi.org/10.1021/nl050127s

http://dx.doi.org/10.1021/nl050127s

http://dx.doi.org/10.1021/nl050127s

http://dx.doi.org/10.1002/lsm.20223

http://dx.doi.org/10.1002/lsm.20223

http://dx.doi.org/10.1002/lsm.20223

http://dx.doi.org/10.1002/lsm.20223

http://dx.doi.org/10.1021/nl070345g

http://dx.doi.org/10.1021/nl070345g

http://dx.doi.org/10.1021/nl070345g

http://dx.doi.org/10.1002/ange.200602471

http://dx.doi.org/10.1002/ange.200602471

http://dx.doi.org/10.1002/ange.200602471

http://dx.doi.org/10.1002/ange.200602471

http://dx.doi.org/10.1002/anie.200602471

http://dx.doi.org/10.1002/anie.200602471

http://dx.doi.org/10.1002/anie.200602471

http://dx.doi.org/10.1021/ja057254a

http://dx.doi.org/10.1021/ja057254a

http://dx.doi.org/10.1021/ja057254a

http://dx.doi.org/10.1021/ja057254a

http://dx.doi.org/10.1021/jp074963x

http://dx.doi.org/10.1021/jp074963x

http://dx.doi.org/10.1021/jp074963x

http://dx.doi.org/10.1021/la060267x

http://dx.doi.org/10.1021/la060267x

http://dx.doi.org/10.1021/la060267x

http://dx.doi.org/10.1021/jp063978c

http://dx.doi.org/10.1021/jp063978c

http://dx.doi.org/10.1021/jp063978c

http://dx.doi.org/10.1021/jp063978c

http://dx.doi.org/10.1021/cg0604879

http://dx.doi.org/10.1021/cg0604879

http://dx.doi.org/10.1021/cg0604879

http://dx.doi.org/10.1021/cg0604879

http://dx.doi.org/10.1021/cg049823g

http://dx.doi.org/10.1021/cg049823g

http://dx.doi.org/10.1021/cg049823g

http://dx.doi.org/10.1021/la701519x

http://dx.doi.org/10.1021/la701519x

http://dx.doi.org/10.1021/la701519x

http://dx.doi.org/10.1246/cl.2004.118

http://dx.doi.org/10.1246/cl.2004.118

http://dx.doi.org/10.1246/cl.2004.118

http://dx.doi.org/10.1088/0957-4484/16/10/011

http://dx.doi.org/10.1088/0957-4484/16/10/011

http://dx.doi.org/10.1088/0957-4484/16/10/011

http://dx.doi.org/10.1088/0957-4484/16/10/011

http://dx.doi.org/10.1016/S0022-0248(02)00913-2

http://dx.doi.org/10.1016/S0022-0248(02)00913-2

http://dx.doi.org/10.1016/S0022-0248(02)00913-2

http://dx.doi.org/10.1021/cm052502n

http://dx.doi.org/10.1021/cm052502n

http://dx.doi.org/10.1021/cm052502n

http://dx.doi.org/10.1021/cm052502n

http://dx.doi.org/10.1103/PhysRevLett.47.1400

http://dx.doi.org/10.1103/PhysRevLett.47.1400

http://dx.doi.org/10.1103/PhysRevLett.47.1400

http://dx.doi.org/10.1088/0305-4470/12/5/008

http://dx.doi.org/10.1088/0305-4470/12/5/008

http://dx.doi.org/10.1088/0305-4470/12/5/008

http://dx.doi.org/10.1103/PhysRevLett.51.1119

http://dx.doi.org/10.1103/PhysRevLett.51.1119

http://dx.doi.org/10.1103/PhysRevLett.51.1119

http://dx.doi.org/10.1126/science.1077229

http://dx.doi.org/10.1126/science.1077229

http://dx.doi.org/10.1126/science.1077229

http://dx.doi.org/10.1021/ja039734c

http://dx.doi.org/10.1021/ja039734c

http://dx.doi.org/10.1021/nl025531v

http://dx.doi.org/10.1021/nl025531v

http://dx.doi.org/10.1021/nl025531v

www.chemeurj.org





[16] Y.-N. Tan, J. Y. Lee, D. I. C. Wang, J. Phys. Chem. C 2007, 111,
14084–14090.


[17] a) H. Takahashi, Y. Niidome, T. Niidome, K. Kaneko, H. Kawasaki,
S. Yamada, Langmuir 2006, 22, 2–5; b) E. E. Connor, J. Mwamuka,
A. Gole, C. J. Murphy, M. D. Wyatt, Small 2005, 1, 325–327; c) H.
Ding, K. T. Yong, I. Roy, H. E. Pudavar, W. C. Law, E. J. Bergey,
P. N. Prasad, J. Phys. Chem. C 2007, 111, 12552–12557.


[18] a) C. J. Ackerson, P. D. Jadzinsky, G. J. Jensen, R. D. Kornberg, J.
Am. Chem. Soc. 2006, 128, 2635–2640; b) M. A. Hayat, Colloidal


Gold: Principles, Methods, and Applications, Academic Press, San
Diego, CA, 1989.


[19] P. Zijlstra, C. Bullen, J. W. M. Chon, M. Gu, J. Phys. Chem. B 2006,
110, 19315–19318.


[20] D. I. Gittins, F. Caruso, J. Phys. Chem. B 2001, 105, 6846–6852.
[21] J. Carmichael, W. G. DeGraff, A. F. Gazdar, J. D. Minna, J. B. Mitch-


ell, Cancer Res. 1987, 47, 936–942.
Received: January 21, 2008


Published online: March 11, 2008


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2956 – 29642964


C.-S. Yeh et al.



http://dx.doi.org/10.1021/jp0741049

http://dx.doi.org/10.1021/jp0741049

http://dx.doi.org/10.1021/jp0741049

http://dx.doi.org/10.1021/jp0741049

http://dx.doi.org/10.1021/la0520029

http://dx.doi.org/10.1021/la0520029

http://dx.doi.org/10.1021/la0520029

http://dx.doi.org/10.1002/smll.200400093

http://dx.doi.org/10.1002/smll.200400093

http://dx.doi.org/10.1002/smll.200400093

http://dx.doi.org/10.1021/jp0733419

http://dx.doi.org/10.1021/jp0733419

http://dx.doi.org/10.1021/jp0733419

http://dx.doi.org/10.1021/ja0555668

http://dx.doi.org/10.1021/ja0555668

http://dx.doi.org/10.1021/ja0555668

http://dx.doi.org/10.1021/ja0555668

http://dx.doi.org/10.1021/jp0635866

http://dx.doi.org/10.1021/jp0635866

http://dx.doi.org/10.1021/jp0635866

http://dx.doi.org/10.1021/jp0635866

http://dx.doi.org/10.1021/jp0111665

http://dx.doi.org/10.1021/jp0111665

http://dx.doi.org/10.1021/jp0111665

www.chemeurj.org






DOI: 10.1002/chem.200700723
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Introduction


Organic p-conjugated molecules and their aggregated forms
have been extensively studied with regard to their charge-
transport properties, which have a number of potential ap-
plications in materials science.[1] Doping electron-rich organ-
ic p-conjugated compounds with metal ions can generate di-
verse one-dimensional (1D) coordination solids with intrigu-
ing electronic properties.[2] According to some literature re-
ports, conducting metal-organic wires of the second- and
third-row transition metal ions are occasionally prepared by
self-assembly reactions, using bifunctional bridging ligand(s)
to connect the metal ions.[3] Our interest in the development
of new functional metal-organic materials prompted us to
investigate the structures and properties of homoleptic d10


metal acetylides and thiolates, which could be prepared
through self-assembly reactions.[4] Homoleptic copper(I) or-


Abstract: Polymeric homoleptic cop-
per(I) arylthiolates [Cu(p-SC6H4-X)]1
(X=CH3 (1), H (2), CH3O (3), tBu (4),
CF3 (5), NO2 (6), and COOH (7)) have
been prepared as insoluble crystalline
solids in good yields (75–95%). Struc-
ture determinations by powder X-ray
diffraction analysis have revealed that
1–3 and 6 form polymers of infinite
chain length, with the copper atoms
bridged by arylthiolate ligands. Weak
intra-chain p···p stacking interactions
are present in 1–3, as evidenced by the
distances (3.210 9 in 1, 3.016 9 in 2,
3.401 9 in 3) between the mean planes
of neighboring phenyl rings. In the
structure of 6, the intra-chain p···p in-
teractions (d=3.711 9) are insignifi-
cant and the chain polymers are associ-
ated through weak, non-covalent C�
H···O hydrogen-bonding interactions


(d=2.586 9). Samples of 1–7 in their
polycrystalline forms proved to be ther-
mally stable at 200–300 8C; their re-
spective decomposition temperatures
are around 100 8C higher than that of
the aliphatic analogue [Cu ACHTUNGTRENNUNG(SCH3)]1.
Data from in situ variable-temperature
X-ray diffractometry measurements in-
dicated that the structures of both 1
and 7 are thermally more robust than
that of [Cu ACHTUNGTRENNUNG(SCH3)]1. TEM analysis re-
vealed that the solid samples of 1–5
and [Cu ACHTUNGTRENNUNG(SCH3)]1 contained homoge-
neously dispersed crystalline nanorods
with widths of 20–250 nm, whereas
smaller plate-like nanocrystals were


found for 6 and 7. SAED data showed
that the chain polymers of 1–3 and
[Cu ACHTUNGTRENNUNG(SCH3)]1 similarly extend along
the long axes of their nanorods. The
nanorods of 1–5 and [Cu ACHTUNGTRENNUNG(SCH3)]1 have
been found to exhibit p-type field-
effect transistor behavior, with charge
mobility (m) values of 10�2–
10�5 cm2V�1 s�1. Polycrystalline solid
samples of 6 and 7 each showed a low
charge mobility (<10�6 cm2V�1 s�1).
The charge mobility values of field-
effect transistors made from crystalline
nanorods of 1–3 and [Cu ACHTUNGTRENNUNG(SCH3)]1
could be correlated with their unique
chain-like copper–sulfur networks, with
the para-substituent of the arylthiolate
ligand influencing the charge-transport
properties.
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ganothiolates [Cu(SR)]1 constitute an interesting class of
electrically neutral coordination polymers, which have at-
tracted interest in areas such as coordination chemistry,[5]


materials science,[6] and as reagents for organic synthesis.[7]


Extensive studies have revealed that homoleptic copper(I)
organothiolates can be prepared as polynuclear [Cux(SR)y]
clusters that may be anionic (x=1–8, y=2–12)[8] or neutral
(x=y=3–12).[9] Polynuclear [Cu13(SCH2CH2NH3)6]


13+ and
[Cu12ACHTUNGTRENNUNG(SCH3)6]


6+ cations have hitherto been reported.[10b,c]


Neutral polymeric homoleptic [Cu(SR)]1 compounds have
been reported in the literature, but their structures remain
poorly understood.[10,11] The covalency of the Cu�S bond,
the bridging ability of the thiolate ligand, as well as closed-
shell d10 cuprophilicity,[12] all contribute to the formation of
[Cu(SR)]1 polymers. In 1993, Baerlocher described the
chain structure of [CuACHTUNGTRENNUNG(SCH3)]1, which was solved using
powder X-ray diffraction data.[10a] In addition, the lamellar
structures of homoleptic [Cu(SR)]1 (R=n-CxH2x+1, x=4–
18)[11b,c] and [Cu2(1,4-S2C6H4)]1


[11a] complexes had previously
been proposed in the literature. Herein, we report the prep-
aration of polycrystalline solid samples of homoleptic cop-
per(I) arylthiolate polymers [Cu(p-SC6H4-X)]1 [X=CH3


(1), H (2), CH3O (3), tBu (4), CF3 (5), NO2 (6), and COOH
(7)]. Structure determinations by powder X-ray diffraction
(XRD) analysis have revealed that infinite chains of
[Cu(SR)]1 are present in polycrystalline solid samples of 1–
3 and 6. In contrast to the three-dimensional (3D) network
of Cu2S, the [Cu(SR)]1 coordination polymers represent a
class of 1D metal-organic semiconductors with field-effect
charge mobility values of 10�2–10�3 cm2V�1 s�1, which are
comparable to those of p-conjugated oligo-[13] and polythio-
phene[14] compounds. The effect of the para-substituent of
the arylthiolate ligand on the charge mobility of field-effect
transistors made from nanorods of 1–5 and [Cu ACHTUNGTRENNUNG(SCH3)]1 is
discussed.


Results and Discussion


Synthesis of [Cu(SR)]1: The methods that have previously
been used for the preparation of homoleptic [Cu(SR)]1
polymers have been reviewed by Janssen et al.[15e] These
methods include: a) synthesis by deprotonation of thiols;
b) an electrochemical reaction; c) a transmetalation reac-
tion with a Group IA metal thiolate, and d) deprotection of
a trimethylsilyl thioether. Reduction of an organic disulfide
under mild conditions is another possibility, which is similar
to the preparation of [Cu ACHTUNGTRENNUNG(SePh)]1 using diphenyl seleni-
de.[15d] In this work, the homoleptic [Cu(SR)]1 complexes
were obtained by three methods: i) the reaction of Cu2O
with thiol ligands RSH, ii) the reaction of Cu2O with di
sulfides RSSR in the presence of a reductant (NaBH4)
under basic conditions, and iii) the reaction of Cu-
ACHTUNGTRENNUNG(NO3)2·3H2O with RSH in the presence of triethylamine. In
the case of method (i), the use of an excessive amount of
RSH readily led to the formation of a mixture of anionic
complexes such as [Cu(SR)2]


� and [Cu(SR)3]
2� in alkaline


solution.[8c,d] On the other hand, if Cu2O was used in excess,
the reaction product [Cu(SR)]1 was found to be contami-
nated with a trace amount of Cu2O. Using method i), when
an excess of p-NO2C6H4SH was added to a suspension of
Cu2O in an organic solvent (EtOH, acetone, or CH3CN),
the reaction product 6 was formed, but contained a consid-
erable amount of unreacted Cu2O. Consequently, method ii)
was used for the synthesis of 6. Although the reactions using
methods i) and ii) proceeded to completion within an hour,
and the reaction products were phase-pure and obtained in
moderate yields, the crystallinity of the reaction products
was in all cases unsatisfactorily low, as revealed by their
XRD data. Prolonged reflux (at least 48 h) was used to
anneal these solid samples. We performed independent
SEM and TEM studies, which revealed that the crystal mor-
phology of the solid samples of [Cu(SR)]1 was independent
of the method of preparation. A rod-shaped crystal mor-
phology was generally found for solid samples of 1–5,
whereas irregular plate-like nanocrystals were observed for
6 and 7.


Structural descriptions of [Cu(SR)]1: The results of struc-
ture determinations of 1–3 and 6 are summarized in Table 1.
The structure of 1 viewed along the [100] direction is shown
in Figure 1. The asymmetric unit contains two crystallo-
graphically independent copper atoms (Cu1 and Cu2) and
two arylthiolate ligands. Each Cu atom displays a trigonal


Table 1. Results of structural refinements for 1–3 and 6.


1 2 3 6


Crystal system monoclinic tetragonal monoclinic tetragonal
space group P21/n P42/n P21/n P42/n
a [9] 24.834(3) 17.357(2) 26.100(2) 19.727(1)
b [9] 14.086(2) 17.357(2) 13.698(1) 19.727(1)
c [9] 4.0298 (5) 3.826(1) 4.153(4) 3.9685(4)
a [8] 90 90 90 90
b [8] 97.99(1) 90 95.32(4) 90
g [8] 90 90 90 90
V [93] 1396.0(3) 1152.9(4) 1478.4(3) 1544.4(2)
Z 8 8 8 8
Mr 186.7 172.7 202.7 217.7
1calcd [gcm�3] 1.773 2.018 1.855 1.873
2q range [8] 3–60 3–60 3–60 3–53
data points, yi,o 2850 2850 2850 2500
reflections, Nobs 800 332 854 264
variables, Nvar 151 83 151 92
restraints 108 46 88 43
Rp


[a] 0.0493 0.0365 0.0529 0.0462
Rwp


[a] 0.0709 0.0514 0.0746 0.0615
Rwp (expected)[a] 0.0409 0.0300 0.0476 0.0401
RB


[b] 0.0339 0.0331 0.1101 0.0631
goodness of fit 1.73 1.71 1.57 1.53
max. [shift/esd]2


(mean)
0.30
(0.03)


0.42
(0.06)


0.38
(0.04)


0.26
(0.02)


[a] Rp=�i jyi,o�yi,c j /�i jyi,o j ; Rwp = [�iwi jyi,o�yi,c j 2/�iwi jyi,o j 2]1/2 ; expected
Rwp =Rwp/c


2 ; c2=�iwi jyi,o�yi,c j 2/(Nobs�Nvar), where yi,o and yi,c are the ob-
served and calculated intensities at point i of the profile, respectively;
Nobs is the number of theoretical Bragg peaks in the 2q range; Nvar is
number of refined parameters. Statistical weights wi are normally taken
as 1/yi,o. [b]RB=� j Ij,o�Ij,c j /�Ij,o (Ij denotes the extracted intensity of the
j-th Bragg reflection).
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coordination geometry (Cu1 ACHTUNGTRENNUNG(x,y,z)–S2 ACHTUNGTRENNUNG(x,y,z) 2.247 9; Cu1-
ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z) 2.252 9; Cu1 ACHTUNGTRENNUNG(x,y,z)–S2 ACHTUNGTRENNUNG(x,y,z+1) 2.248 9;
Cu2 ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z) 2.247 9; Cu2 ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z+1)
2.249 9; Cu2 ACHTUNGTRENNUNG(x,y,z)–S2(1�x,1�y,�z) 2.252 9, with Cu-S-Cu
angles of 112–1278) and is bound by three m3-bridging arylth-
iolate ligands. The structural repeating unit in 1 can be
viewed as consisting of a six-membered ring with a half-
chair conformation, made up of alternating linked Cu and S
atoms. Each six-membered ring interconnects with two
neighboring rings to form an extended ladder-like [Cu�S]1
chain (Scheme 1). Two identical [Cu�S]1 ladder-like chains
are linked through Cu1···S1 interactions. There is a well-or-


dered alignment of the pendant p-tolyl substituents, in
which the aryl rings adopt a slightly offset p-stacked config-
uration. The shortest distances between two mean planes of
adjacent aryl rings (3.210 9 for C1–C6, 3.308 9 for C8–C14)
and the closest non-bonded distances (C2 ACHTUNGTRENNUNG(x,y,z)···C6-
ACHTUNGTRENNUNG(x,y,�1+z) 3.198 9; C3 ACHTUNGTRENNUNG(x,y,z)···C5 ACHTUNGTRENNUNG(x,y,�1+z) 3.223 9; C9-
ACHTUNGTRENNUNG(x,y,z)···C12 ACHTUNGTRENNUNG(x,y,�1+z) 3.338 9) are slightly less than the
sum of the van der Waals radii (3.4 9) of two carbon atoms,
indicative of weak intra-chain p···p interactions. The intra-
chain Cu···Cu distances are 2.923–3.132 9, which are longer
than the sum of the van der Waals radii of two Cu atoms
(2.8 9),[21] revealing the absence of cuprophilic interactions.


Complex 2, which has an unsubstituted arylthiolate
ligand, forms a chain polymer that is topologically identical
to that formed by 1. Its crystal structure possesses tetragonal
symmetry, with the asymmetric unit containing one symme-
try-equivalent Cu atom and one thiolate ligand. The back-
bone of the [Cu ACHTUNGTRENNUNG(SPh)]1 chain lies along the 42 screw-rota-
tion axis, resulting in S4 symmetry of the chain. The Cu···Cu
and Cu···S distances in 2 (2.956 9 and 2.270–2.303 9, respec-
tively) are comparable to those found in 1 and in [Cu-
ACHTUNGTRENNUNG(SCH3)]1 chains, indicating that there is structural resem-
blance among these [Cu(SR)]1 polymers. As in the structure
of 1, there are significant intra-chain p···p stacking interac-
tions (3.012–3.330 9) between neighboring phenyl rings.


Complex 3 has a similar polymeric structure to those of 1
and 2, with shorter Cu···Cu distances of 2.75–2.83 9 and
longer intra-chain p···p distances (> 3.4 9). The p-methoxy


substituent does not appear to
alter the packing of the [Cu-
ACHTUNGTRENNUNG(SAr)]1 chains compared with
that of 1 and 2. The observed
non-bonded O···H distances
(2.819 9 and 3.093 9) are con-
siderably longer than the van
der Waals distance (2.6 9) of a
typical C�H···O hydrogen
bond,[22] implying insignificant
inter-chain H···O interactions.
The XRD pattern of 4 is given
in the Supporting Information
(Figure S5). There is considera-
ble overlap of the peaks in the
XRD pattern of this complex,
making it difficult to derive the
lattice constants by means of
conventional indexing pro-
grams. We were unable to solve
the structure of 4. However, the
XRD pattern of 4 reveals a
low-angle diffraction peak with
a large d-spacing of 20.5 9,
which is unique among the ob-
tained XRD patterns of the
[Cu(SR)]1 polymers. In addi-
tion, the long repeating distance
of 6.50 9 derived from the elec-


Figure 1. Perspective drawing of the chain structure of 1 viewed along
the [100] direction. Note that the p-tolyl substituents are aligned with
intra-chain p···p distances of 3.198–3.338 9. Hydrogen atoms have been
omitted for clarity.


Scheme 1. Schematic diagram for the construction of 1–3 and 6.
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tron diffraction data reveals that 4 crystallized in a compara-
tively large unit cell so as to accommodate the bulky tert-
butyl substituents. The structure of the [CuACHTUNGTRENNUNG(SC6H4CF3)]1 po-
lymer 5 is similar to that of 2 ; the powder XRD pattern
(Supporting Information, Figure S5) of the former could
also be indexed by a tetragonal lattice (a=20.088 9 and c=


3.965 9, V=1599.9 93). The short c edge is consistent with
the value derived from electron diffraction analysis (Sup-
porting Information, Figure S14).


Complex 6 forms a polymeric chain structure that is sig-
nificantly different from those formed by 1–3. Presumably,
the p-NO2 substituent affects the structure of the polymeric
chain as a result of different Cu–S connectivities. The crystal
structure of 6 has the same space group as 2 (P42/n), but
each thiolate S atom binds only to two Cu atoms with an
average Cu···S distance of 2.35 9, forming a zig-zag Cu�S
chain (Scheme 1). The occurrence of the m2-bridging mode
of the p-nitrophenylthiolate ligand may be attributed to the
electron-withdrawing NO2 substituent. As a result, the poly-
meric chain structure is formed by linking four identical zig-
zag chains through Cu···Cu interactions (2.649 9). Figure 2


depicts the packing of the polymeric chains of 6 viewed
from the c-axis. Unlike in 1–3, there are no significant intra-
chain p···p interactions (d>3.6 9) in the structure of 6, and
individual [Cu ACHTUNGTRENNUNG(SC6H4NO2)]1 chains are predominantly held
together by weak non-covalent C�H···O�N hydrogen bonds
(O1 ACHTUNGTRENNUNG(x,y,z)···H3(�1=2 +y,1�x,1=2 +z) 2.586 9;
O1(x,y,z)···C3(�1=2 +y,1�x,1=2 +z) 3.217 9; aO1···H3�C3
123.58).


For the arylthiolate ligand with a p-COOH substituent, an
insoluble pale-yellow solid [Cu(SC6H4COOH)]1 (7) was
formed. Indexing its XRD pattern gave a primitive mono-


clinic cell (a=20.1051 9, b=4.3766 9, c=17.0505 9, b=


94.318, V=1496.08 93), implying that this solid has an
atomic arrangement different from those found for 1 and 3.
Based on elemental analyses and TGA data (see below), no
coordinated or lattice water molecules are present in the
crystal structure of 7. This was further verified by FT-IR
data, which revealed that the stretching frequencies for the
O�H (3480 cm�1) and C=O (1684 cm�1) groups of 7 are sig-
nificantly lower than those (3579 cm�1 and 1749 cm�1) found
for the free O�H groups of a self-assembled p-mercaptoben-
zoic acid monolayer deposited on a gold surface.[23] More-
over, the C�OH stretching and O�H···O bending modes ob-
served for a solid sample of 7 are similar to those found for
the free ligand in the form of a crystalline solid.


Thermal and structural stabilities : Figure 3 shows TGA
curves for solid samples of 1–7 measured under an N2 at-
mosphere. Irrespective of the para-substituent on the arylth-
iolate ligand, the decomposition temperatures of all of the
[Cu(SR)]1 polymers are between 200 and 300 8C, and are
thus some 100 8C higher than that found for the aliphatic
[Cu(SCH3)]1 analogue. For 1–7 (with the exception of 5), an
initial weight loss of about 40–55% at around 250–370 8C
was noted, which could be attributed to dearomatization of
the arylthiolate ligand in each case. A polycrystalline
sample of 5 displayed two consecutive weight losses of 45%
and 17% near 240 and 310 8C, respectively. The former pro-
cess is attributed to degradation of the arylthiolate ligand,
as was observed for 1–4, whereas the latter weight loss cor-
responds to the release of two molar equivalents of HF.
Slightly larger initial weight losses were noted for solid sam-
ples of 6 and 7, which could be attributed to the production
of NO2 and CO2, respectively. Upon heating above 400 8C,
all of the [Cu(SR)]1 polymers 1–7 underwent an additional


Figure 2. Crystal packing for polymer of 6, revealing that weak inter-
chain C�H···O�N interactions are only found in 6 (the sulfur atoms of
each structure are drawn as filled circles).


Figure 3. TGA curves for solid samples of 1–5 and [Cu(SCH3)]1 (a)
under N2. TGA curves for solid samples of 6 and 7 are shown in the
inset.
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15–19% weight loss, which was consistent with the release
of one molar equivalent of H2S. The powder XRD patterns
of the carbonaceous residues revealed that they were com-
posed of complicated solid mixtures of CuO (tenorite (PDF-
2 05-0661)), Cu2O (cuprite (PDF-2 05-0667)), and Cu2S
(chalcocite-M (PDF-2 033–0490) and djurleite (PDF-2 034-
0660)). In situ variable-temperature X-ray diffractometry
measurements in the temperature range 30–300 8C were per-
formed to determine the stabilities of the polymeric chain
structures of 1–7. Powder XRD patterns of solid samples of
1, 7, and [Cu(SCH3)]1, collected at temperatures from 30 8C
to 300 8C, are given in the Supporting Information (Fig-
ACHTUNGTRENNUNGures S7–S9). We found 7 to be slightly more stable than 1 or
[Cu(SCH3)]1. The chain structure of 1 slowly degraded over
the temperature range 30–150 8C, and rapidly lost its struc-
tural integrity at temperatures above 175 8C. The
[Cu(SCH3)]1 polymer was found to be slightly less stable
under identical experimental conditions.


TEM and SAED studies : Figure 4 shows a transmission
electron microscopy (TEM) image and a selected-area elec-
tron diffraction (SAED) pattern of a polycrystalline solid
sample of 1. This solid sample contained homogeneously
dispersed nanorods, which were a few micrometers long
with an average width of 30–60 nm, and which formed ex-
tensive lateral aggregations. Interestingly, the SAED pattern
of an individual nanorod revealed parallel rows of sharp dif-
fraction spots that could be roughly indexed by the lattice
parameters derived from the aforementioned powder XRD
data. Notably, the short crystallographic c-axis of 1 is rough-
ly parallel to the long axis of the nanorod. Similar rod-like
crystal morphologies and SAED patterns were observed for
2–5 and [Cu(SCH3)]1 (Supporting Information, Figures S10–
S14). From the shorter c-axes of their SAED patterns, the
calculated interplanar d-spacings for 1–5 (except 4) and
[Cu(SCH3)]1 are comparable to the short crystallographic
axes of their crystal structures. The nanorods of 2–5 and
[Cu(SCH3)]1 with lengths of several micrometers were
found to have variable widths in the range 20–250 nm (50–
100 nm for 2, 50–100 nm for 3, 50–80 nm for 4, 20–60 nm for
5, and 50–250 nm for [Cu(SCH3)]1, respectively). On the
other hand, polycrystalline solid samples of 6 and 7 formed


irregularly shaped plate-like nanocrystals. The SAED pat-
tern of the plate-like nanocrystals of 6 (Figure 5) revealed
weak concentric diffraction rings, indicating that the
[Cu(SC6H4NO2)]1 chains were randomly oriented. A similar
SAED pattern for the nanocrystals of 7 (Supporting Infor-
mation, Figure S15) indicated a similar arrangement.


Charge mobilities of nanorod FET devices : Preliminary
four-point probe electrical measurements suggested that a
pellet sample made from a polycrystalline solid sample of 1
had a bulk resistivity of about 800 Wcm at room tempera-
ture. This value is lower than that of Cu2O (1000–
5000 Wcm), but significantly higher than that of Cu2S
(0.008–0.010 Wcm).[24] Bottom-contact field-effect transistors
(FETs) were fabricated by drop-casting methanolic suspen-
sions of polycrystalline solid samples of 1–7 on top of
patterned SiO2 substrates; the charge mobility measure-
ments were subsequently performed under a nitrogen at-
mosphere in a glove box. Figure 6 shows the output (IDS


versus VGS at different VDS) and transfer (IDS versus VGS at
VDS=�10 V) characteristics of a device made from nano-
rods of 1. When operated in accumulation mode, the drain-
source current IDS increased with the negative gate voltages
VDS and VGS, indicative of p-type FET behavior. However,
the channel was found to be open, even at VGS=0 V, proba-
bly due to bulk conduction of the nanorods between the
source and drain electrodes. Since saturation of IDS had not
been attained, the charge mobility m was calculated in the
linear regime,[16] where VDS ! VGS. We found that the
charge mobilities, m, of the devices made from nanorods of
1–3, 7.0N10�2 cm2V�1 s�1 for 1, 6.2N10�3 cm2V�1 s�1 for 2,
and 1N10�2 cm2V�1 s�1 for 3, were 104 and 105 times higher
than those of devices made from 4 and 5, respectively. A
device made from nanorods of [Cu(SCH3)]1 also exhibited
a charge mobility of 6N10�2 cm2V�1 s�1. This suggests that
the charge transportation originates from the 1D [Cu�S]1
network. In addition, the devices made from nanorods of 1–
4 (widths ~30–60 nm) were robust as the charge mobility
values of these devices after storing them inside a glove box
under a nitrogen atmosphere for several months were
almost identical to the initial values. The devices made from


Figure 4. TEM image (5000N) (left) and SAED pattern (right) of nano-
rods of 1. Scale bar left: 0.5 mm.


Figure 5. TEM image (12500N) (left) and SAED pattern (right) of nano-
crystals of 6. Scale bar left: 0.2 mm.
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plate-like nanocrystals of 6 and 7 displayed negligible m


values (<10�6 cm2V�1 s�1) under the same experimental con-
ditions.


Diffuse reflectance spectra : As described by Tauc,[25a] the
absorption coefficient, a, and the optical band gap of a thin
layer of a solid sample are related by the expression ahn=


A(hn�Eg)
r, where hn is the photon energy, A is a constant,


Eg is the optical energy gap, and r is characteristic of the
type of optical transition process, having values of 0.5 and 2
for direct allowed and indirect allowed optical transitions,
respectively.[25b] The absorption coefficient can also be writ-
ten in terms of reflectance as a=B{ln[(Rmax�Rmin)/
(R�Rmin)]}, where B is a parameter related to the thickness
of the sample.[25c] By plotting {hn ln[(Rmax�Rmin)/(R�Rmin)]}


2


against hn and extrapolating the linear region of the curve,
Eg could be obtained at a =0. Figure 7 shows the relation-
ships between the absorption coefficients, a, derived from
solid-state diffuse reflectance spectra of 1–7 and
[Cu(SCH3)]1 and the photon energies measured from
250 nm to 1100 nm (or 4.95 eV to 1.13 eV). The results of
optical band gap determinations are given in the Supporting
Information (Figures S16–S23). Polycrystalline samples of 1–
4 and [Cu(SCH3)]1 each exhibited optical absorptions with
lmax at 463–492 nm, revealing that the optical band gaps of
these complexes are between 2.52 eV and 2.68 eV. For 5 and
6 with electron-withdrawing substituents on the arylthiolate
ligands, smaller band gaps were observed (1.97 eV and
2.23 eV, respectively). The optical band gap of 7 was found
to be 2.96 eV; the deviation from the trend depicted in
Figure 7 may originate from the different chain structure of
7 compared to those of 5 and 6 as a consequence of the in-
termolecular hydrogen bonding present in the crystalline
sample.


Discussion


Over the past few decades, metal-organic complexes of
third-row transition metal ions such as OsII, IrIII, PtII, and
AuI have been extensively studied with regard to their use


in organic light-emitting diode devices.[26] However, there
have been only a few reports on the applications of first-row
transition metal complexes in organic optoelectronics.[26e]


While p-conjugated organic molecules such as pentacenes[27]


and oligothiophenes[13,14] have been extensively studied for
the fabrication of field-effect transistors (FETs), related
work involving metal-organic complexes has been sparse.
Notably, however, copper(II) phthalocyanines have been ex-
tensively studied in relation to FETs, and relatively high
charge mobility values (0.01–0.02 cm2V�1 s�1) have been at-
tained.[28] Compared with p-conjugated organic materials,


Figure 6. Output (left) and transfer (right) characteristics of the FET device fabricated with nanorods of 1.


Figure 7. Plots of {hn ln[(Rmax�Rmin)/(R�Rmin)]}
2 against hn for solids 1–7


and [Cu(SCH3)]1. Optical band gaps [eV] were obtained by extrapola-
tion of the linear region onto the x-axis: (2.52 for 1, 2.59 for 2, 2.68 for 3,
2.62 for 4, 1.97 for 5, 2.23 for 6, 2.96 for 7, and 2.67 for [Cu(SCH3)]1).
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the [Cu(SR)]1 polymers described in this work are inexpen-
sive and easily prepared in high yields and purities; these
are advantages for developing applications of [Cu(SR)]1 in
materials science. We have found that the charge mobilities
of nanorod FETs fabricated from [Cu(SR)]1 polymers cover
a wide range of values (10�2–10�5 cm2V�1 s�1) and are thus
comparable to those of 10�2 cm2V�1 s�1 reported for oligo-
thiophene[13] and polythiophene compounds.[14]


For p-conjugated organic materials, weak cofacial p···p
stacking interactions play a key role in the charge-transport
properties of the as-fabricated organic FETs.[29] In this work,
the charge-transport behavior of the [Cu(SR)]1 polymers
was found to show no direct correlation with either p···p in-
teractions, as in the cases of 1–3, or with the electronic
effect of the arylthiolate ligand, as in the cases of 5–7. In
view of the finding that nanorod transistors made from 1
and [Cu(SCH3)]1 have comparable charge mobility values,
we propose that the charge conduction pathway originates
from an intrinsic hopping mechanism[30] within the covalent-
ly bound [Cu�S]1 chain network. In the literature, two
models, namely trapping-release[31] and phonon-assisted tun-
neling hopping transport,[32] combined with the Gaussian
disorder representation,[33] have been proposed to account
for the observed field-dependent mobility in organic FETs
operating in the accumulation mode. The trapping-release
model is based on the assumption that most of the charge
carriers are trapped within localized states in a solid sample
and that the amount of charge carriers released into the ex-
tended-state transport level(s) depends on the energy
level(s) of the localized states, the temperature, and the gate
voltage. Extended-state transport can only occur in materi-
als with a highly ordered structure. The charge carriers in an
amorphous solid sample are strongly localized, and conse-
quently this usually leads to poor mobility. In this regard,
charge injection and transport within the copper–sulfur net-
works of 1–4 and [Cu(SCH3)]1 are likely to originate from
the well-ordered atomic arrangements in their 1D polymeric
structures. The charge-transport mechanism operating in the
polymeric chain structures of [Cu(SR)]1 may be different
from those found in other Cu-containing polymers such as
[CuI(TANC)F0.5]1 (TANC=5,6,11,12-tetraazanaphthacene)
and [Cu(N2C2S2)]1 (N2C2S2 =dithiooxamide dianion) that
have previously been reported in the literature, in which dis-
ordered interstitial fluoride ions[34] or an iodine dopant[35]


were involved in charge transportation, respectively. In this
work, we have shown that both the para-substituent of the
arylthiolate ligand and the crystal morphology influence the
overall charge mobility. The presence of an electron-donat-
ing substituent such as CH3 or CH3O, as in the cases of 1
and 3, leads to an increase in the charge mobility from
10�3 cm2V�1 s�1 to 10�2 cm2V�1 s�1. This is attributed to the
stabilization of p-type charge carriers within the nanorods.
Assuming that the chain structure of 4 is similar to those of
1–3, the bulky tert-butyl substituents in 4 would increase the
average interchain separation, making charge-hopping be-
tween adjacent polymer chains less efficient, and conse-
quently leading to reduced charge mobility. Nanorods of 5


have an average crystalline size that is comparable to those
of nanorods of 1–4, but were found to display a significantly
lower charge mobility. It is possible that the electron-with-
drawing CF3 substituent destabilizes the positively charged
carriers and hence disfavors charge injection and transport.
The effects of peripheral and end substituent groups on the
charge-transport behavior of pentacene compounds have
previously been investigated. Di- and tetrasubstituted penta-
cene compounds generally show p-type charge mobili-
ACHTUNGTRENNUNGties,[36a,c] whereas electron-deficient perfluorinated pentacene
behaves as an n-type material with an electron mobility of
0.11 cm2V�1 s�1.[36b] Compared to the nanorods present in
polycrystalline solid samples of 1–5, a polycrystalline solid
sample of [Cu(SCH3)]1 was found to contain comparatively
wide nanorods, leading to larger grain sizes, which may ac-
count for its high charge mobility of 6N10�2 cm2V�1 s�1. It
can also be argued that charge transport in a polycrystalline
material may be limited by grain boundaries, so that when
the grain size is increased the number of grain boundaries
decreases, leading to better charge transport. This situation
has previously been reported for oligothiophenes.[37] Howev-
er, the opposite relationship was found for pentacene com-
pounds.[38] The plate-like crystal morphologies of crystalline
solid samples of 6 and 7 reveal that the [Cu(SR)]1 chains of
these two complexes adopt an orientation that would not
favor efficient charge transport. For these [Cu(SR)]1 chains,
their spatial orientation may be modulated by weak interac-
tions associated with the peripheral NO2 or COOH substitu-
ents. Although we have not been able to determine the crys-
tal structure of 7, we suggest that the CuI atoms of the
[Cu(SC6H4COOH)]1 polymer are connected by m2-bridges
formed by the S atoms of the arylthiolate ligands, and that
inter-chain hydrogen-bonding interactions between the car-
boxylic acid groups lead to aggregation. A recent study has
revealed that the charge-transport properties of thin-film
field-effect transistors fabricated from perylo[1,12-b,c,d]thio-
phene also exhibited a strong dependence on the film quali-
ty and morphology as well as on the packing of the mole-
cules.[39]


We propose that the different crystal morphologies (nano-
rod versus plate-like) of the [Cu(SR)]1 polymers are due to
different anisotropic crystal growth rates.[40a] Scheme 2
shows the proposed modes of crystal growth of 1–7, which
are presumably affected by a subtle balance of intra-/inter-
chain interactions. It has previously been found that the size
of a crystal face is inversely proportional to the rate of crys-
tal growth in the direction perpendicular to it.[40b] For solids
1–5 and [Cu(SCH3)]1, 1D crystal growth may occur prefer-
entially along the chain axis, because the Cu atoms and SR
ligands associate more rapidly to form a chain, driven by
strong covalent Cu···S bonding. Weak intra-chain p···p inter-
action(s) may also contribute to this process, as may be the
case with 1–3. Whenever these adhesive forces are weak-
ened, interchain interactions, such as C�H···O�N or
O···H···O hydrogen-bonding interactions, will facilitate crys-
tal growth in a direction perpendicular to the chain axis,
leading to a plate-like morphology, as has been found with 6
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and 7. For nanocrystals of 6 and 7, the dipole moment of the
arylthiolate ligands may also affect the crystal morphology.


Conclusion


In summary, we have developed a high-yielding synthesis
for the production of phase-pure polycrystalline solid sam-
ples of [Cu(SR)]1 polymers. These polymers were subse-
quently used for the fabrication of nanorod FETs, all of
which exhibited a p-type charge mobility with m values of
10�2–10�5 cm2V�1 s�1. The performances of nanorod FETs
made from these homoleptic [Cu(SR)]1 polymers have been
found to be significantly affected by the para-substituent of
the arylthiolate ligand. The crystal morphologies of the
polymeric [Cu(SR)]1 chains are affected by weak intra- and
interchain interactions.


Experimental Section


Polycrystalline solid samples of 1–7 were prepared according to a previ-
ously described literature method.[15] The copper source was either Cu2O
or a CuII salt in the presence of a reducing agent (NaBH4). All reaction
products were obtained as phase-pure polycrystalline solids, which were
air-stable and insoluble in most common organic solvents. Elemental
analyses of 1–7 were performed at the Institute of Chemistry, Chinese
Academy of Science; the metal/ligand ratios were found to be 1:1.


[Cu(p-SC6H4-X)] (X=CH3 (1), H (2)): p-Tolyl disulfide (0.565 g,
2.3 mmol) or phenyl disulfide (0.502 g, 2.3 mmol) was added to a solution
of NaOH (0.093 g, 2.3 mmol) in water (30 mL), and then a solution of
NaBH4 (0.087 g, 2.3 mmol) in methanol (30 mL) was added. The yellow
suspension was heated until a clear solution was obtained. After cooling
to room temperature, the solution was adjusted to pH�5–6 by the drop-
wise addition of concentrated hydrochloric acid (12m). Cu2O (0.288 g,
2 mmol) was then added with stirring and the reaction mixture was re-


fluxed for 72 h. The insoluble yellow precipitate was collected by filtra-
tion, and washed with water, methanol, acetone, dichloromethane, and
diethyl ether. Yields: 89% (0.67 g) for 1 and 85% (0.59 g) for 2 ; elemen-
tal analysis calcd (%) for 1: C 45.02, H 3.78; found: C 44.95, H 3.69;
calcd (%) for 2 : C 41.72, H 2.92; found: C 41.39, H 2.82.


[Cu(p-SC6H4-X)] (X=CH3O (3), tBu (4), CF3 (5), and COOH (7)): For
3, Cu2O (0.500 g, 3.5 mmol) was added to a stirred solution of 4-methoxy-
benzenethiol (0.980 g, 7.0 mmol) in ethanol (50 mL) and the mixture was
refluxed for 12 h. For 4, 5, and 7, 4-(tert-butyl)benzenethiol (1.162 g,
7.0 mmol), 4-(trifluoromethyl)benzenethiol (1.245 g, 7.0 mmol), and 4-
mercaptobenzoic acid (1.078 g, 7.0 mmol) were used, respectively. For 5
and 7, the reaction time was extended to 48 h. The resulting yellow sus-
pensions were filtered, and the collected solids were washed with ethanol
and diethyl ether, and then dried at 70 8C under a vacuum of 10 mmHg
for 12 h. Yields: 90% (1.273 g) for 3, 82% (1.312 g) for 4, 77% (1.301 g)
for 5, and 82% (1.236 g) for 7; elemental analysis calcd (%) for 3 : C
41.47, H 3.48; found: C 41.25, H 3.48; calcd (%) for 4 : C 52.49, H 5.73;
found: C 51.93, H 5.72; calcd (%) for 5 : C 34.93, H 1.67; found: C 34.43,
H 1.74; calcd (%) for 7: C 38.79, H 2.33; found: C 37.72, H 2.38.


[Cu(p-SC6H4-X)] (X=NO2 (6)): Cu(NO3)2·3H2O (0.242 g, 1 mmol) was
added to a solution of 4-nitrobenzenethiol (0.170 g, 1.1 mmol) and tri-
ACHTUNGTRENNUNGethylamine (0.110 g, 1.1 mmol) in ethanol (30 mL). An orange precipitate
was formed immediately. The resulting suspension was refluxed for 48 h.
The insoluble orange solid was collected by filtration and washed with
water, ethanol, acetone, dichloromethane, and diethyl ether. Yield: 95%
(0.207 g); elemental analysis calcd (%) for 3 : C 33.10, H 1.85, N 6.43;
found: C 33.52, H 1.85, N 6.52. We found that an orange solid, presumed
to be [Cu(SC6H4NO2)]1, obtained from the reaction of Cu2O with
HSC6H4NO2, had a high degree of crystallinity but contained a trace
amount of unreacted Cu2O.


[Cu(SCH3)]1: Cu2O (0.289 g, 2 mmol) was added to a solution of
NaSCH3 (0.162 g, 2.3 mmol) in water (30 mL). The resulting brownish-
red suspension was refluxed and a light-yellow solid was formed after
48 h. This insoluble yellow solid was collected by filtration and washed
with water, methanol, acetone, dichloromethane, and diethyl ether.
Yield: 95% (0.210 g); elemental analysis calcd (%) for [Cu(SCH3)]1: C
10.86, H 2.73; found: C 10.78, H 2.69.


Physical characterization : Thermogravimetric analyses were performed
under an N2 atmosphere using a Perkin-Elmer TGA-7 apparatus. In situ
variable-temperature X-ray diffractograms were recorded using a Bruker
D8 Advance diffractometer equipped with a modular temperature cham-


Scheme 2. Schematic drawing showing the formation of crystalline solids of 1–7 having distinct crystal morphologies (nanorod versus plate-like) as a con-
sequence of different crystal growth rates in two orthogonal directions.
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ber attachment (Materials Research Instruments) operating in the tem-
perature range 25–450 8C. TEM images and SAED patterns were record-
ed using a Philips Tecnai 20 system. A few drops of an ethanolic suspen-
sion of a solid sample of 1–7 or [Cu(SCH3)]1 were placed on a copper
grid for TEM and SAED experiments. A preliminary four-point conduc-
tivity measurement using a pellet sample of 1 was performed using a coli-
near probe system (Keithley Instruments, Inc., Model 6221). Diffuse re-
flectance spectra of solid samples of 1–7 and [Cu(SCH3)]1 were recorded
using a Perkin-Elmer Lambda 20 UV/Vis spectrophotometer over the
wavelength range 250–1100 nm. The sample was placed against a white
background plate for data collection. FT-IR spectra were collected using
a Bio-Rad spectrophotometer over the range 400–4000 cm�1


.


Field-effect transistors and charge mobility measurements : A typical sub-
strate-gate structure field-effect transistor was fabricated. A gate oxide
SiO2 layer (100 nm, relative permittivity=3.9) was grown thermally on a
heavily doped n-type Si substrate (gate electrode). An image reversal
photolithography technique was used to etch the photoresist layer and to
form the source and drain pattern on the gate oxide. Source and drain
metal layers, consisting of a Ti adhesion film (10 nm, lower) and an Au
conductive film (50 nm, upper), were deposited by thermal evaporation.
After deposition of the metal films, a standard lift-off process involving
washing with acetone was used to remove the uncovered photoresist ma-
terials, leaving behind the Ti/Au source/drain contact patterns. The chan-
nel length and width of the devices were 100 mm and 1000 mm, respective-
ly. Methanolic suspensions of 1–7 or [Cu(SCH3)]1 were each ultrasonicat-
ed for more than 12 h to fully disperse the nanorods. The respective dis-
persed nanorods were then drop-cast on the top of the patterned bottom-
contact field-effect transistors. When transistors were made from suspen-
sions that had not been ultrasonicated, considerable amounts of highly
aggregated nanorods were found, and this enhanced aggregation led to
supersaturated current–voltage behavior with a high channel current and
p-type behavior, probably due to bulk conduction between the source
and drain electrodes. The transistor output and transfer characteristics
were measured with a probe station under nitrogen atmosphere using a
Keithley K4200 semiconductor parameter analyzer. Although non-satu-
rating behavior was found for these nanorod FET devices, a clear gate
effect on the current was observed, as depicted in Figure 6. Since satura-
tion of the drain current was not attained, the charge-carrier mobility
was extracted from the linear regime of the ID,lin versus VGS plot.[16] In the
linear regime where VDS !VGS,


m ¼
@Ids=@VgsL
WCoxVd


where W is the channel width, L is the channel length, Cox is the capaci-
tance of the SiO2 insulating layer, VGS is the gate voltage, and Vd is the
drain-source voltage.


Structure determination : The structures of 1–3 and 6 were solved using
powder X-ray diffraction data; the details are given in the Supporting In-
formation. The unit cell parameters were determined using the indexing
programs TREOR90[17a] and DICVOL04[17b] and were subsequently re-
fined using PawleyQs fitting.[18] Initial positions of the heavy atoms (Cu
and S) were obtained by global optimization of the diffraction patterns
using a simulated annealing algorithm implemented in the structure solu-
tion program DASH[19a] (or parallel tempering in FOX).[19b] Partial struc-
ture solutions were gradually completed by adding the missing atoms of
the arylthiolate ligands. Structural refinement was performed using the
GSAS/EXPGUI program suite.[20] The final cycles of the refinements of
1–3 and 6 are depicted as plots in the Supporting Information (Figur-
es S1–S4). Crystallographic data (excluding structure factors) for the
structures of 1–3 and 6 are summarized in Table 1.


CCDC-621718 (1), 621719 (2), 621720 (3), and 621721 (6) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Bis ACHTUNGTRENNUNG(BF2)-2,2’-Bidipyrrins (BisBODIPYs): Highly Fluorescent BODIPY
Dimers with Large Stokes Shifts


Martin Brçring,*[a] Robin Kr3ger,[a] Stephan Link,[a] Christian Kleeberg,[a] Silke Kçhler,[a]


Xiulian Xie,[a] Barbara Ventura,[b] and Lucia Flamigni[b]


Introduction


Boron dipyrrins (BODIPYs, also called boron dipyrrome-
thene or boraindacene) constitute a class of boron chelates
with a dipyrrin ligand[1] that are currently attracting multifa-
cetted interest in many research areas owing to their advan-
tageous photophysical properties. BODIPYs are very versa-
tile and are used as light-stable functional dyes in a variety
of different fields, such as laser dyes,[2,3] light harvesters,[4–6]


fluorescent switches,[7] biomolecular labels,[8] cation sen-
sors,[9–17] and so on.[18–24] The fluorescence properties of
BODIPYs can be fine-tuned preparatively by using several


different approaches. The introduction of functional sub-
stituents on the carbon framework, enlargement of the chro-
mophore, substitution of the fluorine atoms for O- or C-
donors, or replacing the meso CH position with a nitrogen
bridge has produced a plethora
of interesting fluorophores
from this class of molecule.
Very recently, two comprehen-
sive reviews of the field have
appeared in the literature.[25,26]


Despite the enormous
number of publications about
different aspects of BODIPY dyes, reports on other oligo-
pyrrolic boron complexes have remained scarce. Macrocyclic
tetra-,[27–31] hexa-, and octapyrroles[29] have only been used as
ligands for BF2 groups during the last decade, and in two in-
stances open-chain tetrapyrroles of the bilin and urobilin
type have been employed.[32,33] Oligomeric dipyrrins would
be of interest as ligands for BF2 groups because of their po-
tential to form covalent BODIPY aggregates.[34–36] Formal
dipyrrin dimers, such as 2,2’-bidipyrrins, are particularly ap-
pealing in this context owing to their straightforward synthe-
sis, high stability, and known ability to form mono- and di-
nuclear transition-metal chelates of different structures.[37–43]


Abstract: Four new dimeric bis ACHTUNGTRENNUNG(BF2)-
2,2’-bidipyrrins (bisBODIPYs), and
their corresponding BODIPY mono-
mers, have been prepared and studied
with respect to their structural and
photophysical properties. The solid-
state molecular structure of the dimers
and the relative orientation of the sub-
units have been revealed by an X-ray
diffraction study, which showed that
the molecules contain two directly
linked BODIPY chromophores in a
conformationally fixed, almost orthog-
onal arrangement. Two of the fluorine


atoms are in close contact with each
other and the 19F NMR spectra show a
characteristic through-space coupling
in solution. The new chromophores all
exhibit a clear exciton splitting in the
absorption spectra with maxima at
about 490 and 560 nm, and are highly
luminescent with an intense emission
band at around 640 nm. The Stokes


shift, which is the difference between
the maximum of the lowest-energy ab-
sorption band and the maximum of the
emission band, has a typical value of 5
to 15 nm for simple BODIPYs, where-
as this value increases to 80 nm or
more for the dimers, along with a slight
decrease in fluorescence quantum
yields and lifetimes. These properties
indicate potential uses of these new flu-
orophoric materials as functional dyes
in biomedical and materials applica-
tions and also in model compounds for
BODIPY aggregates.
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We have successfully used 2,2’-bidipyrrins as starting materi-
als for conceptually new bisBODIPY fluorophores and
report herein the preparation, structural determination, and
basic photophysical characterization of these dyes.


Results and Discussion


Preparation of fluorophores : The syntheses of dimeric bis-
BODIPYs 3, 4, 11, and 12 were achieved by a two-fold BF2-
coordination of the free-base ligands 1, 2, 9, and 10, as de-
picted in Schemes 1 and 2. Two different types of 2,2’-bidi-


pyrrins were employed for this study, namely, those with
and without meso-aryl substituents. Tetrapyrroles 1 and 2
(Scheme 1) have been reported previously, whereas meso-
arylated ligands 9 and 10 (Scheme 2) were unknown, but
were easily prepared by known procedures from bipyrrole 5
via two-fold-substituted compound 6 and trialkylpyrroles 7
or 8 with an overall yield of 34 and 32%, respectively.


The preparation of BODIPYs in high yields from dipyr-
rins and excess boron trifluoride etherate is usually per-


formed at ambient temperature in a mixture of dichlorome-
thane and triethylamine. For 2,2’-bidipyrrins 1, 2, 9, and 10,
however, the desired bisBODIPYs were only formed in a
yield of about 10% under these conditions, and no improve-
ment in yield was observed upon changing the reaction
time, solvent, or reagent concentration. Indeed, a larger
excess of boron trifluoride and an increased reaction tem-
perature were found to decompose the product with time.
The meso-unsubstituted bisBODIPYs (3 and 4) were partic-
ularly sensitive to these conditions.


We assumed that the formation of basic fluoride anions in
the reaction mixture, and their attack at the meso-position
of both the free-base ligands and the bisBODIPYs, was re-
sponsible for the observed decomposition processes. There-
fore, water-saturated diethyl ether was employed as the re-
action medium to reduce the basicity of the fluoride ions.
The yields improved significantly and after some further op-
timization the desired dimeric BODIPYs were obtained in
reasonable yields of up to 65% (Schemes 1 and 2). The new
compounds were obtained as analytically pure ruby-colored
powders after chromatographic purification on silica gel. In
solution the novel fluorophores are characterized by a violet
color and an intense red fluorescence.


For comparison, monomeric BODIPYs 13–16, which have
similar peripheral substituents as dimeric 3, 4, 11, and 12,
were also studied herein. The monomers were prepared ac-
cording to published procedures for meso-unsubstituted (13
and 14)[44] or meso-aryl substituted compounds (15 and
16).[45] Analytical and spectroscopic data were as previously
reported for known compound 14 and are similar to litera-
ture analogues for the new derivatives.


Conformation of bisBODIPYs : Single crystals suitable for
X-ray diffraction studies were grown from 12, 13, and 16.
The results of this study are presented in Figures 1, 2, and 3,
and crystallographic and molecular details are summarized
in Tables 1 and 2. The C9BN2 frameworks of 13 and 16
(Figure 1) are essentially flat, with the boron atom displaced
from the median plane by only 0.07 and 0.092 M, respective-
ly. Typical B�N and B�F bond lengths of 1.54–1.55 and
1.39–1.40 M, respectively, are present throughout, and as ex-


Scheme 1. Preparation of meso-unsubstituted bisBODIPYs 3 (44% yield)
and 4 (45% yield). i) BF3·Et2O, 2,6-lutidine, diethyl ether.


Scheme 2. Preparation of meso-aryl-substituted bisBODIPYs 11 and 12.
i) N-4-Methylbenzoylmorpholine, POCl3, 1,2-dichloroethane, 48%;
ii) POCl3, D, 70 (7) and 67% (8); iii) BF3·Et2O, 2,6-lutidine, diethyl ether,
65%.
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pected the angles around the boron atom have values close
to the tetrahedral angle of 109.58 (Table 2). The influence of
the 4-methylphenyl substituent of 16 on the molecular struc-
ture is very small. The mean plane of this group is at a dihe-
dral angle of 82.888 with respect to the mean C9BN2 plane,
which means that these subunits are electronically decou-
pled. The steric influence is mainly visible in the metrics of
the central six-membered C3BN2 ring, in which 16 has
longer C5�C6 and C6�C7 bonds, a larger C6···B distance, a
smaller N1···N2 distance, and a slightly reduced N1-B-N2
angle than 13. The C�C and C�N bond lengths within the
dipyrrin backbone of 13 and 16 indicate strongly delocalized
and almost symmetric p-systems, without any clear distinc-
tion between single and double bonds. These findings are
characteristic for most BODIPYs and have been reported
previously.[46]


BisBODIPY 12 crystallizes with two independent (though
very similar) molecules, A and B, in the asymmetric unit,
but only molecule B will be discussed herein (Figure 2). In


general, the monomeric subunits of 12 follow the structural
behavior of the monomers described above. However, an el-
ement of asymmetry is present within the Cmeso�Cpyrrole


bonds. The C6�C7 and C15�C16 bond lengths are 0.018 and
0.030 M longer than C5�C6 and C16�C17, respectively
(Figure 2), and the planarity of the two slightly different
C9BN2 subunits is less pronounced in 12 than it is in 13 or
16. However, all other bond lengths, angles, and distances
within the BODIPY subunits of 12, which includes the
almost perpendicular orientation of the 4-methylphenyl sub-
stituents (B1 subunit: 89.078 ; B2 subunit: 85.108), are very
similar to the results from the monomers, particularly 16
(Table 2).


The intramolecular interactions of the monomeric subu-
nits of 12 deserve special attention. The subunits are joined
at C11�C12 with a bond length of 1.471 M, which is typical
for a single C ACHTUNGTRENNUNG(sp2)�C ACHTUNGTRENNUNG(sp2) bond, and a dihedral angle of
96.528 between the mean C9BN2 planes (Figure 3). In this ar-


Table 1. Selected crystallographic data for 12, 13, and 16.


12 13 16


formula C48H56B2F4N4 C16H21BF2N2 C26H33BF2N2


Mr [gmol�1] 786.59 290.16 422.35
space group P1̄ P21/n P21/n
a [M] 13.6933(16) 8.8728(8) 11.1044(9)
b [M] 17.1625(18) 11.9386(14) 18.348(2)
c [M] 19.050(2) 14.0937(13) 11.9364(11)
a [8] 94.680(14) 90 90
b [8] 98.435(14) 90.313(11) 109.857(6)
g [8] 103.149(13) 90 90
V [M3] 4281.6(9) 1492.9(3) 2287.4(4)
Z 4 4 4
1calcd [gcm


�3] 1.220 1.291 1.226
m [mm�1] (MoKa) 0.083 0.093 0.082
2q limits [8] 1.73–26.23 2.71–25.89 2.13–25.90
measured reflns 34034 11117 11740
independent reflns 15769 2847 4399
observed reflns[a] 9097 1839 2860
no. parameters 1088 196 287
R1[b] 0.0559 0.0444 0.0324
wR2[c] (all data) 0.1604 0.1306 0.0644
max/min peaks 0.878/�0.352 0.287/�0.240 0.180/�0.172


[a] Oberservation criterion: I>2s(I).


[b] R1=


P
jjFoj�jFcjjP
jFoj


. [c] wR2=


�P
½wðF2


o�F2
cÞ2�P


½wðF2
oÞ2�


�
1/2


Figure 1. Molecular structure of BODIPYs 13 and 16 (ellipsoids set at
the 50% probability level; hydrogen atoms omitted for clarity).


Table 2. Selected bond lengths [M], distances [M], and bond angles [8]
for 13, 16, and 12.


13 16 12[a]


(B1) (B2)


B�N1[b] 1.546(3) 1.5461(19) 1.544(3) 1.538(3)
B�N2 1.538(3) 1.5457(19) 1.540(3) 1.535(3)
B�F1 1.394(3) 1.3935(15) 1.384(3) 1.368(3)
B�F2 1.402(2) 1.3951(18) 1.383(3) 1.384(4)
C2�N1 1.348(2) 1.3502(17) 1.341(3) 1.344(3)
N1�C5 1.391(2) 1.4014(17) 1.402(3) 1.403(3)
C5�C6 1.378(3) 1.4084(19) 1.387(3) 1.383(3)
C6�C7 1.378(3) 1.4008(19) 1.405(3) 1.413(3)
C7�N2 1.396(2) 1.4016(16) 1.401(3) 1.400(3)
N2�C10 1.356(2) 1.3483(17) 1.365(3) 1.361(3)
B···C6 2.961 3.010 2.992 2.987
N1···N2 2.492 2.478 2.480 2.475
N1-B-N2 107.76(15) 106.55(10) 107.1(2) 107.3(2)
N1-B-F1 110.37(17) 110.29(11) 109.2(2) 110.7(2)
N1-B-F2 109.90(16) 110.28(11) 108.8(2) 108.5(2)
N2-B-F1 109.51(16) 110.58(11) 110.8(2) 110.8(2)
N2-B-F2 110.28(17) 109.94(11) 111.0(2) 110.5(2)
F1-B-F2 109.01(16) 109.18(11) 109.9(2) 109.0(2)


[a] Data given for molecule B only. (B1) and (B2) denominate the mono-
meric subunit that contains atom B1 or B2, respectively. [b] A unified
numbering system, which was analogous to the BODIPY system, was
used for the subunits of dimer 12. For a better comparison, see Figures 1
and 2.


Figure 2. Molecular structure of bisBODIPY 12 (molecule B; ellipsoids
set at the 50% probability level; hydrogen atoms omitted for clarity).
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rangement, the inward-pointing fluorine atoms F1 and F3
are situated in close contact (a distance of only 2.968 M),
and the BF2 subunits are displaced outwards from the mean
C9BN2 planes by 0.049 and 0.145 M to reduce the steric in-
teraction in the center of the molecule. The other two fluo-
rine atoms, F2 and F4, show short F···H distances to a
methyl group proton of the same subunit (2.482 (F2···H)
and 2.541 M (F4···H), compared with 2.481 and 2.561 M for
13 and 16, respectively) and to an ethyl group proton of the
other subunit (2.552 (F2···H) and 2.479 M (F4···H)). This
data indicates very intimate interactions, but also the ab-
sence of significant intermolecular strain between the
locked subunits of 12.


BODIPYs, such as 13–16, show very characteristic 19F and
11B NMR spectra, with a quartet signal at d��140 ppm in
the 19F NMR spectrum, a triplet at d�0.5 ppm in the
11B NMR spectrum, and a coupling constant of 1J ACHTUNGTRENNUNG(B,F)
�34 Hz. However, owing to the reduced local symmetry in
bisBODIPYs 3, 4, 11, and 12, the fluorine atoms are no
longer magnetically equivalent and show a strong 2JACHTUNGTRENNUNG(F,F’)
coupling of 103 to 106 Hz. This leads to two complex mul-
tiplet signals in the 19F NMR spectra at d��140 and
�147 ppm and the observation of a doublet of doublets
signal in the 11B NMR spectra (Figure 4). A more detailed
analysis of the 19F signals reveals that the low-field absorp-
tion can be fully explained as a doublet of quartets signal
with 1J ACHTUNGTRENNUNG(B,F) and 2J ACHTUNGTRENNUNG(F1,F2) coupling, whereas the high-field
signal displays a more complex pattern. This pattern can be
understood if the presence of a second JACHTUNGTRENNUNG(F,F) coupling be-
tween the spatially related F1 and F3 atoms is assumed.
Such through-space coupling (as opposed to through-bond
coupling) is known for inflexible systems such as this, in
which a fluorine atom is locked at a van der Waals distance
from a second NMR-active nucleus.[47–50] A simulation of the


19F NMR spectrum of 3 that assumes an F1,F3 coupling of
25 Hz provides a good first-order fit of the experimental
data (Figure 4, bottom). Therefore, the locked conformation
of the bisBODIPY framework found in the crystalline state
also appears to be present and stable under ambient condi-
tions in solution.


Photophysical characterization : BisBODIPYs 3, 4, 11, and
12 were examined by absorption and steady-state fluores-
cence spectroscopy in toluene. For comparison, data for
monomers 13 to 16 were recorded under identical condi-
tions, and the results are summarized in Table 3. Figure 5
shows typical spectra of both monomeric and dimeric BOD-
IPYs.


The absorption spectrum of 12 is characterized by two
major bands at 490 and 559 nm, and similar spectra are ob-
tained for all dimers (see Table 3). A comparison of the ex-
tinction coefficient and the energy of the longest-wavelength
absorption band with those of 16, which is a similarly substi-
tuted monomer, at 529 nm clearly indicates the presence of
exciton splitting for bisBODIPYs. Such behavior was ex-
pected for the dimer, given the close spatial relationship of
the subchromophores of 12 and the fact that, in the ob-
served conformation, the transition dipole moments of the
component units do not cancel each other out.[51] To confirm
that the observed phenomenon have a molecular origin
rather than a supramolecular one, several control experi-
ments were performed at a range of concentrations from 3R
10�4 to 7R10�6 molL�1. Identical spectra were observed and
it can be safely assumed that no dimerization or other ag-
gregation phenomena are present under the working condi-
tions.


The luminescence spectra of the bisBODIPYs display a
broad emission band that is notably shifted by a Stokes shift
of 79 to 83 nm with respect to the lowest-energy absorption


Figure 3. Selected views of the molecular conformation of bisBODIPY
12 (substituents removed).


Figure 4. Top: A 19F NMR spectrum (376 MHz) of 3 obtained experimen-
tally. Bottom: simulated 19F NMR spectrum of 3. Inset: 11B NMR spec-
trum (128 MHz) of 3. Spectra were recorded in CD2Cl2.
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transition. Excitation spectra registered on the emission
maxima of the bisBODIPYs perfectly match the absorption
spectra, which indicates a genuine emission of the dimeric
species. The large Stokes shift of the emission, which for
simple monomeric BODIPYs is typically in the range of 5
to 15 nm, and the relatively broad shape of the emission
band are indicative of a large geometric displacement of the
excited state with respect to the ground state and/or of some
excimer-like character in the excited state of the covalent
dimers. The fluorescence quantum yields (Ffl) of dimers 3,
4, 11, and 12 have been determined to be between 0.67 and
0.76 (Table 3). These values are lower than those of the
analogous monomers (13–16, Table 3), but still remarkably
high. An enhancement of the intersystem crossing efficiency,
with a consequent loss of fluorescence yield, has been re-
ported for composite molecules that exhibit exciton split-
ting, and this situation could also apply here.[51] The pres-
ence of aryl substituents decreases the luminescence of the
bisBODIPYs and that of the corresponding BODIPY mo-
nomer models by around 10%, which is likely to be caused
by an enhancement of the nonradiative rate constants of the
singlet excited state.[53,54] Exchanging methyl for ethyl sub-
stituents, on the other hand, does not markedly influence
the photophysics. These observations are well-known for
monomeric BODIPYs.[26] The time evolution of the lumines-
cence is described by a single exponential decay under an
experimental resolution of 10 ps and the measured lifetime
is (3.4�0.1) ns for all dimers. The luminescence lifetime of
the monomers is exponential and ranges from 4 to 6 ns. The


shorter lifetime of the dimers can be accounted for by en-
hanced intersystem crossing, which is the result of the popu-
lation of an exciton-split excited state, as discussed above.
To fully characterize the systems, in-depth spectroscopic and
photophysical studies under different conditions are under-
way. It should be stressed that the monomers and dimers
show very high photostability, both in air-equilibrated and
air-free solutions. Indeed, the dimers are even more stable
than the monomers under high-power laser irradiation.


Conclusion


In summary, we have reported the preparation, structure de-
termination, and spectroscopic characterization of a set of
highly fluorescent covalent BODIPY dimers (bisBODIPYs).
As a result of the specific conformation of these species,
which is present in the solid state and in solution, the photo-
physical properties deviate significantly from those of the
monomers. In particular, the increased Stokes shift and the
reduced fluorescence lifetime of the novel fluorophores are
of interest in this context. These properties indicate poten-
tial uses of these new fluorophoric compounds as functional


Table 3. Spectroscopic and luminescence data for compounds 3, 4, and
11–16 in toluene.


Compound Absorption Emission
lmax [nm] e [104m


�1 cm�1] lmax
[a] [nm] Ffl


[b]


bisBODIPY 3 393 1.66 648 0.71
492 6.44
565 7.36


bisBODIPY 4 393 1.55 650 0.76
494 6.46
567 7.15


bisBODIPY 11 394 1.62 638 0.67
489 6.71
558 7.71


bisBODIPY 12 395 1.70 638 0.69
490 7.20
559 8.26


BODIPY 13 381 0.74 540 1.00
534 8.20


BODIPY 14 380 0.78 540 1.00
535 8.89


BODIPY 15 378 0.70 538 0.88
526 7.26


BODIPY 16 380 0.71 538 0.80
529 7.75


[a] Derived from corrected emission spectra. [b] Luminescence quantum
yields in air-free toluene, determined by comparing corrected emission
spectra and using N,N’-bis(1-hexylheptyl)-3,4:9,10-perylenebis(dicarbox-
imide) in aerated dichloromethane as a standard (Ffl=0.99).[52] Excita-
tion at 490 nm.


Figure 5. The spectroscopic properties of bisBODIPY 12 and BODIPY
16 in toluene. Top: absorption spectra of 12 (c) and 16 (g). To
allow a better comparison, the absorption coefficient of 16 is multiplied
by two. Bottom: absorption (g) and emission spectra (c) of 12 after
excitation at 490 nm. The normalized excitation spectrum recorded at
640 nm is also shown (gray line).
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dyes for biomedical applications and materials and also in
model compounds for BODIPY aggregates.


Experimental Section


General : Solvents were dried according to standard procedures and then
saturated with argon. All reagents were purchased from commercial sour-
ces and used as received, unless stated otherwise. Compounds 1,[55] 2,[56]


5,[57] 7,[58] 8,[59] and 14[60] were prepared as previously reported. NMR
spectra were obtained by using Bruker ARX-300 or Bruker DRX-400
spectrometers. Chemical shifts (d) are given in ppm relative to residual
solvent resonances (1H, 13C NMR spectra) or to external standards
(BF3·Et2O for 11B and CFCl3 for 19F NMR spectra). High-resolution ESI
mass spectra were recorded by using an IonSpec Ultima or a QStar Pul-
sar i. Combustion analyses (C,H,N) were performed by using an Elemen-
tar Vario EL instrument. Spectroscopic-grade toluene was used for pho-
tophysical and spectroscopic determinations. A Perkin–Elmer Lambda 9
UV/Vis spectrophotometer and a Spex Fluorolog II spectrofluorimeter
were used to acquire absorption and emission spectra. Reported lumines-
cence spectra are corrected for the photomultiplier response. Emission
quantum yields were determined after correction for the photomultiplier
response, with reference to an air-equilibrated toluene solution of N,N’-
bis(1-hexylheptyl)-3,4:9,10-perylenebis(dicarboximide) in aerated CH2Cl2
with a Ffl value of 0.99.[52] Luminescence lifetimes were recorded by
using IBH single-photon counting equipment (excitation at l=465 nm
from a pulsed diode source; resolution 0.3 ns). The presence of fast com-
ponents was excluded by exciting the sample with the second harmonic
of a picosecond Nd/YAG laser (l=532 nm) and collecting the emissions
with a Streak Camera; the overall resolution of the system was 10 ps.
Further details on the spectroscopy/photophysics experimental setup can
be found in the literature.[61,62] Single-crystal X-ray diffraction studies
were performed by using Stoe IPDS-1 (12, 13) or Stoe IPDS-2 (16) in-
struments. Suitable crystals were obtained by layering solutions of the
compounds in CH2Cl2 with hexane and allowing slow diffusion at �20 8C.
All of the structures were solved and refined by using the SHELXS pro-
grams for crystal structure determination[63] and refinement.[64] Crystal
data and experimental details are given in Table 1. CCDC 669710,
669711, and 669712 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


3,3’-Diethyl-4,4’-dimethyl-5,5’-di-4-methylbenzoyl-2,2’-bipyrrole (6): N-4-
Methylbenzoylmorpholine (16.42 g, 80 mmol) and phosphorous oxytri-
chloride (16 mL, 171 mmol) were mixed under an argon atmosphere and
heated at 65 8C for 3.5 h. Then, a solution of 3,3’-diethyl-4,4’-dimethyl-
2,2’-bipyrrole (4.32 g, 20 mmol) in 1,2-dichloroethane (80 mL) was added
at RT and the mixture was heated at reflux for 4 h. The reaction was
quenched with saturated Na2CO3 solution (600 mL) and heated for an
additional hour at 80 8C. After phase separation, the aqueous layer was
extracted thoroughly with dichloromethane. The combined organic ex-
tracts were dried (Na2SO4) and evaporated to dryness in vacuo. The
brownish residue was purified by column chromatography on silica gel
(CH2Cl2/diethyl ether 1:0 to 20:1). The brownish-yellow fraction was col-
lected and gave 6 as a shiny yellow powder after recrystallization from di-
chloromethane/hexane (4.26 g, 48%). 1H NMR (300 MHz, CDCl3): d=


8.80 (s, 2H; NH), 7.61 (d, J=8.0 Hz, 4H; Har), 7.27 (d, J=8.0 Hz, 4H;
Har), 2.53 (q, J=7.6 Hz, 4H; CH2CH3), 2.43 (s, 6H; CH3), 2.11 (s, 6H;
CH3), 1.11 ppm (t, J=7.6 Hz, 6H; CH2CH3);


13C NMR (100 MHz,
CDCl3): d =186.2, 142.1, 137.0, 129.2, 129.1, 128.7, 127.8, 127.5, 125.6,
21.7, 18.0, 15.6, 11.7 ppm; HRMS (ESI+ ): m/z : calcd for C30H32N2O2Na
[M+Na]+ : 475.2356; found: 475.2358.


General procedure for 9 and 10 : A solution of 6 (575 mg, 1.27 mmol) and
7 or 8 (3.80 mmol) in phosphorous oxytrichloride (10 mL) was heated at
reflux for 5 h. After cooling to 60 8C and removal of all volatile com-
pounds in vacuo, the residual dark-green tar was redissolved in methanol
(300 mL). The product was precipitated by slow addition of triethylamine


until the blue color of the solution faded (�2 mL). After stirring for 1 h,
the product was filtered off and washed with cold MeOH until the wash-
ings were colorless. Recrystallization from MeOH/CH2Cl2 gave 9 or 10 as
fine, dark green powders with a metallic sheen.


2,2’-Bidipyrrin 9 : Prepared from 7 (562 mg, 70%). 1H NMR (300 MHz,
CDCl3): d=13.38 (s, 2H; NH), 7.25–7.21 (m, 8H; Har), 2.82 (q, J=


7.5 Hz, 4H; CH2CH3), 2.45 (s, 6H; CH3), 2.28 (s, 6H; CH3), 1.84 (s, 6H;
CH3), 1.31 (s, 6H; CH3), 1.23 (s, 6H; CH3), 1.20 ppm (t, J=7.5 Hz, 6H;
CH2CH3);


13C NMR (100 MHz, CDCl3): d =159.2, 141.9, 138.0, 137.9,
137.2, 136.7, 135.9, 134.6, 132.7, 130.7, 129.8, 129.3, 128.7, 21.6, 18.3, 15.6,
15.4, 12.8, 11.4, 9.8 ppm; HRMS (ESI+ ): m/z : calcd for C44H51N4


[M+H]+ : 635.4108; found: 635.4099; elemental analysis calcd (%) for
C44H50N4·1.5MeOH: C 80.02, H 8.26, N 8.20; found: C 80.43, H 7.96, N
8.40.


2,2’-Bidipyrrin 10 : Prepared from 8 (588 mg, 67%). 1H NMR (400 MHz,
CDCl3): d=13.53 (br s, 2H; NH), 7.29 (d, J=7.9 Hz, 4H; Har), 7.22 (d,
J=7.9 Hz, 4H; Har), 2.84 (q, J=7.4 Hz, 4H; CH2CH3), 2.45 (s, 6H; CH3),
2.30 (s, 6H; CH3), 2.29 (q, J=7.5 Hz, 4H; CH2CH3), 1.60 (q, J=7.3 Hz,
4H; CH2CH3), 1.26 (s, 6H; CH3), 1.18 (t, J=7.4 Hz, 6H; CH2CH3), 1.04
(t, J=7.5 Hz, 6H; CH2CH3), 0.671 ppm (t, J=7.3 Hz, 6H; CH2CH3);
13C NMR (100 MHz, CDCl3): d =156.9, 143.6, 139.8, 138.9, 138.0, 137.4,
135.9, 135.6, 133.9, 133.6, 131.6, 130.0, 128.8, 21.6, 19.0, 18.4, 17.8, 16.8,
15.6, 15.2, 15.1, 11.5 ppm; HRMS (ESI+ ): m/z : calcd for C48H59N4


[M+H]+ : 691.4734; found: 691.4727; elemental analysis calcd (%) for
C48H58N4·1.5MeOH: C 80.44, H 8.73, N 7.58; found: C 80.66, H 8.46, N
7.70.


General procedure for 3, 4, 11, and 12 : 2,6-Lutidine (5 mL), and then
BF3·Et2O (12 mL), were added dropwise to an ice-cooled solution of 1, 2,
9, or 10 (0.12 mmol) in Et2O (100 mL). Then the ice bath was removed
and the mixture was stirred for 10 min. The ice bath was then replaced
and the reaction was quenched by addition of a saturated aqueous solu-
tion of NaHCO3 (50 mL). The aqueous layer was extracted with Et2O,
then the combined organic layers were washed with a saturated aqueous
solution of Na2CO3 (3R20 mL), dried over MgSO4, and evaporated to
dryness in vacuo. The reddish residue was purified by column chromatog-
raphy on silica gel (CH2Cl2). The strongly fluorescent red fraction con-
tained the product. Recrystallization from CH2Cl2/hexane gave 3, 4, 11,
or 12 as analytically pure ruby-colored powders.


BisBODIPY 3 : Prepared from 1 (29 mg, 44%). 1H NMR (300 MHz,
CD2Cl2): d=7.17 (s, 2H; CHmeso), 2.36 (s, 6H; CH3), 2.33 (q, J=7.6 Hz,
4H; CH2CH3), 2.31 (s, 6H; CH3), 2.19 (s, 6H; CH3), 1.92 (s, 6H; CH3),
1.03 ppm (t, J=7.6 Hz, 6H; CH2CH3);


13C NMR (100 MHz, CD2Cl2): d=


160.7, 142.8, 140.0, 134.9, 134.7, 133.6, 132.7, 127.7, 120.2, 18.1, 13.8, 13.0,
9.9, 9.5, 8.8 ppm; 19F NMR (376 MHz, CD2Cl2): d=�140.2 (dq, J ACHTUNGTRENNUNG(F1,F2)=


103 Hz, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F; F1,BF2), �147.0–�147.6 ppm (m, 2F;
F1,BF2); 11B NMR (128 MHz, CD2Cl2): d=0.52 ppm (dd, J ACHTUNGTRENNUNG(B,F1), J-
ACHTUNGTRENNUNG(B,F2)=34 Hz; 2B); HRMS (ESI+ ): m/z : calcd for C30H36B2F4N4Na
[M+Na]+ : 573.2954; found: 573.2957; elemental analysis calcd (%) for
C30H36B2F4N4: C 65.48, H 6.59, N 10.18; found: C 65.21, H 6.33, N 10.23.


BisBODIPY 4 : Prepared from 2 (34 mg, 45%). 1H NMR (300 MHz,
CD2Cl2): d=7.15 (s, 2H; CHmeso), 2.74 (q, J=7.6 Hz, 4H; CH2CH3), 2.63
(q, J=7.6 Hz, 4H; CH2CH3), 2.39 (s, 6H; CH3), 2.41–2.32 (m, 8H; 2R
CH2CH3), 1.29 (t, J=7.6 Hz, 6H; CH2CH3), 1.21 (t, J=7.6 Hz, 6H;
CH2CH3), 1.06 (t, J=7.6 Hz, 6H; CH2CH3), 1.04 ppm (t, J=7.6 Hz, 6H;
CH2CH3);


13C NMR (75 MHz, CD2Cl2): d=160.4, 145.8, 143.3, 141.5,
133.7, 133.3, 133.1, 132.1, 120.2, 18.3, 18.1, 17.9, 17.2, 16.8, 16.7, 14.7, 14.3,
12.9 ppm; 19F NMR (376 MHz, CD2Cl2): d =�140.4 (dq, J ACHTUNGTRENNUNG(F1,F2)=


103 Hz, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F; F1BF2), �146.6–�147.2 ppm (m, 2F; F1BF2);
11B NMR (128 MHz, CD2Cl2): d=1.10 ppm (dd, J ACHTUNGTRENNUNG(B,F1), J ACHTUNGTRENNUNG(B,F2)=34 Hz;
2B); HRMS (ESI+ ): m/z : calcd for C36H48B2F4N4Na [M+Na]+ :
657.3893; found: 657.3898; elemental analysis calcd (%) for
C36H48B2F4N4: C 68.16, H 7.63, N 8.83; found: C 67.85, H 7.64, N 8.77.


BisBODIPY 11: Prepared from 9 (57 mg, 65%). 1H NMR (300 MHz,
CD2Cl2): d =7.37–7.25 (m, 8H; Har), 2.47 (s, 6H; CH3), 2.42 (s, 6H;
CH3), 2.29–2.21 (m, 4H; CH2CH3), 1.85 (s, 6H; CH3), 1.44 (s, 6H; CH3),
1.35 (s, 6H; CH3), 0.95 ppm (t, J=7.6 Hz, 6H; CH2CH3);


13C NMR
(75 MHz, CD2Cl2): d=158.7, 142.6, 142.2, 141.4, 139.1, 136.8, 134.8, 132.8,
132.6, 131.7, 129.9, 129.8, 128.4 (2C), 128.2, 21.2, 18.1, 13.9, 13.0, 12.3,
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12.2, 8.8 ppm; 19F NMR (376 MHz, CD2Cl2): d =�137.2 (dq, J ACHTUNGTRENNUNG(F1,F2)=


103 Hz, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F; F1BF2), �147.1–�147.6 ppm (m, 2F; F1BF2);
11B NMR (128 MHz, CD2Cl2): d=1.00 ppm (dd, J ACHTUNGTRENNUNG(B,F1), J ACHTUNGTRENNUNG(B,F2)=34 Hz;
2B); HRMS (ESI+ ): m/z : calcd for C44H48B2F4N4Na [M+Na]+ :
753.3893; found: 753.3893; elemental analysis calcd (%) for
C44H48B2F4N4: C 72.34, H 6.62, N 7.67; found: C 71.91, H 6.81, N 7.58.


BisBODIPY 12 : Prepared from 10 (61 mg, 65%). 1H NMR (300 MHz,
CD2Cl2): d =7.40–7.32 (m, 8H; Har), 2.47 (s, 6H; CH3), 2.43 (s, 6H;
CH3), 2.32 (q, J=7.5 Hz, 4H; CH2CH3), 2.28–2.21 (m, 4H; CH2CH3),
1.79–1.66 (m, 4H; CH2CH3), 1.39 (s, 6H; CH3), 1.02 (t, J=7.5 Hz, 6H;
CH2CH3), 0.94 (t, J=7.6 Hz, 6H; CH2CH3), 0.72 ppm (t, J=7.5 Hz, 6H;
CH2CH3);


13C NMR (100 MHz, CD2Cl2): d=158.8, 147.5, 142.8, 142.2,
139.1, 137.1, 134.9, 134.4, 132.2, 131.9, 131.8, 129.4, 129.3, 128.7, 128.5,
21.2, 18.7, 18.1, 17.0, 16.1, 14.6, 13.9, 12.8, 12.2 ppm; 19F NMR (376 MHz,
CD2Cl2): d =�139.2 (dq, J ACHTUNGTRENNUNG(F1,F2)=106 Hz, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F; F1BF2),
�146.2–�146.9 ppm (m, 2F; F1BF2); 11B NMR (128 MHz, CD2Cl2): d=


0.05 ppm (dd, J ACHTUNGTRENNUNG(B,F1), J ACHTUNGTRENNUNG(B,F2)=34 Hz; 2B); HRMS (ESI+ ): m/z : calcd
for C48H56B2F4N4Na [M+Na]+ : 809.4519; found: 809.4526; elemental
analysis calcd (%) for C48H56B2F4N4: C 73.29, H 7.18, N 7.12; found: C
72.90, H 7.25, N 6.95.


Preparation of BODIPY 13 : NEt3 (9.6 mL) and BF3·Et2O (12 mL) were
added to a solution of 4-ethyl-3,3’,4’,5,5’-pentamethyldipyrrin hydrobro-
mide[65] (647 mg, 2 mmol) in CH2Cl2 (200 mL). After stirring for 1 h, the
mixture was added to a saturated solution of Na2CO3. After phase sepa-
ration, the aqueous layer was extracted with CH2Cl2. The combined or-
ganic layers were washed with a saturated aqueous solution of Na2CO3


(3R20 mL), dried over Na2SO4, and evaporated to dryness in vacuo. The
residue was purified by column chromatography on silica gel (CH2Cl2/
pentane 1:2). Compound 13 was obtained as a red powder after recrystal-
lization (CH2Cl2/MeOH) of the residue obtained from the strongly fluo-
rescent greenish-yellow fraction (403 mg, 69%). 1H NMR (400 MHz,
CD2Cl2): d=7.06 (s, 1H; CHmeso), 2.49 (s, 3H; CH3), 2.48 (s, 3H; CH3),
2.44 (q, J=7.6 Hz, 2H; CH2CH3), 2.22 (s, 3H; CH3), 2.20 (s, 3H; CH3),
1.97 (s, 3H; CH3), 1.11 ppm (t, J=7.6 Hz, 3H; CH2CH3);


13C NMR
(100 MHz, CD2Cl2): d=155.1, 154.4, 137.6, 137.0, 132.3, 131.8, 125.5
(2C), 118.8, 17.3, 14.4, 12.5, 12.3, 9.4, 9.2, 8.7 ppm; 19F NMR (376 MHz,
CD2Cl2): d=�146.4 ppm (q, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F; BF); 11B NMR
(128 MHz, CD2Cl2): d =0.73 ppm (t, J ACHTUNGTRENNUNG(B,F)=34 Hz, 1B; BF); HRMS
(ESI+ ): m/z : calcd for C16H22BF2N2 [M+H]+ : 291.1839; found: 291.1838;
elemental analysis calcd (%) for C16H21BF2N2: C 66.23, H 7.29, N 9.65;
found: C 66.11, H 7.23, N 9.76.


General procedure for meso aryl-substituted BODIPYs : A mixture of 7
or 8 (6 mmol) and 4-methylbenzoylchloride (3 mmol) in CH2Cl2 (60 mL)
was stirred at RT for 4 d. NEt3 (18 mmol) and BF3·Et2O (24 mmol) were
added and the mixture was stirred for an additional day. The mixture was
then poured into a saturated aqueous solution of NaHCO3. After phase
separation, the aqueous layer was extracted with CH2Cl2. The combined
organic layers were washed with a saturated aqueous solution of
NaHCO3 (3R20 mL), dried with Na2SO4, and evaporated to dryness in
vacuo. The residue was purified by column chromatography on silica gel
(CH2Cl2/pentane 1:1). The product was obtained as orange needles after
recrystallization (CH2Cl2/MeOH) of the residue obtained from the
strongly fluorescent greenish-yellow fraction.


BODIPY 15 : Prepared from 7 (423 mg, 42%). 1H NMR (300 MHz,
CD2Cl2): d =7.34–7.27 (m, 4H; Har), 2.48 (s, 6H; CH3), 2.44 (s, 3H;
CH3), 1.86 (s, 6H; CH3), 1.31 (s, 6H; CH3);


13C NMR (75 MHz, CD2Cl2):
d=153.7, 140.8, 139.2, 138.9, 132.7, 130.9, 129.8, 128.2, 126.5, 21.2, 12.5,
11.9, 8.7 ppm; 19F NMR (376 MHz, CD2Cl2): d =�146.2 ppm (q, J ACHTUNGTRENNUNG(B,F)=


34 Hz, 2F; BF); 11B NMR (128 MHz, CD2Cl2): d=0.03 ppm (t, J ACHTUNGTRENNUNG(B,F)=


34 Hz, 1B; BF); HRMS (ESI+ ): m/z : calcd for C22H25BF2N2Na
[M+Na]+ : 389.1971; found: 389.1973; elemental analysis calcd (%) for
C22H25BF2N2·0.25H2O: C 71.27, H 6.93, N 7.56; found: C 71.10, H 6.72, N
7.65.


BODIPY 16 : Prepared from 8 (570 mg, 45%). 1H NMR (300 MHz,
CD2Cl2): d =7.36–7.17 (m, 4H; Har), 2.48 (s, 6H; CH3), 2.44 (s, 3H;
CH3), 2.32 (q, J=7.6 Hz, 4H; CH2CH3), 1.61 (q, J=7.5 Hz, 4H;
CH2CH3), 1.04 (t, J=7.6 Hz, 6H; CH2CH3), 0.68 ppm (t, J=7.5 Hz, 6H;
CH2CH3);


13C NMR (75 MHz, CD2Cl2): d=154.2, 145.6, 140.9, 139.1,


132.6, 132.0, 130.2, 128.9, 128.7, 21.3, 18.6, 17.0, 16.3, 14.9, 12.4 ppm;
19F NMR (376 MHz, CD2Cl2): d=�145.7ppm (q, J ACHTUNGTRENNUNG(B,F)=34 Hz, 2F;
BF); 11B NMR (128 MHz, CD2Cl2): d=0.23 ppm (t, J ACHTUNGTRENNUNG(B,F)=34 Hz, 1B;
BF); HRMS (ESI+ ): m/z : calcd for C26H33BF2N2Na [M+Na]+ : 445.2597;
found: 445.2604; elemental analysis calcd (%) for C26H33BF2N2·1.5H2O:
C 69.49, H 8.02, N 6.24; found: C 69.37, H 7.76, N 5.96.
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Topological Classification and Supramolecular Chirality of 21-Helical Ladder-
Type Hydrogen-Bond Networks Composed of Primary Ammonium
Carboxylates: Bundle Control in 21-Helical Assemblies


Tetsuharu Yuge, Tatsuya Sakai, Nobuyasu Kai, Ichiro Hisaki, Mikiji Miyata,* and
Norimitsu Tohnai*[a]


Introduction


The topological study of networks has transcended the
frameworks of research fields and been applied to a wide
range of scientific research areas, which includes the Inter-
net,[1] DNA,[2] polymer,[3] and other topologies.[4] Recently,
the study of topology has also contributed to the develop-
ment of supramolecular architectures based on coordinate
or covalent bonds, such as coordination polymers,[5] cate-
nanes, and knots.[6]


Interestingly, hydrogen-bond networks themselves have
been shown to exhibit topological diversity, mainly through


simulation studies of small molecules, such as water or
methanol.[7] However, these experimental investigations
have been limited to the vapor phase[8] or the crystalline
state.[9]


Over the past two decades, the field of crystallographic
study has undergone considerable development owing to
outstanding contributions, such as graph sets and supra-
molecular synthons.[10] Many organic salts serve as represen-
tative synthons owing to their advantageous features, such
as 1) strong charge-assisted hydrogen bonding through
proton transfer, for example, from acids to amines; 2) clear
directionality; and 3) a wide variety of possible cation–anion
combinations.


While investigating synthon-directed crystal engineering
using these salts, we noticed a topological aspect to the hy-
drogen-bond networks of primary ammonium carboxylates
(Figure 1). The cations and anions act as tridentate hydro-
gen-bond donors and acceptors, respectively. This confers a
notable feature on the carboxylate anion: one of the two
oxygen atoms of the carboxylate anion (O(a)) acts as a two-
hydrogen-bond acceptor, whereas the other (O(b)) acts as a
one-hydrogen-bond acceptor (Figure 1a, inside the solid
box). This feature generates topological diversity and leads


Abstract: The supramolecular chirality
of 1D ladder-type hydrogen-bond net-
works composed of primary ammoni-
um carboxylates was determined based
on topological considerations. Chirality
in such networks is based on the abso-
lute configuration of the primary am-
monium cation, which arises from dis-
crimination between the two oxygen
atoms of the carboxylate anion. The
configurations of the cations and
anions generate topological diversity in
the networks, which are classified into


six subgroups. In the Cambridge Struc-
tural Database, salts based on ladder
type 1 constitute over 70% of salts
with a 1D-ladder-type network. Ladder
type 1, based on a 21-axis, is not super-
imposable on its mirror image, which
leads to the first definition of right- or


left-handedness of 21-helicity on the
basis of supramolecular tilt chirality.
Helical assemblies of 21-type with triax-
ial chirality can be assembled in vari-
ous ways to yield chiral bundles and
crystals. On the basis of these consider-
ations, we constructed clay mimic
structures with several bundle patterns
by connecting the hydrogen-bond net-
works by using bifunctional molecules.
These results open up the possibility of
in-depth crystal engineering based on
hydrogen-bond topology.
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to a novel interpretation of supramolecular assemblies and
chirality that cannot be represented by the commonly used
graph set.


In our previous study we demonstrated the topological di-
versity of pseudo-cubic hydrogen-bond networks composed
of primary ammonium triphenylacetates.[9c] Nine different
topologies that combine three different alignments of four
carboxylate groups at the vertices of the cube (Figure 1a)
were ascertained. Such topological features may be ob-
served in one-dimensional ladder hydrogen-bond networks
(Figure 1b). Herein we report a topological interpretation of
ladder networks composed of
primary ammonium carboxy-
lates, which enables us to give a
reasonable definition of supra-
molecular chirality in ladders
and bundles. Moreover, this
idea opens up the possibility of
in-depth crystal engineering
based on hydrogen-bond topol-
ogy in bundles composed of 21-
helical assemblies of bis(prima-
ry ammonium) dicarboxylates.


Results and Discussion


Topology of ladder networks : Based on this topological in-
sight, we investigated ladder hydrogen-bond networks from
the viewpoint of the configurations not only of the carboxyl-
ate anions, but also of the primary ammonium cations
(Figure 2). Similar to their configurations in the pseudo-
cubic network described above, the carboxylate anions can
be aligned in three different ways on the ladder (Figure 2,
left). Therefore, the ammonium cations show three different
hydrogen-bonding types, based on the bonding modes of the
two carboxylate anions to which they are connected in the
direction of the leg of the ladder: two O(a)-type anions
(type I), two O(b)-type anions (type II), or one O(a) and
one O(b) anion (type III; Figure 2, right).


As shown in Figure 3, each nitrogen atom forms four co-
valent bonds with one ladder substituent and three hydro-
gen atoms, and each hydrogen atom forms a hydrogen bond
with either O(a) or O(b). This results in a total of eight
(=23) different ammonium cation types with three sub-
groups. In the case of types I and II, both hydrogen atoms in
the leg direction form hydrogen bonds with the same type
of carboxylate anion: O(a) (type I) or O(b) (type II). There-
fore, these four ammonium cation types are achiral
(Figure 3, left). In contrast, for type III, three types of hy-
drogen atom are distinguishable; one hydrogen forms part
of the rung of the ladder, and the other two (the leg hydro-
gens) each form one hydrogen bond with O(a) and O(b).
This means that nitrogen atoms of type III have four distin-
guishable bonds in an sp3-hybrid-orbital state, and are there-
fore chiral. The chiral nitrogen atoms are classified as N(a)
or N(c) according to the alignment of the four bonds.[11]


This enantiomeric discrimination between nitrogen atoms
plays a decisive role in the topological classification of the
ladder networks. Figure 4 shows a well-known ladder net-
work composed of primary ammonium carboxylates.[12] Al-
though this network has been reported by many groups
since 1976,[13] it has not yet been investigated from a topo-
logical viewpoint. The network has a 21-helical axis, and its
helicity can be determined as follows: First, we identify the
configuration of the ammonium cations, which confirms that


Figure 1. a) Pattern diagrams of a pseudo-cubic hydrogen-bond network,
nine possible topologies for the pseudo-cubic network (box with dashed
line), and three possible alignments of carboxylate anions (box with solid
line). b) Pattern diagrams of ladder hydrogen-bond networks composed
of primary ammonium carboxylates.


Figure 2. Hydrogen-bonding types of primary ammonium cations and carboxylate anions used in the ladder
networks.
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one network only contains N(a) atoms (Figure 4, left),
whereas the other only contains N(c) atoms (Figure 4,
right). Second, we determine helicity and handedness in
terms of supramolecular tilt chirality.[14] Figure 4 shows a
section of the hydrogen-bond network with the sequence
···O···HNH···O···HNH··· (shown in blue and red), which
forms helical stairs. When the NH···O bonds of the rung and
the steps of the stairs are inclined to the left (Figure 4, left)
or right (Figure 4, right) of the front of the 21 axis, the heli-
cal networks are defined as left- (M) or right-handed (P),
respectively. Third, we confirm that both network and stairs
have three distinguishable axes, such as up and down, left
and right, and in and out. The up and down direction is
based on the carboxylate groups (shown in yellow in


Figure 4). Herein, helicity and
handedness are schematically
displayed as colored helical
tapes with arrows.


It is worth clarifing the differ-
ences between the ladder and
the pseudo-cubic networks. The
former is an infinite line of six-
membered rings (excluding hy-
drogen). Figure 5shows sche-
matically that four continuous
six-membered rings (Figure 5b)
may be rolled together to pro-
duce a pseudo-cubic network
with S4 topology (Figure 5a),
and the reverse is also true.
Thus, opening the nine topolog-
ically different types of pseudo-
cubic network (Figure 1a) theo-


retically gives fifteen different combinations of the four con-
tinuous rings. The resulting ladder network from the
pseudo-cubic network with S4 topology (Figure 5b), howev-
er, differs from those networks previously reported (Fig-
ure 5c and d) in terms of the absolute configurations of the
nitrogen atoms.


Screening ladder networks : More than 2000 compounds that
contain ammonium carboxylate were found in the Cam-
bridge Structural Database (CSD version 5.27). We per-
formed a search for structures that contained at least two
molecules composed of one primary amine and one carbox-
ylic acid, excluded any extra acids, bases, or metals, and ob-
tained 317 entries. The pie chart shown in Figure 6 shows


Figure 3. Four achiral and four chiral nitrogen atoms present in the networks.


Figure 4. Schematic representation of the chiral 21-helical networks to show their left- and right-handedness.
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the distribution of hydrogen-bond networks with charge-as-
sisted NH···O hydrogen bonds, which are classified into
three categories according to their dimensionality. The 0D,


1D, and 2D networks constitute
8, 82, and 10% of salts, respec-
tively (see the Supporting Infor-
mation). The database contains
only four salts with pseudo-
cubic networks.[15]


We classified the 1D net-
works into five ladder-shaped
types (ladder types 1–5 in
Figure 6) based on the combi-
nation of four-, six-, and eight-
membered rings (excluding hy-
drogen), as defined in our pre-
vious work.[9c] The repeating
units contain up to four rings.
Ladder type 1 dominates and
comprises 72% of 1D networks
and 58% of all primary ammo-
nium carboxylate entries. Most


of the ladder type 1 networks are constructed along a 21-hel-
ical axis with chiral ammonium cations. The proportion of
58% is in agreement with the proportion of organic crystals
with 21-helical axes in the CSD.[16] Networks of ladder types
2 and 3 often contain inversion centers (bars over the ring
numbers in Figure 6 denote the presence of inversion cen-
ters within the rings). The cations of ladder type 2 belong to
cation type III, but as N(a) and N(c) are arranged in alter-
nating fashion, ladder type 2 is achiral. In contrast, the cat-
ions of ladder type 3 belong to type I, and thus the network
is also achiral. Low-symmetry ladder types 4 and 5 contain
two independent anions and cations in the asymmetric unit
(Z’=2). In ladder type 4, cations of types I and II are
aligned with inversion centers, whereas in ladder type 5, cat-
ions of types I and III are aligned with inversion centers.


Assembly of helical networks : These ladder networks may
assemble in various ways to afford bundles with supramolec-
ular chirality. We investigated the assembly of ladder type 1
networks with directionality and chirality on the basis of 185
crystal structures from the CSD (see the Supporting Infor-
mation). As mentioned above, networks of ladder type 1
feature supramolecular chirality with triaxial directionality,
which enables us to classify the bundles into seven types
that are named after typical space groups (Figure 7): enan-
tiomers of P21-type (including C2 and P41) and P212121-type,
P21/n-type (including P21/a, P21/c, C2/c, I4- and Pn), Pbn21-
type (including Pca21), and Pnma-type. Of the 185 salts
from the CSD, all salts composed of optically pure chiral
compounds belong to P21-type or P212121-type. In contrast,
many of the achiral and racemic salts assemble in P21/n-type
bundles. Only three crystals show Pbn21-type assembly.
Pnma-type crystals with an alternating arrangement of four
ladder type 1 networks with opposite chirality and direction
were not observed. Interesting examples include one com-
pound that forms chiral crystals from achiral components,
which involves thirteen crystals with P21-type or P212121-
type assembly,[17] and another that consists of two pairs of


Figure 5. Relationship between pseudo-cubic and ladder networks: a) pseudo-cubic hydrogen-bond network
with S4 topology; b) ladder network obtained from the pseudo-cubic network; c) and d) known ladder-shaped
hydrogen-bond networks. The rings are labelled a and c after the type of nitrogen atoms at the bottom of the
rings.


Figure 6. a) Classification of CSD compounds that contain hydrogen-
bond networks composed of primary ammonium carboxylates. b) Pattern
diagrams of the ladder hydrogen-bond networks composed of primary
ammonium carboxylates (denoted as ladder types 1–5).
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polymorphic crystals composed of chiral salts, one crystal of
which, surprisingly, contains P212121-type bundles with right-
handed helices, whereas the other contains left-handed bun-
dles.[18] These examples suggest the possibility of controlling
bundles of helical assemblies based on a wide variety of or-
ganic salts.


Bundle control in 21-helical dicarboxylate-based networks :
Next, we describe bundle control in ladder type 1 that con-
tain dicarboxylic acids for the purpose of supramolecular
synthon-directed crystal engineering. Many crystal structures
composed of bis(primary ammonium) dicarboxylates have
been reported by this group and others.[19–21] Matsumoto
et al. investigated muconate salts with a variety of hydro-
gen-bond networks.[20] We have also reported clay mimic
structures composed of layers constructed by connecting
ladder type 1 with various types of phenylene tecton.[21] The
clay mimic structures may be classified according to the di-
rection and helical handedness of ladder type 1 (Figure 8).
When the ladders are linked with dicarboxylates, four differ-
ent structures are possible: chiral-parallel type (CP type),
chiral-antiparallel type (CA type), racemic-parallel type (RP
type), and racemic-antiparallel type (RA type). In contrast,
molecules of ladder type 2 form only one structure owing to
the existence of inversion centers in the network.


Herein, we employed five dicarboxylic acids with phenyl-
ene tectons as rotatable spacers (Scheme 1). Various salts
were prepared by mixing the appropriate primary amines
and dicarboxylic acids at a 2:1 molar ratio in methanol.
Evaporation of the solutions yielded powdered salts, which
were recrystallized from a mixture of methanol and a poor
solvent, such as acetonitrile or benzene. The resulting crys-
tals were subjected to X-ray single-crystal analysis.


Terephthalate salts crystallized very easily, whereas iso-
phthalate salts often formed a sticky paste and seldom crys-
tallized. For dicarboxylates with spacers longer than tereph-


thalate, it was difficult to obtain
crystals for measurement as a
result of their decreased solu-
bility in methanol. X-ray single
crystallographic analysis of the
salts (see the Supporting Infor-
mation) revealed that the re-
sulting clay mimic structures
could be classified into four cat-
egories (Table 1): three with
ladder type 1, and one with
ladder type 2. These crystals
were obtained at a molar ratio
of 2:1, which corresponds to the
ratio of salt formation.[22]


Most of the terephthalate
salts formed structures of RA
type, in which ladder type 1 of
opposing direction and helix
configuration are connected
through linker molecules. Fig-


ure 9c shows a packing diagram of 5a viewed from the crys-
tallographic b and c axes as a typical example of a clay
mimic structure with ladder type 1. In this structure, ladder
type 1 runs along the crystallographic b axis with the 21-heli-


Figure 7. Schematic representation of the seven types of bundle that involve ladder type 1 networks with triax-
ial directionality, and the number (and proportion) of each type found.


Scheme 1. Primary amines (1–27) and dicarboxylic acids (a–e) employed
in salt formation.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 2984 – 29932988


M. Miyata, N. Tohnai et al.



www.chemeurj.org





ces in an antiparallel arrangement. Figure 9d shows a pack-
ing diagram of 16a viewed from the crystallographic b and c
axes as a typical example of a clay mimic structure with
ladder type 2. In this case, the terephthalate anions align in
parallel fashion.


In contrast, two isophthalate crystals were found to be of
RP type, with the 21-helices arranged in parallel fashion
(Figure 9b). The alignment of the helices is derived from the


meta-orientation of the two carboxyl groups, which are
aligned at approximately 608 to the supramolecular synthon.
The RP-type layer is stacked in an antiparallel fashion,
which results in the first example of a Pnma-type assembly
of 21-helices.


Only 9a contained benzene molecules between the layers.
Surprisingly, in contrast with the other salts, compound 9a
crystallized without mirror symmetry in the lattice, which re-
sulted in chiral crystals (Figure 9a). The inclusion of guest
molecules in the hydrophobic space may result in deforma-
tion of the layer structure, which induces the two ammoni-
um cations to assume different conformations. Incidentally,
contortion of this type of structure may lead to the forma-
tion of a CA-type structure.


In all of the crystals, the two carboxyl groups of the dicar-
boxylic acid molecule formed identical hydrogen-bond net-
works, predominantly ladder networks. Charge-assisted
NH···O bonds were formed preferentially, with little forma-
tion of weak hydrogen bonds, such as CH···N or CH···S,
among the heterocyclic substituents. However, in crystal
structures that contained amino-substituted benzylammoni-
um ions (18a and 20a), non-charge-assisted NH···O hydro-


Figure 8. Schematic representation of the four different clay mimic structures constructed by connecting ladder type 1 networks with dicarboxylic acids.


Table 1. Classification of the different types of clay mimics.


Type of clay mimic Salt


Ladder type 1 CP-type Not obtained
CA-type 9a[a]


RP-type 5b, 8b[b]


RA-type 4a, 5a, 8a,[b] 10a, 11a, 14a,
17a, 18a, 20a, 22a, 24a, 25a,
26a, 6c, 14c, 8d,[b] 11e


Ladder type 2 16a, 21a, 8c, 17c


[a] We could not determine the absolute structure of 9a from the anom-
alous dispersion. [b]Ref. [21].


Chem. Eur. J. 2008, 14, 2984 – 2993 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2989


FULL PAPER21-Helical Ladder-Type Hydrogen-Bond Networks



www.chemeurj.org





gen bonds were observed, with retention of the ladder net-
work.


Among para-substituted dicarboxylates other than tereph-
thalic acid, most salts were of RA type. To facilitate further
discussion of RA-type crystal structures (Figure 10), we de-
termined the interlayer distances (dlay), the intervals be-
tween helices bound by dicarboxylates (dcar), and the pitches
of the helices (dpit ; Table 2). The bundles of helices varied in
many ways depending on the substituents on the cations and
the linkers in the anions. As the bulkiness of the substituent
on the ammonium cation increased (isopropyl to benzhy-
dryl), the interlayer distances increased from 6.3 to 10.5 M.
The distances between ammonium cations also varied de-


pending on the dicarboxylic acid employed. In the case of
terephthalic acid, the helices were arranged at almost the
same period (nearly 10.5 M) regardless of the bulkiness of
the ammonium cations, whereas longer spacers resulted in
elongation of dcar from 10.5 M (p-phenylene) to 12.8 (2,6-
naphthyl), 14.3 (4,4’-bisphenylene), and 16.3 M (4,4’-azophe-
nylene). Meanwhile, the pitches of the helices remained at
around 6.3 M. These results indicate that the structures of
the assemblies may be easily tuned by varying the dicarbox-
ylic acids and ammonium cations used.


Figure 9. Packing diagrams of the crystal structures of a) 9a, b) 5b, c) 5a, and d) 16a. Carbon, nitrogen, and oxygen atoms are black, blue, and red, re-
spectively. Hydrogen atoms are omitted for clarity.
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Figure 10. Pattern diagrams and crystal structures of RA-type salts 4a, 5a, 8a, 10a, 11a, 14a, 17a, 18a, 20a, 22a, 24a, 25a, 26a, 6c, 14c, 8d, and 11e.
Carbon, nitrogen, sulfur and oxygen atoms are black, blue, yellow, and red, respectively. Hydrogen atoms and methanol molecules included in the crystal
of 11e are omitted for clarity.
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Conclusion


We have demonstrated for the first time definitive supra-
molecular chirality in 1D ladder-type hydrogen-bond net-
works with enantiomeric helices. The chirality is based on
the discrimination of two types of oxygen atom in the car-
boxylate anion as well as eight possible configurations of the
ammonium cation. Based on these novel distinctions, a
survey of the CSD resulted in the classification of six types
of ladder-shaped hydrogen-bond network and seven types of
21-helical ladder network assembly, which included enantio-
mers. On the basis of these classifications, we constructed
clay mimic structures with several bundle patterns by con-
necting the hydrogen-bond networks through bifunctional
molecules. These studies not only provide a novel insight
into discrimination in supramolecular assemblies and chirali-
ty from a different viewpoint to that of the graph set, but
also result in constructive information that can be used for
supramolecular synthon-directed crystal engineering. Fur-
thermore, topological discussion of hydrogen-bond networks
may provide a fresh viewpoint on hydrogen-bond-directed
higher order structures.


Experimental Section


Materials : Reagents were purchased from Tokyo Chemical Industry.
Single crystals were prepared by recrystallization from a mixture of
methanol/acetonitrile or methanol/benzene.


Data collection : X-ray diffraction data were collected oby using a Rigaku
R-AXIS RAPID diffractometer with a 2D area detector by using graph-
ite-monochromatized CuKa radiation (l=1.54178 M). Direct methods,
SIR92,[23] SIR2004,[24] and SHELXS97,[25] were used for structure solu-
tion. The structures were refined by a full matrix least-squares procedure
with all of the observed reflections based on F.[2] All non-hydrogen atoms
were refined with anisotropic displacement parameters, and hydrogen
atoms were placed in idealized positions with isotropic displacement pa-
rameters relative to the connected non-hydrogen atoms, and not refined.
Calculations were performed by using the TEXSAN[26] crystallographic


software package, except for 6c, 8c, 9a, 11e, 14c, and 17c, which were
calculated by using the CrystalStructure[27] crystallographic software
package and SHELXL.[28]
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Introduction


A challenge in supramolecular chemistry is the development
of a rational bottom-up process, which would produce nano-
scopic, or even macroscopic objects from the assembly of
molecular edifices obeying some simple rules based on mo-


lecular recognition processes.[1] The latter approach is partic-
ularly attractive when specific properties and functions can
be amplified by the supramolecular interactions operating
between the building blocks in the self-assembled edifices.
For instance, sophisticated multifunctional photophysical de-
vices based on inter-connected [Ru(2,2’-bipyridine)3]


2+ de-
rivatives benefit from supramolecular energy funnelling
pathways,[2] while artificial machines and motors,[3] nano-im-
printed devices,[4] and programmed luminescent liquid crys-
tals[5] could not be designed without a significant increase in
molecular complexity.
However, the rationalization of the underlying multicom-


ponent assemblies is still limited to some semiempirical
transcriptions of macroscopic intuition into the microscopic
domain, while statistical mechanics, the natural tool for con-
necting micro- and macroscopic worlds, is usually not con-
sidered (we use the word “microscopic” in the usual way,
that is, as opposed to “macroscopic”, while it really means
“molecular or atomic scale”). Except for some remarkable
attempts, which aim at correlating the intriguing stabilities
of multicomponent assemblies with preorganization and co-
operativity concepts,[4,6] we are aware of a single case, in
which the transfer matrix formalism, inherited from statisti-
cal mechanics, has been used to predict the partition func-
tion of simple one-dimensional chains of charged metal ions
bound to a single receptor.[7] Starting from the modelling of


Abstract: The contribution of the sol-
vation energies to the assembly of
polynuclear helicates reduces the free
energy of intermetallic repulsion,
DEMM, in condensed phase to such an
extent that stable D3-symmetrical tetra-
nuclear lanthanide-containing triple-
stranded helicates [Ln4(L4)3]


12+ are
quantitatively produced at millimolar
concentrations, despite the twelve posi-
tive charge borne by these complexes.
A detailed modelling of the formation


constants using statistical factors,
adapted to self-assembly processes in-
volving intra- and intermolecular con-
nections, provides a set of five micro-
scopic parameters, which can be suc-
cessfully used for rationalizing the step-


wise generation of linear bi-, tri- and
tetranuclear analogues. Photophysical
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12+ confirm the ex-
istence of two different binding sites
producing differentiated metal-centred
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intramolecular energy funelling pro-
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the thermodynamic data relevant to the formation of linear
binuclear [Ln2(L1)3]


6+ ,[8] [Ln2(L2)3]
6+ [9] and trinuclear


[Ln3(L3)3]
9+ helicates (Ln is a trivalent lanthanide,


Figure 1),[10] statistical mechanics predicts that the binding


isotherm of identical metal ions to a long linear receptor
strongly depends on the nearest neighbour free-energy pair
interaction DELnLn


1�2 .
[7] When DELnLn


1�2 =0, the binding sites are
statistically occupied by the metals, thus leading to a


Figure 1. Self-assembly of the polynuclear triple-stranded helicates a) [Ln2(L1)3]
6+ , b) [Ln2(L2)3]


6+ , c) [Ln3(L3)3]
9+ , and associated extended site-binding


model wchiral
mn ·wLn,Lk


mn is the statistical factor of the assembly process, (f LnN3)
3 and (f LnN2O)


3 are the microscopic affinities of LnIII for the tridentate N9 (pink) and
N6O3 (yellow) sites, respectively, c


eff
1�2 is the so-called effective concentration adapted to the intramolecular ring closure of two neighboring sites, DELL =


�RT ln(uLL) and DELnLn
1�2 =�RTln(uLnLn1�2 ) represents the free energies for intramolecular interligand, respectively intermetallic interactions operating be-


tween two nearest neighbors).[7] The final helicates correspond to X-ray crystal structures.
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random arrangement along the chain (Figure 2a, non-coop-
erative process). When DELnLn


1�2 > 0, the repulsive interaction
between adjacent metals produces a plateau in the binding
isotherm corresponding to the half occupancy of the sites, in
which alternating empty and occupied sites are expected
(Figure 2b, anti-cooperative process). Finally, DELnLn


1�2 < 0 re-
lates to attractive neighbouring intermetallic interactions
producing clusters of metals along the chains during the
metal loading process (Figure 2c, cooperative process).


For the [Lnm(Lk)3]
3m+ (k=1–3) helicates, the experimen-


tal DELnLn
1�2 values systematically correspond to weak repul-


sive intermetallic interactions and anti-cooperative behav-
iours.[11] However, some significant improvements of our un-
derstanding of the behaviour of discrete chains of metal ions
in helicates have emerged during the past three years thanks
to 1) the explicit consideration of intra- and intermolecular
binding events in self-assembly processes,[12] which allows
the estimation of physically meaningful intermetallic inter-
actions DELnLn


1�2 by using the extended site-binding model,[13]


and 2) the partition of DELnLn
1�2 between electrostatic and sol-


vation effects, which opens perspectives for a quantitative
interpretation of intercomponent interactions in condensed
phases.[14] Consequently, the chemical tuning of DELnLn


1�2 for
programming selective organized sequences of lanthanides,
or more generally metal ions, along a linear receptor re-
mains a crucial unresolved challenge.
As a first step toward this goal, we report in this contribu-


tion on the thorough investigation of the tetranuclear D3-
symmetrical analogue [Ln4(L4)3]


12+ (Figure 3) which allows


i) the assignment of adequate statistical factors for helicate
self-assemblies involving intra- and intermolecular process-
es, ii) the collection of a sufficient amount of thermodynam-
ic formation constants to reliably estimate the intramolecu-
lar intermetallic interactions (DELnLn


1�2 ), and iii) the design of
a simple thermodynamic model for predicting the energetics
of multicomponent metallosupramolecular assemblies. The
syntheses of the ligand L4 and of its complexes [Ln4(L4)3]-
ACHTUNGTRENNUNG(CF3SO3)12, and the crystal structure of [Eu4(L4)3]


12+ have
been described in a preliminary communication.[15]


Results and Discussion


Quantitative predictions for the self-assembly of the tetranu-
clear helicate [Eu4(L4)3]


12+ in solution : The application of
the extended site-binding model,[13] which holds for self-as-
sembly processes involving intra- and intermolecular binding
events, requires the consideration of one statistical factor
wchiral


m,n ·w
M,L
m,n and four parameters (fM,L


i , ceffi , u
MM
i,j , u


LL
k,l ) for the


description of any microscopic stability constant bM,L
m,n associ-


ated with the formation of the supramolecular complex
[MmLn] from its separated components [Eq. (1)].[13]


bM,L
m,n ¼ e�ðDG


M,L
m,n =RTÞ


¼ wchiral
m,n � wM,L


m,n � P
mn


i¼1
fM,L
i � P


mn�m�nþ1


i¼1
ceffi � P


i<j
uMM
i,j � P


k<l
uLLk,l


ð1Þ


In this equation, fM,L
i represents the intermolecular micro-


scopic affinity characterizing the connection of a metal M to
the binding site i of a ligand L, ceffi =e�(DSM,L


i,inter�DSM,L
i,intra)/R is the so-


called effective concentration used for correcting the entro-
py change occurring in intramolecular connections, uMM


i,j =


e�(DEMM
i,j /RT) and uLLk,l =e�(DELL


k,l /RT) are the BoltzmanPs factors ac-
counting for the intermetallic DEMM


i,j , respectively interligand
DELL


k,l , free energies of interaction operating in the final
[MmLn] complex.


[13] Taking into account the two standard as-
sumptions relevant to helicate self-assemblies with semi-
rigid ligands, 1) no hairpin or constrained structures are
formed and 2) the principle of maximum site occupancy is
obeyed,[13] application of Equation (1) to the complexation


Figure 2. Pictorial representation of microstates of long linear receptors:
a) random occupancy (DELnLn


1�2 =0), b) half-occupied receptor with alter-
nating occupied and empty sites (DELnLn


1�2 > 0), and c) clusters of empty
and occupied sites (DELnLn


1�2 < 0).


Figure 3. Self-assembly of the polynuclear triple-stranded helicates [Ln4(L4)3]
12+ (the LnN9 sites are represented in pink and the LnN6O3 sites in yellow).


The final helicates correspond to the X-ray crystal structure of [Eu4(L4)3]
12+ .[15]
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of the tetratridentate ligand L4 with EuIII to give
[Eu4(L4)3]


12+ [Equilibrium (2)] provides a straightforward
model for the associated formation constant bEu,L4


4,3 [Eq. (3)].


3L4 þ 4Eu3þ Ð ½Eu4ðL4Þ3	12þ bEu,L4
4,3 ð2Þ


bEu,L4
4,3 ¼ wchiral


4,3 � wEu,L4
4,3 � ðf EuN2OÞ6 � ðf EuN3Þ6 � ðceff1�2Þ6 � ðuEuEu1�2 Þ3


�ðuEuEu1�3 Þ2 � ðuEuEu1�4 Þ � ðuLLÞ12
ð3Þ


bEu,L4
4,3 ¼ wchiral


4,3 � wEu,L4
4,3 � ðfEuN2OÞ6 � ðf EuN3Þ6 � ðceff1�2Þ6


�uðEuEu1�2 Þ4:33 � ðuLLÞ12
ð4Þ


The parameters f EuN2O and f EuN3 represent the intermolecular
microscopic affinities of EuIII for the tridentate N2O (termi-
nal) and N3 (central) binding sites of L4, respectively; c


eff
1�2 is


the entropic correction operating when the intramolecular
cyclization involves two adjacent tridentate sites bound to
EuIII in the final metallomacrocycle. The dependence of ceff


on the distance is not trivial and an analytical formulation
only exists for long flexible polymers (see Appendix, Sup-
porting Information).[16] For highly flexible long polymers
connecting two sites separated by a distance d in a receptor,
ceff /d�1.5, while the use of a related polymer of optimized
size leads to ceff /d�3.[16] The ligand strands in the triple
stranded helicate [Eu4(L4)3]


12+ can be considered neither as
long flexible nor as optimized polymeric chains, but are
probably in between. The two limiting cases ceff / d�a (a =


1.5 or 3) are thus systematically considered in our model.
We therefore calculate that ceff1�3 = ceff1�2/2


a and ceff1�4=ceff1�2/3
a


because the four binding sites are regularly spaced along the
ligand strand. The parameter uEuEu1�2 represents the interme-
tallic interaction occurring between two adjacent EuIII sepa-
rated by 9.054–9.405 R as determined in the crystal structure
of [Eu4(L4)3]


12+ (average 9.26(18) R).[15] For the rigid assem-
bly in question, a standard Coulombic approach predicts
ln(uEuEu) / -const/d,[14] which leads to uEuEu1�3 = (uEuEu1�2 )


0.5 and
uEuEu1�4 = (uEuEu1�2 )


0.33, because the metals are regularly spaced
along the strand. Finally, the interligand interaction uLL is
restricted to operate between two sites bound to the same
metal.[13] For instance, the complexation of each EuIII ion in
a nine-coordinate site in [Eu4(L4)3]


12+ provides three interli-
gand interactions, thus leading to a total of 3·4=12 interli-
gand interactions in the complex. Consequently, Equa-
tion (3) reduces to Equation (4), and the same approach can
be applied for the modelling of the formation constants of
the competitive complexes [Eu3(L4)2]


9+ [Eqs. (5–6)],
[Eu3(L4)3]


9+ [Eqs. (7–8)] and [Eu4(L4)2]
12+ [Eqs. (9–10)],


which are expected to exist for slightly different stoichiome-
tries (the schematic structures of the [Eum(L4)n]


3m+ com-
plexes are shown in Figure 4; t stands for terminal, c for cen-
tral and s for shifted).


2L4 þ 3Eu3þ Ð ½Eu3ðL4Þ2	9þ bEu,L4
3,2 ð5Þ


bEu,L4
3,2 ¼ bEu,L4


3,2 ðtccÞ þ bEu,L4
3,2 ðttcÞ þ bEu,L4


3,2 ðtcc�sÞ


¼ wchiral
3,2 � wEu,L4


3,2 ðtccÞ � ðfEuN2OÞ2 � ðf EuN3Þ4 � ðceff1�2Þ2 � ðuEuEu1�2 Þ2:5 � ðuLLÞ3


þwchiral
3,2 � wEu,L4


3,2 ðttcÞ � ðf EuN2OÞ4 � ðf EuN3Þ2 � ðceff1�2Þ2=2a � ðuEuEu1�2 Þ1:83 � ðuLLÞ3


þwchiral
3,2 � wEu,L4


3,2 ðtcc�sÞ � ðf EuN2OÞ2 � ðf EuN3Þ4 � ðceff1�2Þ2 � ðuEuEu1�2 Þ2:5 � ðuLLÞ3


ð6Þ


3L4 þ 3Eu3þ Ð ½Eu3ðL4Þ3	9þ bEu,L4
3,3 ð7Þ


bEu,L4
3,3 ¼ bEu,L4


3,3 ðtccÞ þ bEu,L4
3,3 ðttcÞ þ bEu,L4


3,3 ðtcc�sÞ


¼ wchiral
3,3 � wEu,L4


3,3 ðtccÞ � ðfEuN2OÞ3 � ðf EuN3Þ6 � ðceff1�2Þ4 � ðuEuEu1�2 Þ2:5 � ðuLLÞ9


þw3,3
chiral � wEu,L4


3,3 ðttcÞ � ðf EuN2OÞ6 � ðf EuN3Þ3 � ðceff1�2Þ4=2a � ðuEuEu1�2 Þ1:83 � ðuLLÞ9


þwchiral
3,3 � wEu,L4


3,3 ðtcc�sÞ � ðf EuN2OÞ3 � ðf EuN3Þ6 � ðceff1�2Þ4 � ðuEuEu1�3 Þ2:5 � ðuLLÞ9


ð8Þ


2L4 þ 4Eu3þ Ð ½Eu4ðL4Þ2	12þ b Eu,L4
4,2 ð9Þ


bEu,L4
4,2 ¼ wchiral


4,2 � wEu,L4
4,2 � ðf EuN2OÞ4 � ðf EuN3Þ4 � ðceff1�2Þ3 � ðuEuEu1�2 Þ4:33 � ðuLLÞ4


ð10Þ


A set of five microscopic parameters log(f EuN2O)=5.9(2),
log(f EuN3)=5.6(2), log(ceff1�2)=�0.9(9), log(uEuEu1�2 )=�2.4(8)
(i.e., DEEuEu


1�2 =14(5) kJmol�1) and log(uLL)=�0.9(4) (i.e.,
DELL=5(3) kJmol�1) have been previously computed from
the simultaneous non-linear least-squares fit of the experi-
mental thermodynamic formation constants obtained for the
complexes [Eum(L1)n]


3m+ , [Eum(L2)n]
3m+ and [Eum(L3)n]


3m+


(Table 1, column 2, the structures of the complexes are
shown in Figure 1).[13b]


Figure 4. Schematic structures, symmetries and statistical factors for
[Eum(L4)n]


3m+ microspecies.
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However, the statistical factors wchiral
m,n ·w


Eu,Lk
m,n used for the


latter calculation relied on combinatorial analyses based on
binomial distributions, an approach limited to multicompo-
nent assemblies involving only intermolecular binding proc-
esses.[13b] Recently,[17] it has been demonstrated that statisti-
cal factors adapted to assemblies mixing intra- and intermo-
lecular connections can be obtained with the symmetry
number method,[18] which fully agrees with the direct count-
ing technique.[19] Let us apply these two methods for the cal-
culation of the partial statistical factor wEu,Lk


4,3 characterizing
the formation of the tetranuclear helicate [Eu4(L4)3]


12+


[Eq. (2)]. According to the symmetry number method,
wEu,L4
4,3 is given by the ratio between the products of the sym-


metry numbers of the reactants and that of the product spe-
cies, taken to the power of their stoichiometric coefficients
ni [Eq. (11)].


[18]


wEu,L4
4,3 ¼ P


i
ðsreactant


i Þni= P
j
ðsproduct


j Þnj ¼ ðsL4Þ3 � ðsEuÞ4
sEu4ðL4Þ3


ð11Þ


Each factor s is itself the product of external sext and in-
ternal sint symmetry numbers; sext corresponds to the
number of different, but indistinguishable atomic arrange-
ments that can be obtained by rotating a molecule with sym-
metry operations of the first kind; sint refers to the same
definition relevant to internal rotations about single bonds
within a molecule. In order to calculate the symmetry num-
bers, the solvent molecules in the first coordination spheres
of the metals must be explicitly considered, and the notation
of Equation (2), which is common in supramolecular
chemistry, must be replaced with Equation (12),[20] thus al-
lowing the calculation of the statistical factor wEu,L4


4,3 =1728
[Eq. (13), Figure 4 entry 1].


3L4þ 4 ½EuðCH3CNÞ9	3þ


Ð ½Eu4ðL4Þ3	12þ þ 36CH3CN


bEu,L4
4,3


ð12Þ


symmetry C2v D3h D3 C1h


sext 2 6 6 1


sint 1 39 1 3


schiral 1 1 1=2 1


wEu,L4
4,3 ¼ ðsL4Þ3 � ðsEuÞ4


sEu4 ðL4Þ3 � ðsCH3CNÞ36
¼ ð2 � 1Þ


3 � ð6 � 39Þ4
ð6 � 1Þ � ð1 � 3Þ36 ¼ 1728


ð13Þ


The symmetry number of a chiral molecule present at equi-
librium as a racemic mixture must be divided by two to ac-
count for the existence of two enantiomers with identical
symmetry due to the entropy of mixing.[17] The latter effect
can be introduced as a correction term wchiral


m,n given in Equa-
tion (14):


wchiral
4,3 ¼ ðs


chiral
L4 Þ3 � ðschiral


Eu Þ4


schiral
Eu4 ðL4Þ3 � ðschiral


CH3CNÞ36
¼ ð1Þ3 � ð1Þ4
ð1=2Þ � ð1Þ36 ¼ 2 ð14Þ


We thus conclude that the global statistical factor of Equi-
librium (12) is given by wchiral


4,3 ·wEu,L4
4,3 = 2·1728 = 3456


(Figure 4, entry 1). The same result can be obtained by the
more intuitive, but more tedious, direct counting of micro-
species.[19] In the latter method, the statistical factor of an
equilibrium can be obtained by the ratio l/r, whereby l is the
number of microspecies in the products that can be formed
if all identical atoms in the reactants are labeled, and r rep-
resents the reverse situation, that is, the number of micro-
species in the reactants that can be formed if all identical
atoms in the products are labeled.[19] Let us apply this tech-
nique to the statistical factor related to the formation of
[Eu4(L4)3]


12+ [Eq. (2)] obtained by the reaction of four
metals considered as simple flat tripodal connectors (D3h


symmetry, three labels A1, A2, A3), and three ligands
acting as linkers with four successive connection points (C2v


symmetry, labels B1-C-C-B2, Figure 5). Since all metals and
ligands are combined to give the single species [Eu4(L4)3]


12+ ,
the factor l is simply defined as the degeneracy of the final
complex. The three labels A1, A2, A3 of each trigonal con-
nector (i.e. metal), can be arranged clockwise (plus, P) or
anticlockwise (minus, M), thus leading to 16 different ar-
rangements in the final helicate (Figure 5, column 1): P4


(C4
0=1 possibility), P3M (C4


1=4 possibilities, P2M2 (C
4
2=6


possibilities), M3P (C4
3=4 possibilities) and M4 (C


4
4=1 possi-


bility). For each chiral organization of the metals, there are


Table 1. Fitted microscopic thermodynamic parameters for [Eum(Lk)n]
3m+ (simultaneous non-linear least-squares fits, acetonitrile, 298 K).


Microscopic k=1–3[a] k=1–3 k=1–3 k=1–4 k=1–4
parameters Binomial


statistics
Symmetry
numbers


Symmetry
numbers


Symmetry
numbers


Symmetry
numbers


a=3[b] a=3[b] a =1.5[b] a=3[b] a =1.5[b]


log(fEu,Lk
N3 )/DgEu,Lk


N3 [kJmol�1] 5.6(2)/�32(1) 5.1(2)/�29(1) 5.3(2)/�30(1) 5.3(2)/�30(1) 5.4(2)/�31(1)
log(fEu,Lk


N2O )/DgEu,Lk
N2O [kJmol�1] 5.9(2)/�34(1) 5.4(2)/�31(1) 5.6(2)/�32(1) 5.6(2)/�32(1) 5.7(2)/�33(1)


log(ceff
1�2
)/DgEu,Lk


corr [kJmol�1] �0.9(9)/5(5) �1.9(9)/11(5) �1.5(9)/8.6(5) �0.8(2)/5(1) �1.0(9)/6(5)
log(uLL)/DELL [kJmol�1] �0.9(4)/5(2) �0.6(3)/3(2) �0.8(3)/5(2) �1.4(3)/8(2) �1.0(3)/6(2)
log(uEuEu1�2 )/DEEuEu


1�2 [kJmol�1] �2.4(8)/14(5) �1.4(7)/8(4) �1.8(7)/10(4) �1.5(3)/9(2) �1.8(7)/10(4)


[a] Taken from ref. [13b]. [b] Dependence of the effective concentration on the distance ceff / d�a (a =1.5 or 3), see text.
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3(4�1)=27 different relative orientations of the four aligned
tripods with respect to rotation about the intermetallic axis
(Figure 5, column 2). Finally, there are four possible ar-
rangements of the three ligands corresponding to head-to-
head-to-head (1 possibility, three identical labels located at
the termini of the three ligand strands) and head-to-head-
to-tail organizations (3 possibilities, different labels located
at the termini of the three ligand strands, Figure 5, column
3). We thus calculate l = 16·27·4 = 1728 microspecies char-
acterizing the complex [Eu4(L4)3]


12+ , while there is only r=


1 way for dissociating the final helicate to give the separated
reactants. The partial statistical factor is thus simply ob-
tained wEu,L4


4,3 = l/r = 1728, in agreement with the method of
the symmetry numbers. The arrangement of the three
strands in the final chiral (i.e., helical) complex produces
two enantiomers and wEu,L4


4,3 must be multiplied by two, thus
the final statistical factor is wchiral


4,3 ·wEu,L4
4,3 = 2·1728 = 3456.


The same approach has been used for calculating the statis-
tical factors of the complexes [Eum(L4)n]


3m+ (Figure 4, en-
tries 2–8), [Eum(Lk)n]


3m+ (k=1, 2, Figure S1, Supporting In-
formation) and [Eum(L3)n]


3m+ (Figure S2, Supporting Infor-
mation). A simultaneous non-linear least-squares fit of
Equation (S1–S13) (Supporting Information) modeling the
experimental stability constants collected for the binuclear
[Eum(Lk)n]


3m+ (k=1, 2),[8,9] and the trinuclear [Eum(L3)n]
3m+


helicates„[10,21] with now adequate statistical factors, provides
a novel set of five microscopic parameters (Table 1, columns
3 and 4), for which the recalculated stability constants close-
ly match the experimental data (Agreement Factor AF =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP


i
ðlogðbEu,Lk


m,n,expÞ�logðbEu,Lk
m,n,calcdÞÞ2=


P
i
ðlogðbEu,Lk


m,n,expÞÞ2
r
=0.006–0.009, Table 3, columns 4 and 5).


The choice of the dependence ceff / d�a (a=1.5 or 3) has
only a marginal influence on the microscopic parameters
(Table 1, columns 3 and 4) and their introduction into Equa-
tions (4), (6), (8), (10) yields predicted formation constants


(Table 2, last line) characteriz-
ing the self-assembly of the tet-
ranuclear helicate [Eu4(L4)3]


12+


[log(bEu,L4
4,3 ) = 41.9, Eq. (4)],


and of its competitive com-
plexes [Eu3(L4)2]


9+ [log(bEu,L4
3,2 )


= 25.8, Eq. (6)], [Eu3(L4)3]
9+


[log(bEu,L4
3,3 ) = 36.2, Eq. (8)] and


[Eu4(L4)2]
12+ [log(bEu,L4


4,2 )=31.3,
Eq. (4)]. The calculated predict-
ed speciation at millimolar con-
centrations of ligand indicates
that the target helicate
[Eu4(L4)3]


12+ should correspond
to more than 90% of the ligand
speciation for a stoichiometric
ratio Eu/L4 4:3 (Figure S3, Sup-
porting Information); a strong
point justifying the synthesis of


the ligand L4.[15] We note that the apparent intermetallic re-
pulsion DEEuEu


1�2 = 8–10 kJmol�1 (Table 1, columns 3 and 4)
is much smaller than that calculated with the Coulomb inter-
action DEEuEu


1�2,calcd = 9·NAv·e
2/4·p·e0·er·d = 1388 kJ·mol�1 for


two triply charged cations separated by d=9 R in a mole-
cule (NAv=6.02·1023 mol�1, e=1.602·10�19 C, e0=


8.859·10�12 CN�1m�2, er �1.0).[14] This deviation is mainly
due to the contribution of solvation to the intermetallic in-
teractions, which can be estimated with a Born–Haber cycle
involving the solvation energies obtained with Born equa-
tion for the complexes [Eu(L3)3]


3+ (DsolvG
0=�


607 kJmol�1), [Eu2(L3)3]
6+ (DsolvG


0=�2208 kJmol�1) and
[Eu3(L3)3]


9+ (DsolvG
0=�4554 kJmol�1).[14] An exact fit to


DEEuEu
1�2 = 9 kJmol�1 implies that the successive fixation of


the metal ions in going from [Eu(L3)3]
3+ to [Eu2(L3)3]


6+ ,
and to [Eu3(L3)3]


9+ , which is responsible for the increasing
total charge of the complexes, is accompanied by a relative
13.8% stepwise increase of their pseudo-spherical sizes,[14] a
value comparable to that previously reported for the succes-
sive fixation of three CuI cations in famous LehnPs double-
stranded helicates (10%).[14]


Figure 5. Schematic illustration of the calculation of the statistical factor wEu,L4
4,3 by using the direct count


method for the tetrametallic helicate [Eu4(L4)3]
12+ .


Table 2. Experimental stability constants for [Lnm(L4)n]
3m+ (acetonitrile/


dichloromethane 9:1, 298 K).


LnIII log(bLn,L4
3,3 ) log(bLn,L4


4,3 ) log(bLn,L4
3,2 ) log(bLn,L4


4,2 )


La 31.9(4) 39.1(1.5) 25.2(1.5) 30.4(1.5)
Nd 29.7(1.8) 38.4(1.9) – 29.6(1.8)
Sm 29.7(1.5) 35.7(1.5) – –
Eu 36.8(1.5) 43.2(1.6) 28.9(1.4) 32.8(1.4)
Ho 34.5(1.5) 40.6(1.6) 26.3(1.4) 29.6(1.5)
Er 33.4(1.5) 38.1(1.5) – 28.9(1.3)
Yb 32.5(1.5) 41.0(1.6) 26.5(1.3) –
Lu 34.5(1.3) 40.8(1.3) 27.5(1.2) 31.1(1.2)
Eu[a] 36.2 41.9 25.8 31.3


[a] Predicted with Equations (4), (6), (8) and (10) and the microscopic
parameters of Table 1 (columns 3 and 4).
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Experimental characterization of the self-assembly of the
tetranuclear helicate [Eu4(L4)3]


12+ in solution : Electrospray-
Ionization Mass Spectrometric (ESI-MS) titrations of L4
(10�3m) with [Ln(CF3SO3)3]·xH2O (x=3–5) in acetonitrile
(Ln = La, Eu, Lu) are dominated by the signals of the satu-
rated species [Ln4(L4)3(CF3SO3)n]


(12�n)+ (n=3–9) together
with signals arising from the unsaturated complexes
[Ln3(L4)3(CF3SO3)n]


(9�n)+ detected in excess of ligand (Ln/
L4 < 1.33), and [Ln3(L4)2(CF3SO3)n]


(9�n)+ and
[Ln4(L4)2(CF3SO3)n]


(12�n)+ observed in excess of metal (Ln/
L4 > 1.33, Figure 6).
The parallel spectrophotometric batch titrations of L4


(2·10�4m) with [Ln(CF3SO3)3]·xH2O (x=3–5; Ln=La, Nd,
Sm, Eu, Ho, Er, Yb, Lu) in acetonitrile/dichloromethane
(9:1) show complicated variations of the absorption spectra
(Ln/L4 0.1 to 4.0, Figure 7). Factor analysis[22] indicates the
existence of at least five absorbing species corresponding to
the free ligand L4 and four complexes. Evolving factor anal-
ysis[23] suggests end points for Ln/L4 1.0, 1.3, 1.5 and 2.0,
which match the stoichiometries of the various complexes
detected in the gas phase during ESI-MS titrations. The
spectrophotometric data can be satisfyingly fitted by using
non-linear least-squares techniques[23] with the four absorb-
ing complexes [Ln3(L4)3]


9+ [end point Ln/L4 1.0, Eq. (7)],
[Ln4(L4)3]


12+ [end point Ln/L4 1.33, Eq. (2)], [Ln3(L4)2]
9+


(end point Ln/L4 1.5, Eq. (5)] and [Ln4(L4)2]
12+ [end point


Ln/L4 2.0, Eq. (9)]. Because of the strong correlation be-
tween the calculated absorption spectra of these complexes,
we were able to obtain a set of four independent macro-
scopic stability constants bEu,L4


m,n only for Ln = La, Eu, Ho
and Lu, while partial data are available for the other lantha-
nides (Table 2).
Despite the uncertainties affecting the stability constants


resulting from i) the use of a batch method required by the
slow helicate formation (>24 h) and ii) the strong correla-
tion between the absorption spectra of the four complexes,


we can conclude that the experimental stability constants
found for [Eum(L4)n]


3m+ (Table 2, line 4) match fairly well
those predicted from the microscopic parameters deter-
mined for the binuclear [Eum(Lk)n]


3m+ (k=1, 2) and trinu-
clear [Eum(L3)n]


3m+ complexes (Table 2, last line). The com-
bination of these four experimental stability macroconstants
(bEu,L4


3,3 ,bEu,L4
4,3 ,bEu,L4


3,2 and bEu,L4
4,2 ) reported here with the eight


stability macroconstants previously collected for bi- and tri-
nuclear complexes (Table 3)[13b] produces an extended set of
twelve independent equations [constructed from Equations
(S1–S13), Supporting Information together with Equations
(4), (6), (8), (10)] for fitting five final microscopic parame-
ters by non-linear least-squares (Table 1, columns 5 and 6).
Again, we notice that the choice of the dependence ceff /
d�a (a=1.5 or 3) has only marginal effect on the microscop-
ic parameters (Table 1, columns 5 and 6). The eventual re-
pulsive character of the intermetallic DEEuEu


1�2 = 9–
10 kJmol�1 and interligand DELL=6–8 kJmol�1 interactions
confirm the occurrence of global anti-cooperative processes
accompanying the formation of any complex in this family.
Moreover, since i) the microscopic affinities are similar (f EuN3
� f EuN2O) and ii) the intermetallic (DEEuEu


1�2 ) and interligand
(DELL) interactions are modest, the extended site-binding
model [Eq. (1)] can be reduced to the original ErcolaniPs
model by setting Kinter= f EuN3= f EuN20, Kintra=Kinter·c


eff and
DEEuEu


1�2 =DELL=0 [Eq. (15)].[12b]


bM,L
m,n ¼ wchiral


m,n � wM,L
m,n � ðKinterÞmþn�1 � ðKinter � ceffi Þmn�m�nþ1


¼ wchiral
m,n � wM,L


m,n � ðKinterÞmþn�1 � ðKintraÞ mn�m�nþ1
ð15Þ


The simultaneous multi-linear least-squares fit of the twelve
experimental formation constants collected for the helicates
[Eum(Lk)n]


3m+ (k=1–4, Table 1, column 2) with Equa-
tion (15) gives log(Kinter)=4.93 and log(Kintra)=1.65. The
agreement between experimental and re-calculated con-


Table 3. Experimental and fitted stability constants for [Eum(Lk)n]
3m+ (simultaneous non-linear least-squares fits, acetonitrile, 298 K).


Species log(bEu,Lk
m,n,exp)


[a] log(bEu,Lk
m,n,calcd)


[b] log(bEu,Lk
m,n,calcd)


[b] log(bEu,Lk
m,n,calcd)


[b] log(bEu,Lk
m,n,calcd)


[b] log(bEu,Lk
m,n,calcd)


[b] log(bEu,Lk
m,n,calcd)


[b]


k=1–3 k=1–3 k=1–3 k=1–4 k=1–4 k=1–4
Binomial
statistics[c]


Symmetry
numbers


Symmetry
numbers


Symmetry
numbers


Symmetry
numbers


Symmetry
numbers[e]


a =3[d] a=3[d] a=1.5[d] a =3[d] a =1.5[d]


[Eu(L1)2]
3+ 11.6(3) 11.4 11.4 11.3 11.4 11.2 12.2


[Eu2(L1)2]
3+ 18.1(3) 18.3 18.3 18.3 18.6 18.6 18.3


[Eu2(L1)3]
6+ 24.3(4) 24.2 24.2 24.3 24.1 24.3 25.0


[Eu2(L2)2]
6+ 19.6(2) 19.5 19.5 19.4 19.8 19.8 18.3


[Eu2(L2)3]
6+ 26.0(2) 26.1 26.1 26.0 25.8 26.0 25.0


[Eu2(L3)3]
6+ 25.9(1.4) 26.1 26.1 26.3 25.9 26.3 26.8


[Eu3(L3)2]
9+ 26.0(1.6) 26.1 26.0 26.1 26.6 26.9 26.0


[Eu3(L3)3]
9+ 34.8(1.6) 34.7 34.7 34.6 34.7 35.1 34.0


[Eu3(L4)2]
9+ 28.9(1.4) – – – 28.2 27.7 29.8


[Eu4(L4)2]
12+ 32.8(1.4) – – – 32.6 32.8 33.0


[Eu3(L4)3]
9+ 36.8(1.9) – – – 37.2 35.8 37.2


[Eu4(L4)3]
12+ 43.2(1.9) – – – 43.2 43.5 43.0


AF[f] – 0.006 0.006 0.009 0.012 0.02 0.03


[a] Experimental formation constants. [b] Computed using the fitted parameters in Table 1. [c] Taken from ref. [13b]. [d] Dependence of the effective
concentration on the distance ceff / d�a (a =1.5 or 3), see text. [e] ErcolaniPs model given in Equation (15). [f] Agreement factor, see text.
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stants (Table 3, columns 1 and 8) are slightly less satisfying
with this model (AF=0.03), but its simplicity remains a very
strong argument for its use as a first approximation of the
energetics governing multi-component self-assembly pro-
cesses.
The 1H NMR spectra of the tetranuclear complexes


[Ln4(L4)3]
12+ (Figure 8 and Figure S4, Supporting Informa-


tion) systematically display 39 signals, which confirm the ex-
clusive formation of the D3-symmetrical triple-stranded heli-
cates at millimolar concentrations.[15] The diagnostic down-
field shifts of protons H3, H9 and H12 in the fast-relaxing
paramagnetic [Eu4(L4)3]


12+ helicate points to the existence
of a tight triple-stranded helix,[10] while the detailed analysis
of two-dimensional COSY-, NOESY-, ROESY-NMR spec-
tra allows the complete assignement of the 39 signals for the


diamagnetic complexes
[La4(L4)3]


12+ (Figure 8a) and
[Lu4(L4)3]


12+ (Figure 8b).


Structural and photophysical
properties of the self-assembled
tetranuclear helicate
[Eu4(L4)3]


12+ in the solid state :
Isolation of the target tetranu-
clear helicate from concentrat-
ed methanol solutions with Ln/
L4 = 1.33 gives 70–85% yield
of [Ln4(L4)3](CF3SO3)12·xH2O·
yCH3OH (Ln=La: x=8.1, y=


1.6 ; Ln=Eu: x=5.0, y=2.3;
Ln=Gd: x=1.4, y=0; Ln=Tb:
x=4.4, y=5.2; Ln=Lu: x=9.6,
y=4.7, Table S1, Supporting In-
formation).[15] The crystal struc-
ture of [Eu4(L4)3]


12+ unambigu-
ously confirms the formation of
the tetranuclear triple-stranded
helicate (Figure 3), character-
ized by an almost linear ar-
rangement of the metals (a
Eu1···Eu2···Eu3 170.71(1)8, a


Eu2···Eu3···Eu4 172.03(1)8)
combined with their regular
spacing along the helical axis
(Eu1···Eu2 9.312(1) R,
Eu2···Eu3 9.054(1) R, Eu3···Eu4
9.405(1) R, average Eu···Eu
9.26(18) R).[15] The resulting
palindromic helix is 31 R long
for 2.22 turns, which translates
into an average 14.0 R helical
pitch, comparable with 13.6 R
previously reported for the tri-
nuclear analogous complex
[Eu3(L3)3]


9+ .[10] The two termi-
nal metals (Eu1 and Eu4) are
nine-coordinated in pseudo-tri-


capped trigonal prismatic N6O3 sites, while the two central
metals (Eu2 and Eu3) lie in pseudo-tricapped trigonal pris-
matic N9 sites. Since we expect slightly different crystal-field
parameters for these two environments,[10] a detailed photo-
physical analysis has been performed by using EuIII as a
structural and electronic probe in [Eu4(L4)3]


12+ . The high-
resolution excitation profile of the Eu(5D0


!7F0) transition
in [Eu4(L4)3]


12+ at 10 K indeed confirms the existence of
two main EuIII sites, labeled I and II (Figure 9a). The most
intense transition displays two main components, labeled Ia
(n̄=17221 cm�1 at 10 K, 17225 cm�1 at 295 K), and Ib
(17215, 17227 cm�1). Selectively excited emission spectra
are, however, extremely similar, so that these two compo-
nents are ascribed to a single metal ion environment I, the
small differences evidenced probably arising from slight con-


Figure 6. ESI-MS spectra recorded for Ln/L4=1.33 (acetonitrile, Otf=CF3SO3
�, jL4 j tot=10�3m) with a) Ln=


La, and b) Ln=Eu.
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formational changes, a fact corroborated by the almost
equal values of n̄ for Ia and Ib at room temperature. In
agreement with the detailed assignment previously estab-
lished for the analogous complex [Eu3(L3)3]


9+ (site EuN6O3:
17219 cm�1 at 10 K),[10] this chemical environment is ascri-
bed to the terminal N6O3 coordination sites. The associated
emission spectrum recorded upon selective excitation of site
I in [Eu4(L4)3]


12+ shows a crystal-field splitting compatible
with a pseudo-D3 symmetry around EuIII (Figure 9b and
Table S2, Supporting Information). The three observed tran-
sitions to the 7F1 level can be labeled A1!A2 (


7F1(A2) locat-
ed at 312 cm�1 with respect to 7F0(A1)) and A1!split E
(barycenter: 409 cm�1, Figure S5, Supporting Information).
The splitting of the E sublevel is related to the distortion
from idealized D3 symmetry and amounts to DEEE=


38 cm�1. These characteristics closely match those reported
for the terminal EuN6O3 sites in [Eu3(L3)3]


9+ (7F1(A2)=


327 cm�1, 7F1(E)=402 cm�1, DEEE=42 cm�1), in agreement
with very similar structural organizations of the EuN6O3 ter-
minal sites in both triple-stranded helices.
The Eu(5D0!7F2) transition in [Eu4(L4)3]


12+ shows rough-
ly two groups of two emission bands assigned to the allowed
electric dipole transitions A1!E in D3 symmetry, the latter
being further split into two components separated by ca.
20 cm�1 (Figure S6, Table S2, Supporting Information). Be-


cause of low-lying ligand-to-metal charge transfer (LMCT)
states, which quench the L4(3pp*)!EuIII energy transfer re-
sponsible for metal-centred luminescence of EuN9 sites,


[10, 25]


the associated emission intensity of the central sites in
[Eu4(L4)3]


12+ is very weak and cannot be observed upon
broad band irradiation (Figure 9b). However, selective exci-
tation of site II at 17235 cm�1 (10 K) produces a weak, but
detectable emission spectrum reflecting trigonal symmetry,
which is compatible with its attribution to EuN9 (found at
17238 cm�1 in [Eu3(L3)3]


9+ under the same conditions).[10]


Due to thermally-activated EuN9!EuN6O3 energy migra-
tions, the photophysical signature of site II disappears at
295 K, but we can estimate n̄(Eu(5D0


!7F0))=17250 cm�1 at
295 K by taking into account the 1 cm�1/24 K dependence of
this transition.[24] Application of eq 16, which empirically
models the nephelauxetic effect produced by the donor
atoms in the first coordination sphere,[26] predicts that n̄calcd


EuN6O3


= 17235 cm�1 for a EuIII atom coordinated by six heterocy-
clic nitrogen atoms (dN-heterocyclic=�15.3 cm�1)[27] and three
amide oxygen atoms (dO-amide =�15.7 cm�1);[26] and n̄calcdEuN9 =


17236 cm�1 when EuIII is coordinated by nine heterocyclic
nitrogen atoms at 295 K (n̄0=17374 cm�1 is the energy of
the Eu(5D0


!7F0) transition in the free ion, CCN is an empiri-
cal coefficient depending on the coordination number of the
metal, CCN = 8=1.06, CCN = 9 = 1.0, CCN = 10 = 0.95 and di rep-
resents the nephelauxetic effect produced by an atom i
bound to EuIII).[26]


�ncalcd ¼ �n0 þ CCN �
XCN
i¼1


ni � di ð16Þ


As previously noticed for [Eu3(L3)3]
9+ ,[10] predictions for


both central and terminal EuIII sites significantly deviate
from the experimental values recorded for the Eu(5D0


!7F0)
transitions at 295 K [Eqs. (17, 18)]. This observation sug-
gests that pyridine and benzimidazole rings in ligand L3 and
L4 possess different nephelauxetic parameters, in agreement
with the substantial larger p-donating properties of benzimi-
dazole rings, compared with pyridines.[28] The straightfor-
ward mathematical solution of Equations (17–18) gives dN-


pyridine=�25.3 cm�1 and dN-benzimidazole=�8.0 cm�1, a result in
line with the expected larger capacity of pyridine rings to
expand the metallic electronic cloud.[28]


�nexpEuN6O3 ¼ �n0 þ 3 � dO-carboxamide þ 3 � dN-pyridine


þ3 � dN-bzim ¼ 17 227 cm�1
ð17Þ


�nexpEuN9 ¼ �n0 þ 3 � dN-pyridine þ 6 � dN-bzim ¼ 17 250 cm�1 ð18Þ


The Eu(5D0) lifetimes in [Eu4(L4)3]
12+ at 10 K (2.00–2.24 ms,


Table S3, Supporting Information) and at 295 K (1.63–
1.74 ms, Table S3, Supporting Information) point to the ab-
sence of high-frequency oscillators (nOH, nNH) in direct con-
tact with EuIII in both types of coordination sites. Moreover,
these spectroscopic and photophysical characteristics still
hold for millimolar acetonitrile solutions of [Eu4(L4)3]


12+ ,


Figure 7. a) Variation of the absorption spectra observed during the spec-
trophotometric titration of L4 with Eu(CF3SO3)3·5H2O (jL4 j tot=2·10�4m,


acetonitrile + 10% CH2Cl2, 298 K, Eu/L4 0.1–4.0). b) Corresponding
variation of observed molar extinctions at five different wavelengths.
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which demonstrates that the tetranuclear triple-stranded
helical structure is maintained in solution. Finally, Table 4
summarizes the main photophysical characteristics of the
ligand-centred 1pp* and 3pp* excited states in L4, which
closely resemble those reported previously for L3
(E(1pp*)=23000 cm�1, E(3pp*)=19800–20000 cm�1).[10]


Conclusion


The formation of stable tetra-
nuclear helicates [Ln4(L4)3]


12+


in condensed phase demon-
strates that highly charged mo-
lecular systems (Q=�q, q is
the charge borne per metal) do
not drastically suffer from the
large internal electrostatic re-
pulsion DelecG


MM/�(q2/r), as
long as the total size of the mi-
croscopic objects (approximate
spherical radius R) is adapted
for providing solvation energies
DsolvGaQ2/R, which are able to
balance the latter repulsion in
polar solvents.[14] This phenom-
enon may explain the self-as-
sembly of linear helicates based
on CuI,[29] or of trivalent lantha-
nides ([Ln2(Lk)3]


6+ (k=1, 2),
[Ln3(L3)3]


9+ , and [Ln4(L4)3]
12+


in this contribution). The alter-
native recurrent argument in-
voking strong ion-pairing for
stabilizing highly charged ob-
jects in solution does not agree
with a simple calculation of the
charge density on the Connolly
surface around the cation,[30]


which amounts to 9/1682.6 =


5.35·10�3 euR�2 for
[Eu3(L3)3]


9+ and 12/2044 =


5.83·10�3 euR�2 for
[Eu4(L4)3]


12+ , while that ob-
tained for Na+


(4.35·10�2 euR�2), Ca2+


(7.22·10�2 euR�2) and La3+


(8.85·10�3 euR�2) are one order
of magnitude larger.[31] With
this observation in mind, the
use of statistical factors adapted
to self-assembly processes
mixing intra- and intermolecu-
lar connections combined with


simple additive thermodynamic site-binding models,[11, 13]


provides an efficient tool for predicting stabilities of target
supramolecular complexes within a family, for which basic
microscopic parameters can be estimated. In this context,
the a priori prediction (and experimental confirmation) of
the quantitative formation of [Eu4(L4)3]


12+ at millimolar
concentration is unprecedented in coordination and metallo-
supramolecular chemistry. Moreover, the deeper under-
standing of the thermodynamic driving forces controlling
multi-component self-assembly processes, among which
tuneable intermetallic interactions play a crucial role, opens


Figure 8. a) 1H NMR spectra with complete assignment for a) [La4(L4)3]
12+ and b) [Lu4(L4)3]


12+ (CD3CN/
CD2Cl2 95:5, 298 K).
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novel perspectives for addressing the unsolved chemical
challenge of selectively introducing different lanthanides
possessing very similar coordination properties, but slightly
different sizes, into an organized linear polymetallic chain.


Experimental Section


Chemicals were purchased from Fluka AG and Aldrich, and used with-
out further purification unless otherwise stated. The ligand L4 and its
complexes [Ln4(L4)3](CF3SO3)12·xH2O·yCH3OH (Ln=La: x=8.1, y=1.6
; Ln=Eu: x=5.0, y=2.3 ; Ln=Gd: x=1.4, y=0; Ln=Tb: x=4.4, y=


5.2; Ln=Lu: x=9.6, y=4.7) were prepared according to literature proce-
dures.[15] Ln(CF3SO3)3WxH2O (Ln=La–Lu)[32] were prepared from the
corresponding oxides (Aldrich, 99.99%). The Ln content of solid salts
was determined by complexometric titrations with Titriplex III (Merck)
in the presence of urotropine and xylene orange.[33] Acetonitrile and di-
chloromethane were distilled over calcium hydride.


Spectroscopic and analytical measurements : Electronic spectra in the
UV/Vis were recorded at 20 8C from batch solutions in CH3CN/CH2Cl2
9:1 with a Perkin–Elmer Lambda 900 spectrometer using quartz cells of
1 mm path length. Mathematical treatment of the spectrophotometric
data was performed with factor analysis[22] and with the SPECFIT pro-
gram.[23] IR spectra were obtained from KBr pellets with a FT-IR Perkin-
Elmer Spectrum One. 1H and 13C NMR spectra were recorded at 25 8C
on a Bruker Avance 400 MHz and Bruker DRX-500 MHz spectrometers.
Chemical shifts are given in ppm with respect to TMS. Pneumatically-as-
sisted electrospray (ESI-MS) mass spectra were recorded from
10�4 moldm�3 solutions on a Finnigan SSQ7000 instrument. The equip-
ment and experimental procedures for luminescence measurements in
the visible range were published previously.[34] Excitation of the finely
powdered samples was achieved by a 300 W xenon high-pressure lamp
coupled with a monochromator or a Coherent Innova Argon laser. The
emitted light was analyzed at 908 with a Spex 1404 double monochroma-
tor with holographic gratings (band-pass used 0.01–0.2 nm). Emitted
photon flux was measured with a Hamatsu R-943-02 photomultiplier
with a cooled CaAs(Cs) photocathode (�20 8C), coupled to a home-built
linear amplifier (440 MHz) and a Stanford Research SR-400 double
photon counter. The emission spectra were corrected for the instrumental


response. Luminescent lifetimes were measured using excitation provided
by a Quantum Brillant Nd/YAG laser equipped with frequency doubler,
tripler and quadrupler as well as with an OPOTEK MagicPrism OPO
crystal. Selective excitations of the 0–0 profiles were performed by means
of a Continuum MD 6000 dye laser pumped at 532 nm. The output signal
of the photomultiplier was fed into a Stanford Research SR-430 multi-
channel scaler and transferred to a PC. Lifetimes are averages of three
independent determinations. Computations of the concentrations were
performed with the HySS2 program (Protonic software). Least-squares
fitting methods were implemented in Excel and Mathematica. Elemental
analyses were performed by Dr. H. Eder from the Microchemical Labo-
ratory of the University of Geneva.


Table 4. Ligand-centred absorption and emission properties of L4 and of
its complexes [Ln4(L4)3](CF3SO3)12 (Ln=Eu, Gd, Tb) in the solid state.[a]


Compound T
[K]


Absorption
[cm�1]
p!p*


Emission
[cm�1]
1pp*


Emission
[cm�1]
3pp*


Lifetime
[ms]
t(3pp*)


L4 295 30660 23980 sh – –
20880


77 23260 sh 19840 sh [b]


21010 18350
[Gd4(L4)3](CF3SO3)12 295 31150 22270 19000br [b]


25640 sh
77 22730 20040 sh 1.11(1)


18690
17421 sh


[Eu4(L4)3](CF3SO3)12 295 30580 [c] [c]


25640 sh
77 [c] [c]


[Tb4(L4)3](CF3SO3)12 295 31150 [c] 19000br [b]


25640 sh
77 [c] [c]


[a] sh= shoulder, br=broad. [b] The intensity is too weak to obtain relia-
ble lifetime measurements. [c] Ligand-centred luminescence quenched by
transfer to Ln ion.


Figure 9. a) High-resolution excitation profiles of the Eu(5D0


!7F0) tran-
sitions in [Eu4(L4)3](CF3SO3)12 recorded at different analysing wave-
lengths (solid-state, 10 K). b) Emission spectra obtained upon broad
band and selective excitations in [Eu4(L4)3](CF3SO3)12 (solid state, 10 K).
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Cyanide Sensing with Organic Dyes: Studies in Solution and on
Nanostructured Al2O3 Surfaces
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Introduction


The recognition and sensing of anions has received consider-
able attention over recent years.[1–7] Part of this interest
stems from the important roles anions play in biological pro-
cesses (e.g., phosphates).[8] In addition, there is interest in
finding better and more efficient ways of detecting anions
that can be potentially harmful to the environment or
human health. One such anion is cyanide, which is lethal to
humans at concentrations of 0.5–3.5 mg per kg of body
weight.[9] Consequently, the presence of this anion in drink-
ing water (e.g., as a result of spillage from industrial waste
or mining activities) can pose a very serious risk to human
health. It is therefore evident that reliable and efficient
ways of detecting the presence of cyanide in water are
needed.


Several methods have previously been developed to
detect cyanide by using a wide diversity of experimental
protocols and detection techniques.[10–18] Methods based on
anion-induced changes of the optical properties (either ab-


sorption or emission) of a receptor are especially attractive.
Recent examples that use this approach have been reported
by the groups of Geddes,[19–21] Martinez-MaÇez,[22–25] Palo-
mares[26,27] and Raymo[9,28] amongst others.[29–33] In spite of
these developments there are still relatively few examples of
selective probes for cyanide owing to high interference from
other anions, in particular, fluoride.[33,34] Another drawback
with most of the current methods is that the detection needs
to be carried out in organic solvents (or mixtures of organic
solvents and water), which limits their application to the
analysis of “real” samples that are often aqueous solutions.
In addition, in most of the current methods the chemical
sensors have to be in solution to perform sensing. Only in a
few cases has sensing been reported to take place over a sur-
face or film,[27,35,36] which is very convenient for quick and
easy detection of the anion.


Herein, we report the synthesis of two new azo phenyl
thiourea compounds and their ability to selectively detect
cyanide. The first studies we present have been carried out
in solution (in methanol and DMSO), which show that these
dyes are indeed sensitive to the presence of anionic species.
The second part of our investigations focused on incorporat-
ing one of these dye compounds onto nanostructured semi-
conducting surfaces to generate cyanide-sensing films.


Abstract: The synthesis of two new azo
phenyl thiourea compounds and their
optical response to different anions is
reported herein. Solution studies in
methanol indicate that cyanide induces
a colour change in these dyes (whereas
no changes are observed in the pres-
ence of other anions, such as F�, Cl�,
Br�, CH3COO�, H2PO4


�, HSO4
�). In-


terestingly, in DMSO these dyes are re-
sponsive not only to cyanide, but also


to fluoride, acetate and dihydrogen
phosphate. Each of these anions indu-
ces a different colour change. In the
second part of the paper, we report the
attachment of one of these dyes onto
nanostructured TiO2 and Al2O3 films.


The stability of these sensitised films to
pH was studied and we concluded that
the sensitised Al2O3 films are more
robust, and hence, better than the TiO2


for anion sensing. The dye-sensitised
Al2O3 films were immersed in solutions
of different anions and their response
studied. The films can detect cyanide
down to 3 ppm in aqueous solution
with relatively good selectivity over
other anions.
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Results and Discussion


Synthesis of thiourea dyes 1 and 2 : 4-Nitrophenylazo deriva-
tives have previously been used as chromogenic subunits in
the development of receptors for anion sensing.[37] These
systems contain an acceptor nitro-phenyl moiety connected
to a donor atom (N or O) through a conjugated azo system.
Modification of the nature of the donor through hydrogen
bonding can result in a redshift in the charge-transfer (CT)
band in the UV-visible region, and consequently, in a
change in colour. With this in mind, compounds 1 and 2
were prepared (see Scheme 1). The synthesis was carried
out by treating the commercial dye Disperse Orange 3 (4-
(4-nitrophenylazo)aniline) with thiophosgene, followed by
treatment with the corresponding amine, either 4-aminoben-
zoic acid or aniline.


These compounds were characterised by spectroscopic
and analytical techniques. The 1H and 13C NMR spectra of
both samples were consistent with the proposed formula-
tions. The integrations and multiplicity of the aromatic reso-
nances in the 1H NMR spectra were indicative of the pres-
ence of both aromatic rings in 1 and 2. A resonance in the
13C NMR spectra of both samples at d=180 ppm was as-
signed to the thiourea carbon. The formulations of these
two molecules were confirmed by FAB+ mass spectrometry
(which gave a molecular peak at 422 amu for 1 and at
378 amu for 2) and elemental analyses.


Studies of the anion–dye interactions in solution : The anion
sensing properties of 1 and 2 were studied in solution by
using methanol and DMSO as solvents. An intense band for
the p!p* transition of the 4-nitroazophenyl chromophore
appears at 390 (in methanol) and 412 nm (in DMSO) for 1
and at 414 nm for 2 (in DMSO). The anions selected for
these studies were F�, Cl�, Br�, CH3COO�, H2PO4


� , HSO4
�


and CN�. A solution of 1 in methanol (0.5 mm) was treated
with a fixed amount of the different anions (30 equiv, added
as tetrabutyl ammonium salts). As shown in Figure 1, only
the addition of CN� caused a change in the UV-visible ab-


sorption spectrum of the dye (the lmax of the dye shifted
from 390 to 414 nm). This was also evident by naked-eye in-
spection: a colour change from pale orange to red/orange
was only observed upon addition of cyanide (Figure 2).


Once the selectivity of the dye for cyanide sensing was es-
tablished, it was of interest to determine its sensitivity to-
wards this anion. Titration of a 0.5 mm solution of 1 with cy-
anide showed a progressive shift from 390 to 414 nm
(Figure 3).


Since the optical properties of azo dyes can change as a
function of the solvent in which they are dissolved, analo-
gous studies to those described above were carried out in
DMSO. In this case, more striking colour changes were ob-
served, not only for cyanide, but also for other anions
(Figure 2). Addition of CN� or F� to a solution of 1 in
DMSO, changed its colour from pale orange to dark violet
and blue, respectively, whereas CH3COO� and H2PO4


� in-
duced a change to dark red/purple. In contrast, no changes
in colour were detected upon addition of other anions, such
as Cl�, Br� or HSO4


�.


Scheme 1.


Figure 1. Normalised UV/Vis spectra of a 0.5 mm solution of 1 in MeOH
upon addition of different anions (30 equiv).


Figure 2. Photograph of solutions of 1 with different anions in methanol
(top) and DMSO (bottom).
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To investigate quantitatively the changes observed in
DMSO upon addition of CN�, F�, CH3COO� and H2PO4


�, a
series of titrations using UV-visible spectroscopy were car-
ried out. An example of the titration curves obtained upon
addition of increasing amounts of cyanide to 1 is shown in
Figure 4. The changes observed in the absorption spectrum


of 1 suggest that three different species are present, the pro-
portions of which depend on the amount of cyanide added.


In the absence of anion, compound 1 in DMSO has a lmax


value of 412 nm. Upon addition of one equivalent of cya-
nide, a second species with maximum at around 460 nm (the
peak is too broad to determine the lmax value accurately) ap-
pears. Increasing amounts of cyanide yield a third species
with a lmax of 542 nm, which is the compound associated
with the dark blue/violet colour of the final solution. The


origin of the colour changes and differences in the behav-
iour of 1 in methanol and DMSO are not immediately evi-
dent. Previous studies with urea- and thiourea-containing
chromophores have shown that, in principle, anions can
induce changes in colour through two distinct processes: hy-
drogen bonding or deprotonation of the N�H groups. These
two processes are highly dependant on the solvent in which
the studies are carried out and the basicity of the anions
under study. To investigate this further, several studies were
carried out.


First, analogous dye 2 (see Scheme 1), which lacks a ter-
minal COOH group, was prepared and its optical response
to anions was studied. In DMSO, by naked-eye inspection,
this dye behaves largely as compound 1. However, closer in-
spection of the absorption spectra upon the addition of in-
creasing amounts of the corresponding anions revealed an
isosbestic point, which indicated that the conversion of the
initial product to the final blue-purple compound does not
go via a detectable intermediate (see Figure 5 for an exam-


Figure 3. Changes in the UV/Vis spectra upon the addition of increasing
amounts of cyanide to a 0.5 mm solution of 1 in methanol. With this data
a logK value of 2.02�0.13 was obtained.


Figure 4. Changes to the spectrum of 1 upon the addition of increasing
amounts of cyanide, showing the lmax shift from 412 to 542 nm. The spec-
tra were obtained by using a 0.5 mm solution of 1 in DMSO.


Figure 5. a) Changes in the spectrum of 2 upon the addition of increasing
amounts of cyanide, showing the lmax shift from 414 to 520 nm. The spec-
tra were obtained by using a 0.1 mm solution of 2 in DMSO. b) Plot
showing the change in absorbance of 2 at 414 nm (as a DA) with the ad-
dition of increasing amounts of cyanide.
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ple in which cyanide was used as the titrant; plots for the ti-
trations with other anions can be found in the Supporting
Information).


From the plot of DA versus equivalents of cyanide added
(Figure 5b) the overall equilibrium constant of the system
was determined to be logK=4.2�0.15, which, as discussed
below, corresponds to the deprotonation of the thiourea
group by the corresponding anion.


From these results, it is clear that the major colour
changes of 1 upon addition of anions cannot be the result of
simple deprotonation of the carboxylic acid of the dye be-
cause almost the same colour changes were observed for
both 1 and 2 when cyanide was added. However, it is likely
that the intermediate species observed by UV-visible spec-
troscopy in the titration of 1 (but not in 2) with cyanide
(lmax�460 nm.) is indeed associated to the deprotonation of
the carboxylic acid group in 1.


1H NMR spectroscopic studies were carried out to gain
some insight into the structural changes of the dyes upon
addition of different anions (namely, Cl�, CH3COO�,
H2PO4


� and F� ; cyanide was avoided owing to its toxicity
and the fact that in DMSO solution its behaviour was analo-
gous to that of fluoride). The corresponding anions
(30 equiv) were added to solutions of 1 in [D6]DMSO and
the 1H NMR spectra were measured. Upon the addition of
the anions, the orange dye solution retained its original
colour for chloride, turned red for acetate and phosphate,
and blue for fluoride. The 1H NMR spectra of the solutions
that contained fluoride and acetate showed very broad
peaks, whereas for chloride and phosphate sharp and clearly
identifiable peaks were observed.


The spectrum of the initial anion-free solution of 1
showed six doublets between d=7.69 and 8.44 ppm, which
corresponded to the protons of the three aromatic rings
(two signals for each) and two singlets at d=10.44 and
10.49 ppm, which corresponded to the protons of the thiour-
ea. Upon addition of chloride to this solution, the aromatic
protons of 1 appeared to be slightly shifted, but the original
pattern was retained; the resonances associated with the thi-
ourea NH protons shifted to d=11.70 and 11.83 ppm, re-
spectively, which suggested the formation of hydrogen
bonds between the chloride and the dye. In contrast, addi-
tion of dihydrogen phosphate to 1 (which produces a colour
change to red) generated greater changes in the 1H NMR
spectrum; two of the doublets associated with the aromatic
protons of 1 and the two NH thiourea resonances disap-
peared. This clearly indicates more important changes to the
structure of 1 than simple hydrogen-bonding interactions.


Based on the previous work reported by the groups of
Fabrizzi[39–41] and Gale[42–44] for similar systems to that pre-
sented herein, the striking change in colour observed for sol-
utions of 1 and 2 in DMSO can be associated with deproto-
nation of the NH groups of the thiourea. In the first step
and with the less basic anions, such as CH3COO� and
H2PO4


�, only one of the NH groups of the thiourea is de-
protonated (in the case of 1 the carboxylic acid should also
be deprotonated) to yield a red-coloured conjugated species.


With anions such as fluoride or cyanide, it is likely that the
second NH group is also deprotonated to yield a fully conju-
gated species with an intense blue-violet colour. Our spec-
troscopic observations (both by 1H NMR and UV/Vis spec-
troscopies) are consistent with this type of deprotonation
process.


Sensitivity and detection limit in solution : Once the anion
selectivity of 1 and 2 in MeOH and DMSO was established,
it was of interest to determine the sensitivity and the detec-
tion limit of the system. The former can be defined as the
rate at which the absorbance changes upon addition of the
analyte, namely, d(A)/d ACHTUNGTRENNUNG[anion]. On the other hand, the de-
tection limit depends on the instrumentation (i.e., the mini-
mum change in absorbance that can be reliably measured
spectroscopically, which is 0.01 in this case) and on the sen-
sitivity of the dye (as defined above). By using these two pa-
rameters, the detection limit can then be calculated as 0.01/
sensitivity. With the titration data shown in Figures 3, 4 and
5, it was possible to determine the sensitivity and detection
limit of 1 (in MeOH) to cyanide, and of 1 and 2 (in DMSO)
to cyanide, fluoride, acetate and phosphate. These results
are summarised in Table 1.


Dye sensitised TiO2 and Al2O3 films : Once the anion-sens-
ing properties of 1 were established in solution, it was of in-
terest to incorporate this dye onto nanostructured semicon-
ducting films. The advantages of doing this is that dip-in
sensing is then possible (which is much more practical), and
as we and others have previously demonstrated,[26,27] recep-
tors that are not soluble in water (as is the case with 1) once
supported onto films, can be exposed to aqueous solutions
of the analytes to be measured.


Compound 1 was first supported on a TiO2 film by im-
mersing it in a solution of the dye, which yielded an orange
film with a lmax value of 366 nm. The film was then exposed
to aqueous solutions of various anions (the same as those
used in solution) and the optical changes of the film investi-
gated. An initial qualitative naked-eye study indicated that
the film only changed colour (to a darker orange-red) in the
presence of cyanide. This behaviour is analogous to that ob-
served for 1 in methanol (see above). However, a closer in-
spection of the system showed that in the presence of cya-
nide, not only does the adsorbed dye change colour, but it
also desorbs from the film. This was confirmed by measuring


Table 1. Detection limit (defined as 0.01/sensitivity in which sensitivity=


d(A)/d ACHTUNGTRENNUNG[anion]) in ppm for 1 and 2 for different anions. In the case of 1 in
MeOH the detection limit is only reported for cyanide because no optical
changes were detected with other anions.


Dye Solvent CN�


[ppm]
F�


[ppm]
CH3COO�


[ppm]
H2PO4


�


[ppm]


1 MeOH[a] 8.00 – – –
1 DMSO[a] 0.95 0.33 0.92 0.57
2 DMSO[b] 0.06 0.23 0.17 1.04


[a] Concentration of the dye was 0.5 mm. [b] Concentration of the dye
was 0.1 mm.
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the UV-visible absorption spectrum of the sensitised TiO2


films in the presence of increasing amounts of cyanide. The
intensity of the lmax band decreased with increasing amounts
of the anion; in addition the aqueous solution in which the
film was immersed, turned orange, which indicated that the
dye was desorbing.


It is likely that this problem is caused by an increase in
the pH (more basic) of water upon the addition of anions.
To investigate this hypothesis, the 1-sensitised film was im-
mersed in aqueous solutions of different acidity (namely,
pH 5 or 9) and left in such solutions for some time. As
shown in Figure 6, a constant decrease in the intensity of the
lmax of the film was observed at pH 9 with time. Considering
that this pH value can be easily reached in unbuffered aque-
ous solutions of anions, it was concluded that TiO2-sensitised
films were not suitable for sensing anions with this dye.


Therefore, we investigated whether Al2O3 could be suita-
ble as nanostructured support for sensing anions with 1.
Al2O3 is of particular interest
because it has a basic point of
zero charge relative to TiO2 (at
pH�4 for TiO2 and pH�9 for
Al2O3).


[38,45] Hence, at pH
values below �9 the Al2O3 sur-
face will be positively charged,
which allows strong interaction
with the carboxylate group of
the dye. The result of this is
that 1 does not easily desorb
from Al2O3 at pH<9 (in con-
trast with TiO2 in which the sur-
face is only positive below pH
�4, and therefore, the dye de-
sorbs at neutral or basic pH
values).


The methodology to prepare
the mesoporous Al2O3 films is
given in the Experimental Sec-
tion. Similar dye loading was
observed for these films com-
pared to TiO2.


As can be seen in Figure 6,
dye-sensitised Al2O3 films
(using 1) were indeed much
more stable towards desorption
at basic pH values, even after leaving the film immersed in
the basic solution for 20 min.


Anion response of Al2O3-sensitised films : Having estab-
lished the stability of the 1/Al2O3 film towards desorption
under basic conditions, its response to different anions was
studied by UV-visible spectroscopy. The film was immersed
in 1 and 5 mm aqueous solutions of different anions (namely,
F�, Cl�, Br�, CH3COO�, H2PO4


�, HSO4
� and CN�) and the


absorption spectra recorded. As shown in Figure 7, immer-
sion of the film in a 5 mm solution of cyanide caused a lmax


shift of the sensitised film from 376 to 406 nm. This shift


was also visible by naked eye inspection of the film (see
inset in Figure 7); the colour changed from yellow/orange to
red/orange.


To establish the sensitivity of 1/Al2O3 to cyanide and the
detection limit of the system, the absorbance of the film at
different cyanide concentrations was recorded (Figure 8).
Plotting DA versus [CN] allowed us to calculate the sensitiv-
ity (namely, d(DA)/d(CN)) to be 0.3 mm


�1 and the detection
limit to be 2.6 ppm (using 0.01/sensitivity as explained
above).


Figure 6. Plot showing the reduction in intensity of the lmax absorption
for the 1/TiO2 and 1/Al2O3 films as a function of pH.


Figure 7. Normalised absorption spectra of 1/Al2O3 films immersed in 5 mm aqueous solutions of different
anions.
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Conclusions


Two new dyes have been prepared and their optical re-
sponse to anions has been studied both in solution and sup-
ported onto Al2O3 nanostructured films. In solution, the
colour changes displayed by the dye strongly depend on the
solvents employed. In methanol, the dye only changes
colour in the presence of cyanide (with a detection limit of
8 ppm); even when a large excess of the other anions was
used, no colour changes were observed. In DMSO, not only
CN� induces colour changes (in this case to dark purple),
but also F� (to blue), CH3COO�and H2PO4


� (both to violet/
red). Our spectroscopic data, together with recent reports in
the literature from the groups of Fabrizzi[39–41] and Gale,[44]


strongly suggests that the origin of the colour changes is not
a simple hydrogen-bonding interaction, but a process that
involves deprotonation of the thiourea NH groups.


Compound 1 was then supported on nanostructured
Al2O3 films and its optical properties studied. These sensi-
tised films were stable to desorption over a wide pH range
(in contrast with the behaviour observed with TiO2 films).
Immersion of the 1-sensitised Al2O3 film in an aqueous solu-
tion of cyanide induced a colour change that can be used for
the detection of cyanide down to 2.6 ppm. These easy-to-use
films also showed a good degree of selectivity (although
these will need further improvements in future work).


Experimental Section


Materials and instrumentation : Solvents were dried from the appropriate
drying agent, degassed and stored under nitrogen. All commercially
available starting materials were purchased from Aldrich and not further
purified unless otherwise stated. 1H and 13C NMR spectra were recorded
by using a Bruker Avance 400 Ultrashield NMR spectrometer with TMS
as the internal reference. IR spectra were recorded by using a Research
Series FTIR instrument as KBr disks in the range from 4000 to 500 cm�1.


UV/Vis absorption spectra were monitored at room temperature by
using a Thermo Genesys 10 UV/Vis spectrophotometer. Elemental analy-
ses were carried out at the London Metropolitan University. The associa-
tion constants were calculated from non-linear curve fitting of the spec-
troscopic data by using a 1:1 binding model with the SPECFIT pro-
gram.[46]


Synthesis of 1: Step 1: Disperse Orange 3 (2.12 g, 8.74 mmol) was dis-
solved in THF (150 mL), and thiophosgene (1.35 mL, 17.58 mmol) was
added. The reaction mixture was heated to reflux and stirred for 1 h
while argon was bubbled through the solution. All volatiles were evapo-
rated under reduced pressure to yield 4-nitroazobenzene-4’-isothiocya-
nate as a red solid. This was used in the next step without further purifi-
cation.


Step 2 : 4-Carboxyaniline (1.0 g 7.28 mmol) was dissolved in dried THF
(50 mL). 4-Nitroazobenzene-4’-isothiocyanate (2.480 g 8.74 mmol; ob-
tained in the first step) was dissolved in THF (100 mL) and added to the
solution of 4-carboxyaniline. The reaction mixture was heated at reflux
for 6 h under N2 and stirred at room temperature for a further 12 h. The
solid was removed by filtration and the solvent evaporated to yield an
orange-red solid. The crude solid was washed with methanol to yield the
pure product as an orange solid (1.84 g, 60%). 1H NMR (400 MHz,
[D6]DMSO): d =8.44 (d, J=9.2 Hz, 2H), 8.07 (d, J=9.2 Hz, 2H), 7.99 (d,
J=9.2 Hz, 2H), 7.93 (d, J=8.4 Hz, 2H), 7.84 (d, J=9.2 Hz, 2H),
7.69 ppm (d, J=8.4 Hz, 2H); 13C NMR (400 MHz, CDCl3): d=179.5,
167.4, 155.8, 148.6, 148.5, 144.3, 143.9, 130.5, 126.6, 125.6, 124.5, 123.8,
123.1, 122.5 ppm; UV/Vis: lmax (e)=376 nm (8,300m


�1 cm�1); MS-
ACHTUNGTRENNUNG(FAB+): m/z (%): 422 (100) [M+1]+ ; elemental analysis calcd (%) for
C20H15N5O4S: C 57.00, H 3.59, N 16.62; found: C 57.25, H 3.72, N 16.42.


Synthesis of 2 : Aniline (0.082 g, 80 mL 0.88 mmol) was dissolved in dried
THF (10 mL). 4-Nitroazobenzene-4’-isothiocyanate (0.300 g, 1.06 mmol;
obtained as described in the synthesis of 1) dissolved in dried THF
(10 mL) was added and the mixture was heated at reflux for 2 h under
N2. The mixture was then allowed to cool, the solid was removed by fil-
tration and the solvent was evaporated to yield an orange-red solid. The
crude solid was washed with methanol to yield the pure product as an
orange solid (0.17 g, 50%). 1H NMR (400 MHz, [D6]DMSO): d =10.28
(s, 1H), 10.16 (s, 1H), 8.43 (d, J=8.8 Hz, 2H), 8.06 (d, J=8.8 Hz, 2H),
7.97 (d, J=8.8 Hz, 2H), 7.84 (d, J=8.8 Hz, 2H), 7.51 (d, J=8.0 Hz, 2H),
7.36 (t, J=8.0 Hz, 2H), 7.16 ppm (t, J=8.0 Hz, 1H); 13C NMR
(400 MHz, CDCl3): d=179.7, 155.8, 148.6, 148.3, 144.7, 139.6, 129.0,
125.6, 125.3, 124.4, 124.1, 123.8, 122.9 ppm; UV/Vis: lmax (e)=412 nm
(e=47,300m


�1 cm�1) MS (FAB+ ): m/z (%): 378 (100) [M+1]+ ; elemen-
tal analysis calcd (%) for C19H15N5O2S: C 60.46, H 4.01, N 18.56; found:
C 60.34, H 4.30, N 18.90.


Preparation of mesoporous nanocrystalline TiO2 films : Mesoporous
nanocrystalline films consisting of anatase TiO2 particles (15–25 nm in
size) were prepared as follows: titanium isopropoxide (40 mL) was mixed
with glacial acetic acid (9.1 g) under a nitrogen atmosphere and stirred
for 10 min. The mixture was then poured into a conical flask that con-
tained 0.1m aqueous nitric acid (240 mL) at room temperature and it was
subsequently stirred at 80 8C for 8 h. The TiO2 colloidal was filtered by
using a 0.45 mm syringe filter and then autoclaved at 220 8C for 12 h. The
colloids were re-dispersed with a 2 min cycle burst from an LDU Sonip-
robe horn, as reported previously.[26] The solution was then concentrated
to 12.5% (in TiO2 weight) on a rotary evaporator by using a membrane
vacuum pump at 45–50 8C. Carbowax 20000 (50% TiO2 by weight) was
added and the resulting paste was stirred slowly overnight before distilled
water (50:50 w/w to the TiO2 paste) was added to dilute the TiO2 paste
for ensuring a thin film. The mixture was stirred slowly overnight prior to
film deposition to ensure homogeneity and prevent trapped air bubbles.
The paste was spread on the FTO substrates using a glass rod and 3M ad-
hesive tape was used as spacer. After drying in air, the film was sintered
at 450 8C for 30 minutes in a furnace. The resulting film thickness, using
one layer of 3M adhesive tape, was of 1.4�0.1 mm (measured by Alpha
200 Profilometer).


Preparation of mesoporous nanocrystalline Al2O3 films : Colloidal alumi-
nium oxide (50 nm, Alfa Aesar) was diluted with distilled H2O (50:50)
and hydroxypropyl cellulose (2 wt%, 370,000 gmol�1; Sigma Aldrich)


Figure 8. Normalised absorption spectra of 1/Al2O3 films immersed in
aqueous solutions of cyanide at different concentrations.
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was added. The mixture was stirred for a week to allow the polymer to
dissolve completely prior to film deposition, which ensured homogeneity
and that no air bubbles were trapped within the film. The Al2O3 paste
was doctor bladed onto the microscope slide with one layer of Scotch
Tape. The film was dried at room temperature for about 20 min, and
then calcined at 400 8C for 30 in. Typical Al2O3 films were (3.8�0.2) mm
thick. Films were recalcined for 20 min at 400 8C before dye sensitization.


The nanocrystalline Al2O3 material was further analysed by X-ray
powder diffraction, which showed that the structure of the alumina was
g-Al2O3. This was carried out by using a Bruker Advance D8 instrument,
which measured at a 2q range of 20 to 808 with CuKa radiation.


Sensitising the TiO2 films : Compound 1 was adsorbed onto a TiO2 film
by soaking the film in a solution of the dye (1 mm) in a 1:1 mixture of
acetonitrile/tert-butanol at room temperature overnight. A yellow 1/TiO2


film was obtained. The dye loading on the film was determined to be
159 nmolcm�2.


Sensitising the Al2O3 films : Compound 1 was adsorbed onto a 4 mm-thick
Al2O3 film by soaking the film in a solution of the dye (0.1 mm) in a 1:1
mixture of acetonitrile/tert-butanol at room temperature overnight. A
yellow 1/Al2O3 film was obtained. The dye loading on the film was deter-
mined to be 152 nmolcm�2.
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Carboxylate Ligands Drastically Enhance the Rates of Oxo Exchange and
Hydrogen Peroxide Disproportionation by Oxo Manganese Compounds of
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Introduction


Although it is a by-product of aerobic respiration, hydrogen
peroxide is considered highly deleterious because its reduc-
tion gives rise to the hydroxyl radical, which is able to
attack all cell components. Therefore, as soon as it is pro-
duced, H2O2 is disproportionated by the catalase enzymes,
which play a pivotal role in the protection of living cells
against oxidative stress.[1,2] Most of these enzymes are hemo-
proteins, but manganese is a cofactor of a few of bacterial
origin.[3–5]


Crystallographic studies have revealed that the active
sites of the Mn catalases found in the bacteria Thermus ther-
mophilus[6] and Lactobacillus plantarum[7] each comprise
two manganese atoms triply bridged by the carboxylate
group of a glutamate and two water-derived ligands. In the
reduced state of the enzymes (MniiMnii), these two ligands
are probably a hydroxide ion and a water molecule,[8] while
in the oxidized state (MniiiMniii)[9] they are oxide ions as in


Abstract: To mimic the carboxylate-
rich active site of the manganese cata-
lases more closely we introduced car-
boxylate groups into dimanganese
complexes in place of nitrogen ligands.
The series of dimanganese ACHTUNGTRENNUNG(III,IV) com-
plexes of tripodal ligands
[Mn2(L)2(O)2]


3+ /+ /�/3� was extended
from those of tpa (1) and H ACHTUNGTRENNUNG(bpg) (2) to
those of H2ACHTUNGTRENNUNG(pda) (3) and H3 ACHTUNGTRENNUNG(nta) (4)
(tpa= tris-picolylamine, HACHTUNGTRENNUNG(bpg)=bis-
picolylglycylamine, H2ACHTUNGTRENNUNG(pda)=picolyldi-
glycylamine, H3ACHTUNGTRENNUNG(nta)=nitrilotriacetic
acid). While 3 [Mn2ACHTUNGTRENNUNG(pda)2(O)2][Na-
ACHTUNGTRENNUNG(H2O)3] could be synthesized at �20 8C
and characterized in the solid state, 4
[Mn2 ACHTUNGTRENNUNG(nta)2(O)2]


3� could be obtained
and studied only in solution at �60 8C.
A new synthetic procedure for the
dimanganeseACHTUNGTRENNUNG(III,III) complexes was


devised, using stoichiometric reduction
of the dimanganese ACHTUNGTRENNUNG(III,IV) precursor
by the benzil radical with EPR moni-
toring. This enabled the preparation of
the parent dimanganese ACHTUNGTRENNUNG(III,III) com-
plex 5 [Mn2ACHTUNGTRENNUNG(tpa)2(O)2] ACHTUNGTRENNUNG(ClO4)2, which
was structurally characterized. The
UV/visible, IR, EPR, magnetic, and
electrochemical properties of com-
plexes 1–3 and 5 were analyzed to
assess the electronic changes brought
about by the carboxylate replacement
of pyridine ligands. The kinetics of the
oxo ligand exchanges with labeled
water was examined in acetonitrile so-


lution. A dramatic effect of the
number of carboxylates was evidenced.
Interestingly, the influence of the
second carboxylate substitution differs
from that of the first one probably be-
cause this substitution occurs on an
out-of-plane coordination while the
former occurs in the plane of the
[Mn2O2] core. Indeed, on going from 1
to 3 the exchange rate was increased
by a factor of 50. Addition of triethyla-
mine caused a rate increase for 1, but
not for 3. The abilities of 1–3 to dispro-
portionate H2O2 were assessed volu-
metrically. The disproportionation ex-
hibited a sensitivity corresponding to
the carboxylate substitution. These ob-
servations strongly suggest that the car-
boxylate ligands in 2 and 3 act as inter-
nal bases.
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the “superoxidized state” (MniiiMniv).[10] In addition, each
manganese ion is bound to the protein chain through one
histidine and one glutamate.


Biochemical studies[11] have shown that neither the
MniiiMniv nor the MniiMniii states are functional, and elegant
spectroscopic studies[12] have demonstrated that during catal-
ysis the Mn pair shuttles between the oxidation states
MniiMnii and MniiiMniii. So far, the fast kinetics of the enzy-
matic reaction (kcat �105 s�1)[13] and the fact that the oxi-
dized and the reduced forms both react with the same sub-
strate (H2O2) have precluded detailed mechanistic studies.
As a consequence, most mechanistic hypotheses have been
based on studies of biomimetic compounds.[14–16] Numerous
reports on the “catalase-like reaction” have been published
for very diverse manganese compounds. Nevertheless, the
most detailed mechanistic studies were performed on com-
plexes of binucleating ligands involving either alkoxides[17–19]


or phenolates,[20–23] which stabilize the dimanganese unit by
providing it with an internal bridge. Depending upon the
Mn ligands, all oxidation states of the pair from MniiMnii to
MnivMniv have been implicated in the catalysis. Conversely,
few detailed studies have been performed with manganese
complexes possessing a bis-(m-oxo) bridging pattern, in spite
of the fact that it is the one found in the enzymes.[9,10]


An examination of the literature shows that only a few
bis-(m-oxo)bis-manganese ACHTUNGTRENNUNG(III) complexes have been struc-
turally characterized,[24–30] while their MniiiMniv counterparts
are plethoric.[14–16,31] In addition, all of these complexes pos-
sess hindered nitrogen ligands, and moreover no general ef-
ficient synthetic procedure for the bis-(m-oxo)bis-
manganese ACHTUNGTRENNUNG(III) complexes has been devised so far.


In order to try to design more reliable manganese catalase
models we decided to use tripodal ligands in which carbox-
ylate donors could easily be introduced and to investigate
the reactivities of the corresponding complexes. The ligands
used in this study are depicted in Scheme 1. They involve
successive replacements of pyridyl groups by carboxylate
groups, going from tris-2-picolylamine (tpa) to bis-2-picolyl-
glycylamine (Hbpg), to 2-picolyldiglycylamine (H2pda), and
finally to nitrilo-tris-acetic acid (H3nta).


In this article we present the syntheses of the unknown
bis-(m-oxo)-bis-manganese ACHTUNGTRENNUNG(III,IV) complexes of the pda and
nta ligands. We also describe a general one-electron reduc-
tion procedure to provide the bis-(m-oxo)-bis-manganese-
ACHTUNGTRENNUNG(III,III) compounds, which enabled us to obtain the tpa and


Hbpg complexes. Finally we report on the influence of the
carboxylate contents of the tripodal ligands on the proper-
ties and on the activities of the bis-(m-oxo)-bis-manganese-
ACHTUNGTRENNUNG(III,III) and -(III,IV) cores in the H2O2 disproportionation
reaction. A comparison of the disproportionation activities
of these complexes with their abilities to exchange their
bridging oxygens with water emphasizes the dominating
effect of the carboxylate group, which may act as an internal
base, a feature likely to play an important role in the cata-
lase-like reaction.


Results


Syntheses


MnIIIMnIV complexes : The MniiiMniv complexes [Mn2(O)2-
ACHTUNGTRENNUNG(tpa)2] ACHTUNGTRENNUNG(ClO4)3 (1)[34] and [Mn2(O)2ACHTUNGTRENNUNG(bpg)2]ACHTUNGTRENNUNG(ClO4) (2)[35] had
already been described. To assess the influence of a greater
number of carboxylate ligands, as found in the catalase en-
zymes, we decided to extend this series of compounds to the
corresponding complexes of the H2pda and H3nta ligands.
However, all published synthetic procedures failed and led
to manganese dioxide deposition, owing to the great insta-
bilities of these compounds. The use of low temperatures
(�20 8C for 3 and �60 8C for 4) inhibited MnO2 deposition
and enabled us to obtain the two compounds {[Mn2-
ACHTUNGTRENNUNG(pda)2(O)2]Na ACHTUNGTRENNUNG(H2O)6}n (3) and [Mn2(O)2ACHTUNGTRENNUNG(nta)2]Na3 (4) by
treatment of the ligands with mixtures of manganese(II) ni-
trate and potassium permanganate. Compound 3 could be
isolated in the solid state and crystallized,[36] but 4 proved to
be too unstable to be obtainable as a solid and was there-
fore characterized only in solution at low temperature by
EPR.


MnIIIMnIII complexes : The first bis ACHTUNGTRENNUNG(m-oxo)bismanganeseACHTUNGTRENNUNG(III)
complex was synthesized by Hodgson et al.[24] by use of the
ligand 6-Mebispicen (N,N’-bis-(6-methylpicolyl)ethylenedia-
mine) in the presence of manganese(II) perchlorate and
oxygen, with a yield of 5%. The same group[26] prepared a
series of such complexes by using ligands such as bisMepy-
ren (N,N’-bis-(methyl-2-pyrazine)ethylenediamine) and
tMepa (bis-(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)-
amine) and hydrogen peroxide as oxidizing agent with yields
in the range from 30 to 76%. Using the same procedure,


Mikata et al. very recently iso-
lated such complexes in yields
of around 30% with linear tet-
radentate quinoline ligands
(N,N’-bis(2-quinolylmethyl)-
N,N’-diethyl-ethylenediamine
and its isopropyl analogue).[30]


In 1994, Hodgson et al.[28] pub-
lished the synthesis of the com-
plex of the ligand bispicMe2en
(N,N’-bis-[(6-methylpicolyl)-
ACHTUNGTRENNUNG(methyl)]ethylenediamine) byScheme 1. Ligands used in this study.
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reduction of the bis ACHTUNGTRENNUNG(m-oxo)MnIIIMnIV complex with sodium
thiosulfate with a yield of 40%. Finally, Moro-oka et al. de-
scribed the synthesis of the complex of the iprtpzb (isopro-
pyltrispyrazolylborate) ligand by oxidation of the bis(m-hy-
droxo) bis-manganese(II) complex either by oxygen or elec-
trochemically with yields of around 50%.[27]


As a result of the observation that the bis ACHTUNGTRENNUNG(m-oxo)-
MnIIIMnIV complexes are rather easily obtained, we decided
to use them as precursors in a reductive procedure. We an-
ticipated that the reaction should be easily monitored
through EPR spectroscopy as the starting compounds pos-
sess the well known characteristic 16-line spectrum,[42] while
the expected product would be EPR silent and the MnII


products potentially obtained by “over-reduction” or dispro-
portionation should be easily detectable through their char-
acteristic six-line spectra.[43] As reducing agent we chose the
benzil radical, because benzil is highly soluble in the reac-
tion medium. By this method we succeeded in obtaining the
bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIII complexes of the ligands tpa and
Hbpg (5 and 6, respectively), from their bis ACHTUNGTRENNUNG(m-oxo)-
MnIIIMnIV precursors.[34,35] With the ligand H2pda the ob-
tained complex disproportionated into MnIIIMnIV and MnII


derivatives over approximately a day at �20 8C under argon.
Owing to its neutrality, complex 6 could not be precipitated
because of its strong solubility in all usual solvents, and its
characterization by mass spectrometry was impossible.
Moreover, over extended periods of time it started to dis-
proportionate in solution. For all these reasons, we primarily
studied the reactivity and the characterization of complex 5.
It is worth noting that this complex could not be obtained as
described by Hodgson et al.[28] by reduction with sodium thi-
osulfate, which is a two-electron reducing agent and gave a
mixture of different oxidation states. In contrast, the use of
the benzil radical appeared quite general, and EPR monitor-
ing showed a clean reduction of the [MnIIIMnIV] without the
appearance of other EPR active species. This indicates the
formation of the desired [MnIIIMnIII] complexes in solution.
Isolation of these complexes was only possible in the cases
of 5 and 6, owing to the intrinsic instability of the pda and
nta derivatives with regard to disproportionation.


Solid state-characterizations


Crystal structure of 5 : The structure of the dimanganese-
ACHTUNGTRENNUNG(III,III) tpa complex 5 is illustrated in Figure 1. Crystal data
are summarized in Table S1, and a selection of distances and
angles is given in Table 1. Within the crystal, there is an al-


ternation of planes of tetraphenylborate ions (BPh4) and bi-
nuclear units in a BPh4-cation-BPh4-BPh4-cation-BPh4 ar-
rangement. Each manganese is hexacoordinated, the coordi-
nation sphere being composed of four nitrogen atoms from
the tpa ligand and two oxo bridges.


The structure obtained is very close to that of complex
1.[34] The Mn2O2 diamond core is planar. Since the center of
the Mn2O2 core is an inversion center, the manganese ACHTUNGTRENNUNG(III)
ions are equivalent. The Mn–Mn distance in 5 is almost the
same as in 1 (2.642 and 2.643 O, respectively), in spite of the
different redox states of the Mn pairs, thus showing a weak
influence of the oxidation states in this case. This is the
result of a lengthening of the Mn–Ooxo distances (1.831 O
for 5 vs 1.807 for 1) and a closing of the Mn-Ooxo-Mn angle
(92.368 for 5 vs 94.07 for 1). Indeed, the two effects com-
pensate each other, which ultimately leaves the Mn–Mn dis-
tance unaffected. A similar lengthening of the Mn–Ooxo


bonds with respect to 1 is observed for all other bond distan-
ces in 5 (corresponding average distance 2.103 O for 5 vs
1.999 for 1). The strongest effect is seen on the Mn–Npy


bond distances perpendicular to the Mn2O2 core, all four of
them being elongated by the Jahn–Teller effect in 5 rather
than only two in 1.


Infrared spectroscopy


The complexes 1–3 and 5 were studied by infrared spectros-
copy in order to investigate the influence of the ligands on
the vibrations of the Mn�Ooxo bonds. As expected, compari-
son of the spectra showed the progressive disappearance on
going from 1 to 3 of the strong band at about 1100 cm�1 as-
signed to the perchlorate counter anion. Similarly, and more
interestingly, the pyridine bands at about 3000–3150 cm�1


(aromatic CH), 1600 cm�1 (C=C pyridine), and 1560 cm�1


Table 1. Selected interatomic distances [O] and angles [8] for 5.


Mn–ligand distances


Mn–O(1) 1.830(2) Mn–O(2) 1.8324(18)
Mn–N(1) 2.188(3) Mn–N(2) 2.342(2)
Mn–N(3) 2.322(2) Mn–N(4) 2.092(2)
� ACHTUNGTRENNUNG[O–N(1)][a] 4.018 hMn–Li 2.103
� ACHTUNGTRENNUNG[O–N(4)] 3.924 Mn–Mn 2.642(2)
�[N(2)–N(3)] 4.674 Mn-O-Mn 92.36(7)


[a] �: sum of Mn–ligand distances along a particular axis.


Figure 1. Structure of the dication [Mn2ACHTUNGTRENNUNG(tpa)2(O)2]
2+ (5). Ellipsoids are


drawn at 30% probability.
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(C=N pyridine) were replaced on going from 1 to 3 by those
of the carboxylate groups: at 1624 cm�1 (nC=O) and
1350 cm�1 (nC�O) for 2, and at 1625 cm�1 (nC=O), 1361 cm�1


(nC�O), and 1376 cm�1 (nC�O) for 3. The differences between
nC=O and nC�O carboxylate bands are 274 cm�1 for 2 and
264 cm�1 and 249 cm�1 for 3. These values are characteristic
of monodentate carboxylates.[44]


The vibrational properties of bis ACHTUNGTRENNUNG(m-oxo)dimanganese
cores have attracted much interest as a reference for inter-
preting those of various PSII S states.[45,46] From a number of
IR and resonance Raman studies, as well as from normal co-
ordinate analyses and recent DFT calculations, it follows
that several vibrations in the 600–700 cm�1 range are associ-
ated with the Mn2O2 core. The IR spectra of complexes 1–3
and 5 were investigated in the solid state with the help of
18O isotope substitution in order to locate the manganese
oxo vibrations. Indeed, Cooper and Calvin described this
type of infra-red spectroscopy experiment in the case of bis-
ACHTUNGTRENNUNG(m-oxo)MnIIIMnIV bipyridine complexes.[47] They assigned a
band at 676 cm�1 as the Mn�Ooxo vibration. This band shifts
by �12 cm�1 upon 16O/18O substitution. Similar observations
were made by Czernuszewicz et al. by resonance Raman
spectroscopy.[48] Indeed, a shift of about �30 cm�1 was ob-
served for the Mn�Ooxo vibration at 690 cm�1 upon 16O/18O
exchange.


Theory predicts that for a bis ACHTUNGTRENNUNG(m-oxo)MnIIIMnIV complex
of D2h symmetry, two vibration modes (B2u and B3u), attrib-
utable to the oxo bridges, should be observable in infra-red
spectroscopy. In the cases of 1–3, only two bands proved
sensitive to 16O/18O exchange (Figure S1). They are located
at about 700 cm�1 (703, 697, and 694 cm�1, respectively, for
complexes 1, 2, and 3) and 600 cm�1 (611, 605, and
610 cm�1). Upon 16O/18O isotopic substitution, these bands
shift by �25 cm�1. The energy of the vibration mode at
700 cm�1 slightly decreases from 1 to 3, reflecting a weaken-
ing of the associated bond, in agreement with the structural
results (see below). This trend, however, is not observed for
the other vibration mode at 600 cm�1. The energies of these
bands and their 18O induced shifts compare favorably with
those observed or calculated for various MnIIIMnIV com-
plexes.[49]


In the case of 5, the assignment of the Mn�Ooxo vibrations
is less straightforward. Indeed, the main differences with 1
are located in the 500–800 cm�1 domain. Thus, the manga-
nese�Ooxo vibrations, characteristic of MnIIIMnIV complexes
at 700 and 600 cm�1, have disappeared. Isotopic exchange
revealed that a band at 660 cm�1 narrows after labeling,
whereas a band around 625 cm�1 becomes wider. It is thus
likely that the Mn�Ooxo vibration is located at 660 cm�1 and
overlaps with a band at 657 cm�1. Upon 18O isotope substitu-
tion the Mn�Ooxo vibration experiences a shift of �35 cm�1


and overlaps another band around 625 cm�1, while the band
at 657 cm�1 remains. To the best of our knowledge, there are
no data in the literature for comparison. The lower energy
of the vibration is consistent with the reduction of the oxida-
tion state of the Mn2O2 core, and a 620 cm�1 energy has
been calculated for [MnIIIMnIII(O)2ACHTUNGTRENNUNG(NH3)8]


2+ .[49]


Magnetic susceptibility study


Numerous studies have shown that the magnetic properties
of bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIV complexes are dominated by the
strong antiferromagnetic coupling (�J �130–160 cm�1)
mediated by the oxo bridges, which couples the individual
spins of the MnIII and MnIV ions (S=2 and S= 3=2, respec-
tively) to an S= 1=2 ground state.[28, 31,35, 50–53] We studied the
magnetic properties of complexes 1–3 to assess the influence
of the peripheral tetradentate ligand on the magnetic inter-
action. Owing to the strong coupling for all complexes and
the small range of variation, it was necessary to study the
three compounds in spite of earlier measurements on 1–
2.[35,50]


Figure S2 illustrates the temperature dependence of the
magnetic susceptibilities for all compounds studied. In the
cases of 1–3, the product cMT is about 0.75 Kcm3mol�1 at
room temperature and decreases steadily with temperature
until it reaches a plateau at cMT �0.4 Kcm3mol�1, in agree-
ment with an S= 1=2 ground state (expected value for cMT
�0.375 Kcm3mol�1 for g=2.0). The experimental curves
were simulated by use of the Van Vleck equation for two in-
teracting spins S=2 and S= 3=2 as described in the Experi-
mental Section. Excellent simulations were obtained in all
cases, and the best fit parameters are listed in Table 2. These


fits reveal a trend in the exchange interaction, which be-
comes less antiferromagnetic in the order 1 (�J=161�
5 cm�1) < 2 (�J=142�5 cm�1) < 3 (�J=133�9 cm�1). As
discussed below, this order parallels the strengths of the
Mn�Ooxo bonds, as revealed by the structural and infrared
studies.


The bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIII complexes experience a similar
antiferromagnetic coupling, albeit less intense (�J
�100 cm�1), as shown for complexes of the ligands 6-Mebis-
picen and bispicMe2en.


[24,28] The same behavior is observed
for 5. Between 300 and 60 K, the product cMT decreases
from 1.00 Kcm3mol�1 to 0.10 Kcm3mol�1, reaching a plateau
at lower temperatures, at a value of about 0.09 Kcm3mol�1.
The curve cMT= f(T) was simulated by using the Van Vleck
equation adapted to two interacting spins S=2. An excellent
fit was obtained with the parameters listed in Table 2. The
antiferromagnetic exchange interaction deduced from the
simulation (�J=106�1 cm�1) is slightly higher than those


Table 2. Parameters deduced from simulation of the magnetic suscepti-
bility data for 1–3 and 5.


Complex �J [cm�1] g TIPP106 [cm3mol�1] 104P I[a] R2


1[b] 161�5 2.00[c] 140�10 17�1 0.998
2[d] 142�5 2.00[c] 120�10 0 0.9993
3 133�9 2.00[c] 10�10 20�1 0.998
5 106�1 1.96 423�10 10�1 0.9997


[a] I corresponds to the molar content of contaminant spin S= 5=2. [b] Lit-
erature value 159 cm�1, ref. [50]. [c] Value fixed in the simulations.
[d] Literature value 151 cm�1, ref. [35].
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previously estimated for related compounds. As observed
previously for the bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIV complexes, the anti-
ferromagnetic interactions parallel the strengths of the Mn�
Ooxo bonds: [tpa] (�J=106 cm�1, Mn�Ooxo=1.831 O) >


[bispicMe2en][28] (�J=101 cm�1, Mn�Ooxo=1.840 O) > [6]-
Mebispicen,[24] (�J=86 cm�1, Mn�Ooxo=1.849 O).


Solution studies


UV/Visible spectroscopy: The electronic absorption spectra
of the bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIV complexes are characterized by
four bands located at about 15400, 18000, 22000, and
26000 cm�1. In a very detailed analysis, Solomon et al. as-
signed the three lower energy transitions to an oxo!MnIV


charge-transfer transition and two MnIV d–d transitions, re-
spectively.[54] Similar assignments were proposed by Suzuki
et al.[35] for 1 and by Hodgson et al.[24,28] for complexes of
the bispicen and tpa series.


As shown in Figure 2 and Table 3, complexes 1–3 exhibit
transitions in the expected domains. The shoulders around
380 nm (26315 cm�1) do not move significantly on going
from 1 to 3, but rather decrease in intensity. This suggests
that these bands can be assigned to p ! p* transitions
within the pyridines of the ligands. On the other hand, the
three other transitions exhibit a continuous trend to higher


energy associated with the replacement of each pyridine by
a carboxylate, in agreement with the substitution of an aro-
matic amine by an anionic oxygen ligand. This overall effect
can be explained by considering the higher donating influ-
ence of carboxylates in relation to pyridines. As a conse-
quence, the d orbitals of the Mn ions are more destabilized
and the oxo to Mn charge transfer transition occurs at
higher energy. Interestingly the spectra of 1 and 2 reveal an
essentially constant displacement of all transitions, reflected
by constant energy differences between them. Compound 3,
however, departs from this behavior, the energetic differ-
ence between bands II and III being increased. As pointed
out by Solomon et al. , this difference represents the splitting
of the dxz and dyz orbitals due to out-of-plane interactions
and directly reflects the extent of oxo-MnIV out-of-plane p


bonding.[54] Comparison of the spectra of 1–3 fully supports
this interpretation. Indeed, on going from 1 to 2 an in-plane
pyridine is replaced by a carboxylate, and bands II and III
are only shifted in energy by similar amounts. On the other
hand, on going from 2 to 3 the replacement of an axial pyri-
dine by a carboxylate causes a 20% increase in the splitting
of bands II and III.


In contrast, 5 does not exhibit intense absorptions in the
350 to 800 nm range. The low extinction coefficients (be-
tween 100 and 360 Lmol�1 cm�1) of these bands lead to their
assignment to d ! d transitions. The oxo ! MnIII charge-
transfer bands are probably located in the ultraviolet
domain but cannot be observed owing to strong acetonitrile
absorptions in this region.


EPR spectroscopy studies of MnIIIMnIV complexes : Studies
of complexes 1–4 by electron paramagnetic resonance were
carried out on frozen solutions in acetonitrile in the pres-
ence of traces of DMF to improve the quality of the glass.
The spectra of complexes 1 and 2 had already been de-
scribed in the literature.[24,35] Nevertheless, we recorded
them again in order to be able to make valuable compari-
sons of the various characteristics of these spectra. All spec-
tra were recorded at low temperature (10 K) and are illus-
trated in Figure 3. The bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIV complexes
have a ground spin state S= 1=2 owing to the strong antifer-
romagnetic coupling of the two ions of spins S=2 and S=
3=2. Therefore, these compounds possess a signal centered at
g=2. The hyperfine couplings with the 55Mn nuclear spin
result in a characteristic 16-line signal.[42] On varying the
power of the microwave input, we noted a very fast signal
saturation, even for low powers (P > 6 mW approximately).
Experiments at various temperatures (4.5 to 40 K) did not
indicate any change in the shape of the recorded spectrum,
apart from a decrease in the intensity of the signal when the
temperature was increased, consistently with the depopula-
tion of the S= 1=2 ground state. This shows that only the
ground state is populated in the temperature range studied,
as is to be expected owing to the large magnetic exchange
coupling of the complexes (see above).


Table 4 reports the “best fit” parameters obtained from
simulation of all spectra (Figure S3). The agreement factor


Figure 2. UV/visible spectra of compounds 1 (a), 2 (d), and 3 (c)
in acetonitrile solution.


Table 3. Electronic absorption spectra of 1–3 in acetonitrile.


Complex 1 2 3


band I
l [nm] (e [Lmol�1 cm�1])
E [cm�1]


660 (500)
15152


640 (420)
15625


590 (450)
16949


band II
l [nm] (e [Lmol�1 cm�1])
E [cm�1]


559 (621), 505 (650)
17889; 19802


545 (550)
18349


537 (600)
18622


band III
l [nm] (e [Lmol�1 cm�1])
E [cm�1]


439 (1250)
22779


434 (1250)
23041


413 (1550)
24213


band IV
l [nm] (e [Lmol�1 cm�1])
E [cm�1]


382 (1400)
26178


380 (1480)
26316


�375
�26670
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R (Table 4) is excellent for all complexes but complex 4.
The jA1 j parameter is approximately double the jA2 j pa-
rameter, which enables us to say that they represent the
MnIII and MnIV ions, respectively. The jA2 j values are iso-
tropic, whereas jA1 j presents a rather important rhombicity.
This anisotropy can be correlated with the distortion of
MnIII due to an important Jahn–Teller effect. In the same
way, the g parameter is rather rhombic. For the series of
complexes, the values of the parameters obtained are very
close. We notice a slight increase in the giso and jA2 j values
on going from 1 to 4. The parameters thus evaluated are of
the same order of magnitude as those given in the literature
for various bis ACHTUNGTRENNUNG(m-oxo)MnIIIMnIV complexes.[42] The parame-
ter B, which corresponds to the half-width at middle height
of the EPR lines, decreases by approximately 0.1–0.2 mT
from 1 to 3 and, more importantly (ca. 0.35 mT), to 4. This
phenomenon is due to the reduction of the nitrogen hyper-
fine couplings when the pyridine ligands are replaced by car-
boxylate groups.


Electrochemistry


The results obtained are presented in Table 5 and Figure 4.
Complexes 1 and 2 each exhibit two reversible redox cou-
ples: one associated with the reduction of the complex in


Figure 3. EPR spectra of compounds 1–4 in toluene/acetonitrile glass
(T=10 K, P=3.17 mW, frequency modulation=100 kHz, amplitude mod-
ulation=9 G).


Table 4. Parameters deduced from the simulation of EPR spectra of 1–4.


Complex g jA1 j
[10�4 cm�1]


jA2 j
[10�4 cm�1]


dB[a]


[mT]
R[b]


1 x 2.000 159 68 1.1 0.004
y 1.997 142 71
z 1.984 107 74
iso[c] 1.994 136 71


2 x 2.001 154 70 1.0 0.01
y 1.999 141 71
z 1.985 106 76
iso[c] 1.995 133 73


3 x 2.004 157 72 0.85 0.01
y 2.001 144 73
z 1.984 105 78
iso[c] 1.996 135 74


4 x 2.007 160 73 0.5 0.22
y 2.002 145 75
z 1.984 107 79
iso[c] 1.998 138 76


[a] Spectral bandwidth (half-width at half-height). [b] Agreement factor:
R=�(Iexp�Icalcd)2/� ACHTUNGTRENNUNG(Iexp)2. [c] giso= (gx+gy+gz)/3.


Table 5. Electrochemical data for complexes 1–3. Potentials are given in
V vs Ag/AgNO3 [10 mm].


Complex Solvent MnIII/IIIQMnIII/IV MnIII/IVQMnIV/IV


1 CH3CN E1=2
=�0.05


(+0.50[a])
E1=2


=++0.77
(+1.32[a])


DEp=0.06 DEp=0.07
2 CH3CN E1=2


=�0.34
(+0.21[a])


E1=2
=++0.43


(+0.98[a])
DEp=0.08 DEp=0.10


3 CH3CN/H2O
(4:1)


Epc=�0.36
(+0.19[a])


E1=2 =++0.37
(+0.92[a])


DEp=0.10


[a] In parentheses value vs NHE, DE=++0.548 V/Ag/Ag+ .


Figure 4. Cyclic voltammograms at a Pt electrode (diameter 5 mm) of:
a) 0.9 mm solution of 1 in CH3CN+TBAP (0.1m), b) 0.6 mm solution of 2
in CH3CN+TBAP (0.1m), and c) 0.5 mm solution of 3 in CH3CN/H2O
4:1+TBAP (0.1m). Sweep rate: 100 mVs�1.
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the bis ACHTUNGTRENNUNG(m-oxo)-MnIIIMnIII species and another associated
with its oxidation in the bis ACHTUNGTRENNUNG(m-oxo)-MnIVMnIV complex. In
contrast, complex 3 presents only a reversible oxidation
couple, the reduction being ill-defined. The potentials mea-
sured for complexes 1 and 2 are identical to those described
in the literature.[24,35]


Examination of Table 5 shows that the replacement of
one pyridine by a carboxylate group within the ligand
lowers the oxidation potential of the MnIIIMnIV/MnIVMnIV


couple by 340 mV. A similar effect on the potential of the
MnIIIMnIII/MnIIIMnIV couple (290 mV) is noted. The replace-
ment of a second pyridine brings an additional, albeit small-
er (60 mV), lowering of the oxidation potential. The better
stabilization of the high oxidation state by the negatively
charged carboxylate is responsible for these shifts in redox
potentials. The reduced influ-
ence of the second carboxylate
is probably caused by its loca-
tion on the Jahn–Teller elonga-
tion axis of the MnIII ion. The
irreversibility of the reduction
of complex 3 is probably due to
the destabilization of its re-
duced MnIIIMnIII form by the
anionic donors caused by the
accumulation of two negative
charges. It is consistent with the
disproportionation observed
during the benzil reduction of
3.


Oxo exchange reactions : Because of the insolubility of 3 in
acetonitrile, the exchange of oxo ligands was studied in ace-
tonitrile/methanol (4:1) mixtures for 1–3 and 5 and in pure
acetonitrile for 1, 2, and 5. Figure 5 illustrates the time de-
pendence of the disappearance of the starting compound
upon treatment with 890 equiv of H2


18O monitored by elec-
trospray ionization mass spectrometry. These results were
obtained in acetonitrile/methanol 4:1; similar results were
obtained in pure acetonitrile. For all complexes, ESI-MS re-
vealed successive exchanges of the two oxo ligands (Fig-
ure S4) by the time-dependent disappearance of the isotopic


pattern at [M] of the unexchanged species by those at
[M+2] and [M+4] of the singly and doubly exchanged spe-
cies.


The data in Figure 5 could be simulated with a monoexpo-
nential law. Table 6 compares the oxo exchange kinetics of
the compounds expressed as the times required for half-re-
action of the starting compounds. These data show that the
exchange in 1 is extremely slow (t1=2 �182 min), but that re-
placement of a pyridine ligand in 1 by a carboxylate in 2
speeds up the exchange by more than an order of magnitude
(t1=2
�14.4 min for 2). A second pyridine/carboxylate substi-


tution further increases the rate about twofold (t1=2 �3.7 min
for 3). As shown in Table 6, reduction of the [Mn2O2] core
from the mixed-valent state [MnIIIMnIV] to the [MnIIIMnIII]
state causes the rate to be increased by a factor of 84.


Since the oxo exchange reaction necessarily involves the
deprotonation of a water molecule, the basic character of
carboxylates could play a major role in the rate enhance-
ment they bring about. To investigate this possibility the ex-
change reactions of compounds 1–3 in the presence of tri-
ethylamine were investigated. These experiments support
this hypothesis. Indeed, the presence of triethylamine accel-
erates the oxo exchange of 1 by a factor of over 30 (t1=2
�5.8 min) but has a limited effect on 2 and 3. These obser-
vations strongly support the contention that a major contri-
bution of the carboxylate ligands resides in their roles as in-
ternal bases.


Hydrogen peroxide disproportionation—kinetic studies on
dimanganeseACHTUNGTRENNUNG(III,IV) complexes : As mentioned earlier, the
oxidized forms of manganese catalases each contain a
[MnIII


2O2] core, which is believed to oxidize H2O2. Model
MnIII(O)2MnIV complexes with tpa, bpg, cyclam, and substi-
tuted bispicen ligands have shown activity in the catalase-
like reaction.[55,56] Therefore the abilities of 1–3, 5, and 6 to
disproportionate hydrogen peroxide were assessed in aceto-
nitrile to evaluate the influence of the carboxylate ligands.


Figure 6 illustrates the time dependence of dioxygen evo-
lution upon treatment of 1–3 with H2O2 at 0 8C. Lag phases
are observed for the less reactive compounds 1 and 2. As
can be seen from Figure 6, 3 and 2 disproportionate 460
equivalents of H2O2 in about 40 and 110 min, respectively,
but 1 would require about 7 h to achieve it. This translates
into very different maximum dioxygen evolution rates, from


Figure 5. ESI-MS study of the exchange of oxo ligands in 1–3 with H2
18O


in acetonitrile solution (1: &, +NEt3: &; 2 : ^, +NEt3: ^; 3 : ~, +NEt3: ~).


Table 6. Oxo exchange rates of complexes 1–3 and 5 in acetonitrile.


Ligands[a] t1=2 [min] Ligands[b] t1=2 [min] t1=2 [min]
+NEt3


MnIIIMnIII
ACHTUNGTRENNUNG(tpa)2, 5 2.2


MnIIIMnIV
ACHTUNGTRENNUNG(mesterpy)2 ACHTUNGTRENNUNG(H2O)2, 7 4.6 ACHTUNGTRENNUNG(dpa)2, 3 3.7 3.1
ACHTUNGTRENNUNG(bpy)2, 8 21.3 ACHTUNGTRENNUNG(bpg)2, 2 14.4 13.0
ACHTUNGTRENNUNG(phen)2, 9 20 ACHTUNGTRENNUNG(tpa)2, 1 182.0 5.8
ACHTUNGTRENNUNG(bpea)2 ACHTUNGTRENNUNG(m-OAc), 10 25.7


MnIVMnIV
ACHTUNGTRENNUNG(bpea)2 ACHTUNGTRENNUNG(m-OAc), 11 231.7


[a] Results from ref. [53]; bpea=bis-picolylethylamine, bpy=bipyridine, phen=1,10-phenanthroline, mester-
py=mesitylterpyridine. [b] This work.
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Vmax=0.04�0.01 mLmin�1 for 1, to 0.18�0.05 mLmin�1 for
2, and to 1.0�0.1 mLmin�1 for 3. The partial orders of the
reaction were investigated for 1–3 and were shown to be
close to 1 for the complex and H2O2.


The influence of acid/base addition was then investigated
at 20 8C with 230 equiv H2O2 (under these conditions Vmax=


0.09�0.01 mLmin for 1 and 0.4�0.05 mLmin for 2) and is
depicted for 1 in Figure 7. Addition of 1 equivalent HClO4


has a strong inhibitory effect on the reaction of 1 (Vmax=


0.02�0.005 mLmin�1). In contrast, addition of triethylamine
causes a significant enhancement of the rate, which reaches
Vmax=1.0�0.1 mLmin�1 at one equivalent NEt3 and Vmax=


4.0�0.4 mLmin�1 at two equivalents NEt3. A qualitatively
similar effect is observed for 2, but the enhancement factor
brought about by two equivalents of NEt3 is reduced to 7
(Vmax=2.9�0.3 mLmin�1), in comparison with 44 for 1. It is
noteworthy that the maximum rate for 2 under these condi-
tions is close to that determined for 3 in the absence of base
(Vmax=2.5 mLmin�1).


DimanganeseACHTUNGTRENNUNG(III,III) complexes : Similar studies were per-
formed with 5 and 6, the dimanganeseACHTUNGTRENNUNG(III) complexes of tpa


and Hbpg ligands, respectively. Both compounds exhibit be-
havior qualitatively similar to that of their dimanganese-
ACHTUNGTRENNUNG(III,IV) counterparts but with a dramatically enhanced ac-
tivity (Figure S5). Indeed, at 0 8C and 230 equiv H2O2, under
the conditions of Figure 6, the maximum disproportionation
rate observed for 5 amounted to Vmax=0.60�0.05 mLmin�1,
30 times that of 1 under the same conditions (Vmax=0.02�
0.005 mLmin�1). Only a 15-fold enhancement was observed
for 6 vs 2 : Vmax=1.40�0.05 mLmin�1 (Vmax=0.09�
0.005 mLmin�1 for 2 under the same conditions). As in the
dimanganeseACHTUNGTRENNUNG(III,IV) complexes, replacement of a pyridine
by a carboxylate accelerates the disproportionation reaction,
but this effect is reduced. Partial orders with respect to 5
and H2O2 were estimated as 1 from the concentration de-
pendences.


In the case of 5, addition of one equivalent HClO4 slows
down the disproportionation rate fivefold (Vmax=0.12�
0.01 mLmin�1). As observed for 1, addition of one and two
equivalents of NEt3 accelerates the reaction rate of 5 to
Vmax=1.6�0.1 mLmin�1 and 2.2�0.1 mLmin�1, respective-
ly. On the contrary, addition of one equivalent of NEt3 has
no effect on the reaction rate of 6 (Vmax=1.44�
0.05 mLmin�1, Figure S6).


To summarize these observations, the intrinsic activities of
the complexes decrease in the order 6 > 5 > 3 > 2 > 1,
being favored by a lower oxidation state of the Mn pair
(MnIIIMnIII > MnIIIMnIV) and by carboxylate ligands. These
activities are drastically enhanced by the addition of base.
Interestingly, however, this base enhancement of the cata-
lase-like activity is more important for the less active com-
pounds.


Spectroscopic monitoring


DimanganeseACHTUNGTRENNUNG(III,IV) complexes : The disproportionation re-
actions were studied by a combination of mass spectrometry
and UV/Visible and EPR spectroscopy in the hope of de-
tecting key intermediates, as had also been done earlier.[22, 23]


In the cases of the dimanganeseACHTUNGTRENNUNG(III,IV) complexes 1–3, pro-
gressive disappearance of the starting compound was noted
through a continuous decrease in the three characteristic
bands in the visible region and of the 16-line EPR spectrum.
In the final stage of the reaction this spectrum is superim-
posed on a broad, featureless component extending from
250 to 450 mT. Similar characteristics have been associated
with dimanganese ACHTUNGTRENNUNG(II,III) species[22,57,58] At the end of the re-
action the 16-line spectrum had vanished, and a poorly re-
solved six-line EPR spectrum was superimposed on the
broad component, indicating the formation of MnII species.


The formation of MnII species was also evidenced by ESI-
MS monitoring, as depicted in Figure 8. Complex 2 gives
rise to a peak at m/z 654 corresponding to the monocation
[Mn2


III,IV
ACHTUNGTRENNUNG(m-O)2ACHTUNGTRENNUNG(bpg)2]


+ . After addition of H2O2, three peaks
appeared at m/z 311, 744, and 892 and were assigned the
formulas [MnII


ACHTUNGTRENNUNG(bpg)]+ , [Mn2
II
ACHTUNGTRENNUNG(bpg)2ACHTUNGTRENNUNG(pic)]


+ , and [Mn2ACHTUNGTRENNUNG(bpg)2-
ACHTUNGTRENNUNG(bpgO)]+ , respectively, where Hpic and HbpgO are 2-pico-
linic acid and N-picolyl-N-picolinamidoglycine, respectively


Figure 6. Hydrogen peroxide disproportionation by compounds 1 (!),
2 (~), and 3 (&) in acetonitrile. Conditions: [complex]: 1 mm, [H2O2]:
460 mm, T = 0 8C.


Figure 7. Influence of the addition of acid and base on the disproportio-
nation rate of H2O2 by complex 1 in acetonitrile. Conditions: [complex]:
1 mm, [H2O2]: 230 mm, T = 20 8C, in the presence of 0 equiv (&),
1 equiv (~), 2 equiv (!), and 4 equiv (^) NEt3 and 1 equiv of perchloric
acid (*).
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(Scheme 2). The last two for-
mulas match the m/z values for
the peaks but they are only ten-
tative. Nevertheless, this indi-
cates that during the dispropor-
tionation reaction the ligand
may be oxygenated on one
benzyl-like position, which is


notoriously sensitive. The resulting amide group in HbpgO
could be hydrolyzed to 2-picolinic acid.


To provide further insight into the mechanism of the dis-
proportionation reaction, 2 was treated with 18O-labeled hy-
drogen peroxide (H2


18O2 at 3% in H2
16O). Figure 9 illus-


trates the results of ESI-MS monitoring of the reaction. It
shows that 1 min after H2


18O2 addition the peak of singly
18O-labeled 2 equals that of unlabeled 2, but that after
10 min this peak has lost intensity, probably after exchange
with the unlabeled water present in the medium. This ex-
periment shows that 2 incorporates oxo ligands from H2O2,
which suggests that it belongs to the catalytic cycle and that
it is most probably the oxidized form of the catalytic system.


DimanganeseACHTUNGTRENNUNG(III,III) complexes : More limited spectroscop-
ic monitoring was performed with 5, owing to the fact that it
is EPR silent and possesses a weak and almost featureless
UV/Visible spectrum. Interestingly, however, when the reac-
tion between 5 and H2O2 was followed by EPR spectroscopy


the 16-line spectrum characteristic of 1 developed over the
first 10 min before subsiding to a six-line spectrum, which
was fully formed after 20 min. Quantitation of the 16-line
spectrum shows that at its maximum it represents about
15% of the initial concentration of 5. ESI-MS monitoring
confirmed that the disproportionation reaction produced 1,
which appeared as a monocation [Mn2


III,IV
ACHTUNGTRENNUNG(m-O)2ACHTUNGTRENNUNG(tpa)2-


ACHTUNGTRENNUNG(ClO4)2]
+ at m/z 919. Two additional peaks appeared at m/z


362 and 467 and can be assigned to the MnII species [Mn-
ACHTUNGTRENNUNG(tpa)(OH)]+ and [Mn ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(pic)]+ , respectively. As observed
for 2 when the reaction was run with H2


18O2, 5 incorporates
oxo ligands from the peroxide, as is shown by an increased
contribution of the peaks at 823 and 825 in relation to that
of unlabeled 5 at 821. As above, this experiment suggests
that 5 is the active oxidized species. The possibility that 1 is
the actual catalyst is ruled out by its slower disproportiona-
tion rate (see above).


Discussion


Electronic properties : The replacement of pyridine ligands
by carboxylates has a significant but limited effect on the
electronic structures of the dimanganese ACHTUNGTRENNUNG(III,IV) bis-(m-oxo)
complexes 1–3. Indeed, the continuous compensation of the
metal charge by the terminal ligand induces a small expan-
sion of the [Mn2O2] core, as evidenced by the lengthening of
the Mn�Mn bond distances (1: 2.643 O < 2 : 2.656 O < 3 :


Scheme 2. Structures of 2-pico-
linic acid (a) and N-picolyl-N-
picolinamidoglycine (b).


Figure 8. ESI-MS monitoring of the disproportionation reaction of com-
plex 2 in acetonitrile. Conditions: [complex]: 1 mm, [H2O2]: 460 mm, T =


20 8C. a) t=0 min, b) t=1.2 min, c) t=10 min, d) t=20 min.


Figure 9. ESI-MS monitoring of the disproportionation reaction of com-
plex 2 in acetonitrile. Conditions: [complex]: 1 mm, [H2O2]: 460 mm, T =


20 8C. a) Spectrum of 2, b) after 1 min reaction time with H2
18O2 (3% in


H2O), c) same after t=10 min.
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2.667 O). This expansion of the [Mn2O2] core is due to a
small elongation of the Mn�Ooxo bond distances (1: 1.807 O
< 2 : 1.810 O < 3 : 1.818 O), with the Mn-O-Mn angles re-
maining essentially constant at 94.4(5)8. As a consequence,
the stretching frequency of the Mn�Ooxo bond diminishes
slightly (703, 697 and 694 cm�1, respectively, for complexes
1, 2, and 3). Consistently, the intensity of the antiferromag-
netic exchange coupling also diminishes (1: �J=161 cm�1


< 2 : �J=142 cm�1 < 3 : �J=133 cm�1). This latter effect
reflects the reduction of the overlap between the oxo and
the manganese magnetic orbitals due to the Mn�Ooxo bond
lengthening.[40]


Carboxylate replacement of a pyridine ligand has a dra-
matic influence on the redox potentials of the Mn2O2 core,
which exhibit a significant lowering consistent with the in-
crease in the negative charge of the complexes. Nevertheless
the strength of this effect varies. Indeed, substitution of an
in-plane pyridine in 1 by a carboxylate in 2 lowers both the
oxidation and the reduction potentials of the MnIIIMnIV unit
by about 300 mV. In contrast, substitution of an axial pyri-
dine in 2 by a carboxylate in 3 reduces the oxidation poten-
tial by only 60 mV. A possible explanation for this differ-
ence may lie in the different coordination sites of the two
carboxylates: while the first one (in 2) binds in the plane of
the [Mn2O2] core and is trans to one oxo bridge, the second
(in 3) occupies a cis position, which is axial and therefore
lies on the Jahn–Teller elongation axis. As a consequence of
this distortion, the axial carboxylate interacts with the Mn
ion less strongly (Mn�Ocarb 2.09 O) than the in-plane one
(Mn�Ocarb 1.96 O), which may be the basis of their strikingly
different redox influences.


Oxo exchange : Tagore et al. have recently reported on the
oxo exchange in diACHTUNGTRENNUNG(m-oxo)dimanganese ACHTUNGTRENNUNG(III,IV) and (IV,IV)
complexes.[59, 60] They showed that i) the exchange is strongly
influenced by the ligand trans to the oxo, ii) it is favored by
the presence of a labile coordination site, iii) it requires
ligand dissociation when the manganese coordination is sa-
turated by chelating ligands, and iv) it is favored by the
binding of anions that lower the positive charge on the man-
ganese ions. In addition, the exchange is more than ten
times faster on MnIII than on MnIV. Their results are sum-
marized and compared to those from this work in Table 6,
which presents the exchange efficiency as the time required
for half exchange of the oxo ligands.


The tripodal parent compound 1 exchanges its oxo ligands
one order of magnitude more slowly than the complexes of
bis ACHTUNGTRENNUNG(diamino) ligands 8 and 9. This shows that the tripodal
amine is more difficult to dissociate than the bidentate dii-
mines. The exchange reaction is drastically speeded up (ca.
13 times) by the introduction of an in-plane carboxylate in 2
occupying a coordination site trans to one oxo ligand. Intro-
duction of a second carboxylate in 3 brings a further about
fourfold acceleration of the oxo exchange. As a result of
these two pyridine/carboxylate substitutions the oxo ex-
change rate surpasses that of compound 7, which possesses
an easily exchangeable coordination site. This emphasizes


that carboxylates contribute to drastically increasing the oxo
exchange rate in these dimanganese ACHTUNGTRENNUNG(III,IV) complexes.


This effect is quantitatively more important than could
have been predicted from the modest Mn�Ooxo bond length-
ening observed in the 1/2/3 series. Indeed, the associated
weakening of the Mn�Ooxo bond is far too small to be re-
sponsible for the strong reactivity changes. This suggests
that the carboxylate may play a more active role than strict
charge compensation. Indeed it may be envisaged that
owing to their intrinsic lability the carboxylate ligands disso-
ciate,[59] thus opening a coordination site for an incoming
water molecule. Such an effect would be more important for
an axial carboxylate bound on the Jahn–Teller elongation
axis than for an in-plane carboxylate. This is not consistent
with the observation of a major effect of the in-plane car-
boxylate in 2 and the importance of in-plane ligands stressed
by Tagore et al.[59,60] We are thus led to envisage that the in-
plane carboxylate ligand may act in a more specific way. At
this point it is worth noting that addition of triethylamine in-
duces a rate increase in the exchange reaction similar to
that produced by the replacement of a pyridine by an in-
plane carboxylate. This suggests that the carboxylate ligands
may play the role of internal bases, assisting the deprotona-
tion of the substrate. In the oxo exchange reaction, the in-
plane carboxylate may interact with the incoming water,
thereby assisting its deprotonation to the strongly bound hy-
droxide. Proton transfer to the oxo ligand and re-binding of
the carboxylate would produce a dihydroxo species with a
single oxo bridge. Elimination of water would then reconsti-
tute the second oxo bridge either isotopically normal or ex-
changed.


When comparing compounds 10 and 11, Tagore et al. con-
cluded that oxo exchange on MnIV is about 10 times slower
than on MnIII. This effect is drastically enhanced when
dimanganeseACHTUNGTRENNUNG(III,III) systems are considered. Indeed, the
comparison of 1 and 5 reveals an 83-fold enhancement of
the rate on going from MnIIIMnIV to MnIIIMnIII tpa com-
plexes. These results thus fully agree with the observations
and conclusions of Tagore et al.,[59, 60] but while the same
overall trends are observed the various effects appear to be
strongly enhanced by the carboxylates, pointing to a specific
role of these ligands.


Hydrogen peroxide disproportionation : Interestingly, on
going from 1 to 2 to 3, each carboxylate/pyridine substitu-
tion increases the disproportionation rate fivefold. Com-
pletely different shifts in the oxidation potentials are ob-
served, since they are markedly reduced on going from 1 to
2 but far less on going from 2 to 3. This different behavior
indicates that the redox potential lowering cannot be the
origin of the disproportionation rate increase. It is notewor-
thy that carboxylate/pyridine substitution induces a similar
rate enhancement in the oxo bridge exchange, which is a
non-redox process (see below). As detailed above, a rate en-
hancement similar to that of carboxylate can be brought
about by the addition of triethylamine, but this effect is re-
duced as the number of carboxylate ligands increases. This
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suggests that the carboxylates may play the role of internal
bases in assisting the deprotonation of H2O2. In this respect
the carboxylate arms of these ligands may mimic Glu65 and
Glu148 when bound to manganese ions, or Glu178 when un-
bound. Glu65 and Glu148 are indeed Mn ligands in Lacto-
bacillus plantarum catalase, while Glu178 resides in the
close vicinity of the dimanganese unit.[7] All these glutamate
residues are strongly H-bonded to water/hydroxide bridges
and terminal water ligand in the reduced state of the
enzyme and have been postulated to assist the enzyme in
H2O2 deprotonation.


Conclusion


We have described here a new and general synthetic route
to dimanganese ACHTUNGTRENNUNG(III,III) complexes through benzil reduction
of the corresponding readily available dimanganese ACHTUNGTRENNUNG(III,IV)
precursors. In this respect we have systematically introduced
carboxylates in place of pyridines into tripodal ligands in
order to assess the influence of this substitution. Indeed, as-
partate and glutamate are always found as manganese li-
gands in proteins and their true influence was not precisely
assessed through biomimetic chemistry. This influence
proved to be drastic in oxo exchange and hydrogen peroxide
disproportionation reactions. Indeed, in both cases, carbox-
ylate introduction leads to a strong increase in the reaction
rate, and this effect may probably be assigned to the ability
of carboxylate ligands to act as internal bases. This effect is
likely to be important in the catalase reaction, in which hy-
drogen peroxide must be deprotonated and the protons
transferred to oxo ligands to eliminate water molecules.
Indeed, it has recently been shown that the assistance of
proton transfer, in particular in a concerted manner, is cru-
cial to many electron transfers and, moreover, that carboxyl-
ate residues can act as proton acceptor groups in theses pro-
cesses.[61]


Experimental Section


Materials : All solvents and reagents were of the highest quality available
and were used as received unless noted otherwise. THF and acetonitrile
were heated at reflux over sodium/benzophenone and phosphorus pent-
oxide, respectively, and were distilled immediately before use. H2


18O
(95% 18O) and H2


18O2 (90%
18O, 2.2% in H2O) were obtained from Eur-


isotop and Leman, respectively. The concentrations of H2O2 stock solu-
tions were determined monthly through permanganate titration. H3nta
was purchased from Sigma, and tpa,[32] Hbpg,[33] and H2pda


[33] were pre-
pared by literature procedures. Compounds 1 [Mn2(O)2 ACHTUNGTRENNUNG(tpa)2] ACHTUNGTRENNUNG(ClO4)3 and
2 [Mn2(O)2ACHTUNGTRENNUNG(bpg)2] ACHTUNGTRENNUNG(ClO4) were prepared by literature procedures.[34, 35]


Synthesis


ACHTUNGTRENNUNG{[Mn2ACHTUNGTRENNUNG(pda)2(O)2]Na ACHTUNGTRENNUNG(H2O)6}n (3):[36] In an Erlenmeyer flask, H2pda
(0.112 g, 0.5 mmol) was neutralized with a saturated solution of sodium
hydrogencarbonate. Acetone (15 mL) was added, and the solution was
cooled down to �20 8C. A chilled solution of manganese(II) nitrate
(60 mg, 0.35 mmol) in acetone was then added, followed by a solution of
23 mg (0.15 mmol) of potassium permanganate in the minimum possible
amount of water. The resulting green-black solution was evaporated
under vacuum at low temperature, and the resulting product was washed


with acetonitrile and crystallized at �20 8C from a 50:50 mixture of ace-
tone and water to produce green black needles (100 mg, yield: 65%).
Mass spectrometry (ESI-MS�): m/z : 586 [M�Na]� .


ACHTUNGTRENNUNG[Mn2(O)2 ACHTUNGTRENNUNG(nta)2]Na3 (4): In an Erlenmeyer flask, H3nta (0.095 g,
0.5 mmol) was neutralized with a saturated solution of sodium hydrogen-
carbonate. Acetone (15 mL) was added, and the solution was cooled
down to �60 8C. A chilled solution of manganese(II) nitrate (60 mg,
0.35 mmol) in acetone was then added, followed by a solution of potassi-
um permanganate (23 mg, 0.15 mmol) in the minimum possible amount
of water. The resulting green-black solution was analyzed directly by
EPR spectroscopy.


ACHTUNGTRENNUNG[Mn2(O)2 ACHTUNGTRENNUNG(tpa)2] ACHTUNGTRENNUNG(BPh4)2 (5): This synthesis was performed in a glove box
under argon. In a flask, 1 (100 mg) were dissolved in anhydrous acetoni-
trile (150 mL). Simultaneously, a solution of the benzil radical was pre-
pared by adding a piece of freshly cut sodium to a solution of benzil (1 g)
in anhydrous THF (10 mL). The benzil radical solution turned orange im-
mediately. The two solutions were cooled down to �20 8C, and aliquots
of the benzil radical solution were added to that of 1. The reaction was
monitored by EPR by observation of the disappearance of the 16-line
signal of 1. When this signal had completely vanished, an acetonitrile so-
lution of sodium tetraphenylborate (500 mg) was added, causing the ap-
pearance of small orange brown crystals (100 mg, 75%). Mass spectrome-
try (ESI-MS+): m/z : 1040 [M�BPh4]


+ .


ACHTUNGTRENNUNG[Mn2(O)2 ACHTUNGTRENNUNG(bpg)2] (6): This synthesis was performed from 2 (50 mg) as de-
scribed for 5. When the EPR signal of 2 had totally vanished, the solvent
was stripped off within the glove box, and the recovered solid was
washed with THF. It was then dissolved in acetone and filtered to
remove insoluble impurities. Evaporation of the solvent gave 6 (30 mg,
yield: 65%).


Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive


X-ray crystallography : The diffraction data for compound 5 were taken
at room temperature with a Bruker SMART CCD area detector three-
circle diffractometer (MoKa radiation, graphite monochromator, l=


0.71073 O).


The values of the cell parameters were refined by use of the SAINT pro-
gram,[37] and the data were processed with the SADABS Bruker pro-
gram.[37] Complete information on crystal data and data collection param-
eters is given in the Supporting Information. The structure was solved by
direct methods by use of the SHELXTL 5.03 package,[38] and all atoms
were found by difference Fourier syntheses. All non-hydrogen atoms
were anisotropically refined on F2. Hydrogen atoms were included in cal-
culated positions.


CCDC 656465 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif


Spectroscopic measurements : Electronic absorption spectra were record-
ed on a Hewlett–Packard HP 89090 A or 8452 A diode array spectropho-
tometer. Infrared spectra were recorded with a Perkin–Elmer 1600 FTIR
spectrometer, as dispersions (1–1.5 wt%) of the compounds in KBr.


EPR spectra at X band were recorded with an EMX Bruker spectrome-
ter fitted with an Oxford Instruments ESR900 cryostat. All spectra pre-
sented were recorded under unsaturated conditions with the following
set of parameters: T=10 K, P=3.17 mW, frequency modulation=


100 kHz, amplitude modulation=9 G. Simulation of the EPR spectra was
performed as already described.[39] 1H and 13C NMR spectra were record-
ed on a Bruker AC 200 spectrometer with a characteristic absorption of
the solvent as internal reference. Electrospray ionization mass spectra
were obtained with a LCQ Finnigan Thermoquest ESI source spectrome-
ter with an ion trap and an octupolar analyzer.


Magnetic measurements : The magnetic susceptibilities of compounds 1,
2, 3, and 5 were measured over the temperature range 5–300 K at 0.5 and
5 T. The samples (ca. 10 mg) were contained in a kel F bucket that had
been independently calibrated. The data were corrected from diamagnet-
ism by use of PascalVs constants.[40] The data were simulated by use of the
Van Vleck equations derived from the Heisenberg exchange Hamiltonian


Chem. Eur. J. 2008, 14, 3013 – 3025 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3023


FULL PAPERCarboxylate Ligands



www.chemeurj.org





(H=�2JS1̂S2̂+beĤ ǧ Ŝ).[40] Equation (1) was used for compounds 1–3
and Equation (2) for 5 :


cmT ¼ 0:094 g2 1þ10 exp ð3xÞþ35 exp ð8xÞþ84 exp ð15xÞ
1þ2 exp ð3xÞþ3 exp ð8xÞþ4 exp ð15xÞ þ tT ð1Þ


cmT ¼ 0:75 g2 exp ð2xÞþ5 exp ð6xÞþ14 exp ð12xÞþ30 exp ð20xÞ
1þ3 exp ð2xÞþ5 exp ð6xÞþ7 exp ð12xÞþ9 exp ð20xÞþtT ð2Þ


with x=J/ ACHTUNGTRENNUNG(kBT) and t standing for the temperature-independent para-
magnetism. The R indexes were 0.99886, 0.99932, 0.99896, and 0.999791
for 1–3 and 5, respectively.


Electrochemistry : All electrochemical experiments were run under argon
in a dry glovebox at room temperature, with a standard three-electrode
electrochemical cell.[41] The electrolyte was a solution of tetra-n-butylam-
monium perchlorate (TBAP, 0.1m, Fluka (puriss)) in acetonitrile (Rath-
burn, HPLC grade S). Potentials were referred to an Ag/AgNO3 (10 mm)
reference electrode in CH3CN (+0.1m TBAP). Potentials referred to this
system can be converted to the ferrocene/ferrocenium couple by subtract-
ing 87 mV, or to SCE or NHE by adding 298 or 548 mV, respectively.
The working electrode was a platinum disc (diameter 0.25 cm) polished
with 2 mm diamond paste for cyclic voltammetry (Epa, anodic peak poten-
tial; Epc, cathodic peak potential ; E1=2


= (Epa+Epc)/2; DEp=Epa�Epc).
Electrochemical measurements were carried out with an EGG PAR
model 173 potentiostat fitted with a model179 digital coulometer and a
model 175 programmer with output recorded on a Sefram TGM 164 X–Y
recorder.


Kinetic experiments : In a typical oxo exchange reaction, a solution of
complex (1 mm, 1 mL) was treated with H2


18O (16 mL) and the reaction
was monitored by ESI-MS. For every compound at every time, the peaks
at M (unexchanged), M+2 (singly exchanged), and M+4 (doubly ex-
changed) were integrated. The integrals of the singly exchanged species
at M+2 were corrected for the contributions of the unexchanged species.
Similarly, the integrals of the doubly exchanged species at M+4 were cor-
rected for the contributions of the unexchanged and the singly exchanged
species. The kinetic data were fitted to a monoexponential law [Mn2O2]=


C0exp ACHTUNGTRENNUNG(�kPt) with agreement factors higher than 0.99.


The rate constants of the catalase-like reactions were determined by
volumetric measurements of the evolved dioxygen. The whole apparatus,
built from borosilicate glass, was kept at a constant temperature (�
0.2 8C) by use of a thermostatted ethanol circulation bath (Haake FQ-4).
In a standard procedure, catalyst solution (2 mL) was placed in the kinet-
ic apparatus. The solution was stirred for 30 min to reach a stable temper-
ature. The chosen volume of hydrogen peroxide stock solution was
added, and the volume of evolved dioxygen was then measured as a func-
tion of time. To compare the kinetics at different temperatures, the
volume of the gas was converted to a reference temperature (273 K) by
use of the ideal gas law. The volume was also corrected for the vapor
pressure of the solvent at the working temperature by use of the expres-
sion Vcorr=Vmes (Patm�Pvap)/Patm, where Vcorr is the corrected volume, Vmes


the measured volume, Patm the atmospheric pressure, and Pvap the vapor
pressure of the solvent at the working temperature. In most cases, the ini-
tial rates were obtained by measuring the slopes of the tangents of the
curve v(O2) vs time at 0 s. When a lag phase was present (i.e. experiments
with 1a at low H2O2 concentrations), the steepest slope after the initia-
tion phase was used.
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Introduction


The use of radionuclides in medical fields such as molecular
imaging and targeted radionuclide therapy is rapidly ex-
panding.[1,2] Radiolabelled bioactive peptides are currently
being employed in tumour targeting in both positron emis-
sion tomography (PET) and single photon emission comput-
ed tomography (SPECT).[3–9] PET is an imaging modality
that has the advantage of high spatial resolution, high sensi-
tivity and the potential for quantification. For these reasons
it is considered to be one of the most powerful tools for mo-
lecular imaging. Bioactive peptides labelled with metallic-
particle-emitting isotopes, such as 90YIII or 177LuIII, allow pep-
tide receptor-mediated radionuclide therapy (PRMRT).[10]


The first regulatory peptides developed for radiopharma-
ceutical applications were somatostatin analogues, which are
employed in the diagnosis of somatostatin receptor-positive
tumours when modified with the chelator diethylenetriami-
nepentaacetic acid (DTPA) and labelled with the g emitter
111In.[11]


Abstract: Somatostatin-based radioli-
gands have been shown to have sensi-
tive imaging properties for neuroendo-
crine tumours and their metastases.
The potential of [55CoACHTUNGTRENNUNG(dotatoc)] (dota-
toc =4,7,10-tricarboxymethyl-1,4,7,10-
tetraazacyclododecane-1-ylacetyl-d-
Phe-(Cys-Tyr-d-Trp-Lys-Thr-Cys)-
threoninol (disulfide bond)) as a new
radiopharmaceutical agent for PET has
been evaluated. 57Co was used as a sur-
rogate of the positron emitter 55Co and
the pharmacokinetics of [57Co-
ACHTUNGTRENNUNG(dotatoc)] were investigated by using
two nude mouse models. The somatos-
tatin receptor subtype (sst1–sst5) affini-
ty profile of [natCo ACHTUNGTRENNUNG(dotatoc)] on mem-


branes transfected with human soma-
tostatin receptor subtypes was assessed
by using autoradiographic methods.
These studies revealed that [57Co-
ACHTUNGTRENNUNG(dotatoc)] is an sst2-specific radiopep-
tide which presents the highest affinity
ever found for the sst2 receptor sub-
type. The rate of internalisation into
the AR4-2J cell line also was the high-
est found for any somatostatin-based
radiopeptide. Biodistribution studies,


performed in nude mice bearing an
AR4-2J tumour or a transfected HEK-
sst2 cell-based tumour, showed high
and specific uptake in the tumour and
in other sst-receptor-expressing tissues,
which reflects the high receptor bind-
ing affinity and the high rate of inter-
nalisation. The pharmacologic differen-
ces between [57Co ACHTUNGTRENNUNG(dotatoc)] and [67Ga-
ACHTUNGTRENNUNG(dotatoc)] are discussed in terms of the
structural parameters found for the
chelate models [CoII ACHTUNGTRENNUNG(dota)]2� and
[GaIII ACHTUNGTRENNUNG(dota)]� whose X-ray structures
have been determined. Both chelates
show six-fold coordination in pseudo-
octahedral arrangements.
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Somatostatin is a tetradecapeptide produced by neuroen-
docrine, inflammatory and immune cells and is thought to
be an important physiological regulator of numerous func-
tions. Its action is mediated by five receptor subtypes (sst1–
sst5) that belong to the G-protein-coupled receptor family.
All subtype receptors are overexpressed to some degree in
different tumours, often concomitantly on the same cell.[12]


By far the most important is the overexpression of receptor
subtype 2. It is therefore pertinent to search for somatosta-
tin analogues with improved affinity to sst2.
We have developed [DOTA0,Tyr3]-octreotide (DOTA-


TOC, Scheme 1), a somatostatin analogue derived from
1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid
(DOTA),[13] which has been successfully labelled with radio-
metals and proven to be useful in different areas of diagnos-
tic and therapeutic nuclear oncology.[14] In particular the
68GaIII-labelled peptide is currently being used in several Eu-
ropean centres to afford very sensitive images of a variety
of human tumours and shows an improved diagnostic accu-
racy, which is superior to other radiological imaging modali-
ties, such as [111In ACHTUNGTRENNUNG(dotatoc)].[15] [68Ga ACHTUNGTRENNUNG(dotatoc)] shows an ap-
proximately five-fold higher binding affinity towards sst2
than [111In/90Y ACHTUNGTRENNUNG(dotatoc)]. In addition, it shows a higher rate
of internalisation into sst2-expressing tumour cells, an ap-
proximately 2.5-fold higher tumour uptake and a significant-
ly lower kidney uptake in animals and patients. We have
previously shown that this difference in the biological be-
haviour of metallopeptides may be attributed to structural
differences within the chelate moiety.[13,16]


A crystallographic study of the GaIII and YIII chelates of
the model peptide DOTA-d-PheNH2 (Scheme 1) showed
differences in their geometries. [GaIII(dota-d-PheNH2)] is


hexacoordinated with a pseudo-octahedral cis geometry and
a folded macrocyclic unit, whereas the structure of
[YIII(dota-d-PheNH2)] exhibits eight-fold coordination,
which includes the amidic carboxy oxygen atom, with a
somewhat distorted square-antiprismatic geometry. Distant
from the pharmacophore of the molecule, this structural dif-
ference within the metal chelate leads to a five-fold higher
receptor affinity and is probably also responsible for the
mentioned improved biodistribution of the radiogallium-la-
belled peptide. This superiority could also be confirmed clin-
ically by using [68GaACHTUNGTRENNUNG(dotatoc)] in PET[17] and [67Ga ACHTUNGTRENNUNG(dotatoc)]
in SPECT.[13,18] This finding prompted us to exploit such
structural features when using another positron-emitting
metal, namely, 55CoII (t1=2 =17.5 h, b+ (77%), EC (23%)).
Although the structures of the GaIII- and CoII-labelled pep-
tides are expected to be similar, the use of the longer-lived
cyclotron-produced 55CoII as a PET radiometal could allow
imaging at later points in time when target-to-background
ratios are higher. There are reports in the literature of the
use of 55CoII as a PET radiometal in medical fields that
range from cerebrovascular diseases[19–21] to studies of
human lymphocyte distribution[22] and [55CoACHTUNGTRENNUNG(edta)]-based
quantitative imaging of the kidneys.[23]


In this work we used 57CoII (t1=2 =270 d, Eg =122 keV
(86%), 136 keV (10%)) as a surrogate of 55CoII to study the
biodistribution of [57CoACHTUNGTRENNUNG(dotatoc)] in two mouse tumour
models and also to compare its receptor binding affinity and
subtype specificity with those of [67/68GaACHTUNGTRENNUNG(dotatoc)] and [90Y-
ACHTUNGTRENNUNG(dotatoc)]. In addition, X-ray studies of [CoII ACHTUNGTRENNUNG(dota)]2� and
[GaIII ACHTUNGTRENNUNG(dota)]� , two model chelates with relevance to the
monoamide structures of the peptide derivatives, were per-
formed with the aim of understanding the differences and


similarities in the biological be-
haviour of the different radio-
metal-labelled peptides.


Results and Discussion


Synthesis, labelling and stabili-
ty : The preparation of DOTA-
TOC involved the coupling of
the monoreactive DOTA ACHTUNGTRENNUNG(tBu)3
prochelator to the solid-phase-
assembled, side-chain-protected
peptide, as described by Ginj
et al.[24] The model DOTA-pep-
tide, DOTA-d-PheNH2, was
synthesised in a similar way.
DOTATOC was labelled with
57CoII in acetate buffer (pH 5)
by heating (95 8C, 30 min); the
labelling yield was >99.5%
with a specific activity of
5 mCimmol�1. [CoII(dota-d-
PheNH2)]


� , [CoII ACHTUNGTRENNUNG(dota)]2� and
[GaIII ACHTUNGTRENNUNG(dota)]� were prepared by


Scheme 1. Structural formulae of [DOTA0,Tyr3]-octreotide (DOTATOC) (above) and DOTA-d-PheNH2


(below).
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adding the ligand and metal chloride or nitrate in water and
heating (95 8C, 30 min). Slow evaporation of aqueous solu-
tions of [CoII ACHTUNGTRENNUNG(dota)]2� and [GaIIIACHTUNGTRENNUNG(dota)]� afforded single
crystals suitable for X-ray analysis.
To understand the pharmacologic differences between


[67GaACHTUNGTRENNUNG(dotatoc)] and [57CoACHTUNGTRENNUNG(dotatoc)], we carried out NMR
experiments to establish the oxidation state of the cobalt
atom in the model chelates and in [57CoACHTUNGTRENNUNG(dotatoc)]. Labelling
and complexation reactions were performed at elevated
temperatures and in aerated solution, which may cause au-
toxidation of CoII. Cobalt occurs naturally as the mononu-
clear isotope 59Co, which has a nuclear spin I= 7=2, a relative-
ly large nuclear quadrupole moment and its chemical shifts
in different chemical environments span a range of
18000 ppm. In contrast to CoIII, the CoII ion (d7) is paramag-
netic and its complexes are therefore beyond the scope of
59Co NMR spectroscopy investigations.
We performed a 59Co NMR spectroscopy analysis of the


model chelate [CoII(dota-d-PheNH2)] and established the
absence of a 59Co NMR spectroscopy signal in a wide spec-
tral window in aqueous solution. This is consistent with a
+2 oxidation state. In an octahedral environment, divalent
cobalt may be found in two different electronic states: a
low-spin state t2g


6
eg
1 with one unpaired electron (S= 1=2) and


a high-spin state t2g
5
eg
2 with three unpaired electrons (S=


3=2). The colour of the chelate is consistent with a high-spin
octahedral species, typically pale-red or purple. Another
strong indication for the high-spin state comes from the X-
ray structure. Low-spin octahedral CoII complexes undergo
Jahn–Teller distortion. In [Co ACHTUNGTRENNUNG(dotaH2)] the equatorial Co�N
bond length (2.171 P) differs very little from that of the
axial (2.203 P). This is in contrast with the Jahn–Teller dis-
torted [Cu ACHTUNGTRENNUNG(dota)] (Cu�Neq=2.107 P, Cu�Nax=2.318 P).
Temperature-dependent 1H NMR spectroscopy studies of


[Co ACHTUNGTRENNUNG(dota)] and [Co(dota-d-PheNH2)] over a large spectral
window revealed that the number of signals and their width
can vary significantly, which reflects a combination of para-
magnetic shift and exchange effects, consistent with a high-
spin state for the CoII ion.
Our results demonstrate that dioxygen does not oxidise


these polyamine polycarboxylate cobalt chelates despite the
fact that the experiments were carried out in aerated solu-
tions. This result is in accordance with earlier reports that
tertiary amine ligands stabilise low-valent transition-metal
ions, in particular the CoII ion.[25,26]


The thermodynamic stability of [CoII ACHTUNGTRENNUNG(dotatoc)] was esti-
mated by assessing the thermodynamic stability of the
model chelate [CoII(dota-d-Phe-NH2)]


� . For this purpose,
we performed complexation competition experiments by
using 57CoII as a radiotracer and DOTA as an auxiliary com-
peting ligand. Integration of the HPLC-radiochromato-
graphic peaks that corresponded to [57/59CoACHTUNGTRENNUNG(dota)]2� and [57/
59CoII(dota-d-Phe-NH2)]


� (Figure 1) remained unchanged
after equilibration and allowed the conditional stability con-
stant of [CoII(dota-d-Phe-NH2)]


� to be estimated at differ-
ent pH values.


This method requires knowledge of the stability constant
of [CoII ACHTUNGTRENNUNG(dota)]2� (logK[Co(dota)]=19.9) and the protonation
constants of both ligands. By using the relationships given in
Equations (1), (2) and (3), in which K1, K2 and Kn are the
protonation constants of the free ligand, we were able to es-
timate the thermodynamic stability constant of [CoII(dota-d-
PheNH2)]


� to be logKML=19.6. This value shows that the
model peptide chelate does not undergo a significant loss of
thermodynamic stability in comparison to that of [CoII-
ACHTUNGTRENNUNG(dota)]2�.


Kcond ¼ aKML ð1Þ


a�1 ¼ ð1þK1½Hþ� þK1K2½Hþ�2 þ � � � þKn½Hþ�n ð2Þ


Krel ¼
½ML2�½L1�t
½ML1�½L2�t


¼ KML2aL2


KML1aL1


ð3Þ


Potentiometry allowed the protonation constants (pKas)
of DOTA and DOTA-d-PheNH2 to be obtained: DOTA:
pK1=12.32(6), pK2=9.73(1), pK3=4.60(1), pK4=4.06(2)
and pK5=2.08(9); DOTA-d-PheNH2: pK1=11.63(14),
pK2=9.28(5), pK3=4.18(14), pK4=2.14(16) and pK5<2
(m=0.5m tetramethylammonium nitrate, 25 8C). The lower
protonation constants of DOTA-d-PheNH2, in comparison
with those of DOTA, arise from the difference in charge be-
tween the two chelators.
The kinetic stability of [57Co ACHTUNGTRENNUNG(dotatoc)] with regard to


trans-chelation was evaluated in the presence of a 104-fold
excess of DTPA (acetate buffer, pH 5.0). The chemical in-
ertness of the radiometal-labelled peptide was also studied
by measuring the isotope exchange rate in the presence of a
104-fold excess of free 59CoII. The results showed a high sta-
bility of [57CoACHTUNGTRENNUNG(dotatoc)] over a time interval of seven days
(>98% intact radiopeptide).


Figure 1. Typical HPLC-radiochromatogram of a 1:1:1 mixture of
57,59CoCl2/DOTA/DOTA-d-PheNH2 (0.1m NaOAc, pH 5.0) after incuba-
tion for 9 days at room temperature [57,59Co]-DOTA (left peak); [57,59Co]-
DOTA-d-PheNH2 (right peak).
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In human serum the iron-transport protein transferrin can
bind with high affinity to many metal ions, which include
CoII.[27] In this respect it is important to evaluate the kinetic
stability of radiometal-labelled peptides under physiological
conditions. For this purpose, we measured the rate of 57CoII


transfer from [57Co ACHTUNGTRENNUNG(dotatoc)] in human blood serum.[28] The
approximate transfer half-life is 800 h, which compares with
a value of t1=2 =1250 h for [67Ga ACHTUNGTRENNUNG(dotatoc)].[13]


Receptor binding assays : In Table 1 the IC50 values of [Co
II-


ACHTUNGTRENNUNG(dotatoc)] are compared with those of other somatostatin-
based metallopeptides for the five somatostatin receptor
subtypes (sst1–sst5). Somatostatin 28 (SS28) was the control
peptide. These values were obtained by performing a com-
petition experiment with the cold 59CoII-labelled peptide and
the universal somatostatin radioligand 125I-[Leu8,D-
Trp22,Tyr25]-SS28 on cell membranes that express the differ-


ent receptor subtypes. [CoII ACHTUNGTRENNUNG(dotatoc)] exhibits around a six-
fold higher affinity towards sst2 than SS28, whereas [GaIII-
ACHTUNGTRENNUNG(dotatoc)] is equipotent and [YIII


ACHTUNGTRENNUNG(dotatoc)] has a four-fold
lower affinity towards sst2 than SS28. [CoII ACHTUNGTRENNUNG(dotatoc)] shows
the highest sst2 affinity of any somatostatin-based metallo-
peptide found so far.[12] Additionally, [CoII ACHTUNGTRENNUNG(dotatoc)] shows a
higher affinity towards sst4 than the other two metallopepti-
des, but a distinctly lower affinity towards sst5.


Internalisation and efflux : The specific internalisation of
[57CoACHTUNGTRENNUNG(dotatoc)] was evaluated by using AR4-2J rat pancreat-
ic tumour cells, which exclusively express sst2. The radiome-
tal-labelled peptide showed a time-dependent uptake with a
very high and specific internalisation rate, as shown in
Figure 2 (left y axis and lower x axis).
After 6 h [57CoACHTUNGTRENNUNG(dotatoc)] showed almost 50% specific in-


ternalisation in 106 cells, which is the highest internalisation
rate ever found for a somatostatin derivative. In the same
cell line, [67Ga ACHTUNGTRENNUNG(dotatoc)] showed an uptake of (16.5	1)%
at 4 hp.i. ,[29] [57CoACHTUNGTRENNUNG(dotatoc)] internalised about 30% at
4 hp.i. , whereas [111In ACHTUNGTRENNUNG(dotatoc)] internalised (11.5	0.7)%
of the total amount of radiopeptide added to 106 cells. To
evaluate the retention of the radiometal-labelled peptide in
the tumour cells, externalisation experiments were also per-
formed in AR4-2J tumour cells. Cells were preloaded with
[57CoACHTUNGTRENNUNG(dotatoc)] for 2 h at 37 8C. To remove the receptor-
bound radiometal-labelled peptide an acid wash was carried
out twice with 0.1m glycine buffer (pH 2.8, 10 min, on ice).
Afterwards, externalisation of [57Co ACHTUNGTRENNUNG(dotatoc)] was moni-


tored at 30, 60, 120 and 240 min
at 37 8C, as shown in Figure 2
(right y axis and upper x axis).
The externalisation results also
showed a time-dependence: the
radiometal-labelled peptide
presented around 40% efflux
from the cells within 4 h.


Biodistribution in tumour-bearing mice : For comparative
reasons pharmacokinetic studies were performed in two
mouse models (nude mice bearing the AR4-2J or HEK-sst2
tumour).[30,31] The results are given in Tables 2 and 3 and in
Figure 3 as a percentage of injected activity per gram of
tissue (%IAg�1).
The radiometal-labelled peptide was cleared rapidly from


the circulation, as demonstrated by the measurement of
blood samples taken at 4, 24 and 48 hp.i. (AR4-2J) or 0.5, 1
and 4 hp.i. (HEK-sst2).


Table 1. Affinity profiles (IC50) for human sst1–sst5 receptors for different somatostatin analogues.


Compound sst1 sst2 sst3 sst4 sst5


SS-28[a] 5.2	0.3(19) 2.7	0.38(19) 7.7	0.9(15) 5.6	0.4(19) 4.0	0.3(19)
octreotide[a] >10000(5) 2.0	0.7(5) 187	55(3) >1000(4) 22	6(5)
ACHTUNGTRENNUNG[YIII


ACHTUNGTRENNUNG(dotatoc)][a] >10000(4) 11	1.7(6) 389	135(5) >10000(5) 114	29(5)
ACHTUNGTRENNUNG[CoIIACHTUNGTRENNUNG(dotatoc)] >10000(5) 0.44	0.11(5) >1000(5) 610	258(4) 440	132(5)
ACHTUNGTRENNUNG[GaIII ACHTUNGTRENNUNG(dotatoc)][a] >10000(6) 2.5	0.5(7) 613	140(7) >1000(6) 73	21(6)


[a] Data from Reubi et al.[12]


Figure 2. Internalisation (~; scales on the left and bottom) and externali-
sation (^; scales on the right and top) of [57Co ACHTUNGTRENNUNG(dotatoc)] in rat pancreatic
AR4-2J cells.


Table 2. Biodistribution of [57CoACHTUNGTRENNUNG(dotatoc)] in a nude mouse tumour-bear-
ing (AR4-2J) animal model (4, 24 and 48 hp.i.).


Organ 4 h
unblocked


4 h
blocked


24 h 48 h


blood 0.03	0.01 0.06	0.03 0.01	0.00 0.01	0.00
pancreas 2.81	0.60 0.62	0.31 0.25	0.05 0.11	0.04
small intestine 0.69	0.34 0.27	0.11 0.21	0.02 0.08	0.02
spleen 0.11	0.22 0.12	0.04 0.07	0.02 0.03	0.00
liver 0.20	0.02 0.39	0.13 0.07	0.02 0.07	0.03
stomach 5.75	0.80 1.65	0.54 2.56	0.26 1.37	0.33
adrenals 2.33	0.54 0.75	0.15 2.20	0.43 1.33	0.41
kidneys 9.11	2.24 22.88	6.86 1.24	0.38 1.38	0.65
lung 0.34	0.06 0.41	0.15 0.06	0.03 0.05	0.02
heart 0.06	0.01 0.07	0.02 0.03	0.01 0.02	0.00
tumour 22.81	2.88 8.52	1.71 2.08	0.41 0.70	0.25
Tumour/
non-tumour ratios
tumour/blood 760 208 70
tumour/liver 114 397 10
tumour/kidney 2.5 2.01 0.51
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Less than 0.15%IAg�1 remained in the blood after 4 h.
The clearance from all somatostatin receptor-negative tis-
sues, which included the kidneys, was also fast. Unexpected-
ly, the tumour uptake in the AR4-2J tumour also decreased
between 4 and 24 h by >90%. This has never been observed
before in any somatostatin-based radiopeptide, which usual-
ly show biological half-lives of 
24 h in tumours of this
tumour model.[30] The highest tissue activity was found in
the kidneys, which demonstrates the renal excretion of the
radiopharmaceutical. At all time points the uptake in other


organs was considerably lower except for the stomach,
which is known to contain somatostatin receptors. Some
uptake could be seen in the pancreas and the adrenals as
well, which was expected because these two organs express
somatostatin receptors. The pancreas shows a good clear-
ance after 24 h, whereas the uptake in the adrenals stays rel-
atively high (60% of the 4 h value after 48 h).
A high radioligand accumulation was measured in the tu-


mours 4 h after injection. When the receptors were blocked
by a simultaneous injection of octreotide, the accumulation
of radioactivity in the tumour was significantly reduced by
63%. A higher reduction could be seen in the stomach
(71%), the pancreas (88%) and the adrenals (68%). Upon
blocking, the accumulation in the kidneys increased by a
factor of 2.5.
In all non-tumour and non-receptor-specific tissues a


rapid clearance of the radiopharmaceutical was observed;
this is also true for the kidneys (after 48 h 15% of the activi-
ty of the 4 h value is found in this organ).


The HEK-sst2 model was
used to study the pharmacoki-
netics after shorter time inter-
vals for comparative reasons.
The general picture is similar to
the other tumour model. The
tumour uptake was very high,
doubling the value obtained by
using another potent sst2-selec-
tive radiopeptide, [111In(dtpa-
tate)] (IC50=1.3 nm), at
4 hp.i.[31] Blocking was per-
formed by co-injection of
100 mg [DOTA,-
Tyr3,Thr8]octreotide (DOTA-
TATE) and was more efficient
than blocking with 50 mg oc-
treotide in the AR4-2J mouse
model. The unspecific level was
lowered to 14.7% in the
tumour, 6.3% in the pancreas
and 5.5% in the pituitary. The
tumour uptake was persistent,
even increasing, in the first 4 h,
whereas the initial high pan-
creas uptake was washed out
relatively quickly. The tumour/
blood, tumour/liver and


tumour/kidney ratios increased considerably during the first
4 h and a value of 5.4 has never before been observed in
this or any other similar tumour model that uses a somatos-
tatin-based radiometallopeptide.


Coordination chemical aspects : It is of major importance to
understand why the radiometal ion influences the receptor
binding affinity and the tumour uptake. With regard to this
we crystallised two model chelates, [CoIIACHTUNGTRENNUNG(H2dota)] and
[GaIII ACHTUNGTRENNUNG(dota)]� , which correspond to the metal chelate moiet-


Figure 3. Biodistribution of [57Co ACHTUNGTRENNUNG(dotatoc)] in nude mice with a tumour (%IAg�1: % injected activity per
gram).


Table 3. Biodistribution of [57CoACHTUNGTRENNUNG(dotatoc)] in a nude mouse model
(HEK-sstr2).


Organ 0.5 h 1 h 4 h 4 h blocking


blood 1.56	0.16 0.48	0.23 0.13	0.02 0.12	0.06
heart 0.84	0.02 0.32	0.03 0.19	0.01 0.07	0.02
liver 1.24	0.05 0.69	0.01 0.40	0.04 0.83	0.11
spleen 0.96	0.22 0.67	0.15 0.34	0.04 0.36	0.18
lung 2.29	0.17 6.37	2.74 1.24	1.05 0.29	0.06
kidneys 16.80	2.20 12.15	2.14 6.48	0.62 8.81	0.73
stomach 21.13	9.09 17.10	0.96 8.24	1.29 0.55	0.47
intestine 1.88	0.05 2.18	0.63 1.07	0.20 0.21	0.21
adrenals 2.78	0.38 1.35	0.08 1.58	0.49 0.18	0.14
pancreas 28.86	0.47 15.36	0.54 5.44	2.13 0.34	0.37
pituitary 5.80	2.90 9.47	1.93 4.56	2.86 0.25	0.09
muscle 0.82	0.70 0.16	0.03 0.07	0.03 0.19	0.29
tumour 28.35	2.46 28.97	3.85 34.91	0.23 5.15	0.79
Tumour/
non-tumour ratios
tumour/blood 18 60 278
tumour/liver 23 42 86
tumour/kidney 1.7 2.4 5.4


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3026 – 30343030


H. R. Maecke et al.



www.chemeurj.org





ies of [CoII ACHTUNGTRENNUNG(dotatoc)] and [GaIII ACHTUNGTRENNUNG(dotatoc)], respectively, and
determined their X-ray structures. Both chelates crystallise
as diprotonated species. ORTEP representations of the che-
lates are shown in Figures 4 and 5 and the crystallographic
data are summarised in Table 4.


The structures of the [CoII ACHTUNGTRENNUNG(dota)] and [GaIII ACHTUNGTRENNUNG(dota)] che-
lates are very similar, showing six-coordination and a pseu-
dooctahedral geometry. Two macrocyclic ring nitrogen
atoms and two trans-arranged carboxylate oxygen atoms are


bound axially, whereas the remaining two ring nitrogen
atoms form equatorial bonds to the metals. Deviation from
the octahedron is seen in the equatorial N-M-N bond angles
of 154 and 1578 for [CoII ACHTUNGTRENNUNG(H2dota)] and [Ga


III
ACHTUNGTRENNUNG(H2dota)]


+ , re-
spectively (1808 is expected in a regular octahedron).
Table 5 shows some selected bond lengths, angles and planes


for both chelates. The two structures are almost identical
and similar to the corresponding structure of [GaIII(dota-d-
PheNH2)],


[13] which shows the relevance of the structures to
the monoamide peptide derivatives. In both structures, as in
[GaIII(dota-d-PheNH2)], the macrocyclic unit adopts a 2424
conformation. The somewhat smaller bond lengths in [GaIII-
ACHTUNGTRENNUNG(H2dota)]


+ , relative to those in [CoII ACHTUNGTRENNUNG(H2dota)], are compati-
ble with a metallic centre of higher charge density (ionic
radius of Ga3+ =62 pm; ionic radius of Co2+


high spin=


73.5 pm).
As in [GaIII(dota-d-PheNH2)],


[13] [GaIII ACHTUNGTRENNUNG(H2dota)]
+ and


[CoII ACHTUNGTRENNUNG(H2dota)] only show the coordination of two acetate
groups, whereas the remaining two are free and one of them
will always be used when the chelator is coupled to a bio-
molecule to form an amide bond. The similar structural fea-
tures of [CoII ACHTUNGTRENNUNG(H2dota)] and [GaIII ACHTUNGTRENNUNG(H2dota)]


+ allow us to
assume that [57CoACHTUNGTRENNUNG(dotatoc)] and [67Ga ACHTUNGTRENNUNG(dotatoc)] might also
have similar structures and consequently one would expect
the two radiopeptides to have similar biological behaviour.
The fact that in both radiopeptides one carboxylate group is
free and deprotonated at physiological pH contributes to
their fast and efficient clearance through the kidneys. De-
spite the likely structural similarities of [57Co ACHTUNGTRENNUNG(dotatoc)] and
[67GaACHTUNGTRENNUNG(dotatoc)], the two radiopeptides show remarkably dif-
ferent biological behaviour, which we have tended to assign
to the different charge density of the metal ions.


Conclusion


ACHTUNGTRENNUNG[57CoACHTUNGTRENNUNG(dotatoc)] and [67GaACHTUNGTRENNUNG(dotatoc)] are two radiopharma-
ceuticals that, despite their structural similarities (as shown
by the X-ray structures of the model chelates [CoIIACHTUNGTRENNUNG(H2dota)]


Figure 4. ORTEP plot of the crystal structure of [CoIIACHTUNGTRENNUNG(dota)]2� (thermal
ellipsoids at the 50% probability level). Selected bond lengths [P] and
angles [8]: Co1�N2 2.271(6), Co1�N2 2.271(6), Co1�N3 2.203(6), Co1�
N3 2.203(6), Co1�O5 2.038(5), Co1�O5 2.038(5); N2-Co1-N2 108.1(3),
N3-Co1-N3 154.0(3), O5-Co1-O5 90.7(3).


Table 4. Crystallographic data for [CoII ACHTUNGTRENNUNG(dota)]2� and [GaIII ACHTUNGTRENNUNG(dota)]� che-
lates.


ACHTUNGTRENNUNG[CoIIACHTUNGTRENNUNG(H2dota)] ACHTUNGTRENNUNG[GaIII ACHTUNGTRENNUNG(H2dota)]
+Cl�


formula C16H26CoN4O8 C16H26ClGaN4O8·5H2O
fw 461.34 597.65
crystal size [mm] 0.6Q0.6Q0.4 0.5Q0.5Q0.5
space group Pccn Cc
crystal system orthorhombic monoclinic
a [P] 15.225(3) 15.171(90)
b [P] 9.3920(19) 14.962(94)
c [P] 13.065(3) 10.068(90)
V [P�3] 1868.2(6) 2279.5
Z 4 4
1calcd [gcm


�3] 1.640 1.706
T [K] 183(2) 183(2)
m [mm�1] 0.974 1.400
l [P] 0.71073 (MoKa) 0.71073 (CuKa)


Table 5. Selected average bond lengths [P], angles [8] and planes for the
[CoIIACHTUNGTRENNUNG(dota)]2� and [GaIII ACHTUNGTRENNUNG(dota)]� chelates.


ACHTUNGTRENNUNG[CoII ACHTUNGTRENNUNG(H2dota)] ACHTUNGTRENNUNG[GaIII ACHTUNGTRENNUNG(H2dota)]
+


CN[a] 6 6
ring configuration 2424 2424
M�N [P] eq 2.171(6) 2.111(8)


ax 2.203(6) 2.152(50)
N-M-N [8] eq 154.0(3) 157.1(2)


ax 108.1(3) 109.0(2)
O-M-O [8] eq 90.7(3) 82.39(2)
M�O [P] eq 2.038(5) 1.927(19)
DN2O2


[b] [P] 0.037 0.068
RN2O2


[b] [P] 0.08 0.005


[a] CN is the coordination number of the metal ion. [b]DN2O2 is the dis-
tance to the plane. RN2O2 is the distance of the defining atoms to the best
plane (PN2O2).


Figure 5. ORTEP plot of the crystal structure of [GaIII ACHTUNGTRENNUNG(dota)]� (thermal
ellipsoids at the 50% probability level). Selected bond lengths [P] and
angles [8]: Ga1�N3 2.105(9), Ga1�N5 2.116(9), Ga1�N2 2.116(10), Ga1�
N4 2.187(10), Ga1�O8 1.940(7), Ga1�O12 1.913(8); N3-Ga1-N5 109.0(2),
O12-Ga1-O8 82.39(13), N2-Ga1-N4 157.1(2).
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and [GaIII ACHTUNGTRENNUNG(H2dota)]
+), display different biological behaviour.


[57CoACHTUNGTRENNUNG(dotatoc)] presents the highest affinity for the sst2 sub-
type receptor of any radiometal-labelled somatostatin deriv-
ative. The improved receptor binding affinity is reflected in
a high and specific tumour uptake and a high rate of inter-
nalisation. [57Co ACHTUNGTRENNUNG(dotatoc)] has a relatively short tumour resi-
dence time in the AR4-2J animal model. This may not be a
disadvantage if there is a similar response in humans be-
cause it would lead to a low patient dose. In addition, its
tumour-to-kidney ratio is one of the highest of any radio-
peptide of the somatostatin analogues.
Cobalt in [57CoACHTUNGTRENNUNG(dotatoc)] is present in the +2 oxidation


state, as demonstrated in aqueous solutions of [CoII-
ACHTUNGTRENNUNG(H2dota)] and [CoII(dota-d-PheNH2)]


� , and the coordina-
tion geometry of the CoII ion is a somewhat distorted octa-
hedron.
This work illustrates how the physical features (size,


charge) of the radiometal strongly influence receptor affini-
ty, biodistribution and the pharmacokinetics of radiometal-
labelled peptides. Our results encourage further animal and
possibly clinical studies to evaluate the full potential of
[55CoACHTUNGTRENNUNG(dotatoc)] as a PET agent.


Experimental Section


Chemicals and analysis : All chemicals were obtained from commercial
sources and used without further purification. DOTA was a gift from
Guerbet (France). 57CoCl2 was purchased from Isotope Products Labora-
tories (Burbank, CA USA). Sephadex G-50 (Pharmacia) was used for gel
chromatography. Electrospray ionisation (ESI) was carried out by using a
Finnigan SSQ 7000 spectrometer. Analytical and semipreparative HPLC
was performed by using a Hewlett-Packard 1050 HPLC system with a
multiwavelength detector and a flow-through Berthold LB 506 C1 g de-
tector. Quantitative g counting was performed with a COBRA 5003 g


system well-counter from Packard Instrument Company. 1H and
13C NMR spectroscopies were performed by using either a Varian VXR
400 spectrometer at 400/101 MHz or a Varian Unity 500 spectrometer at
500/126 MHz. Chemical shifts are reported relative to TMS. 59Co NMR
spectroscopy was performed by using a Bruker AV400 spectrometer at
94.939 MHz; 0.1m K3[Co(CN)6] in D2O was used as the external refer-
ence and the presence of signals was checked between +15000 and
�1000 ppm.
Syntheses and labelling : DOTATOC and [GaIII ACHTUNGTRENNUNG(dotatoc)] were synthes-
ised as described previously.[13]


ACHTUNGTRENNUNG[57Co ACHTUNGTRENNUNG(dotatoc)]: [57CoACHTUNGTRENNUNG(dotatoc)] was prepared as follows: DOTATOC
(10 mg, 7 nmol) was dissolved in a sodium acetate buffer (20 mL, 0.4m,
pH 5.0). 57CoCl2 (43 mCi) was added and the mixture heated at 95 8C for
30 min. Quality control was performed with HPLC (Nucleosil 120-C18,
M&N; eluents: A=0.1% TFA in H2O and B=CH3CN; gradient: 0–
5 min 100% A, 25 min 75% A, 30–35 min 100% A). The labelling yield
was >99.5%; the achieved specific activity was 5 mCimmol�1, which cor-
responds to a peptide/57Co ratio of 50:1. MS (ESI): m/z : 1477.3 [M�H]�
(100%), 1499.5 [M+HCOO�]� (20%), 1535.8 [M+CH3COO


�]� (10%);
purity (HPLC): >97%.


ACHTUNGTRENNUNG[CoII(dota-d-PheNH2)]
�: [CoII(dota-d-PheNH2)]


� was obtained by treat-
ing DOTA-d-PheNH2 (8.0 mg, 14.5 mmol) with CoCl2·6H2O (3.8 mg,
16 mmol) in aqueous solution (1 mL, pH 4, 95 8C, 30 min). After cooling
to room temperature the pH was adjusted to 5 with 0.1m aqueous
NaOH. Evaporation to dryness afforded a purple solid in quantitative
yield. 1H NMR (500 MHz, 25 8C, D2O): d=6.9 (br s, 2H; arom. ortho),
7.7 ppm (m, 2 H, 1H; arom. meta, arom. para); in the 2.25–3.25 ppm
range three small broad signals were detected (each one with an integra-


tion corresponding to 1H). We checked for 1H NMR signals in a spectral
window of +400 to �400 ppm in the temperature range of 5 to 90 8C.
59Co NMR spectroscopy (94.939 MHz, 25 8C, D2O) showed no signals in
a spectral window of +15000 to �1000 ppm; MS (ESI): C25H36CoN6O8


(M=607.5 gmol�1): m/z (%): 608.8 (30) [M+H]+ , 630.5 (20) [M+Na]+ ,
606.4 (100) [M�H]� .
ACHTUNGTRENNUNG[CoII


ACHTUNGTRENNUNG(H2dota)]: [CoIIACHTUNGTRENNUNG(H2dota)] was obtained by treating DOTA (50 mg,
0.12 mmol) with CoCl2·6H2O (28.6 mg, 0.12 mmol) in aqueous solution
(5 mL, pH 4.8, 95 8C, 25 min). Slow evaporation produced light-red single
crystals suitable for X-ray analysis. 1H NMR (400 MHz, 25 8C, D2O): no
signals were observed; MS (ESI): C16H26CoN4O8 (M=461.11 gmol�1): m/
z (%): 462.1 (100) [M+H]+ .


ACHTUNGTRENNUNG[GaIII
ACHTUNGTRENNUNG(H2dota)]+Cl� : [GaIII ACHTUNGTRENNUNG(H2dota)]


+Cl� was obtained by treating
DOTA (78.73 mg, 0.181 mmol) with Ga ACHTUNGTRENNUNG(NO3)3·9H2O (91 mg,
0,217 mmol) in aqueous solution (5 mL, pH 4, 80 8C, 30 min). After cool-
ing to room temperature, the pH was adjusted to 8 with 0.1m aqueous
NaOH. Excess GaIII (in the form of hydroxide) was removed by filtration
and the final pH was adjusted to 7 with 0.1m HCl. Slow evaporation of
water afforded colourless crystals suitable for X-ray diffraction.
1H NMR: (400 MHz, 27 8C, D2O): d=3.40 (br s, 16H, N-CH2-CH2-N),
3.68 ppm (br s, 8H; N-CH2-COOD);


13C NMR: (101 MHz, 27 8C, D2O,
pD=6.9): d=52.52 (N-CH2-CH2-N), 58.48 (N-CH2-COOGa), 176.40 ppm
(COOGa); IR (KBr): n=3570, 3492, 2956, 2705, 2650, 2590, 1746, 1710,
1699, 1620, 1496, 1475, 1384, 1339, 1316, 1287, 1240, 1212, 1083, 1047,
925 cm�1; MS (ESI): C16H25GaN4O8 (M=471.11 gmol�1): m/z (%): 471.1,
472.1 (6:4) (100) [M+H]+; elemental analysis calcd (%) for
C16H25N4O8Ga·HNO3·2H2O (M=570.16 gmol�1): C 33.71, H 5.30, N
12.29, O 36.47; found: C 33.57, H 5.10, N 12.25, O 31.52.


Kinetic exchange : The kinetic stability of [57Co ACHTUNGTRENNUNG(dotatoc)] upon trans-che-
lation was determined by using a 104-fold excess of DTPA. [57Co-
ACHTUNGTRENNUNG(dotatoc)] (6 mL, 10�11 mol) was mixed with DTPA (10 mL, 10�7 mol) and
0.1m aqueous NaOAc (484 mL, pH 5.0). The exchange rate of this solu-
tion was measured by removing aliquots (50 mL) and the exchange ratio
for [57Co ACHTUNGTRENNUNG(dotatoc)] versus [57CoII ACHTUNGTRENNUNG(dtpa)]3� was analysed by HPLC at time
intervals of 4 to 24 h.


In addition, the chemical inertness of [57CoACHTUNGTRENNUNG(dotatoc)] was verified by
measuring the isotope exchange rate of the radiocobalt-labelled peptide
versus a 104 excess of free 59CoII. The experiment was carried out by
using similar concentrations of [57Co ACHTUNGTRENNUNG(dotatoc)] and 59CoCl2 as described
above. Aliquots of 50 mL were incubated with DTPA (10�3m, 10 mL)
prior to HPLC analyses to enable detection of 57CoII as the [57Co ACHTUNGTRENNUNG(dtpa)]3�


complex.


Serum stability studies : [57CoACHTUNGTRENNUNG(dotatoc)] was added to fresh human blood
serum (1 mCimL�1) and incubated at 37 8C in a CO2 atmosphere (5%).
At defined times aliquots of 50 to 100 mL were taken and analysed by gel
chromatography (Sephadex G50, PBS buffer 0.01m, pH 7.4). Low- and
high-molecular fractions were collected and measured with a g counter.
The amount of serum protein-bound radiopeptide was calculated by the
count rates of both fractions.[32]


Thermodynamic stability and protonation constants : The thermodynamic
stability constant of [CoII(dota-d-PheNH2)]


� was estimated by competi-
tion experiments by using DOTA as a competing chelator. For this pur-
pose, solutions that contained similar amounts of both ligands were used
(0.01m, 40 mL). 57/59CoCl2 was added in phosphate buffer (0.01m, pH 7.0,
20 mL). The mixture was incubated at room temperature at a controlled
pH. Aliquots of 15 mL were taken at different times and analysed by
HPLC equipped with a Berthold g detector (CC 250–4 mm 120–3 C8,
M&N, eluent: A=0.1% TFA in H2O, B=CH3CN; 0–5 min 100% A, 25–
35 min 30% B, 35 min 100% A).


The protonation constants of DOTA and DOTA-d-Phe-NH2 were ob-
tained by potentiometric titration in a thermostatted cell at 25 8C under a
stream of N2 with a 0.5m aqueous solution of tetramethylammonium hy-
droxide (standardised with potassium hydrogenophthalate) at an ionic
strength adjusted to 0.5m with tetramethylammonium nitrate in a Met-
rohm 665-Dosimat equipped with a 1 mL piston burette. Excess nitric
acid was added to the ligand solutions to determine the lower protona-
tion constants. All of the solutions were prepared with deionised water
(Millipore), which was previously boiled to remove CO2. All pH meas-
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urements were carried out by using a Metrohm 645 digital pH meter
equipped with a Metrohm 6.0204.100 glass electrode combined with a
calomel (3m aqueous KCl) reference electrode. The glass electrode was
calibrated with pH 4.0 and 7.0 buffers at 25 8C. The pH meter/electrode
system was calibrated by titrating a 3.2 mm TRIS solution with 0.5m tet-
ramethylammonium hydroxide at an ionic strength adjusted to 0.5m with
tetramethylammonium nitrate. The data were handled and calculated
with the TITFIT program.[33]


Cell culture : AR4-2J rat pancreatic tumour cells expressing sst2 were cul-
tured in high glucose DulbeccoRs minimal essential medium (DMEM) en-
riched with 4 nm glutamine, 10% FBS, amino acids, vitamins and penicil-
lin-streptomycin from BioConcept (Allschwil, Switzerland). Cells were
maintained in a humidified 5% CO2/air atmosphere at 37 8C. The viabili-
ty of the cells was assessed by using trypan blue stain and counted under
a microscope with a NeubauerRs counting chamber.


Receptor binding assays : Cells that stably expressed human sst1, sst2,
sst3, sst4 and sst5 were grown as described previously.[12] All culture re-
agents were supplied by Gibco and Life Technologies (Grand Island,
NY). Cell membrane pellets were prepared and receptor autoradiogra-
phy was performed on pellet sections (mounted on microscope slides), as
described in detail previously.[12]


Complete displacement experiments were performed with the universal
somatostatin radioligand 125I-[Leu8,D-Trp22,Tyr25]-somatostatin-28
(2000 Cimmol�1; Anawa (Wangen, Switzerland)) by using increasing con-
centrations of the unlabelled peptide that ranged from 0.1 to 1000 nm.
Experiments with somatostatin-28 were run in parallel as a control by
using the same increasing concentrations. IC50 values (inhibitory concen-
tration 50%) were calculated after quantification of the data by using a
computer-assisted image processing system. Tissue standards (autoradio-
graphic [125I] microscales, Amersham, UK) that contained known
amounts of isotopes, cross-calibrated to tissue-equivalent ligand concen-
trations, were used for quantification.[12] The peptide concentration was
measured by UV spectroscopy (e280nm=6849 Lmol�1 cm�1), according to
the method developed by Reubi et al. ,[12] and was based on the exact
knowledge of the elemental analysis of DOTATOC.


Internalisation and efflux studies : Cells (106 per well) were distributed in
six-well plates at 37 8C in a 5% CO2/air atmosphere for one night in a
culture medium (DMEM with 10% FBS). The medium was removed,
the cells were washed and incubated for 1 h in the internalisation
medium (DMEM with 1% FBS) under the same conditions as described
above. Approximately 0.02 MBq per well of the radioligand (2.5 pmol
per well) were added to the medium and the cells were incubated at
37 8C, 5% CO2, with and without an excess of the peptide (1 mg) to deter-
mine non-specific internalisation. At appropriate time periods, the inter-
nalisation was stopped by removing the medium and washing the cells
with ice-cold PBS. To remove the receptor-bound radioligand, an acid
wash was carried out with 0.1m glycine buffer pH 2.8 for 10 min on ice.
This procedure permits a distinction to be made between membrane-
bound (acid-releasable) and internalised radioligand (acid-resistant). Fi-
nally, cells were solubilised with 1m aqueous NaOH and incubated for
10 min at 37 8C. The radioactivity of the culture medium, the receptor-
bound and the internalised fractions were measured in a g counter
(Cobra II, Packard Instruments (Switzerland)).


For externalisation experiments the AR4-2J cells (106 per well) were in-
cubated with radioligand (2.5 pmol per well). After 2 h of internalisation
at 37 8C, 5% CO2, the medium was removed and the cells were washed
twice with cold PBS. An acid wash was performed, as described in the
previous section. The internalisation medium (3 mL) was added to each
well and the cells were incubated at 37 8C. At different times the external
medium was collected and exchanged with fresh medium at 37 8C. There-
after, the cells were treated with 1m aqueous NaOH to extract the intern-
alised radioligand. The radioactivity of the external medium and the in-
ternalised radioligand fractions was quantified in a g counter. The recy-
cled fraction was expressed as a percentage of the totally internalised
amount per 106 cells.


Biodistribution studies in tumour-bearing animals : All animal experi-
ments were performed in compliance with Swiss laws on animal protec-
tion (approval no. 789). Male nude mice (IFFACREDO (France)) were


subcutaneously injected in the right abdomen with a cell suspension of a
rat pancreatic cell tumour (AR4-2J, 5Q106 cells per 50 mL). Six to seven
days post-injection the tumours had grown to a size of approximately
0.5 cm in diameter. The animals were split into four groups: three batch-
es of four animals without pretreatment for 4, 24 and 48 h biodistribution
studies, and four animals which were injected with 50 mg Octreotide to-
gether with the radiopharmaceutical. Both substances, the radioligand
and the Octreotide, were prepared in a 0.1% bovine serum albumin solu-
tion to prevent the substances from sticking to the syringes. For the
second tumour model five-week-old female Swiss athymic nude mice
were subcutaneously implanted with 10Q106 of HEK-sst2 cells on one
flank. After 10 to 12 d the mice exhibited solid palpable tumour masses
of 150 to 200 mg. To study the biodistribution of [57Co ACHTUNGTRENNUNG(dotatoc)] , the ra-
dioligand (3 mCi, (120	15) kBq) was injected into the tumour-bearing
mice as a bolus in the tail vein. After the respective times the animals
were sacrificed, a blood sample was taken, organs were removed and
weighed and the radioactivity was counted.


X-ray diffraction studies : The X-ray measurements of [GaIII ACHTUNGTRENNUNG(dota)]� and
[CoIIACHTUNGTRENNUNG(dota)]2� were performed by using a Nicolet P3 diffractometer with
graphite-monochromated MoKa radiation. The crystallographic data are
summarised in Table 4 and the average bond lengths, angles and planes
in Table 5. The structures were solved by using Patterson methods, ex-
panded by Fourier techniques and refined against F2 by full-matrix least-
squares methods by using the SHELX93 crystallographic software pack-
age.[34]


CCDC 616729 ([GaIII ACHTUNGTRENNUNG(dota)]�) and 616730 ([CoIIACHTUNGTRENNUNG(dota)]2�) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The unique properties of porphyrins[1] and fullerenes,[2] such
as tuneable HOMO–LUMO gaps and excited state ener-
gies,[3] have led to intensive investigations of their electro-
chemical and photochemical properties.[4] Supramolecular
interactions between fullerenes and porphyrins have attract-
ed considerable interest in recent years for ordering fuller-
ene materials at nanometer dimensions.[5] Attractive interac-
tions between the two chromophoric entities have been em-
ployed in the construction of preorganized supramolecular
arrays. Various three-dimensional multiporphyrin systems
that can be used as scaffolds, such as dendrimers[6] and por-


phyrin-appended nano- and microparticles,[7] have been em-
ployed in the construction of preorganized supramolecular
arrays. Self-assembly of porphyrins and fullerenes has also
been exploited to fabricate and engineer metal surfaces fea-
turing regular structures with nanoscopic periodicities[8] as
well as metal-organic frameworks containing fullerenes.[9]


Further supramolecular interactions such as metal–ligand
bonding[10] and C-F···H-C and C-F···p interactions[11] have
been engineered in recently to afford additional geometrical
control.


The surprisingly close contacts observed between the por-
phyrin planes and fullerenes in the solid state[12,13] have gen-
erated considerable efforts towards the design of preorgan-
ized porphyrin hosts suitable for strong complexation of ful-
lerenes in solution.[14–19] In most cases, two porphyrins com-
plex one C60 molecule,[12] but systems in which the fullerene
is surrounded by three,[11] or, transiently, four[18] or five[19]


porphyrins have also been reported. Different approaches to
the complexation by two porphyrins held together by vari-
ous linkers have been pursued by us and others. Mainly two
approaches have been used to control the relative orienta-
tion of the porphyrins: i) two essentially parallel porphyrins
linked by two flexible linkers of variable lengths,[14] and ii)
two porphyrins held parallel or at an angle by a rigid
linker.[15,16]


The main objective of this work was to assess the role of
tripodal hosts (as opposed to the well-studied “porphyrin
tweezers”) in the recognition of fullerenes in solution and in
the solid state, and to explore the effects of host design on
the supramolecular behavior of molecules.


Abstract: The self-assembly of two tri-
podal porphyrin hosts in the presence
of C60, in the solid state, has been stud-
ied using synchrotron X-ray crystallog-
raphy, and in solution by using
1H NMR and fluorescence spectroscop-
ies. The binding affinities, stoichiome-
tries and geometries strongly depend


on the size of the porphyrin host. Intra-
molecular and/or intermolecular por-
phyrin–fullerene interactions are ob-


served in the co-crystallites and in each
case, the trimer exhibits a “tweezers-
like” structural motif. The solid-state
structures of the trimer-fullerene co-
crystallites reveal close fullerene–por-
phyrin and fullerene–fullerene con-
tacts.
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In this paper, we report the solid and solution state bind-
ing behavior of two rotationally flexible tripodal porphyrin
hosts 1 and 2 (Figure 1).[20] The sole difference between the
“large trimer” 1 (i.e. , n=1) and the “small trimer” 2 (i.e.,
n=0) is the type of linkage that connects the three porphy-
rin components to the central benzene core. Although the


linker in trimer 1 has previously been shown to provide
good geometrical features compatible with C60 complexation
(Figure 2a),[17] the trimeric nature of our molecules raises a
number of questions: a) What is the role of the third por-
phyrin? Does it intervene in a “bridging” complexation
mode between two trimer molecules? If so, b) is this inter-
action precluded in solution due to the high entropic cost in-
volved? c) Does 2, due to its short interplanar distance, not
bind C60 at all? Or d) could it adopt a bowl-shaped confor-
mation that could bind C60 by three porphyrins? e) Will dif-
ferent binding modes be observed in solution and in the
solid state?


The large scale syntheses of the two tripodal porphyrins 1
and 2 have been previously reported by our group.[20] Here,
the solid-state behavior of the tripodal trimers with C60 was
probed by co-crystallization of porphyrin and fullerene and
their solution behavior was studied by 1H NMR and fluores-
cence spectroscopies. The extremely large size of these
supramolecular systems pushed the boundaries of conven-
tional small-molecule crystallography and a synchrotron ra-
diation source was required for the structural analysis.


Results and Discussion


Large trimer/C60 co-crystallite 3 : Slow diffusion of hexane
into the toluene solution of a 1:2 mixture of 1 and C60 af-


forded small, weakly diffracting crystals of 3 which were ex-
amined by synchrotron X-ray radiation. Figure 3, which in-
cludes the labeling scheme used, shows the schematic repre-
sentation of the supramolecular complex 3 (1:C60). The
asymmetric unit of 3 contains two independent zinc trimers
1a and 1b and four crystallographically unique C60 mole-
cules (Figure 3). There are also molecules of toluene and
hexane and two zinc-coordinated H2O molecules in the
structure. Except for the axially bound H2O molecules, all
other solvent molecules are disordered and have been ideal-
ized during the refinement.


Figure 1. Structure of the tripodal porphyrins employed in this study.


Figure 2. Cartoon representation of possible binding modes of tripodal
trimers 1 and 2 to C60.


Figure 3. Schematic representation of the main components of the asym-
metric unit of the large trimer/fullerene complex 3.
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The two symmetrically unique porphyrin trimers 1a and
1b display similar conformations. The U-shaped conforma-
tion of two of the porphyrin arms in each trimer intercalates
in a tweezers-like arrangement a C60 molecule, whereas the
remaining porphyrin unit bends to one side relative to the
tweezers motif. The arrangement of the two trimers is such
that two additional cavities are created for intermolecular
confinement of fullerenes. This compact structure of the
fullerene-containing dimer of trimers of 1 has nanoscale di-
mensions, as characterized by the Zn(1)–Zn(4) and Zn(3)–
Zn(6) distances of 27.23 and 37.54 O, respectively. The 25-
atom porphyrin core of each of the porphyrin units is slight-
ly domed and ruffled, with out-of-plane displacement of the
metal centers (Table 1).


The tripodal arms in 1a (containing Zn(2) and Zn(3))
show deviations with respect to the central aromatic plane
of 14.0 and 34.38, respectively. The third arm, bearing Zn(1)
gives an angle of 39.38. The corresponding arms in 1b (con-
taining Zn(5) and Zn(6)) deviate by angles of 15.4 and 27.28
respectively, whereas the remaining one, bearing Zn(4),
shows the greatest deviation from planarity, with an angle of
46.78.


Two types of binding cavities are observed and all ful-
lerenes are bound by two porphyrin units. The intramolecu-
lar, U-shaped binding cavities in 1a and 1b are of compara-
ble sizes: the distances between Zn(2)–Zn(3) and Zn(5)–
Zn(6) are 12.67 and 12.57 O, respectively. The U-shaped
cavity of both trimers is not composed of two parallel por-
phyrin planes. Instead tilt angles of 9.2 and 10.78 are ob-
served in 1a and 1b respectively. In 1a, the best planes be-
tween the two porphyrins constructing the U-shaped cavity
(containing Zn(2) and Zn(3)) and the third porphyrin unit


(containing Zn(1)) form interplanar angles of 51.5 and 59.28,
respectively. Similarly, in 1b, porphyrins containing Zn(5)
and Zn(6) are forming interplanar angles of 51.3 and 59.08,
respectively with the best porphyrin plane containing Zn(4).
The two intermolecular binding cavities in the asymmetric
unit are also similar. The angle between the porphyrin
planes containing Zn(2) and Zn(4) is 51.18, with a Zn–Zn
distance of 11.29 O. The angle between the porphyrin
planes containing Zn(1) and Zn(5) is 51.28, with a Zn–Zn
distance of 11.47 O.


Rotational disorder of the C60 spheres was observed in
this structure. All four C60 molecules in the asymmetric unit
are disordered over more than two positions. This is a
common feature in the solid-state structure of fullerenes.
The disordered C60 units in the structure were idealized and
the average refined radii of the C60 molecules are close to
3.54 O. The fullerenes are centered over the porphyrins in
all eight porphyrin–fullerene contacts. The contacts between
fullerenes and porphyrin units are characterized by the dis-
tances between the best-fit plane of porphyrin units and the
surface of the carbon sphere (Table 1). The distances are
within the range of 2.52–2.92 O (Table 1). There are no un-
bound fullerene molecules in the structure. The fullerene
molecules C60(1) and C60(3) separated by the porphyrin
plane containing Zn(2) have a centroid-to-centroid distance
of 12.71 O. A comparable distance (12.63 O) is observed for
C60(2) and C60(4) which sandwich the porphyrin unit con-
taining Zn(5). Other fullerene–fullerene centroid-to-cent-
roid distances are considerable longer.


The relatively long centroid-to-centroid distances in 3
confirm the absence of direct fullerene–fullerene contacts in
the crystal. The fullerene molecules C60(1) and C60(3) sepa-
rated by the porphyrin plane containing Zn(2) have a cent-
roid-to-centroid distance of 12.71 O. A comparable distance
(12.63 O) is observed for C60(2) and C60(4) which sandwich
the porphyrin unit containing Zn(5). Other fullerene–fuller-
ene centroid-to-centroid distances are considerable longer.
The distances of C60(2) and C60(3) and C60(1) and C60(4) are
14.84 O and 15.11 O respectively, and the one between
C60(3) and C60(4) is 14.66 O.


The overall crystal structure consists of chains of dimers
of trimers (Figure 4), with disordered toluene molecules
trapped between the dimeric units and molecules of hexane
filling up the voids in the crystal structure. The packing ar-
rangement of the complex 3 suggests no porphyrin–porphy-
rin, porphyrin–fullerene and fullerene–fullerene interactions
between units of different dimeric complexes (Figure 5).


Small trimer/C60 complex 4 : As with 3, slow diffusion of
hexane into the toluene solution of a 1:2 mixture of 2 and
C60 afforded crystals of complex 4. Figure 6 shows the mo-
lecular structure of the 1:2 supramolecular complex 4
(2 :C60) as determined by X-ray analysis using synchrotron
radiation. The asymmetric unit in 4 contains one porphyrin
trimer and two crystallographically unique C60 molecules. A
number of solvating molecules are also found in the unit
cell. They are all disordered and have been idealized during


Table 1. Significant parameters describing the supramolecular architec-
tures of complexes 3 (1:C60) and 4 (2 :C60).


Complex Zn–por-
phyrin
center


Deviation of Zn
center from por-
phyrin best
plane[a]


Distance of C60


center to por-
phyrin best
plane[a]


C60


radii[a]


3 Zn(1) 0.170 6.211 (C60(4)) 3.541
Zn(2) 0.133 6.136 (C60(1)),


6.462 (C60(3))
3.539
(C60(1)),
3.540
(C60(3))


Zn(3) 0.314 6.112 (C60(1)) 3.539
Zn(4) 0.156 6.182 (C60(4)) 3.540
Zn(5) 0.146 6.094 (C60(2)),


6.437 (C60(4))
3.546
(C60(2)),
3.541
(C60(4))


Zn(6) 0.311 6.069 (C60(2)) 3.546


4 Zn(1) 0.153 6.176 (C60(1)) 3.526
Zn(2) 0.004 6.199 (C60(1)),


6.286 (C60(2))
3.526
(C60(1)),
3.522
(C60(2))


Zn(3) 0.088 6.199 (C60(2)) 3.522


[a] All values quoted in O.
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the refinement. There are no water molecules coordinated
to the zinc centers, however.


With respect to the central aromatic plane, the two tripo-
dal arms containing Zn(2) and Zn(3) show deviations of
19.1 and 39.98, respectively, the third, bearing Zn(1), show-
ing a greater deviation from this plane, by an angle of 37.78.
The best planes between the two porphyrins constructing
the U-shaped cavity containing Zn(2) and Zn(3) and the
third porphyrin unit (containing Zn(1)) are at angles of 61.7
and 74.68, respectively.


The small trimer in the asymmetric unit is arranged such
that binding cavities suitable for two intermolecularly-bound
fullerene molecules are created (Figure 7). Two fullerene
molecules are accommodated in binding pockets composed
of two tilted porphyrin units, belonging to neighboring tri-
meric units. The distance between two zinc centers Zn(2)–
Zn(3) is 7.10 O. A toluene molecule (disordered) was found
trapped in the U-shaped cavity. The distances of the zinc
centers Zn(2) and Zn(3) to the best plane of the intercalat-
ed toluene molecule are 2.86 and 2.08 O, respectively, sug-
gesting possible p–p interactions. The angle between the


porphyrin planes containing
Zn(3) and Zn(2) is 13.38. The
angle between the porphyrin
plane containing Zn(1) of one
trimer and the other plane con-
taining Zn(2) of another trimer
is 61.78, with a Zn–Zn distance
of 10.85 O. The angle between
the porphyrin plane bearing
Zn(1) of one trimer with the
plane containing Zn(3) of an-
other trimer is 74.68, with a
Zn–Zn distance of 9.73 O.


As with 3 the 25-atom por-
phyrin core of each porphyrin
unit in the small trimer is


slightly domed and ruffled. The nitrogen atoms are nearly
coplanar (maximum deviations from best plane 0.04 O (ring
bearing Zn(1), 0.06 O, ring bearing Zn(2) and 0.15 O ring
bearing Zn(3)); the zinc atoms are situated at a mean dis-
tance of 0.05 O above the N4 planes (i.e. , Zn(1): 0.01 O,
Zn(2): 0.06 O and Zn(3): 0.09 O). These displacements are
within the range observed in mononuclear zinc porphyr-
ins.[21]


Since all C60 molecules in the asymmetric unit were se-
verely disordered over more than two positions, a continu-
ous sphere model was attempted initially during the struc-
ture refinement.[14] However, this did not provide a more
suitable final model, and the results of the conventional re-
finement procedure are reported here. The average radii of
the C60 molecules are close to 3.52 O in both refinement
models. The fullerenes are centered over the porphyrins in
all porphyrin–fullerene contacts. The approach of fullerenes
to porphyrin units is characterized by the distance between
the best-fit plane of porphyrin units and the surface of the
carbon sphere. The four contacts span the range of 2.65–
2.76 O (Table 1).


Figure 4. Molecular packing in complex 3 showing the unit cell axes.


Figure 5. Crystal packing diagram of 3, showing a fragment of the unit cell.


Figure 6. Schematic representation of the main components of the asym-
metric unit of the small trimer/fullerene complex 4.
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There are no unbound fullerene molecules in the struc-
ture. All C60 molecules are surrounded by two porphyrins in
an inclined fashion as described above. The two symmetry
related fullerene molecules C60(1) are separated by a dis-
tance of 10.06 O. The same fullerene–fullerene contacts are
also present between nearby chains. A number of disordered
solvating molecules are found in the unit cell. With the ex-
ception of the one toluene molecule that is sandwiched in
the U-shaped cavity, there are no obvious interactions be-
tween toluene molecules and the porphyrin planes. Hexane
molecules fill up the voids in the crystal structure.


The overall crystal structure is composed of infinite col-
umns of polymeric chains of the asymmetric unit (Figure 8).
Each polymeric chain is surrounded by another six chains of
polymer and there are fullerene–fullerene contacts between
each polymer and two nearby chains, with a centroid-to-
centroid distance of 10.06 O. No close porphyrin–porphyrin
contacts are observed.


Structural comparison between
3 and 4 : The complexes studied
exhibit close resemblance in
their solid state structure de-
spite their geometrical differen-
ces. The “third” porphyrin arm
seems to play similar roles in
both structures. Two of the
three porphyrin arms are en-
gaged in a tweezers-like confor-
mation, allowing the third unit
to adjust with respect to the in-
termolecular binding which
brings two tripodal porphyrins
together. In the case of 4, the
asymmetric unit is extended to
give a polymeric chain whereas
in 3 the porphyrin–fullerene in-
teractions yield a discrete di-
meric supramolecular entity.
Related dimeric supramolecular


complexes of porphyrin oligomers have also been observed
in the solid state, for example, in the crystal structures of
supramolecular dimers of porphyrin cages assembled via p-
interactions between axially coordinated pyridines[22] and
hydrogen-bonding involving axial methanol molecules.[23]


Porphyrin–fullerene interactions seem to provide the driv-
ing force for the formation of both solid state assemblies of
3 and 4. The close proximity of fullerenes to the porphyrin
planes suggests an attractive nature of such interactions.
This is characterized by the distances between the best-fit
plane of porphyrin units and the surface of the carbon
sphere (2.70–2.93 O) which are significantly less than the
sum of the van der Waals radii (3.09 O).[24] Combined with
the doming or ruffling of all the porphyrin planes, this pro-
vides evidence of the van der Waals nature of the attractive
forces, where such geometrical distortion of the planar sur-
faces has often been regarded as the result of maximizing
the strength of attractions by wrapping fullerenes more ef-
fectively.[10]


The porphyrin units in com-
plexes 3 and 4 interact in either
1:1 or 1:2 fashion with ful-
lerenes. This is common to por-
phyrin–fullerene complexes in
solid state as reported in early
co-crystallization studies. All
fullerenes in both structures are
bound by two porphyrin units.
The fullerenes in 3 are either
encapsulated in the U-shaped
cavities or held between two
porphyrins at an angle. Only
the latter geometry is present in
4. Inclusion of fullerene by the
large trimer in 3 is possible be-
cause of its complementary size


Figure 7. Molecular packing in complex 4 showing the unit cell axes.


Figure 8. Crystal packing in 4 viewed down the chains of the asymmetric units.
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of cavity, which can accommodate the spherical guest. On
the other hand, the short interplanar distance of the cavity
size of the small trimer in 4 frustrates the C60 encapsulation
but allows a toluene molecule to be entrapped within p–p


distance.
The two intermolecular fullerene binding pockets in 3 are


strikingly similar, as indicated by their close Zn–Zn separa-
tion and the tilt angle between the porphyrin planes. These
cavities are comparable to that observed in the “Jaws Por-
phyrin” host reported by Reed, Boyd and co-workers,[16]


where the angle between the porphyrin planes is 428 with a
metal-to-metal distance of 11.94 O. The intermolecular bind-
ing cavities in 4 are rather different from those in 3. In addi-
tion to the considerably larger angles subtended by two por-
phyrin planes, the Zn–Zn distances are also noticeably
shorter than those in 3.


The fullerene–fullerene interactions in solid state are
commonly described by centroid-to-centroid distances close
to 10 O (the van der Waals limit of the fullerene).[24] In 3, all
centroid-to-centroid distances are relatively long, suggesting
the absence of such interaction. For 4, the two symmetry-re-
lated fullerenes confined as a pair for interactions in the
asymmetric unit show close contact for fullerene–fullerene
interactions. A dimeric arrangement of C60 molecules at the
van der Waals distance was previously known, such as in the
structure of a 1:1 p-bromo-homooxocalix[3]arene C60 com-
plex.[25]


There are significant conformational differences between
the free host 1 observed in the crystal structure previously
reported[20] and in complex 3. This reveals the conformation-
determining properties of the porphyrin–fullerene interac-
tions. The relatively open and “spread-out” conformation
observed for the free host 1 is likely to generate the most ef-
fective packing geometry in the absence of the fullerene.
The sum of weak solid state forces has been observed earlier
to have influences on packing modes and the orientation of
flexible organic molecules.[27] The distinctive tweezers-like
conformation observed for the two crystallographically
unique hosts (1a and 1b) in the asymmetric unit of complex
3 is largely dictated by the porphyrin–fullerene attractions,
although the intermolecular forces may also influence the
overall packing arrangement.


In both cases, the crystals were extremely small and dif-
fracted weakly, and the solving and refining of the extremely
large systems pushed the boundaries of conventional small-
molecule crystallography. The solving of the two structures
was only possible when synchrotron radiation and low tem-
perature was used for data collection. Although the relative-
ly high R factors associated with these systems may inevita-
bly limit the precise determination of all structural features,
the main part of the porphyrin planes and tripodal linker
are extremely well behaved. Disorder mainly affects the sol-
vent molecules and the tert-butyl groups at the extremities
of the trimers. Therefore, data available should not hinder
the validity of our discussion of the intermolecular interac-
tions.


Solution studies : The solution behavior of porphyrins 1 and
2 in presence of C60 was monitored by 1H NMR and fluores-
cence spectroscopies. Toluene was the solvent of choice as
both fullerene and porphyrin trimers exhibit good solubility,
and as it allows comparison with most published studies.
Other solvents tend to artificially exaggerate the binding af-
finity due to insufficient solubility of the fullerene (e.g.
CHCl3) or weaker porphyrin–fullerene interactions,[14b] be-
cause of too strong competition by the solvent. In, for exam-
ple, CS2, no binding could be detected.


Steady-state fluorescence spectroscopy (lex=420 nm)
showed the reduction of emission intensity upon adding the
guest. After adding 100 equivalents of guest to a 7.5 mm solu-
tion of 1 or 2 in toluene, emission intensity dropped to
about half of its original intensity (Figure 9). At higher con-
centrations, qualitatively full quenching of fluorescence was
observed when a small excess of fullerene was added. This
qualitative observation is indicative of close porphyrin–full-
erene contacts in both cases. The Soret band of 1 displayed
a bathochromic shift (see Supporting Information), which
likewise was too slight to allow calculation of binding data.


1H NMR titrations of the large trimer 1 with C60 in
[D8]toluene (see Supporting Information) displayed signifi-
cant shifts of most of the proton resonances (Figure 10a). A
Job plot showed a clear stoichiometry of 1:1 for host 1 to
C60. Binding constants were calculated for a 1:1 binding


Figure 9. Fluorescence quenching of 1 (top) and 2 (bottom) (7.5 mm in
toluene, room temperature) upon addition of C60; c : 0 equiv, a :
55 equiv, g : 100 equiv.
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model by fitting an ideal binding isotherm to the experimen-
tal data. Most proton signals allowed good fitting, and asso-
ciation constants were found to be about 2500�300m


�1 at
300 K, which is in the range of the affinities reported by
others for related systems under similar conditions.[17]


Less dramatic shifts were observed upon addition of C60


for the small trimer 2 (see Supporting Information) than in
the case of the large trimer 1 (Figure 11). Nevertheless, sev-
eral protons experience significant upfield shifts. Binding
constants calculated from the upfield-shifted signals range
from about 300 to 1000m


�1. A Job plot performed on the
upfield-shifted signals shows a clear 1:1 binding ratio. How-
ever, the same Job plot titration showed that downfield-
shifted protons suggest a stoichiometry of 2:1 C60:2. Con-
versely, binding constants calculated from most downfield-
shifted protons are situated in the range of 200–300m


�1. The
binding isotherm found for proton a (Figure 12) bears the
clear signature of a process involving two separate binding
events. We were not able to fully explain the nature of this
second binding event. Potentially more informative variable
temperature NMR studies were precluded by insufficient
solubility of the analytes at low temperatures.


Solution-state binding modes were deduced from the
chemical shift changes measured upon guest binding.


Figure 13 depicts pictorially the chemical shift changes expe-
rienced by 1 and 2 upon complexation of C60. According to
Figure 13a, it can be assumed that in the 1:C60 complex the
C60 molecule is situated centrally above the porphyrin plane.
Given the increasing differentiation of the protons above
and below the porphyrin plane it seems reasonable to
assume that only one of the faces of each porphyrin is in-
volved in this binding event. This hints at a tweezers-like
binding mode (as depicted in Figure 2a), where the third
porphyrin in the trimer would remain unbound in solution.
In the complex of trimer 2 and C60, most upfield shifted sig-
nals belong to protons situated at the end opposite the cen-
tral linker (Figure 13b). This result can be explained by a
C60 binding to the rim of a bowl-shaped conformation of the
porphyrin trimer, such as depicted in Figure 2d. Indeed, the
ca. 12 O cavity (as estimated by PM3 modeling for the
bowl-like conformation of the small trimer 2 reported by us
earlier)[20] would be well-suited to encapsulate one C60 mole-
cule. It is not surprising that this binding mode was not ob-
served by X-ray diffraction, given that the entropic penalty
for an intermolecular complexation (type b, Figure 2) is
largely reduced in the solid state.


Figure 10. Titration of 1 (4.0Q10�4m in [D8]toluene, constant concentration, 300 K) by C60. a)
1H NMR chemical shift changes, b) Job plot for selected


proton signals.
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Conclusion


We have studied supramolecular assemblies of two porphy-
rin trimers and C60 in the solid state and probed their solu-
tion behavior. Both complexes showed interesting binding
geometries thanks to the presence of a third porphyrin in


the host molecule. For the
smaller trimer 2, a crystal struc-
ture with unusual fullerene–
fullerene close contacts was ob-
served and the supramolecular
structure resulted from the for-
mation of a one-dimensional
porphyrin–fullerene chains. In
solution, we interpret the
1H NMR spectroscopic data as
indicative of an unusual, bowl-
shaped receptor conformation,
binding to the fullerene guest
with an association constant of
300 to 1000m


�1. The two effects
can be explained by the fact
that the smaller porphyrin
trimer is not well-suited for any
of the traditional porphyrin–
fullerene binding modes.


In the case of the larger
trimer host 1, in toluene solu-
tions, the intermolecular bind-
ing mode is not observed as ex-
pected, while the intramolecu-
lar binding mode is character-
ized by association constants of
about 2500�300m


�1. Solid state
data show the presence of one
intramolecular complexation
mode of C60 by two parallel
porphyrins, and discrete dimers


of the porphyrin trimer, linked by C60 molecules in the
asymmetric unit, giving rise to a new supramolecular motif
and surprisingly close porphyrin–fullerene distances.


Figure 11. Titration of 2 (4.1Q10�4m in [D8]toluene, constant concentration, 300 K) by C60. a)
1H NMR chemi-


cal shift changes, b) Job plot for selected proton signals.


Figure 12. Chemical shift of proton a in 2 as a function of C60 concentra-
tion.


Figure 13. Schematic representation of chemical shift changes of protons
of a) 1 and b) 2 upon complexation of C60.
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The use of tripodal hosts as opposed to “porphyrin tweez-
ers” dramatically influences the supramolecular behavior of
hosts:C60 complexes. While two of the porphyrin arms act as
“tweezers” suitable for binding guests intramolecularly, the
third arm provides intermolecular interactions resulting in
formation of supramolecular networks. This work also
brings evidence for the markedly different behavior in solu-
tion where the entropic penalty is too large to allow forma-
tion of supramolecular networks.


Experimental Section


General methods : 1H NMR spectra were recorded at 300 K on a Bruker
500 MHz spectrometer fitted with a broadband ATM probe. Fluores-
cence spectra were recorded on a Cary Eclipse fluorimeter at an excita-
tion wavelength of 420 nm.


Materials : Porphyrin trimers 1 and 2 were synthesized according to a
published procedure.[20] C60 of 99.5% purity was purchased from Materi-
als and Electrochemical Research Corporation.


Porphyrin Trimer/C60 co-crystallizations : C60 (2.1 mg, 2.9 mmol) and small
trimer 1 (4.5 mg, 1.5 mmol) were mixed and dissolved in a minimum of
toluene. Sonication and heating were necessary to assist the dissolution
of fullerene. The mixture was then filtered and was carefully layered with
hexane. The resulting mixture was left to stand undisturbed at room tem-
perature and protected from light for several weeks, during which dark
red crystals were obtained. Co-crystallizations of large trimer 2 (4.6 mg,
1.5 mmol) with C60 (2.1 mg, 2.9 mmol) were prepared following identical
procedures and afforded dark red crystals.


Crystal structure determination : Crystallographic data of complexes 3
and 4 were collected on the synchrotron radiation source at Station 9.8,
Daresbury SRS, UK, on a Bruker SMART CCD diffractometer. The
structures were solved by direct methods using the program SIR92.[27]


The refinement (on F) and graphical calculations were performed using
the CRYSTALS[28] program suite.


Crystal data 3 : C222H228N12Zn3·4 ACHTUNGTRENNUNG(C60)·2.75 ACHTUNGTRENNUNG(C6H14)·4.75 ACHTUNGTRENNUNG(C7H8)·1.5H2O:
C717.75H521N24O1.5Zn6, M=9874.47, Z=2, triclinic, space group P1̄, a=


28.947(6), b=34.502(7), c=35.097(7) O, a =100.39(3), b=109.41(3), g=


110.52(3)8, V=29161(17) O3, T=120(2) K, m=0.3003 mm�1. Of 131046
reflections measured, 82838 were independent (Rint=0.047). Final R=


0.1587 (20768 reflections with I > 3s (I)) and wR=0.1892. H2O hydro-
gens could not be found. The tBu groups are all disordered, two were
modeled over two positions, most have just been restrained. All solvent
molecules are also disordered and have been idealized. The asymmetric
unit contains two crystallographically unique trimers and four unique C60


molecules. Solvent and peripheral substituents have been removed.
Figure 4 represents the essential part of two adjoining asymmetric units.


Crystal data 4 : C210H228N12Zn3·2 ACHTUNGTRENNUNG(C60)·ACHTUNGTRENNUNG(C6H14)·6 ACHTUNGTRENNUNG(C7H8): C378H289N12Zn3,
M=5195.67, Z=2, triclinic, space group P1̄, a=18.801(3), b=26.501(4),
c=30.463(4) O, a =88.038(2), b=76.790(2), g=69.939(2)8, V=


13864(4) O3, T=120(2) K, m =0.322 mm�1. Of 104288 reflections mea-
sured, 48672 were independent (Rint=0.044). Final R=0.1426 (19863 re-
flections with I > 3s (I)) and wR=0.1535. Asymmetric unit contains one
porphyrin trimer and two independent C60 molecules. All tBu groups
were disordered, two were modeled as disordered over two positions.
The solvent molecules are also disordered and have been idealized
Figure 7 represents the essential parts of four adjoining asymmetric units.
Each C60 could be viewed as continuous sphere of electron density. Al-
though this representation would better describe the disordered nature of
this guest, this alternative refinement model did not give a significantly
improved set of final parameters.


CCDC 660538, 660539 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


X-ray absorption spectroscopy (XAS) is an excellent tool
for investigating the coordination structure of electrolyte
solutions. The major advantages of XAS over diffraction
techniques are its sensitivity to short-range order and site se-
lectivity, which make this method a unique probe for struc-
tural determination of the first coordination shell of metal


complexes in electrolyte solutions. A major weakness in
EXAFS studies on lanthanoid compounds using the L3-edge
(5483 eV for La) is the short data range, due to the appear-
ance of the L2-edge (5891 eV for La). This limits the effec-
tive k range for EXAFS studies to less than 400 eV for La
and thus considerably decreases the resolution. Further-
more, L3-edge EXAFS spectra of lighter lanthanoidACHTUNGTRENNUNG(III)
compounds show a couple of very intense features in the k
range of 5–7 2�1, which have been assigned to double-elec-
tron transitions 2p4d!5d2.[1,2] It is well known that double-
electron excitations modify the fine structure beyond the ab-
sorption edge and introduce errors in the determination of
bond length and coordination number, and the effect is pro-
portional to the magnitude of the double-excitation peak.[3]


In this context, XAS spectra above the K-edge of
lanthanoids ACHTUNGTRENNUNG(III) could be used to address some of the afore-
mentioned shortcomings. In general EXAFS has been con-
fined to absorption edges below 30 keV, as the structural
signal can be strongly damped at very high energy. In fact,
the higher the energy of the absorption edge, the shorter the
lifetime of the excited atomic state, and the greater the
damping and broadening of the signal. This affects in partic-


Abstract: This is the first systematic
study exploring the potential of high-
energy EXAFS as a structural tool for
lanthanoids and third-row transition el-
ements. The K-edge X-ray absorption
spectra of the hydrated lanthanoid ACHTUNGTRENNUNG(III)
ions both in aqueous solution and in
solid trifluoromethanesulfonate salts
have been studied. The K-edges of lan-
thanoids cover the energy range from
38 (La) to 65 keV (Lu), while the cor-
responding energy range for the L3-
edges is 5.5 (La) to 9.2 keV (Lu). We
show that the large widths of the core-
hole states do not appreciably reduce
the potential structural information in
the high-energy K-edge EXAFS data.


Moreover, for lanthanoid compounds,
more accurate structural parameters
are obtained from analysis of K-edge
than from L3-edge EXAFS data. The
main reasons are the much wider k
range available and the absence of
double-electron transitions, especially
for the lighter lanthanoids. A compara-
tive K- and L3-edge EXAFS data anal-
ysis of nonahydrated crystalline
neodymium ACHTUNGTRENNUNG(III) trifluoromethanesulfo-


nate demonstrates the clear advantages
of K-edge analysis over conventionally
performed studies at the L3-absorption
edge for structural investigations of
lanthanoid and third-row transition
metal compounds. The coordination
chemistry of the hydrated lanthanoid-
ACHTUNGTRENNUNG(III) ions in aqueous solution and solid
trifluoromethanesulfonate salts, based
on the results of both the K- and L3-
edge EXAFS data, is thoroughly dis-
cussed in the next paper in this series
(I. Persson, P. D;Angelo, S. De Panfilis,
M. Sandstrçm, L. Eriksson, Chem. Eur.
J. 2008, 14, DOI: 10.1002/
chem.200701281).
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ular the high-frequency components of the measured signal
and consequently reduces the sensitivity of the technique to
the more distant coordination shells. Nevertheless, recent
EXAFS investigations on solid Eu2O3 at the K-edge have
shown that although the core-hole width is five time larger
at the K-edge than at the L3-edge, the corresponding loss of
information is largely remediated by the wide k range, the
extent of which is more than twice that of the L3-edge of the
lighter lanthanoids.[4] In addition, in the case of disordered
systems such as aqueous solutions, high-frequency compo-
nents are strongly damped in the spectra, and the structural
information content of the K-edge data is the same as that
of the L3-edge data. Another important advantage of using
the K-edge spectra is that at very high energy the absorption
of most materials is very low, and the samples can be held
in cells with almost any type of window. This facilitates, for
example, the use of high-pressure cells to perform experi-
ments under extreme conditions of pressure and tempera-
ture. Nowadays, high energies are commonly accessible
from third-generation synchrotron radiation sources and
beamlines that can provide sufficient flux up to 70–80 keV.
In particular, previous experimental work at high energy has
been performed at the BM29[4,5] and GILDA[6] beamlines of
the European Synchrotron Radiation Facility (ESRF) in
France, and at the SPring-8 Facility[7,8] in Japan.


The aim of the present work is to explore the potential of
EXAFS spectroscopy at K-edge absorption energies higher
than 38 keV. For a systematic study one needs a series of el-
ements with varying absorption energy and, in principle, the
same structure. In this context the hydrated lanthanoidACHTUNGTRENNUNG(III)
ions are an ideal set of probes, as they contain fourteen ele-
ments with very similar chemical properties and very small
systematic changes in their structures. Here the data analysis
of solid isostructural nonaaqualanthanoid ACHTUNGTRENNUNG(III) trifluorome-
thanesulfonates [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3 is presented. The
lanthanoidACHTUNGTRENNUNG(III) ions have furthermore been shown to have
almost identical structures both in the solid state and solu-
tion.[9] We present a complete data set for both solids and
aqueous solutions at both K- and L3-edges, which allows
direct comparison to be made. The presentation of the de-
tailed coordination chemistry of these systems is made in
the adjacent paper.[9] Similar studies have also been per-
formed on dimethyl sulfoxide-solvated lanthanoid ACHTUNGTRENNUNG(III) ions
in solid iodide salts and in solution, all of which are eight-
coordinate in a square-antiprismatic fashion,[10] and on N,N’-
dimethylpropyleneurea-solvated lanthanoid ACHTUNGTRENNUNG(III) ions in solid
iodide salts and in solution,[11] where the lanthanoids are six-
and seven-coordinate, respectively. Here, we present a de-
tailed description of the data treatment only for two exam-
ples, neodymium and lutetium, as they have large differen-
ces in absorption energy. Moreover, we intend to provide
with this study, and with the separate investigations on the
series of hydrated and solvated lanthanoidACHTUNGTRENNUNG(III) ions reported
in the following paper in this series,[9] a reference work for
future application to other systems containing elements ab-
sorbing X-rays at energies above 30 keV. This work should
stimulate others to perform high-energy EXAFS studies,


as it has several advantages over low-energy L3-edge
EXAFS.


Results


High-energy K-edge X-ray absorption spectra : In condensed
systems the X-ray absorption cross section is characterized
by well-defined absorption edges corresponding to the onset
of core-electron excitations to unoccupied electronic levels,
and sharp features due to transitions to discrete resonances.
The edge features are broadened by intrinsic and instrumen-
tal effects, the former of which are essentially determined
by the finite lifetime of the excited atomic state. Figure 1 A


shows the K-edge X-ray absorption near-edge structure
(XANES) spectra of lanthanoidACHTUNGTRENNUNG(III) ions in aqueous solu-
tion, where the effect of the core-hole lifetime on high-
energy spectra is clearly visible.


As expected, the edge resonance is strongly damped and
the intensity of the main transition peaks becomes much
smaller on going from lanthanum ACHTUNGTRENNUNG(III) to lutetium ACHTUNGTRENNUNG(III). The
core-hole widths at the K-edge are G= 14.1 and 33.7 eV for
lanthanum and lutetium, respectively.[12]


The EXAFS spectra of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions
in aqueous solution above the K-edge are reported in
Figure 2. Despite the extremely large core-hole widths, the
structural signals are detectable with good signal-to-noise
ratio up to 13 2�1. The frequencies of the EXAFS oscilla-
tions reveal a structural trend across the lanthanoidACHTUNGTRENNUNG(III)
series. In particular, contraction of the lanthanoid ACHTUNGTRENNUNG(III)–


Figure 1. A) Normalized K-edge X-ray absorption spectra of lanthanoi-
d(III) ions in aqueous solution. The zero positions correspond to the first
inflection point of each spectrum. B) K-edge X-ray absorption spectra of
lanthanoid(III) ions in aqueous solution after deconvolution of the core-
hole widths.
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oxygen first-shell distance occurs on going from lanthanum-
ACHTUNGTRENNUNG(III) to lutetium ACHTUNGTRENNUNG(III) as a result of the decreasing ionic radii
throughout the series due to the lanthanoid contraction.


As the core-hole effect provides a constant broadening in
energy space, the low-k region of the XAS spectra is more
affected than the higher k region. Moreover, when dealing
with K-edge spectra at very high energies, the influence of
the Debye–Waller (DW) term is stronger than normally en-
countered at lower energies, and this makes it impossible to
detect more distant shells when working at room tempera-
ture. The effect of the core-hole width on the low-k range is
clearly detectable in the spectra of hydrated lanthanoidACHTUNGTRENNUNG(III)
ions, especially for elements of higher atomic number, but
the damping is not as dramatic as in the case of solid sam-
ples such as platinum[7] or Eu2O3.


[4] In disordered systems,
such as aqueous solutions, due to the broad correlation func-
tions at large distances the medium-range order only weakly
affects the absorption spectra, and EXAFS is essentially in-
sensitive to the higher coordination shells. Therefore, the
structural information that can be extracted from the high-
energy EXAFS spectra at the K-edge is the same, if not
more complete, as that of the L3-edge.


Since multiple-scattering effects make large contributions
to the low-energy range of the absorption spectra, XANES
is very sensitive to the geometric environment of the ab-
sorbing site. Therefore, its quantitative analysis may provide
additional insights into the coordination structure of the
photoabsorber atom which are not achievable from analysis
of the EXAFS region. As previously shown, XANES spec-
tra at very high energies are strongly broadened by the
core-hole widths and the structural oscillations are smeared
out in the spectra. Recently, it was suggested to deconvolute
the core-hole width in the analysis of X-ray absorption spec-


tra.[13] This treatment greatly facilitates the detection of
spectral features and comparison with theoretical calcula-
tions. Figure 1 B shows the X-ray absorption spectra of
lanthanoidACHTUNGTRENNUNG(III) ions in aqueous solution for which deconvo-
lution of the tabulated core-hole widths has been per-
formed, by applying Gaussian filters with full widths at half-
maximum ranging from 2.8 to 7.5 eV. The trend of the
white-line intensity observed in Figure 1 B is mainly related
to the Gaussian filter used in the deconvolution procedure,
and no physical information can be derived from it. An
ideal deconvolution with no filter would provide the real
shape of the XANES region, but due to the finite noise
level of the experimental data, this approach is actually im-
possible. After deconvolution, the threshold regions are con-
siderably sharpened with respect to the original spectra, and
the intensity of the structural oscillations is also clearly en-
hanced. To test the reliability of this procedure, the decon-
voluted K-edge spectrum of neodymium ACHTUNGTRENNUNG(III) in aqueous so-
lution is compared with the L1 spectrum in Figure 3 A.


Note that the two spectra have similar shapes since the
broadening associated with the core-hole width of the L1-
edge (G=4.52 eV), which has not been removed, is compa-
rable with that in the deconvoluted K-edge spectrum due to
the adopted Gaussian filter with s=4.5 eV and additional
resolution broadening by the monochromator. The similarity
of the two spectra demonstrates that deconvolution of the
core-hole width in high-quality, low-noise K-edge spectra
can reveal most of the structural and electronic information
they contain. Thus, one can use the XANES spectra at the
K-edge to obtain structural and electronic information on
systems absorbing at very high energies of 40 keV or more.


Figure 2. K-edge EXAFS spectra of lanthanoid(III) ions in aqueous solu-
tion.


Figure 3. A) Comparison between L1-edge (dashed line) and deconvolut-
ed K-edge (solid line) XANES spectra of [Nd(H2O)9]


3+ in aqueous solu-
tion. B) Comparison between the K-edge XANES spectra of
[Nd(H2O)9]


3+ in aqueous solution (solid line) and solid
[Nd(H2O)9](CF3SO3)3 (dotted line).
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This is an advantage, as the theoretical framework for quan-
titative analysis of the XANES at K-edges is less problemat-
ic and better established.


Multielectron excitations : Several XAS investigations on
the lanthanoidACHTUNGTRENNUNG(III) and yttrium ACHTUNGTRENNUNG(III) ions have shown the
presence of multielectron excitations at the L-edges of these
elements.[1,2,14–19] In particular, the presence of anomalous
peaks, appearing in the range from 5 to 7 2�1 and superim-
posed on the main single-frequency oscillatory signal, has
been explained as due to double-electron transitions 2p4d!
5d2 in the case of the L3- and L2-edges, and 2s4d!6p5d for
the L1 spectra.[2]


The EXAFS spectra of the hydrated neodymium ACHTUNGTRENNUNG(III) ion
in aqueous solution at the L3- and K-edges are compared in
Figure 4, which clearly shows the phase difference of about


p and the higher amplitude of the L3-edge signal. The L3


spectrum shows an anomalous feature at about 6 2�1 which
causes a distortion in the structural oscillation, while the K-
edge spectrum contains a regular single-frequency oscilla-
tion without visible spurious peaks. As previously men-
tioned, recent methods of EXAFS data analysis account for
the presence of double-excitation channels by properly mod-
eling the atomic background used in the extraction of the
c(k) signal.[20] Step-shaped functions can be used to repro-
duce the background discontinuities and changes of slope
due to the presence of double-electron transitions. Never-
theless, when the features associated with the opening of
multielectron thresholds are sharp and structured, as in the
case of the lanthanoid L-edges, they cannot be completely
removed from the EXAFS structural oscillation. This ham-
pers accurate determination of the structural parameters, es-
pecially for disordered systems, where the presence of multi-
electron transitions is more evident due to the weakness of
the structural contribution.[3]


The presence of multielectron excitation channels is de-
tected also in the K-edge spectra of aqueous solutions of the
lanthanoids, but in this case they give rise to changes in


slope and smooth edges in the atomic background which
can be properly reproduced by the model functions used in
the extraction of the EXAFS signal. The sharp features
which are visible in the L3-edge spectra are not present in
the K-edge data due to the broadening effect caused by the
short lifetime of the excited atomic state. In particular, of
the three double-electron processes that are expected to
occur in the EXAFS region, namely, the 1s4d!6p5d,
1s4p!6p2, and 1s4s!6p7s, only the first has appreciable in-
tensity. This double-electron excitation can be easily includ-
ed in the atomic background, and this allows extraction of
the structural parameters from the experimental data with
higher accuracy as compared to the L-edge spectra.


EXAFS data analysis : To assess the reliability of the XAS
technique at the K-edge of lanthanoid ACHTUNGTRENNUNG(III) ions, here we
compare K- and L3-edge EXAFS data analysis of crystalline
[Nd ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3. The coordination of the neodymium-
ACHTUNGTRENNUNG(III) ion in this compound is well-established by X-ray dif-
fraction.[21,22] Moreover, the hydrated neodymium ACHTUNGTRENNUNG(III) ion in
aqueous solution has the same geometry as in the solid tri-
fluoromethanesulfonate salt, as can be clearly deduced by
looking at the comparative plots of the two XAS spectra in
Figure 3 B. In [NdACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 the first coordination
sphere is composed of nine water molecules arranged in a
tricapped trigonal configuration with six prismatic and three
capping Nd�O distances at 2.451 2 and 2.568 2, respective-
ly (see Figure 5).[21,22] In the first step the EXAFS data were
analyzed with a two-shell model. Least-squares fits of the
EXAFS spectra were performed in the range k= 2.4–
16.3 2�1 for the K-edge, while a smaller k interval (2.8–
11.3 2�1) was analyzed in the case of the L3-edge. Fitting
procedures were applied to the whole set of structural and
nonstructural parameters to improve, as far as possible, the
agreement between calculated signals and experimental
spectra. In particular, we optimized four structural parame-
ters for each single-shell contribution, and two additional
structural parameters (the O-Nd-O angle and its variance)
for the three-body contribution. The best-fit analyses of the
L3- and K-edge EXAFS spectra are shown in the upper
panels of Figure 5. The first five curves from the top of each
panel are the Nd�O and Nd�H first-shell g(2) contributions,
and the multiple-scattering (MS) signals associated with the
three short-bond O1-Nd-O1 configurations. The reminder of
the figure shows comparisons of the total theoretical contri-
butions with the experimental spectra, and the resulting re-
siduals. Overall, the fitted EXAFS spectra match the experi-
mental data quite well, both for the L3- and K-edge spectra.
The dominant contribution to the total XAFS signals is
given by the Nd�O first-shell signals, even though, due to
the well-ordered structure of the water molecules around
the ion, the 12 plus 6 hydrogen atoms of the first hydration
shell give rise to rather strong g(2) signals, which are detecta-
ble up to about k= 11 2�1 (see Figure 5). The contribution
of the second hydration shell is negligible, while the MS
paths from the O1-Nd-O1 configurations yield detectable
amplitude signals in the low-k regions of the spectra.


Figure 4. Comparison between the L3-edge (solid line) and K-edge
(dashed line) EXAFS spectra of [Nd(H2O)9]


3+ in aqueous solution. The
arrow indicates the onset of the 2p4d double-electron excitation edge.
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As expected the signal is damped at the K-edge due to
the short core-hole lifetime corresponding to a core-hole
width of 17.3 eV, while a stronger signal is obtained at the
L3-edge (G= 3.65 eV).[12] In contrast, the presence of the L2-
edge limits the L3-edge EXAFS spectral range to around
k= 11.8 2�1, while reliable structural information can be ex-
tracted from the corresponding K-edge EXAFS up to k=


16 2�1 in this case. The lower panels of Figure 5 show the
corresponding k2-weighted Fourier transform (FT) calculat-
ed with no applied phase shift correction in the k ranges of
2.8–11.3 2�1 and 3.4–13.5 2�1 for the L3- and K-edge spec-


tra, respectively. The FT spectra show a prominent first-
shell peak that is mainly due to the Nd�O first-shell distan-
ces. The Nd�H first shell is located at about 2.8 2, and is
clearly separated in the K-edge signal, whilst such a separa-
tion is not possible with the L3 real-space resolution. Longer
distance contributions due to the MS paths are also visible
at about 4.2 2 in the K-edge data. This example illustrates
the gain in spatial resolution achieved with the large k range
available when working at the K-edge in comparison with
the L3-edge. Refined values for the full set of parameters
obtained from the two-shell model are listed in Table 1 for


the L3- and K-edge spectra. In both cases the Nd�O bond
lengths to the six oxygen atoms in the prism and to the
three capping ones are in perfect agreement with the crys-
tallographic determination. Nevertheless, the accuracy of
the structural parameters is very different between the L3-
and K-edge data. In particular, to establish error limits in
the refined parameters, a statistical analysis applying two-di-
mensional contour plots to selected parameters of the fit
was applied. This analysis examines the correlations among
fitting parameters and evaluates the statistical errors by fol-
lowing the procedure described in detail in ref. [23].
Figure 6 shows the contour plots of the Nd�O1 and Nd�O2
distances versus E0 for the L3- and K-edges, where the in-
nermost contour refers to the 95 % error confidence inter-
val. In the case of the K-edge, the error in the determination
of the six Nd�O1 distances is half of that of the three Nd�
O2 distances (see Table 1). This is not surprising, as in a
wide radial distribution function the shorter bond lengths
contribute more to the EXAFS signal than the longer ones,
because of the longer period in the sinusoidal oscillations
and a smaller Debye–Waller factor. This is especially true in
the case of high-energy edges, as the amplitude of the high-


Figure 5. Fit of the L3-edge (left panels) and K-edge (right panels)
EXAFS spectra of solid neodymium(III) trifluoromethanesulfonate.
From top to bottom of each panel, the following curves are reported: the
Nd�O first-shell signals, the Nd�H first-shell signals, the O1-Nd-O1
three-body signal, the total theoretical signal compared with the experi-
mental spectrum, and the residual curve. The lower panels show the
Fourier transforms (not corrected for phase shift) of the experimental
data (dotted line), the total theoretical signals (full line), and the residual
curves (dashed-dotted line). At the top a perspective view of the first co-
ordination shell of the hydrated neodymium(III) ion in solid
[Nd(H2O)9](CF3SO3)3 is shown.


Table 1. First-shell structural parameters of solid neodymium(III) tri-
fluoromethanesulfonate from the EXAFS data analysis at the K-edge
and L3-edge.[a]


N R [2] s2 [22] b


K-edge
Nd�O1 6.0(0.5) 2.495(0.009) 0.0068(0.0013) 0.5(0.1)
Nd�O2 3.0(0.8) 2.583(0.018) 0.0097(0.0045) 0.1(0.1)
Nd�H1 11.9(0.7) 3.20(0.03) 0.003(0.004) 1.4(0.5)
Nd�H2 6.0(0.8) 3.34(0.05) 0.006(0.006) 0.9(0.6)
Nd�Oasym 9.1(0.5) 2.524(0.007) 0.010(0.001) 0.7(0.1)
Nd�Hasym 18.1(0.9) 3.28(0.04) 0.011(0.003) 1.4(0.6)
Nd�OGauss 9.0(0.6) 2.509(0.009) 0.009(0.005) –
Nd�HGauss 18.0(1.0) 3.25(0.05) 0.010(0.009) –


L3-edge
Nd�O1 6.0(1.0) 2.50(0.04) 0.014(0.006) 0.5(0.2)
Nd�O2 3.0(1.2) 2.57(0.04) 0.009(0.007) 0.1(0.3)
Nd�H1 11.9(1.0) 3.18(0.06) 0.006(0.007) 0.9(0.6)
Nd�H2 6.1(1.2) 3.28(0.08) 0.007(0.008) 0.4(0.7)
Nd�Oasym 9.0(0.8) 2.520(0.013) 0.013(0.002) 0.4(0.2)
Nd�Hasym 18.1(0.5) 2.524(0.007) 0.010(0.001) 0.5(0.6)
Nd�OGauss 9.0(0.7) 2.501(0.013) 0.015(0.007) –
Nd�HGauss 18.0(1.2) 3.16(0.07) 0.012(0.009) –


[a] H1/H2, O1/O2: two-shell model; asym: asymmetric single-shell
model; Gauss: Gaussian single-shell model.
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frequency components decreases rapidly at higher k values
due to lengthening of the core-hole lifetime and the stronger
Debye–Waller effect. Conversely, in the case of the L3-edge
the amplitude of the Nd�O2 g(2) signal is comparable to that
of Nd�O1 over the whole k range used in the analysis, and
the error in the two distances is the same (see Table 1). The
outstanding result of this analysis is that the errors in the
bond lengths determined from the analysis of the K-edge
data are much smaller (four and two times for the Nd�O1
and Nd�O2 distances, respectively) in comparison with the
L3-edge. This is due both to the wider k range used in the
analysis of the K-edge and to the presence of strong double-
electron excitations at the L3-edge that hamper a proper ex-
traction of the EXAFS structural signal. Note that in the
case of L3-edge the sharp peak at about 6 2�1 in the experi-
mental spectrum (see Figure 5) is associated with opening of
the 2p4d double-electron excitation channels. As it is not
possible to mimic such a sharp peak in the extraction of the
atomic background, the experimental points in a range of
about 20 eV around this peak were excluded from the fitting
procedure. These results demonstrate that the accuracy in
the determination of the LnIII�O first-shell distances is sig-
nificantly higher for K-edge than for L3-edge EXAFS data
analysis. The amplitude reduction factors S2


0 were found to
be 0.99 for both edges. In addition, the positions of the the-
oretical energy scales were (43 567.6�0.5) eV and (6218.7�
0.5) eV for the K- and L3-edges, respectively.


In the second step the K- and L3-edge EXAFS spectra
were analyzed with a single-shell model. Asymmetry of the
positional disorder around the neodymium ACHTUNGTRENNUNG(III) ion was ac-


counted for by using a gammalike distribution curve to de-
scribe the shape of the Nd�O first peak. The EXAFS data
were minimized in the same k range as the previous analy-
ses, and the results for the K-edge are shown in Figure 7 A.


In this case the first curve from the top represents the total
Nd�O g(2) theoretical signal comprising both the short and
long distances of the tricapped trigonal prism, while the
second curve is the theoretical signal associated with the 18
hydrogen atoms. The agreement between the experimental
spectrum and the theoretical model is very good, and this is
also evident from the FT spectra shown in Figure 7 B. The
structural parameters obtained from this analysis are report-
ed in Table 1. Also in this case the accuracy in the determi-
nation of the Nd�O distance is higher for the K-edge than
for the L3-edge. Moreover, the error associated with the
Nd�O first-shell distance is smaller than that obtained from
the two-shell analysis. This is due to the large statistical cor-
relation among the structural parameters describing the dis-
tribution of six oxygen atoms in the prism and three in cap-


Figure 6. Two-dimensional contour plots for selected parameters in the
EXAFS fit of the L3-edge and K-edge spectra of solid nonaaquaneody-
mium(III) trifluoromethanesulfonate. A) R(Nd�O1) versus E0 for the K-
edge. B) R(Nd�O2) versus E0 for the K-edge. C) R(Nd�O1) versus E0


for the L3-edge. D) R(Nd�O2) versus E0 for the L3-edge. The innermost
curve of each plot corresponds to the 95% confidence interval from
which the statistical errors are determined.


Figure 7. A) Fit of the K-edge EXAFS spectrum of solid
[Nd(H2O)9](CF3SO3)3 using an asymmetric single-shell model. From top
to bottom the following curves are reported: the Nd�O first-shell total
signal, the Nd�H first-shell total signal, the total theoretical signal com-
pared with the experimental spectrum, and the residual curve. B) Non-
phase-shift-corrected Fourier transforms of the experimental data (dotted
line), of the total theoretical signals (full line), and of the residual curves
(dashed-dotted line) reported in A). C) Fit of the K-edge EXAFS spec-
trum of solid [Nd(H2O)9](CF3SO3)3 using an Gaussian single-shell model.
The curves are as in A). D) Nonphase-shift-corrected Fourier transforms
of the experimental data (dotted line), of the total theoretical signals
(full line), and of the residual curves (dashed-dotted line) reported in C).
A zoom of the region between 1.8 and 3.6 2 is shown in the inset.
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ping positions, which is responsible for the large uncertainty
in the refined parameters obtained from the two-shell analy-
sis. Therefore, the structural parameters obtained from the
single-shell fit are more accurate, and the gamma function
allows a reliable description of the Nd�O radial distribution
function. This can be verified by comparing the pair distri-
bution functions obtained from the single- and two-shell
data analyses. Figure 8 A compares the Nd�O asymmetric


peak obtained from the single-shell analysis with the super-
position of the two separate Nd�O peaks. The two curves
are identical, that is, the Nd�O distance distribution which
is present in the tricapped trigonal structure can be properly
described by using a suitable asymmetric peak.


The EXAFS data of disor-
dered systems are often ana-
lyzed by using Gaussian peaks
to model the photoabsorber
coordination shell. The reliabil-
ity of such an approach can be
checked by comparing the re-
sults from this method with
those obtained from analyses
allowing asymmetric distance
distributions. Curve fitting of
the c(k) signal with a Gaussian
distribution (see Figure 7 C) re-
veals a phase-shift at k values
higher than 10 2�1, and also a
displacement of the sine trans-


form relative to the magnitude of the FT (see Figure 7 D),
which is an indicator of asymmetry. Note that the residual
curve shows an oscillation trend for k>10 2�1 and that the
agreement between the theoretical and experimental FTs is
not very good in the distance range between 1.8 and 2.8 2.
The peak at about 2.2 2 in the FT of the residual curve,
which is more clearly visible in the magnified sections of the
FT of Figure 7 D, is clearly due to neglecting the asymmetry
in the description of the neodymium ACHTUNGTRENNUNG(III) coordination shell.


Significant differences have been obtained in the structur-
al parameters obtained from the Gaussian and the asymmet-
ric peak analyses above the K-edge. In particular, the Nd�O
and Nd�H Gaussian peaks are shifted towards shorter dis-
tances, while a slight decrease is observed for the Debye–
Waller factors. A more direct description of the differences
between the coordination-shell parameters obtained from
the two EXAFS analyses can be obtained by examining the
comparative plots of the refined asymmetric and Gaussian
peaks shown in Figure 8 B. The maximum of the Gaussian
shell is shifted toward shorter distances, and the shapes of
the two distributions are markedly different in both the low-
and high-distance regions.


The L3-edge is not sensitive to the asymmetry of the pair
distribution. As shown in Figure 7 C, the effect of the Gaus-
sian approximation is evident in the k range above 10 2�1.
The presence of the L2-edge allows one to analyze the L3


EXAFS data only up to about 11 2�1. As a consequence, in
this case, the L-edges are not very sensitive to the shape of
the oxygen distribution around the photoabsorber, and this
affects the accuracy of the structural parameters obtained
from the EXAFS analysis.


An important issue in the study of lanthanoidACHTUNGTRENNUNG(III) ions in
aqueous solution is determination of the hydration poly-
hedra around the lanthanoid ACHTUNGTRENNUNG(III) cations. To this end it is
very important to establish whether the EXAFS technique
is able to determine the coordination numbers with suffi-
cient accuracy. Figure 9 A and B show the contour plots for
the Nd�O1 and Nd�O2 coordination numbers and Debye–
Waller factors for the K- and L3-edges, respectively. Also in
this case the errors in coordination numbers determined by
analysis of the L3-edge data are higher in comparison with


Figure 8. A) Comparison between the first-shell peak obtained from the
EXAFS data analysis of the K-edge spectrum of solid
[Nd(H2O)9](CF3SO3)3 using a single-shell model (circles) and superposi-
tion of the Nd�O1 and Nd�O2 peaks (dashed line) obtained from the
two-shell model (full line). B) Comparison between the first-shell peak
obtained from the EXAFS data analysis of the K-edge spectrum of solid
[Nd(H2O)9](CF3SO3)3 using an asymmetric peak (circles) and a Gaussian
function (full line).


Figure 9. Two-dimensional contour plots for selected parameters in the EXAFS fit of the L3-edge and K-edge
spectra of solid [Nd(H2O)9](CF3SO3)3. A) Nd�O1 coordination number versus Debye–Waller factor for the K-
edge (dashed line) and for the L3-edge (full line). B) Nd�O2 coordination number versus Debye–Waller factor
for the K-edge (dashed line) and for the L3-edge (full line). C) Nd�O total coordination number obtained
from the single-shell model versus Debye–Waller factor for the K-edge (dashed line) and for the L3-edge (full
line). The innermost curve of each plot corresponds to the 95% confidence interval from which the statistical
errors are determined.
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the K-edge. In the case of the two-shell model there is
strong statistical correlation between the amplitude parame-
ters of the two shells, and this is reflected in the very high
errors obtained form the analysis. This effect is also respon-
sible for the quite different DW values obtained from the
K- and L3-edge data analyses. When an asymmetric single-
shell model is used in the analysis of the EXAFS data, the
error in the total coordination numbers becomes smaller
(see Figure 9 C). Nevertheless, the results of this analysis
show that the uncertainty in the coordination numbers is
too large for conclusive determination of the geometry of
lanthanoid complexes. As a consequence, for structural stud-
ies on aqua ions in solution, the mean metal–oxygen bond
length obtained from the EXAFS analysis is a more reliable
indicator of the coordination number than direct determina-
tion of the number of coordinated ligands. This shows the
importance of comparing the EXAFS spectra of hydrated
lanthanoidACHTUNGTRENNUNG(III) ions in both aqueous solution and the solid
state, if the solid-state structure is well defined and well de-
termined. Furthermore, different configurations will give
somewhat different multiple scattering patterns even when
the M�O bond lengths are fairly similar. Therefore, identical
EXAFS spectra of a species in solid state and aqueous solu-
tion show that the structure in the solid state is maintained
in solution.


The hydrogen contribution : Previous work on 3d transition
metal ions in aqueous solution showed that the EXAFS
technique can provide reliable structural information on the
ion–H pair distribution function g(r) of ionic solutions.[24]


Neutron diffraction (ND) is the only alternative experimen-
tal technique which can give information on the ion–H g(r);
provided the ion–O first-shell distance is known, the orien-
tation distribution of the hydrated water molecules can be
obtained by ND. However, this technique is quite challeng-
ing, and accurate structural information is mainly obtained
with the isotopic substitution method (NDIS), which com-
pares experimental data of samples with the same atomic
composition but different isotopes for a particular element.
Unfortunately, a rather limited number of isotopes are suita-
ble for NDIS, as isotopes should have reasonably large dif-
ferences in their scattering lengths. As a consequence, the
coordination geometry of hydrogen atoms in the first hydra-
tion shell is usually poorly defined, and the aid of a new ex-
perimental technique may be essential to gain deeper insight
into the structural properties of aqueous solutions. The Nd�
H first-shell signals are quite strong and provide a detecta-
ble contribution to the total c(k) signal up to about 11 2�1


(see Figure 5). The structural results for the Nd�H first-shell
distances are listed in Table 1. Proof of the importance of in-
cluding the hydrogen signal in the analysis of the EXAFS
spectra of lanthanoidACHTUNGTRENNUNG(III) aqueous solutions has been ob-
tained by performing an additional fitting procedure on the
EXAFS spectrum of solid [Nd ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 without in-
cluding the hydrogen signals. The fitting procedure was ap-
plied both to the structural parameters associated with the
Nd�O single- and multiple-scattering signals, and to the


nonstructural and background parameters. Note that the E0,
S2


0, and double-electron excitation parameters obtained from
this minimization were equal, within the reported errors, to
those determined from the previous analysis including the
hydrogen contributions. The results of this minimization are
shown in the upper panel of Figure 10, where the total theo-


retical signal, including the Nd�O first shell and the MS
contributions, is compared with the experimental spectrum.
Agreement between experimental and theoretical signals is
not particularly good, especially in the k region below 9 2�1.
The presence of an additional contribution that has not
been included in the theoretical calculation is confirmed by
the residual curve shown in the upper panel of Figure 10.
The amplitude of this signal is quite large and, together with
the noise of the experimental spectrum, the presence of a
leading frequency can be identified clearly. This finding
clearly demonstrates that the hydrogen atoms provide a de-
tectable contribution to the XAFS spectra of lanthanoid ACHTUNGTRENNUNG(III)
ions in aqueous solution, which must be taken into account
to perform a complete analysis of the experimental data. It
is interesting to observe the effect of omitting the hydrogen
contribution on the refined values of the structural parame-
ters. All the ion–O first-shell parameters determined from
the minimization not including the H signals were found to
be equal to those of Table 1, within the reported errors.
Therefore, reliable structural information on the ion–H g(r)
can be obtained from the XAS technique, but exclusion of
the hydrogen contribution does not significantly affect the


Figure 10. Top: comparisons between the EXAFS experimental spectrum
of solid [Nd(H2O)9](CF3SO3)3 at the K-edge and the theoretical signal
not including the hydrogen contribution. Bottom: nonphase-shift-correct-
ed Fourier transforms of the experimental data (dotted line), of the theo-
retical signal (full line) not including the ion–H signals, and of the residu-
al curve (dashed line).
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accuracy of the ion–O first-shell structural parameters ob-
tained from the EXAFS data analysis. The FT of the theo-
retical, experimental, and residual signals of Figure 10 are
shown in the lower panel. They were calculated in the same
k range as the previous analysis, with no phase-shift correc-
tions applied. The agreement between theoretical and exper-
imental curves is not very good in the distance range be-
tween 2 and 3 2. The peak at about 3 2 in the FT of the re-
sidual curve is clearly associated with the hydrogen-shell dis-
tribution, as no other structural contributions are present in
this distance range.


Comparison of different lanthanoid ACHTUNGTRENNUNG(III) ions : A complete
picture of the potential of XAS spectroscopy at the K-edge
of lanthanoid ACHTUNGTRENNUNG(III) ions can be drawn by comparing the char-
acteristics of the EXAFS spectra throughout the series. To
this end, we carried out EXAFS data analysis of solid [M-
ACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 [M= La, Eu (n=9); M=Lu (n= 8.2]. All
of the analyses started from the tricapped trigonal configu-
ration determined by X-ray diffraction,[21,22] and used a two-
shell model. The results of the minimization procedures are
shown in Figure 11, while the structural parameters are
listed in Table 2. It is interesting to compare the amplitude
of the experimental c(k) signals in the three cases. As ex-
pected, the core-hole effect is much more evident at higher
energy. In particular, the low-k region of the lutetium spec-


trum is strongly damped as compared to that of lanthanum,
due to both the core-hole and Debye–Waller effects. More-
over, the hydrogen contribution becomes much smaller at
higher energies, and the MS effects make a negligible contri-
bution in the case of the lutetium ACHTUNGTRENNUNG(III) ion. This is not sur-
prising, as the short lifetime of the excited atomic state
causes damping of the longer distance components of the
EXAFS signal, and reduces the sensitivity of this technique
to the more distant shells. Nevertheless, the ion–O first-shell
parameters can be extracted from the experimental data


with high accuracy, due also to
the large k range that can be
analyzed (see Table 2).


Finally, we compare the am-
plitude of the O1-ion-O1 MS
theoretical signals calculated
on the basis of the tricapped
trigonal geometry for some of
the lanthanoid ACHTUNGTRENNUNG(III) ions at the
L3- and K-edges. The O-ion-O
MS contributions are shown in
the left and right panels of
Figure 12 for the L3- and K-
edge data, respectively. Note
that the amplitude of the
three-body contributions is
almost the same across the
series at the L3-edge, while it
shows a dramatic drop at the
K-edge. As a result, if one is
mainly interested in the angu-
lar distribution of the first-shell
cluster, analysis of the L3-edges
is better suited.


Conclusions


We have measured XAS spec-
tra at the K-edge of
lanthanoidACHTUNGTRENNUNG(III) ions in aqueous


Figure 11. Fit of the K-edge EXAFS spectra of solid [La(H2O)9](CF3SO3)3 (left), [Eu(H2O)9](CF3SO3)3


(middle), and [Lu(H2O)9](CF3SO3)3 (right). From top to bottom in each panel, the following curves are report-
ed: the ion–O first-shell signals, the ion–H first-shell signals, the O1-ion-O1 three-body signals, the total theo-
retical signals compared with the experimental spectrum, and the residual curves. The lower panels show the
nonphase-shift-corrected Fourier transforms of the experimental data (dotted line), of the total theoretical sig-
nals (full line), and of the residual curves (dashed-dotted line).


Table 2. First-shell structural parameters of solid lanthanum(III), euro-
pium(III), and lutetium(III) trifluoromethanesulfonate from EXAFS
data analysis at the K-edge.


N R [2] s2 [22] b


La�O1 6.0(0.5) 2.560(0.009) 0.0070(0.0013) 0.5(0.6)
La�O2 3.0(0.8) 2.660(0.018) 0.0065(0.0022) 0.4(0.2)
La�H1 11.8(0.7) 3.25(0.03) 0.008(0.005) 1.0(0.5)
La�H2 6.0(0.8) 3.38(0.05) 0.006(0.006) 0.29(0.6)
Eu�O1 6.0(0.5) 2.433(0.009) 0.0064(0.0015) 0.6(0.2)
Eu�O2 3.0(0.9) 2.565(0.016) 0.0090(0.0034) 0.8(0.2)
Eu�H1 12.1(0.8) 3.14(0.03) 0.016(0.009) 0.4(0.5)
Eu�H2 6.0(0.9) 3.18(0.05) 0.006(0.006) 0.2(0.6)
Lu�O1 6.0(0.7) 2.317(0.009) 0.0058(0.0018) 0.2(0.2)
Lu�O2 3.0(0.9) 2.376(0.018) 0.0067(0.0055) 0.2(0.2)
Lu�H1 11.7(0.9) 3.11(0.09) 0.004(0.009) 0.9(0.5)
Lu�H2 6.1(0.9) 3.09(0.12) 0.004(0.009) 0.9(0.6)
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solution in the energy range 38–65 keV and demonstrated
the feasibility and the power of high-energy EXAFS. The
effect of core-hole lifetime broadening, though apparent, is
manageable if high-quality data are collected over the large
k range accessible for heavy-element K-edges. Analysis of
the K-edge EXAFS data provides more accurate structural
results as compared to the L3-edge, given a well-defined
structure. This is due both to the smaller influence of the
double-electron excitations and to the wider available k
range. From the analysis of a single EXAFS spectrum it is
not possible to unambiguously determine the first-shell coor-
dination number if the studied complex is not highly sym-
metric. However, the distance trend obtained from the anal-
ysis of the K-edge data can be successfully used to elucidate
geometrical change in the hydration structure throughout
the lanthanoid series. By using this approach a clear picture
of the hydration structure of lanthanoid ACHTUNGTRENNUNG(III) ions has been
obtained, and these results are reported in the following
paper.[9]


The results of this investigation pave the way for the use
of K-edge absorption spectroscopy for structural investiga-
tions of systems containing heavy elements.


Experimental Section


EXAFS data collection : Aqueous solutions of the trivalent lanthanoids
were made by dissolving weighed amounts of hydrated trifluoromethane-
sulfonates [LnACHTUNGTRENNUNG(H2O)n] ACHTUNGTRENNUNG(CF3SO3)3 (Ln=La, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) in freshly distilled water. The concentration of the
samples was 0.2m and the solutions were acidified to about pH 1 by
adding trifluoromethanesulfonic acid. The data were collected at ESRF
on the bending magnet X-ray absorption spectroscopy beamline BM29[25]


in transmission geometry. The storage ring was operating in 16-bunch
mode with a typical current of 80 mA after refill. The K-edge spectra
were collected by using an Si ACHTUNGTRENNUNG(511) double-crystal monochromator with
the second crystal detuned by 20% for harmonic rejection. The aqueous
solutions were kept in cells with Kapton film windows and Teflon spacers
ranging from 2 to 3 cm depending on the sample. Solid [Ln ACHTUNGTRENNUNG(H2O)n]-
ACHTUNGTRENNUNG(CF3SO3)3 [Ln=La, Nd, Eu, Gd, Tb, Dy (n=9); Ho (n=8.91); Er (n=


8.96); Tm (n=8.8); Yb (n=8.7); and Lu (n=8.2] were diluted with
boron nitride to give an absorption change over the edge of about one
logarithmic unit. The L3- and L1-edge spectra of solid [Nd ACHTUNGTRENNUNG(H2O)9]-
ACHTUNGTRENNUNG(CF3SO3)3 were recorded by using an SiACHTUNGTRENNUNG(311) Si ACHTUNGTRENNUNG(511) double-crystal mon-
ochromator with the second crystal detuned by 50 % for harmonic rejec-
tion. The L1-edge spectrum of neodymium ACHTUNGTRENNUNG(III) in aqueous solution was


collected by using the same experimental setup, but the sample was kept
in a cell with 500 mm Teflon spacer.


EXAFS data analysis : The EXAFS data were analyzed with the GNXAS
program, which has proved to give reliable structural information also in
the high-energy domain.[23, 26] This method is based on the theoretical cal-
culation of the EXAFS signal and a subsequent refinement of the struc-
tural parameters. In this approach, interpretation of the experimental
data is based on the decomposition of the c(k) signal into a summation
over n-body distribution functions, calculated by means of multiple-scat-
tering (MS) theory.


The theoretical signal c(k) is related to the experimental absorption coef-
ficient a(k) through the relation a(k)=Js0(k)S2


0[1+S2
0c(k)]+ b(k), where


s0(k) is the atomic cross section, J the edge jump, S2
0 provides a uniform


reduction of the signal and is associated with many-body corrections to
the one-electron cross section, and b(k) is the background function,
which accounts for further absorbing processes. Multielectron excitation
channels are accounted for by modeling the b(k) function as the sum of a
smooth polynomial spline and step-shaped functions.


In the present study the lanthanoid(III)–oxygen first coordination shells
were modeled with gammalike functions which depend on four parame-
ters, namely, the coordination number N, the average distance R, the dis-
tance variance s2, and the skewness b. The b value is related to the third
cumulant C3 of the distance distribution through the relation C3 =s3b,
and R is its first moment. The three-body distributions associated with
the O-Ln-O configurations were also considered, and the structural pa-
rameters were the two bond lengths, the intervening angle q, and the six
covariance matrix elements. Additional nonstructural parameters were
minimized, namely, E0 (core ionization threshold energy) and S2


0.


Least-squares fits of the EXAFS raw experimental data were performed
by minimizing a residual function of the type [Eq. (1)]


RiðflgÞ ¼
XN


i¼1


½aexpðEiÞ�amodðEi;l1, l2, . . . , lpÞ
2


s2
i


ð1Þ


where N is the number of experimental points Ei, {l} = (l1, l2, …, lp) are
the p parameters to be refined, and s2


i is the noise variance associated
with each experimental point aexp(Ei).[23] Phase shifts were calculated by
using muffin-tin potentials and advanced models for the exchange-corre-
lation self-energy (Hedin–Lundqvist).[27]
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Hydration of LanthanoidACHTUNGTRENNUNG(III) Ions in Aqueous Solution and Crystalline
Hydrates Studied by EXAFS Spectroscopy and Crystallography:
The Myth of the “Gadolinium Break”
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Introduction


In the lanthanoid series of fifteen chemically similar ele-
ments including lanthanum, systematic changes in their
chemical properties take place. At an early stage the series
was divided into two subgroups, the light and heavy lantha-
noids.[1] However, the point of division depended on the ob-
served property and was somewhat indefinite until Spedding
and co-workers some 40 years ago proposed the so-called
gadolinium break. This concept was based on changes in a
number of physicochemical properties, such as partial molar
volume,[2] heat capacity,[3] molar entropy[3] and viscosity[4]


around samarium, europium, and gadolinium, and assumed
to be related to the half-filled 4f shell of gadoliniumACHTUNGTRENNUNG(III).
The partial molar volumes should decrease continuously
taking the lanthanoid contraction into account if the hydrat-
ed lanthanoid ACHTUNGTRENNUNG(III) ions have the same hydration structure.


Abstract: The structures of the hydrat-
ed lanthanoidACHTUNGTRENNUNG(III) ions including
lanthanumACHTUNGTRENNUNG(III) have been character-
ized in aqueous solution and in the
solid trifluoromethanesulfonate salts by
extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy. At ambi-
ent temperature the water oxygen
atoms appear as a tricapped trigonal
prism around the lanthanoidACHTUNGTRENNUNG(III) ions
in the solid nonaaqualanthanoid ACHTUNGTRENNUNG(III)
trifluoromethanesulfonates. Water defi-
ciency in the capping positions for the
smallest ions starts at Ho and increases
with increasing atomic number in the
[Ln ACHTUNGTRENNUNG(H2O)9�x] ACHTUNGTRENNUNG(CF3SO3)3 compounds
with x=0.8 at Lu. The crystal struc-
tures of [Ho ACHTUNGTRENNUNG(H2O)8.91] ACHTUNGTRENNUNG(CF3SO3)3 and
[Lu ACHTUNGTRENNUNG(H2O)8.2]ACHTUNGTRENNUNG(CF3SO3)3 were re-deter-


mined by X-ray crystallography at
room temperature, and the latter also
at 100 K after a phase-transition at
about 190 K. The very similar Ln K-
and L3-edge EXAFS spectra of each
solid compound and its aqueous solu-
tion indicate indistinguishable struc-
tures of the hydrated lanthanoid ACHTUNGTRENNUNG(III)
ions in aqueous solution and in the hy-
drated trifluoromethanesulfonate salt.
The mean Ln�O bond lengths obtained
from the EXAFS spectra for the larg-
est ions, La–Nd, agree with estimates
from the tabulated ionic radii for nine-


fold coordination but become shorter
than expected starting at samarium.
The deviation increases gradually with
increasing atomic number, reaches the
mean Ln�O bond length expected for
eightfold coordination at Ho, and in-
creases further for the smallest
lanthanoidACHTUNGTRENNUNG(III) ions, Er–Lu, which
have an increasing water deficit. The
low-temperature crystal structure of
[Lu ACHTUNGTRENNUNG(H2O)8.2]ACHTUNGTRENNUNG(CF3SO3)3 shows one
strongly bound capping water molecule
(Lu�O 2.395(4) 8) and two more dis-
tant capping sites corresponding to
Lu�O at 2.56(1) 8, with occupancy fac-
tors of 0.58(1) and 0.59(1). There is no
indication of a sudden change in hydra-
tion number, as proposed in the “gado-
linium break” hypothesis.
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However, there is a discontinuity, with an increase in the
partial molar volumes from samarium to gadolinium, which
was rationalized by an assumed decrease in the hydration
number of the heavy lanthanoid ACHTUNGTRENNUNG(III) ions.[2] The hydrated
light lanthanoid ACHTUNGTRENNUNG(III) ions were shown to be nine-coordinate
in aqueous solution, consistent with a tricapped trigonal-
prismatic configuration, while the heavy ones were proposed
to coordinate eight water molecules in a square anti-
prism.[5–7] The water exchange rates decrease, as expected,
with increasing atomic number and decreasing size of the
lanthanoidACHTUNGTRENNUNG(III) ions, while the activation volumes are almost
constant around a maximum at samarium/europium.[8–11]


The rates of complex formation with sulfate and acetate
ions also show a maximum at about samarium.[12,13] Liquid–
liquid extraction experiments indicated that instead of divid-
ing the trivalent lanthanoid ACHTUNGTRENNUNG(III) ions into two octads of ele-
ments with gadolinium common to both, four tetrads inter-
secting at neodymium/prometium, gadolinium, and holmi-
um/erbium could better correlate with several physicochemi-
cal properties.[14] This tetrad effect is also discerned, for ex-
ample, in the stability constants of the EDTA complexes in
aqueous solution (see Figure S1 in the Supporting Informa-
tion).[15] An analogous tetrad effect has also been proposed
for the trivalent actinoid ACHTUNGTRENNUNG(III) ions.[16]


No direct structural evidence has emerged for an abrupt
change in hydration number in solution at the gadolinium
break. Ishiguro and co-workers performed EXAFS studies
on the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in aqueous solution,
but without comparison with structures in the solid state.[17]


Furthermore, the results seem biased, as the large difference
reported in the mean Ln�O bond length between samarium-
ACHTUNGTRENNUNG(III) and europium ACHTUNGTRENNUNG(III) is not consistent with other observa-
tions. Solera et al. proposed that all lanthanoid ACHTUNGTRENNUNG(III) ions are
twelve-coordinate in a cuboctahedral fashion in aqueous so-
lution,[18] but no other study supports such a high coordina-
tion number.
The comparable series of hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in


crystal structures are not very informative concerning the


proposed change in hydration number in aqueous solution.
Two almost complete series of isomorphous crystal struc-
tures have been reported, the nonaaqualanthanoid ACHTUNGTRENNUNG(III) tri-
fluoromethanesulfonates [LnACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3,


[19–23] and the
nonaaqualanthanoid ACHTUNGTRENNUNG(III) ethylsulfates [LnACHTUNGTRENNUNG(H2O)9]-
ACHTUNGTRENNUNG(C2H5OSO3)3 (Ln=La–Nd, Sm–Lu).[24–26] Other series of
crystal structures with nonahydrated lanthanoid ACHTUNGTRENNUNG(III) ions are
the bromates,[27–30] and the iodides for La–Ho (except
Pm).[31–34] The hydrated holmium ACHTUNGTRENNUNG(III) and lutetium ACHTUNGTRENNUNG(III) bro-
mides and the erbium ACHTUNGTRENNUNG(III) and lutetium ACHTUNGTRENNUNG(III) iodides coordi-
nate eight water molecules in a square-antiprismatic fash-
ion.[34,35] In other hydrated lanthanoid ACHTUNGTRENNUNG(III) halides, the chlo-
ride or bromide ions are bound to the lanthanoid ACHTUNGTRENNUNG(III) ion.
The Ln�O bond lengths in the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions
in these salts are provided in Table 1.
The rhombohedral space group for the nonahydrated


lanthanoidACHTUNGTRENNUNG(III) trifluoromethanesulfonate and ethylsulfate
salts requires a tricapped trigonal-prismatic configuration
with six equidistant bonds to the water oxygen atoms in the
prism and three to the capping positions (Table 1). The Ln�
OACHTUNGTRENNUNG(prism) bond length is only slightly shorter (by 0.1 8) than
Ln�OACHTUNGTRENNUNG(cap) for the large ions at the beginning of the series,
but the difference increases with increasing atomic number.
Also, the mean Ln�O bond length decreases in reflection of
the decreasing ionic radius in the lanthanoid series
(Figure 1). A recent detailed crystallographic and 2D solid-
state NMR investigation of the hydrated trifluoromethane-
sulfonate salts showed reduced occupancy of the capping
positions for the heavy lanthanoidACHTUNGTRENNUNG(III) ions Er–Lu.[23] This
water deficiency starts at holmiumACHTUNGTRENNUNG(III) with 2.91 water mol-
ecules in the three capping positions, reported in this study,
and increases for erbiumACHTUNGTRENNUNG(III), thuliumACHTUNGTRENNUNG(III), ytterbium ACHTUNGTRENNUNG(III),
and lutetium ACHTUNGTRENNUNG(III) with 2.96, 2.8, 2.7, and 2.4 water molecules,
respectively.[23] The hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in the bro-
mate salts also crystallize as tricapped trigonal prisms, but
with much smaller differences between the Ln�O bond
lengths in the prismatic and capping positions (Table 1). The
light and large hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in the iodide


Table 1. Summary of Ln�O bond lengths in [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3, [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(C2H5SO4)3, [Ln ACHTUNGTRENNUNG(H2O)n]I3 [n=9 for La–Ho and n=8 for Er and Lu
(values in bold)], [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(BrO3)3, and [LnACHTUNGTRENNUNG(H2O)8]Br3 (values in bold).


Ln [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3
[a] [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(C2H5SO4)3


[b] [Ln ACHTUNGTRENNUNG(H2O)n]I3
[c] [LnACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(BrO3)3


[d] [Ln ACHTUNGTRENNUNG(H2O)8]Br3
[e] [LnACHTUNGTRENNUNG(H2O)n]


3+ [f]


Ln�Op+Ln�Oc/mean Ln�Op+Ln�Oc/mean Ln�O range/mean Ln�Op+Ln�Oc/mean Ln�O range/mean Ln�O mean


La 2.515+2.614/2.548 2.517+2.615/2.550 2.538–2.572/2.549 2.542
Ce 2.491+2.594/2.525 2.491+2.600/2.527 2.538
Pr 2.470+2.579/2.506 2.470+2.587/2.509 2.520–2.541/2.526 2.489+2.521/2.500 2.503
Nd 2.451+2.568/2.490 2.458+2.570/2.495 2.507–2.519/2.512 2.488
Sm 2.422+2.549/2.464 2.430+2.550/2.470 2.445–2.487/2.461 2.462+2.550/2.491 2.455
Eu 2.408+2.536/2.452 2.416+2.542/2.458 2.424
Gd 2.397+2.538/2.444 2.401+2.537/2.446 2.423–2.458/2.438 2.415
Tb 2.380+2.527/2.429 2.382+2.526/2.430 2.405+2.469/2.426 2.390
Dy 2.364+2.520/2.416 2.371+2.517/2.420 2.373
Ho 2.353+2.527/2.411[f] 2.362+2.511/2.412 2.400–2.420/2.404 2.382+2.446/2.404 2.329–2.429/2.369 2.359
Er 2.340+2.518/2.399[g] 2.357+2.514/2.409 2.315–2.366/2.336 2.350
Tm 2.322+2.522/2.386[g] 2.340+2.504/2.395 2.334
Yb 2.303+2.538/2.376[g] 2.323+2.511/2.386 2.321+2.431/2.358 2.317
Lu 2.288+2.510/2.359[g] 2.318+2.497/2.378 2.291–2.340/2.303 2.288–2.391/2.319 2.310


[a] Refs. [19–23]. [b] Refs. [24–26]. [c] Refs. [31–34]. [d] Refs. [27–30]. [e]Refs. [34,35]. [e] Ref. [17]. [f]This work. [g]Water deficit in the complex.[23]
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salts (Ln=La–Ho) are nine-coordinate in tricapped trigo-
nal-prismatic configurations with a narrow distribution of
the Ln�O bond lengths (�0.04 8). The eight-coordinate hy-
drated lanthanoid ACHTUNGTRENNUNG(III) ions in the bromide and iodide salts
with square-antiprismatic configuration display fairly wide
bond-length distributions of about 0.10 and 0.05 8, respec-
tively (Table 1),[34, 35] as is also found for the hydrated
yttrium ACHTUNGTRENNUNG(III) ion in its solid hydrates.[36]


A combined crystallographic and 2D solid-state NMR
study on octaaquascandium ACHTUNGTRENNUNG(III) trifluoromethanesulfonate
[Sc ACHTUNGTRENNUNG(H2O)8.0]ACHTUNGTRENNUNG(CF3SO3)3 also showed a tricapped trigonal-pris-
matic configuration around the small lanthanoid-like
scandiumACHTUNGTRENNUNG(III) ion at room temperature. Six water molecules
form the trigonal prism (Sc�OACHTUNGTRENNUNG(prism) 2.17 8), and the re-
maining two water molecules appeared to be randomly dis-
tributed over the three equivalent capping crystallographic
sites with an Sc�OACHTUNGTRENNUNG(cap) distance of 2.43 8.[23,37] The struc-
tural parameters obtained from an EXAFS study showed a
somewhat different configuration with one capping water
molecule close to the scandium ACHTUNGTRENNUNG(III) ion at an Sc�OACHTUNGTRENNUNG(cap)
bond length of 2.32 8, and the other more distant, at about
2.55 8.[37] The low-temperature crystal structure of [Sc-
ACHTUNGTRENNUNG(H2O)8.0] ACHTUNGTRENNUNG(CF3SO3)3, after a reversible phase transition to a
lower symmetry space group with nine times larger unit cell,
shows coordination which resembles that obtained by
EXAFS at room temperature and in aqueous solution. In
the low-temperature crystal structure the average Sc�O
bond length to the water molecules in the prism is 2.19 8,
and the Sc�O bond lengths to the sites of the capping water
molecules are 2.29, 2.54, and 2.58 8, of which the last two
have occupancy factors close to 0.5.[37] Thus, the room-tem-
perature crystal structure is yet another example that an
average of randomly distributed configurations may result in
too high crystallographic symmetry for a proper description


of the molecular structure; other examples are described
elsewhere.[38] This phenomenon has been further elucidated
in this work by using EXAFS as a lattice-independent struc-
tural probe.
The aim of the present study was to determine the coordi-


nation and structure of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in
aqueous solution, and thereby investigate whether there is a
structural background to the proposed gadolinium break,
and also to the tetrad effect. For this purpose, EXAFS data
were collected at the Ln K and L3 X-ray absorption edges
of the [LnACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 compounds, where n=9.0 for
Ln=La–Nd and Sm–Dy, 8.91 for Ho, 8.96 for Er, 8.8 for
Tm, 8.7 for Yb, and 8.2 for Lu, and of aqueous solutions of
these salts. The crystal structures of [Lu ACHTUNGTRENNUNG(H2O)8.2] ACHTUNGTRENNUNG(CF3SO3)3
at ambient temperature and 100 K were examined to pro-
vide coordination models, and the crystal structure of [Ho-
ACHTUNGTRENNUNG(H2O)8.91]ACHTUNGTRENNUNG(CF3SO3)3 at ambient temperature was re-deter-
mined because of the deviation of the previously reported
Ho�O bond lengths from the expected trend.


Results and Discussion


Crystal structure of nonaaquaholmium ACHTUNGTRENNUNG(III) trifluorometha-
nesulfonate (S10): The structure was solved in the space
group P63/m with direct methods using SHELXS97 and
SHELXL97.[39] Full-matrix least-squares refinements with
anisotropic displacement parameters for all non-hydrogen
atoms allowed the hydrogen atoms to be located in the list
of residual peaks. The final residuals were R1=0.021 and
wR2=0.057. The [Ho ACHTUNGTRENNUNG(H2O)9]


3+ entity is shown in Figure 2a,


drawn by DIAMOND.[40] The Ho�O bond lengths are
2.353(2) 8 for the trigonal prism and 2.526(2) 8 to the sites
of the capping oxygen atoms, which show nearly full occu-
pancy, refined to 0.97(1).


Crystal structure of [Lu ACHTUNGTRENNUNG(H2O)8.2] ACHTUNGTRENNUNG(CF3SO3)3 ACHTUNGTRENNUNG(S13) at 100 K :
The transition to the space group R3̄ at low temperature
(see Experimental Section) resulted in Z=18 (versus Z=2
in P63/m at room temperature),[23] with approximatelyp
3·
p
3·3 times longer unit cell axes. The crystal structure


was solved and refined in the same way as above to the final


Figure 1. Crystallographic mean Ln�O bond lengths in [Ln ACHTUNGTRENNUNG(H2O)9]-
ACHTUNGTRENNUNG(CF3SO3)3 and [LnACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(C2H5OSO3)3; the averages for the prismatic
and capping positions are marked with black triangles and black dia-
monds, respectively, and the weighted average of all Ln�O bond lengths
with filled blue circles. The gray lines represent expected mean Ln�O
bond lengths calculated from the oxygen radius of coordinated water[46]


and the ionic radii for six-, eight-, and ninefold coordination[45] .


Figure 2. a) Structures of the hydrated holmium ACHTUNGTRENNUNG(III) ion and b) the hy-
drated lutetium ACHTUNGTRENNUNG(III) ion in the trifluoromethanesulfonate salts with 50%
probability ellipsoids (hydrogen atoms with arbitrary radius). Note that
only the bond lengths to the capping positions are given.


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3056 – 30663058


I. Persson et al.



www.chemeurj.org





residuals R1=0.055 and wR2=0.154. The structure compris-
es [Lu ACHTUNGTRENNUNG(H2O)8.2]


3+ complexes (Figure 2b) and trifluorometha-
nesulfonate ions, whereby the coordinated water molecules
in the nine sites around the lutetium ion form strong hydro-
gen bonds to the sulfonate oxygen atoms, as described in
detail previously.[23] The six Lu�O bond lengths in the fairly
regular trigonal prism are in the range 2.272(4)–2.296(4) 8
(av 2.282 8). One capping site (O7) is fully occupied with
Lu�O 2.395(4) 8, while for the two more distant capping
sites (Lu�O8 2.555(6), Lu�O9 2.568(6) 8), the occupancy
factors are 0.58(1) and 0.59(1), respectively. Significant re-
sidual electron density remains at about 0.7 8 from the lute-
tium atom between the capping sites O7/O8 and O7/O9 (see
Figure 3, calculated and drawn by PLATON[41]). Further-
more, the anisotropic ellipsoidal representation of the luteti-
um ion is strongly elongated in the plane of the capping
water molecules perpendicular to the short Lu�O7 bond.
The above observations are consistent with displacement


of the lutetium ion from the center of the prism in the cases
where one of the capping water molecules is absent, that is,
in about 80% of the [Lu ACHTUNGTRENNUNG(H2O)8.2]


3+ complexes. This means
that the true Lu�O bond lengths to capping water molecules
in the individual complexes having two capping water mole-
cules, that is, about 80% of the complexes, are somewhat
shorter than the distances obtained by crystallography, and
in agreement with the distances obtained by EXAFS (see
below). The Lu�O bond lengths of the individual complexes
with three capping water molecules, that is, about 20% of
the complexes, are very close to values obtained in the low-
temperature crystal structure.


EXAFS at lanthanoid K and L3


edges : Structural parameters
obtained from the K- and L3-
edge data are in very close
agreement (see Table 3). How-
ever, the L2 edge restricts the k
range of the L3 data,


[42] to only
about 9 8�1 for lanthanum and
about 15 8�1 for lutetium. Fur-
thermore, especially for the
lighter lanthanoids, unusually
strong double-electron excita-
tions, 2p4d!5d2,[18,43] which are
known to introduce errors in
structural parameters, appear in
the L3-edge k range. The high
energies of the K edges for the
lanthanoids of 39 (La) to
62 keV (Lu) result in a wide
core-hole state, which signifi-
cantly damps the EXAFS oscil-
lations at high k. However,
after correction the longer k
range in the K-edge data ena-
bles better resolution of the
Ln�O bond lengths.[44] The


properties and treatment of high-energy data, including a
more detailed comparison of K- and L3-edge data for the
lanthanoids, are discussed in the following paper.[44]


The EXAFS data analysis at the L3 and K edges for the
hydrated neodymium ACHTUNGTRENNUNG(III) and lutetiumACHTUNGTRENNUNG(III) ions in [Nd-
ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 and [Lu ACHTUNGTRENNUNG(H2O)8.2] ACHTUNGTRENNUNG(CF3SO3)3 is exemplified
in Figure 4. Least-squares model fitting to the EXAFS spec-
tra was performed in the range k=2.4–16.3 8�1 for the K
edges, and in more restricted k intervals for the L3 edges


Figure 3. Residual electron density mapped in the plane of the three cap-
ping oxygen atoms.


Figure 4. Fit of the K- and L3-edge EXAFS spectra of the hydrated neodymium ACHTUNGTRENNUNG(III) and lutetium ACHTUNGTRENNUNG(III) ions in
solid [Nd ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3 and [LuACHTUNGTRENNUNG(H2O)8.2]ACHTUNGTRENNUNG(CF3SO3)3. From top to bottom in each panel, the following
curves are reported: the Ln�O first-shell signals, the Ln�H first-shell signals, the O1-Ln-O1 three-body signal
(only for Nd), the total model oscillation compared with the experimental spectrum, and the residual. The
lower panels show the Fourier transforms without phase-shift corrections for the experimental data (dotted
line), the total theoretical signals (full line), and the residual curves (dash-dotted line).
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(2.8–11.3 and 2.8–10.4 8�1 for Nd and Lu, respectively).
Various sets of structural and nonstructural parameters of
the models were refined to find satisfactory agreement be-
tween the calculated and the experimental signals. Analyses
of the K- and L3-edge EXAFS spectra with a two-shell
model of oxygen coordination are shown in the upper
panels of Figure 4. The first four curves from the top of
each panel represent the Ln�O and Ln···H first-shell contri-
butions, and in the case of Nd the multiple scattering oscilla-
tions associated with the three short-bond O�Nd�O config-
urations are also included. The total model contributions
match the experimental EXAFS oscillations very well, both
for the K- and L3-edge spectra, as shown in Figure 4. The
Ln�O first-shell signals dominate, even though the hydrogen
atoms of the first hydration shell give rise to detectable sig-
nals consistent with a well-ordered structure of the coordi-
nated water molecules. The corresponding k2-weighted Four-
ier transforms (FT) without phase shift correction are shown
in the lower panels of Figure 4. The amplitudes of the L3-
edge FTs are almost twice as large as those of the K edges,
due to the damping at the K edges associated with the short
core-hole lifetime.


Hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in the trifluoromethanesulfo-
nate salts : The refined structural parameters for the EXAFS
models of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions agree within es-
timated error limits with those for the the corresponding
[Ln ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 crystal structures for the largest ions,
Ln=La–Nd (Tables 1 and 3, cf. Figure 5). The Fourier trans-
forms (Figure 6) show decreasing mean Ln�O bond lengths
with increasing atomic number. The mean Ln�O distance
from the single-shell models and the weighted mean from
the two-shell models agree closely with the expected Ln�O
bond lengths derived from the ionic radii of these ions in


ninefold coordination and the radius of the water oxygen
atom bound to trivalent metal ions (Figure 5).[45,46]


With decreasing size of the central metal ion, repulsion
between the prism and capping water molecules increases.[23]


As a result, the occupancy of the capping sites starts to de-
crease with increasing atomic number for [LnACHTUNGTRENNUNG(H2O)n]-
ACHTUNGTRENNUNG(CF3SO3)3 (Ln=Ho–Lu). For the solid compounds with
water deficit [LnACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 [Ln=Ho, n=8.91(3)
from the refined occupancy factors (see above), Er 8.96(5),
Tm 8.8(1), Yb 8.7(1),[23] and Lu 8.2(1)], the Ln�O bond
lengths in the prism from the crystal structures in P63/m
agree closely with those obtained from EXAFS (Tables 1
and 3, Figure 5).
For the smallest ion, lutetium ACHTUNGTRENNUNG(III), the EXAFS functions


of [Lu ACHTUNGTRENNUNG(H2O)8.2]ACHTUNGTRENNUNG(CF3SO3)3 (S14) at room temperature and of
the aqueous solution L14 are quite similar (Figure 7). Fur-
thermore, the refined EXAFS models for S14 at room tem-
perature and L14 are consistent with the distorted configu-
ration of the hydrated ion in the low-temperature (100 K)
crystal structure of S14. A similar distorted structure with
low occupancy of two more distant capping sites was also
found for the low-temperature phase of [Sc ACHTUNGTRENNUNG(H2O)8.0]-
ACHTUNGTRENNUNG(CF3SO3)3.


[37] Thus, the high symmetry (P63/m) of the crystal
structure of S14 at room temperature is an average corre-
sponding to a random distribution of the capping water mol-
ecules with a concomitant displacement of the central lan-
thanoid ion. Such a model would explain the sharp decrease
in the mean Ln�O bond length for the capping water mole-
cules in the last tetrad (Ln=Ho–Lu, Figure 5). The most
weakly bound capping water molecules have too-large
Debye–Waller factors, due to weak bonding with a large
bond-length distribution, observable by EXAFS. The slightly
shorter mean Lu�O bond length of 2.370(8) 8 to the most
strongly bound capping water molecule observed by
EXAFS in comparison to that obtained crystallographically
(2.395(4) 8) is due to the fact that the lutetium atom has a


Figure 5. EXAFS results for the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in the
solid trifluoromethanesulfonate salts (Table 3). The mean Ln�Oprism and
Ln�Ocapping bond lengths from two-shell fits are marked with red rhom-
buses (top line and bottom line, respectively), and the mean Ln�O bond
lengths from one-shell fits with green squares. Other labels are as in
Figure 1.


Figure 6. Fourier transforms (without phase-shift correction) of the hy-
drated lanthanoid ACHTUNGTRENNUNG(III) ions in the solid trifluoromethanesulfonate salts.
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mean position of two alternatives in the crystallographic de-
scription for about 80% of the complexes with only two
capping water molecules (see above and Figure 3). This
means that the true Lu�O bond length to that capping
water molecule is shorter than that determined crystallo-
graphically, and that the bond length obtained by EXAFS
for S14 at room temperature and in aqueous solution of
2.37(1) and 2.35(1) 8 (Table 3), respectively, seems more
correct.
For the medium-sized lanthanoid ions (Sm–Ho), the re-


fined EXAFS Ln�O bond lengths within the prism are
again in satisfactory agreement with those obtained from
the corresponding [LnACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 crystal structures
(Tables 1 and 3). However, the mean capping bond length
from the EXAFS data is somewhat shorter, especially for
Dy and Ho, than the crystallographic result (Figure 5). This
deviation indicates a somewhat distorted molecular configu-
ration, probably with one capping water molecule that is
more strongly bound and thus contributes more to the
EXAFS function. Furthermore, the mean Ln�O bond
lengths from the EXAFS single-shell fit are shorter than ex-
pected from the sum of the ionic radii of the lanthanoidACHTUNGTRENNUNG(III)
ion in ninefold coordination and the water oxygen
atom,[45,46] and for holmium it even approaches the expected
value for eightfold coordination (see Figure 5).
Even though the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions of the [Ln-


ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 compounds in the third tetrad (Ln=Gd–
Ho) show no or very small water deficits, their structures
are affected by the decreasing ionic radius of the metal ion.
Their intermediate size evidently allows unequal bond
strength to the three capping water molecules by some dis-
placement of the lanthanoid ion from the center of the


prism, as for the smaller water-deficient lanthanoid ions
starting at holmium. This displacement would cause increas-
ing asymmetry of the three capping sites and probably also
reduced symmetry of the trigonal prism. An averaged
random distribution will again cause the symmetry of the
crystal structures to appear higher than the true symmetry
of the molecular complexes. The EXAFS method, in which
the interference pattern of the scattering depends on the in-
stantaneous interatomic distances, is lattice-independent and
can provide more realistic values for well-defined Ln�O
bond lengths within the molecular complexes. However,
loosely bound atoms in the capping positions with large
Debye–Waller coefficients would contribute less to the
EXAFS signal, and the shorter bonds more to the observed
Ln�OACHTUNGTRENNUNG(capping) bond lengths, so that the apparent distance
is shorter than the true mean value. Unfortunately, the dif-
ference in bond length of these capping water molecules is
too small to be resolved by the EXAFS technique.
The proposed bonding schemes of the capping water mol-


ecules in the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in the four tet-
rads is depicted schematically in Figure 8. The increasing


asymmetry may also affect the previously discussed hydro-
gen bonding to the surroundings,[37] both in the solid state
and in aqueous solution.


The hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in aqueous solution : The
EXAFS spectra for each hydrated lanthanoidACHTUNGTRENNUNG(III) ion in
aqueous solution and in the solid [LnACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 com-
pound overlap closely (Figure 7). The refined structural pa-
rameters are also similar (Table 3), including those of the
heavy lanthanoid ACHTUNGTRENNUNG(III) ions in the water-deficient [Ln-
ACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 solid compounds (Ln=Ho–Lu, see
Figure 5). The similarities strongly indicate that the hydrated
lanthanoidACHTUNGTRENNUNG(III) ions in aqueous solution also maintain a sim-
ilar tricapped trigonal-prismatic configuration with water de-


Figure 7. Comparison of the raw EXAFS spectra of the hydrated
lanthanoid ACHTUNGTRENNUNG(III) ions in the solid trifluoromethanesulfonate salts and in
aqueous solution. The solid lines represent the aqueous solutions, and the
dots the solid compounds.


Figure 8. Schematic illustration for the four tetrads of typical changes in
the capping positions of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions. The line thick-
ness represents the bond strength, and an open circle a less than fully oc-
cupied site.
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ficiency in the capping positions for the smallest ions. Con-
sequently, the structural models derived from the solid [Ln-
ACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 compounds are excellent models for the
description of the structures of the hydrated lanthanoidACHTUNGTRENNUNG(III)
ions in aqueous solution. These results also show the pres-
ence of an equilibrium between eight- and nine-coordinate
hydrated lanthanoid ACHTUNGTRENNUNG(III) ions, with di- and tricapped trigo-
nal-prismatic configuration, respectively, for the lanthanoids
heavier than dysprosium in aqueous solution. The fraction
of eight-coordinated hydrated ions increases with increasing
atomic number of the lanthanoids. The hydrated lanthanoid-
ACHTUNGTRENNUNG(III) ions lighter than holmium are nine-coordinate in more
or less regular tricapped trigonal-prismatic configurations in
aqueous solution, and the regularity of the tricapped trigo-
nal prisms increases with decreasing atomic number.


The gadolinium break and tetrad hypotheses : The combined
EXAFS and crystallographic results show that all hydrated
lanthanoidACHTUNGTRENNUNG(III) ions, both in solid [LnACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 salts
and in aqueous solution, are surrounded by water molecules
in capped trigonal-prismatic configurations. For the largest
ions (La–Nd), the mean bond lengths from the EXAFS
studies on the solid [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3 compounds agree
with the crystallographic distances. Furthermore, the
EXAFS distances from the corresponding aqueous solutions,
where the Ln�OACHTUNGTRENNUNG(cap) bond length is about 0.10 8 longer
than Ln�OACHTUNGTRENNUNG(prism), are in very good agreement, consistent
with a regular tricapped trigonal prism.
At samarium the difference between the Ln�OACHTUNGTRENNUNG(prism)


and Ln�OACHTUNGTRENNUNG(cap) bond lengths starts to increase with increas-
ing atomic number (Figure 5). From the crystal structures of
the solid [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3 and [Ln ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(C2H5OSO3)3
compounds solved in the high-symmetry space group P63/m,
the Ln�OACHTUNGTRENNUNG(cap) bond lengths appear almost constant, while
the Ln�O ACHTUNGTRENNUNG(prism) bond lengths gradually decrease. On the
other hand, the lattice-independent EXAFS measurements
show that the mean Ln�OACHTUNGTRENNUNG(cap) bond lengths actually de-
crease gradually in a similar way to the Ln�O ACHTUNGTRENNUNG(prism) bond
lengths as long as the capping positions are fully occupied,
that is, up to Dy (Figure 5). This divergence between the
two groups of bond lengths increases rapidly with increasing
atomic number in the last tetrad (Ln=Ho/Er–Lu), with
water deficiency.
The different values for the Ln�OACHTUNGTRENNUNG(prism) bond lengths


obtained in EXAFS and crystallographic studies for the
smallest lanthanoid ACHTUNGTRENNUNG(III) ions are consistent with one of the
three capping water molecules approaching the central
metal ion by expanding one of the rectangular sides of the
trigonal prism.[23] The distortion increases the disorder pa-
rameter s2 of the Ln�O ACHTUNGTRENNUNG(prism) bond lengths for Tm–Lu to
values even larger than those for the strongly bound capping
oxygen atom (Table 3).
These structural studies on hydrated lanthanoidACHTUNGTRENNUNG(III) ions


in solid [Ln ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3 compounds and in aqueous so-
lution indicate at least two principal structural changes in
the series of hydrated lanthanoid ACHTUNGTRENNUNG(III) ions with increasing
atomic number. The first, starting at samarium, is evidenced


by the more rapid decrease in the mean Ln�O bond length
obtained by EXAFS versus that from the crystal structures,
and is most probably caused by unequal bond strength to
the capping positions. Another structural change starts at
holmium, where one of the capping water sites may become
partially unoccupied. Whether such structural effects could
cause the irregularities in the physicochemical properties ob-
served by Spedding and co-workers is not clear. However,
the hydrogen-bonding arrangement around the hydrated
lanthanoidACHTUNGTRENNUNG(III) ions may change significantly, and the more
weakly bound capping water molecules would become more
labile. In any case, the present study shows very clearly that
there is no sudden change in the coordination number of
the hydrated lanthanoidACHTUNGTRENNUNG(III) ions anywhere in the series.
The most significant change in the structure of the hydrated
lanthanoidACHTUNGTRENNUNG(III) ions along the series occurs at holmium, the
first hydrated lanthanoid ACHTUNGTRENNUNG(III) ion with a mean coordination
number less than nine in its tricapped trigonal-prismatic
configuration. That structural effect is also present in aque-
ous solution, and the true hydration number of the heaviest
lanthanoidACHTUNGTRENNUNG(III) ions is certainly lower than nine, even
though basically a capped trigonal prism is retained. The
changes starting at samarium and possibly at gadolinium, as
discussed above, could fit to the tetrad model. Thus, the
structural effects at the tetrad nodes neodymium/promethi-
um and gadolinium are most probably due to changes in
symmetry and/or hydrogen bonding of the nonahydrated
lanthanoidACHTUNGTRENNUNG(III) ions, while the holmium/erbium node corre-
sponds to a gradual decrease in coordination number.


Conclusion


The EXAFS structures of the hydrated lanthanoidACHTUNGTRENNUNG(III) ions
in aqueous solution resemble those of the solid
nonaaqualanthanoid ACHTUNGTRENNUNG(III) trifluoromethanesulfonate com-
pounds, [Ln ACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG(CF3SO3)3 (n=9.0 for Ln=La–Nd and
Sm–Dy, 8.91 for Ho, 8.96 for Er, 8.8 for Tm, 8.7 for Yb, and
8.4 (8.2 at 100 K) for Lu). The basic configuration of the
water oxygen atoms is a tricapped trigonal prism, in which
especially the bonding to the capping water molecules varies
along the lanthanoid series. The capping water molecules
are equidistant for the largest lanthanoidACHTUNGTRENNUNG(III) ions (La–Nd).
Starting at samarium, distortions from regular symmetry
become noticeable and increase up to dysprosium. For the
smallest lanthanoid ACHTUNGTRENNUNG(III) ions with water deficiency (Ho–Lu),
one of the capping water molecules becomes more strongly
bound, and the occupancy of the other two sites starts to de-
crease. The structure of the hydrated lutetiumACHTUNGTRENNUNG(III) ion can
basically be described as seven-coordinate with a strong
bond to a capping water molecule at 2.37 8, only 0.08 8
longer than the group of six Lu�O ACHTUNGTRENNUNG(prism) distances to a
prism that is distorted to allow the short Ln�O ACHTUNGTRENNUNG(cap) bond.
The partial occupancy of the two more distant capping sites
correspond to displacement of the lutetiumACHTUNGTRENNUNG(III) ion, and the
remaining capping water molecules are hardly observable
by EXAFS. This distorted structure of the hydrated
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lutetiumACHTUNGTRENNUNG(III) ion resembles the 7+1 coordination of the hy-
drated scandium ACHTUNGTRENNUNG(III) ion with Sc�O bond lengths of 2.32
and about 2.55 8 to two capping water molecules, previous-
ly observed by EXAFS.[37] The catalytic properties of the
scandiumACHTUNGTRENNUNG(III) ion and the heavy lanthanoid ACHTUNGTRENNUNG(III) ions in, for
example, carbon–carbon bond formation reactions in aque-
ous media[47] are probably connected to the asymmetry and
the water deficiency in the capping positions.
There is no sudden change in hydration number along the


series of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions in aqueous solu-
tion. The most marked structural change starts at holmium-
ACHTUNGTRENNUNG(III) with gradually increasing water deficiency in the cap-
ping positions, and not at the proposed gadolinium break.
The structural effects can be divided into tetrads with equiv-
alent capping water molecules in the first tetrad, and with
one capping water molecule strongly bound in the fourth
tetrad. In the second and third tetrads the symmetry of the
tricapped trigonal prisms gradually decreases, possibly with
a change in the hydrogen bonding at gadolinium.


Experimental Section


Chemicals : Anhydrous lanthanoid ACHTUNGTRENNUNG(III) trifluoromethanesulfonates Ln-
ACHTUNGTRENNUNG(CF3SO3)3 (Ln=La–Nd, Sm, Gd–Lu) were purchased (Aldrich) or pre-
pared by dissolving the corresponding lanthanoid ACHTUNGTRENNUNG(III) oxide Ln2O3 (Al-
drich) in aqueous trifluoromethanesulfonic acid (Fluka). After dissolving
the oxides, the solutions were filtered and the excess of water and acid
boiled off in an oven at 470 K, and the anhydrous salts were stored at
470 K. Deionized and MilliPore-filtered water was used.


Sample preparation : Crystals of nonaaqualanthanoid ACHTUNGTRENNUNG(III) trifluorometha-
nesulfonates (Ln=La–Nd, Sm–Lu) were prepared by dissolving the cor-
responding anhydrous salt in dilute trifluoromethanesulfonic acid (pH
�1), followed by slow evaporation. Analyses of the hydrated trifluoro-
methanesulfonate salts for Ln=Er–Lu showed that the water content at
ambient temperature was less than nine: Er 8.96(5), Tm 8.8(1), Yb
8.7(1), and Lu 8.4(1).[23] In this work we obtained 8.2(1) water molecules
at 100 K in the crystal structure of [LuACHTUNGTRENNUNG(H2O)8.2]ACHTUNGTRENNUNG(CF3SO3)3 by refining the
occupancy factors. To avoid hydrolysis the corresponding aqueous solu-
tions were prepared by dissolving weighed amounts of the hydrated tri-
fluoromethanesulfonate salts in a known volume of 0.1 moldm�3 aqueous
trifluoromethanesulfonic acid; the acidity constants (pKa) of the hydrated
lanthanoid ACHTUNGTRENNUNG(III) ions in aqueous solution are reported to be in the range
from 8.5 (La) to 7.6 (Lu).[48] The densities of the solutions were measured
with an Anton Paar DMA 35 densitometer. Labels and chemical compo-
sition of the crystalline hydrates and the aqueous solutions studied by
EXAFS are provided in Table 2.


Crystallographic data collection : A single crystal of [Ho ACHTUNGTRENNUNG(H2O)8.91]-
ACHTUNGTRENNUNG(CF3SO3)3 was enclosed within a thin-walled capillary and measured at
ambient temperature. For [Lu ACHTUNGTRENNUNG(H2O)8.2] ACHTUNGTRENNUNG(CF3SO3)3 several single-crystal
measurements were performed, the first with a rather rapid cooling cycle,
approximately 30 min from 300 to 100 K. However, the phase transition
expected from the DSC measurements[23] did not occur. In the second ex-
periment a set of short data collections (15 min) was performed, from
263 down to 113 K with 10 K interval and 15 min dwell time at each tem-
perature. The unit cell was determined at each 10 K step and the phase
transition was observed at approximately 130 K. Final data collection was
performed at 100 K. All data collections were performed with an Oxford
Diffraction Excalibur-II k diffractometer equipped with a Sapphire-III
CCD detector[49] using w-scans at different f settings.


EXAFS data collection: EXAFS measurements on the aqueous solutions
L1–L14, and the crystalline hydrates [Ln ACHTUNGTRENNUNG(H2O)n] ACHTUNGTRENNUNG(CF3SO3)3 (S1–S14) were
performed at both the Ln K and L3 X-ray absorption edges. The K-edge


data were collected at the bending magnet beam line BM29 at the Euro-
pean Synchrotron Radiation Facility (ESRF), Grenoble, France,[42] which
was operated at 6.0 GeV in 16-bunch mode and a maximum current of
80 mA. The Ln L3-edge measurements were performed at the wiggler
beam line 4-1 at the Stanford Synchrotron Radiation Laboratory (SSRL),
Stanford, USA, which was operated at 3.0 GeV and a maximum current
of 100 mA. The EXAFS stations at ESRF and SSRL were equipped with
Si ACHTUNGTRENNUNG[511] and Si ACHTUNGTRENNUNG[111] double-crystal monochromators, respectively. Higher
order harmonics were reduced by detuning the second monochromator
crystal to reflect at the end of the scans, 80% of maximum intensity at
the K-edge energies, and 30–50% of maximum intensity at the L3 edges,
with the lower value at lower energy. Internal energy calibration was
made when possible with a foil of the corresponding lanthanoid metal.[50]


Transmission mode was used for the K-edge measurements, while for the
L3 edges simultaneous data collection was performed both in transmis-
sion and fluorescence mode. A Lytle fluorescence detector without X-ray
filter was used for the lightest lanthanoid elements, including an appro-
priate transition metal oxide fluorescence filter for Sm–Lu, using a very
gentle flow of argon and/or krypton gas depending on energy. For each
sample 3–4 scans were averaged after energy calibration by means of the
EXAFSPAK program package.[51]


EXAFS data analysis : The EXAFSPAK[51] and GNXAS[52,53] program
packages were used for data treatment. The GNXAS code is based on
the calculation of the EXAFS signal and subsequent refinement of the
structural parameters.[52,53] The GNXAS method accounts for multiple
scattering (MS) paths by including the configurational average of all the
MS signals to allow fitting of correlated distances and bond length var-
iances described by Debye–Waller factors. A detailed description of the
distribution of the ion–solvent distances in a coordination shell should in
principle take asymmetry into account.[54,55] Therefore the Ln�O two-
body signals associated with the first coordination shells were modeled
with G-like distribution functions, which depend on four parameters, the
coordination number N, the centroid distance R (the first moment of the
function 4p sg(r)r2dr), the mean-square variation in the mean distance s,
and the skewness parameter b. Details of the GNXAS data analysis, in


Table 2. Labels, chemical composition, and Ln�O bond lengths from
crystallographic studies[19–23] used in the EXAFS studies.


Label Sample rACHTUNGTRENNUNG(Ln�O) [8]


S1 [LaACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.548 (6S2.515, 3S2.614)
S2 [CeACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.525 (6S2.499, 3S2.594)
S3 [PrACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.506 (6S2.470, 3S2.579)
S4 [NdACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.490 (6S2.451, 3S2.568)
S5 [SmACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.464 (6S2.422, 3S2.549)
S6 [EuACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.452 (6S2.408, 3S2.536)
S7 [GdACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.444 (6S2.397, 3S2.538)
S8 [TbACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.429 (6S2.380, 3S2.527)
S9 [DyACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 2.416 (6S2.364, 3S2.520)
S10 [HoACHTUNGTRENNUNG(OH2)8.91] ACHTUNGTRENNUNG(CF3SO3)3 2.421 (6S2.368, 3S2.527)
S11 [ErACHTUNGTRENNUNG(OH2)8.95] ACHTUNGTRENNUNG(CF3SO3)3 2.399 (6S2.340, 2.95S2.518)
S12 [TmACHTUNGTRENNUNG(OH2)8.8] ACHTUNGTRENNUNG(CF3SO3)3 2.386 (6S2.322, 2.8S2.522)
S13 [YbACHTUNGTRENNUNG(OH2)8.7] ACHTUNGTRENNUNG(CF3SO3)3 2.376 (6S2.303, 2.7S2.538)
S14 [LuACHTUNGTRENNUNG(OH2)8.4] ACHTUNGTRENNUNG(CF3SO3)3 2.359 (6S2.288, 2.2S2.510)
L1 0.2 moldm�3 [La ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L2 0.2 moldm�3 [Ce ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L3 0.2 moldm�3 [PrACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L4 0.2 moldm�3 [NdACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L5 0.2 moldm�3 [Sm ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L6 0.2 moldm�3 [Eu ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L7 0.2 moldm�3 [Gd ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L8 0.2 moldm�3 [Tb ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L9 0.2 moldm�3 [Dy ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L10 0.2 moldm�3 [Ho ACHTUNGTRENNUNG(OH2)9] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L11 0.2 moldm�3 [Er ACHTUNGTRENNUNG(OH2)8.95] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L12 0.2 moldm�3 [Tm ACHTUNGTRENNUNG(OH2)8.8] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L13 0.2 moldm�3 [YbACHTUNGTRENNUNG(OH2)8.7] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
L14 0.2 moldm�3 [Lu ACHTUNGTRENNUNG(OH2)8.4] ACHTUNGTRENNUNG(CF3SO3)3 in 0.1 moldm�3 CF3SO3H
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particular for the high-energy K-edge data, are reported elsewhere.[44]


Since the structure of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ions can be described
as a capped trigonal prism, two models were applied: a two-shell model
with separate Ln�O ACHTUNGTRENNUNG(prism) and Ln�O ACHTUNGTRENNUNG(cap) distances, and a single-shell
model allowing for an asymmetric distribution around a centroid Ln�O
distance.


The results of the refinements of the hydrated lanthanoid ACHTUNGTRENNUNG(III) ion in the
solid [Ln ACHTUNGTRENNUNG(H2O)n] ACHTUNGTRENNUNG(CF3SO3)3 compounds and in aqueous solution obtained
with the program packages GNXAS and EXAFSPAK agree within the


limits of error and are summarized in Table 3 and Table S1 in the Sup-
porting Information. The results presented in the figures are from the re-
finements made by the GNXAS program, which allows fitting of asym-
metric distance distributions, and also fitting of the splines to reduce spu-
rious peaks in the Fourier transforms.


The standard deviations reported for the refined parameters in Table 3
were obtained from k2-weighted least-squares refinements of the EXAFS
function c(k) and do not include systematic errors of the measurements.
These statistical error values allow reasonable comparisons of, for exam-


Table 3. EXAFS structural parameters of the hydrated lanthanum ACHTUNGTRENNUNG(III) and lanthanoid ACHTUNGTRENNUNG(III) ions in the solid trifluoromethanesulfonate salts and in slight-
ly acidic aqueous solution, as determined by GNXAS by means of two models: two shells for a capped trigonal prism with six prism water molecules
and up to three capping water molecules, and a single-shell model with an average of all Ln�O bond lengths. The refinements allowed asymmetric Ln�
O bond-length distributions with the peak maximum Rm [8] given in parentheses, the third cumulant C3 [8


3], and the Debye–Waller factor coefficient
s2 [82]. The number of distances N was not refined.


K-edge data L3-edge data
Two-shell fit One-shell fit Two-shell fit One-shell fit


Ln�Oprism Ln�Ocapping Ln�O Ln�Oprism Ln�Ocapping Ln�O
[La ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(La�O)prism=2.515 8, d ACHTUNGTRENNUNG(La�O)capping=2.614 8, dACHTUNGTRENNUNG(La�O)mean=2.548 8
d 2.527 (2.520) 2.639 (2.629) 2.555 (2.543) 2.529 (2.516) 2.663 (2.621) 2.549 (2.549)
s2/C3 0.0068/2.8S10�5 0.0091/7.1S10�5 0.0079/8.9S10�5 0.0080/1.1S10�4 0.093/6.4S10�4 0.0074/>1.0S10�6


N 6 3 9 6 3 9
La3+/water (acidic)
d 2.549 (2.525) 2.641 (2.618) 2.560 (2.549) 2.531 (2.515) 2.596 (2.596) 2.560 (2.542)
s2/C3 0.0070/2.7S10�4 0.0091/3.0S10�4 0.0086/6.1S10�5 0.0063/1.5S10�4 0.0075/>1.0S10�6 0.0107/1.1S10�4


N 6 3 9 6 3 9
[Ce ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Ce�O)prism=2.491 8, dACHTUNGTRENNUNG(Ce�O)capping=2.597 8, d ACHTUNGTRENNUNG(Ce�O)mean=2.533 8
d 2.509 (2.509) 2.599 (2.599) 2.547 (2.533)
s2/C3 0.0076/>1.0S10�6 0.0081/>1.0S10�6 0.0106/1.4S10�4


N 6 3 9
Ce3+/water (acidic)
d 2.516 (2.508) 2.601 (2.591) 2.526 (2.515) 2.491 (2.491) 2.620 (2.602) 2.540 (2.529)
s2/C3 0.0067/4.0S10�5 0.0089/4.2S10�5 0.0090/8.7S10�5 0.0055/>1.0S10�6 0.0145/1.1S10�4 0.0071/3.8S10�5


N 6 3 9 6 3 9
[Pr ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Pr�O)prism=2.470 8, d ACHTUNGTRENNUNG(Pr�O)capping=2.584 8, d ACHTUNGTRENNUNG(Pr�O)mean=2.506 8
d 2.480 (2.472) 2.593 (2.583) 2.520 (2.509) 2.475 (2.469) 2.613 (2.593) 2.530 (2.514)
s2/C3 0.0069/2.9S10�5 0.0113/3.7S10�5 0.0091/4.5S10�5 0.0060/1.8S10�5 0.0135/2.8S10�4 0.0097/3.2S10�4


N 6 3 9 6 3 9
Pr3+/water (acidic)
d 2.482 (2.475) 2.639 (2.607) 2.514 (2.504) 2.475 (2.474) 2.579 (2.545) 2.507 (2.507)
s2/C3 0.0068/2.9S10�5 0.0101/5.2S10�4 0.0091/4.5S10�5 0.0070/0.3S10�5 0.0112/5.2S10�4 0.0097/>1.0S10�6


N 6 3 9 6 3 9
[Nd ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Nd�O)prism=2.457 8, d ACHTUNGTRENNUNG(Nd�O)capping=2.570 8, dACHTUNGTRENNUNG(Nd�O)mean=2.502 8
d 2.471 (2.467) 2.573 (2.568) 2.519 (2.492) 2.478 (2.471) 2.581 (2.571) 2.506 (2.506)
s2/C3 0.0042/1.4S10�5 0.0041/1.8S10�5 0.0066/2.9S10�4 0.0054/2.4S10�5 0.0031/4.6S10�5 0.0066/>1.0S10�6


N 6 3 9 6 3 9
Nd3+/water (acidic)
d 2.483 (2.455) 2.574 (2.565) 2.524 (2.500) 2.466 (2.461) 2.598 (2.571) 2.527 (2.500)
s2/C3 0.0065/2.9S10�5 0.0080/2.9S10�5 0.010/0.7S10�5 0.0059/2.9S10�5 0.0151/2.9S10�5 0.0069/3.6S10�4


N 6 3 9 6 3 9
[Sm ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Sm�O)prism=2.426 8, dACHTUNGTRENNUNG(Sm�O)capping=2.550 8, d ACHTUNGTRENNUNG(Sm�O)mean=2.467 8
d 2.437 (2.426) 2.543 (2.528) 2.472 (2.461)
s2/C3 0.0054/7.4S10�5 0.0119/1.3S10�4 0.0071/1.1S10�4


N 6 3 9
Sm3+/water (acidic)
d 2.450 (2.422) 2.549 (2.526) 2.485 (2.457) 2.426 (2.419) 2.533 (2.525) 2.474 (2.464)
s2/C3 0.0077/3.3S10�4 0.019/7.0S10�5 0.0118/4.5S10�4 0.0057/2.6S10�5 0.0040/3.9S10�5 0.0079/3.5S10�4


N 6 3 9 6 3 9
[Eu ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Eu�O)prism=2.412 8, d ACHTUNGTRENNUNG(Eu�O)capping=2.538 8, d ACHTUNGTRENNUNG(Eu�O)mean=2.457 8
d 2.421 (2.416) 2.524 (2.518) 2.466 (2.439) 2.423 (2.412) 2.529 (2.510) 2.436 (2.431)
s2/C3 0.0057/1.0S10�5 0.0064/0.6S10�5 0.0074/3.2S10�4 0.0100/5.6S10�5 0.0172/2.2S10�4 0.0041/1.3S10�5


N 6 3 9 6 3 9
Eu3+/water (acidic)
d 2.422 (2.414) 2.549 (2.523) 2.448 (2.432) 2.420 (2.415) 2.565 (2.521) 2.437 (2.427)
s2/C3 0.0057/6.3S10�5 0.0100/3.8S10�4 0.0088/1.6S10�4 0.0051/4.1S10�5 0.0055/1.0S10�4 0.0073/5.3S10�5


N 6 3 9 6 3 9
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Table 3. (Continued)


K-edge data L3-edge data
Two-shell fit One-shell fit Two-shell fit One-shell fit


Ln�Oprism Ln�Ocapping Ln�O Ln�Oprism Ln�Ocapping Ln�O
[Gd ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Gd�O)prism=2.398 8, dACHTUNGTRENNUNG(Gd�O)capping=2.538 8, d ACHTUNGTRENNUNG(Gd�O)mean=2.445 8
d 2.412 (2.405) 2.531 (2.517) 2.424 (2.415) 2.410 (2.398) 2.353 (2.521) 2.421 (2.407)
s2/C3 0.0058/2.2S10�5 0.0108/1.0S10�4 0.0085/4.1S10�5 0.0099/8.8S10�5 0.0112/1.4S10�4 0.0101/1.1S10�4


N 6 3 9 6 3 9
Gd3+/water (acidic)
d 2.408 (2.400) 2.545 (2.520) 2.405 (2.395) 2.400 (2.389) 2.530 (2.521) 2.428 (2.410)
s2/C3 0.0056/3.5S10�5 0.0099/3.5S10�4 0.0071/5.0S10�5 0.0098/7.9S10�5 0.0052/5.7S10�5 0.0055/1.5S10�4


N 6 3 9 6 3 9
[Tb ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Tb�O)prism=2.381 8, dACHTUNGTRENNUNG(Tb�O)capping=2.527 8, d ACHTUNGTRENNUNG(Tb�O)mean=2.428 8
d 2.407 (2.385) 2.526 (2.491) 2.396 (2.387) 2.390 (2.382) 2.529 (2.521) 2.397 (2.390)
s2/C3 0.0056/2.1S10�4 0.0122/6.4S10�5 0.0063/2.4S10�5 0.0048/0.3S10�5 0.0134/3.2S10�5 0.0074/3.6S10�5


N 6 3 9 6 3 9
Tb3+/water (acidic)
d 2.405 (2.385) 2.533 (2.491) 2.411 (2.385) 2.395 (2.387) 2.520 (2.510) 2.410 (2.396)
s2/C3 0.0069/2.1S10�4 0.0156/9.7S10�4 0.0084/3.1S10�4 0.0060/4.0S10�5 0.0078/5.4S10�5 0.0072/1.1S10�4


N 6 3 9 6 3 9
[Dy ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Dy�O)prism=2.368 8, d ACHTUNGTRENNUNG(Dy�O)capping=2.519 8, dACHTUNGTRENNUNG(Dy�O)mean=2.418 8
d 2.390 (2.377) 2.492 (2.485) 2.400 (2.391) 2.371 (2.367) 2.520 (2.510) 2.407 (2.392)
s2/C3 0.0050/8.8S10�5 0.0059/2.3S10�5 0.0074/3.2S10�5 0.0034/0.9S10�5 0.0054/6.7S10�5 0.0076/1.4S10�4


N 6 3 9 6 3 9
Dy3+/water (acidic)
d 2.380 (2.372) 2.502 (2.496) 2.396 (2.385) 2.378 (2.371) 2.504 (2.494) 2.389 (2.385)
s2/C3 0.0057/2.1S10�5 0.0083/1.0S10�5 0.0074/8.8S10�5 0.0059/3.1S10�5 0.0087/5.7S10�5 0.0071/0.8S10�5


N 6 3 9 6 3 9
[Ho ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Ho�O)prism=2.375 8, dACHTUNGTRENNUNG(Ho�O)capping=2.495 8, d ACHTUNGTRENNUNG(Ho�O)mean=2.413 8
d 2.373 (2.369) 2.523 (2.501) 2.390 (2.380) 2.364 (2.352) 2.484 (2.484) 2.390 (2.382)
s2/C3 0.0034/1.1 S10�5 0.0058/3.2S10�4 0.0076/2.7S10�5 0.0108/6.9S10�5 0.0142/>1.0S10�6 0.0060/1.4S10�5


N 6 2.91 8.91 6 2.91 8.91
Ho3+/water (acidic)
d 2.371 (2.366) 2.501 (2.495) 2.397 (2.385) 2.367 (2.367) 2.502 (2.502) 2.379 (2.379)
s2/C3 0.0043/1.4S10�5 0.0050/4.0S10�5 0.0078/3.8S10�5 0.0053/>1.0S10�6 0.0068/>1.0S10�6 0.0068/>1.0S10�6


N 6 2.91 8.91 6 2.91 8.91
[Er ACHTUNGTRENNUNG(H2O)9]ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Er�O)prism=2.355 8, d ACHTUNGTRENNUNG(Er�O)capping=2.515 8, d ACHTUNGTRENNUNG(Er�O)mean=2.406 8
d 2.353 (2.345) 2.488 (2.480) 2.372 (2.365) 2.351 (2.343) 2.495 (2.478) 2.365 (2.365)
s2/C3 0.0061/3.9S10�5 0.0071/3.6S10�5 0.0058/2.2S10�5 0.0044/3.8S10�5 0.0081/1.7S10�5 0.0099/>1.0S10�6


N 6 2.95 8.95 6 2.95 8.95
Er3+/water (acidic)
d 2.355 (2.346) 2.475 (2.465) 2.384 (2.363)
s2/C3 0.0056/4.1S10�5 0.0080/1.7S10�5 0.0049/1.7S10�5


N 6.0 2.95 8.95
[Tm ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Tm�O)prism=2.331 8, d ACHTUNGTRENNUNG(Tm�O)capping=2.513 8, dACHTUNGTRENNUNG(Tm�O)mean=2.391 8
d 2.334 (2.330) 2.450 (2.434) 2.356 (2.345) 2.340 (2.330) 2.460 (2.450) 2.350 (2.346)
s2/C3 0.0042/1.4S10�5 0.0049/3.9S10�5 0.0061/5.2S10�5 0.0086/5.0S10�5 0.0091/4.3S10�5 0.0069/1.6S10�5


N 6 2.8 8.8 6 2.8 8.8
Tm3+/water (acidic)
d 2.349 (2.330) 2.470 (2.453) 2.350 (2.336)
s2/C3 0.0081/4.2S10�5 0.0073/3.3S10�5 0.0059/6.5S10�5


N 6 2.8 8.8
[Yb ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Yb�O)prism=2.314 8, d ACHTUNGTRENNUNG(Yb�O)capping=2.501 8, dACHTUNGTRENNUNG(Yb�O)mean=2.376 8
d 2.319 (2.317) 2.460 (2.422) 2.348 (2.339) 2.321 (2.313) 2.430 (2.421) 2.351 (2.338)
s2/C3 0.0041/0.4S10�5 0.0037/2.7S10�4 0.0098/2.9S10�5 0.0083/1.6S10�5 0.0091/5.3S10�5 0.0102/9.2S10�5


N 6 2.7 8.7 6 2.7 8.7
Yb3+/water (acidic)
d 2.326 (2.320) 2.443 (2.431) 2.357 (2.345) 2.315 (2.309) 2.430 (2.417) 2.324 (2.324)
s2/C3 0.0051/1.5S10�5 0.0046/7.5S10�5 0.0092/7.3S10�5 0.0051/2.2S10�5 0.0101/8.2S10�5 0.0049/>1.0S10�6


N 6 2.7 8.7 6 2.7 8.7
[Lu ACHTUNGTRENNUNG(H2O)9] ACHTUNGTRENNUNG(CF3SO3)3(s) ; d ACHTUNGTRENNUNG(Lu�O)prism=2.296 8, dACHTUNGTRENNUNG(Lu�O)capping=2.507 8, d ACHTUNGTRENNUNG(Lu�O)mean=2.364 8
d 2.304 (2.296) 2.370 (2.360) 2.312 (2.305) 2.318 (2.283) 2.370 (2.370) 2.326 (2.315)
s2/C3 0.0041/3.0S10�5 0.0029/4.4S10�5 0.0052/1.8S10�5 0.0124/3.9S10�4 0.0105/>1.0S10�6 0.0124/3.1S10�5


N 6 2.2 8.2 6 2.2 8.2
Lu3+/water (acidic)
d 2.293 (2.275) 2.348 (2.342) 2.307 (2.290) 2.282 (2.274) 2.366 (2.343) 2.316 (2.316)
s2/C3 0.0087/1.5S10�4 0.0043/2.5S10�5 0.0155/1.0S10�4 0.0076/3.5S10�5 0.0081/2.7S10�4 0.0059/>1.0S10�6


N 6 2.2 8.2 6 2.2 8.2
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ple, the significance when comparing relative shifts in the distances. How-
ever, the variations in the refined parameters, including the shift in the
E0 value (for which k=0), with different models and data ranges, indicate
that the absolute accuracy of the distances given for the separate com-
plexes is within �0.01 to 0.02 8 for well-defined interactions. The “stan-
dard deviations” given in the text have been increased accordingly to in-
clude estimated additional effects of systematic errors.
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A Persistent Alkylaluminum Peroxide: Surprising Stability of a Molecule with
Strong Reducing and Oxidizing Functions in Close ACHTUNGTRENNUNGProximity


Werner Uhl* and Barun Jana[a]


Introduction


The Al�C bonds of alkylaluminum derivatives are highly
sensitive towards attack by elemental oxygen. The formation
of peroxides was often claimed as the initiating step of these
reactions, but owing to their exceptional reactivity these
compounds could never be isolated and characterized.[1] The
finally isolated products contained only the expected alkoxo
groups attached to aluminum. In very rare cases aluminum
peroxides were obtained, which, however, did not possess
any intact Al�C bonds.[2,3] For instance, the reaction of
di(tert-butyl)aluminum methylsalicylate (Mesal) with oxygen
afforded the compound [(Me3COO) ACHTUNGTRENNUNG(Me3CO)Al ACHTUNGTRENNUNG(m-
OCMe3)Al ACHTUNGTRENNUNG(Mesal)2], which was the first structurally authen-
ticated aluminum peroxide, had a terminal tert-butylperoxo
group, and exclusively Al�O bonds. In contrast, the oxida-
tion of tri(tert-butyl)element compounds of the heavier
Group 13 elements (E) gallium and indium yielded the
peroxo compounds [{(Me3C)2E ACHTUNGTRENNUNG(m-OOCMe3)}2], which had
bridging peroxo groups beside terminal E�C bonds.[4,5]


These compounds are, however, highly explosive and de-
compose spontaneously on mechanical stress. An interesting


organodigallium peroxide was isolated in trace quantities by
the accidental contact of an alkylgallium derivative with
air.[6] It has two gallium atoms terminally attached to the
oxygen atoms of a bridging peroxo ligand. Recently, we suc-
ceeded in isolating a heterocyclic trigallium trisperoxide in a
surprisingly selective reaction. This compound has three
ACHTUNGTRENNUNGalkylgallium groups containing intact Ga�C bonds bridged
by three peroxo groups.[7] Al�C bonds are known to be
much more reactive and to have stronger reducing proper-
ties than Ga�C or In�C bonds which may be caused by the
relatively large charge separation between aluminum and
carbon. Thus, it was a real preparative challenge to synthe-
size and characterize such a compound. The first example is
reported in this paper.


Results and Discussion


Synthesis and Molecular Structure of the Dihydride
[{HC[C(Me)N�C6H5]2}AlH2](1): The strategy for the syn-
thesis of a first alkylaluminum peroxide followed three fun-
damental ideas. First, coordinative saturation of the alumi-
num atoms should help to stabilize the Al�C bonds by pre-
venting the intra- or intermolecular approach of a peroxide
and the activation of the oxygen transfer by the Lewis-acidi-
ty of the metal atoms. Second, owing to our experience
Al�C bonds of bis(trimethylsilyl)methyl compounds are par-
ticularly stable towards an attack of oxygen. This observa-
tion may be strongly related to the electronic properties of


Abstract: The reaction of the b-diket-
ACHTUNGTRENNUNGiminato coordinated aluminum dihy-
dride, [{HC[C(Me)N�C6H5]2}AlH2] (1)
with bis(trimethylsilyl)methyllithium
afforded the monoalkylaluminum de-
rivative [{HC[C(Me)N�C6H5]2}Al(H)�
CH ACHTUNGTRENNUNG(SiMe3)2] (2) by the precipitation of
lithium hydride. Interestingly, treat-
ment of 2 with tert-butyl hydrogenper-
oxide did not result in the formation of


the simple oxidation product contain-
ing a hydroxo or alkoxo group, instead,
elemental hydrogen was released and
the hydrido ligand attached to alumi-
num was replaced by an intact tert-


butylperoxo group. The Al�C bond,
which normally is extremely sensitive
towards an attack of oxygen, was not
affected. Hence, the product exhibits
quite conflicting chemical properties in
a close proximity: a strongly reducing
Al�C bond beside an oxidizing peroxo
group.
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this substituent, which can act as an electron donor or ac-
ceptor by hyperconjugation with its C�Si s- or s*-orbitals.
Furthermore, we hoped to introduce the peroxo group by
hydrogen release and the treatment of an aluminum hydride


with a soluble hydrogenperoxo species. Thus, first of all we
synthesized a dihydridoaluminum compound coordinated by
a chelating b-diketiminato ligand (1) through the reaction of
the alane-amine adduct AlH3·NMe2Et with equimolar quan-
tities of H2C[C(Me)=N�C6H5]2 [Eq. (1)]. Release of hydro-
gen afforded the product directly in high purity in an almost
quantitative yield of 90%. The broad resonance of the hy-
drogen atoms attached to alu-
minum has the correct integra-
tion ratio compared to the in-
tensities of the phenyl and
methyl signals. The occurrence
of Al�H bonds is further veri-
fied by two absorptions in the
IR spectrum at ñ=1796 and
1754 cm�1. The correct molecu-
lar mass was detected in the
mass spectrum. All attempts to
generate a peroxo derivative directly by the treatment of 1
with dihydrogen peroxide or tert-butyl hydrogen peroxide
failed. Amorphous powders or oily residues were obtained
which could not be purified by recrystallization from differ-
ent solvents. A sterically more shielded b-diketiminatoalu-
minum dihydride was reported to yield a peroxo compound
upon treatment with H-O-O-CMe3.


[2c]


The molecular structure of compound 1 is depicted in
Figure 1. It has the chelating b-diketiminato ligand attached


to the central aluminum atom through both nitrogen atoms.
The distorted tetrahedral coordination sphere of the metal
atoms is completed by two terminally arranged hydrogen
atoms. The Al�N and Al�H bond lengths (189.3 and


155 pm, respectively) are in the
expected ranges, and the
C�N and C�C distances in the
chelate (133.5 and 139.8 pm) re-
flect the delocalized p-bonding
system. The syntheses and
structures of arylaluminum di-
hydrides and b-diketiminatoalu-
minum dihydrides similar to 1
bearing alkyl groups or sterical-


ly more shielded aromatic rings attached to their nitrogen
atoms were published in recent literature.[8]


Synthesis and Molecular Structure of [{HC[C(Me)N�
C6H5]2}Al(H)�R] (2) [R=CH ACHTUNGTRENNUNG(SiMe3)2]: In the next step we
treated the dihydride 1 with an equimolar quantity of fresh-
ly sublimed and ether-free LiCH ACHTUNGTRENNUNG(SiMe3)2 in cyclopentane


[Eq. (2)]. The brownish compound 2 formed by the precipi-
tation of lithium hydride. It was isolated in 74% yield after
recrystallization from n-pentane and has one hydrogen atom
attached to aluminum replaced by a bulky alkyl group. The
integration ratio of the 1H NMR spectrum gave the expect-
ed ratio of signal intensities. The resonance of the inner Al�
C�H hydrogen atom occurs a relatively high field (d=


�1.47 ppm), which is characteristic of CH ACHTUNGTRENNUNG(SiMe3)2 groups
attached to coordinatively saturated, tetracoordinated alu-
minum atoms.[9] A broad absorption at ñ=1790 cm�1 in the
IR spectrum indicated the intact Al�H bond. Complex 2 is
more reactive than the dihydrido compound 1, and fast de-
composition occurred on contact with air.


The molecular structure of 2 (Figure 2) exhibits an alumi-
num atom coordinated to both nitrogen atoms of the chelat-
ing ligand, one hydrogen atom and one carbon atom of a
CH ACHTUNGTRENNUNG(SiMe3)2 group in a distorted tetrahedral coordination
sphere. The Al�N distances (191.0 pm) are similar to those
observed for compound 1. The same holds for the C�N and
C�C bond lengths in the chelate (133.8 and 139.6 pm) and
the N�Al�N angles (96.4 versus 95.48). Thus, the structural
parameters are only scarcely influenced by the introduction
of the bulky bis(trimethylsilyl)methyl group. The Al�C
bond length (199.2 pm) corresponds well to standard
values.[9]


Figure 1. Molecular structure and numbering scheme of compound 1.
The thermal ellipsoids are drawn at the 40% probability level. Hydrogen
atoms with the exception of those attached to aluminum are omitted for
clarity. Selected bond lengths [pm] and angles [8]: Al1�N1 189.3(1), N1�
C11 133.5(2), C11�C12 139.8(2), N1�Al1�N1’ 96.40(7); N1’ generated by
-x+1, y, -z+0.5.
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Synthesis and Molecular Structure of the Peroxide
[{HC[C(Me)N�C6H5]2}Al(R)-O-O-CMe3] (3) [R=CH-
ACHTUNGTRENNUNG(SiMe3)2]: Treatment of the alkylhydrido compound 2 with
an equimolar quantity of tert-butyl hydrogen peroxide in
n-hexane afforded colorless crystals of the corresponding
peroxide 3 in 61% yield [Eq. (3)]. Gas evolution indicated


the expected formation of elemental hydrogen. The occur-
rence of a peroxo group beside an intact Al�C bond was
verified by crystal structure determination. Furthermore, we
determined the peroxide content analytically by hydrolysis
and subsequent oxidation of iodide. NMR characterization
gave the correct integration ratio of all resonances. Crystals
of compound 3 are stable at room temperature. The decom-
position point is 69 8C. However, as monitored by NMR
spectroscopy, relatively fast decomposition with the forma-
tion of a mixture of unknown products was observed in ben-
zene at room temperature. Solutions in n-hexane showed a
higher stability, and the NMR spectra were recorded in
[D14]hexane. These solutions could be stored without any
sign of secondary processes at �15 8C over several weeks.
Owing to its high solubility in hydrocarbon solvents and its
relatively high stability compound 3 may find some applica-
tion in particular oxygen transfer processes.


Crystal structure determination (Figure 3) verified the un-
usual bonding situation of compound 3 with an unaffected
Al�C bond beside an intact tert-butylperoxo group. Hence,


this molecule contains a strongly reducing group beside an
effective oxidant. Such an unusual structure has often been
claimed as the first step of the oxidation of alkylaluminum
compounds with oxygen, which usually gave the alkoxy de-


rivatives in a very fast secon-
dary process. These possible in-
termediates could never be iso-
lated or characterized unambig-
uously with alkylaluminum
compounds, but were detected
with three explosive tert-butyl-
gallium and -indium com-
pounds.[4,5] Thus, the strange
molecular structure of 3 may
reflect the first step of the oxi-


dation of an alkylaluminum compound by the insertion of
an oxygen molecule into an Al�C bond. Clearly, the particu-
lar stability of this spectacular arrangement in 3 is not a con-
sequence of the steric shielding by the bulky substituents,
because the reactive groups are already in close proximity
geminally attached to the same aluminum atom. The stabili-
ty may be caused by the particular electronic properties of
the bis(trimethylsilyl)methyl group, which is able to act as
an electron donor or acceptor by hyperconjugation with its
C�Si bonds. In organoaluminum compounds hyperconjuga-
tion may help to diminish the negative charge at the
a-carbon atom, which results from the relatively large elec-
tronegativity difference between aluminum and carbon. By
this partial electron transfer and diminution of the negative
charge the intramolecular autooxidative attack at this
carbon atom may become slightly less favorable compared
to tert-butyl groups attached to aluminum, for instance. The
O�O bond length in 3 (148.2 pm) is in the expected range
of alkylperoxo groups.[4–6,10] Longer distances were observed
for dianionic peroxides, which may be caused by electrostat-


Figure 2. Molecular structure and numbering scheme of compound 2.
The thermal ellipsoids are drawn at the 40% probability level. Hydrogen
atoms with exception of the one attached to aluminum, methyl groups at-
tached to the silicon atoms and phenyl groups are omitted for clarity. Se-
lected bond lengths [pm] and angles [8]: Al1�N1 191.1(2), Al1�N2
190.8(2), Al1�C1 199.2(3), N1�C01 134.3(3), C01�C02 139.2(4), C02�
C03 140.0(4), C03�N2 133.2(3), N1�Al1�N2 95.38(9), N1�Al1�C1
107.4(1), N2�Al1�C1 120.5(1).


Figure 3. Molecular structure and numbering scheme of compound 3.
The thermal ellipsoids are drawn at the 40% probability level. Hydrogen
atoms, methyl groups of the SiMe3 and CMe3 substituents and the phenyl
groups are omitted for clarity. Selected bond lengths [pm] and angles [8]:
Al1�N1 189.3(2), Al1�N2 189.6(2), Al1�C1 197.0(2), Al1�O1 176.1(1),
O1�O2 148.2(2), N1�C01 133.8(2) C01�C02 139.5(3), C02�C03 138.8(3),
C03�N2 134.3(2), N1�Al1�N2 96.27(7), Al1�O1�O2 112.16(8), O1�O2�
CT1 107.5(1).
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ic repulsion.[11] The torsion angle across the O�O bond (Al-
O-O-C; 177.78) is in accordance with an almost ideally
planar arrangement and deviates considerably from the con-
formation observed for hydrogen peroxide.[12] The angles
Al�O�O (112.28) and O�O�C (107.58) correspond to
values obtained for other alkylperoxo species.[4–5,10]


Experimental Section


General : All procedures were carried out under purified argon. Cyclo-
pentane, n-pentane and n-hexane were dried over LiAlH4. The alane di-
methylethylamine adduct AlH3·NMe2Et, the starting ketenimine
H2C[C(Me)=N�C6H5]2 and LiCH ACHTUNGTRENNUNG(SiMe3)2 were obtained according to lit-
erature procedures.[13–15] Commercially available solutions of tert-butyl
hydrogenperoxide (5.5m in nonane, Aldrich) were stored over molecular
sieves prior to use.


Synthesis of the dihydride 1: A solution of H2C[C(Me)=N�C6H5]2 (2.22 g,
8.88 mmol) in 20 mL of n-pentane was added dropwise to a cooled solu-
tion (�78 8C) of AlH3·NMe2Et (0.915 g, 8.88 mmol) in 40 mL of the same
solvent. The mixture was slowly warmed to room temperature. Gas evo-
lution started at about �30 8C. The solution was stirred at room tempera-
ture for 12 h. The solvent was removed in vacuum to yield a colorless
solid of compound 1 directly in a high purity. Yield: 2.23 g (90%). M.p.
(argon, sealed capillary): 127 8C; 1H NMR (C6D6, 400 MHz): d =7.07
(pseudo-d, 4H; ortho-H of phenyl), 7.05 (m, 4H; meta-H of phenyl), 6.91
(m, 2H; para-H of phenyl), 4.86 (s, very broad, 2H; AlH2), 4.73 (s, 1H;
HC of the chelate ligand), 1.54 ppm (s, 6H; CH3);


13C NMR (C6D6,
100 MHz): d=168.9 (C=N), 145.5 (ipso-C of phenyl), 129.8 (meta-C of
phenyl), 126.3 (para-C of phenyl), 125.9 (ortho-C of phenyl), 98.0 (HC of
the chelate ligand), 22.6 ppm (CH3); IR (CsBr plates, paraffin): ñ =1850
(w, phenyl), 1796 (w), 1754 (m-br, AlH2), 1578 (vs), 1558 (vs, CN,
phenyl), 1460 (vs, paraffin), 1402 (s, CH3), 1375 (s, paraffin), 1352 (sh),
1339 (m), 1321 (m), 1304 (m), 1265 (m, CH3), 1111 (vs-br, CN, CC), 931
(w), 921 (w), 814 (m), 785 (m), 775 (m), 763 (m), 719 (s, paraffin), 700


(m), 671 (w), 658 (w), 645 (w), 611 (vw), 592 (w), 561 (m), 515 (m),
474 cm�1 (s, AlN, phenyl, CC, CN); MS (EI, 20 eV): m/z (%): 277 (100)
(M+�H); elemental analysis calcd (%) for C17H19AlN2 (278.3): C 73.4, H
6.9, N 10.1, Al 9.7; found: C 72.4, H 6.9, N 9.9, Al 9.6.


Synthesis of the bis(trimethylsilyl)methyl compound 2 : A cooled solution
(�40 8C) of compound 1 (0.453 g, 1.63 mmol) in 20 mL of cyclopentane
was treated with freshly sublimed, solid bis(trimethylsilyl)methyllithium
(0.27 g, 1.63 mmol) in small portions. The resulting suspension was vigo-
rously stirred and slowly warmed to room temperature. An almost clear
solution was obtained upon stirring at room temperature over a period of
16 h. The solvent was removed in vacuum, and the residue was treated
with n-pentane. After filtration and cooling to �15 8C brownish crystals
of the product 2 precipitated. Yield: 0.53 g (74%). M.p. (argon, sealed ca-
pillary): 118 8C; 1H NMR (C6D6, 400 MHz): d=7.17 (pseudo-d, 4H;
ortho-H of phenyl), 7.11 (pseudo-t, 4H; meta-H of phenyl), 6.94 (pseudo-
t, 2H; para-H of phenyl), 5.05 (s, br., 1H; AlH), 4.70 (s, 1H; HC of the
chelate ligand), 1.52 (s, 6H; CH3 of the chelate ring), 0.15 (s, 18H;
SiMe3), �1.47 ppm (s, 1H; AlCH); 13C NMR (C6D6, 100 MHz): d=168.7
(C=N), 145.5 (ipso-C of phenyl), 129.6 (meta-C of phenyl), 126.7 (ortho-
C of phenyl), 126.5 (para-C of phenyl), 98.0 (HC of the chelate ligand),
23.1 (CH3), 3.7 (SiMe3), 0.7 ppm (AlC); 29Si NMR (C6D6, 79.5 MHz): d=


�1.6 ppm; IR (CsBr plates, paraffin): ñ =1946 (vw), 1884 (vw, phenyl),
1790 (m-br, AlH), 1578 (vs), 1558 (vs, phenyl, CN), 1460 (vs, paraffin),
1402 (s, CH3), 1377 (vs, paraffin), 1352 (sh), 1339 (m), 1321 (m), 1304 (m,
CH3), 1111 (vs-br, CN, CC), 931 (vw), 918 (vw), 845 (m), 814 (s), 785 (m,
CH3(Si)), 719 (s, paraffin), 594 (w), 559 (m), 513 (m), 482 cm�1 (s, AlN,
phenyl, CC, CN); MS (EI, 20 eV): m/z (%)=435 (43), 436 (64), 437 (19)
(M+); 277 (100) [M+�CH ACHTUNGTRENNUNG(SiMe3)2]; elemental analysis calcd (%) for
C24H37AlN2Si2 (436.7): C 66.0 H 8.5, N 6.4, Al 6.2; found: C 66.8, H 8.8,
N 6.5, Al 6.0.


Synthesis of the peroxo compound 3 : A cooled solution (�40 8C) of com-
pound 2 (0.288 g, 0.659 mmol) in 20 mL of n-hexane was treated with a
solution of tert-butyl hydrogenperoxide, HOOCMe3, in nonane (0.12 mL,
5.5m, 0.659 mmol). The mixture was slowly warmed to �10 8C and stirred
at that temperature for 1 h. The solution was concentrated to about 5 mL
and cooled to �15 8C to afford colorless crystals of the product 3. Yield:
0.21 g (61%). M.p. (argon, sealed capillary): 69 8C (dec., color change


Table 1. Crystal data for the compounds 1, 2, and 3.


1 2 3


formula C17H19AlN2 C24H37AlN2Si2 C28H45AlN2O2Si2
Mr 278.32 436.72 524.82
size [mm] 0.14R0.12R0.10 0.12R0.07R0.04 0.12R0.10R0.05
crystal system monoclinic triclinic monoclinic
space group C2/c P1̄ P21/n
a [pm] 1970.7(3) 905.16(3) 1049.96(4)
b [pm] 732.4(1) 989.86(4) 1843.40(9)
c [pm] 1202.2(2) 1514.27(5) 1604.29(7)
a [8] 90 97.174(3) 90
b [8] 118.347(2) 98.011(2) 92.013(3)
g [8] 90 97.473(2) 90
V [10�30m3] 1527.0(4) 1317.90(8) 3103.2(2)
Z 4 2 4
1 [gcm�3] 1.211 1.101 1.123
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.125 0.180 0.168
T [8C] �120 �120 �120
qmax [8] 29.97 26.02 26.03
total reflns 8509 7374 17745
unique reflns 2219 4336 5895
Rint 0.0344 0.0437 0.0450
obsvd reflns [I>2s(I)] 1841 3689 4663
parameters 97 279 327
R1 [I>2s(I)] 0.0469 0.0606 0.0406
wR2 [all data] 0.1290 0.1786 0.1111
GOF 1.073 1.315 1.030
max./min. resd [1030 em�3] 0.344/�0.213 0.594/�0.437 0.378/�0.195
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from colorless to yellow). The peroxide content was determined by hy-
drolysis of 3 with acetic or nitric acid (1m), treatment of the mixture with
sodium iodide and titration of the formed elemental iodine with thiosul-
fate. By this relatively simple procedure 91% of the calculated peroxide
content was reproducibly determined; 1H NMR ([D14]hexane, 500 MHz):
d=7.33 (pseudo-t, 8H; meta-H), 7.19 (pseudo-t, 2H; para-H of phenyl),
5.06 (s, 1H; HC of the chelate ligand), 1.91 (s, 6H; CH3 of the chelate
ring), 1.34 (s, 9H; OOCMe3), 0.19 (s, 18H; SiMe3), �1.79 ppm (s, 1H;
AlCH), a very broad resonance resulted for the ortho-hydrogen atoms (d
�7.4 ppm), upon cooling to �20 8C two broad resonances occurred in-
stead (d�7.0 and 7.6 ppm), which may indicate a hindered rotation
around the C�N bond, all other resonances remained almost unchanged;
13C NMR ([D14]hexane, 125 MHz): d=169.7 (C=N), 146.7 (ipso-C of
phenyl), 128.4 and 129.9 (ortho-C of phenyl), 127.22 (para-C of phenyl),
127.15 (meta-C of phenyl), 99.1 (HC of the chelate ligand), 79.1 (CMe3),
27.9 (CMe3), 24.1 (CH3 of the chelate), 4.2 (SiMe3), �2.1 ppm (br., AlC);
29Si NMR (C6D14, 79.5 MHz): d =�1.8 ppm; IR (CsBr plates, paraffin):
ñ=1581 (vs), 1551 (vs, phenyl, CN), 1447 (vs, paraffin), 1404 (s, CH3),
1375 (vs, paraffin), 1330 (w), 1304 (m), 1254 (w), 1242 (m, CH3), 1193
(m), 1113 (m-br), 1072 (m), 1034 (m, CN, CC), 927 (w), 845 (m), 814 (m),
785 (w, CH3(Si)), 719 (s, paraffin), 704 (m), 669 (w), 592 (w), 559 (w), 521
(w), 467 mcm�1 (AlN, phenyl, CC, CN).


Crystal Structure Determinations of 1, 2 and 3 : Single crystals were ob-
tained upon recrystallization from n-hexane (1: 20/�45 8C) or n-pentane
(2 : 20/0 8C; 3 : 10/�15 8C). Crystal data, data collection parameters, and
structure refinement details are given in Table 1. The crystallographic
data were collected with a BRUKER apex diffractometer. The structures
were solved by direct methods and refined with the program SHELXL-
97[16] by a full-matrix least-squares method based on F 2. The molecules of
1 reside on crystallographic twofold rotation axes. The inner carbon atom
of the CH ACHTUNGTRENNUNG(SiMe3)2 group in 2 is disordered over two positions; it was re-
fined on split positions and occupation factors of 0.82 and 0.18, respec-
tively. The positions of the hydrogen atoms attached to aluminum were
taken from electron density maps and refined isotropically.
CCDC 668009 (1), 668010 (2), and 668011 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The MARDi Cascade: A Michael-Initiated Domino-Multicomponent
Approach for the Stereoselective Synthesis of Seven-Membered Rings


Yoann Coquerel,* Marie-H,l-ne Filippini, David Bensa, and Jean Rodriguez*[a]


Introduction


The rapid creation of molecular complexity in a regio- and
stereodefined manner from simple substrates, combining
economical aspects[1,2] with environmental ones,[3] constitutes
a great challenge in modern organic chemistry from both
academic and industrial points of view. In this field, multi-
component reactions[4] (MCRs) involving domino process-
es[5] have emerged as powerful tools in diversity-oriented
synthesis (DOS) and have found multiple applications in the
discovery of new bioactive small molecules.[6] In the field of
MCRs, isocyanide-based transformations and metal-cata-
lyzed processes largely lead the way.[4] In our laboratory,
there is an ongoing interest in domino and multicomponent
reactions that involve 1,3-dicarbonyls and their derivatives.[7]


As part of this program, we discovered a new anionic
domino three-component two-carbon ring expansion for the
stereoselective preparation of functionalised seven-mem-
bered rings[8,9] that we named MARDi (an acronym for Mi-


chael-aldol–retro-Dieckmann) cascade. The development of
new approaches to substituted stereodefined cycloheptanes
constitutes a worthwhile synthetic pursuit because of their
ubiquitousness in naturally occurring products and their use-
fulness as synthetic building blocks.[10] In this article, we
report the full detailed study of the MARDi cascade.


Results and Discussion


The MARDi cascade with b-ketoesters : The discovery of
the MARDi cascade came out from a previous study on the
synthesis and reactivity of 2-hydroxybicycloACHTUNGTRENNUNG[3.2.1]octan-8-
ones.[11] The reaction of the Dieckmann ester 1a with acrole-
in (2a) or various b-substituted a,b-unsaturated aldehydes
2b–f in the presence of base (1.5 equiv of K2CO3 or 1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)) in acetone or tolu-
ene gives the substituted 2-hydroxybicycloACHTUNGTRENNUNG[3.2.1]octan-8-
ones 3 by a domino Michael addition–intramolecular aldol
cyclisation (Scheme 1). The bicyclic products 3 are generally
obtained in high yields and with moderate diastereoselectivi-
ties. A study on the reactivity of these 2-hydroxybicyclo-
ACHTUNGTRENNUNG[3.2.1]octan-8-ones, pioneered by Stork–Landesman[12] and
Buchanan,[13] revealed that substituted cycloheptanols could
be obtained stereoselectively by a retro-Dieckmann frag-
mentation (i.e. 3b!4) promoted by K2CO3 or DBU
(1.0 equiv) in methanol (Scheme 1).[14] This two-step synthe-
sis of substituted cycloheptanols prompted us to surmise
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that the overall cascade Michael addition–regioselective
aldol cyclisation–retro-Dieckmann fragmentation would be
possible in a one-pot process by starting from the Die-
ckmann ester 1a and a,b-unsaturated aldehydes 2 in MeOH
as the third component. Indeed, we were pleased to observe
that the cycloheptanol 4a was obtained stereoselectively in
36% yield (together with very polar material) from the Die-
ckmann ester 1a and acrolein (2a, 1.5 equiv) in the presence
of two equivalents of K2CO3 in methanol (0.4m) by means
of the MARDi cascade (Scheme 2, Table 1, entry 1).[15] A
very small amount of the unstable cycloheptene 6 was also
detected but could not be isolated. The structure of cyclo-
heptanol 4a has been confirmed by perfect matching of its
NMR spectroscopic data with those obtained previously in
the two-step synthesis of the same product.[11] When the
same reaction was performed with a substoichiometric
amount of K2CO3 (0.5 equiv), the diastereomeric cyclohep-
tanols 4a and 5a (dr=1.5:1) were obtained in 94% yield
(entry 2). These results suggest that in the presence of an
excess of base, the all-cis cycloheptanol 5a undergoes dehy-
dration to the cycloheptene 6, which decomposes rapidly in
the reaction mixture (Scheme 2). The less expensive Die-
ckmann ethyl ester 1b can also be used in this reaction with


the same efficiency to provide
the di(methylcarboxylate)cyclo-
heptanols 4a and 5a (dr=


1.5:1), following a total transes-
terification, if the reaction is
conducted in methanol
(entry 3). As expected, the re-
action in ethanol provides the
di(ethylcarboxylate)cyclohepta-
nols 4b and 5b (dr=1.5:1) in
slightly lower yield, probably as
a result of the higher steric hin-
drance of the alkoxide nucleo-
phile in the final retro-Die-
ckmann step (entry 4).


We next turned our attention to the synthesis of more-
substituted cycloheptanols by using substituted acroleines
and substituted 2-oxo-cyclopentanecarboxylate methyl
esters (Scheme 3). The condensation between the Die-
ckmann ester 1a and crotonaldehyde (2b) was chosen for
the optimisation study (Table 2). Under the conditions pre-
viously developed for the condensation of acrolein


(0.5 equiv of K2CO3), the ex-
pected substituted cyclohepta-
nol 4c was obtained diastereo-
selectively (dr>25:1) in 54%
yield (entry 1). Increasing the
quantity of base and the use of
a chelating additive had no
effect on both the yield and dia-
stereoselectivity (entries 2
and 3). Magnesium carbonate
left the starting material un-
changed (entry 4), while cesium
carbonate allowed the forma-
tion of 4c in modest yield
(entry 5), and the use of a che-
lating additive resulted in the
decomposition of the products,
even at low temperature (en-
tries 6 and 7). Alternatively,


Scheme 1. Synthesis and reactivity of 8-oxo-bicycloACHTUNGTRENNUNG[3.2.1]octanols.


Scheme 2. The MARDi cascade with the Dieckmann esters 1a,b and acrolein (2a).


Table 1. The MARDi cascade with the Dieckmann esters 1a,b and acro-
lein (2a).


Entry Substrate Conditions[a] Product Yield
[%][b]


1 1a K2CO3 (2.0 equiv), MeOH
(0.4m)


4a 36


2 1a K2CO3 (0.5 equiv), MeOH
(0.4m)


4a/5a
1.5:1


94


3 1b K2CO3 (0.5 equiv), MeOH
(0.4m)


4a/5a
1.5:1


95


4 1b K2CO3 (0.5 equiv), EtOH
(0.4m)


4b/5b
1.5:1


84


[a] All reactions were conducted at room temperature with 1.5 equiv of
acrolein (2a). [b] Yield of isolated product.
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sodium methoxide and potassium hydroxide proved superior
to potassium carbonate (entries 8 and 9). Non-ionic bases
such as pyridine left the starting material unchanged even
after a prolonged reaction time (entry 10), and 1,4-
diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (DABCO), triethylamine or 4-di-
methylaminopyridine (DMAP) resulted in the formation of
the corresponding bicycloACHTUNGTRENNUNG[3.2.1]octanols 3a and 3b (R=Me,
entries 11–13, respectively). On the other hand, tetramethyl-
guanidine (TMG), 1,5-diazabicyclo ACHTUNGTRENNUNG[4.3.0]non-5-ene (DBN,
after a prolonged reaction time) and DBU gave the desired
cycloheptanol 4c with a comparable efficiency to K2CO3


(entries 14–17). Finally, 1.0 equiv of DBU was found to be
efficient to give 4c in high yield and with very good diaste-
reoselectivity (dr>25:1, entry 18), while an excess of DBU
or additives had a deleterious impact on the yield (en-
tries 19–21), probably favouring the dehydration of the cy-
cloheptanol to the corresponding unstable cycloheptene as
in the case of acrolein.


The structure of 4c has been
deduced from the strong NOEs
observed in NOEDIFF experi-
ments between the protons a to
the methyl, the hydroxyl (1,3-
cis for the methyl and the hy-
droxyl groups) and the two car-
boxyl groups (1,4-cis for the
two carboxylates). The 1,2-trans
relationship between the hy-


droxyl and the methylcarboxyl groups was deduced from
the large 3J ACHTUNGTRENNUNG(H,H) coupling constant (10 Hz) observed be-
tween the protons a to these substituents. The structure of
4c was secured later by X-ray diffraction analysis
(Scheme 4).[16]


With an efficient protocol for the stereoselective synthesis
of the substituted cycloheptanol 4c in hand, we explored the
scope of the MARDi cascade, first, with a variety of b-sub-
stituted acroleines. The results are summarized in Table 3. It
appears that the MARDi cascade is a general reaction that
can be performed in good to high yield with alkyl (en-
tries 1,2) and aryl (entries 3–5) b-substituted aldehydes with
excellent diastereoselectivity. By starting from the optically
active 5-methyl-2-oxo-cyclopentanecarboxylate methyl ester
(+)-1c derived from (+)-pulegone,[17] the MARDi cascade
with crotonaldehyde (2b) provided the optically active cy-
cloheptanol (+)-4h, which contains five stereogenic centres,
with total chiral induction (entry 6).


The excellent diastereoselectivity observed for the synthe-
sis of cycloheptanols 4c–h by the MARDi cascade is in
sharp contrast with the low selectivities observed for the
preparation of the intermediate bicycloACHTUNGTRENNUNG[3.2.1]octanones 3
from the same substrates. The interrupted reaction of the
Dieckmann ester 1a with crotonaldehyde (2b) in the pres-
ence of 1.5 equivalents of DBU in methanol at 0 8C for 4 h
gave the methyl 2-hydroxy-4-methyl-8-oxo-bicyclo-
ACHTUNGTRENNUNG[3.2.1]octanecarboxylates (3c and 3d) in good yield, but as a
40:60 mixture of epimers at C4 (Scheme 4).[11] The high dia-
stereoselectivity of the MARDi cascade can thus only be ex-
plained by the selective retro-Dieckmann fragmentation of
the equatorial 4-methyl bicycloACHTUNGTRENNUNG[3.2.1]octanone 3d to give
the expected cycloheptanol 4c, while the axial 4-methyl
bicycloACHTUNGTRENNUNG[3.2.1]octanone 3c (kinetic product, see the Support-
ing Information) suffered a tandem retro-aldol–retro-Mi-
chael ring opening to give back 1a and 2b, followed by a
thermodynamically controlled ring reconstitution that led to
equatorial 4-methylbicycloACHTUNGTRENNUNG[3.2.1]octanone 3d, precursor of
the cycloheptanol 4c. Evidence for total thermodynamic
control of the MARDi cascade came from a cross experi-
ment in the presence of cinnamaldehyde (2d). Indeed, when
the axial 4-methylbicycloACHTUNGTRENNUNG[3.2.1]octanone 3c is allowed to
react with cinnamaldehyde (2d) under the optimised
MARDi cascade conditions for b-substituted aldehydes, a
mixture of cycloheptanols 4c (40%) and 4e (10%) is ob-
tained, accompanied by unreacted 3c (Scheme 4). This spe-
cific behaviour can be rationalised by invoking the steric
hindrance of the axial methyl substituent on the b-face


Scheme 3. The MARDi cascade: synthesis of cycloheptanols.


Table 2. Optimization study for the MARDi cascade with the Die-
ckmann ester 1a and crotonaldehyde (2b).


Entry Conditions[a] Yield of 4c [%][b]


1 K2CO3 (0.5 equiv), 20 h 54
2 K2CO3 (1 equiv), 21 h 54
3 K2CO3 (1 equiv), [18]crown-6, 23 h 54
4 ACHTUNGTRENNUNG(MgCO3)4·Mg(OH)2·5H2O, (1 equiv), 18 h no reaction
5 Cs2CO3 (1 equiv), 18 h 37
6 Cs2CO3 (1 equiv), [24]crown-8, 20 h decomposition
7 Cs2CO3 (1 equiv), [24]crown-8, �20 8C, 20 h decomposition
8 MeONa (1 equiv), 48 h 63
9 KOH (1 equiv), 27 h 74
10 pyridine (1 equiv), 96 h no reaction
11 DABCO (1 equiv), 23 h 0[c]


12 NEt3 (1 equiv), 28 h 0[c]


13 DMAP (1 equiv), 72 h 0[c]


14 TMG (0.5 equiv), 26 h 49
15 TMG (1 equiv), 26 h 48
16 DBN (0.5 equiv), 96 h 52
17 DBU (0.5 equiv), 26 h 50
18 DBU (1 equiv), 26 h 94
19 DBU (2.0 equiv), 26 h 52
20 DBU (1.0 equiv), pyridine (1 equiv), 26 h 78
21 DBU (1.0 equiv), HMPA (25% vol), 22 h 32


[a] Unless otherwise mentioned, all reactions were conducted in dry
MeOH (0.4m) at room temperature with 1.5 equiv of crotonaldehyde
(2b). [b] Except for entries 1 and 18 in which 4c was isolated by flash
chromatography, yields were determined from the 1H and/or 13C NMR
spectra of the crude mixtures (dr>25:1). [c] The bicycloACHTUNGTRENNUNG[3.2.1]octanols
3a and 3b (R=Me) were isolated (dr=1:1.5).
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which prevents the retro-Dieckmann fragmentation. Finally,
for the optically active pentasubstituted cycloheptanol 4h
obtained from crotonaldehyde (2b), the initial Michael addi-
tion step occurs with high diastereofacial control as a result
of the presence of the 3-methyl substituent in the b-ketoest-
er 1c. This results in the exclusive 1,3-trans relationship be-
tween the two methyl substituents in the cycloheptanol (+)-
4h.


With a-substituted acroleines (no b-substituent), the issue
of the MARDi cascade is somewhat different. In early ex-
periments, the cycloheptanols 7 (R3=Me) could be obtained
from the Dieckmann ester 1a and methacrolein (2g), but in
moderate yield (36% with 0.5 equiv of K2CO3) and with
poor diastereoselectivity as a result of the lack of control
over the newly created stereocentre which is formed during
the Michael addition (Scheme 3). A brief study aiming at
optimising the nature and amount of base established that
cycloheptanols 7 could not be obtained in a yield higher
than 40% and, more importantly, that increasing the
amount of base resulted in dramatic drop of the yield (e.g.
<5% with 1.0 equiv DBU). However, the crude mixtures
were clean, containing essentially the cycloheptanols 7,
which prompted us to examine the content of the aqueous


layer. After acidification with
HCl and extraction with diethyl
ether or ethyl acetate, we were
pleased to isolate the clean, dia-
stereomerically pure, cyclohep-
tenic acids 8 in good to high
yield.[18] The acid 8a was select-
ed for the optimisation study
(Table 4) and one equivalent of


DBU in 0.4m methanol was found to give the best result
(entry 9, Scheme 5). While the overall transformation is not
much affected by the nature of the base (compare entries 2,
5 and 9), prolonged reaction times result in lower yields,


Scheme 4. The diastereoselectivity of the MARDi cascade with aldehydes 2b–f.


Table 3. The MARDi cascade with b-substituted acroleines.[a]


Entry Substrate Aldehyde Product Yield [%][b]


1 1a 2b : R2=Me 4c : R1 =H, R2=Me 94
2 1a 2c : R2=nPr 4d : R1=H, R2=nPr 60
3 1a 2d : R2=Ph 4e : R1 =H, R2=Ph 96
4 1a 2e : R2 =2-furyl 4 f : R1 =H, R2=2-furyl 64
5 1a 2 f : R2 =o-anisyl 4g : R1 =H, R2=o-anisyl 83
6 (+)-1c 2b : R2=Me (+)-4h : R1=R2=Me 43


[a] All reactions were conducted at room temperature in dry MeOH (0.3–0.4m) by using 1 equiv of DBU and
1.5 equiv of aldehyde. [b] Yields are given for the isolated homogeneous products obtained after silica-gel
flash chromatography.


Table 4. Optimization study for the MARDi cascade between the Die-
ckmann ester 1a and methacrolein (2g).


Entry Conditions[a] Yield of 8a [%][b]


1 K2CO3 (0.5 equiv), 48 h 46
2 K2CO3 (1.5 equiv), 22 h 82
3 KOH (0.5 equiv), 6 h 39
4 KOH (1 equiv), 17 h 65
5 KOH (2.7 equiv), 7 h 73
6 DBU (0.25 equiv), 51 h 32
7 DBU (0.5 equiv), 9 h, reflux 60
8 DBU (0.5 equiv), 47 h 44
9 DBU (1.0 equiv), 18 h 90
10 DBU (1.0 equiv), 72 h 76
11 DBU (2.0 equiv), 24 h 62[c]


[a] Unless otherwise mentioned, all reactions were conducted in MeOH
(0.3–0.4m) at room temperature with 1.5 equiv of aldehyde. [b] Yields are
given for the clean homogeneous, diastereomerically pure, crude prod-
ucts obtained after acidic workup. [c] 18% of the corresponding diacid
was also present in the crude mixture.
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owing to partial decomposition (entry 10), and an excess of
DBU results in partial double saponification to provide a
substantial amount of the corresponding diacid (entry 11). A
variety of a-substituted acroleines were tried, and the results
are summarised in Table 5. Good to excellent yields were


obtained regardless of the nature of the substituent, and
functionalised alkyl chains can be introduced (entries 6, 7,
and 9). As expected,[19] in the case of aldehyde 2k, the reac-
tion proceeds with concomitant C�SiMe3 bond cleavage
leading to 8e (entry 5). The bicyclic b-ketoester 1d gave
similar results (entries 8 and 9), allowing the facile construc-
tion of the corresponding functionalised bicyclo-
ACHTUNGTRENNUNG[5.4.0]undecene ring system found in many natural products.
When performing the reaction in ethanol and starting from
1a and methacrolein (2g), an additional trans-esterification
occurred to give the corresponding ethyl ester 8 j (entry 10).


The cycloheptenes 8a–j are obtained with excellent dia-
stereoselectivity, and their structure has been determined by
extensive NMR spectroscopic studies. The NOESY spec-
trum of 8a clearly shows a correlation spot between the Me
group (d, d=1.20 ppm) and the hydrogen atom a to the


COOH (d=2.84 ppm), indicating that they are on the same
face of the seven-membered ring (1,3-trans relationship be-
tween Me and COOH). The HMBC spectrum revealed a
crosspeak as a result of a 3JACHTUNGTRENNUNG(C,H) coupling constant between
the vinyl proton (d=7.10 ppm) and the carbon atom of the


conjugated ester (d=


168.6 ppm), indicating that che-
moselective saponification of
the non-conjugated ester had
occured. The structure of 8a
has recently been confirmed by
X-ray diffraction analysis of the
dihydroxylated derivative 9 ob-
tained in 83% yield from 8a
(Scheme 5).[16]


Our previous work on the
synthesis of bicyclo-
ACHTUNGTRENNUNG[3.2.1]octanes A (Scheme 6)
from the Dieckmann ester 1a
and methacrolein (2g) showed
that this carbocyclisation was
poorly diastereoselective,[11] and


no steric argument can be used here for the chemoselective
retro-Dieckmann fragmentation of one isomer of A. Thus,
during the reaction, the cycloheptanols B are formed as a
mixture of isomers, as proven by our initial attempts on this
reaction (see above). One can then postulate that a stereo-
selective proton capture of the putative last intermediate C
of the cascade occurs, followed by chemoselective saponifi-
cation of the non-conjugated ester with the water produced
on dehydration or upon hydrolysis of the reaction mixture
(Scheme 6a). However, thermodynamic considerations
cannot account for the 1,3-trans diastereoselectivity ob-
served for the MARDi cascade with a-substituted alde-
hydes, the 1,3-trans cycloheptenic acids 8 being the less-
stable isomers, as corroborated by simple theoretical calcu-
lations.[20] Furthermore, when the reaction of entry 1
(Table 5) is run in the presence of 3 M molecular sieves, the


Scheme 5. The MARDi cascade with aldehydes 2g–m.


Table 5. The MARDi cascade with a-substituted acroleines.[a]


Entry Substrate Aldehyde t [h] Product Yield [%][b]


1 1a 2g : R=Me 18 8a : R=Me 90
2 1a 2h : R=Et 50 8b : R=Et 96
3 1a 2 i : R=nBu 22 8c : R=nBu 75
4 1a 2 j : R=Ph 19 8d : R=Ph 91
5 1a 2k : R=C�CSiMe3 50 8e : R=C�CH 71
6 1a 2 l : R= (CH2)2OBn 48[c] 8 f : R= (CH2)2OBn 87
7 1a 2m : R= (CH2)2CO2Me 48 8g : R= (CH2)2CO2Me 84
8 1d 2g : R=Me 9 8h : R=Me 98
9 1d 2 l : R= (CH2)2OBn 24 8 i : R= (CH2)2OBn 62
10 1a 2g : R=Me 96[d] 8 j 80


[a] Unless stated otherwise, all reactions were conducted at room temperature in dry MeOH (0.4m) by using
1.0 equiv of DBU and 1.5 equiv of aldehyde. [b] Yields are given for the clean homogeneous, diastereomerical-
ly pure, crude products obtained after acidic workup. [c] Reflux. [d] Reaction performed in dry EtOH.
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cycloheptenic acid 8a is isolated in 80% yield, indicating
that the presence of water is not necessary for the saponifi-
cation step. Therefore, the high diastereoselectivity and the
regioselective saponification might be better explained by
invoking an intramolecular lactonization–elimination se-
quence of the isomer D which drives the equilibrium, result-
ing only in the formation of the 1,3-trans cycloheptenic acids
8 (Scheme 6b).


The MARDi cascade with b-ketosulfones : To further
expand the scope of the MARDi cascade, we studied its fea-
sibility with easily accessible thiofunctionalised precursors.[21]


The sulfides 10a–c[22] were prepared by using modified Trost
conditions[23] (1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimi-
dinone (DMPU) advantageously replaces hexamethylphos-
phoramide (HMPA)), the optically active sulfoxide 11a
(mixture of two diastereomers) was prepared from the cy-
clopentanone N-phenylimine and (�)-menthyl p-toluenesul-
finate[24] and the sulfones 12a–c were obtained by oxidation
of the corresponding sulfides with meta-chloroperbenzoic
acid (mCPBA, Scheme 7).[25]


Preliminary experiments showed that in the presence of
base (K2CO3 or DBU) and methanol, b-ketosulfide 10a
reacts with a,b-unsaturated aldehydes 2a,b,g to give the 8-
oxo-bicyclo ACHTUNGTRENNUNG[3.2.1]octanols 13 in good yields and with low
stereoselectivities (Scheme 8). The final retro-Dieckmann
step of the MARDi cascade does not occur, probably due to
a lack of stabilization of the negative charge on the carbon
atom that bears the sulfide group. The same reactivity was
observed with the optically active b-ketosulfoxide 11a with
slightly better stereoselectivity.


We next examined the reac-
tion of the b-ketosulfone 12a
with representative a,b-unsatu-
rated aldehydes and were
pleased to find that sulfonyl-
substituted cycloheptanols could
be obtained stereoselectively by
means of the MARDi cascade
(Table 6). After an optimisation


study, we found that 1) DBU is
not satisfactory in the case of b-
ketosulfones, leaving substantial
amounts of the intermediate
bicycloACHTUNGTRENNUNG[3.2.1]octane unfrag-
mented, 2) a stoichiometric
amount of K2CO3 gives the best
result in most cases and 3) dilu-
tion of the reaction mixture and
addition of a co-solvent (THF
or toluene), which prevents the
direct retro-Dieckmann cleav-
age of the starting material, has
a pronounced beneficial impact
on both the yield and the selec-


tivity. Indeed, under the optimised conditions (1.0 equiv
K2CO3, 1:1 THF/methanol, 0.06m, RT, 20 h), the reaction of
b-ketosulfone 12a with acrolein (2a) yields 93% of the sul-
fonyl cycloheptanol 15a as a 5:1 inseparable diastereomeric
mixture (entry 1). The same reaction conducted with croto-
naldehyde (2b) provides, stereoselectively, the correspond-
ing substituted cycloheptanol 15b in high yield (entry 2). In
the case of 2-substituted aldehydes, such as methacrolein
(2g) and 2-butyl acrolein (2 i), the corresponding cyclohepta-
nols 15c and 15d are also obtained stereoselectively (en-
tries 3 and 4, respectively), but together with various
amounts of the corresponding carboxylic acids. The saponifi-


Scheme 6. The diastereoselectivity of the MARDi cascade with aldehydes 2g–m.


Scheme 7. Thiofunctionalised precursors tested in the MARDi cascade.


Scheme 8. Reactivity of b-keto-sulfides and -sulfoxides.
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cation probably occurred upon hydrolysis of the reaction,
and the acids were converted back to the methyl esters by
treatment with (trimethylsilyl)diazomethane prior to isola-
tion.[26] The MARDi cascade can also be performed with the
bicyclic b-ketosulfone 12b, which reacts with methacrolein
(2g) to provide, stereoselectively, the bicycloACHTUNGTRENNUNG[5.4.0]undecane
15e (entry 5). In this case, the dehydration of the intermedi-
ate cycloheptanol seems to be facilitated by the homoben-


zylic position of the hydroxyl group, leading to a thermody-
namically stable conjugated system. However, by starting
from the bicyclic b-ketosulfone 12c, the retro-Dieckmann
fragmentation of the starting material was the only reaction
observed to give 16, probably due to the favourable steric
strain release compared to the highly demanding formation
of the corresponding bridged intermediate (entry 6).


Table 6. The MARDi cascade with b-ketosulfones.[a]


Entry Substrate Aldehyde Product[b] Yield [%][c] (major) dr[d]


1 12a 2a 93 5:1


2 12a 2b 90 (51) 4:1:1:1


3[e] 12a 2g 95 (62) 8:2:1:1


4 12a 2 i 99 (79) 8:1:1


5 12b 2g 73 (40) 2:1


6 12c 2a,b nd[f]


[a] Unless otherwise stated, reactions were performed with 1.5 equiv of aldehyde and 1 equiv of K2CO3 in 1:1 MeOH/THF (0.06m) at room temperature
for 20 h. [b] The represented diastereomer is the major product. [c] Yields are given for the clean crude mixture of diastereomers. Yields in parenthesis
are given for the isolated major diastereomers obtained by single recrystallisation for 15b, 15c and 15e, or silica gel flash chromatography for 15d.
[d] Diastereomeric ratios were determined from the crude 1H and 13C NMR spectra. [e] Reaction performed with 2 equiv of K2CO3. [f] nd=not deter-
mined. The reaction was monitored by mass spectroscopy (ESI+ ).
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Although the MARDi cascade is less diastereoselective in
the sulfonyl series, the diastereomerically pure major iso-
mers could be isolated (except for entry 1) by a very effi-
cient recrystallisation in most cases. The relative configura-
tions of the sulfonyl cycloheptanols 15a–d and cycloheptene
15e have been determined by standard high-field 2D NMR
spectroscopic techniques and
the structures of 15b and 15c
have been secured by X-ray dif-
fraction analysis.[16] The com-
parison of the products of the
MARDi cascade in the sulfonyl
and the corresponding carboxyl
series (vide supra) highlights
that stereocontrol and chemical
differentiation of the final cy-
cloheptane might be achieved
by appropriate choice of the
stabilising group on the starting
cyclopentanone (compare, for
example, compounds 4c with
15b, and 8a with 15c).


The retro-Dieckmann frag-
mentation is easier for a b-keto-
phenylsulfone than for a b-ketomethylester (the proton a to
a phenylsulfonyl group is about 1.5 pKa units lower than the
same proton a to a methyl ester group).[27] This can argue
for an easier fragmentation of the intermediate sulfonyl-sub-
stituted bicycloACHTUNGTRENNUNG[3.2.1]octane of the MARDi cascade. Thus,
the diastereomeric ratio of the alkyl and hydroxyl substitu-
ents in cycloheptanol 15b approximately reflects the diaste-
reomeric ratio of the corresponding intermediate bicyclo-
ACHTUNGTRENNUNG[3.2.1]octane (axial methyl at C4 major), the relative config-
uration of the sulfonyl-substituted carbon atom probably re-
sults from a final thermodynamically controlled protonation.
In the case of 2-substituted aldehydes, the above mentioned
intramolecular lactonization–elimination mechanism
(Scheme 6b), which provides evidence for the complete dia-
stereoselectivity observed in the b-ketoester series, cannot
be invoked here and thus the seven-membered rings 15c–e
are also obtained as mixtures of isomers.


The MARDi cascade in the heterocyclic series : Heterocyclic
seven-membered rings constitute the core or a key fragment
of a number of bioactive compounds, many of which are iso-
lated from natural sources.[28] The known biological proper-
ties of these compounds and the huge potential in drug dis-
covery of this nuclei renders desirable the development of
simple and general methodologies for their regio- and ste-
reoselective synthesis. Although the preparation of thie-
panes is less documented, the number of methodologies
made available for the preparation of azepanes and oxe-
panes has steadily increased in the past decades.[29] From
our previous results, we surmised that the MARDi cascade
could allow a quick access to a variety of heterocyclic seven-
membered rings.[30]


The hetero-MARDi cascade was first tested (see struc-
tures depicted below) in the oxygen series with furanone
17a, obtained from methyl glycolate and methyl acrylate,[31]


and the isomeric furanones 17b–g, formed by rhodium-car-
benoid insertion into the OH bond of the corresponding d-
hydroxy-b-ketoesters[32] or d-hydroxy-b-ketosulfone[33] . The


study was initiated with furanone 17a and the representative
aldehydes 2a,b and 2g, which were allowed to react under
the previously optimised conditions. The desired oxepane
could not be obtained, and the open-chain products of type
20, resulting from a Michael addition–retro-Dieckmann
fragmentation sequence, were the only products isolated
(Table 7, entry 1). In this case, the intramolecular aldolisa-
tion does not occur due to the presence of the oxygen atom
a to the aldolisation site destabilizing the enolate, thus set-
ting the stage for the fragmentation.[34] Further experimental
evidence for this explanation came from our trials to synthe-
sise the corresponding bicycloACHTUNGTRENNUNG[3.2.1]octanones (K2CO3 or
DBU in acetone or THF) which resulted only in the forma-
tion of the Michael adduct (no ring-closing aldolisation)
even after a prolonged reaction time. We next examined the
reactivity of the isomeric furanone 17b in the MARDi cas-
cade, and were pleased to find that the expected oxepanes
could be obtained stereoselectively. The reactions were con-
ducted at various concentrations and a substoichiometric
amount of K2CO3, again, proved to be the most efficient
base for the transformation, giving the best yields in a rela-
tively diluted medium. Actually, these cycloheptanols are
relatively unstable in the reaction mixture, particularly in
concentrated basic media. For example, at a concentration
higher than 0.2m, the furanone 17b reacted with acrolein
(2a) to give the corresponding hydroxyoxepanes 21a in very
low yield as a 1.5:1 mixture of epimers (entry 2). Lowering
the concentration to 0.1 and 0.04m (entries 3 and 4) had no
effect on diastereoselectivity, but allowed the formation of
21a in 24 and 46% yields, respectively. Unfortunately, this
compound suffered degradation upon silica-gel chromatog-
raphy and only a small quantity of 21a could be isolated.
Thus, the crude product 21a was silylated prior to purifica-
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Table 7. The MARDi cascade for the preparation of oxepanes.[a]


Entry Substrate Aldehyde Product[b] Yield [%][c]


1[d] 17a 2a,b,g nd[n]


2[e] 17b 2a 14


3[g] 17b 2a 21a 24


4[h] 17b 2a 21a 46


5[h] 17b 2a 42


6[i] 17b 2b 28


7[i] 17b 2n 21


8[l] 17b 2g 42


9[d] 17c–f 2a,b,g nd[n]


[a] Unless stated otherwise, all reactions were performed in dry MeOH (0.04m) with 1.5 equiv of aldehyde at room temperature for 20 h. [b] For 21a–d,
the major isomer is the thermodynamically favoured isomer (a-OH). The relative configurations of compounds 21b–e have been established by
2D NMR spectroscopic techniques. [c] Isolated, except for entries 2–4 for which the yields were estimated from the crude 1H and 13C NMR spectra.
[d] K2CO3 or DBU (0.5 or 1 equiv). [e] K2CO3 (0.25m, 0.5 equiv). [f] dr=1.5:1. [g] K2CO3 (0.1m, 0.5 equiv). [h] K2CO3 (0.5 equiv). [i] DBU (1 equiv).
[j] dr=6:1. [k] dr=4:1. [l] DBU (0.5 equiv). [m] dr�10:1. [n] nd=not determined. The reaction was monitored by mass spectroscopy (ESI+ ).
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tion, allowing the isolation of the corresponding silyl ethers
21b in 42% yield (dr=1.5:1) from 17b (entry 5). This en-
couraging result prompted us to study the evolution and the
diastereoselectivity of the reaction with substituted alde-
hydes. In this case, DBU gave the best results under the op-
timised concentration conditions. The reaction of furanone
17b with crotonaldehyde (2b) gave the expected substituted
hydroxyoxepanes 21c (dr=6:1, Table 7, entry 6). Also, the
reaction of 17b with cyclopentene carboxaldehyde (2n)
gave the corresponding fused bicyclic compounds 21d (dr=


4:1, entry 7) stereoselectively with an all-trans relationship
of five contiguous stereogenic carbon atoms. By analogy
with the carbocyclic version of the MARDi cascade, the re-
action of 17b with methacrolein (2g) provided the 1,3-trans
carboxylic acid 21e in 42% yield with high diastereoselec-
tivity (dr�10:1, entry 8). In this case, the diastereoselectiv-
ity is not as high as in the parent carbocyclic reaction. This
result indicates that at least a fraction of the all-cis diaste-
reomer of the intermediate dimethyl ester oxepanol also un-
dergoes the intramolecular lactonization–dehydration se-
quence (see Scheme 6b) to give a very minor amount of the
diastereomeric 1,3-cis oxepine carboxylic acid, which could
not be separated from the major 1,3-trans isomer. The rest
of the material is essentially composed of degradation prod-
ucts, but trace amounts of the unfragmented bicyclo-
ACHTUNGTRENNUNG[3.2.1]octanols, the dimethyl ester oxepanols and the di-
methyl ester oxepine could also be detected by mass spec-
troscopy. Our attempts to synthesize highly substituted oxe-
panes from the substituted furanones 17c–f only resulted in
the formation of the Michael–retro-Dieckmann products 22
and/or the bicycloACHTUNGTRENNUNG[3.2.1]octanols 23, together with considera-
ble amounts of degradation products (entry 9). To explain
this behaviour, one can argue that the nucleophilic attack of
the methoxide anion on both faces of the ketone in the in-
termediate bicycloACHTUNGTRENNUNG[3.2.1]octanone is sterically disfavoured.
Thus the retro-Dieckmann fragmentation cannot occur, and
the material partially decomposes under the reaction condi-
tions. Finally, by starting from the furanic b-ketosulfone 17g
and representative aldehydes 2a and 2g, the Michael adduct
was the major product and no sulfonyl-substituted oxepanol
could be detected.


With the feasibility of the hetero-MARDi cascade having
been established in the case of oxepanes and oxepines, we
logically tried to extend the method to the synthesis of aze-
panes (or azepines) and thiepanes (or thiepines). Under the
now well established optimised conditions of the cascade,
the pyrrolidone 18a[35] resulted almost exclusively in the for-
mation of the diester 24 by retro-Dieckmann ring opening
of the starting material (Table 8, entry 1). Actually, this
result is not surprising considering that the MARDi cascade
is performed under thermodynamic conditions, and the pyr-
rolidone 18a is the kinetic product of the Dieckmann cycli-
sation of the diester 24 (the thermodynamic product is the
isomeric pyrrolidone 18b).[35] Indeed, the reaction between
the pyrrolidone 18b and acrolein provided a 1:1 mixture of
the expected hydroxyazepanes 25a (dr=3.5:1) and the cor-
responding azepine 25b (R=Me) in 36% yield (entry 2). In-


creasing the quantity of K2CO3 to 1 and 1.5 equivalents fav-
oured the formation of the dehydrated product 25b (R=


Me) without significant alteration of the global yield (en-
tries 3 and 4). However, in the latter case, the crude product
was very clean and contained only the dehydrated product
25b (R=Me), so the aqueous layer was acidified and ex-
tracted again to provide 51% of the acid 25b (R=H). The
structure of 25b (R=H) was confirmed by conversion to its
methylester by treatment with trimethylsilyldiazomethane.[26]


Not surprisingly, the reaction of pyrrolidone 18b with cyclo-
pentene carboxaldehyde (2n) provided the hydroxyazepane
25c and the azepine 25d (dr=1.6:1) with a yield and ratio
hydroxyazepane/azepine similar to those obtained in the re-
action with acrolein (compare entries 3 and 5). The bicyclo-
ACHTUNGTRENNUNG[5.3.0]decanol 25c exhibits an all-trans relationship of the
substituents on the seven-membered ring as proven by X-
ray diffraction analysis.[16] As expected, the reaction of 18b
with methacrolein (2g) provided the carboxylic acid 25e,
albeit in very low yield (entry 6), the major product being
the corresponding Michael–retro-Dieckmann aldehyde. Fi-
nally, in the sulfur series from the commercially available
thiafuranone 19, the MARDi cascade was also successful
under the standard conditions. Thiepines 26a–c were ob-
tained with aldehydes 2a,b,n, respectively, following dehy-
dration of the intermediate hydroxythiepane (entries 7–9),
and the carboxylic acids 26d and 26 f could be isolated with
aldehydes 2g and 2 i, respectively (entries 10 and 11). How-
ever, for the reaction with methacrolein (entry 10), 17% of
the corresponding dimethylester 26e was also isolated as a
57:43 inseparable mixture of isomers (1,3-cis major). This
gives a further argument for the proposed tandem intramo-
lecular lactonization–elimination mechanism in the case of
2-substituted acroleins, leading to the dehydrated seven-
membered ring carboxylic acids (Scheme 6b), as the water
produced on dehydration of the dimethylester hydroxythie-
pane does not lead to the saponification of the non-conju-
gated ester group in the 1,3-trans dimethyl ester thiepine. In
this case, the dehydration of the transient hydroxy thiepane,
resulting from a poorly diastereoselective MARDi cascade,
to give 26e is in competition with the intramolecular lacto-
nization–elimination mechanism proposed for the formation
of 26d.


When the MARDi cascade is performed with pyrrolidone
18b or thiofuranone 19, the presence of the heteroatom b to
the hydroxyl group in the cycloheptanol clearly favours the
dehydration. In almost every case, the best yield of hetero-
MARDi product was obtained with thiofuranone 19. This
can be rationalised by the relative higher acidity of the
proton a to the sulfur atom compared to nitrogen, which
might accelerate the dehydration process, thus avoiding un-
wanted over reaction of the cycloheptanol.


Conclusion


We have demonstrated that the MARDi cascade (up to five
steps in the domino process) allows regio- and stereocon-
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Table 8. The MARDi cascade for the preparation azepanes, azepines and thiepines.[a]


Entry Substrate Aldehyde Product[b] Yield [%][c]


1[d] 18a 2a,b and 2g 64–70


2[e] 18b 2a 19 (25a), 17 (25b : R=Me)


3[g] 18b 2a 25a and 25b 8 (25a), 25 (25b : R=Me)


4[h] 18b 2a 25a and 25b 0 (25a) 31 (25b : R=Me) 51 (25b : R=H)


5[i] 18b 2n 10 (25c) 22 (25d)


6[k] 18b 2g 7


7[e] 19 2a 55


8[i] 19 2b 58


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3078 – 30923088


Y. Coquerel, J. Rodriguez et al.



www.chemeurj.org





trolled access to a variety of functionalised and substituted
seven-membered rings. This new multicomponent reaction is
a condensation and thus no byproducts are formed, except
for water when dehydration is observed. The substitution
array can be diastereoselectively modulated by appropriate
choice of the reaction partners, and the reaction allows the
control of up to five newly created stereocentres and a com-
plete chiral induction in the case of an optically active
ketone precursor in a single operation. The high level of dia-
stereoselectivity observed has been attributed to total ther-
modynamic control of the reaction. The attractiveness of the
present three-component domino approach to seven-mem-
bered rings resides in the diversity of carbo- and heterocy-
clic structures that can be accessed with total regiocontrol
and high stereocontrol by starting from simple substrates,
under user and environmentally friendly conditions, as now
required in modern organic chemistry. Our work now focus-
es on the asymmetric version of the MARDi cascade and its
applications to the total synthesis natural products.


Experimental Section


General : All reactions were performed in oven-dried glassware under an
argon atmosphere. All reagents were obtained from commercial sources
and used as supplied unless otherwise stated. MeOH was dried by reflux-
ing with magnesium and then distilled under an argon atmosphere.
K2CO3 and Cs2CO3 were dried by prolonged storage at 140 8C in an
oven. Pyridine and triethylamine were dried over solid KOH and distilled
under an argon atmosphere. HMPA was dried by refluxing with CaH2


and distilled under an argon atmosphere. Petroleum ether refers to the
fraction of petroleum ether that was distilled between 40 and 65 8C. Alde-
hydes 2 and the Dieckmann esters 1a,b were distilled prior use. The reac-
tions were monitored by TLC, which was performed on Merck 60F254
plates and visualised with an ethanolic solution of p-anisaldehyde and
sulfuric acid or an ethanolic solution of molybdophosphoric acid. Flash
chromatography was performed with Merck 230–400 mesh silica gel.
NMR spectroscopic data were recorded on a BrNker AC 200, Avance 300
or Avance 400 spectrometer in CDCl3 or (CD3)2CO, and chemical shifts
(d) are given in ppm relative to the residual non-deutered signal for
1H NMR spectra (CHCl3: d=7.26 ppm) and relative to the deuterated
solvent signal for 13C NMR spectra (CDCl3: 77.0 ppm, (CD3)2CO:
29.8 ppm); coupling constants (J) are in Hertz, and the classical abbrevia-
tions are used to describe the signal multiplicity; peak assignment and
relative configurations have been established from standard COSY,
NOESY, HMQC and HMBC experiments. Mass spectra were recorded
on an API III Plus Sciex spectrometer equipped with an electrospray ion-
isation source and a triple quadripole detector or on a BrNker Esquire
6000 spectrometer equipped with an electrospray ionisation source and
an ion-trap detector. Optical rotations were recorded on a Perkin–Elmer
241 polarimeter at 25 8C, path length=10 cm, by using a sodium lamp as
the light source. Melting points are uncorrected and were measured with
a BNchi B-540 apparatus. Elemental analyses were performed on a
Thermo Finnigan EA 1112 analyser.


General procedure for compounds of type 4 : The procedure for (+)-4h
is representative for all compounds of type 4.


Compound 4h : An oven dried, two-necked, round-bottomed flask under
an argon atmosphere and equipped with a magnetic Teflon-coated stir-
ring bar was charged at room temperature with b-ketoester (+)-1c
(498 mg, 3.19 mmol) and MeOH (10 mL) in that order. At 0 8C, DBU
(480 mL, 3.22 mmol) was added and the mixture was stirred for 10 min,
then crotonaldehyde (2b) (400 mL, 4.83 mmol) was added. The reaction
mixture was slowly warmed to room temperature and stirred at that tem-
perature for 21 h. Most of the methanol was then removed under reduced
pressure and water (20 mL) was added; the resulting aqueous medium


Table 8. (Continued)


Entry Substrate Aldehyde Product[b] Yield [%][c]


9[i] 19 2n 28


10[k] 19 2g 51 (26d) 17 (26e)


11[k] 19 2 i 42


[a] Unless stated otherwise, all reactions were performed in dry MeOH (0.04m) with 1.5 equiv of aldehyde at room temperature for 20 h. [b] For 25a,
25d, 26b, 26c and 26e, the major isomer is the thermodynamically favoured isomer (a-OH or b-CO2Me). The relative configurations of compounds 25a,
25c–e and 26b–f have been established by 2D NMR spectroscopic techniques and the structure of 25c has been secured by X-ray diffraction analysis
(see reference [16]). [c] Isolated. [d] K2CO3 or DBU (0.5 or 1 equiv). [e] K2CO3 (0.5 equiv). [f] dr=3.5:1. [g] K2CO3 (1 equiv). [h] K2CO3 (1.5 equiv).
[i] DBU (1 equiv). [j] dr=1.6:1. [k] DBU (0.5 equiv). [l] dr=5:1. [m] dr=1.3:1. [n] dr=17:1. [o] dr=10:1.
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was extracted three times with diethyl ether and the combined organic
layers were washed with brine, dried with anhydrous sodium sulfate, fil-
trated and then concentrated to give the crude product. The crude prod-
uct was purified by flash chromatography on silica gel with diethyl ether
in petroleum ether as the eluent to give 357 mg (43%) of 4h as slightly
yellow oil. Rf =0.37 (Et2O/petroleum ether 9:1); [a]D=++28.3 (c=1.15 g
per 100 mL in CH2Cl2);


1H NMR (400 MHz, CDCl3): d=3.92 (ddd, 3J-
ACHTUNGTRENNUNG(H,H)=14.0, 10.0, 3.8 Hz, 1H), 3.69 (s, 3H), 3.64 (s, 3H), 2.33 (ddd, 3J-
ACHTUNGTRENNUNG(H,H)=12.0, 10.0, 6.4 Hz, 1H), 2.25 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.0, 6.4 Hz, 1H),
1.95–2.12 (m, 2H), 1.62–1.75 (m, 3H), 1.46 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.5, 3.0 Hz,
1H), 0.95 (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H), 0.93 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 3H),
the hydrogen atom of the hydroxyl group was not detected; 13C NMR
(100 MHz, CDCl3): d=176.2 (C), 175.8 (C), 73.5 (CH), 53.2 (CH), 51.7
(CH3), 51.5 (CH3), 43.2 (CH), 33.7 (CH2), 27.5 (CH), 25.0 (CH), 24.0
(CH2), 22.6 (CH3), 22.6 ppm (CH3); MS (ESI+ ): m/z (%): 281 (100)
[M+Na]+ ; elemental analysis calcd (%) for C13H22O5: C 60.45, H 8.58;
found: C 60.34, H 8.49.


The characterization data for the cycloheptanols 4a, 5a, 4c and 4e–g
have been reported previously (see reference [11a]).


Cycloheptanols 4b and 5b (1.5:1 mixture of isomers): 13C NMR
(50 MHz, CDCl3): d =175.5 (C), 175.4 (C), 175.0 (C), 174.9 (C), 73.1
(CH), 72.1 (CH), 60.0 (CH2), 59.9 (CH2), 59.8 (CH2), 59.8 (CH2), 53.7
(CH), 52.9 (CH), 43.9 (CH), 42.1 (CH), 33.4 (CH2), 32.3 (CH2), 28.8
(CH2), 27.1 (CH2), 25.2 (CH2), 24.6 (CH2), 23.8 (CH2), 23.6 (CH2), 13.6
(CH3), 13.6 ppm (CH3); MS (ESI+ ): m/z (%): 281 (100) [M+Na]+ ; ele-
mental analysis calcd (%) for C13H22O5: C 60.45, H 8.58; found: C 60.81,
H 8.89.


Cycloheptanol 4d : Rf =0.36 (Et2O/petroleum ether 9:1); 1H NMR
(200 MHz, CDCl3): d=3.95 (dt, 3J ACHTUNGTRENNUNG(H,H)=10.5, 2.4 Hz, 1H), 3.70 (s, 3H),
3.65 (s, 3H), 2.65 (d, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz, 1H), 2.22–2.40 (m, 2H), 1.68–2.08
(m, 6H), 1.05–1.65 (m, 4H), 0.82 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 3H), the hy-
drogen atom of the hydroxyl group was not detected; 13C NMR (50 MHz,
CDCl3): d=176.3 (C), 175.5 (C), 73.2 (CH), 54.1 (CH), 51.4 (CH3), 51.2
(CH3), 49.0 (CH), 35.1 (CH), 38.3 (CH2), 38.2 (CH2), 27.6 (CH2), 23.1
(CH2), 19.3 (CH2), 13.8 ppm (CH3); MS (ESI+ ): m/z (%): 295 (100)
[M+Na]+ , 273 [M+H]+ ; elemental analysis calcd (%) for C14H24O5: C
61.74, H 8.88; found: C 61.92, H 9.02.


General procedure for compounds of type 8 : The procedure for 8a is
representative for compounds of type 8.


Compound 8a : An oven dried, two-necked, round-bottomed flask under
an argon atmosphere and equipped with a magnetic Teflon-coated stir-
ring bar was charged at room temperature with b-ketoester 1a (561 mg,
3.95 mmol), MeOH (10 mL) and DBU (590 mL, 3.95 mmol) in that order.
The resulting pale-yellow mixture was stirred at room temperature for
10 min, and then methacroleine (2g) (490 mL, 5.93 mmol) was added and
the reaction mixture was stirred at the same temperature for 18 h. Most
of the methanol was then removed under reduced pressure and water
(25 mL) was added; the resulting basic aqueous medium was extracted
twice with diethyl ether and then acidified to pH 1 with HCl (1n) solu-
tion. The acidic aqueous layer was extracted three times with diethyl
ether and the combined organic layers were dried with anhydrous
sodium sulfate, filtrated and concentrated to give the crude clean product
as a colourless oil suitable for analysis. 1H NMR (400 MHz, CDCl3): d=


6.83 (d, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 1H), 3.70 (s, 3H), 2.84 (qd, 3J ACHTUNGTRENNUNG(H,H)=16.0,
9.0 Hz, 1H), 2.70–2.80 (m, 1H), 2.61 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.0, 9.0 Hz, 1H),
2.52 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.0, 9.0 Hz, 1H), 2.03 (ddd, 3J ACHTUNGTRENNUNG(H,H)=14.0, 8.0,
2.7 Hz, 1H), 1.98 (ddd, 3J ACHTUNGTRENNUNG(H,H)=14.0, 5.0, 2.2 Hz, 1H), 1.66–1.83 (m,
2H), 1.20 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=181.8 (C), 168.6 (C), 149.3 (CH), 133.3 (C), 51.9 (CH3), 42.3 (C), 34.6
(CH2), 30.5 (CH), 27.1 (CH2), 24.3 (CH2), 21.8 ppm (CH3); MS (ESI-):
m/z (%): 211 (100) [M�H]+ ; elemental analysis calcd (%) for C11H16O4:
C 62.25, H 7.60; found: C 62.09, H 7.75.


The characterization data for the cycloheptenic acids 8b–i have been re-
ported previously (see reference [18]). These data are actually for the
products with the trans relative configuration, and not cis as published at
the time.


Cycloheptenic acid 8 j : 1H NMR (200 MHz, CDCl3): d=6.82 (d, 3J-
ACHTUNGTRENNUNG(H,H)=4.5 Hz, 1H), 4.15 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H), 2.37–2.87 (m, 5H),


1.66–2.05 (m, 4H), 1.21 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H), 1.12 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=


7.2 Hz, 3H); 13C NMR (50 MHz, CDCl3): d=181.0 (C), 168.0 (C), 148.9
(CH), 133.4 (C), 60.6 (CH2), 42.1 (CH), 34.5 (CH2), 30.3 (CH), 27.0
(CH2), 24.1 (CH2), 21.7 (CH3), 14.1 ppm (CH3); MS (ESI-) m/z (%): 225
(100) [M�H]+ ; elemental analysis calcd (%) for C12H18O4: C 63.70, H
8.02; found: C 63.55, H 7.74.


Cycloheptandiol 9 : A solution of osmium tetroxide in toluene (0.10m,
4.3 mL, 0.430 mmol) was added to a solution of 8a (84 mg, 0.396 mmol)
in diethyl ether/pyridine (5:1, 6 mL) at 0 8C. The reaction mixture was
stirred at 0 8C for 30 min and then 40% NaHSO3 (4 mL) was added. The
reaction mixture was vigorously stirred at room temperature for 13 h and
then concentrated HCl (1 mL) was added. The organic layer was separat-
ed and the remaining aqueous layer was extracted four times with ethyl
acetate. The combined organic layers were dried with anhydrous sodium
sulfate, filtrated and then concentrated to give the crude product which
was recrystallised from ethyl acetate/hexane by slow evaporation at room
temperature to provide 81 mg (83%) of 9 as white needles suitable for
X-ray diffraction analysis: Rf =0.46 (AcOEt); m.p. 137 8C; 1H NMR
(300 MHz, CDCl3): d=3.81 (s, 3H), 3.49 (br s, 1H), 3.44 (d, 3J ACHTUNGTRENNUNG(H,H)=


9.9 Hz, 1H), 2.67 (dddd, 3J ACHTUNGTRENNUNG(H,H)=10.5, 6.7, 6.7, 3.1 Hz, 1H), 2.20 (dddd,
3J ACHTUNGTRENNUNG(H,H)=14.3, 10.9, 10.8, 2.7 Hz, 1H), 1.70–2.05 (m, 6H), 1.59 (ddd, 3J-
ACHTUNGTRENNUNG(H,H)=15.6, 9.1, 6.8 Hz, 1H), 1.06 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), CO2H
peak masked; 13C NMR (75 MHz, (CD3)2CO): d=20.5 (CH3), 22.9
(CH2), 32.7 (CH), 33.2 (CH2), 35.1 (CH2), 41.4 (CH), 52.6 (CH3), 79.9
(C), 81.2 (CH), 177.3 (C), 177.5 ppm (C); MS (ESI-) m/z (%): 245 (100)
[M�H]� .


General procedure for compounds of type 15 : The procedure for 15b is
representative for compounds of type 15.


Compound 15b : An oven dried, two-necked, round-bottomed flask
under an argon atmosphere and equipped with a magnetic Teflon-coated
stirring bar was charged at 0 8C with b-ketosulfone 12a (401 mg,
1.79 mmol), 1:1 MeOH/THF (30 mL) and K2CO3 (246 mg, 1.79 mmol) in
that order. The resulting mixture was stirred at 0 8C for 5 min and then
crotonaldehyde (2b) (220 mL, 2.66 mmol) was added. The reaction mix-
ture was slowly warmed to room temperature, stirred at this temperature
for 20 h (including ramp-up time), filtered through a pad of Celite and
then concentrated. The solid obtained was partially dissolved in dichloro-
methane, filtrated over Celite and concentrated again to give 524 mg
(90%) of the clean crude product. The major diastereomer was precipi-
tated from diethyl ether and recrystallised from ethanol to give 295 mg
(51%) of pure 15b as white needles suitable for X-ray diffraction analy-
sis. Rf =0.74 (AcOEt); m.p. 144 8C; 1H NMR (300 MHz, CDCl3): d=


7.84–7.89 (m, 2H), 7.61–7.69 (m, 1H), 7.52–7.59 (m, 2H), 3.99 (br t, 3J-
ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.68 (s, 3H), 2.76 (ddd, 3J ACHTUNGTRENNUNG(H,H)=11.8, 5.5, 3.1 Hz,
1H), 2.49–2.66 (m, 2H), 2.37 (ddd, 3J ACHTUNGTRENNUNG(H,H)=12.2, 9.6, 3.5 Hz, 1H), 2.11–
2.24 (m, 2H), 1.93 (ddd, 3J ACHTUNGTRENNUNG(H,H)=14.7, 10.5, 3.8 Hz, 1H), 1.77 (ddd, 3J-
ACHTUNGTRENNUNG(H,H)=15.0, 6.7, 1.8 Hz, 1H), 1.67 (dd, 3J ACHTUNGTRENNUNG(H,H)=12.9, 11.4 Hz, 1H),
1.38 (dd, 3J ACHTUNGTRENNUNG(H,H)=13.2, 11.6 Hz, 1H), 1.12 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3): d=175.1 (C), 137.6 (C), 133.8 (CH),
129.2 (2CH), 128.9 (2CH), 70.7 (CH), 68.2 (CH), 54.4 (CH), 52.0 (CH3),
39.5 (CH2), 27.4 (CH), 26.5 (CH2), 24.8 (CH2), 22.8 ppm (CH3); MS
(ESI+ ): m/z (%): 344 (100) [M+NH4]


+ , 327 [M+H]+ ; elemental analysis
calcd (%) C16H22O5S: C 58.87, H 6.79, S 9.82; found: C 58.47, H 6.66, S
9.62.


The characterization data for the cycloheptanols 15a,c–e have been re-
ported previously (see reference [21]).


The experimental protocol and the characterization data for the hetero-
cyclic seven-membered rings 21a–e, 25a–e, 26a–d and 26 f have been re-
ported previously (see reference [30]). The structures of compounds 13,
14, 20, 22 and 23 were determined by 13C NMR and mass spectroscopy of
the crude material and the products were not further characterised.


Thiepine trans-26e : This compound has been prepared by treatment of
the corresponding carboxylic acid 26d with TMSCHN2 as described in
reference [30]. Rf =0.56 (AcOEt/petroleum ether 3:7); 1H NMR
(300 MHz, CDCl3): d=6.93 (d, 3J ACHTUNGTRENNUNG(H,H)=4.9 Hz, 1H), 3.75 (s, 3H), 3.71
(s, 3H), 3.26 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.1, 8.2 Hz, 1H), 3.01 (dddd, 3J ACHTUNGTRENNUNG(H,H)=8.2,
4.4, 4.1, 4.0 Hz, 1H), 2.87–2.98 (m, 1H), 2.87 (dd, 3J ACHTUNGTRENNUNG(H,H)=14.1, 4.1 Hz,
1H), 1.91–2.09 (m, 2H), 1.16 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H); 13C NMR
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(75 MHz, CDCl3): d 173.9 (C), 165.9 (C), 148.9 (CH), 130.2 (C), 52.6
(CH3), 52.0 (CH3), 43.2 (CH), 33.8 (CH2), 33.1 (CH2), 31.3 (CH),
22.2 ppm (CH3); MS (ESI+ ): m/z (%): 362 (100) [M+NH4]


+ , 245
[M+H]+ ; elemental analysis calcd (%) for C11H16O4S: C 54.08, H 6.60, S
13.12; found: C 54.37, H 6.76, S 12.94.
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Discrimination in Metal-Ion Binding to RNA Dinucleotides with a Non-
Bridging Oxygen or Sulfur in the Phosphate Diester Link+


Bernd Knobloch,[a] Barbara Nawrot,[b] Andrzej Okruszek,[b, c] and Roland K. O. Sigel*[a]


1. Introduction


The phosphate group of nucleotides has been altered in
many ways (see citations in refs. [1, 2]). Probably the most


popular alteration is the substitution of one of the oxygens
by a sulfur atom, such compounds being first synthesized in
1966.[3] Initially these derivatives were employed in studies
regarding the mechanisms of enzymatic reactions[4,5] for


Abstract: Replacement of a non-bridg-
ing oxygen in the phosphate diester
bond by a sulfur has become quite pop-
ular in nucleic acid research and is
often used as a probe, for example, in
ribozymes, where the normally essen-
tial Mg2+ is partly replaced by a thio-
philic metal ion to reactivate the
system. Despite these widely applied
rescue experiments no detailed studies
exist quantifying the affinity of metal
ions to such terminal sulfur atoms.
Therefore, we performed potentiomet-
ric pH titrations to determine the bind-
ing properties of pUp(S)U


3� towards
Mg2+ , Mn2+ , Zn2+ , Cd2+ , and Pb2+ ,
and compared these data with those
previously obtained for the correspond-


ing pUpU3� complexes. The primary
binding site in both dinucleotides is the
terminal phosphate group. Theoretical-
ly, also the formation of 10-membered
chelates involving the terminal oxygen
or sulfur atoms of the (thio)phosphate
bridge is possible with both ligands.
The results show that Mg2+ and Mn2+


exist as open (op) isomers binding to
both dinucleotides only at the terminal
phosphate group. Whereas Cd ACHTUNGTRENNUNG(pUpU)�


only exists as CdACHTUNGTRENNUNG(pUpU)�op,
Cd(pUp(S)U)� is present to about 64%


as the S-coordinated macrochelate,
CdACHTUNGTRENNUNG(pUp(S)U)�cl=PS. Zn2+ forms with
pUp(S)U


3� three isomeric species, that
is, Zn ACHTUNGTRENNUNG(pUp(S)U)�op, ZnACHTUNGTRENNUNG(pUp(S)U)�cl=PO,
and ZnACHTUNGTRENNUNG(pUp(S)U)�cl=PS, which occur to
about 33, 12 (O-bound), and 55%, re-
spectively. Pb2+ forms the 10-mem-
bered chelate with both nucleotides in-
volving only the terminal oxygen atoms
of the (thio)phosphate bridge, that is,
no indication of S binding was discov-
ered in this case. Hence, Zn2+ and
Cd2+ show pronounced thiophilic prop-
erties, whereas Mg2+ , Mn2+ , and Pb2+


coordinate to the oxygen, macrochelate
formation being of relevance with Pb2+


only.
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which purpose they are still used.[6,7] However, more recent-
ly, with the development of the antisense strategy[8,9] and the
observation that oligonucleotides with a sulfur modification
at the phosphodiester linkage are usually more resistant
toward nuclease degradation than natural oligonucleo-
tides,[10,11] their application has widened including also
drugs.[12] A further important aspect is the increasing focus
on RNA-catalyzed reactions.[13–16] Here, thio analogues are
important tools[17] for studying, for example, the role of
metal ions in ribozyme folding and activity[18–20] as well as in
attempts to understand the mechanisms of ribozyme reac-
tions[21] and to identify those phosphate oxygen atoms which
are important for catalysis.[22, 23] Similar experiments have
also been recently conducted with a thioderivative of the
10–23 DNAzyme to identify a metal-ion binding site within
the catalytic core.[24]


Considering the above indicated wide interest in thiophos-
phate derivatives, surprisingly few investigations have been
conducted to determine the basic differences between phos-
phate and thiophosphate groups, such as the effects of hy-
drogen bonding to the sulfur on the ribozyme cleavage reac-
tion[25] or the stabilizing effects on DNA–RNA triplex for-
mation.[26,27] In all instances metal ions need to be present at
the very least for charge neutralization. With regard to ki-
netically labile divalent metal ions (M2+) and thio deriva-
tives of nucleotides only a few reports exist, that is, of ade-
nosine 5’-mono-[1,2], di-, and triphosphate.[28] In addition, a
more recent study dealt with the interaction of M2+ with ur-
idine 5’-O-thiomonophosphate (UMPS2�) and methyl thio-
phosphate (MeOPS2�).[29] These experiments proved that
the uracil residue is not involved in metal-ion binding in
M ACHTUNGTRENNUNG(UMPS) complexes as is also the case with M ACHTUNGTRENNUNG(UMP) com-
plexes.[30] Concerning the present study with pUp(S)U


3�, this
means that there will be no interference of the uracil moiet-
ies.


The phosphate diester bridge, that is, -O-P(O)2
�-O-, is the


dominating phosphate group in nucleic acids and corre-
sponding thio substitutions, that is, -O-P(O)(S)�-O-, are
widely employed in ribozyme studies.[15,16, 19–23,31] Hence, it is
surprising to find that, to the best of our knowledge, not a
single study exists where the intrinsic affinity of a terminal
(non-bridging) sulfur atom in such a bridge towards divalent
metal ions was quantified. Considering further our own in-
terests in metal-ion–ribozyme interactions,[32–35] we made
now an effort to measure such affinities.


It is very difficult to directly measure the metal-ion affini-
ty of such a -O-P(O)(S)�-O- site in a polymer or even in an
oligonucleotide, such as UpUpU2�. The reason being that
competition for binding between a metal ion and a proton
occurs neither within the experimentally accessible nor
within the physiological pH range because the primary pro-
tons of phosphate or thiophosphate residues are released
with pKa values of about one (or even below).[29,36] There-
fore, we measured the metal-ion affinity of such a thiophos-
phate diester unit by using a dinucleotide containing both a
terminal 5’-phosphate group and a 5’!3’-phosphate diester
bridge in which one of the two terminal O atoms was re-


placed by a S atom. The main binding site in such a dinucle-
otide is the terminal phosphate group, but chelate formation
with the neighboring thiophosphate diester bridge is at least
theoretically possible and therefore information can be
gained on the metal-ion affinity of this second site.


In order to make the interpretation of the experimental
data unequivocal, we selected a dinucleotide with nucleo-
bases of low metal-ion affinity. As indicated above, the
uracil residue is such a nucleobase and hence we studied
now the metal-ion binding properties of pUp(S)U


3� towards
Mg2+ , Mn2+ , Zn2+ , Cd2+ , and Pb2+ . Comparison with the
experimental data obtained earlier[36] for pUpU3� allowed us
to answer questions regarding the selectivity of biologically
relevant metal ions like Mg2+ or Zn2+ for the S atom of the
thiophosphate bridge. Here, we quantify the formation de-
grees of the 10-membered chelates formed by the different
metal ions in their complexes with the mentioned two dinu-
cleotides (Figure 1) and determine the extent of O or S co-


ordination, respectively, in those cases where macrochelate
formation occurs. Indeed, the observed selectivity and dis-
crimination is considerable in several respects: For example,
there is no chelate formation in Mg ACHTUNGTRENNUNG(pUp(S)U)� whereas
ZnACHTUNGTRENNUNG(pUp(S)U)� exists in total to about 67% in the form of
chelates (S and O bound), a formation degree significantly
larger than the one observed[36] for ZnACHTUNGTRENNUNG(pUpU)� which
amounts to about 26% only.


2. Results and Discussion


2.1. Acid–base properties of pUp(S)U
3� : This dinucleotide


with a terminal S atom at the diester bridge (Figure 1) can
accept a total of three protons at its (thio)phosphate groups.
Two of these protons are released at very low pH, which fol-
lows from pKa = 1.0�0.3 estimated for the release of a
proton from the P(O)(OH)2 group of H2 ACHTUNGTRENNUNG(pUpU)�.[36] For
H2 ACHTUNGTRENNUNG(pUp(S)U)� the release of the proton from the bridging
thiophosphate group is expected to occur with pKa < 1 in


Figure 1. Chemical structures of uridylyl-(5’!3’)-[5’]-uridylate (pUpU3�)
and of its thio derivative P-thiouridylyl-(5’!3’)-[5’]-uridylate
(pUp(S)U


3�). The two uridine units in each structure are shown in their
dominating anti conformation.[37,38] For the charge distribution in the
thiophosphate diester bridge see also Section 2.1.
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H3 ACHTUNGTRENNUNG(pUp(S)U) because substitution of an O atom in a phos-
phate group by an S atom increases the acidity.[1,29,39] The
proton is thereby most likely bound at the terminal oxygen
atom of this bridge.[2,39] After deprotonation the negative
charge of the thiophosphate bridge is mainly located at the
sulfur atom,[39–41] as is depicted in Figure 1.


It follows from the above that for the present study three
deprotonation reactions of the HACHTUNGTRENNUNG(pUp(S)U)2� species are of
relevance; that is, the release of the “second” proton from
the terminal phosphate group as well as the two protons
from the uracil (N3)H sites. This leads to the following de-
protonation equilibria:


HðpUpðSÞUÞ2� Ð pUpðSÞU
3� þ Hþ ð1aÞ


KH
HðpUpðSÞUÞ ¼ ½pUpðSÞU


3�
½Hþ
=½HðpUpðSÞUÞ2�
 ð1bÞ


pUpðSÞU
3� Ð ðpUpðSÞU�HÞ4� þ Hþ ð2aÞ


KH
pUpðSÞU


¼ ½ðpUpðSÞU�HÞ4�
½Hþ
=½pUpðSÞU
3�
 ð2bÞ


ðpUpðSÞU�HÞ4� ÐðpUpðSÞU�2HÞ5� þ Hþ ð3aÞ


KH
ðpUpðSÞU�HÞ ¼ ½ðpUpðSÞU�2HÞ5�
½Hþ
=½ðpUpðSÞU�HÞ4�



ð3bÞ


The expression (pUp(S)U�H)4� in Equilibrium (2a) should
be read as “pUp(S)U minus H”, meaning that one of the two
(N3)H sites has lost a proton, without defining which one.
Analogously, in the species (pUp(S)U�2H)5� both (N3)H
sites are deprotonated.


The acidity constants for the Equilibria (1a), (2a), and
(3a) were measured by potentiometric pH titrations (see Ex-
perimental Section). The results are listed in Table 1 where-
by the site attributions are evident from the given related
data.[30,36,42, 43]


With regard to the release of the final proton from the
phosphate groups, the data show that HACHTUNGTRENNUNG(pUpU)2� is more
basic than H ACHTUNGTRENNUNG(UMP)� by about 0.3 pK units (6.44 compared
to 6.15). This increased basicity of the terminal phosphate
group of pUpU3� compared to that of UMP2� is clearly a
charge effect and in accord with related observations.[44]


The small increase in acidity by about 0.1 pK unit for the
terminal -P(O)2(OH)� group in going from H ACHTUNGTRENNUNG(pUpU)2� to
HACHTUNGTRENNUNG(pUp(S)U)2� is more difficult to explain and probably a sol-
vation effect: The nearby S atom of the thiophosphate
bridge is expected to be less effective in hydrogen bonding
than it is the case with an O atom.


Interestingly, the difference in acidity between the two
(N3)H sites is small and the same within the error limits for
the two dinucleotides pUpU3� (DpKa(O) = (9.63�
0.08)�(8.99�0.03) = 0.64�0.09) and pUp(S)U


3� (DpKa(S) =


(9.98�0.12)�(9.29�0.04)=0.69�0.13) (see also Table 1).
These differences are identical within the error limits to the
one expected for symmetrical diprotonic acids (H2L), where
the difference amounts to 0.6 pK units.[36] The observation
that the two uracil residues in a given dinucleotide
(Figure 1) have practically identical acidic properties means
that these residues do not significantly affect each other.


Another interesting aspect is the observation that the
presence of the S atom in the diester bridge increases the
basicity of all (N3)� sites as the comparisons of the pKa/2


and pKa/3 values according to Equilibria (2a) and (3a)
shows: DpKa/2 = (9.29�0.04)�(8.99�0.03) = 0.30�0.05
and DpKa/3 = (9.98�0.12)�(9.63�0.08) = 0.35�0.14
(Table 1). This effect is most likely due to the larger hydro-
phobicity of pUp(S)U, compared to that of pUpU, as well as
to the localization of the negative charge of the diester
bridge mainly on the S atom in pUp(S)U whereas in pUpU
this charge is equally distributed between two O atoms
(Figure 1). Hence, the introduction of a bridging thiophos-
phate group into a nucleic acid also affects the acid–base
properties of the neighboring nucleobases to a certain
degree. Interestingly, this effect is only observed with bridg-
ing (thio)phosphate groups, but not with a terminal phos-
phate group (where the charge distribution differs less), as
can be seen by comparison of UMP2� (pKH


UMP = 9.45�0.02;
Table 1) and UMPS2� (pKH


UMPS = 9.47�0.02).[29] In the
latter case, only the release of the proton from the phos-
phate group is strongly affected, that is, pKH


HðUMPÞ = 6.15�
0.01 versus pKH


HðUMPSÞ = 4.78�0.02.[29]


2.2. Stabilities of MACHTUNGTRENNUNG(pUp(S)U)
� complexes : The stability con-


stants of several M ACHTUNGTRENNUNG(pUp(S)U)� species were determined by
potentiometric pH titrations. All experimental data can be
perfectly explained by taking Equilibrium (1a) as well as the
following complex-forming Equilibrium (4a) into account:


M2þ þ pUpðSÞU
3� Ð MðpUpðSÞUÞ� ð4aÞ


KM
MðpUpðSÞUÞ ¼ ½MðpUpðSÞUÞ�
=ð½M2þ
½pUpðSÞU


3�
Þ ð4bÞ


The data evaluation was restricted to the pH range in which
neither hydroxo complexes are formed nor (N3)H is depro-
tonated, the pH range in which the formation of hydroxo
complexes occurs being evident from the titrations in the
absence of ligand (see Section 4.4).


Table 1. Negative logarithms of the acidity constants for the deprotona-
tion of the P(O)2(OH)� and (N3)H sites in H ACHTUNGTRENNUNG(pUp(S)U)2� [Eqs. (1–3)], to-
gether with some related data, as determined by potentiometric pH titra-
tions in aqueous solution (25 8C; I=0.1m, NaNO3).


[a,b]


Acids pKa of the sites Refs.
P(O)2(OH)� (N3)H


H ACHTUNGTRENNUNG(RibMP)� 6.24�0.01 [29,45]


uridine 9.18�0.02 [46]


H ACHTUNGTRENNUNG(UMP)� 6.15�0.01 9.45�0.02 [29,45]


H ACHTUNGTRENNUNG(pUpU)2� 6.44�0.02 8.99�0.03/9.63�0.08 [34]


H ACHTUNGTRENNUNG(pUp(s)U)2� 6.32�0.03 9.29�0.04/9.98�0.12 –


[a] The errors given are three times the standard error of the mean value
or the sum of the probable systematic errors, whichever is larger. [b] So-
called practical, mixed, or Brønsted acidity constants[45] are listed (see
also Section 4.3).
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The stabilities of the five metal-ion complexes studied are
listed for comparison in column 3 of Table 2, along with the
corresponding values of the M ACHTUNGTRENNUNG(pUpU)� complexes.[36,46] Evi-
dently, the stabilities of the MACHTUNGTRENNUNG(pUp(S)U)� complexes of
Mg2+ and Mn2+ are hardly affected by the presence or ab-
sence of an S atom in the diester bridge, whereas the com-
plexes of Zn2+ or Cd2+ become more stable if S is present
and those with Pb2+ show a reduced stability.


To be able to explain the above observations, a more rig-
orous evaluation procedure is required to elucidate the
structures of the M ACHTUNGTRENNUNG(pUp(S)U)� and MACHTUNGTRENNUNG(pUpU)� complexes in
solution. It is well known that straight lines are obtained for
a series of related ligands by plotting logKM


MðLÞ versus
pKH


HðLÞ
[1,47] Such correlation lines are available for complexes


formed between several divalent metal ions (M2+) and
simple phosphate monoester or phosphonate ligands
(R-PO3


2�)[42,48] and the parameters according to the straight-
line Equation (5), have been listed.[36,42,46]


logKM
MðR-PO3Þ ¼ pKH


HðR-PO3Þ � m þ b ð5Þ


The data pairs of the M ACHTUNGTRENNUNG(R-PO3) complexes for the Mg2+ ,
Zn2+ , and Pb2+ systems, on which the parameters for Equa-
tion (5) are based, are shown together with the correspond-
ing data points for the M2+/pUp(S)U


3� and pUpU3� systems
in Figure 2. For all six complexes an increased stability is ob-
served. However, this stability varies considerably depend-
ing on both the metal ion and the dinucleotide involved in
complex formation: In the case of Zn2+ the thio derivative
forms the more stable complex whereas with Pb2+ the
pUpU3� complex is more stable.


A more quantitative evaluation is possible by applying
Equation (5) with its parameters[36] together with
pKH


HðpUpðsÞUÞ= 6.32 (Table 1). The results for these calcula-
tions are listed in column 4 of Table 2 representing the sta-
bility constants logKM


MðR-PO3Þ of M ACHTUNGTRENNUNG(R-PO3) complexes in
which the metal ion is coordinated solely to a phosphate


group that has the basicity of
the terminal phosphate group
in pUp(S)U


3�, that is, no addi-
tional interaction occurs. Com-
parison of these data with the
measured stabilities demon-
strates an enhanced stability for
all five M ACHTUNGTRENNUNG(pUp(S)U)� complexes
studied.


2.3. Quantification of the en-
hanced stabilities of the
M ACHTUNGTRENNUNG(pUp(S)U)


� complexes and
extent of their chelate forma-
tion : The stability differences
between the measured values
for the M ACHTUNGTRENNUNG(pUp(S)U)� complexes


Table 2. Comparison of the stability constants of the M ACHTUNGTRENNUNG(pUp(S)U)� complexes between the measured stability
constants [Eq. (4)] and the calculated stability constants for M ACHTUNGTRENNUNG(R-PO3) species, based on the basicity of the ter-
minal phosphate group of pUp(S)U


3� (pKH
HðpUpðSÞUÞ=6.32) and the reference-line Equation (5) with its corre-


sponding parameters,[36, 46] together with the stability differences logDM/pUp(S)U as defined in Equation (6). For
comparison the corresponding data for the M2+/pUpU3� systems are also listed (aqueous solution; 25 8C; I=


0.1m, NaNO3).
[a]


Ligand M2+ logKM
MðpUpðSÞUÞ logKM


MðR-PO3Þ logDM=pUpðSÞU


Mg2+ 1.85�0.08 1.59�0.03 0.26�0.08
Mn2+ 2.42�0.07 2.19�0.05 0.23�0.09


pUp(S)U
3� Zn2+ 2.88�0.07 2.16�0.06 0.72�0.09


Cd2+ 3.16�0.07 2.48�0.05 0.68�0.09
Pb2+ 3.49�0.11 2.99�0.08 0.50�0.14


Mg2+ 1.84�0.04 1.61�0.03 0.23�0.05
Mn2+ 2.49�0.05 2.22�0.05 0.27�0.07


pUpU3� Zn2+ 2.57�0.03 2.20�0.06 0.37�0.07
Cd2+ 2.75�0.03 2.52�0.05 0.23�0.05
Pb2+ 4.45�0.20 3.05�0.08 1.40�0.22


[a] For the error limits, see footnote [a] of Table 1. The error limits (3s) of the derived data in column 5 were
calculated according to the error propagation after Gauss.


Figure 2. Evidence for an enhanced stability of some M ACHTUNGTRENNUNG(pUp(S)U)� (*)
and M ACHTUNGTRENNUNG(pUpU)� (�) complexes, based on the relationship between
logKM


MðR-PO3Þ and pKH
HðR-PO3Þ for M ACHTUNGTRENNUNG(R-PO3) complexes of some simple


phosphate monoester and phosphonate ligands (R-PO3
2�) (*): (from left


to right) 4-nitrophenyl phosphate (NPhP2�), phenyl phosphate (PhP2�),
uridine 5’-monophosphate (UMP2�), d-ribose 5-monophosphate
(RibMP2�), thymidine [1-(2’-deoxy-b-d-ribofuranosyl)thymine 5’-mono-
phosphate] (dTMP2�), n-butyl phosphate (BuP2�), methanephosphonate
(MeP2�), and ethanephosphonate (EtP2�). The least-squares lines
[Eq. (5)] are drawn through the corresponding eight data sets (*) taken
from ref. [30] for the phosphate monoesters and from ref. [48] for the
phosphonates. The corresponding straight-line parameters are listed in
refs. [36,46] and [48]. The data points due to the M2+/H+/pUpU3� sys-
tems (�) are from ref. [36] and those for the M2+/H+/pUp(S)U


3� systems
(*) are based on the constants in Tables 1 and 2. The vertical broken
lines emphasize the stability differences from the reference lines as de-
fined by Equation (6) (see also Table 2, column 5). All plotted equilibri-
um constants refer to aqueous solutions at 25 8C and I=0.1m (NaNO3).
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and the calculated values for the M ACHTUNGTRENNUNG(R-PO3) species were ob-
tained by using Equation (6):


logDM=pUpðSÞU ¼ logKM
MðpUpðSÞUÞ � logKM


MðR-PO3Þ ð6Þ


These differences are listed in column 5 of Table 2 together
with the results obtained previously[36] for the corresponding
M ACHTUNGTRENNUNG(pUpU)� complexes.


In the case of the M ACHTUNGTRENNUNG(pUpU)� complexes of Mg2+ , Mn2+ ,
and Cd2+ , the stability enhancements are identical within
the error limits (see Table 2, column 5 in the lower part).
Considering the different coordinating properties[49–51] of
these three metal ions it is evident that their increased sta-
bility is simply due to the charge effect by going from
M ACHTUNGTRENNUNG(R-PO3) to M ACHTUNGTRENNUNG(pUpU)�. In other words, the metal ion co-
ordinated to the terminal phosphate group in pUpU3�


“feels” the presence of the negative charge located on the
neighboring phosphate diester bridge. This charge effect is
represented by the average of the logDM/pUpU values, defined
in analogy to Equation (6), for the Mg2+ , Mn2+ , and Cd2+


systems, logDM/pUpU/charge=0.24�0.04. It is reasonable to
assume that exactly the same charge effect is present in the
corresponding M ACHTUNGTRENNUNG(pUp(S)U)� complexes. Hence, any further
stability increase in M ACHTUNGTRENNUNG(pUp(S)U)� and M ACHTUNGTRENNUNG(pUpU)� complexes
must be attributed to an additional interaction of the metal
ion already coordinated to the terminal phosphate group of
pUp(S)U


3� or pUpU3�. This increase is defined for
M ACHTUNGTRENNUNG(pUp(S)U)� complexes by Equation (7):


logD* ¼ logDM=pUpðSÞU � logDM=pUpU=charge ð7aÞ


logD* ¼ logDM=pUpðSÞU � ð0:24� 0:04Þ ð7bÞ


As discussed in the Introduction, the only other available
binding site in both pUpU3� and pUp(S)U


3� is the (thio)-
phosphate diester bridge, which allows the formation of a
10-membered chelate (Figure 1) involving both, the terminal
phosphate and the bridging (thio)phosphate groups.


The values for logD* according to Equation (7) are listed
in column 4 of Table 3 for the
M ACHTUNGTRENNUNG(pUp(S)U)� and M ACHTUNGTRENNUNG(pUpU)�


complexes. As expected, these
values are zero within the error
limits for the MACHTUNGTRENNUNG(pUpU)� com-
plexes of Mg2+ , Mn2+ , and
Cd2+ . This also holds for the
Mg2+ and Mn2+ complexes of
the thio analogue pUp(S)U


3�, il-
lustrating that Mn2+ does not
remarkably coordinate the
sulfur atom. In all other instan-
ces the logD* values are clearly
positive. The different stability
enhancements for the various
M ACHTUNGTRENNUNG(pUp(S)U)� and M ACHTUNGTRENNUNG(pUpU)�


complexes mean that the posi-


tion of the intramolecular Equilibrium (8) of the
M ACHTUNGTRENNUNG(pUp(S)U)� species, between an open (op) and a closed
(cl) or chelated isomer, varies depending on the metal ion
involved.


MðpUpðSÞUÞ�op Ð MðpUpðSÞUÞ�cl ð8Þ


The position of Equilibrium (8) is defined by the dimension-
less intramolecular equilibrium constant KI [Eq. (9)]:


KI ¼ ½MðpUpðSÞUÞ�cl
=½MðpUpðSÞUÞ�op
 ð9Þ


which is related to the stability enhancement logD* [Eq. (7)]
by Equation (10):[1,47]


KI ¼ 10logD*�1 ð10Þ


Knowledge of KI allows calculation of the formation degree
of the closed species in Equilibrium (8) by using Equation
(11):


% MðpUpðSÞUÞ�cl ¼ 100 �KI=ð1 þ KIÞ ð11Þ


The results for KI and % M ACHTUNGTRENNUNG(pUp(S)U)�cl are listed in Table 3
in columns 6 and 7, respectively.


As already stated, in the case of several M ACHTUNGTRENNUNG(pUp(S)U)� and
M ACHTUNGTRENNUNG(pUpU)� systems, the values of logD* are zero within the
error limits. However, within these error limits, traces of
chelated species might form with the corresponding upper
limits as given in parenthesis in Table 3 (column 6). In con-
trast, chelates for the M ACHTUNGTRENNUNG(pUp(S)U)� species with Zn2+ , Cd2+ ,
and Pb2+ definitely exist in remarkable amounts. It is inter-
esting to note that the formation degree for CdACHTUNGTRENNUNG(pUpU)�cl is
(close to) zero but reaches about 64% for CdACHTUNGTRENNUNG(pUp(S)U)�cl.
Similarly, ZnACHTUNGTRENNUNG(pUp(S)U)�cl reaches a formation degree of
about 67% which is much larger than the approximately
26% determined earlier[36] for ZnACHTUNGTRENNUNG(pUpU)�cl. This proves the
known high thiophilicity of these two metal ions.[49–51] The
situation with Pb2+ is more surprising because % Pb-


Table 3. Extent of chelate formation in M ACHTUNGTRENNUNG(pUp(S)U)� complexes [Eq. (8)], as calculated from the stability en-
hancement logD* [Eq. (7)] and quantified by the dimensionless equilibrium constant KI [Eqs. (9, 10)], and the
percentage of the chelated isomer [Eq. (11)]. The corresponding data of the M ACHTUNGTRENNUNG(pUpU)� complexes are also
listed for comparison (aqueous solution; 25 8C; I=0.1m, NaNO3).


[a]


Ligand M2+ logDM/pUp(S)U
[b] logD* KI % M ACHTUNGTRENNUNG(pUp(S)U)�cl


Mg2+ 0.26�0.08 0.02�0.09 0 0 (<22)
Mn2+ 0.23�0.09 �0.01�0.10 0 0 (<19)


pUp(S)U
3� Zn2+ 0.72�0.09 0.48�0.10 2.02�0.68 67�8


Cd2+ 0.68�0.09 0.44�0.10 1.75�0.62 64�8
Pb2+ 0.50�0.14 0.26�0.15 0.82�0.61 45�18


Mg2+ 0.23�0.05 �0.01�0.06 0 0 (<11)
Mn2+ 0.27�0.07 0.03�0.08 0 0 (<22)


pUpU3� Zn2+ 0.37�0.07 0.13�0.08 0.35�0.25 26�14
Cd2+ 0.23�0.05 �0.01�0.06 0 0 (<11)
Pb2+ 1.40�0.26 1.16�0.26 13.45�8.65 93�4


[a] For the error limits see footnote [a] of Table 2. [b] These values are from column 5 of Table 2.
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ACHTUNGTRENNUNG(pUpU)�cl > % Pb ACHTUNGTRENNUNG(pUp(S)U)�cl (Table 3; see also discussion
in Section 2.4), that is, macrochelate formation is diminished
upon introduction of the sulfur atom.


2.4. A more detailed appraisal of the M ACHTUNGTRENNUNG(pUp(S)U)
� chelates :


Considering that the thiophosphate diester bridge involved
in chelate formation as discussed in Section 2.3 has not only
a terminal S atom but also a terminal O atom (see
Figure 1), it is evident that the situation is ambiguous with
regard to which of the two atoms participates in the chelate.
In this context the following three points need to be noted:
i) The stacking tendency of uracil residues is very small[52]


and therefore, no preferred stacked conformer of pUp(S)U
3�


is expected to occur in aqueous solution. ii) In accord here-
with, the acidity constants of the (N3)H sites indicate that
the two uracil residues in pUp(S)U


3� do not “feel” each
other (see Section 2.1). iii) The thiophosphate diester bridge
in pUp(S)U


3� involves five single bonds which means that
the two nucleotide residues may rotate rather freely around
these five bonds. Hence, one has to conclude that both, the
S or the O atom of the thiophosphate bridge can be in-
volved in chelate formation and that the right part of the
following intramolecular Equilibrium (12) needs to be con-
sidered:


In this equilibrium MACHTUNGTRENNUNG(pUp(S)U)�op designates the “open”
complex [see also Eq. (8)], in which the metal ion is only
bound to the terminal phosphate group. The chelated or
“closed” isomers can involve either the O or S atom of the
thiophosphate diester bridge, giving the species
M ACHTUNGTRENNUNG(pUp(S)U)�cl=PO or M ACHTUNGTRENNUNG(pUp(S)U)�cl=PS, respectively.


As a consequence the charge-corrected stability enhance-
ments logD* [Eq. (7)] (see also Section 2.3 and column 4 of
Table 3) reflect all possible additional interactions that a
metal ion coordinated to the terminal phosphate group in
pUp(S)U


3� may experience according to Equilibrium (12).


Or, in other words, logD* encompasses the total (tot)
amount of all chelated complexes and the definition given
in Equation (13) holds.


½MðpUpðSÞUÞ�cl=tot
 ¼ ½MðpUpUðSÞUÞ�cl=PO
 þ ½MðpUpðSÞUÞ�cl=PS

ð13Þ


In analogy to Equation (9), one can then define Equa-
tion (14):


KI=tot ¼
½MðpUpðSÞUÞ�cl=tot

½MðpUpðSÞUÞ�op



ð14aÞ


¼
½MðpUpðSÞUÞ�cl=PO
 þ ½MðpUpðSÞU
�cl=PS



½MðpUpðSÞUÞ�op

ð14bÞ


¼ 10logD*�1 ð14cÞ


As KI/tot equals KI [as defined in Eq. (10)] and Equation (11)
providing % M ACHTUNGTRENNUNG(pUp(S)U)�cl is still valid, this means that in
accord with Equilibrium (12) the following definitions can
be written:[53]


KI=PO ¼ ½MðpUpðSÞUÞ�cl=PO
=½MðpUpðSÞUÞ�op
 ð15Þ


KI=PS ¼ ½MðpUpðSÞUÞ�cl=PS
=½MðpUpðSÞUÞ�op
 ð16Þ


KI=tot ¼ KI=PO þ KI=PS ð17Þ


By subtracting % M ACHTUNGTRENNUNG(pUp(S)U)�cl=tot, which follows from Equa-
tions (14a) and (14b), from 100% the formation degree of
the open species, M ACHTUNGTRENNUNG(pUp(S)U)�op, can be calculated. The re-
sults for KI/tot, % M ACHTUNGTRENNUNG(pUp(S)U)�cl=tot, and % M ACHTUNGTRENNUNG(pUp(S)U)�op are
listed in Table 4 in columns 2, 3, and 4, respectively. In those
cases where one of the closed isomers, for example,
M ACHTUNGTRENNUNG(pUp(S)U)�cl=PO, is not formed, KI/PO [Eq. (15)] becomes
zero and Equation (17) reduces to a two-isomer problem as
discussed in Section 2.3.


With those metal ions, where all three isomers are formed
according to Equilibrium (12), KI/tot and the concentration
fractions of MACHTUNGTRENNUNG(pUp(S)U)�cl=tot and MACHTUNGTRENNUNG(pUp(S)U)�op can still be
determined [Eqs. (14) and (11)] as shown above. KI/PS values
can be calculated by assuming that the extent of chelate for-


Table 4. Formation degrees of the isomeric species M ACHTUNGTRENNUNG(pUp(S)U)�op, M ACHTUNGTRENNUNG(pUp(S)U)�cl=PO, and M ACHTUNGTRENNUNG(pUp(S)U)�cl=PS, see [Eq. (12)], expressed in percentages in
which the isomers occur in aqueous solution of 25 8C and I=0.1m (NaNO3).


[a]


M2+ KI/tot % M ACHTUNGTRENNUNG(pUp(S)U)�cl=tot M ACHTUNGTRENNUNG(pUp(S)U)�op KI/PO KI/PS % M ACHTUNGTRENNUNG(pUp(S)U)�cl=PO % M ACHTUNGTRENNUNG(pUp(S)U)�cl=PS
ACHTUNGTRENNUNG[Eq. (14)[b] ACHTUNGTRENNUNG[Eq. (13)][c] ACHTUNGTRENNUNG[Eq. (12)][d] ACHTUNGTRENNUNG[Eq. (15)][e] ACHTUNGTRENNUNG[Eqs. ACHTUNGTRENNUNG(16, 17)] ACHTUNGTRENNUNG[Eq. (15)] ACHTUNGTRENNUNG[Eq. (16)]


Mg2+ 0 0 100 0 0 0 0
Mn2+ 0 0 100 0 0 0 0
Zn2+ 2.02�0.68 67�8 33�8 0.35�0.25 1.67�0.72 12 55
Cd2+ 1.75�0.62 64�8 36�8 0 1.75�0.62 0 64
Pb2+ 0.82�0.61 45�18 55�18 (13.45�8.65)[f] 0 45[g 0


[a] See footnote [a] of Table 2. [b] Values from column 5 of Table 3 (upper part); see text. [c] From column 6 in Table 3 (upper part). [d] These values
follow from 100�% M ACHTUNGTRENNUNG(pUp(S)U)�cl=tot. [e] These values are from column 5 of Table 3 (lower part); see text. [f] This value is larger than KI/tot=0.86; hence,
no meaningful calculation is possible. [g] See discussion in Section 2.4.
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mation involving the oxygen of the bridging (thio)phosphate
group is the same in M ACHTUNGTRENNUNG(pUpU)�cl and M ACHTUNGTRENNUNG(pUp(S)U)�cl=PO spe-
cies. Values for KI/PS (Table 4) are then obtained from Equa-
tion (17) by using KI/PO values of the MACHTUNGTRENNUNG(pUpU)�cl species
(see lower part in Table 3).


Our experimental data described in Section 2.3 shows that
Mg2+ and Mn2+ form only M ACHTUNGTRENNUNG(pUp(S)U)�op isomers. The same
is true for CdACHTUNGTRENNUNG(pUpU)� where no closed isomer has been dis-
covered.[36] Hence, the complete stability enhancement ob-
served for Cd ACHTUNGTRENNUNG(pUp(S)U)� is to be attributed to the formation
of the CdACHTUNGTRENNUNG(pUp(S)U)�cl=PS isomer, or in other words, in this
case only the lower pathway of Equilibrium (12) operates.
For Zn ACHTUNGTRENNUNG(pUp(S)U)� clearly both pathways of Equilibrium
(12) are in action and the three isomers Zn ACHTUNGTRENNUNG(pUp(S)U)�op,
ZnACHTUNGTRENNUNG(pUp(S)U)�cl=PO, and ZnACHTUNGTRENNUNG(pUp(S)U)�cl=PS occur with formation
degrees of about 33, 12, and 55%, respectively (Table 4),
confirming the pronounced preference for S over O, that is,
the thiophilicity of Zn2+ .


The situation with Pb2+ is considerably more complicated
because from the entries in Table 3 it follows that the stabili-
ty enhancement logD* is larger for Pb ACHTUNGTRENNUNG(pUpU)� compared to
that for Pb ACHTUNGTRENNUNG(pUp(S)U)�. Hence, for this metal ion no mean-
ingful calculation is possible because KI/PO > KI/tot. From
this observation it follows that in these complexes the affini-
ty of Pb2+ for O is higher than for S. Considering that in Pb-
ACHTUNGTRENNUNG(pUp(S)U)� only one terminal O in the thiophosphate bridge
is available for chelate formation compared to two in
Pb ACHTUNGTRENNUNG(pUpU)�, the stability enhancement of the latter, logD*
= 1.16�0.26 (Table 3, column 4) may be reduced by the
statistical factor of one half, that is, the expected logD*exp for
Pb ACHTUNGTRENNUNG(pUp(S)U)� amounts then to 0.86�0.26. However, this
value is still much larger than the determined value, logD*=


0.26�0.15 (Table 3), for Pb ACHTUNGTRENNUNG(pUp(S)U)�. The reason for this
discrepancy can be found in the fact that the negative
charge of the thiophosphate bridge is mainly located at the
terminal S atom and not on the terminal O atom (see also
Section 2.1). Consequently, the affinity of this O atom to-
wards Pb2+ is lower than that of the two non-bridging
oxygen atoms in pUpU3� which each carry a charge of �0.5.
Hence, in all likelihood Pb2+ forms with pUp(S)U


3� a 10-
membered chelate involving only oxygen atoms.


Based on this finding in the PbACHTUNGTRENNUNG(pUp(S)U)� system, one
may conclude that also in the above discussed Zn ACHTUNGTRENNUNG(pUp(S)U)�


species the affinity of Zn2+ towards the neutral non-bridging
oxygen of the thiophosphate is reduced (compared to
ZnACHTUNGTRENNUNG(pUpU)�). Hence, the formation degree of 12% given
for Zn ACHTUNGTRENNUNG(pUp(S)U)�cl=PO in Table 4 (column 7) may be consid-
ered an upper limit and consequently the value for
ZnACHTUNGTRENNUNG(pUp(S)U)�cl=PS a lower limit.


3. Conclusion


From this study it follows that in so-called thio rescue ex-
periments,[15,16] being often conducted in ribozyme chemis-
try,[18–23] only Zn2+ and Cd2+ can effectively be applied as
rescuing agents due to their pronounced affinity towards


sulfur. Mn2+ is not suitable because it does not own a pro-
nounced thiophilicity.[1,15,16] In the few cases, where Mn2+


has an effect in such experiments, this is most likely due to
its larger global stability constants observed for phosphate
complexes compared to those of the corresponding Mg2+


complexes (see also Table 2). These conclusions are con-
firmed by the metal-ion-promoted hydrolytic cleavage reac-
tion of the Sp and Rp diastereomers of the phosphoromono-
thioate analogues of uridylyl ACHTUNGTRENNUNG(3’!5’)uridine (Up(S)U).[54] The
cleavage (to 2’,3’-cUMPS) is significantly accelerated by
Zn2+ and Cd2+ , the rate enhancements being almost equal
with the Sp and Rp diastereomers. The effect of Mn2+ and
Mg2+ on the cleavage rate is, in turn, very modest.[54]


The high affinity of Pb2+ towards O sites is well
known[49–51,55] and, for example, exhibited in the large stabili-
ty of the G-quadruplex formed by guanine residues into
which a Pb2+ ion is inserted.[56] In the resulting (G)8–Pb


2+


coordination pattern Pb2+ sits between two G-quartets
being coordinated to eight (C6)O carbonyls.[56] As a conse-
quence, Pb2+ also shows a pronounced ability to interact
strongly with two neighboring phosphate sites and it is not
surprising to find that leadzymes could be isolated[57,58] and
that Pb2+-dependent DNAzymes[59] exist. Because Pb2+ is a
well known mimic of Ca2+ ,[49,50,60] one may add that for this
alkaline earth metal ion it is not expected that it has any af-
finity towards sulfur, but due to its size it could be that, in
contrast to Mg2+ , it may bind favorably to two neighboring
phosphate groups in a nucleic acid, just like Pb2+ does.


Finally, Pb2+ exhibits one more fascinating characteristic
that is revealed by its coordination chemistry to thiophos-
phate derivatives. Pb2+ appears to be a chameleon-like
metal ion because its binding properties seem to depend on
the first strongly coordinating site, that is, a directing effect
of the first ligand is observed: In such cases, where only one
binding site is present, Pb2þ


aq shows a preference for sulfur, as
evident from the comparison of, for example, UMPS2� with
UMP2�.[2,29] In contrast, when two binding sites are present
in a ligand enabling macrochelate formation, as is the case
with pUpU3� or pUp(S)U


3�, no such thiophilic behavior is
observed anymore: If coordination occurs first to a phos-
phate group then oxygen binding is further favored despite
the presence of the neighboring sulfur in the bridging thio-
phosphate group of pUp(S)U


3�.


Experimental Section


4.1. Synthesis of P-thiouridylyl-(5’!3’)-[5’]-uridylate, pUp(S)U3� (1): This
dinucleotide was synthesized in three different ways with all three com-
pounds showing the same metal-ion binding properties. Dinucleotide 1
was obtained as a mixture of two diastereomers in ca. 2:1 ratio (synthetic
route I) and 1:1 ratio (synthetic routes II and III), having opposite con-
figuration at the phosphorus atom.


4.1.1. Synthetic route I : The trisodium salt of pUp(S)U
3� was prepared by


a multistep synthesis (see Scheme S1, Supporting Information) using the
phosphoramidite methodology, with the 1-(2-fluorophenyl)-4-methoxypi-
peridin-4-yl (Fpmp) group for protection of the 2’-hydroxy functionali-
ty.[61,62] Thus, 5’-O-dimethoxytrityl-2’-O-Fpmp uridine-3’-O-(2-cyanoethyl-


www.chemeurj.org M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3100 – 31093106


R. K. O. Sigel et al.



www.chemeurj.org





N,N-diisopropylphosphoramidite) (2) was prepared as previously de-
scribed[62] and characterized by 31P NMR (Bruker Avance spectrometer,
200 MHz) showing two singlets at d=150.24 and 152.13 ppm (in CD3CN)
(ratio of diastereomers of 3:2). Compound 2 was reacted with 2’,3’-di-O-
acetyluridine in the presence of 1H-tetrazole in CH2Cl2 solution to yield
the fully protected dinucleoside phosphorothionate triester (3) upon ad-
dition of elemental sulfur to the intermediate phosphite (31P NMR of 3
(in CD3CN); d=68.40 and 68.77 ppm (ratio 2:3 of phosphorothionate
diastereomers)). After selective removal of the dimethoxytrityl (DMT)
group with 2% dichloroacetic acid in CH2Cl2, the resulting 5’-hydroxyl
compound was 5’-O-phosphorylated with bis-O,O-(2-cyanoethyl)-N,N-di-
isopropylphosphoramidite reagent and the phosphite intermediate subse-
quently oxidized with I2/pyridine/H2O.[63] The resulting fully protected 5’-
O-phosphorylated dinucleoside-phosphorothionate triester (4) was puri-
fied by silica gel chromatography (31P NMR of 4 (CD3CN); d=


�1.32 ppm (phosphotriester group) 67.85 and 68.22 ppm (ratio 2:3, phos-
phorothionate diastereomers)). Compound 4 was then subjected to step-
wise deprotection, including 16 h incubation in 30% aqueous ammonia at
55 8C (removal of 2-cyanoethyl and acetyl groups) followed by 12 h treat-
ment with 0.01m HCl (pH 2.0) at room temperature (removal of the
Fpmp group).


The crude dinucleotide 1 was purified by ion-exchange chromatography
on DEAE Sephadex A-25 (elution with a linear gradient of triethylam-
monium bicarbonate from 0.1 to 0.6m). Purified 1 was then transformed
into its trisodium salt by passing through Dowex 50Wx8 (Na+ form) and
lyophylized to give a white solid in 17% overall yield (based on 2’,3’-di-
O-acetyluridine). The structure of 1 was confirmed by spectroscopic
methods: 31P NMR (D2O), d=0.74 ppm (phosphate group), 56.45, and
56.69 ppm (ratio ca. 2:1, phosphorothioate diastereomers); FAB MS (Fin-
nigan MAT 95): m/z : 645.2 (negative ions), calculated MW 646.41 for the
free acid. Analytical RP HPLC of the product 1 showed two peaks with
retention times of 13.32 and 14.05 min in a ca. 2:1 ratio.


4.1.2. Synthetic route II (see also Scheme S2, Supporting Information):
Anhydrous 2’,3’-di-O-acetyluridine (6) (93 mg, 0.28 mmol) was dissolved
in anhydrous acetonitrile (1.5 mL) and mixed with ethylthio-1H-tetrazole
(50 mg, 0.38 mmol), to which a solution of 2-cyanoethyl-N,N-diisopropyl-
phosphoramidite of 2’-O-tert-butyldimethylsilyl-5’-O-dimethoxytrityluri-
dine (5) (270 mg, 0.32 mmol; Glen Research, Sterling VA, USA) in anhy-
drous acetonitrile (1.5 mL) was added dropwise. After stirring the reac-
tion mixture for 2 h anhydrous sulfur (13.5 mg, 0.053 mmol S8) was
added. The reaction mixture was left overnight, the solvent evaporated
and the residue subsequently chromatographed on a silica gel 60H short
column with chloroform elution. 270 mg (95%) of pure 7 were obtained.
This compound (200 mg, 0.18 mmol) was treated with 50% acetic acid
(15 mL) for 30 min and after concentration purified by means of silica
gel column chromatography. Dimer 8 was obtained in 58% yield (80 mg;
spectral data: FAB MS: m/z : 763.3 [M�H]+ ; MW 764).


Anhydrous 8 (0.05 mmol, 40 mg) and ethylthio-1H-tetrazole (9 mg,
0.07 mmol) were dissolved in anhydrous acetonitrile (1.0 mL). Then a so-
lution of the chemical phosphorylation reagent 2-[2-4,4’-dimethoxytrityl-
oxy)ethylsulfonyl]ethyl-(2-cyanoethyl)-(N,N-diisopropyl)-phosphorami-
dite[64] (35 mg, 0.053 mmol; Glen Research, Sterling VA, USA) in anhy-
drous acetonitrile (0.25 mL) was added. After stirring the reaction mix-
ture for 30 min, a 5m solution of tert-butylperoxide in decane (80 mL,
0.4 mmol) was added. The reaction was chromatographed on a silica gel
60H short column with chloroform/methanol (0!3%) elution yielding
45 mg (64%) of pure 9. The structure of 9 was confirmed by MALDI-
TOF MS: m/z : 1334.2 (MW 1334) and 31P NMR: d=�2.21, �2.26, 67.75,
67.29 ppm.


For deprotection, compound 9 (45 mg, 0.03 mmol) was treated with a
mixture of 20% ammonia in ethanol (1 mL) and mercaptoethanol
(50 mL, 0.72 mmol).[65] After 1 h, more ethanolic ammonia (1 mL) and
aqueous ammonia (28%, 3 mL) were added to the reaction mixture and
left overnight at +4 8C. A precipitate was filtered off and the remaining
solution concentrated, the residue dissolved in water and purified over a
DEAE Sephadex A-25 column. Two fractions were isolated: The slower
fraction was the main product 10 giving the expected MALDI-TOF MS
m/z signal at 759.2 whereas the faster eluting fraction exhibited a


MALDI-TOF signal at m/z 812 corresponding to incompletely deprotect-
ed 9. The latter product was again treated with aqueous ammonia (28%,
2 mL) for 48 h at +4 8C and purified as before to give also 10. Both frac-
tions of 10 were combined and, after concentration to dryness, treated
with (C2H5)3N·3HF (0.2 mL, 1.2 mmol; Aldrich, Steinheim, Germany)
for 24 h at room temperature. The reaction mixture was dissolved in
water and HPLC purified on a C18 reverse phase column (PRP-1, Ham-
ilton). Pure thio-dinucleotide 1 was isolated by elution with buffer A (1m


TEAB buffer, pH 7.4) with a gradient of buffer B (40% acetonitrile in
1m TEAB buffer, pH 7.4), 0–100% in 30 min. The obtained yield was
5.5 mg (25%). MALDI-TOF MS gave a single signal of m/z 645.3 in neg-
ative ions (MW 646.41).


4.1.3. Synthetic route III : Compound 9 was alternatively synthesized by
routine automated solid phase synthesis[66] using standard 2’-TBDMS
phosphoramidite CE monomers and a chemical phosphorylating reagent
(Glen Research, Sterling VA, USA). Deprotection of 9 to give pure 1
was then done according to the procedure described for Synthetic route
II.


4.2. Other materials : Nitric acid (HNO3), the nitrate salts of Na+, Mg2+ ,
Mn2+ , Zn2+ , Cd2+ , and Pb2+ , disodium ethylenediamine-N,N,N’,N’-tet-
raacetate dihydrate (Na2H2EDTA·2H2O), potassium hydrogen phthalate
(all pro analysi), and sodium hydroxide (NaOH) solution (Titrisol) were
purchased from Merck, Darmstadt, Germany. The buffer solutions used
(pH 4.00, 7.00, 9.00) were traceable to standard reference materials
(SRM) of the US National Institute of Science and Technology (NIST)
and purchased from Metrohm, Herisau, Switzerland. All solutions were
prepared using deionised, ultra pure (Milli-Q185 Plus; from Millipore,
Molsheim, France) CO2-free water.


The concentrations of the NaOH solutions were determined with potassi-
um hydrogen phthalate, those of the stock solutions of divalent metal
ions by potentiometric pH titrations via their EDTA complexes. The
stock solutions of (pUp(S)U)3� were freshly prepared daily and the pH of
the solutions was adjusted close to 8.0 with sodium hydroxide. The exact
concentration of the ligand solutions was determined in each experiment
by evaluation of the corresponding titration pair, that is, the differences
in NaOH consumption between solutions with and without ligand (see
below).


4.3. Potentiometric pH titrations : The pH titrations were performed with
a E536 potentiograph connected to a E665 dosimat and a 6.0253.100
Aquatrode-plus combined macro glass electrode (all from Metrohm, Her-
isau, Switzerland). The instruments were calibrated using the buffer solu-
tions mentioned above. The acidity constants determined at I=0.1m


(NaNO3) and 25 8C are so-called practical, mixed or Brønsted con-
stants,[45] which may be converted into the corresponding concentration
constants by subtracting 0.02 from the measured pKa values.[45] The ionic
product of water (Kw) is not included in our calculations because the dif-
ferences in NaOH consumption between solutions with and without
ligand are evaluated.[45,67] The stability constants of the M ACHTUNGTRENNUNG(pUp(S)U)�


complexes are, as usual, concentration constants.


4.4. Determination of the equilibrium constants : The acidity constants
KH


HðpUpðSÞUÞ, K
H
pUpðSÞU


, and KH
ðpUpðSÞU�HÞ of H ACHTUNGTRENNUNG(pUp(S)U)2� [Eqs. (1–3)] were de-


termined by titrating 30 mL of aqueous 0.5 mm HNO3 (25 8C; I=0.1m,
NaNO3) under N2 with up to 3.0 mL of 0.02m NaOH in the presence and
absence of 0.20 mm (pUp(S)U)3�. Due to the scarceness of the ligand a
second set of titrations was performed using a (pUp(S)U)3� concentration
of 0.07 mm only. It should be emphasized that the calculated acidity con-
stants showed no dependence on the dinucleotide concentration.


The experimental data were evaluated with a curve-fitting procedure
using a Newton–Gauss non-linear least-squares program by employing
every 0.1 pH unit the difference in NaOH consumption between the
mentioned pair of titrations, that is, with and without ligand. The acidity
constants of H ACHTUNGTRENNUNG(pUp(S)U)2� were calculated within the pH range 5.2 to
10.4, corresponding to about 17% neutralization (initial) for the equilib-
rium H ACHTUNGTRENNUNG(pUp(S)U)2�/ ACHTUNGTRENNUNG(pUp(S)U)3� and about 72% (final) for
(pUp(S)U�H)4�/ ACHTUNGTRENNUNG(pUp(S)U�2H)5�. The final result for KH


HðpUPðSÞUÞ [Eq. (1)],
is the average of eight independent pairs of titrations; those for KH


pUpðSÞU


[Eq. (2)], and KH
ðpUPðSÞU�HÞ [Eq. (3)] are the averages of four independent
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pairs of titrations only because the low concentrations (0.07 mm) were ti-
trated only up to pH 7.


At the end of each titration a small volume (about 0.8 mL or less) of
0.1m HNO3 was added to the solutions to restore the initial pH of about
3.3. A further comparatively small volume of a M ACHTUNGTRENNUNG(NO3)2 solution (M2+ =


Mg2+ , Mn2+ , Zn2+ , Cd2+ , Pb2+) was subsequently added and the titra-
tions were repeated. The total volume of these solutions was approxi-
mately 35 mL with an ionic strength I varying between 0.095 and 0.13m.
This small variation in I has no effect on complex stability[36] as is also
evident from the following titrations. This means that the stability con-
stants of the Mg2+ , Mn2+, Zn2+ , and Pb2+ systems were additionally de-
termined under the same conditions used for the acidity constants, but
NaNO3 was partly (Mn2+ , Zn2+ , Pb2+) or fully (Mg2+) replaced by
M ACHTUNGTRENNUNG(NO3)2 (25 8C; I=0.1m).


The metal-to-ligand ratios in the various titrations, with [pUp(S)U] being
about 0.07 or 0.20 mm, were 233:1 and 170:1 for Mg2+ ; 285:1 and 113:1
for Mn2+ ; 116:1, 36:1, and 25:1 for Zn2+ ; 285:1, 27:1, and 24:1 for Cd2+ ,
and 58:1, 22:1, and 15:1 for Pb2+ . Even though the metal-to-ligand ratios
vary widely, the calculated stability constants for the M2+ complexes
showed no dependence on the excess of M2+ used.


The titration data were evaluated with a curve-fitting procedure using a
Newton–Gauss non-linear least-squares program for each titration pair
(i.e., with and without ligand) by calculating an apparent acidity constant
Ka’. Depending on the metal ion, the evaluation commenced at a forma-
tion degree of the M ACHTUNGTRENNUNG(pUp(S)U)� species of about 4 to 12%, while the
upper limit was given either by the hydrolysis of M(aq)2+ or by the for-
mation of complexes, where the (N3)H sites of the uracil residues lost a
proton, which was evident from the titrations without ligand or by the de-
viation of the experimental data from the calculated curves. Representa-
tive examples for the pH ranges employed are in the case of the
M ACHTUNGTRENNUNG(pUp(S)U)� complexes 4.7–6.8 (Mg2+), 4.7–6.6 (Mn2+), 4.4–6.0 (Zn2+),
3.8–5.9 (Cd2+), and 3.9–5.3 (Pb2+). These pH ranges correspond to varia-
tions in the formation degrees of about 5–63% for Mg ACHTUNGTRENNUNG(pUpU)�, 12–79%
for Mn ACHTUNGTRENNUNG(pUpU)�, 4–55% for Zn ACHTUNGTRENNUNG(pUpU)�, 3–73% for Cd ACHTUNGTRENNUNG(pUpU)�, and 4–
50% for Pb ACHTUNGTRENNUNG(pUpU)�, respectively. The stability constants of the com-
plexes were calculated as described previously.[1, 53, 68]


The final results for the stability constants of the M ACHTUNGTRENNUNG(pUp(S)U)� complexes
are the averages of two independent titrations in the case of the Mg2+


and Mn2+ systems, whereas for the Zn2+ , Cd2+ , and Pb2+ systems three
independent pairs of titrations were performed.
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Introduction


The concept of aromaticity is fundamental and widespread
in chemistry,[1–4] but aromaticity is not itself a directly meas-
urable quantity. This absence of an immediate observable
has resulted in a proliferation of approaches which have
been suggested to describe and quantify the aromaticity of a
molecule, typically based on energetic,[5] geometric,[6] quan-
tum chemical[7] or magnetic considerations.[8–12] Lack of cor-
relation between different measures has provoked sugges-
tions that aromaticity should be considered a multidimen-
sional phenomenon.[5,13–16] Multidimensionality has been


much debated, but as all molecular properties, including ar-
omaticity indices, are ultimately derived from the same mo-
lecular wave function, it is hard to envisage a physical justi-
fication for different well founded approaches to aromaticity
yielding contradictory results.


A related concept is that of electron delocalisation. There
has been an upsurge of interest in ways of quantifying the
extent of delocalization. Among the more popular are the
Para Delocalization Index (PDI)[7,17] and the Fluctuation
(FLU)[7,18] Index. Recently, one of the present authors intro-
duced Multi Centre Bond Indices (MCBI) to quantify elec-
tron delocalization in aromatic systems.[19–22] In fact, all
three quantities were originally introduced as aromaticity in-
dices, but there is an important distinction that should be
kept in mind when using a delocalization index to quantify
aromaticity.


The distinction emerges when we examine the magnetic
properties of an aromatic system. It has long been known
that aromatic and antiaromatic systems sustain ring currents
in the presence of a magnetic field. This forms the basis of
the use of ring current (RC) maps[11,12] as an indicator of ar-
omaticity and antiaromaticity. Both aromaticity and antiaro-
maticity imply a delocalized electronic structure, but a mole-
cule could have a delocalized system, and still not show a
ring current when exposed to a magnetic field. In a pertur-
bation theory approach, distribution and intensity of ring
currents depends on the availability of virtual orbitals of ap-
propriate symmetry.[11,23,24] In this sense, significant delocali-
zation is a necessary but not a sufficient condition for ring
current. Moreover, if a ring current does appear, the deloc-
alization index does not reveal information on its sense: dia-
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compared with ab initio computations
of the same maps in the pseudo-p ver-
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magnetic response. The quality of the
comparison indicates that both delocal-
ization and ring current approaches


capture the same information about
the aromatic nature of the PAH. Aro-
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tropic aromatic and paratropic antiaromatic currents are
both associated with delocalization.


A very popular aromaticity index also based on ring cur-
rents is the Nucleus Independent Chemical Shift
(NICS).[8,9,25,26] The basic idea of NICS is that one concen-
trates all RC information in a single point at which the
chemical shift is computed. Typically, this means that the
negative of the mean magnetic shielding is computed at the
centre of the ring for which the degree of aromaticity is to
be assessed. Over time, schemes for the calculation of NICS
have been refined to cope with different criticisms, but
clearly reduction of the rich information of a RC map to a
single number remains questionable, as completely different
RC maps could give rise to nearly indistinguishable NICS
values. Although criticised on several occasions,[19, 27–29] the
method remains widely used among computational chemists.
In many cases, NICS and RC maps lead to similar conclu-
sions, but for many polycyclic aromatic hydrocarbons (PAH)
NICS can give unexpected results. One well known class of
problematic cases is when bifurcated circuits arise.[29–31]


Before accepting claims of multidimensionality, one needs
to examine in detail the grounds for poor correlation be-
tween indices of aromaticity. In a recent contribution, some
of the present authors have shown that multicentre indices
and NICS can be reconciled, the main conclusion being that
the NICS value for a particular ring has significant contribu-
tions from delocalisation in longer circuits that contain the
ring, as well as from delocalisation within the ring itself.[32]


Thus, the NICS computed at the centre of a specific benze-
noid ring of a PAH does not reflect solely the aromaticity or
ring current of that ring. By taking into account larger cir-
cuits, it was shown that NICS and multicentre indices do in
fact correlate quite well.


It should be noted that the idea that NICS and ring cur-
rent maps do not always reflect the local aromaticity of indi-
vidual circuits was previously discussed also in detail by
Aihara et al. using graph theoretical and HNckel calcula-
tions.[33–36] In terms of the present paper, the main issue is
that one cannot derive from global ring currents and NICS
values the degree of aromaticity of a specific circuit. This
agrees very well with the conclusions of Aihara et al.[33–36]


In order to establish whether RC maps and multicentre
indices can also be reconciled, in the present work we devel-
op a method for extracting approximate maps from the mul-
ticentre indices and compare them to the ab initio maps for
a very large set of PAH. The main aim of the present study
is thus to assess whether RC maps and multicentre indices
lead to the same chemical conclusions, thereby reducing the
scope for a “multidimensional character” of aromaticity.


Method


In a recent contribution, some of the authors have shown
that there is a significant influence of different higher-order
circuits on NICS, in addition to the local (benzenoid) aro-
maticity.[32] It was confirmed statistically that the total NICS


at the centre of a given six-membered ring X can be ex-
pressed as a linear combination of the six-centre index
(SCI), ten-centre indices (TCI) and fourteen-centre indices
(FCI-a and FCI-b) for the circuits that include X. The
notion of inclusion is the intuitive one: for example, in the
infinite graphite sheet, a ring X defines one six-centre-circuit
and is included in six ten-centre-circuits, 9 fourteen-centre-
circuits of type a and 18 of type b. Figure 1 illustrates the
circuits for anthracene and phenanthrene. The correlation is
expressed in terms of four fitting parameters a to d :


NICSðrXÞ ¼ aSCIþ b
X


j


TCIj þ c
X


k


ðFIC�akþFCI�bkÞ þ d


ð1Þ


In this expression, j and k run over all circuits of length ten
and fourteen that include X, and FCI-a and FCI-b are the
fourteen-centre indices in the linear and angular circuits of
length fourteen, respectively.


For 109 polycyclic aromatic hydrocarbons, leading to a
total of 493 symmetry-unique rings, all six-, ten-, and four-
teen-centre indices (SCI, TCI, and FCI) were calculated and
the above regression was derived. It was found that the SCI
contribution is the largest, at about 50% of the total sum of
SCI, TCI and FCI contributions to the NICS value, followed
by a TCI contribution of about 32% and the FCI contribu-
tion of about 18% of the total. The constants a to d for re-
constructing different members of the NICS family using
Equation (1) were calculated in a previous study using mul-
tiple linear regression[32] and the explicit values are given in
the Supporting Information.


In the present work, using the constants a, b and c of
Equation (1), approximate RC maps have been derived
from the multicentre delocalization indices. Such approxi-
mate maps will be denoted as MCBI-RC maps in what fol-
lows. To obtain the maps, the values of the SCI were pro-
jected as vectors on the bonds of the benzenoid ring in a di-
atropic manner. In this method, the SCI vectors of two ad-


Figure 1. Different circuits in anthracene and phenanthrene.
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joint benzenoid rings partially cancel (or strengthen) each
other on their common bond. The same was done for the
ten-, and fourteen-centre indices (TCI, FCI). For the four-
teen-centre indices, anthracene- and phenanthrene-like cir-
cuits (F and F’ in Figure 1, respectively) were calculated and
used with equal weight to construct one fourteen-centre
vector set. The parameters obtained from the regression in
equation 1[32] were used as weighting factors to scale and
then sum the SCI-, TCI- and FCI-vector maps to construct
the final MCBI-RC map.


As many of the PAH are quite large molecules, an effi-
cient scheme for the evaluation of MCI and RC maps is
most desirable. Paradoxically, results of modern high level
calculations for the present class of molecules have revived
the pseudo-p technique, based on a 1937 idea of London.[37]


In this technique, extensive use is made of the analogy be-
tween the p system in a planar molecule and the s system
of an array of hydrogen atoms using only s-type orbitals.
This method has been shown to give pseudo-p RC maps
which are nearly indistinguishable from RC maps computed
for the full molecule.[38] It has also been shown that MCBI
obtained using this pseudo-p method exhibit a very tight
correlation with MCBI obtained at higher levels of
theory.[39] Moreover, it was recently shown that pseudo-p
NICS values exhibit a good correlation with the recom-
mended p-density based NICS indices.[32] Using this method
it is possible to reduce the computer time drastically, allow-
ing the calculation of the properties of increasingly larger
systems.[40] For consistency, both the MCBI and the ab initio
RC maps used for comparison were obtained using the
pseudo-p method. Within the pseudo-p model, s current in
the molecular plane is a near-quantitative model for the cur-
rent at a height of 1 Bohr in the actual molecule, which is
the height at which the current is usually displayed in a RC
map.


In the present work, both the MCBI-current maps and
full ring current maps were calculated and compared for 394
PAH, constructed from one to seven benzenoid rings. The
molecules were taken to be in ideal geometries, with a uni-
form C�C bond length of 1.4 Q. Previous studies have
shown that optimization of the molecular structure has only
a minor influence on calculated values of ring current and
MCBI. Calculation of RC maps used the SYSMO pro-
gram;[41] calculations of HF wavefunctions for the delocali-
zation indices were performed using Gaussian 03,[42] using
the STO-3G basis prescribed in the pseudo-p model; MCBI
were calculated using the Ghent KekulT program, based on
Global Population Analysis[43–45] in the Mulliken ap-
proach.[46–51]


Results and Discussion


Using the methods described above, RC and MCBI-RC
maps were computed for the entire range of PAH. In order
to study the relation between both types of RC maps and to
document the good agreement between them, this section


presents a detailed discussion of several specific cases, in-
cluding some known to be difficult in terms of correlation
between aromaticity indices.


Linear polyacenes : Local aromaticity within linear poly-
acenes is a major point of interest in recent litera-
ture.[19, 27,33, 52–55] According to some indices, such as NICS,
the central rings of linear polyacenes are the most aromatic,
whereas other indices, such as SCI, predict the reverse.[19,20]


From chemical reactivity, one would also conclude that the
central ring is the least aromatic. As there is divergence in
views already for a simple molecule like anthracene, recon-
ciliation of NICS and MCBI data might seem a hopeless
task. Nevertheless, in a recent contribution it was shown by
some of the authors that the main reason for this apparent
disagreement between indices arises from different views of
local aromaticity.[32] A NICS value computed for a single
point does not reflect solely the current in the six-centre
ring encircling this point, but contains significant contribu-
tions from other encircling circuits. The MCBI for a specific
circuit is by definition related to that circuit alone, and influ-
enced only indirectly by other circuits via the charge and
bond order matrix.


Figure 2 shows how the MCBI-RC map for a linear polya-
cene can be constructed in a step-wise fashion for anthra-
cene. Figure 2a shows the MCBI-RC map obtained from
only the SCI of all three rings. As the SCI is slightly smaller
for the central ring than for the outer rings, the MCBI-RC is
slightly stronger in the outer rings, but already correctly
shows the concentration of ring current on the perimeter.
Introduction of TCI and then FCI, gives maps 2b–2c, which
show significant changes with respect to 2a. Finally, Fig-
ure 2d shows the ab initio computed RC map. Clearly, this
directly computed map is in very good agreement with that
constructed from 6, 10 and 14-centre indices (2c). Concern-
ing quantitative agreement be-
tween the ab initio RC and
MCBI-RC maps, the correla-
tion between ab initio comput-
ed ring current intensities along
the C�C bonds and the intensi-
ties from the MCBI-RC for
benzene, naphthalene, anthra-
cene and phenanthrene exhibits
a linear regression correlation
coefficient of 0.97. This shows
that the agreement is excellent,
even in the quantitative sense.


This indicates that SCI results
and RC maps do not contradict,
but rather reflect two different
factors. When RC maps are inspected or NICS data exam-
ined, one is inclined to attach a degree of local aromaticity
to a specific ring by applying a 3D condensation scheme to
“cut” the entire map into pieces. This decomposition is spa-
tially, rather than graph-theoretically based, and the connec-
tion is with rings rather than circuits. MCBI, on the other


Figure 2. Step-wise build-up of
the MCBI-RC map for anthra-
cene.
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hand, directly reflect individual graph circuits. It is gratifying
that both approaches can be reconciled. It is not so much
that local aromaticity has multidimensional character as that
it can be viewed in two different ways. The spatial decompo-
sition picture has the advantage of “what you see is what
you get” approaches, but the circuit picture is also well de-
fined. Choice between the different pictures is more a
matter of taste than an objective question.


The RC and MCBI-RC maps for the linear acenes are
shown in Figure 3. In all cases, in both the RC and MCBI-
RC maps the current increases towards the central rings, im-
plying a higher NICS value, but not because of an intrinsi-
cally larger SCI value for the middle ring, but because of
the higher number of circuits.


In both RC and MCBI-RC maps the maximum current
on the inner rings appears to converge to a limit with
system size. This trend is also found in the NICS values of
these systems, and gives support to the observations of
Randic[56] and some of the authors that the influence of
higher-order circuits becomes less important in energetics
and properties for increasingly larger circuits.[32] This implies
that both NICS and ring currents can be modelled accurate-
ly using the MCBI with circuits of sizes up to fourteen.


Kinked polyacenes : Figure 4 shows maps for phenanthrene
and triphenylene as typical examples of nonlinear PAH. In
these molecules there is a larger difference in SCI between
inner and outer rings, but TCI and FCI are smaller than in
anthracene, which causes a change in the balance of cur-
rents. Although the dominant current is on the central ring
in anthracene, it is on the outer rings of phenanthrene and
triphenylene. This change leads to a distinct pattern of cur-
rent on the inner ring, with an alternation of para- and dia-
tropic senses. These cases illustrate that reduction of RC
map information to a single number can lose the subtleties
of the physical phenomenon. NICS would characterize the
middle rings of these polyacenes as aromatic, whereas the
full current pattern will only be revealed by the full RC map
or in the MCBI-RC map.


Pyrene : Figure 5 shows maps for pyrene. The main current
runs on the periphery and only two outer rings have closed
circulations. The RC map shows how to interpret the NICS
values for the four rings: NISC(0) is �11.65 ppm for the
outer and �4.65 ppm for the inner rings. The “aromatic”
value for the outer ring and non-aromatic value for the
inner ring reflect the respective closed and open nature of
the currents. Most of the current in pyrene is running along
the periphery, and NICS exaggerates the difference between
the two rings. It is not clear that the inner rings can be
termed aromatic in any significant sense.


Perylene and dibenzo ACHTUNGTRENNUNG[cd,lm]perylene : The ring current pat-
tern of perylene shows two distinct naphthalene-like circuits
and the current on the bonds connecting the two naphtha-
lene substructures is essentially zero (Figure 6). The same
pattern is seen in the MCBI-RC map. The NICS of the
inner ring is positive
(NICS(0)=8.19 ppm), induced
by the naphthalene-like circuits
above and below the central
ring. The inner ring can hardly
be seen as anti-aromatic, as its
positive NICS value (8.19 ppm)
would indicate, it is essentially
an empty ring, flanked by two
diatropic naphthalene circuits
(NICS(0)=�5.10 ppm).


With two more hexagonal
rings fused to the naphthalene-
like rings, the structure is that
of dibenzo ACHTUNGTRENNUNG[cd,lm]perylene or
peropyrene. This molecule
shows a completely different
ring current pattern. The two


Figure 3. RC and MCBI-RC maps for the linear acenes tetracene to hep-
tacene.


Figure 4. RC and MCBI-RC maps for the kinked acenes phenanthrene
and triphenylene.


Figure 5. RC maps and MCBI-RCM for pyrene.


Figure 6. RC and MCBI-RC
maps for perylene and
dibenzo ACHTUNGTRENNUNG[cd,lm]perylene.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3093 – 30993096


P. Bultinck et al.



www.chemeurj.org





strong naphthalene circuits are lost, and replaced by a
strong current on the periphery, which runs through the
outer bonds of the middle hexagon. The three non-naphtale-
noid hexagons all support diatropic ring currents, in addition
to the strong perimeter current. The MCBI-RCM accurately
reproduces this same ring current pattern.


Antanthrene : Typical “hard cases” for which NICS and
other aromaticity indices fail are those of molecules which
contain bifurcated rings.[29–31] An example of such a molecule
is anthanthrene, which has two bifurcated corner-rings, as
seen in the maps of Figure 7 (the upper right and lower left
corners). These corner rings are neither aromatic nor anti-
aromatic, but the NICS(0) value of �1.81 ppm for these
rings assign a questionable quantitative measure of aroma-
ticity, whose sign is determined only by the side on which
the strongest current happens to run. A correct physical pic-
ture is given only by the RC and MCBI-RC map, which
shows the bifurcation.


Periphery-only currents : Ring-current maps for some PAH
show no current in the centre of the molecules, but an en-
tirely peripheral current. This is the case for the benzo[cd]-
pyrene anion and triangulene, shown in Figure 8. It is grati-
fying to see that, although the SCI values of the benzenoid
rings vary (Figure 9), upon addition of the different circuits
the MCBI-RC map is able to recover the emptiness of the
interior of these molecules. Once again, the NICS reduction
of the RC maps to a single value for each ring does not lead
to the conclusion of the single peripheral current, exhibited
in both RC and MCBI-RC maps.


Benzo ACHTUNGTRENNUNG[ghi]perylene and coronene : Benzo ACHTUNGTRENNUNG[ghi]perylene
(Figure 10) is a molecule that is closely related to coronene,
but lacks one hexagonal ring. Because of this gap, the cen-


tral ring of the molecule does not have a closed paratropic
current as in coronene. Only five of the six bonds have a
current in the paratropic sense. The inner ring is not classifi-
able as purely anti-aromatic, as only the (RC or MCBI-RC)
maps show. Only three rings, in meta positions on the
middle ring, have a full diatropic current. These are the sites
of the sextets in the Clar electronic structure of this mole-
cule. This distribution is consistent with the SCI, which has
larger values on these positions (Figure 11), favouring a dia-
tropic current. The ring current on the middle ring also al-
ternates in intensity, showing a larger current in the bonds
fused to the Clar rings.


For coronene, the MCBI-RC map reproduces the well
known current map with a large diatropic current on the
edge of the molecule and a small paratropic current around
the middle ring. The genesis of this current pattern is al-
ready seen in the SCI map, where the outer benzenoid rings
have larger delocalization than the inner (Figure 11).


Applicability of the MCBI-method : As the above examples
show, multicentre delocalization indices contain the informa-
tion necessary for the prediction of current density maps in
PAH. Formally, the multicentre delocalization indices quan-
tify the delocalization of the p-electron cloud within a


Figure 7. RC and MCBI-RC maps for anthanthrene.


Figure 8. RC and MCBI-RC maps for benzo[cd]pyrene anion and trian-
gulene.


Figure 9. SCI values for benzo[cd]pyrene anion and triangulene, ex-
pressed in terms of the percentages of benzene value.


Figure 10. RC and MCBI-RC maps for benzo ACHTUNGTRENNUNG[ghi]perylene and coronene.


Figure 11. SCI maps for benzo ACHTUNGTRENNUNG[ghi]perylene and coronene, expressed in
terms of the percentages of benzene value.
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chosen circuit, whereas the RC map refers to the response
of the molecule to a magnetic field. The agreement of
MCBI-RC and RC maps suggests that the forces on the
electrons for the different circuits are at least approximately
proportional to the respective multicentre delocalization in-
dices.


Having established that the RC and MCBI-RC maps give
similar results, it is appropriate to comment on the range of
applicability of MCBI as an aromaticity index. As noted ear-
lier, the MCBI reflects delocalization. All the circuits in the
PAH are aromatic in nature, and the MCBI relates to the ar-
omaticity, but it is possible to imagine cases where such
simple reasoning could conceivably fail, for example, rings
of other sizes or heterocyclic systems. There are difficulties
in applying the pseudo-p model to heterocyclic systems[57]


and it would be necessary to make further checks on the
agreement between MCBI-RC and RC maps.


The RC model allows quantitative comparison of currents
by calculation of the flux of the current through planes cut-
ting bonds, although this is quantity is not immediately evi-
dent in the usual pictorial presentation. Relative sizes of the
longest arrows in ring current maps can also be used to com-
pare to a standard, for example, the benzene p-current at a
height of one Bohr. The MCBI-RC map essentially assigns a
numerical value to each bond, which can easily be used for
comparison and provides a useful link between RC, NICS
and delocalization.


Conclusion


The present results show that MCBI delocalization indices
and RC maps can be reconciled in a chemically intuitive
way. In previous work, similar reasoning can be used to rec-
oncile NICS and MCBI. As there is a good correlation be-
tween the MCBI and other local aromaticity indices such as
the Polansky index,[58,59] the same correlations will hold for
these indices, and in general it is expected that the above
reasoning can be used to reconcile delocalisation based and
magnetic indices. The claimed evidence for multidimension-
ality of aromaticity vanishes in these cases, as it is apparent-
ly only a consequence of a choice of description, in terms of
rings or graph circuits. By making a suitable combination of
the delocalisation indices for different circuits, the RC map
picture is recovered.
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Total Synthesis of (+)-Alexine by Utilizing a Highly Stereoselective [3+2]
Annulation Reaction of an N-Tosyl-a-Amino Aldehyde and a 1,3-
Bis ACHTUNGTRENNUNG(silyl)propene


Martina Dressel,[a] Per Restorp,[a] and Peter Somfai*[a, b]


Introduction


Polyhydroxylated pyrrolidine and pyrrolizidine alkaloids are
a class of naturally occurring compounds, primarily isolated
from plants throughout the world, that have attracted con-
siderable attention owing to their significant biological activ-
ity.[1] Many of these alkaloids exhibit diverse biological ac-
tivities, including powerful glycosidase inhibitory properties
and antiviral and antiretroviral activities, and are, therefore,
potential chemotherapeutic drug targets for HIV and cancer
therapy.[2] Noteworthy members of this important class of
compounds are (+)-alexine ((+)-1), (+)-australine ((+)-2),
(+)-casuarine ((+)-3), and hyacinthacine A1 (4), which are
all structurally related and differ only in relative stereo-
chemistry (compare 1 and 2) and the level of hydroxylation
(compare 3 and 4). Formally, compounds 1–4 can be derived
from the monocyclic glycosidase inhibitors 2,5-dideoxy-2,5-
imino-d-mannitol, DMDP (5) and 2,5-dideoxy-2,5-imino-d-
glucitol, DGDP (6).


Biological screenings of these compounds have demon-
strated that the substitution pattern and stereochemistry of
the hydroxy groups in the pyrrolizidine skeleton have a sig-
nificant impact on their biological activity.[2] Therefore, a
number of synthetic routes leading to natural as well as un-
natural isomers of pyrrolizidine alkaloids have been devel-
oped. Owing to the structural resemblance to sugars, syn-
thetic routes to alexine ((+)-1) and several of their structur-
ally related congeners have exploited the intrinsic chirality
and highly oxygenated architecture of carbohydrates as
starting materials.[3]


Although the use of sugar-derived precursors minimizes
the need to introduce the requisite stereocenters and hy-
droxy moieties, several of these syntheses are impractical
owing to the large number of synthetic steps, the need for
extensive protecting group manipulations, and the apparent
lack of stereochemical flexibility. To meet the demands for
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higher synthetic efficiency, focused and divergent asymmet-
ric routes from achiral starting materials have been devel-
oped that, to date, mainly rely on stereoselective reductions
of pyrroles,[4] Sharpless asymmetric amino-hydroxylations[5]


and dihydroxylations,[6] ring-closing metathesis,[7] and
tandem [4+2]/ACHTUNGTRENNUNG[3+2] cycloaddition reactions of nitroal-
kenes.[8] Recently, a synthesis of polyhydroxylated pyrroli-
dine alkaloids based on asymmetric allylic alkylations of bu-
tadiene epoxide with amines was reported by Trost et al.[9]


The Lewis acid promoted addition of allylsilanes to alde-
hydes (Sakurai–Hosomi allylation) is an important method
for stereoselective C�C bond formation.[10] Allylsilanes can
also function as synthetic equivalents of 1,2- and 1,3-dipoles
in [3+2] annulation reactions with activated aldehydes,[11]


imines,[12] and chlorosulfonyl isocyanates.[13] These ap-
proaches have been well studied and provide efficient en-
tries to five-membered heterocyclic ring systems, mainly
functionalized 2-pyrrolidone (g-lactam)[13] and THF[11] sub-
units. In contrast, the corresponding [3+2] annulation reac-
tion to afford functionalized pyrrolidines has only received
scarce attention.[12,14] Recently, we reported that highly func-
tionalized pyrrolidines 9, containing four contiguous stereo-
centers can be prepared by a [3+2] annulation reaction of
protected a-amino aldehydes 7 and 1,3-bis ACHTUNGTRENNUNG(silyl)propenes 8
(Scheme 1).[15] The efficiency of the method was also dem-


onstrated by a straightforward synthesis of DGDP (6). We
now wish to describe our efforts to apply this novel annula-
tion methodology to the synthesis of the polyhydroxylated
pyrrolizidine alkaloid (+)-alexine ((+)-1).


Results and Discussion


Carbon–silicon bonds can be oxidized to carbon–oxygen
bonds with retention of configuration in which the reaction
requires proper selection of the substituents on the Si nu-
cleus.[16] With this in mind, it was reasoned that our recently
developed [3+2] annulation methodology would be an ideal
starting point for an expedient synthesis of (+)-alexine
((+)-1). Accordingly, we envisioned that pyrrolidine 9a,
which is readily available from aldehyde 7a[17] and silane 8a
by a [3+2] annulation reaction, would serve as an advanced
intermediate towards compound 1 (Scheme 2). Notably, four
of the stereocenters required for compound 1 are introduced
in this step with excellent selectivity. It was then reasoned
that the remaining C7 stereocenter of (+)-1 could be intro-


duced by a substrate-controlled nucleophilic allylation or vi-
nylation of the corresponding aldehyde 11. The synthesis of
(+)-1 commenced with aldehyde 7a and silane 8a, which
smoothly underwent a highly stereoselective [3+2] annula-
tion reaction to afford pyrrolidine 9a as a single diastereo-
mer (Scheme 3).[15] Desilylation under acidic conditions then


afforded diol 10 in an excellent yield. The synthesis then re-
quired a chemoselective oxidation of the primary hydroxy
group in 10, thus setting the stage for introducing the C7 ste-
reocenter. After screening several methods, it was found
that 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO)/NaOCl
cleanly furnished aldehyde 11[18] in a quantitative yield with
no sign of oxidation of the secondary alcohol or aldehyde
epimerization.[17] At this point, the substrate-controlled dia-
stereoselective additions to aldehyde 11 were examined
(Scheme 4). It was envisioned that the correct C7 stereo-
chemistry required for (+)-1 could be installed by a Felkin–
Anh-controlled addition to 11 in which the (�)-sulfonamide
moiety acts as the large group and exerts the major stereodi-
recting effect.[19] Alternatively, a chelation-controlled nucle-
ophilic addition to a six-membered cyclic chelate, as previ-


Scheme 1. The stereoselective synthesis of functionalized pyrrolidines 9.


Scheme 2. Retrosynthetic analysis of (+)-alexine ((+)-1).


Scheme 3. Synthesis of aldehyde 11.
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ously described for TiCl4-promoted additions of allylsilanes
to a-alkoxy aldehydes, is also expected to furnish the correct
C7 stereochemistry.[20] In this event, treatment of aldehyde
11 with vinylmagnesium bromide at �78 8C afforded pyrroli-
dine 12 in excellent yields but as an inseparable mixture of
C7 stereoisomers (Scheme 4 and Table 1, entry 1). Lowering


the reaction temperature to �100 8C resulted in only a mar-
ginal improvement in the diastereoselectivity (Table 1,
entry 2). However, treatment of aldehyde 11 with allyltrime-
thylsilane and TiCl4 afforded pyrrolidine 13 in 70% yield as
a single detectable stereoisomer. The use of the less reactive
Lewis acid analogue TiCl2ACHTUNGTRENNUNG(OiPr)2 resulted in similar stereo-
selectivity but a somewhat diminished yield. Additionally,
the reaction temperature had to be increased to �50 8C to
ensure full conversion of 11 (Table 1, entry 4). Further at-
tempts to optimize this reaction by employing other mono-
dentate and chelating Lewis acids (BF3·OEt2 and MeAlCl2)
gave inferior results.
To complete the synthesis, the vinyl moiety in 13 must be


cleaved followed by insertion of the pyrrolizidine ring
system. Initially it was planned to perform this sequence
without protecting the secondary hydroxy groups in 13, the
argument being that sufficient chemoselectivity to perform
this should be inherent in the system. However, all attempts
to put this strategy into practice failed. Treating compound
13 with O3 or OsO4/NaIO4 only yielded complex mixtures
without any trace of the desired product.[21] As a result, the
alcohol moieties in 13 were protected as benzyl ethers,
which furnished pyrrolidine 14 in an excellent yield
(Scheme 4). The cleavage of the terminal olefin moiety in 14
by using a Lemieux–Johnson oxidation[22] was straightfor-
ward and the resultant aldehyde was reduced in situ to give


alcohol 15 in a 72% yield over two steps. Removal of the
tosyl group then gave amine 16 in excellent yield.
Different conditions were evaluated for the 5-exo-tet ring


closure of 16 into pyrrolizidine 17. It has recently been re-
ported that MsCl (MsCl=mesyl chloride) also effects this
cyclization in other similar systems, with the reaction pro-
ceeding by a selective mesylation of the primary hydroxy
group followed by ring closure.[4] However, treatment of 16
with MsCl at 0 8C only gave a complex mixture of products,
perhaps indicating that, for the present case, the mesylation
suffers from poor chemoselectively. Instead, the cyclization
could be accomplished by converting the primary hydroxy
moiety in 16 into the corresponding alkylbromide followed
by cyclization to afford the pyrrolizidine 17 in good yields.
Having synthesized 17, only two steps remained to com-


plete the synthesis of (+)-1: a stereospecific Tamao–Fleming
oxidation of the Me2PhSi groups and removal of the benzyl


ethers. It is known that the oxi-
dation of dimethylphenylsilyl
moieties to the corresponding
alcohols can be accomplished in
a one-pot procedure by treat-
ment with a suitable electro-
phile (Br2 or Hg


2+ ion) in
AcOOH/AcOH.[16,23] Alterna-
tively, the oxidation can be per-
formed in a two-step sequence
by transforming the dimethyl-
phenylsilyl moieties into the
corresponding silylfluorides by
using BF3·AcOH or HBF4·OEt2


in CH2Cl2 or AcOH, followed by oxidation to the corre-
sponding alcohols by using H2O2. The latter protocol is re-
ported to be less prone to oxidize tertiary amines.[21] Initial
attempts to oxidize 17 by using Br2 (generated in situ from
KBr) in AcOOH/AcOH yielded a complex mixture of prod-
ucts with no sign of the formation of 18. Instead, we turned
our attention to the two-step procedures described above,
which have previously been successfully used for oxidation
of dimethylphenylsilyl moieties in the presence of tertiary
amines.[24] However, treatment of 17 with BF3·AcOH or
HBF4·OEt2 in CH2Cl2 or AcOH at ambient temperature
gave only starting material, whereas higher reaction temper-
atures resulted in the rapid decomposition of 17. Similarly,
the use of Hg ACHTUNGTRENNUNG(OTf)2/AcOOH in TFA/CHCl3/AcOH (Tf=
trifluoromethanesulfonyl, TFA= trifluoroacetic acid), which
has been recently applied in the total synthesis of (+)-casu-
arine, only returned the starting material.[25] Interestingly, a
similar procedure with Hg ACHTUNGTRENNUNG(OTf)2/AcOOH in AcOH at am-
bient temperature resulted in the chemoselective oxidation
of the primary silyl group. When the reaction time was pro-
longed, pyrrolizidine 18 and N-oxide 19 could be isolated in
satisfying yields. Hydrolysis of 18 gave alcohol 20, and final-
ly, treating compounds 19 and 20 to H2 and Pd/C gave (+)-1
in good yields (Scheme 5).


Table 1. Stereoselective allylation/vinylation of aldehyde 11.


Entry Nu: Lewis acid T [8C] dr[a] (Yield [%])[b] Product


1[c] CH2=CHMgBr n/a[d] �78 86:14 (90) 12[e]


2[c] CH2=CHMgBr n/a �100 90:10 (85) 12[e]


3[f] CH2=CHCH2TMS TiCl4 �78 >95:5 (70) 13
4[g] CH2=CHCH2TMS TiCl2 ACHTUNGTRENNUNG(OiPr)2 �78 to �50 >95:5 (56) 13


[a] Determined by 1H NMR analysis of the crude reaction mixtures. [b] Yield of the isolated product after
flash chromatography. [c] Vinylmagnesium bromide (5 equiv) was added to a solution of aldehyde 11 in Et2O
at the indicated temperature. [d] n/a=non applicable. [e] Product not fully characterized. [f] Allyltrimethyl-
silane (3 equiv) was added to a solution of aldehyde 11 and TiCl4 (1.5 equiv) in CH2Cl2. [g] Allyltrimethyl-
silane (3 equiv) was added to a solution of aldehyde 11 and TiCl2 ACHTUNGTRENNUNG(OiPr)2 (3 equiv) in CH2Cl2.


Scheme 4. Allylation/vinylation of 11.
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Conclusion


We have completed the first asymmetric, non-carbohydrate-
based total synthesis of the polyhydroxylated pyrrolizidine
alkaloid (+)-alexine ((+)-1) in twelve steps from the serine-
derived aldehyde 7a with an overall yield of 6%. The key
steps in the synthesis are a highly stereoselective [3+2] an-
nulation of N-Ts-a-amino aldehydes (Ts= tosyl) and 1,3-bis-
ACHTUNGTRENNUNG(silyl)-propenes, a highly selective substrate-controlled Sa-
kurai–Hosomi allylation, and a stereospecific Fleming–
Tamao oxidation of the dimethylphenylsilyl moieties. The
13C NMR data, melting point, and the optical rotation (160–
161 8C, [a]20D =++39 (c=0.08 in H2O)) were in good agree-
ment with the published data for natural (+)-alexine (162–
163 8C, [a]20D =++40 (c=0.25 in H2O)).


[1a] However, all proton
signals in the 1H NMR spectrum were shifted d=0.2–
0.3 ppm downfield when compared with the data published
by Nash et al.[1a] Similar observations have been described
previously and have been ascribed to the particular pH
value of the NMR sample and the method used for its puri-
fication.[4d,7]


To date, two total syntheses of (+)-alexine have been de-
tailed in the literature,[3a,d] both of which rely on carbohy-
drates as the starting materials. As a result, several protect-
ing-group manipulations are required, which makes the total


number of steps relatively high (20 steps with a 4% overall
yield[3a] and 26 steps with a 4% overall yield[3d]). Thus, it can
be seen that the [3+2] annulation strategy presented herein
compares favorably and constitutes a highly efficient entry
to polyhydroxylated alkaloids.


Experimental Section


General methods : All air- and moisture-sensitive reactions were carried
out in flame-dried flasks under nitrogen. The liquid reagents were trans-
ferred by using oven-dried syringes. THF and CH2Cl2 were dried by using
a glass-contour solvent-dispensing system. 1H and 13C NMR spectra were
recorded in CDCl3 or D2O by using the residual signal of CHCl3
(1H NMR d=7.26 ppm, 13C NMR d =77.0 ppm) or H2O (


1H NMR d=


4.79 ppm) as the internal standard. Analytical TLC plates were visualized
by using UV light, phosphomolybdic acid/cerium sulfate, and/or Drag-
gendorff reagent.


(2S,3R,4R,5R)-4-[Dimethyl ACHTUNGTRENNUNG(phenyl)silyl]-5-{[dimethyl-
ACHTUNGTRENNUNG(phenyl)silyl]methyl}-2-methyl-1-tosylpyrrolidin-3-(tert-butyldimethylsila-
noyl) (9a): MeAlCl2 (1m in hexanes, 6.98 mL) was added by using a sy-
ringe to a stirred solution of aldehyde 7a (2.08 g, 5.82 mmol) in CH2Cl2
(100 mL), which was cooled to �78 8C, followed by the addition of 8a
(1.98 g, 6.40 mmol). The resulting mixture was stirred at �78 8C for 2 h.
The reaction was quenched by the addition of a saturated aqueous solu-
tion of NH4Cl (10 mL) and extracted with CH2Cl2 (3J20 mL). The com-
bined organic phases were washed with brine (15 mL), dried over
MgSO4, filtered, and then evaporated to give a colorless oil. Flash chro-
matography (silica gel, pentane/EtOAc 5:1) of the residue yielded 9a as
a white solid (2.25 g, 58%). [a]25D =�3.4 (c=0.55, CH2Cl2);


1H NMR
(CDCl3, 500 MHz): d =7.56 (d, J=8.2 Hz, 2H), 7.45–7.23 (m, 12H), 3.99
(dd, J=10.1, 4.7 Hz, 1H), 3.87 (m, 2H), 3.80 (ddd, J=8.8, 5.9, 3.1 Hz,
1H), 3.52 (m, 1H), 3.45 (d, J=3.3 Hz, 1H), 2.42 (s, 3H), 1.69 (dd, J=


15.7, 8.8 Hz, 1H), 1.47 (t, J=5.7 Hz, 1H), 1.18 (dd, J=15.7, 3.1 Hz, 1H),
0.89 (s, 9H), 0.27 (s, 3H), 0.26 (s, 3H), 0.10 (s, 6H), 0.06 (s, 3H),
0.05 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d=143.4, 139.2, 136.6,
135.4, 134.0, 133.9, 129.6, 129.3, 128.8, 127.9, 127.7, 127.6, 75.1, 64.1, 62.8,
60.3, 39.6, 26.7, 25.8, 21.5, 18.0, �1.5, �1.8, �4.0, �4.2, �5.4, �5.5 ppm;
IR (neat): ñ =3490, 2950, 1350, 1160 cm�1; MS (ESI): m/z (%): 690 (100)
[M+Na]+ ; HRMS (FAB): m/z calcd for C35H53NO4SSi3: 690.2895
[M+Na]+ ; found: 690.2899.


(2S,3R,4R,5R)-2-(Hydroxymethyl)-4-[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]-5-
{[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}-1-tosylpyrrolidin-3-ol (10): Pyrrolidine 9a
(1.06 g, 1.58 mmol) was dissolved in AcOH/THF/H2O (3:1:1, 25 mL) and
stirred for 15 h at RT. The solvents were removed in vacuo. Flash chro-
matography (pentane/EtOAc 1:1) of the residue afforded pyrrolidine 10
as a colorless oil (840 mg, 96%). [a]25D =�23.4 (c=0.47 in CH2Cl2);
1H NMR (CDCl3, 500 MHz): d=7.61 (m, 2H), 7.51 (m, 2H), 7.39–7.19
(m, 8H), 7.52 (m, 2H), 3.97 (m, 1H), 3.84 (m, 3H), 3.42 (m, 1H), 2.55
(dd, J=7.1, 5.9 Hz, 1H), 2.44 (s, 3H), 2.38 (d, J=4.5 Hz, 1H), 1.76 (dd,
J=14.7, 8.7 Hz, 1H), 1.43 (t, J=5.3 Hz, 1H), 1.37 (dd, J=14.7, 3.3 Hz,
1H), 0.33 (s, 3H), 0.32 (s, 3H), 0.04 (s, 3H), �0.07 ppm (s, 3H);
13C NMR (CDCl3, 125 MHz): d =145.2, 140.6, 137.6, 136.1, 135.4, 135.3,
131.3, 131.1, 130.5, 129.6, 129.4, 129.2, 76.8, 65.3, 64.1, 61.9, 41.8, 28.8,
23.1, 0.04, �0.36, �2.0, �3.4 ppm; IR (neat): ñ =3443, 2953, 2923, 1427,
1341, 1250, 1159, 1112, 1034, 815 cm�1; HRMS (ESI): m/z : calcd for
C29H39NO4SSi2: 576.2031 [M+Na]+ ; found: 576.2028.


(2S,3R,4R,5R)-3-Hydroxy-4-[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]-5-{[dimethyl-
ACHTUNGTRENNUNG(phenyl)silyl]methyl}-1-tosylpyrrolidine-2-carbaldehyde (11): Pyrrolidine
10 (405 mg, 0.73 mmol) and 2,2,6,6-tetramethylpiperidinoxyl radical
(1.14 mg, 0.07 mmol) were dissolved in CH2Cl2 (20 mL). KBr (95.7 mg,
0.80 mmol) was dissolved in an aqueous solution of NaHCO3 (5% w/w,
40 mL) and added to the reaction mixture. The vigorously stirred two-
layer mixture was cooled to 0 8C and an aqueous solution of NaOCl
(496 mL, 0.80 mmol, 10% w/w) was slowly added. After complete conver-
sion of the alcohol (TLC control) the phases were separated and the


Scheme 5. The synthetic pathway towards (+)-alexine ((+)-1). py=pyri-
dine.
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aqueous phase was extracted with CH2Cl2 (3J10 mL). The combined or-
ganic phases were successively washed with an aqueous solution of
NaHCO3 (5% w/w, 10 mL) and brine (10 mL) and dried over MgSO4.
Filtration and evaporation of the solvents yielded a white solid (400 mg,
99%), which was used in the following allylation without further purifica-
tion. 1H NMR (CDCl3, 500 MHz): d=9.63 (d, J=3.0 Hz, 1H), 7.64–7.62
(m, 2H), 7.52 (m, 2H), 7.41–7.28 (m, 8H), 7.06–7.05 (m, 2H), 4.27 (dd,
J=5.4, 1.6 Hz, 1H), 3.94 (dt, J=10.7, 2.8 Hz, 1H), 3.64 (dd, J=5.4,
2.7 Hz, 1H), 2.44 (s, 3H), 1.87 (m, 1H), 1.69 (dd, J=14.7, 2.6 Hz, 1H),
1.43 (t, J=1.8 Hz, 1H), 1.37 (dd, J=14.7, 3.3 Hz, 1H), 0.29 (s, 3H), 0.28
(s, 3H), �0.1 (s, 3H), �0.3 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz):
d=201.8, 144.2, 138.5, 135.6, 134.6, 134.0, 133.6, 133.6, 129.9, 129.7, 128.0,
128.0, 128.0, 76.8, 71.4, 60.8, 42.6, 28.0, 21.5, �1.6, �2.5, �3.9, �5.7 ppm.
(2S,3R,4R,5R)-2-[(S)-1-Hydroxybut-3-enyl]-4-[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]-5-
{[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}-1-tosylpyrrolidin-3-ol (13): TiCl4 (42 mL,
0.39 mmol) was added to a solution of 11 (160 mg, 0.3 mmol) in CH2Cl2
(8 mL) at �78 8C. Allyltrimethylsilane (140 mL, 0.9 mmol) was then
added and the resulting mixture was stirred at �78 8C for 1.5 h. The reac-
tion was quenched with a saturated solution of NH4Cl (10 mL) and ex-
tracted with CH2Cl2 (3J10 mL). The combined organic phases were
dried (MgSO4), filtered, and evaporated to give a yellowish oil. The resi-
due was then purified with flash chromatography (pentane/EtOAc 4:1)
to give pyrrolidine 13 as a colorless oil (115 mg, 70%). [a]25D =�19.5 (c=


0.19 in CH2Cl2);
1H NMR (CDCl3, 500 MHz): d=7.57 (m, 2H), 7.48 (m,


2H), 7.37 (m, 4H), 7.29 (m, 4H), 7.16 (m, 2H), 5.77 (tdd, J=17.3, 10.2,
7.0 Hz, 1H), 5.12 (m, 2H), 4.26 (m, 1H), 3.85 (m, 4H), 3.15 (t, J=5.2 Hz,
1H), 2.92 (d, J=3.5 Hz, 1H), 2.44 (m, 5H), 1.44 (m, 2H), 0.32 (s, 3H),
0.31 (s, 3H), �0.03 (s, 3H), �0.12 ppm (s, 3H); 13C NMR (CDCl3,
125 MHz): d =143.8, 139.2, 136.3, 134.7, 134.3, 133.9, 133.8, 129.9, 129.5,
128.9, 128.0, 127.8, 118.2, 75.1, 70.9, 65.0, 60.5, 41.3, 37.8, 29.0, 21.5, �1.8,
�2.4, �3.9, �4.5 ppm; IR (neat): ñ=3420, 2954, 2904, 1427, 1347, 1250,
1162, 1112, 817 cm�1; HRMS (ESI): m/z : calcd for C32H43NO4SSi2:
616.2344 [M+Na]+ ; found: 616.2340.


(2S,3R,4R,5R)-3-(Benzyloxy)-2-[(S)-1-(benzyloxy)but-3-enyl]-4-
[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]-5-{[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}-1-tosylpyrroli-
dine (14): Potassium hexamethyldisilazide (KHMDS) (2.5 mL, 0.5m solu-
tion in PhMe) was added to a solution of 13 (250 mg, 0.42 mmol) and
BnBr (Bn=benzyl; 200 mL, 1.68 mmol) in THF (10 mL) at �78 8C and
the resulting mixture was stirred at �78 8C for 1 h and at 0 8C. The reac-
tion was quenched with a saturated solution of NH4Cl (10 mL) and ex-
tracted with Et2O (3J15 mL). The combined organic phases were dried,
filtered, and evaporated. Flash chromatography of the residue (pentane/
EtOAc 10:1) afforded pyrrolidine 14 as a colorless oil (260 mg, 85%).
[a]25D =�6.1 (c=0.28 in CH2Cl2);


1H NMR (CDCl3, 500 MHz): d=7.56 (d,
J=8.2 Hz, 2H), 7.37–7.12 (m, 20H), 6.90 (d, J=6.5 Hz, 2H), 6.00 (m,
1H), 5.09 (d, J=17.1 Hz, 1H), 5.03 (d, J=10.1 Hz, 1H), 4.53 (d, J=


11.1 Hz, 1H), 4.42 (d, J=11.1 Hz, 1H), 4.24 (d, J=12.1 Hz, 1H), 3.92 (d,
J=12.1 Hz, 1H), 3.84 (m, 2H), 3.74 (dt, J=7.9, 3.5 Hz, 1H), 3.10 (dd, J=


9.3, 6.1 Hz, 1H), 2.68 (m, 1H), 2.52 (m, 1H), 2.38 (s, 3H), 1.44 (dd, J=


9.2, 7.4 Hz, 1H), 0.96 (m, 2H), 0.34 (s, 3H), 0.23 (s, 3H), 0.05 (s, 3H),
�0.16 ppm (s, 3H), 13C NMR (CDCl3, 125 MHz): d=143.3, 140.1, 138.7,
137.8, 136.9, 135.9, 134.0, 133.6, 129.6, 129.3, 128.5, 128.0, 127.8, 127.6,
127.5, 127.4, 127.2, 127.1, 116.8, 80.4, 78.1, 72.3, 71.5, 63.0, 58.5, 39.4, 37.3,
29.5, 21.5, �2.2, �3.3, �3.5, �4.9 ppm; IR (neat): ñ=3067, 2954, 2925,
1640, 1349, 1264, 1164, 1112, 818, 756, 700 cm�1; HRMS (ESI): m/z : calcd
for C46H55NO4SSi2: 796.3283 [M+Na]+ ; found: 796.3270.


(S)-3-(Benzyloxy)-3-[(2S,3R,4R,5R)-3-(benzyloxy)-4-[dimethyl-
ACHTUNGTRENNUNG(phenyl)silyl]-5-({[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}pyrrolidin-2-yl)propan-1-
ol (15): Pyridine (55 mL, 0.64 mmol), NaIO4 (350 mg, 1.6 mmol), and
OsO4 (0.5 mL of a solution of 25 mg OsO4/mL in MeCN) were added to
a solution of 14 (250 mg, 0.32 mmol) in CH3CN/H2O (1:1, 10 mL) and
the solution was stirred for 3 h at RT. Et2O (10 mL) was added to the re-
action mixture and the phases were separated. The aqueous phase was
extracted with Et2O (3J10 mL) and the combined organic extracts were
washed with brine (10 mL), dried over MgSO4, filtered, and the solvent
removed in vacuo. The crude product was dissolved in MeOH (15 mL)
and the solution was cooled to 0 8C. NaBH4 was added and the stirring
was continued for 20 min. The solution was filtered through a Celite pad,


diluted with H2O (15 mL) and extracted with Et2O (3J15 mL). The com-
bined organic phases were dried, filtered, and evaporated. The residue
was purified with flash chromatography (pentane/EtOAc 10:1) to afford
pyrrolidine 15 as a colorless crystalline solid (175 mg, 72%). M.p. 49–
50 8C; [a]25D =�4.0 (c=0.25 in CH2Cl2);


1H NMR (CDCl3, 500 MHz): d=


7.60 (d, J=8.3 Hz, 2H), 7.41–7.18 (m, 20H), 6.91 (d, J=8.0 Hz, 2H), 4.57
(d, J=11.2 Hz, 1H), 4.48 (d, J=11.2 Hz, 1H), 4.14 (d, J=12.1 Hz, 1H),
3.99–3.94 (m, 3H), 3.91–3.89 (m, 1H), 3.83–3.79 (m, 2H), 3.22 (dd, J=


7.8, 6.1 Hz, 1H), 2.42 (s, 3H), 2.14–2.09 (m, 1H), 1.96–1.91 (m, 1H), 1.46
(dd, J=7.8, 6.4 Hz, 1H), 1.15–1.10 (m, 1H), 1.06–1.02 (m, 1H), 0.35 (s,
3H), 0.28 (s, 3H), 0.06 (s, 3H), �0.06 ppm (s, 3H); 13C NMR (CDCl3,
125 MHz): d =143.4, 139.8, 138.3, 137.7, 136.8, 134.1, 133.8, 129.6, 129.4,
129.0, 128.7, 128.5, 128.3, 128.3, 128.2, 128.0, 128.0, 127.9, 127.9, 127.7,
127.7, 127.6, 127.5, 127.5, 81.1, 72.4, 71.4, 62.9, 60.4, 60.0, 59.1, 38.9, 33.9,
29.2, 21.6, 21.1, 14.2, �2.1, �3.2, �3.9, �4.6 ppm; IR (neat): ñ=3484,
2954, 2876, 1349, 1248, 1164, 1112, 819, 735, 700 cm�1; HRMS (ESI): m/z :
calcd for C45H55NO5SSi2: 778.3412 [M+H]+ ; found: 778.3416.


(S)-3-(Benzyloxy)-3-(2S,3R,4R,5R)-3-(benzyloxy)-4-[dimethyl-
ACHTUNGTRENNUNG(phenyl)silyl]-5-({[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}pyrrolidin-2-yl)propan-1-
ol (16): A deep-green solution of sodium naphthalenide in dimethoxy-
ethane (2.5 mL) was added to a solution of 15 (120 mg, 0.15 mmol) in di-
methoxyethane (4 mL, freshly distilled over Na) at �60 8C until the
green color persisted and stirring was continued for 10 min. The reaction
was quenched with a saturated solution of NH4Cl (10 mL) and extracted
with Et2O (3J15 mL). The combined organic phases were dried, filtered,
and evaporated. Purification of the residue with flash chromatography
(pentane/EtOAc 1:1) afforded pyrrolidine 16 as a colorless oil (90 mg,
99%). [a]25D =++27.6 (c=1.5 in CH2Cl2);


1H NMR (CDCl3, 500 MHz): d=


7.38–7.13 (m, 20H), 4.53 (d, J=11.5 Hz, 1H), 4.36 (d, J=11.5 Hz, 1H),
4.22 (d, J=11.5 Hz, 1H), 4.02 (m, 2H), 3.73 (m, 2H), 3.49 (m, 1H), 3.08
(m, 1H), 2.56 (dd, J=9.3, 3.3 Hz, 1H), 1.91 (m, 2H), 1.28 (m, 2H), 0.97
(dd, J=15.1, 2.7 Hz, 1H), 0.88 (m, 1H), 0.78 (dd, J=15.1, 11.2 Hz, 1H),
0.32 (s, 3H), 0.31 (s, 3H), 0.29 (s, 3H), 0.25 ppm (s, 3H); 13C NMR
(CDCl3, 125 MHz): d=139.0, 138.8, 138.4, 137.1, 133.8, 133.5, 129.3,
128.8, 128.2, 127.9, 127.7, 127.4, 127.4, 127.4, 127.3, 82.8, 71.1, 69.7, 69.1,
58.3, 58.1, 44.1, 35.7, 26.0, �2.4, �2.8, �4.3, �4.5 ppm; IR (neat): 3067,
2925, 2856, 1455, 1264, 1112, 736, 701 cm�1; HRMS (ESI): m/z : calcd for
C38H49NO3Si2: 624.3324 [M+H]+ ; found: 624.3314.


(1R,2R,3R,7S,7aS)-1,7-Bis(benzyloxy)hexahydro-2-[dimethyl-
ACHTUNGTRENNUNG(phenyl)silyl]-3-{[dimethyl ACHTUNGTRENNUNG(phenyl)silyl]methyl}-1H-pyrrolizine (17): NEt3
(54 mL, 0.39 mmol), PPh3 (100 mg, 0.39 mmol), and CBr4 (127 mg,
0.39 mmol) were added to a solution of 16 (80 mg, 0.13 mmol) in CH2Cl2
(7 mL) and the solution was stirred at RT for 1 h. The reaction was
quenched by the addition of MeOH (2 mL) and the solvents were re-
moved in vacuo. Purification of the residue by flash chromatography
(pentane/EtOAc 1:1) afforded 17 as a colorless oil (50 mg, 64%). [a]25D =


+14.5 (c=0.5 in CH2Cl2);
1H NMR (CDCl3, 500 MHz): d =7.42 (m, 4H),


7.27 (m, 14H), 7.07 (m, 2H), 4.51 (d, J=11.8 Hz, 1H), 4.37 (d, J=


11.8 Hz, 1H), 4.32 (m, 1H), 4.12 (d, J=11.5 Hz, 1H), 4.04 (d, J=11.5 Hz,
1H), 3.82 (dd, J=5.6, 4.9 Hz, 1H), 3.13 (dd, J=5.6, 2.9 Hz, 1H), 3.03 (dt,
J=10.6, 3.0 Hz, 1H), 2.59 (m, 2H), 2.18 (m, 1H), 1.83 (m, 1H), 1.47 (dd,
J=9.6, 4.9 Hz, 1H), 1.32 (m, 1H), 0.89 (m, 1H), 0.31 (s, 3H), 0.28 (s,
3H), 0.27 (s, 3H), 0.26 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d=


139.7, 138.6, 138.0, 133.9, 133.6, 129.1, 128.6, 128.3, 128.1, 127.8, 127.5,
127.4, 127.2, 127.1, 83.9, 78.1, 75.1, 71.6, 71.1, 58.8, 45.5, 40.5, 33.6, 19.7,
�2.3, �2.6, �3.6, �3.8 ppm; IR (neat): ñ =2955, 2923, 2361, 1250, 1114,
835 cm�1 HRMS (ESI): m/z : calcd for C38H47NO2Si2: 606.3218 [M+H]+ ;
found: 606.3199.


(1R,2R,3R,7S,7aS)-1,7-Bis(benzyloxy)hexahydro-3-(hydroxymethyl)-1H-
pyrrolizin-2-ol (20) and (1R,2R,3R,7S,7aS)-1,7-bis(benzyloxy)hexahydro-
3-(hydroxymethyl)-1H-pyrrolizin-2-ol-N-oxide (19): Hg ACHTUNGTRENNUNG(OTf)2 (65.7 mg,
0.15 mmol) was added to a solution of 17 (23.3 mg, 38.0 mmol) in AcOH
(1.5 mL) at RT. The reaction mixture was stirred for 1 h before AcOOH
(4 mL, 32% solution in AcOH) was added. The solution was stirred at
RT for 5 d. EtOAc (10 mL) was added and the reaction mixture was
cooled to 0 8C. Saturated Na2S2O3 (10 mL) was added dropwise and the
aqueous phase was extracted with EtOAc (3J10 mL). The combined or-
ganic phases were washed with H2O (10 mL), saturated NaHCO3 (1m,
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15 mL), and brine (10 mL), dried over Na2SO4, filtered, and the solvents
were removed in vacuo. The residue was purified by flash chromatogra-
phy (EtOAc+1% iPrNH2!EtOAc/MeOH 20:1+1% iPrNH2) to give
18 (6.4 mg, 41%) and 19 (3.0 mg, 21%) as colorless oils.


Compound 19 : 1H NMR (CDCl3, 500 MHz): d=7.28–7.21 (m, 10H), 4.54
(s, 2H), 4.45 (d, J=11.7 Hz, 1H), 4.38 (d, J=11.7 Hz, 1H), 4.31–4.23 (m,
3H), 3.94 (dd, J=7.4, 4.4 Hz, 1H), 3.88 (dd, J=6.8, 4.4 Hz, 1H), 3.60 (t,
J=5.6 Hz, 1H), 3.08–3.04 (m, 1H), 2.92–2.87 (m, 1H), 2.80–2.76 (m,
1H), 2.18–2.12 (m, 1H), 2.02 (s, 3H), 1.93–1.86 ppm (m, 1H); 13C NMR
(CDCl3, 125 MHz): d=171.0, 138.2, 137.9, 137.6, 128.5, 128.4, 127.8,
127.7, 127.7, 127.6, 84.3, 78.4, 78.4, 72.4, 71.6, 71.3, 64.4, 62.7, 47.1, 33.4,
20.9 ppm.


Compound 20 : Compound 18 (6.0 mg, 14.6 mmol) was dissolved in THF/
H2O (2 mL, 1:1) and LiOH (6.1 mg, 0.15 mmol) was added. The reaction
mixture was stirred for 15 min before removing the solvents in vacuo.
Flash chromatography of the residue afforded 20 as a colorless oil
(4.8 mg, 90%). [a]25D =++32.5 (c=0.08 in CH2Cl2);


1H NMR (CDCl3,
500 MHz): d=7.34–7.21 (m, 10H), 4.64 (d, J=11.8 Hz, 1H), 4.56 (d, J=


11.8 Hz, 1H), 4.51 (d, J=11.7 Hz, 1H), 4.44 (d, J=11.7 Hz, 1H), 4.36–
4.32 (m, 1H), 4.17 (dd, J=6.5, 3.4 Hz, 1H), 3.91 (dd, J=6.3, 3.4 Hz, 1H),
3.87 (d, J=5.6 Hz, 2H), 3.86 (t, J=5.6 Hz, 1H), 3.09–3.05 (m, 1H), 2.93–
2.91 (m, 2H), 2.32–2.25 (m, 1H), 2.00–1.96 ppm (m, 1H); 13C NMR
(CDCl3, 125 MHz): d=138.1, 137.7, 128.7, 128.5, 128.4, 127.9, 127.8,
127.8, 127.7, 115.0, 83.8, 79.9, 76.4, 72.3, 72.2, 71.7, 97.6, 61.0, 46.5, 33.7;
IR (neat): ñ =2953, 2920, 2364, 1250, 838 cm�1; HRMS (ESI): m/z : calcd
for C22H27NO4: 370.2013 [M+H]+ ; found: 370.2004.


(+)-Alexine ((+)-1): Pd/C was added to a mixture of 14 (2 mg,
4.86 mmol) and 15 (2 mg, 5.41 mmol) in EtOH (2 mL). The reaction mix-
ture was stirred under an atmosphere of H2 at RT for 16 h. The reaction
mixture was filtered over Celite and the solvent was removed in vacuo,
affording (+)-1 as a white solid (1.3 mg, 70%). M.p.=160–161 8C; [a]20D =


+39.0 (c=0.08 in H2O);
1H NMR (D2O, 500 MHz): d =4.53–4.49 (m,


1H), 4.26 (t, J=7.6 Hz, 1H), 3.89–3.88 (m, 2H), 3.87–3.84 (m, 1H), 3.48
(t, J=6.6 Hz, 1H,), 3.12–3.07 (m, 2H), 3.03–2.98 (m, 1H), 2.28–2.23 (m,
1H), 1.86–1.78 ppm (m, 1H); 13C NMR (D2O, 125 MHz, CH3CN as inter-
nal standard): d=76.3, 75.8, 71.5, 70.4, 65.6, 59.0, 46.8, 34.6 ppm; HRMS
(ESI): m/z : calcd for C8H15NO4: 190.1074 [M+H]+ ; found: 190.1073.
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Efficient Construction of Tri- and Tetracyclic Heterocycles
from Linear 1,6-Dienes by a Domino Reaction


Yimin Hu,*[a] Fengfa Song,[a] Fenghua Wu,[a] Dong Cheng,[a] and Shaowu Wang*[a, b]


Introduction


Multistep sequential transformations—domino carbon–
carbon bond formation[1] or cascade[2] reactions—are gaining
steadily increasing importance and are receiving much at-
tention as complex organic molecules can be obtained in a
single operation.[3] The Heck coupling reaction is one of the
most effective methods for the construction of C�C bonds
and has been widely applied in the syntheses of materials,
pharmaceuticals, and natural products.[4] Activation of
carbon–hydrogen (C�H) bonds in hydrocarbons may pro-
vide chemists with an environmentally friendly method to
construct C�C bonds and would aid the development of a
direct methodology for the functionalization of C�H bonds,


providing a great challenge to chemists.[5,6] In recent years,
palladium-catalyzed activation of the aromatic C�H group
has received considerable attention due to its application in
the construction of a variety of condensed ring systems by
using a nonfunctionalized aryl group.[7–9] The domino
carbon–carbon bond formation through these processes is
particularly useful as complex organic molecules can be di-
rectly obtained in a single operation. J. C. Carretero and
Hiroaki Ohno and co-workers have reported a domino-cyc-
lization reaction of alkenes and allenenes, respectively, for
the synthesis of tri- and tetracyclic heterocycles.[10] More re-
cently, a methodology for the construction of condensed ar-
omatic rings by palladium(0)-catalyzed domino cyclization
of alkyne-substituted phenyl iodide with a terminal alkyne
was developed.[11] Therefore, they are efficient and elegant
methods for the syntheses of complex organic molecules in
both academic and industrial laboratories.[12–14] To the best
of our knowledge, domino carbon–carbon bond formation
that includes the C�H activation of an aromatic ring for the
construction of multicyclic organic compounds by use of the
linear 1,6-dienes compounds has scarcely been investigat-
ed.[15]


As a result of our interest in the development of palladi-
um-catalyzed processes and direct C�H functionalization,
we report herein the palladium-catalyzed reactions of N-
benzyl-N-cinnamylacrylamide (a), N-cinnamyl-N-phenyl-
acrylamide (b), and N-acryloyl-N-benzylcinnamamide (c)
with different aryl halides, which provide a direct, efficient,
and economic methodology for the construction of tri- and
tetracyclic compounds through both C�C bond formation
and the C�H bond activation.


Abstract: Tri- and tetracyclic heterocy-
cle systems were constructed by a pal-
ladium-catalyzed domino reaction of
linear 1,6-dienes that contain acryl
groups with aryl halides through C–C
coupling and aromatic C�H functional-
ization. Three different acrylamides
have been shown to be very active for


the reaction. The substituents on the
aryl halides could be ethoxycarbonyl,
ketyl, chloro, sulfonyl, cyano, etc. Thus,


the ready accessibility of the starting
materials, the wide range of compati-
bility of substrates including both
dienes and aryl halides, and the gener-
ality of this process make the reaction
highly valuable in view of the synthetic
and medicinal importance of these
kinds of heterocycles.
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Results and Discussion


A survey of the reaction conditions by using N-benzyl-N-
cinnamylacrylamide (a) and methyl 4-bromobenzoate as a
test experiment was performed (Scheme 1, Table 1). In a


typical experiment, reaction of a and methyl 4-bromoben-
zoate in DMF in the presence of catalyst [Pd ACHTUNGTRENNUNG(OAc)2] pro-
duced the pyrrolidin-2-one d in 53% yield after 28 h at
120 8C. By controlling the experimental conditions we dis-
covered that 1) the efficiency of the domino reaction in pro-
ducing product aa can be greatly enhanced by raising the re-
action temperature to 155 8C (Table 1, entry 6); 2) the base
additive plays an important role in the overall efficiency of
the reaction as we discovered by simply changing the base
from tributylamine to potassium carbonate (entries 6, 7),
with the unexpected isoindole aa produced in 83 and 16%
yield when using tributylamine and potassium carbonate, re-
spectively, under other identical conditions; 3) among the
catalysts investigated (entries 10–12), the palladium(II) ace-


tate/(triphenylphosphine) catalytic system was the most ef-
fective one (entries 6, 10–12); 4) DMF was a better solvent
for this reaction than 1,4-dioxane (entries 6, 8–9). As shown
in Table 1, the tricyclic compound aa was only isolated in
yields of 29 and 22%, respectively, when the 1,4-dioxane
was employed as a solvent, indicating temperature/solvent
effects on the outputs of the reactions and on the formation
of the final products. Thus, the following standard reaction
conditions were used for carrying out the following studies:
1,6-diene (1 equiv) was reacted with different aryl halides
(1.1 equiv) in the presence of palladium(II) catalyst
(2 mol%) and Ph3P (4 mol%) with (nBu)3N (2 equiv) as an
additive in DMF at 155 8C.


To probe the scope and limitations of this novel domino
reaction, a range of substituted
aryl halides and acrylamides
were examined (Table 2). It is
found that the outputs of the
domino reactions of N-benzyl-
N-cinnamylacrylamide (a) and
N-cinnamyl-N-phenylacrylamide
(b) with aryl halides were
strongly influenced by the elec-
tronic properties of the aryl hal-
ides. A variety of isoindoles
were readily isolated in good to


excellent yields (Table 2, entries 1–15) when the aryl halides
with electron-withdrawing groups were employed. The elec-
tron-withdrawing groups could be ethoxycarbonyl, ketyl,
chloro, sulfonyl, cyano, etc. However, the corresponding het-
erotricyclic compounds could not be isolated if the aryl hal-
ides had electron-donating substituents on the benzene ring,
and considerable amounts of unidentified products were ob-
tained when 4-bromotoluene, 2-bromotoluene, and 1-
bromo-4-methoxybenzene were used, indicating that the
aryl halides have an electronic effect on the reaction. It was
found that the reaction of N-acryloyl-N-benzylcinnamamide
(c) with aryl halides is compatible with either electron-do-
nating or electron-withdrawing groups on the aryl halides,
and the outputs of the reactions were good (entries 16–22).


Scheme 1. Synthesis of substituted tricyclic heterocycles.


Table 1. Palladium-catalyzed one-pot reaction for construction of the tricyclic heterocycles.[a]


Entry [Pd] (mol%) Base (equiv) Solvent t [h] T [8C][b] Yield [%][c]


aa d


1 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (1:2) ACHTUNGTRENNUNG(nBu)3N (2) DMF 18 110 – –
2 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) DMF 28 120 8 53
3 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) DMF 26 130 15 25
4 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (1:2) ACHTUNGTRENNUNG(nBu)3N (2) DMF 26 140 20 23
5 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) DMF 25 150 54 19
6 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 ACHTUNGTRENNUNG(2:4) ACHTUNGTRENNUNG(nBu)3N (2) DMF 24 155 83 14
7 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) K2CO3 (2) DMF 24 155 16 11
8 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) Dioxane 24 120 29 8
9 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) Dioxane 24 110 22 6
10 [Pd ACHTUNGTRENNUNG(OAc)2]/PPh3 (2:4) ACHTUNGTRENNUNG(nBu)3N (2) DMF 24 155 30 18
11 [Pd ACHTUNGTRENNUNG(dba)2]


[d] (2) ACHTUNGTRENNUNG(nBu)3N (2) DMF 24 155 20 7
12 [Pd ACHTUNGTRENNUNG(PPh3)4] (2) ACHTUNGTRENNUNG(nBu)3N (2) DMF 24 155 16 27


[a] All reactions were carried out under argon by using a (1.0 equiv), methyl 4-bromobenzoate (1.1 equiv), [Pd ACHTUNGTRENNUNG(OAc)2] (2 mol%), PPh3, base, and solvent
(10 mL) at the indicated temperature. [b] Oil bath temperature. [c] Isolated yield. [d] dba: dibenzylidene acetone.
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Table 2. Palladium-catalyzed domino reaction for the formation of tricyclic heterocycles.[a]


Entry S[c] ArX Product Yield
[%][b]


Entry S[c] ArX Product Yield
[%][b]


1 a 83 12 b 82


2 a 81 13 b 75


3 a 60 14 b 72


4 a 85 15 b 82


5 a 71 16 c 81


6 a 52 17 c 84


7 a 80 18 c 65


8 a 62 19 c 86


9 a 63 20 c 67
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In addition, the ortho-, meta-, and para-substituted aryl hal-
ides are suitable for the reactions (entries 16, 17, and 20).
Interestingly, it was found that the C�Br bond could be se-
lectively reacted with 1,6-dienes when both C�Br and C�Cl
bonds are on the benzene ring (entries 8, 18, 20). When 1-
bromonaphthalene was used in the reaction, a tetracyclic
compound (cg) was obtained in 79% yield (entry 22).


All the resulting tri- and tetracyclic compounds were con-
firmed by one- (1H, 13C), two-dimensional (COSY) NMR
spectral analyses, and elemental or HRMS analyses. The
representative compounds of ab, bd, and cg were additional-


ly characterized by X-ray crystallographic analyses (the
structures of the compounds are shown in Figures 1, 2,
and 3). Further details can be obtained in the Supporting In-
formation.[16] Although racemic products were obtained in
all cases, it was strangely found that the 5,6-ring systems
were in a trans-orientation in the case of reactions of a and
b with aryl halides, and in the case of the reaction of c with


aryl halides, cis-fused compounds were obtained; this is
probably due to steric effects.


The mechanism of this novel domino cyclization is pro-
posed as follows (Scheme 2): insertion of arylpalladium(II)
halide into an acrylamide moiety produced the intermediate


Table 2. (Continued)


Entry S[c] ArX Product Yield
[%][b]


Entry S[c] ArX Product Yield
[%][b]


10 a 60 21 c 83


11 b 78 22 c 79


[a] General conditions: a, b, c (1.0 equiv), ArX (X=Br; I) (1.1 equiv), [Pd ACHTUNGTRENNUNG(OAc)2] (2 mol%), PPh3 (4 mol%), (nBu)3N (2 equiv), DMF 10 mL, 155 8C (oil bath
temperature). [b] Isolated yield after flash column chromatography. [c] The substrates of the reactions.


Figure 1. Molecular structure of compound ab.


Figure 2. Molecular structure of compound bd.


Figure 3. Molecular structure of compound cg.
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1, which then reacted with the carbon–carbon double bond
through a carbopalladation reaction to afford 2. s-Bond
metathesis onto the aryl group in 2 via the intermediate 3,
followed by a proton abstraction process by the base afford-
ed the final products on the basis of the fact that the reac-
tion is facilitated by electron-withdrawing substituents on
the aromatic ring in the cases of acrylamides a and b being
used, which is inconsistent with an electronic aromatic-sub-
stitution mechanism, and a proton abstraction mechanism
for this kind of reaction has been proposed.[17] However,
other plausible pathways can not be ruled out.


Conclusion


We have developed a novel domino reaction for the synthe-
sis of tri- and tetracyclic heterocycles through multistep C�
C bond formation and C�H activation of a benzene ring by
treatment of linear 1,6-dienes that contain acryl groups with
aryl halides catalyzed by a palladium catalyst. The ready ac-
cessibility of the starting materials, the wide range of com-
patibility of substrates, including both dienes and aryl hal-
ides, and the generality of this process make the reaction
highly valuable in view of the synthetic and medicinal im-
portance of these kinds of heterocycles. Further investiga-
tions to understand this catalytic transformation, to evaluate
the process with a broader scope of substrates, and to con-
struct more complex structures are in progress in our lab.


Experimental Section


General : All catalyzed reactions were performed under an argon atmos-
phere by using the oven-dried Schlenk flask. The chemicals were pur-
chased from Alfa Aesar and Acros Chemical. All solvents and materials
were pre-dried and redistilled or recrystallized before use. 1H (300 MHz)
and 13C NMR (75 MHz) spectra were recorded on Bruker Avance 300m


spectrometers with CDCl3 as the solvent and TMS as the internal stan-
dard. Chemical shifts are reported in ppm by assigning the TMS reso-
nance in the 1H NMR spectrum as d=0.00 ppm and the CDCl3 resonance
in the 13C spectrum as d =77.0 ppm. All coupling constants (J values)


were reported in Hertz (Hz). Column
chromatography was performed on
silica gel 200–300 mesh. Melting points
were determined by using a Gallen-
kamp melting point apparatus and are
uncorrected. FTIR spectra were re-
corded from KBr pellets in the 4000–
400 cm�1 range on a Nicolet 5DX
spectrometer. Mass spectra were per-
formed on Micaomass GCT-MS.
2D NMR and HRMS were performed
at the State-Authorized Analytical
Center at the University of Science
and Technology of China. X-ray crys-
tallographic diffraction data of ab, bd,
and cg were collected at room temper-
ature with a Bruker SMART Apex
CCD diffractometer with MoKa radia-
tion (l =0.71073 M) and graphite mon-
ochromator by using the y and w-scan
mode. Data reductions and absorption


corrections were performed with SAINT and SADABS software, respec-
tively. The structure was solved by direct methods and refined on F 2 by
full-matrix least-squares using SHELXTL.[18] All nonhydrogen atoms
were treated anisotropically. The positions of hydrogen atoms were gen-
erated geometrically.


General procedures : A typical procedure for the palladium-catalyzed
domino reaction of linear 1,6-dienes that contain acryl groups with aryl
halides: N-Benzyl-N-cinnamylacrylamide (a) (0.97 g, 3.5 mmol), isopropyl
4-bromobenzoate (0.93 g, 3.85 mmol), [PdACHTUNGTRENNUNG(OAc)2] (25.5 mg, 0.07 mmol),
and PPh3 (35.84 mg, 0.14 mmol) were added to a degassed solution of
(nBu)3N (1.67 mL, 7 mmol) in DMF (10 mL). After the mixture had
been stirred for half an hour at room temperature, it was then heated at
155 8C for 30 h, and was then quenched with water and extracted with
EtOAc (3N5 mL). The combined organic layers were washed with hydro-
chloric acid (5%), sodium carbonate (5%), and saturated sodium chlo-
ride solution. The mixture was then dried over MgSO4 and concentrated.
The residue was purified by flash chromatography column (4:1 petroleum
ether/EtOAc) to give the corresponding isoindole.


Methyl 2-benzyl-1-oxo-4-phenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]-
isoindole-6-carboxylate (aa): White solid; 1.19 g (83% yield); m.p. 164–
165 8C; 1H NMR (300 MHz, CDCl3): d=7.78 (d, 1H, J=8.0 Hz; Ar�H),
7.43 (s, 1H; Ar�H), 6.99–7.24 (m, 11H; Ar�H), 4.59 (d, 1H, J=14.8 Hz;
Ar�CH2�N), 4.25 (d, 1H, J=14.8 Hz; Ar�CH2�N), 3.94 (d, 1H, J=


11.5 Hz; Ar�CH�), 3.75 (s, 3H; �O�CH3), 3.35 (dd, 1H, J=4.7, 4.7 Hz;
N�CH2�CH�), 3.09–2.93 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�CH�),
2.58–2.49 (m, 1H; O=C�CH�CH2�), 2.35–2.29 ppm (m, 1H; �CH2�CH�
CH�); 13C NMR (75 MHz, CDCl3): d=174.1, 166.5, 142.2, 141.0, 139.6,
136.1, 130.8, 129.7, 128.6, 128.3, 127.7, 127.2, 127.1, 126.9, 51.6, 50.7, 49.8,
46.3, 45.5, 43.9, 30.7 ppm; IR (KBr): ñ =3036, 2931, 2881, 1716 (C=O),
1678 (C=O), 1600, 1566, 1496, 1481, 1435, 1357, 1303, 1284, 1242, 1195,
1145, 1122, 1095, 976, 759, 709, 613 cm�1; HRMS: m/z : calcd for
C27H25NO3: 411.1834; found: 411.1829.


2-Benzyl-6-isobutyryl-4-phenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-
1-one (ab): Colorless crystals; 356 mg (81% yield); m.p. 166–167 8C;
1H NMR (400 MHz, CDCl3): d=7.70 (d, 1H, J=1.0 Hz; Ar�H), 7.39 (s,
1H; Ar�H), 6.99–7.24 (m, 11H; Ar�H), 5.07–5.01 (m, 1H; �O�CH�
CH3), 4.50 (d, 1H, J=14.8 Hz; Ar�CH2�N), 4.25 (d, 1H, J=14.8 Hz;
Ar�CH2�N), 3.92 (d, 1H, J=11.4 Hz; Ar�CH�), 3.31 (dd, 1H, J=4.8,
4.8 Hz; N�CH2�CH�), 3.04–2.91 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�
CH�), 2.50–2.47 (m, 1H; O=C�CH�CH2�), 2.34–2.32 ppm (m, 1H; �
CH2�CH�CH�); 13C NMR (100 MHz, CDCl3): d=174.5, 165.9, 142.6,
141.1, 140.0, 136.6, 131.2, 129.2, 128.7, 128.5, 128.1, 127.6, 127.4, 127.3,
68.3, 51.2, 50.2, 46.7, 45.9, 44.3, 31.1, 21.9 ppm; IR (KBr): ñ =3028, 2931,
2881, 2499, 1716 (C=O), 1678 (C=O), 1600, 1496, 1435, 1357, 1303, 1284,
1242, 1122, 976, 759, 709, 613 cm�1; HRMS: m/z : calcd for C29H29NO3:
439.2147; found: 439.2141.


Scheme 2. Proposed mechanism of the reaction.
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6-Acetyl-2-benzyl-4-phenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-1-
one (ac): White solid; 0.83 g (60% yield); m.p. 147–148 8C; 1H NMR
(300 MHz, CDCl3): d=7.65 (d, 1H, J=7.8 Hz; Ar�H), 7.28–6.97 (m,
12H; Ar�H), 4.53 (d, 1H, J=14.7 Hz; Ar�CH2�N), 4.23 (d, 1H, J=


14.7 Hz; Ar�CH2�N), 3.92 (d, 1H, J=11.1 Hz; Ar�CH�), 3.35 (dd, 1H,
J=4.8, 4.8 Hz; N�CH2�CH�), 3.03–2.91 (m, 1H; N�CH2�CH�, 2H;
Ar�CH2�CH�), 2.53–2.43 (m, 1H; O=C�CH�CH2�), 2.29–2.07 (m, 1H;
�CH2�CH�CH�), 2.07 ppm (s, 3H; O=C�CH3);


13C NMR (75 MHz,
CDCl3): d =198.2, 174.9, 143.0, 142.1, 140.7, 137.0, 136.1, 130.7, 130.5,
129.5, 129.2, 129.0, 128.5, 128.1, 127.8, 126.8, 51.6, 50.6, 47.1, 46.3, 44.7,
31.5, 26.9 ppm; IR (KBr): ñ=3029, 2958, 2928, 2870, 1685 (C=O), 1678
(C=O), 1600, 1492, 1423, 1357, 1273, 1242, 1114, 1072, 1030, 952, 918,
821, 756, 702, 601 cm�1; HRMS: m/z : calcd for C27H25NO2: 395.1885;
found: 395.1882.


2-Benzyl-4-phenyl-6-propionyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-
1-one (ad): Colorless crystals; 1.26 g (85% yield); m.p. 167–168 8C;
1H NMR (300 MHz, CDCl3): d=7.83 (d, 1H, J=7.9 Hz; Ar�H), 7.49 (s,
1H; Ar�H), 7.31–7.07 (m, 11H; Ar�H), 4.63 (d, 1H, J=14.8 Hz; Ar�
CH2�N), 4.34–4.21 (m, 1H; Ar�CH2�N, 2H; O�CH2�CH3), 3.98 (d, 1H,
J=11.4 Hz; Ar�CH�), 3.45 (dd, 1H, J=4.7, 4.7 Hz; N�CH2�CH�),
3.13–2.98 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�CH�), 2.59–2.57 (m, 1H;
O=C�CH�CH2�), 2.30 (m, 1H; �CH2�CH�CH�), 1.29 ppm (t, 3H, J=


7.1, 7.1 Hz; �CH2�CH3);
13C NMR (75 MHz, CDCl3): d=174.1, 166.0,


142.2, 140.9, 139.6, 136.1, 130.8, 129.6, 128.6, 128.4, 128.3, 128.1, 127.6,
127.0, 126.8, 60.4, 50.7, 49.8, 46.3, 45.5, 43.8, 30.7, 13.8 ppm; IR (KBr):
ñ=3028, 2978, 2931, 2866, 1712 (C=O), 1685 (C=O), 1612, 1492, 1415,
1354, 1280, 1238, 1168, 1130, 941, 918, 825, 756, 702, 613 cm�1; HRMS:
m/z : calcd for C28H27NO3: 425.1991; found: 425.1989.


9-Benzyl-7-phenyl-7,7a,8,9,10a,11-hexahydronaphtho ACHTUNGTRENNUNG[1,2-f]isoindol-10-
one (ae): White solid; 1.01 g (71% yield); m.p. 168–169 8C; 1H NMR
(300 MHz, CDCl3): d =8.1 (d, 1H, J=8.4 Hz; Ar�H), 7.78 (d, 1H, J=


8.1 Hz; Ar�H), 7.55–6.82 (m, 14H; Ar�H), 4.55 (d, 1H, J=14.7 Hz; Ar�
CH2�N), 4.20 (d, 1H, J=14.7 Hz; Ar�CH2�N), 3.80 (d, 1H, J=7.5 Hz;
Ar�CH�), 3.56 (dd, 1H, J=8.1, 8.1 Hz; N�CH2�CH�), 3.40–3.31 (m,
1H; N�CH2�CH�, 1H; Ar�CH2�CH�), 3.15–3.07 (m, 1H; Ar�CH2�
CH�), 3.04–2.97 (m, 1H; O=C�CH�CH2�), 2.87–2.83 ppm (m, 1H; �
CH2�CH�CH�); 13C NMR (75 MHz, CDCl3): d=175.5, 141.1, 136.0,
135.7, 132.2, 128.5, 128.4, 128.2, 128.1, 127.5, 127.0, 126.5, 126.0, 125.0,
122.9, 50.4, 48.7, 46.1, 40.9, 36.4, 23.6 ppm; IR (KBr): ñ=3028, 2982,
2910, 2841, 1685 (C=O), 1492, 1440, 1352, 1325, 1273, 1080, 1026, 949,
882, 779, 746, 700, 673, 650, 630, 569, 530 cm�1; HRMS: m/z : calcd for
C29H25NO: 403.1936; found: 403.1931.


2-Benzyl-6-(methylsulfonyl)-4-phenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]-
isoindol-1-one (af): White solid; 0.78 g (52% yield); m.p. 186–187 8C;
1H NMR (300 MHz, CDCl3): d =7.73 (d, 1H, J=7.0 Hz; Ar�H), 7.46 (d,
1H, J=8.1 Hz; Ar�H), 7.28–7.05 (m, 11H; Ar�H), 4.62 (d, 1H, J=


14.8 Hz; Ar�CH2�N), 4.33 (d, 1H, J=14.8 Hz; Ar�CH2�N), 4.03 (d, 1H,
J=11.6 Hz; Ar�CH�), 3.43 (dd, 1H, J=4.8, 4.8 Hz; N�CH2�CH�),
3.15–2.94 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�CH�), 2.89 (s, 3H; �S�
CH3), 2.60–2.58 (m, 1H; O=C�CH�CH2�), 2.29–2.07 ppm (m, 1H; �
CH2�CH�CH�); 13C NMR (75 MHz, CDCl3): d=173.7, 142.1, 141.4,
141.2, 138.3, 136.0, 130.7, 128.8, 128.5, 128.4, 128.0, 127.6, 127.5, 127.3,
124.8, 50.8, 49.6, 46.3, 45.2, 44.0, 43.7, 30.7 ppm; IR (KBr): ñ =3028, 2924,
2877, 1685 (C=O), 1600, 1481, 1423, 1357, 1303, 1249, 1172, 1149, 1118,
1087, 964, 817, 763, 705, 609, 567, 543 cm�1; HRMS: m/z : calcd for
C26H25NO3S: 431.1555; found: 431.1549.


2-Benzyl-1-oxo-4-phenyl-2,3,3 a,4,9,9a-hexahydro-1H-benzo[f]isoindole-
6-carbonitrile (ag): White solid; 1.05 g (80% yield); m.p. 159–160 8C;
1H NMR (300 MHz, CDCl3): d=7.35–6.95 (m, 13H; Ar-H), 4.52 (d, 1H,
J=14.7 Hz; Ar�CH2�N), 4.23 (d, 1H, J=14.7 Hz; Ar�CH2�N), 3.87 (d,
1H, J=11.4 Hz; Ar�CH�), 3.35 (dd, 1H, J=4.8, 4.8 Hz; N�CH2�CH�),
3.03–2.88 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�CH�), 2.53–2.43 (m, 1H;
O=C�CH�CH2�), 2.35–2.25 ppm (m, 1H; �CH2�CH�CH�); 13C NMR
(75 MHz, CDCl3): d=173.7, 141.2, 140.9, 136.0, 133.4, 130.4, 129.4, 128.8,
128.1, 127.6, 127.3, 118.4, 109.9, 50.5, 49.6, 46.3, 44.9, 43.6, 30.7 ppm; IR
(KBr): ñ =3028, 2962, 2897, 2858, 2222, 1693 (C=O), 1600, 1489, 1427,
1354, 1288, 1261, 1195, 1103, 1033, 898, 798, 759, 698, 613, 578 cm�1;
HRMS: m/z : calcd for C26H22N2O 378.1732; found: 378.1730.


2-Benzyl-6-chloro-4-phenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-1-
one (ah): Straw-yellow liquid; 0.84 g (62% yield); 1H NMR (300 MHz,
CDCl3): d=7.24–7.00 (m, 13H; Ar�H), 4.55 (d, 1H, J=14.7 Hz; Ar�
CH2�N), 4.25 (d, 1H, J=14.7 Hz; Ar�CH2�N), 3.87 (d, 1H, J=11.7 Hz;
Ar�CH�), 3.23 (dd, 1H, J=4.8, 4.8 Hz; N�CH2�CH�), 3.02–2.86 (m,
1H; N�CH2�CH�, 2H; Ar�CH2�CH�), 2.51–2.42 (m, 1H; O=C�CH�
CH2�), 2.30–2.24 ppm (m, 1H; �CH2�CH�CH�); 13C NMR (75 MHz,
CDCl3): d =174.2, 142.0, 141.2, 136.1, 134.0, 131.6, 130.8, 129.0, 128.6,
128.4, 128.3, 128.0, 127.9, 127.6, 127.1, 126.9, 126.4, 122.9, 50.7, 49.7, 46.3,
45.1, 44.0, 29.9 ppm; IR (KBr): ñ=3024, 2928, 2870, 1689 (C=O), 1639,
1491, 1450, 1357, 1261, 1199, 1076, 1030, 744, 698, 528 cm�1; HRMS: m/z :
calcd for C25H22ClNO: 387.1390; found: 387.1387.


2-Benzyl-1-oxo-4-phenyl-2,3,3 a,4,9,9a-hexahydro-1H-benzo[f]isoindole-
6-carbaldehyde (ai): White solid; 0.84 g (63% yield); m.p. 104–105 8C;
1H NMR (300 MHz, CDCl3): d=9.30 (s, 1H; O=CH), 7.21–6.90 (m, 13H;
Ar�H), 4.53 (d, 1H, J=14.7 Hz; Ar�CH2�N), 4.24 (d, 1H, J=14.7 Hz;
Ar�CH2�N), 3.90 (d, 1H, J=11.4 Hz; Ar�CH�), 3.29 (dd, 1H, J=4.8,
4.8 Hz; N�CH2�CH�), 3.03–2.88 (m, 1H; N�CH2�CH�, 2H; Ar�CH2�
CH�), 2.53–2.43 (m, 1H; O=C�CH�CH2�), 2.35–2.25 ppm (m, 1H; �
CH2�CH�CH�); 13C NMR (75 MHz, CDCl3): d=195.1, 173.9, 141.9,
140.4, 136.1, 131.6, 130.4, 128.7, 128.1, 127.8, 127.1, 126.6, 50.7, 49.7, 46.3,
45.3, 43.8, 30.9 ppm; IR (KBr): ñ=3028, 2928, 2858, 2719, 1693 (C=O),
1685 (C=O), 1600, 1562, 1492, 1423, 1361, 1284, 1257, 1215, 1180, 1033,
1072, 1030, 752, 702, 590 cm�1; HRMS: m/z : calcd for C26H23NO2:
381.1729; found: 381.1723.


2-Benzyl-4-phenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-1-one (aj):
Straw-yellow liquid; 0.74 g (60% yield); 1H NMR (300 MHz, CDCl3): d=


7.24–6.99 (m, 13H; Ar�H), 4.52 (d, 1H, J=7.8 Hz; Ar�CH2�N), 4.23 (d,
1H, J=14.8 Hz; Ar�CH2�N), 3.87 (d, 1H, J=11.4 Hz; Ar�CH�), 3.22
(dd, 1H, J=2.9, 7.6 Hz; N�CH2�CH�), 2.97–2.90 (m, 1H; N�CH2�CH�,
2H; Ar�CH2�CH�), 2.51–2.42 (m, 1H; O=C�CH�CH2�), 2.30–2.24 ppm
(m, 1H; �CH2�CH�CH�); 13C NMR (75 MHz, CDCl3): d =174.6, 142.9,
140.7, 139.2, 136.2, 135.5, 129.5, 128.4, 128.1, 127.6, 127.2, 126.2, 120.4,
50.8, 49.9, 46.1, 45.6, 44.1, 30.7 ppm; IR (KBr): ñ =3024, 2928, 2870, 1689
(C=O), 1639, 1492, 1450, 1357, 1261, 1199, 1076, 1030, 744, 698, 528 cm�1;
HRMS: m/z : calcd for C25H23NO: 353.1780; found: 353.1775.


1-Oxo-2,4-diphenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoindole-6-car-
bonitrile (ba): White solid; 0.99 g (78% yield); m.p. 200–201 8C; 1H NMR
(300 MHz, CDCl3): d=7.60–7.09 (m, 13H; Ar�H), 4.08 (d, 1H, J=


10.7 Hz; Ar�CH�), 3.67 (t, 1H, J=9.6, 9.9 Hz; N�CH2�CH�), 3.59 (t,
1H, J=7.2, 8.8 Hz; N�CH2�CH�), 3.44 (dd, 1H, J=5.0, 5.1 Hz; Ar�
CH2�CH�), 3.20–3.11 (m, 1H; Ar�CH2�CH�), 2.77–2.71 (m, 1H; O=C�
CH�CH2�), 2.54–2.51 ppm (m, 1H; �CH2�CH�CH�); 13C NMR
(75 MHz, CDCl3): d=172.9, 141.1, 140.7, 138.9, 133.4, 132.0, 130.5, 129.5,
129.0, 128.6, 128.4, 128.2, 124.4, 119.2, 118.4, 110.8, 50.8, 49.6, 46.3, 40.6,
30.7 ppm; IR (KBr): ñ =3066, 3020, 2889, 2225, 1716 (C=O), 1597 (C=O),
1492, 1384, 1357, 1300, 1230, 1180, 1103, 1068, 898, 864, 837, 759, 698,
574 cm�1; HRMS: m/z : calcd for C25H20N2O: 364.1576; found: 364.1573.


6-Acetyl-2,4-diphenyl-2,3,3a,4,9,9a-hexahydrobenzo[f]isoindol-1-one
(bb): White solid; 1.09 g (82% yield); m.p. 206–207 8C; 1H NMR
(300 MHz, CDCl3): d=7.76 (d, 1H, J=7.9 Hz; Ar�H), 7.57 (d, 1H, J=


8.1 Hz; Ar�H), 7.44–7.11 (m, 11H; Ar�H), 4.12 (d, 1H, J=11.3 Hz; Ar�
CH�), 3.69 (t, 1H, J=9.7, 9.9 Hz; N�CH2�CH�), 3.58 (t, 1H, J=2.5,
6.9 Hz; N�CH2�CH�), 3.45 (dd, 1H, J=5.0, 5.1 Hz; Ar�CH2�CH�),
3.20–3.11 (m, 1H; Ar�CH2�CH�), 2.77–2.73 (m, 1H; O=C�CH�CH2�),
2.53–2.50 (m, 1H; �CH2�CH�CH�); 2.42 ppm (s, 3H; O=C�CH3);
13C NMR (75 MHz, CDCl3): d=174.1, 166.5, 142.2, 141.0, 139.6, 136.1,
130.8, 129.7, 128.6, 128.3, 128.1, 127.6, 127.2, 127.1, 126.9, 51.6, 50.7, 45.5,
43.8, 31.4, 30.7 ppm; IR (KBr): ñ =3028, 2947, 2889, 1716 (C=O), 1705
(C=O), 1597, 1498, 1435, 1388, 1280, 1242, 1199, 1107, 987, 902, 759,
705 cm�1; HRMS: m/z : calcd for C26H23NO2: 381.1729; found: 381.1722.


1-Oxo-2,4-diphenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoindole-6-car-
baldehyde (bc): White solid; 0.96 g (75% yield); m.p. 206–207 8C;
1H NMR (300 MHz, CDCl3): d=9.81 (s, 1H; O=CH), 7.72 (d, 1H, J=


7.7 Hz; Ar�H), 7.58 (d, 1H, J=7.9 Hz; Ar�H), 7.45–7.09 (m, 11H; Ar�
H), 4.16 (d, 1H, J=11.4 Hz; Ar�CH�), 3.70 (t, 1H, J=9.7, 9.9 Hz; N�
CH2�CH�), 3.59 (t, 1H, J=2.5, 6.9 Hz; N�CH2�CH�), 3.50 (dd, 1H, J=


5.0, 5.1 Hz; Ar�CH2�CH�), 3.23–3.14 (m, 1H; Ar�CH2�CH�), 2.80–2.75
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(m, 1H; O=C�CH�CH2�), 2.58–2.56 ppm (m, 1H; �CH2�CH�CH�);
13C NMR (75 MHz, CDCl3): d=191.5, 173.1, 142.6, 140.1, 131.6, 128.8,
127.7, 126.8, 124.1, 119.2, 51.6, 50.7, 44.9, 44.5, 30.8 ppm; IR (KBr): ñ=


3028, 2966, 2862, 1689 (C=O), 1685 (C=O), 1597, 1496, 1392, 1300, 1203,
1099, 1068, 898, 829, 752, 690, 605, 513, 493 cm�1; HRMS: m/z : calcd for
C25H21NO2: 367.1572; found: 367.1570.


Ethyl 1-oxo-2,4-diphenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoindole-
6-carboxylate (bd): Colorless crystals; yield: 1.04 g (72%); m.p. 198–
199 8C; 1H NMR (300 MHz, CDCl3): d=7.88 (d, 1H, J=8.0 Hz; Ar�H),
7.48 (s, 1H; Ar�H), 7.42–7.23 (m, 11H; Ar�H), 4.32–4.25 (q, 2H, J=7.2,
7.1 Hz; O�CH2�CH3), 3.91 (d, 1H, J=8.5 Hz; Ar�CH�), 3.49 (dd, 1H,
J=3.9, 3.8 Hz; N�CH2�CH�), 3.31–3.20 (m, 1H; N�CH2�CH�, 2H, Ar�
CH2�CH�), 3.18–3.08 (m, 1H; O=C�CH�CH2�), 1.67 (m, 1H, �CH2�
CH�CH�), 1.29 ppm (t, 3H, J=7.1, 7.1 Hz; �CH2�CH3);


13C NMR
(75 MHz, CDCl3): d=173.3, 166.0, 142.0, 140.6, 139.4, 139.1, 130.8, 129.7,
129.5, 128.9, 128.7, 128.4, 127.7, 127.1, 126.9, 124.3, 60.5, 53.4, 51.7, 49.3,
44.6, 30.6, 13.9 ppm; IR (KBr): ñ =3027, 2971, 2862, 1709 (C=O), 1688
(C=O), 1612, 1413, 1279, 1236, 1168, 1128, 942, 916, 823, 755, 703,
612 cm�1; HRMS: m/z : calcd for C27H25NO3: 411.1834; found: 411.1831.


6-(Methylsulfonyl)-2,4-diphenyl-2,3,3 a,4,9,9a-hexahydrobenzo[f]isoindol-
1-one (be): White solid; 1.19 g (82% yield); m.p. 205–206 8C; 1H NMR
(300 MHz, CDCl3): d=7.75 (d, 1H, J=8.0 Hz; Ar�H), 7.57 (d, 1H, J=


7.9 Hz; Ar�H), 7.47–7.10 (m, 11H; Ar�H), 4.13 (d, 1H, J=8.3 Hz; Ar�
CH�), 3.68 (t, 1H, J=9.7, 9.9 Hz; N�CH2�CH�), 3.55 (t, 1H, J=6.8,
6.9 Hz; N�CH2�CH�), 3.48 (dd, 1H, J=4.9, 5.0 Hz; Ar�CH2�CH�),
3.17–3.21 (m, 1H; Ar�CH2�CH�), 2.90 (s, 3H; O=S�CH3), 2.77–2.73 (m,
1H; O=C�CH�CH2�), 2.55–2.52 ppm (m, 1H; �CH2�CH�CH�);
13C NMR (75 MHz, CDCl3): d=172.9, 141.9, 140.9, 138.9, 130.7, 128.9,
128.4, 127.4, 124.9, 119.2, 51.5, 50.7, 44.8, 44.4, 44.0, 30.0 ppm; IR (KBr):
ñ=3020, 2924, 2854, 1708 (C=O), 1597, 1496, 1392, 1300, 1176, 1145,
1107, 964, 898, 759, 694, 524 cm�1; HRMS: m/z : calcd for C25H23NO3S:
417.1399; found: 417.1393.


2-Benzyl-8-methyl-4-phenyl-3a,4,9,9a-tetrahydro-2H-benzo[f]isoindole-
1,3-dione (ca): Colorless crystals; 1.08 g (81% yield); m.p. 149–150 8C;
1H NMR (400 MHz, CDCl3): d=7.23–7.18 (m, 6H; Ar�H), 7.06–6.99 (m,
5H; Ar�H), 6.53–6.51 (m, 2H; Ar�H), 4.67 (s, 1H; Ar�CH�), 4.43 (d,
2H, J=3.4 Hz; Ar-CH2-N), 3.75–3.72 (m, 1H; O=C�CH�CH�), 3.31–
3.26 (m, 1H; O=C�CH�CH2�), 3.25–3.21 (m, 1H; Ar�CH2�), 2.48–2.43
(m, 1H; Ar�CH2�), 2.14 ppm (s, 3H; �CH3�); 13C NMR (75 MHz,
CDCl3): d =178.9, 178.4, 138.4, 136.3, 135.1, 134.8, 131.1, 129.2, 128.4,
128.2, 127.6, 127.5, 127.0, 126.8, 126.6, 125.7, 44.7, 43.8, 41.9, 40.0, 29.2,
19.4 ppm; IR (KBr): ñ =3063, 3027, 2932, 2857, 1771 (C=O), 1697 (C=O),
1603, 1588, 1453, 1340, 1171 cm�1; MS (EI, 70 ev): m/z : 380.9 (51.37)
[M]+ , 214.0 (32.39), 219.0 (69.78), 91.0 (16.32), 58.0 (11.53), 43.0 (100.00);
HRMS: m/z : calcd for C26H23NO2: 381.1729; found: 381.1726.


2-Benzyl-6-methyl-4-phenyl-3a,4,9,9a-tetrahydro-2H-benzo[f]isoindole-
1,3-dione (cb): White solid; 1.12 g (84% yield); m.p. 175–176 8C;
1H NMR (300 MHz, CDCl3): d=7.25–7.15 (m, 6H; Ar�H), 7.06–6.95 (m,
6H; Ar�H), 6.57–6.54 (d, 1H, J=7.1 Hz; Ar�H), 4.71 (s, 1H; Ar�CH�),
4.44 (s, 2H; Ar�CH2�N), 3.76–3.73 (d, J=8.4 Hz, 1H; O=C�CH�CH�),
3.32–3.27 (t, J=7.2, 7.5 Hz, 1H; O=C�CH�CH2�), 3.01–2.96 (d, J=


14.7 Hz, 1H; Ar�CH2�), 2.80–2.73 (q, J=7.3, 7.3 Hz, 1H; Ar�CH2�),
2.26 ppm (s, 3H; �CH3);


13C NMR (75.5 MHz, CDCl3): d=178.9, 178.3,
140.0, 136.2, 134.6, 134.3, 129.2, 128.5, 128.3, 128.1, 127.9, 127.7, 127.4,
126.8, 126.5, 126.3, 45.3, 41.9, 39.7, 29.2, 19.4 ppm; IR (KBr): ñ =3060,
3026, 2926, 2851, 1772 (C=O), 1704 (C=O), 1602, 1448, 1342, 1170 cm�1;
HRMS: m/z : calcd for C26H23NO2: 381.1729; found: 381.1725.


2-Benzyl-6-chloro-4-phenyl-3a,4,9,9a-tetrahydro-2H-benzo[f]isoindole-
1,3-dione (cc): White solid; 0.91 g (65% yield); m.p. 168–169 8C;
1H NMR (300 MHz, CDCl3): d=7.28–7.18 (m, 6H; Ar�H), 7.14–7.03 (m,
5H; Ar�H), 6.63–6.61 (m, 2H; Ar�H), 4.72 (s, 1H; Ar�CH�), 4.51 (s,
2H; Ar�CH2�N), 3.77–3.73 (d, J=7.1 Hz, 1H; O=C�CH�CH�), 3.36–
3.32 (t, J=7.2 Hz, 1H; O=C�CH�CH2�), 3.09–3.04 (d, J=15 Hz, 1H;
Ar�CH2�), 2.85–2.75 ppm (q, J=7.5, 7.5 Hz, 1H; Ar�CH2�); 13C NMR
(75 MHz, CDCl3): d=178.7, 178.0, 145.2, 139.8, 138.6, 135.8, 134.2, 130.9,
128.5, 128.1, 127.9, 127.6, 126.5, 126.0, 119.7, 45.3, 44.8, 43.9, 39.6,
29.2 ppm; IR (KBr): ñ =3018, 2943, 2891, 1774 (C=O), 1691 (C=O), 1340,
1172 cm�1; MS (EI, 70 ev): m/z : 400.8 (34.21) [M]+ , 238.9 (100.0), 203.9


(17.25), 91.0 (19.73); HRMS: m/z : calcd for C25H20ClNO2: 401.1183;
found: 401.1181.


2-Benzyl-1,3-dioxo-4-phenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoin-
dole-6-carbonitrile (cd): White solid; 1.18 g (86% yield); m.p. 125–
126 8C; 1H NMR (300 MHz, CDCl3): d=7.63–7.60 (m, 2H; Ar�H), 7.34–
6.83 (m, 10H; Ar�H), 6.65–6.62 (m, 2H; Ar�H), 4.80 (s, 1H; Ar�CH�),
4.54 (s, 2H; Ar�CH2�N), 3.81–3.78 (d, J=8.9 Hz, 1H; O=C�CH�CH�),
3.41–3.36 (t, J=8.7 Hz, 1H; O=C�CH�CH2�), 3.14–3.09 (d, J=15 Hz,
1H; Ar�CH2�), 2.77–2.70 ppm (q, J=7.2, 7.2 Hz, 1H; Ar�CH2�);
13C NMR (75 Hz, CDCl3): d=178.3, 177.6, 145.7, 134.9, 134.5, 134.2,
132.1, 129.1, 128.8, 128.6, 128.0, 127.8, 127.6, 127.0, 126.8, 126.5, 118.19,
110.5, 45.5, 45.1, 42.0, 39.7, 29.2 ppm; IR (KBr): ñ =3059, 3028, 2914,
2856, 2429, 1776 (C=O), 1703 (C=O), 1606, 1456, 1340, 1167 cm�1; MS
(EI, 70 ev): m/z : 391.9 (28.60) [M]+ , 230.0 (100.0), 91.0 (18.66); HRMS:
m/z : calcd for C26H20N2O2: 392.1525; found: 392.1518.


2-Benzyl-7-chloro-4-phenyl-3a,4,9,9a-tetrahydro-2H-benzo[f]isoindole-
1,3-dione (ce): White solid; 0.94 g (67% yield); m.p. 129–130 8C;
1H NMR (300 MHz, CDCl3): d=7.28–7.16 (m, 6H; Ar�H), 7.10–6.94 (m,
5H; Ar�H), 6.49 (d, J=7.2 Hz, 2H; Ar�H), 4.50 (d, J=5.7 Hz, 1H; Ar�
CH�), 4.37 (s, 2H; Ar�CH2�N), 3.25–3.23 (t, J=1.8, 2.3 Hz, 1H; O=C�
CH�CH�), 3.12–3.07 (d, J=14.5 Hz, 1H; O=C�CH�CH2�), 2.84–
2.79 ppm (m, 2H; Ar�CH2�); 13C NMR (75 MHz, CDCl3): d=174.8,
168.7, 134.8, 134.2, 130.9, 128.5, 128.1, 127.7, 127.1, 126.8, 126.5, 119.7,
45.3, 44.8, 41.8, 39.7, 29.3 ppm; IR (KBr): ñ =3066, 3026, 2928, 2912,
2847, 1772 (C=O), 1697 (C=O), 1608, 1456, 1286, 1174 cm�1; HRMS: m/
z : calcd for C25H20ClNO2: 401.1183; found: 401.1180.


Isopropyl 2–1,3-dioxo-4-phenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]-
isoindole-6-carboxylate (cf): White solid; 1.32 g (83% yield); m.p. 165–
166 8C; 1H NMR (300 MHz, CDCl3): d=7.90–7.88 (d, J=8.1 Hz, 2H;
Ar�H), 7.22–6.98 (m, 9H; Ar�H), 6.55–6.53 (d, J=7.2 Hz, 2H; Ar�H),
5.20–5.12 (m, 1H; �O�CH�), 4.72 (s, 1H; Ar�CH�), 4.44 (s, 2H; Ar�
CH2�N), 3.76–3.74 (d, J=7.2 Hz, 1H; O=C�CH�CH�), 3.31–3.26 (t, J=


7.5, 7.2 Hz, 1H, O=C�CH�CH2�), 3.01–2.96 (d, J=15 Hz, 1H; Ar�CH2�
), 2.73–2.65 (q, J=7.2, 7.2 Hz, 1H; Ar�CH2�), 1.30–1.26 ppm (m, 6H; �
CH3);


13C NMR (75 MHz, CDCl3): d=178.6, 178.0, 165.3, 145.1, 135.7,
134.6, 134.3, 130.0, 129.5, 129.1, 128.6, 128.4, 128.1, 128.0, 127.6, 126.9,
126.8, 126.7, 126.5, 68.1, 45.4, 45.2, 42.0, 39.6, 39.5, 29.4, 29.2, 21.6 ppm;
IR (KBr): ñ=3064, 3026, 2928, 2912, 2847, 1774 (C=O), 1716 (C=O),
1697 (C=O), 1608, 1454, 1286, 1174, 1028 cm�1; HRMS: m/z : m/z : calcd
for C29H27NO4: 453.1940; found: 453.1945.


9-Benzyl-7-phenyl-7,7a,10a,11-tetrahydro-9H-naphtho ACHTUNGTRENNUNG[2,1-f]isoindole-
8,10-dione (cg): Colorless crystals; 1.15 g (79% yield); m.p. 167–168 8C;
1H NMR (300 MHz, CDCl3): d=7.97–7.43 (m, 6H; Ar�H), 7.26–6.84 (m,
6H; Ar�H), 6.69–6.64 (m, 2H; Ar�H), 6.37–6.34 (d, J=7.2 Hz, 2H; Ar�
H), 4.88 (s, 1H; Ar�CH�), 4.34 (s, 2H; Ar�CH2�N), 3.90–3.79 (m, 2H;
O=C�CH�CH�, O=C�CH�CH2�), 3.45–3.40 (t, J=7.5, 7.7 Hz, 1H; Ar�
CH2�), 2.76–2.69 ppm (q, J=7.1, 7.1 Hz, 1H; Ar�CH2�); 13C NMR
(75 MHz, CDCl3): d=178.9, 178.3, 140.0, 134.4, 134.0, 133.1, 131.2, 130.3,
128.4, 128.3, 127.8, 127.5, 127.3, 126.8, 126.7, 126.4, 126.3, 125.4, 122.6,
45.9, 45.3, 41.9, 39.8, 23.6 ppm; IR (KBr): ñ =3061, 2989, 2926, 2889, 1774
(C=O), 1701 (C=O), 1606, 1494, 1338, 1166 cm�1; MS (EI, 70 ev): m/z :
416.9 (89.01) [M]+ , 325.9 (11.76), 254.9 (100.00), 178.0 (10.85), 91.2
(47.45), 43.0 (20.74); HRMS: m/z : calcd for C29H23NO2: 417.1729; found:
417.1733.


Mathyl 4-((1-benzyl-4-benzylidene-2-oxopyrrolidin-3-yl)methyl)benzoate
(d): Colorless solid; 0.76 g (53% yield); m.p. 135–136 8C; 1H NMR
(300 MHz, CDCl3): d=7.82 (d, 1H, J=8.0 Hz; Ar�H), 7.01–7.49 (m,
11H; Ar�H), 4.59 (d, 1H, J=14.7 Hz; Ar�CH2�N), 4.25 (d, 1H, J=


14.7 Hz; Ar�CH2�N), 6.46 (s, 1H; C=CH), 3.75 (s, 3H; �O�CH3), 3.83–
3.94 (m, 2H; N�CH2�CH�), 3.51 (m, 1H; O=C�CH�CH2�), 2.79–2.73
(m, 2H; Ar�CH2�CH�); 13C NMR (75 MHz, CDCl3): d=171.4, 166.3,
143.9, 139.6, 137.3, 137.1, 130.8, 129.7, 128.5, 128.2, 127.6, 127.4, 127.3,
127.1, 126.9, 124.2, 55.8, 51.6, 49.5, 35.9, 31.2 ppm; IR (KBr): n =3296,
3081, 2879, 1716 (C=O), 1678 (C=O), 1653, 1615, 1346, 1229, 1146, 1123,
1097, 757, 710, 615 cm�1; HRMS: m/z : calcd for C27H25NO3: 411.1834;
found: 411.1830.
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Enolic Schiff Base Aluminum Complexes and Their Catalytic ACHTUNGTRENNUNGStereoselective
Polymerization of Racemic Lactide
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Introduction


Biodegradable polyesters have found a wide range of appli-
cations, such as sutures, bone fracture fixation devices, drug
controlled release carriers, tissue engineering scaffolds and
green plastics for wrapping materials, disposal containers
and fibers.[1] Because the ester linkage is easily hydrolyzed,
they can be converted into hydroxyl acid via degradation
and finally to CO2 and water. For these reasons, a lot of re-
search on the biodegradable polyesters has been carried out
in recent years.[2] Polylactide (PLA) is one of the most


promising biodegradable polyesters because of its renewable
resources.[3] PLA can be prepared by the ring-opening poly-
merization (ROP) of lactide (LA) or by direct condensation
of lactic acid. Lactide exists as three different stereoisomers:
l-lactide (l-LA), d-lactide (d-LA) and meso-lactide
(Scheme 1), so their polymers may have different chain con-
figurations (Scheme 2). the chain microstructures of PLA
are one of the most important factors that influence the
physical, mechanical and degradation properties of the poly-
mers.[4] Conventional catalysts such as aluminum trialkox-
ides[5] and tin(II) octanoate[6] do not prefer one of the three
different stereoisomers of LA, so the polymers obtained by
these catalysts contain random placements of lactide mono-
mers. The stereoregular polymers can be obtained contain
by using either the enantiopure l-LA or d-LA monomer.


Abstract: A series of enolic Schiff base
aluminumACHTUNGTRENNUNG(III) complexes LAlR
(where L=NNOO-tetradentate enolic
Schiff base ligand) containing ligands
that differ in their steric and electronic
properties were synthesized. Their
single crystals showed that these com-
plexes are five-coordinated around the
aluminum center. Their coordination
geometries are between square pyrami-
dal and trigonal bipyramidal. Their cat-
alytic properties in the solution poly-
merization of racemic lactide (rac-LA)
were examined. The modifications in
the auxiliary ligand exhibited a dramat-
ic influence on the catalytic perfor-


mance. Lengthening the backbone
from C2 alkylene to C3 alkylene result-
ed in remarkable enhancement of both
the stereoselectivity and the polymeri-
zation rate because of the increasing
flexibility of the diimine backbone.
Electron-withdrawing substituents in
the diketone also highly improved the
activity and the stereoselectivity.
Among these complexes, 4b had the
highest activity and the stereoselectiv-


ity owing to the C3 alkylene backbone
and the two gem-methyl groups on the
middle carbon atom. The value of the
polymerization rate constant (kp) cata-
lyzed by 4b in 70 8C was
1.90 Lmol�1 min�1, the activation
energy of the polymerization
(35.4 kJmol�1) was calculated accord-
ing to the Arrhenius equation. Other
factors that influenced the polymeri-
zation, such as the polymerization
time, the temperature, and the mono-
mer concentration, are also discussed
in detail.
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Since stereocomplex polymers formed by an equivalent
mixture of PLLA and PDLA have many advantages such as
higher melting temperature (230 8C).[7] Many efforts have
been made to obtain crystalline PLA via direct ring-opening
polymerization (ROP) of racemic lactide (rac-LA; i.e. , a 1:1
mixture of l-LA and d-LA) by the stereoselective catalysts.
Stereoblock PLA can be obtained from rac-LA using the
aluminum complex of a chiral binaphthyl Schiff base origi-
nally proposed by Spassky et al.[8] A few other excellent
studies have attempted to elucidate the relationship between
the aluminum Schiff base complexes and stereoselectivity[9]


(Scheme 3). Among them, Coates,[9a] Feijen[9c,d] and Duda[9j]


used chiral salen-type Schiff base catalysts via the enantio-
morphic site control mechanism; Nomura[9e] and our
group[9g,h] used achiral salen-type Schiff base catalysts via
the chain-end control mechanism.
Enolic ligands could be obtained from the reaction of b-


diketone and diamine. Ideal Schiff base ligands and their
aluminum complexes can be obtained through keto–enol
tautomerism. To the best of our knowledge, few researches
on enolic Schiff bases and their metal complexes have been
reported in the rac-LA polymerization.[10] It is postulated
that aluminum complexes coordinated by enolic Schiff base


might be a potential catalyst for ROP of rac-LA. We recent-
ly communicated two enolic Schiff base complexes acting as
the precursors for the polymerization of rac-LA by a chain
end controlled mechanism.[11] To expand our initial work,
we have investigated the effect of the complex architecture
on the lactide polymerization behavior. We tried to eluci-
date the relationship between the complex structure and the
catalytic performance of the enolic Schiff base aluminum
complexes. Our approach was based on fine-tuning of the
ancillary ligand and study of the effect on the catalytic reac-
tivity. Herein we systematically explore the synthesis, char-
acterization and stereoselective polymerization of the enolic
Schiff base aluminum complexes family.


Results and Discussion


Ligand synthesis : The versatile ligand family (Scheme 4)
was easily synthesized from readily available starting materi-
als, namely primary diamines with acetylacetone, 1-benzoyl-
ACHTUNGTRENNUNGacetone and 1,1,1-trifluoro-acetylacetone.[12]


Ligands 1, 2 and 7 had the identical aliphatic diimine
backbones but the different enol substituents: CH3 for 1,
C6H5 for 2 and CF3 for 7. Ligands 2, 3, 4 and 5 had identical
enol segments but the different diimine backbones:
-CH2CH2- for 2, -CH2CH2CH2- for 3, -CH2C ACHTUNGTRENNUNG(CH3)2CH2- for
4 and -CH2C6H5CH2- for 5. Ligands 5 and 6 had the identi-
cal aryl diimine backbones but the different enol substitu-
ents: C6H5 for 5 and CH3 for 6.


Scheme 2. Microstructures of PLA.


Scheme 3. Ligand precursors explored for stereoselective ROP of lacti-
des.
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Complex formation and crystal structure characterization :
Reaction of ligands 1–7 with stoichiometric AlEt3 in toluene
formed enolic Schiff base aluminum ethyl complexes 1a–7a,
respectively. All these complexes were isolated as solid pow-
ders. To estimate the relationship between geometric struc-
tures and their catalytic performance, single crystals of 2a,
3a, and 4a were measured (Table 1). X-ray diffraction data
showed that all three crystals were five-coordinated around
the aluminum center. The parameter t was used to describe
the degree of crystal distortion of a five-coordinated Schiff
base aluminum complex:[13] a perfect square-pyramidal ge-
ometry (sqp) corresponds to t=0, while perfect trigonal bi-
pyramidal geometry (tbp) corresponds to t=1.
The molecular structure of 2a with the t value of 0.09 was


shown in Figure 1. The geometry around the Al atom was
sqp geometry with the ethyl group lying on the axial posi-
tion and two nitrogen atoms and two oxygen atoms on the
basal position. Central Al atom was about 0.531 I above
the N1-N2-O1-O2 mean plane with an average compressed
axial O1-Al-N2 bond angle of 150.34(15)8 and equatorial
O2-Al-N1, C23-Al-N1, and O2-Al-C23 bond angles of
144.91(15), 110.24(18), and 104.72(16)8, respectively. The
distances from the Al atom to O1, O2, N1, N2 and C23
were 1.831(3), 1.835(3), 1.982(5), 1.999(5) and 1.970(4) I,
respectively. Compound 3a had a t value of 0.78, manifest-
ing that 3a adopted a distorted tbp geometry with O1 and
N2 occupying the axial site and O2, N1 and ethyl group


lying on the equatorial plane. The central Al atom was
about 0.029 I above the equatorial plane formed by O2, N1
and C1 in the direction of N2 with an average compressed
axial O1-Al-N2 bond angle of 167.88(9)8 and equatorial O2-
Al-N1, C1-Al-N1, and O2-Al-C1 bond angles of 120.41(9),
120.56(11), and 118.96(11)8, respectively. The distances from
the Al atom to O1, O2, N1, N2 and C1 were 1.8881(18),
1.8108(19), 1.961(2), 2.081(2) and 1.949(3) I, respectively.[11]


Compound 4a has an identical t value (0.78) with 3a. The
geometry of 4a (Figure 2) was analogous to 3a with an aver-
age compressed axial O2-Al-N1 bond angle of 167.78(6)8
and equatorial O1-Al-N2, O1-Al-C15, and N2-Al-C15 bond
angles of 120.60(6), 119.25(7) and 120.15(7)8, respectively.
The distances from the Al atom to O1, O2, N1, N2 and C15
were 1.8151(12), 1.8724(12), 2.0639(14), 1.9674(15) and
1.9885(18) I, respectively. Central Al atom was about
0.001 I above the equatorial plane formed by O1, N2 and
C15 in the direction of O2. The difference of the t values
between 2a and 3a was presumably due to the nature of
their diimine backbones, 3a had more flexible C3 backbone
than 2a (C2 backbone); the tbp geometry in 3a may avoid
the eclipse of methylene hydrogens. The similar results were
reported in salen aluminum systems.[13a] The substituent
groups in the middle carbon of the C3 backbone seemed to
have no obvious influence in comparison with the diimine
backbone length on the geometry as 3a and 4a had the
same t value.
Further insight into the nature of real initiators of ROP


and the effect of the fifth coordinated group on geometry
came from the preparation and characterization of two
enolic Schiff base aluminum isopropoxides 2b and 4b via in
situ alcoholysis (Scheme 5). X-ray single crystal structure
analysis of 2b also showed a five-coordinated aluminum
center (Figure 3). The t value of 2b was 0.54. The geometry
around the Al atom was a distorted tbp geometry with O2
and N1 occupying the axial site and O1, N2 and O3 lying on
the equatorial plane. Central Al atom was about 0.088 I
above the equatorial plane formed by O1, N2 and O3 in the
direction of O2 with an average compressed axial O2-Al-N1
bond angle of 165.50(7)8 and equatorial O1-Al-N2, O1-Al-
O3, and N2-Al-O3 bond angles of 133.27(6), 113.05(7) and
112.98(7)8. The distances from the Al atom to O1, O2, N1,
N2 and O3 were 1.8217(13), 1.8389(13), 1.9897(16),
1.9827(16) and 1.7443(14) I. The large difference in the t


values between 2a (aluminum ethyl, t value was 0.09) and
2b (aluminum isopropoxide, t value was 0.54) manifested
that 2b was more distorted than 2a. The geometry of 4b
was distorted tbp with O1 and N2 occupying the axial site
and O2, N1 and O3 lying on the equatorial plane (Figure 4).
Central Al atom was about 0.046 I above the equatorial
plane formed by O2, N1 and O3 in the direction of O1 with
an average compressed axial O1-Al1-N2 bond angle of
172.87(14)8 and equatorial O2-Al1-N1, O2-Al1-O3, and N1-
Al1-O3 bond angles of 120.31(14), 121.83(14) and
117.67(14)8, respectively. The distances from the Al1 atom
to O1, O2, N1, N2 and O3 were 1.861(3), 1.802(3), 1.967(3),
2.011(4) and 1.740(3) I, respectively. The t value of 4b was


Scheme 4. Ligands prepared for the stereoselective polymerization of lac-
tides. A) change of the diamine substituents, B) change of diketone sub-
stituents.
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0.85. Compound 4b showed more tbp geometry character
than 4a (t value was 0.78). From the crystal analysis, it was
believed that the fifth coordinated group had notable influ-
ence on the complexJs geometry.


Complexes structure characterization in solution : Although
the solid-state structures of these complexes showed mono-


meric behavior, we could not
conclude whether these com-
plexes retained their monomer-
ic structures in their solution-
state. Coates et al.[9a] reported
that the salen-type aluminum
isopropoxide, which had less
steric hindrance, had a dimer
character in the solution state,
though the dimer was inactive
in the lactide polymerization.
Recently, Lin et al.[14] reported
that the Schiff base zinc com-
plex showed dimer behavior in
the solid state, but in the solu-
tion state, a mixture of dimer
and monomer (include diaste-
reoisomer) was observed. In
order to determine the real
conformation of these com-
plexes in the solution state, we
investigated the 1H and 27Al
NMR spectra of these com-
plexes. The 1H NMR spectra of
the ethyl complexes 1a–7a
showed one set of resonance
peak and the 27Al NMR spectra
of 1a–7a showed resonance
peak at about 36 ppm, indicat-
ing that all the ethyl complexes


retained their conformation with the five-coordinated mono-
meric Al center in the solution state.[15] The 1H NMR spec-
tra of the isopropoxide complexes 2b and 4b also showed
one set of resonance peak; additional 27Al spectra showed a
resonance peak at about 36 ppm. We could conclude from


Table 1. Crystallographic data for 2a, 3a, 4a, 2b and 4b.[a]


2a 3a 4a 2b 4b


empirical formula C24H27AlN2O2 C25H29AlN2O2 C27H33AlN2O2 C25H29AlN2O3 C70H86Al2N4O6


formula weight 402.46 416.48 444.53 432.48 1133.39
T [K] 187(2) 187(2) 187(2) 187.0(2) 187(2)
l [I] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic triclinic monoclinic
space group P21/n C2/c P21/n P1̄ Cc
a [I] 7.4501(6) 29.660(3) 9.9827(7) 10.4661(11) 22.4239(14)
b [I] 18.6477(16) 7.5901(6) 11.1884(8) 10.6923(11) 13.4238(8)
c [I] 15.5635(14) 22.3793(19) 21.7980(16) 12.2855(13) 21.9046(14)
a [8] 90 90 90 86.341(2) 90
b [8] 98.712(2) 116.486(2) 96.1190(10) 66.2050(10) 102.7490(10)
g [8] 90 90 90 64.0240(10) 90
V [I3], Z 2137.2(3), 4 4509.4(7), 8 2420.8(3), 4 1120.2(2), 2 6431.0(7), 4
1calcd [Mgm


�3] 1.251 1.227 1.220 1.282 1.171
m [mm�1] 0.117 0.113 0.110 0.120 0.099
F ACHTUNGTRENNUNG(000) 856 1776 952 460 2432
crystal size [mm] 0.36L0.11L0.10 0.41L0.15L0.06 0.50L0.21L0.15 0.53L0.13L0.03 0.27L0.25L0.19
q range [8] 1.72 to 25.25 1.53 to 26.05 1.88 to 26.00 1.83 to 25.50 1.78 to 26.04
limiting indices (hkl) �7 to 8 �36 �11 to 12 �9 to 12 �27 to 13


�21 to 22 �9 �13 �12 �16
�18 �21 to 27 �26 to 13 �14 �26 to 27


reflections collected 11693 12309 13302 6077 17895
independent reflec-
tions


3855 4434 4766 4093 8412


Rint 0.0455 0.0500 0.0229 0.0160 0.0299
goodness of fit on F2 1.015 1.037 1.036 1.017 1.009
final R1, wR2
[I>2s(I)]


0.0825, 0.1696 0.0613, 0.1305 0.0438, 0.1138 0.0431, 0.1061 0.0533, 0.1348


R1, wR2 (all data) 0.1243, 0.1932 0.0981, 0.1489 0.0536, 0.1214 0.0566, 0.1151 0.0709, 0.1483
largest diff. peak and
hole [eI�3]


0.385, �0.404 0.353, �0.276 0.315, �0.197 0.311, �0.210 0.406, �0.227


[a] Selected bond lenths and angles are available in the Supporting Information.


Figure 1. Crystal structure of complex 2a.


Figure 2. Crystal structure of complex 3a.
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the spectral results that both 2b and 4b retained the five-co-
ordinated monomeric Al center as in the solid structure.


Kinetic studies : The polymerization processes were investi-
gated by kinetic studies using 1a–7a. Polymerization data
were collected in Table 2. The data of conversion versus
time were collected for both the aliphatic diimine backbone
complexes (1a, 2a, 3a, 4a and 7a)[17] and aryl diimine back-
bone complexes (5a and 6a), respectively (Figures 5 and 6).
First-order kinetics in monomer was observed [Eq. (1)],
where kapp was the apparent polymerization rate constant.


�d½LA�
dt


¼ kapp½LA� ð1Þ


The number-average molecular
weight (Mn) also followed a
linear relationship in monomer
conversion for both the aliphat-
ic diimine backbone complexes
(Figure 7) and aryl diimine


backbone complexes (Figure 8). The molecular control and
the low polydispersity indicated that the polymerization had
a characteristic of controlled propagation. To determine the
order in Al, kapp was plotted versus the concentration of Al
(Figure 9) using 4a. From this plot, kapp increased linearly
with the Al concentration, manifesting that the order in Al
was first-order too. Therefore, the polymerization of rac-LA
using 4a followed an overall kinetic equation of the form as
Equation (2), where kp was the polymerization rate con-
stants and kp=kapp/[Al].


�d½LA�
dt


¼ kp½LA�½Al� ð2Þ


We could extrapolate this equation to other complexes in
the rac-LA polymerization. Aluminum isopropoxides 2b
and 4b were also used as real initiators to investigate their
reactivities (Table 3). According to the polymerization data,
it was concluded that in the present of 2-propanol, alumi-
num ethyl complex 2a and aluminum isopropoxide 2b had
same reactivities, similar results were obtained for 4a and
4b. It was envisioned that the in situ alcoholysis reaction of
aluminum ethyl complex with 2-propanol were almost quan-
titative (Scheme 5). The 1H NMR spectrum of the LA oligo-
mers indicated that the polymer chains were end-capped
with an isopropyl ester and a hydroxyl group[11] and the
ring-opening occurred through a so-called coordination–in-
sertion mechanism[18] as described in Scheme 6. Because the
complexes in this paper had no chirality, it was presumed
that the polymerization followed a so-called chain-end con-
trol mechanism.[9e,19,20]


The influence of temperature on the polymerization rate
was investigated (Figure 10). The polymerization rate in-
creased with the increasing temperature, but the stereoselec-
tivity decreased. Determination of the stereochemical mi-
crostructures of PLA was achieved through inspection of the
methine region of homonuclear decoupled 1H NMR spectra
of the resultant polymers.[9a,c,11] The apparent polymerization
rate constant (kapp), polymerization rate constants (kp) and
Pm


[21] values are collected in Table 4. With these three pa-
rameters, the activation energy of the polymerization was
calculated by fitting them to the Arrhenius equation (kp =


Ae�Ea/RT): an activation energy Ea of 35.4 kJmol
�1 was de-


duced by plotting lnkp versus 1/T. The activation energy for
4a was much lower compared with that with tin(II) octa-
noate (70.9�1.5 kJmol�1).[22]


Scheme 5. Synthetic pathway for the preparation of complexes.


Figure 3. Crystal structure of complex 2b.


Figure 4. Crystal structure of complex 4b.
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Complex structure and stereo-
selective polymerization


Effect of the diimine backbone
length and substituent : Com-
plexes 2a, 3a, 4a and 5a have
an identical enol structure but
different diimine backbones.
Correspondingly, they displayed
different catalytic behaviors
(Table 2 entry 2, 3, 4 and 5).
Lengthening the backbone
from C2 to C3 gave rise to sig-
nificant increase in activity.
Compound 2a had C2 backbone
while 3a had C3 backbone; the
catalytic activity of 3a was
much higher than that of 2a.[11]


Apparently, the C3 backbone
had a positive effect on the
polymerization rate. Probably
the higher backbone flexibility
was suitable for the metal coor-
dination sphere to open the in-
serting monomer ring. To fur-
ther investigate the effect of


backbone on the catalytic activity, modification in the back-
bone of 3a was produced. The dimethyl-substituted complex
4a had the highest activity. The kp value for 4a
(1.90 Lmol�1 min�1) was much higher than those of 2a
(0.19 Lmol�1 min�1) and 3a (0.26 Lmol�1 min�1). Clearly the
gem-methyls in 4a were the reason for the remarkable
change in activity between 3a and 4a, presumably due to
the gem-methyls made the aluminum�oxygen bond easier to
cleave when coordinated with the monomer resulting in
higher activity. Therefore, it could be concluded that the ali-
phatic diimine backbone length and substituent had remark-
able influence on the complexJs activity. Similar phenomen-
on was reported by Nomura[9l] and our group[9g] for the
salen-type catalysts : catalyst possessing 2,2-dimethyl-1,3-pro-
panediimine backbone was more active than that possessing
1,3-propanediimine backbone. Complex 5a had the lowest
stereoselectivity (Pm=0.58) among the four complexes. It
was assumed that because the aliphatic backbone was more
flexible than aryl analogues and therefore it could provide
more steric hindrance during the insertion of monomer.
Due to the planar aryl diimine backbone and the lack of
enough steric hindrance, aryl analogues would have lower
stereoselectivity.
Complexes 4a and 3a had the same t value (0.78), while


2a had 0.09. It manifested that 3a and 4a were closer to the
tbp geometry than 2a. By comparing the t values and the
stereoselectivity, maybe further deduction concerning the
geometry and the stereoselectivity could be made, that is,
the sqp geometry of a complex did not benefit the stereose-
lective polymerization of rac-lactides, and complexes con-
taining higher t values (closer to tbp geometry) would have


Figure 5. Kinetic plots of the rac-lactide conversion vs. the reaction time: a) complex 1a/2-propanol, [M]0/
[Al]=65; b) complex 4a/2-propanol, [M]0/[Al]=40; c) complex 4a/2-propanol, [M]0/[Al]=80; d) complex 4a/
2-propanol, [M]0/[Al]=110; e) complex 7a/2-propanol, [M]0/[Al]=65.


Figure 6. Kinetic plots of the rac-lactide conversion vs. the reaction time:
a) complex 5a/2-propanol, [M]0/[Al]=56; b) complex 6a/2-propanol,
[M]0/[Al]=56.


Figure 7. Plot of PLA Mn and polydispersity (Mw/Mn) as a function of
rac-lactide conversion using complex 4a/2-propanol, [M]0/[Al]=110.


Chem. Eur. J. 2008, 14, 3126 – 3136 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3131


FULL PAPERPolymerization of Racemic Lactide



www.chemeurj.org





higher stereoselectivity. We temporarily assumed that the
complex containing the tbp geometry had positive synergic
effect to retain and extend the chirality caused by the chiral
monomer after the insertion. The tbp geometry effect made
the chiral recognition of incoming monomer more effective,
whereas the sqp geometry did not possess this character.[23]


A similar phenomenon was reported by Nomura[9l] and our
group[9g] for the salen-type catalysts.
Lin et al.[14] reported that the stronger metal alkoxide


bond would have a slower reaction rate in the ROP of lac-
tide compared with the Schiff base zinc complex. It was not
the case in our systems, since 2b and 4b had almost equal
aluminum alkoxide bone length [1.7443(14) for 2b and
1.740(3) for 4b] but their polymerization rate differed con-
siderably (Table 3).


Effect of the enol substituent : Complexes 1a, 2a and 7a had
the same diimine backbone, but different enol substituents.
Complex 7a had the highest activity and the highest stereo-
selectivity among the three complexes (Table 2, entries 1, 2
and 7). An electronic effect was obvious, with electron-with-
drawing substituents in the enol segments affording more
active aluminum centers, presumably a consequence of en-
hanced metal electrophilicities. Hence, the fluorine-substi-
tuted complexes typically exhibit greater polymerization ac-
tivities than do their counterparts bearing unsubstituted
enol segments. Similar conclusion were reported by Gib-
son[9k] that chloro substituents in the phenoxide unit had
higher activity and higher stereoselectivity than their di-
methyl analogues for salan-type catalysts. The increased se-
lectivity suggested that the electron-withdrawing groups did
not take a direct but a complicated way to affect the com-
plexJs behavior during the polymerization for both salan-
type catalysts and enolic complexes. The effect of substitu-


ent from methyl group to
phenyl group was not remark-
able in comparison with the
diimine substituents (Table 2,
entries 1 and 2). Complexes 1a
and 2a had the similar activity
and stereoselectivity, and the
similar results were observed
for aryl backbone complexes
5a and 6a (Table 2, entries 5
and 6).


Stereochemistry of rac-LA : In
the case of random propaga-
tion (Bernoullian statistics),
the additions of different enan-
tiomeric monomers were inde-
pendent events, the different
rate constants were equal.
Since the ligands and com-
plexes reported were achiral,
and there was a preference for
isotactic addition during the


Figure 8. Plot of PLA Mn and polydispersity (Mw/Mn) as a function of
rac-lactide conversion using a) complex 5a/2-propanol, [M]0/[Al]=56; b)
complex 6a/2-propanol, [M]0/[Al]=56.


Figure 9. kapp vs. the concentration of 4a/2-propanol initiator for the rac-
LA polymerization.


Scheme 6. Proposed mechanism for the polymerization of lactides using enolic Schiff base aluminum isoprop-
oxides.
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ROPs of rac-LA, we considered the chain-end control
mechanism.[9e,19,20] In such a reaction, the ligand and the
complex were achiral; the initiation reaction occurred with-
out any differentiation between the two enantiomers, and
the last unit in the growing polymer chain influenced which
enantiomer form of the monomers would incorporate next.
So we would prefer a first-order Markovian statistics[24–26]


rather than a Bernoullian statis-
tics in such a mode of propaga-
tion. PLA derived from rac-lac-
tide could exhibit up to five
tetrad sequences (mmm, mmr,
rmm, mrm, rmr) in relative
ratios determined by the ability
of initiators to control racemic
[r-diad] and meso [m-diad] con-
nectivity of the monomer units.
According to first-order Marko-
vian statistics, the probability
for meso linkages could be de-
termined as


Pm ¼ km=ðkm þ krÞ
¼ kS=SS=ðkS=SS þ kS=RRÞ
¼ kR=RR=ðkR=SS þ kR=RRÞ


ð3Þ


where kS/SS and kR/RR were the
rate constants of homo-propa-
gation, kS/RR and kR/SS were the
rate constants of cross-propaga-
tion. If kS/SS > kS/RR or kR/RR >


kR/SS, the formation of isotactic
sequences were favored, other-
wise syndiotactic sequences
were formed. The following


equations could be deduced according to absolute reaction
rate theory:


kS=SS ¼ kR=RR ¼ km ¼ ðkT=hÞexp½ðDS�
,m=RÞ�ðDH�


,m=RTÞ�
ð4Þ


kR=SS ¼ kS=RR ¼ kr ¼ ðkT=hÞexp½ðDS�
,r=RÞ�ðDH�


,r=RTÞ�
ð5Þ


Further deduction of equation 6 could be obtained from
Equations (4) and (5):


Pm=ð1�PmÞ ¼ km=kr


¼ exp½ðDS�
,mþDS�


,rÞ=R�ðDH�
,m�DH�


,rÞ=RT�
ð6Þ


where (DS�
,m�DS�


,r) was the entropy difference between
homo-propagation and cross-propagation, and
(DH�


,m�DH�
,r) was the enthalpy difference between homo-


propagation and cross-propagation. To determine the differ-
ent values of (DS�


,m�DS�
,r) and (DH�


,m�DH�
,r),


lnPm/ ACHTUNGTRENNUNG(1�Pm) was plotted versus the 1/T (Figure 11). From
this plot, the entropy difference (DS�


,m�DS�
,r) of �26.6�


2.3 calK�1mol�1 and activation enthalpy difference
(DH�


,m�DH�
,r) of �12.7�0.8 kcalK�1mol�1 were obtained,


which may explain the preference of isotactic stereose-
quence.


Table 2. Polymerization data of rac-LA using complexes 1a–7a at 70 8C in toluene.[a]


Entry Complex t [min] [M]0/[I] Conv.[b] [%] Mn ACHTUNGTRENNUNG(calcd)
[c] [10�3] MnGPC


[d] [10�3] PDI[d] kp
[e] Pm


1 1a 1927 65 78 7.3 13.2 1.39 0.11 0.68
2 2a 1506 65 87 8.2 12.8 1.15 0.19 0.69
3 3a 551 65 85 8.0 15.7 1.09 0.26 0.75
4 4a 127 65 88 8.2 16.2 1.04 1.90 0.78
5 4a 221 110 80 12.7 21.5 1.02 1.90 0.78
6 5a 507 56 81 6.5 13.2 1.12 0.36 0.58
7 6a 628 56 89 7.2 16.5 1.19 0.41 0.57
8 7a 281 65 93 8.7 14.5 1.32 0.92 0.75


[a] All polymerizations were carried out in toluene solution at 70 8C. [LA]0=0.5 molL
�1. [b] Measured by 1H


NMR. [c] Calculated from the molecular weight of LAL[M]0/[I]Lconversion + Mw ACHTUNGTRENNUNG(iPrOH). [d] Obtained
from GPC analysis and calibrated against polystyrene standard. The true value of Mn could be calculated ac-
cording to formula Mn=0.58MnGPC.


[16] [e] kp(Lmol
�1 min�1): Calculated from the relationship kp=kapp/[Al].


Table 3. Polymerization data of rac-LA using complexes 2b and 4b in toluene.[a]


Entry Complex t [min] [M]0/[I] Conv.[b] [%] Mn ACHTUNGTRENNUNG(calcd)
[c] [10�3] MnGPC


[d] [10�3] PDI[d] Pm


1 2b 1528 65 90 8.4 13.5 1.14 0.68
2 2b 2140 75 93 10.1 14.7 1.20 0.66
3 4b 96 40 93 12.8 23.5 1.03 0.78
4 4b 140 65 90 8.4 16.3 1.05 0.78
5 4b 230 110 85 12.8 23.5 1.03 0.78
6 4b 335 150 90 19.5 36.8 1.04 0.78


[a] All polymerizations were carried out in toluene solution at 70 8C, [LA]0=0.5 molL
�1. [b] Measured by 1H


NMR. [c] Calculated from the molecular weight of LAL[M]0/[I]Lconversion + Mw ACHTUNGTRENNUNG(iPrOH). [d] Obtained
from GPC analysis and calibrated against polystyrene standard. The true value of Mn could be calculated ac-
cording to formula Mn=0.58MnGPC.


[16]


Table 4. Kinetic results of rac-LA polymerization at different tempera-
tures using 4a/2-propanol in toluene, [M]/[I]=110.


T [8C] kapp [min
�1] kp [Lmol


�1min�1] Pm


70 0.0086 1.90 0.78
90 0.0141 3.11 0.73
110 0.0318 6.99 0.69


Figure 10. Kinetics of the rac-LA polymerization using 4b at the reaction
temperatures of a) 110 8C; b) 90 8C; c) 70 8C, [M]0/[Al]=110.
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Conclusion


We have synthesized a series of five-coordinated enolic
Schiff base aluminum complexes derived from b-diketone
and diamine. Their catalytic behavior in racemic-lactide
polymerization varied remarkably. A plausible mechanism
of polymerization was proposed. Complex 4b had the high-
est activity and stereoselectivity among all complexes. The
different performance of these complexes was attributed to
the different diimine backbone and diketone substituent
groups on auxiliary ligands. There was a combinatorial
effect of electronic and steric factors. Because the complexes
in this paper had no chirality, it was presumed that the poly-
merization followed a so-called chain-end control mecha-
nism. Researches toward the origin of the activity and ste-
reoselectivity of enolic Schiff base aluminum complexes are
currently in progress.


Experimental Section


General : All experiments were carried out under argon using Schlenk
techniques. Starting materials for the synthesis of ligand 1–7 were pur-
chased from Aldrich Inc. and used without further purification. Toluene
was distilled from Na/benzophenone. Ethyl acetate and 2-propanol were
distilled from CaH2 under the protection of argon. rac-Lactide (Purac)
was purified by recrystallization from ethyl acetate and dried under
vacuum at room temperature (RT) before use. NMR spectra were re-
corded on Bruker AV 300m and Bruker AV 400m in CDCl3 at 25 8C.
Chemical shifts were given in parts per million from tetramethylsilane.
Gel permeation chromatography (GPC) measurements were conducted
with a Waters 515 GPC with CHCl3 as the eluent (flow rate: 1 mLmin


�1,
at 35 8C). The molecular weights were calibrated against polystyrene (PS)
standards. Crystallographic data were collected on a Bruker APEX CCD
diffractometer with graphite-monochromated MoKa radiation (l=


0.71073 I) at 187 K. The structure was refined by the full-matrix least-
squares method on F2 using the SHELXTL-97 crystallographic software
package. Anisotropic thermal parameters were used to refine all nonhy-
drogen atoms. Hydrogen atoms were located in idealized positions.


Ligand synthesis (General Procedure): A solution of diamine
(0.1 molL�1) in ethanol (50 mL) was added dropwise to a stirred solution
of diketone (0.2 molL�1) in ethanol (50 mL). The reaction mixture was
refluxed for 14 h before cooling to RT. After removal of the solvent
under vacuum a crystalline solid was produced and purified by recrystal-
lization in ethanol.


Ligand 1: Ligand 1 was obtained as a white crystalline solid in 85%
yield. 1H NMR (400 MHz, CDCl3): d = 5.00 (s, 2H, CHCOH), 3.43 (d,
4H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.00 (s, 6H, CH3COH), 1.91 ppm (s, 6H, CH3CN);
13C NMR (100 MHz, CDCl3): d = 194.8 (CH3COH), 162.7 (CH3CN),


95.8 (CHCOH), 43.4 (NCH2), 28.6 (CH3COH), 18.4 ppm (CH3CN); ele-
mental analysis calcd (%) for C12H20N2O2: C 64.26, H 8.99, N 12.49;
found: C 64.52, H 9.20, N 12.38.12.


Ligand 2 : Ligand 2 was obtained as a white crystalline solid in 80%
yield. 1H NMR (400 MHz, CDCl3): d = 7.86 (d, 4H, ArH), 7.42 (m, 6H,
ArH), 5.75 (s, 2H, CHCOH), 3.61 (d, 4H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.09 ppm (s,
6H, CH3CN);


13C NMR (100 MHz, CDCl3): d = 188.2 (ArCOH), 164.7
(CH3CN), 140.1, 130.5, 128.1, 126.8 (ArC), 92.9 (CHCOH), 43.7 (NCH2),
19.1 ppm (CH3CN); elemental analysis calcd (%) for C22H24N2O2: C
75.83, H 6.94, N 8.04; found: C 75.97, H 7.21, N 8.11.


Ligand 3 : Ligand 3 was obtained as a white crystalline solid in 77%
yield. 1H NMR (400 MHz, CDCl3): d = 7.87 (d, 4H, ArH), 7.43 (m, 6H,
ArH), 5.70 (s, 2H, CHCOH), 3.53 (m, 4H, N(CH2CH2CH2)N), 2.17 (s,
6H, CH3CN), 2.04 ppm (t, 2H, N(CH2CH2CH2)N);


13C NMR (100 MHz,
CDCl3): d = 187.7 (ArCOH), 164.9 (CH3CN), 140.1, 130.3, 128.0, 126.7
(ArC), 92.3 (CHCOH), 39.8 (N(CH2CH2CH2)N), 29.9
(N(CH2CH2CH2)N), 19.1 ppm (CH3CN); elemental analysis calcd (%)
for C23H26N2O2: C 76.21, H 7.23, N 7.73; found: C 76.19, H 7.21, N 7.86.


Ligand 4 : Ligand 4 was recrystallized in hexane and obtained as a white
crystalline solid in 51% yield. 1H NMR (400 MHz, CDCl3): d = 7.85 (d,
4H, ArH), 7.41 (m, 6H, ArH), 5.70 (s, 2H, CHCOH), 3.30 (d, 4H,
N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 2.06 (s, 6H, CH3CN), 1.20 ppm (s, 6H,
N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N);


13C NMR (100 MHz, CDCl3): d = 187.7
(ArCOH), 165.1 (CH3CN), 140.2, 130.3, 128.0, 126.7 (ArC), 92.3
(CHCOH), 50.4 (N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 35.6 (N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N),
23.5 (N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 19.3 ppm (CH3CN); elemental analysis
calcd (%) for C25H30N2O2: C 76.89, H 7.74, N 7.17; found: C 77.05, H
7.65, N 7.22.


Ligand 5 : Ligand 5 was obtained as a yellow crystalline solid in 76%
yield. 1H NMR (400 MHz, CDCl3): d = 7.92 (d, 4H, ArH), 7.47 (m, 8H,
ArH), 7.26 (s, 2H, ArH), 5.72 (s, 2H, CHCOH), 4.60 (d, 4H,
NCH2C6H4CH2N), 2.11 ppm (s, 6H, CH3CN);


13C NMR (100 MHz,
CDCl3): d = 188.4 (ArCOH), 165.3 (CH3CN), 140.7, 139.0, 131.0, 130.0,
128.6, 127.6, 126.5, 125.9 (ArC), 93.1 (CHCOH), 47.3 (NCH2C6H4CH2N),
19.9 ppm (CH3CN); elemental analysis calcd (%) for C28H28N2O2: C
79.22, H 6.65, N 6.60; found: C 78.96, H 6.56, N 6.46.


Ligand 6 : Ligand 6 was obtained as a yellow crystalline solid in 72%
yield. 1H NMR (400 MHz, CDCl3): d = 7.35 (t, 1H, ArH), 7.21 (d, 2H,
ArH), 7.15 (s, 1H, ArH), 5.08 (s, 2H, CHCOH), 4.49 (d, 4H,
NCH2C6H4CH2N), 2.06 (s, 6H, CH3COH), 1.94 ppm (s, 6H, CH3CN);
13C NMR (100 MHz, CDCl3): d = 195.4 (CH3COH), 163.2 (CH3CN),
139.1, 129.6, 126.1, 125.4 (ArC), 96.2 (CHCOH), 46.8 (NCH2C6H4CH2N),
29.2 (CH3COH), 19.1 ppm (CH3CN); elemental analysis calcd (%) for
C18H24N2O2: C 71.79, H 8.05, N 9.33; found: C 71.92, H 7.89, N 9.20.


Ligand 7: Ligand 7 was obtained as a yellow crystalline solid in 63%
yield. 1H NMR (400 MHz, CDCl3): d = 5.43 (s, 2H, CHCOH), 3.68 (d,
4H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.15 ppm (s, 6H, CH3CN);


13C NMR (100 MHz,
[D6]DMSO): d = 174.9 (CF3COH), 171.2 (CH3CN), 118.0 (CF3COH),
89.2 (CHCOH), 43.6 (NCH2CH2N), 18.7 ppm (CH3CN);


19F NMR
(400 MHz, CDCl3): d = �0.40 ppm (s, 6F); elemental analysis calcd (%)
for C12H14F6N2O2: C 43.38, H 4.25, N 8.43; found: C 43.62, H 4.38, N
8.60.


Complex synthesis (General Procedure): For enolic Schiff base aluminum
ethyl complexes 1a–7a, AlEt3 (0.2 mmol) in toluene (5 mL) was added
to the stirred 1 mL toluene solution of ligand precursors 1–7 (0.2 mmol)
at RT. The reaction was maintained at 80 8C for 12 h, and the reaction
mixture was then slowly cooled to RT. The toluene was removed under
vacuum. For enolic Schiff base aluminum isopropoxides, 2b and 4b were
prepared by mixing the corresponding ethyl complexes with 2-propanol
in toluene solution, the mixture was stirred at 80 8C for 10 h and then
slowly cooled to RT. The toluene was removed under vacuum. Crystals
suitable for X-ray diffraction were grown from a mixture of toluene and
pentane at �10 8C. The crystallographic data and the results of refine-
ments were summarized in Table 1.


Complex 1a : Obtained as a white solid in 95% yield. 1H NMR
(400 MHz, CDCl3): d = 5.02 (s, 2H, CHCOAl), 3.50 (m, 2H,
N ACHTUNGTRENNUNG(CH2CH2)N), 3.42 (m, 2H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.03 (s, 6H, CH3COAl),


Figure 11. Relationship between polymerization temperature and stereo-
chemistry of the resulting polyACHTUNGTRENNUNG(rac-LA)s by using 4a/2-propanol.
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1.96 (s, 6H, CH3CN), 0.85 (t, 3H, AlCH2CH3), �0.39 ppm (q, 2H,
AlCH2CH3);


13C NMR (100 MHz, CDCl3): d = 179.4 (CH3COAl), 171.4
(CH3CN), 98.8 (CHCOH), 45.7 (NCH2), 25.5 (CH3COAl), 21.3
(CH3CN), 13.6 (AlCH2CH3), 9.6 ppm (AlCH2CH3); elemental analysis
calcd (%) for C14H23AlN2O2: C 60.41, H 8.33, N 10.06; found: C 60.20, H
8.61, N 9.87.


Complex 2a : Obtained as a yellow solid in 93% yield. 1H NMR
(400 MHz, CDCl3): d = 7.90 (d, 4H, ArH), 7.32 (m, 6H, ArH), 5.71 (s,
2H, CHCOAl), 3.53 (m, 2H, N ACHTUNGTRENNUNG(CH2CH2)N), 3.45 (m, 2H,
N ACHTUNGTRENNUNG(CH2CH2)N), 2.04 (s, 6H, CH3CN), 0.81 (t, 3H, AlCH2CH3),
�0.38 ppm (q, 2H, AlCH2CH3);


13C NMR (75 MHz, CDCl3): d = 173.6
(ArCOH), 172.3 (CH3CN), 138.8, 129.9, 128.0, 126.9 (ArC), 96.6
(CHCOAl), 46.4 (NCH2), 22.4 (CH3CN), 10.1 ppm (AlCH2CH3); elemen-
tal analysis calcd (%) for C24H27AlN2O2: C 71.62, H 6.76, N 6.96; found:
C 71.72, H 6.58, N 7.11.


Complex 3a : Obtained as a yellow solid in 96% yield. 1H NMR
(400 MHz, CDCl3): d = 7.77 (d, 4H, ArH), 7.24 (m, 6H, ArH), 5.79 (s,
2H, CHCOAl), 3.63 (b, 2H, N(CH2CH2CH2)N), 3.41 (b, 2H,
N(CH2CH2CH2)N), 2.03 (s, 6H, CH3CN), 1.91 (t, 2H,
N(CH2CH2CH2)N), 0.95 (t, 3H, AlCH2CH3), �0.06 ppm (q, 2H,
AlCH2CH3);


13C NMR (75 MHz, CDCl3): d = 173.0 (CH3COAl), 172.3
(CH3CN), 138.7, 129.7, 127.9, 126.9 (ArC), 97.1 (CHCOAl), 49.4
(N(CH2CH2CH2)N), 26.2 (N(CH2CH2CH2)N), 22.06 (CH3CN), 10.4 ppm
(AlCH2CH3); elemental analysis calcd (%) for C25H29AlN2O2: C 72.09, H
7.02, N 6.73; found C, 71.91, H 7.15, N 6.82.


Complex 4a : Obtained as a yellow solid in 98% yield. 1H NMR
(400 MHz, CDCl3): d = 7.93 (d, 4H, ArH), 7.36 (m, 6H, ArH), 5.84 (s,
2H, CHCOAl), 3.39 (s, 4H, N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 2.14 (s, 6H,
CH3CN), 1.09 (s, 3H, N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 0.97 (s, 3H, N ACHTUNGTRENNUNG(CH2C-
ACHTUNGTRENNUNG(CH3)2CH2)N), 0.85 (t, 3H, AlCH2CH3), �0.20 ppm (q, 2H, AlCH2CH3);
13C NMR (75 MHz, CDCl3): d = 172.6, 171.8 (ArCOAl), 171.1, 170.2
(CH3CN), 139.4, 129.9, 128.2, 126.2 (ArC), 97.5 (CHCOAl), 58.2
(N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 38.4 (N ACHTUNGTRENNUNG(CH2CACHTUNGTRENNUNG(CH3)2CH2)N), 26.3 (N ACHTUNGTRENNUNG(CH2C-
ACHTUNGTRENNUNG(CH3)2CH2)N), 22.5 (CH3CN), 10.4 (AlCH2CH3), �0.05 ppm
(AlCH2CH3); elemental analysis calcd (%) for C27H33AlN2O2: C 72.95, H
7.48, N 6.30; found C, 72.63, H 7.85, N 6.05.


Complex 5a : Obtained as a yellow solid in 89% yield. 1H NMR
(400 MHz, CDCl3): d = 7.84 (d, 4H, ArH), 7.36 (m, 8H, ArH), 7.24 (d,
2H, ArH), 5.76 (s, 2H, CHCOAl), 4.64 (d, 4H, NCH2ArCH2N), 2.35 (s,
6H, CH3CN), 0.91 (t, 3H, AlCH2CH3), �0.21 ppm (q, 2H, AlCH2CH3);
13C NMR (100 MHz, CDCl3): d = 177.8 (ArCOH), 173.5 (CH3CN),
138.3, 138.0, 129.5–124.9 (ArC), 98.0 (CHCOAl), 51.6 (NCH2C6H4CH2N),
22.6 (CH3CN), 9.5 (AlCH2CH3), 0.2 ppm (AlCH2CH3); elemental analy-
sis calcd (%) for C30H31AlN2O2: C 75.29, H 6.53, N 5.85; found C 75.40,
H 6.88, N 6.13.


Complex 6a : Obtained as a yellow solid in 92% yield. 1H NMR
(300 MHz, CDCl3): d = 7.28 (m, 1H, ArH), 7.26 (m, 2H, ArH), 7.09 (m,
1H, ArH), 4.89 (s, 2H, CHCOAl), 4.48 (d, 4H, NCH2ArCH2N), 2.03 (s,
6H, CH3COAl), 1.92 (s, 6H, CH3CN), 0.90 (t, 3H, AlCH2CH3),
�0.27 ppm (q, 2H, AlCH2CH3);


13C NMR (100 MHz, CDCl3): d = 179.8
(CH3COAl), 173.4 (CH3CN), 140.0, 128.7, 125.3, 124.7 (ArC), 99.8
(CHCOAl), 52.4 (NCH2C6H4CH2N), 25.7 (CH3COAl), 21.2 (CH3CN),
9.35 (AlCH2CH3), �0.71 ppm (AlCH2CH3); elemental analysis calcd (%)
for C20H27AlN2O2: C 67.78, H 7.68, N 7.90; found: C 68.07, H 7.44, N
7.52.


Complex 7a : Obtained as a yellow solid in 88% yield. 1H NMR
(400 MHz, CDCl3): d = 5.57 (s, 2H, CHCOAl), 3.64 (m, 2H,
N ACHTUNGTRENNUNG(CH2CH2)N), 3.55 (m, 2H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.14 (s, 6H, CH3CN), 0.85
(t, 3H, AlCH2CH3), �0.34 ppm (q, 2H, AlCH2CH3);


13C NMR
(100 MHz, CDCl3): d = 161.7 (CF3COH), 129.0 (CH3CN), 119.4
(CF3COH), 97.4 (CHCOH), 46.6 (NCH2CH2N), 21.8 (CH3CN), 9.3
(AlCH2CH3), 1.0 ppm (AlCH2CH3); elemental analysis calcd (%) for
C14H17AlF6N2O2: C 43.53, H 4.44, N 7.25; found: C 43.63, H 4.21, N 7.65.


Complex 2b : Obtained as a yellow solid in quantitative yield. 1H NMR
(400 MHz, CDCl3): d = 7.34 (d, 4H, ArH), 7.17 (m, 6H, ArH), 5.79 (s,
2H, CHCOAl), 3.83 (sep, 1H, OCH ACHTUNGTRENNUNG(CH3)2), 3.69 (m, 2H, N ACHTUNGTRENNUNG(CH2CH2)N),
3.50 (m, 2H, N ACHTUNGTRENNUNG(CH2CH2)N), 2.05 (s, 6H, CH3CN), 0.97 ppm (d, 6H,
OCH ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, CDCl3): d = 173.3 (ArCOAl), 172.7


(CH3CN), 138.6, 129.9, 128.1, 126.8 (ArC), 97.0 (CHCOAl), 62.7 (OCH-
ACHTUNGTRENNUNG(CH3)2), 46.4 (NCH2), 27.5 (OCH ACHTUNGTRENNUNG(CH3)2), 22.5 ppm (CH3CN); elemental
analysis calcd (%) for C25H29AlN2O3: C 69.43, H 6.76, N 6.48; found: C
69.60; H,6.82, N 6.35.


Complex 4b : Obtained as a yellow solid in quantitative yield. 1H NMR
(400 MHz, CDCl3): d = 7.83 (m, 4H, ArH), 7.29 (m, 6H, ArH), 5.74 (s,
2H, CHCOAl), 3.94 (m, 1H, OCH ACHTUNGTRENNUNG(CH3)2), 3.70 (d, 2H, N ACHTUNGTRENNUNG(CH2C-
ACHTUNGTRENNUNG(CH3)2CH2)N), 3.35 (d, 2H, N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 2.06 (s, 6H,
CH3CN), 1.04 (d, 6H, OCH ACHTUNGTRENNUNG(CH3)2), 1.00 (s, 3H, N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N),
0.88 ppm (s, 3H, N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N);


13C NMR (100 MHz, CDCl3): d


= 172.5 (ArCOAl), 172.1 (CH3CN), 138.4, 129.8, 128.0, 126.9 (ArC), 97.4
(CHCOAl), 62.9 (OCH ACHTUNGTRENNUNG(CH3)2), 59.0 (N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 38.2
(N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 26.4 (N ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2CH2)N), 24.1 (OCH-
ACHTUNGTRENNUNG(CH3)2), 22.5 ppm (CH3CN); elemental analysis calcd (%) for
C28H35AlN2O3: C 70.86, H 7.43, N 5.90; found: C 70.59, H 7.12, N 5.75.


Polymerization of rac-LA Under the protection of argon, the rac-LA
(22.4 mmol, 3.22 g), complexes 1a–7a, (0.30 mmol in 2 mL of toluene), 2-
propanol (0.30 mmol, in 5 mL of toluene), and toluene (38 mL) were
added to a dried reaction vessel equipped with a magnetic stirring bar.
The vessel was placed in an oil bath at 70 8C. Conversion of the monomer
was determined on the basis of 1H NMR spectroscopic studies. The poly-
mers were isolated by precipitation into cold methanol, then filtrated and
dried under vacuum at RT for 24 h.


CCDC 659939, 659940, 659941, 659942, and 659943, contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The pharmaceutical industry produces 25–100 kg or more of
waste for every kg of active pharmaceutical ingredient
(API) manufactured.[1] According to a leading practitioner
of the industry, the potential waste co-produced with APIs
is in the range of 500 million to 2 billion kg per year.[2] Thus,
the potential savings associated with waste reduction would
be significant compared to pharmaceutical industry's annual
sales (US$500 billion in 2003).[2] Most pharmaceuticals syn-
theses involve the use of homogeneous catalysts, which are
difficult to separate from the products. The resulting metal
contamination of the products poses a serious concern in
the pharmaceutical industry.[3] Heterogeneous catalysts may
be more stable, less expensive, and more easily separated
from the products.[4] However, their activity and selectivity
are often lower than that of homogeneous catalysts.[5] Thus,
increasing efforts have been devoted towards developing


more efficient heterogeneous catalysts.[6,10] Immobilized ho-
mogeneous catalysts would provide for ease of catalyst re-
covery and reuse, and would minimize the waste generation
and use of toxic chemicals, which is of great interest in the
development of green chemical processes.[7]


This work is focused on designing supported palladium
catalysts. Palladium-catalyzed reactions have become an im-
portant tool in organic synthesis, owing to their high effi-
ciency, selectivity, and their ability to perform a range of
possible transformations.[8] Palladium-based catalysts have
shown remarkable performance in coupling and hydrogena-
tion reactions.[9] However, despite their high activity, the ho-
mogeneous palladium-based catalysts suffer from low stabil-
ity and high costs, which prevent their application in indus-
trial processes. As a heavy metal, palladium is also highly
undesirable as a contaminant of pharmaceutical products.
To overcome these challenges associated with conventional
palladium-based catalysts, heterogeneous and heterogenized
catalysts have been developed.[10] Palladium has been sup-
ported on materials such as carbon, zeolites, silicates and
polymers for catalytic applications.[11] Although these sup-
ported palladium catalysts allowed for ease of recovery, pal-
ladium leaching remained a significant problem.[12]
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of palladium (Pd) nanoparticles sup-
ported on siliceous mesocellular foam
(MCF). Pd nanoparticles of 2–3 nm
and 4–6 nm were used in reactions in-
volving molecular hydrogen (such as
hydrogenation of double bonds and re-
ductive amination), transfer hydroge-
nation of ketones and epoxides, and
coupling reactions (such as Heck and
Suzuki reactions). They successfully


catalyzed all these reactions with excel-
lent yield and selectivity. This hetero-
geneous catalyst was easily recovered
by filtration, and recycled several times
without any significant loss in activity
and selectivity. The palladium leaching


in the reactions was determined to be
much less than the FDA-approved
limit of 5 ppm. Furthermore, the cata-
lyst can be stored and handled under
normal atmospheric conditions. This
immobilized catalyst allows for ease of
recovery/reuse and minimization of
waste generation, which are of great in-
terest in the development of green
chemical processes.
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Results and Discussion


In this study, palladium was immobilized on siliceous meso-
cellular foam (MCF) through the use of urea ligands (see
Scheme 1). MCF was selected as the support, as it possesses


a three-dimensional, interconnected pore structure with ul-
tralarge cell-like pores (24–42 nm) connected by windows of
9–22 nm.[13] Templated by oil-in-water microemulsions, MCF
also has a high surface area of 500–800 m2g�1 and a high sur-
face concentration of silanols. The urea groups were intro-
duced onto the pore surface of spherical MCF microparti-
cles[14] by reacting (CH3O)3SiACHTUNGTRENNUNG(CH2)3NHCONH2 or
(CH3O)3SiACHTUNGTRENNUNG(CH2)3NHCONH ACHTUNGTRENNUNG(CH2)3SiACHTUNGTRENNUNG(OCH3)3 with 550 8C-
calcined MCF in toluene at 80 8C for 24 h. The urea ligand
loading in the resulting Urea-MCF was determined by ele-
mental analysis to be 1.8 mmolg�1. Pd ACHTUNGTRENNUNG(OAc)2 (1.5 mmol)
was dissolved in toluene/ethyl acetate, and introduced to
Urea-MCF (1 g). The mixture was stirred at room tempera-
ture for 30 min, and then heated at 60 8C for 24 h. The ini-
tially dark brown palladium acetate solution was reduced to
elemental palladium, and was deposited onto the MCF sup-
port via the urea ligands. The Pd/Urea-MCF was filtered,
washed and dried. The supernatant was clear after the reac-
tion, indicating the complete formation and immobilization
of Pd on MCF after the heating and drying processes.


The Pd nanoclusters deposited on Urea-MCF have a size
distribution in the range of 4–6 nm (Figure 1), and were dis-
persed uniformly on the support (see Figures S1 and S2 in
the Supporting Information). The size of the nanoclusters
could also be controlled by changing the PdACHTUNGTRENNUNG(OAc)2 concen-


tration during the synthesis. For example, if the amount of
Pd ACHTUNGTRENNUNG(OAc)2 was reduced by half, a similar procedure would
result in the formation of 2–3 nm Pd particles (Figure 2).
Scanning transmission electron microscopy (STEM) (Fig-
ure S3 in the Supporting Information) and Si and Pd map-


ping by transmission electron
microscopy (TEM) (see the
Movie S1 in the Supporting In-
formation) illustrated the uni-
formity of the Pd particles dis-
persed within the mesopores of
MCF. Scanning electron micro-
scopy (SEM) (Figure 3) and ni-


trogen adsorption-desorption isotherms (Figures S4 and S5
in the Supporting Information) illustrated that the uniform,
ultralarge mesopores of the MCF support were retained in
the Pd/Urea-MCF catalysts. X-ray diffraction (XRD) studies
confirmed the ultrafine grain size and high dispersion of Pd
nanoclusters in the Pd/Urea-MCF catalyst (see Figures S6
and S7a in the Supporting Information).


The catalytic activity of Pd/Urea-MCF was examined for
the Suzuki coupling reaction of iodoanisole and phenyl bor-
onic acid in an ethanol/water mixture (9:1 volume ratio), by
using Na2CO3 as the base (Table 1). After 24 h, the coupling
product was isolated in 99% yield (Table 1, entry 1). Pd/


Scheme 1. Immobilization of Pd nanoclusters on Urea-MCF.


Figure 1. TEM micrograph of Pd/Urea-MCF with Pd nanoclusters of 4–
6 nm.


Figure 2. TEM micrograph of Pd/Urea-MCF with Pd nanoclusters of 2–
3 nm.


Figure 3. SEM micrographs of Pd/Urea-MCF microparticles.
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Urea-MCF catalysts with 2–3 nm and 4–6 nm Pd nanoclus-
ters were compared to commercial 10 wt% Pd/C catalyst
(Sigma-Aldrich) with 2–3 nm Pd nanoclusters for the Suzuki
coupling of iodobenzene and phenylboronic acid. Pd/Urea-
MCF with 2–3 nm Pd nanoclusters outperformed the com-
mercial 10 wt% Pd/C catalyst and the Pd/Urea-MCF cata-
lyst with 4–6 nm Pd nanoclusters (Figure 4). Pd leaching was
examined by analyzing the supernatant of the reaction. No
Pd was found to have leached from the Urea-MCF support
even after 5 days of a blank experiment under similar reac-
tion conditions. The Suzuki reaction proceeded faster when
the solvent was changed to an ethanol/water mixture of 1:1
volume ratio at 80 8C (Table 1, entry 6), giving a 98% yield
in 6 h instead of 24 h under the typical homogeneous reac-
tion conditions.[15]


Pd/Urea-MCF catalyst also
provided excellent yields for
the Heck coupling of iodoar-
enes (Table 2). Coupling of
iodo and bromoarenes with
acrylates resulted in the corre-
sponding cinnamate esters in
good to excellent yields. The
catalyst was recycled without
any significant loss in activity
and selectivity in the coupling
reaction of iodobenzene with n-
butyl acrylate (Table 2, entry 5).


Excellent yields were ach-
ieved for the transfer hydroge-
nation of various ketones over
Pd/Urea-MCF. Typically, trans-
fer hydrogenation of ketones
was carried out using 10 mol%
of the 5 wt% Pd/Urea-MCF
catalyst and 5 equivalents of
formic acid/triethylamine mix-
ture as the hydrogen source in
ethyl acetate at room tempera-
ture. The heterogeneous cata-
lyst was easily recovered and
reused several times without
any loss in reactivity and selec-
tivity (Table 3). After 10 runs of
transfer hydrogenation of ace-
tophenone (Table 3, entry 1),
the Pd nanoclusters remained
highly dispersed on Urea-MCF
(Figure 5), and the catalyst
demonstrated negligible loss in
activity. The X-ray diffraction
(XRD) pattern of Pd/Urea-
MCF consisted of Pd0 peaks.
Peak broadening analysis by
Scherrer's method indicated
that the average Pd crystallite


Table 1. Suzuki coupling of aryl halides with aryl boronic acids.[a]


Entry Aryl halide Aryl boronic acid Product t [h] Yield [%][b]


1 6 99


0.167[c] 99[c]


2 12 89


3 12 97


4 12 94


5 12 91


6[d] 12 99


6[e] 98


7 20 96


8 12 92


[a] Reaction conditions: 1 mol% of 5 wt% Pd/Urea-MCF catalyst with Pd nanoclusters of 2–3 nm, 1 mmol of
aryl halide, 1.25 mmol of aryl boronic acid, 1.5 mmol of sodium carbonate, 5 mL of ethanol/water mixture
(volume ratio=9:1), 80 8C, argon atmosphere. [b] Isolated yield. [c] Under microwave conditions. [d] Recycled
five times without any loss in the product yield. [e] Volume ratio of ethanol/water mixture used=1:1.


Figure 4. Suzuki coupling of iodobenzene and phenylboronic acid (first
run) over (^) 10% Pd/C, and Pd/Urea-MCF with (~) 2–3 nm and (&) 4–
6 nm Pd nanoclusters.
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size grew slightly from 2–3 nm to 4–5 nm after 10 runs (see
Figure S7a,b in the Supporting Information). The filtrate of
the reaction system was clear (see Figure S8b in the Sup-
porting Information); inductively coupled plasma mass spec-
trometry (ICP-MS) confirmed that only a total of 1.25% of
the Pd loaded in 5 wt% Pd/Urea-MCF was leached after 10
runs. In contrast, the filtrate of the reaction system contain-
ing 10 wt% Pd/C was brown in color (see Figure S8a in the
Supporting Information), owing to almost 90% leaching of
the Pd loaded after just one run. Interestingly, when the
transfer hydrogenation of various ketones was performed in
water at 60 8C with ammonium formate as the hydrogen
source instead of formic acid/triethylamine mixture, the re-
action was completed more rapidly (i.e. , in 2 h instead of
24 h), giving an excellent yield of the corresponding alcohol.


Pd/Urea-MCF was also examined for the hydrogenation
of activated olefins (Table 4) such as dimethylitaconate
(Table 4, entry 1) under a low pressure (40 psi). The hydro-
genated product, 1-methyl-dimethylsuccinate, was obtained


in 99.9% yield, and the catalyst
was successfully recycled and
reused for 10 runs without any
loss in activity. Hydrogenation
also proceeded with excellent
yield and catalyst recyclability
for a variety of olefins
(Table 4).


Next, the catalytic activity of
Pd/Urea-MCF for the reductive
amination of aldehydes and
amines was examined. This re-
action is very important for
producing secondary amines in
the pharmaceuticals and spe-
cialty chemicals industry. Excel-
lent conversions and yields of
the corresponding amines were
achieved under mild conditions,
and the catalyst was recycled 10
times without any significant
loss in reactivity and selectivity
(Table 5).


The reductive ring opening of
epoxides to the corresponding
alcohols has emerged as a pow-
erful tool in organic synthesis.
It is of great interest to develop
a practical, economical, and en-
vironmentally friendly process
for this reaction. The efficiency
and stability of Pd/Urea-MCF
catalyst were examined with
trans-stilbene oxide as a sub-
strate (Table 6, entry 4). Nota-
bly, the hydrogenolysis reaction
reached completion with excel-
lent yields in 10 successive runs.


The catalyst could be recovered by simple filtration, and be
reused without loss of activity. A variety of benzylic epox-
ides were then subjected to the same hydrogenolysis condi-
tions, and good yields of homobenzylic alcohols were ob-
tained consistently. To further extend the scope of this cata-
lytic system, we turned our attention to the hydrogenolysis
of chiral epoxides, which are used for the synthesis of anti-
inflammatory arylpropionic acids. Hydrogenolysis of chiral
a-methylstyrene oxide generated the corresponding terminal
alcohol with the retention of configuration in excellent yield
(Table 6, entry 8).


In the cases of transfer hydrogenation, hydrogenation, hy-
drogenolysis, and reductive amination, the total Pd leached
after 10 recycles was determined by ICP-MS to be <1.5%
of the total Pd loaded in the catalyst. In the cases of Heck
and Suzuki coupling reactions, the total Pd leached after 5
recycles was <5% as determined by ICP-MS. The superna-
tant of the heterogeneous reaction systems containing Pd/
Urea-MCF was very clear (Figures S8 and S9 in the Sup-


Table 2. Heck coupling of aryl halides and alkenes.[a]


Entry Aryl halide Alkene Product t [h] Yield [%][b]


1 18 96


2 24 92


3 18 95


4 24 89


5[c] 20 92


6 24 88


7 20 93


8 24 84


[a] Reaction conditions: 1 mol% of 5 wt% Pd/Urea-MCF catalyst with Pd nanoclusters of 2–3 nm, 1 mmol of
aryl halide, 1.25 mmol of olefin, 2 mmol of triethylamine, 5 mL of toluene, 100 8C, argon atmosphere. [b] Iso-
lated yield. [c] Recycled five times without loss in activity and selectivity.
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porting Information). Negligible leaching of Pd was ob-
served, and this novel catalyst could be easily isolated and
recycled. A comparative study of Pd/Urea-MCF with Pd/
silica gel and Pd/unmodified MCF in the Suzuki coupling of


iodobenzene and p-methoxy-
phenyl boronic acid as well as
the transfer hydrogenation of
acetophenone demonstrated
the advantage of urea ligand in
the formation and stabililization
of nanoparticles (Table S1 in
the Supporting Information).


Pd/Urea-MCF was found to
provide even faster reaction
rates for coupling reactions and
transfer hydrogenations with
the aid of microwave. Excellent
conversions were achieved
under low frequency and short
reaction period. For example,
99% conversion was attained in
10 min in the Suzuki coupling
of iodobenzene and phenylbor-
onic acid (Table 1, entry 1).
85% yield of the corresponding
alcohol was achieved in 15 min
for the transfer hydrogenation
of acetophenone under micro-
wave (Table 3, entry 1). In con-
trast, 87% yield would be ob-
tained in 24 h under normal re-
action conditions at room tem-
perature.


Conclusion


In conclusion, active Pd nano-
clusters could be easily pre-
pared with high yields on urea-
modified MCF. They were
formed by the reduction of Pd-
ACHTUNGTRENNUNG(OAc)2, and were stabilized by
the urea ligands on the MCF
surface. The ultralarge meso-
pores of MCF facilitated reac-
tions involving bulky substrates.
The resulting Pd/Urea-MCF
catalyst demonstrated excellent
activity for transfer hydrogena-
tion, hydrogenation and C�C
coupling reactions, and were su-
perior to commercially avail-
able 10 wt% Pd/C or polymer-
supported Pd-Encat.[16] The
facile synthesis and novel
design of supported metal cata-


lyst described herein might be widely applied to derive met-
allic nanoclusters supported on modified MCF for a wide
variety of catalytic reactions in chemical syntheses. We are
currently examining other Pd-catalyzed reactions, and im-


Table 3. Transfer hydrogenation of ketones.[a]


Entry Ketone Product t [h] Yield [%][b]


1[c] 24 87


0.25[d] 85
2[e] 82


2 24 88


2[e] 84


3 24 88


4 24 84


2[e] 80


5 18 96


6[c] 18 99


7 24 92


2[e] 94


8 48 99


9 24 95


10[c] 12 99


11 12 99


12 15 99


[a] Reaction conditions: 10 mol% of 5 wt% Pd/Urea-MCF catalyst with Pd nanoclusters of 2–3 nm, 1 mmol of
ketone, 5 mmol of formic acid/triethylamine (volume ratio=1:1), 5 mL of ethyl acetate, 25 8C. [b] Isolated
yield. [c] Recycled 10 times without any loss in activity and selectivity. [d] Under microwave conditions.
[e] Used ammonium formate as hydrogen source and water as solvent at 60 8C.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3118 – 31253122


Y. J. Ying et al.



www.chemeurj.org





mobilizing other metals (e.g. Rh, Ru, Cu, Ir, and In) on
MCF for various catalytic applications.


Experimental Section


All chemicals were purchased from
Aldrich, and used as received without
further purification. 1H and 13C nucle-
ar magnetic resonance (NMR) spec-
troscopy (Bruker 400 MHz Spectrome-
ter), Fourier-transform infrared
(FTIR) spectroscopy (Digilab
FTS7000 FTIR spectrometer equipped
with MTEC 300 photoacoustic detec-
tor), XRD (Philips XPert PRO X-ray
diffraction system), N2 adsorption-de-
sorption analysis (Micromeritics
ASAP 2020m system), elemental anal-
ysis (Exeter Analytical CE440 CHN
analyzer), TEM and STEM (FEI
Tecnai G20, 200 kV), SEM (JEOL
JSM-6700F) and ICP-MS (Elan
DRCII, PerkinElmer SCIEX) were
employed in catalyst characterization.
Products from catalytic reactions were
analyzed by GC (Agilent 6890N).


Synthesis of Urea-MCF : Spherical
MCF microparticles (1 g) synthesized
according to the method reported[14]


were dried for 24 h at 100 8C, and
cooled to room temperature under
argon. Dry toluene (20 mL) was added
to the MCF. Next, a solution of trime-
thoxysilylpropyl urea (2.2 mmol) in
toluene (2 mL) was introduced. The
mixture was stirred under argon for
10 min, and then heated at 80 8C for
24 h. It was cooled to room tempera-
ture, filtered, and washed several
times with toluene, ethanol, acetone
and dichloromethane to remove any
unreacted precursor. The resulting ma-
terial was suspended in ethanol, and


heated at 60 8C overnight, filtered, washed and dried. Elemental analysis
showed a loading of 1.80 mmol of urea per gram of MCF.


Synthesis of Pd/Urea-MCF : Urea-MCF (1 g) was suspended in dry tolu-
ene (20 mL), and a solution of palladium acetate (0.55 or 1.10 mmol de-
pending on the requirement) in CH2Cl2 (2 mL) was added dropwise. The
mixture was heated at 60 8C until the supernatant became colorless under
argon (24 h). It was then cooled to room temperature, filtered, washed
and dried to obtain a dark brownish black solid, Pd/Urea-MCF. Elemen-
tal analysis showed 0.55 or 1.10 mmol of Pd loading per gram of Urea-
MCF, corresponding to 5 wt% Pd/Urea-MCF or 10 wt% Pd/Urea-MCF,
respectively.


General Procedure for Suzuki Coupling Reaction : An oven-dried reac-
tion vial was charged with aryl halide (1 mmol), aryl boronic acid
(1.25 mmol), sodium carbonate (1.5 mmol), catalyst (1 mol% of 5 wt%
Pd/Urea-MCF), ethanol (4.5 mL) and water (0.5 mL) under argon. The
resulting reaction mixture was stirred at room temperature for 10 min,
and then heated at 80 8C for a desired period. The reaction was moni-
tored by GC. After completion of the reaction, the mixture was cooled
to room temperature, and was filtered through a sintered glass funnel,
washed with water (5N5 mL) and ethanol (5N5 mL), and dried under
vacuum. The catalyst was recycled five times.


General Procedure for Heck Coupling Reaction : An oven-dried reaction
vial was charged with aryl halide (1 mmol), olefin (1.25 mmol), triethyla-
mine (2 mmol), catalyst (1 mol% of 5 wt% Pd/Urea-MCF), and toluene
(5 mL) under argon. The resulting reaction mixture was stirred at room
temperature for 10 min, and then heated at 100 8C for a desired period.
The reaction was monitored by GC. After completion of the reaction,
the mixture was cooled to room temperature, and was filtered through a


Table 4. Hydrogenation of olefins.[a]


Entry Olefin Product t [h] Yield [%][b]


1[c] 6 99.9


2 6 99.9


3 6 99.9


4 6 99.9


5 8 99.9


6[c] 8 99.9


7 18 99


8 18 99


[a] Reaction conditions: 1 mol% of 5 wt% Pd/Urea-MCF catalyst with Pd nanoclusters of 2–3 nm, 1 mmol of
olefin, 40 psi or 100 psi of hydrogen (for entries 1–6 and 7–8, respectively), 5 mL of methanol/ethanol, 25 8C.
[b] Isolated yield. [c] Recycled 10 times without any loss in product yield.


Figure 5. TEM micrographs of Pd/Urea-MCF catalysts with Pd nanoclus-
ters of a) 4–6 nm and b) 2–4 nm after 10 runs of transfer hydrogenation
of acetophenone at room temperature.
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sintered glass funnel, washed with toluene (5N5 mL), and dried under
vacuum. The catalyst was recycled five times.


General Procedure for Transfer Hydrogenation of Ketones : An oven-
dried reaction vial was charged with ketone (1 mmol), formic acid/trie-
thylamine mixture (volume ratio=1:1) or ammonium formate (5 mmol),
catalyst (10 mol% of 5 wt% Pd/Urea-MCF) and ethyl acetate or water
(5 mL) under argon. The resulting reaction mixture was stirred at room
temperature for 24 h, and the progress of the reaction was monitored by
GC. After completion of the reaction, the mixture was filtered through a
sintered glass funnel, washed with ethyl acetate (5N5 mL), and dried
under vacuum. The catalyst was recycled 10 times.


General Procedure for Hydrogenation of Olefins : An oven-dried reac-
tion vial was charged with olefin (1 mmol), catalyst (1 mol% of 5 wt%
Pd/Urea-MCF) and methanol/ethanol (5 mL) under argon. The resulting
reaction mixture was pressurized with 40–100 psi of hydrogen, and was
stirred at room temperature for 6 h. The progress of the reaction was
monitored by GC. After completion of the reaction, the mixture was fil-
tered through a sintered glass funnel, washed with methanol (5N5 mL),
and dried under vacuum. The catalyst was recycled 10 times.


General Procedure for Reductive Amination of Aldehydes under Hydro-
gen : An oven-dried reaction vial was charged with aldehyde (1.0 mmol),
primary amine (1.01 mmol), catalyst (1 mol% of 5 wt% Pd/Urea-MCF)
and methanol (5 mL) under argon. The resulting reaction mixture was
pressurized with 40 psi of hydrogen, and was stirred at room temperature
for 6 h. The progress of the reaction was monitored by GC. After com-
pletion of the reaction, the mixture was filtered through a sintered glass


funnel, washed with methanol (5N
5 mL), and dried under vacuum. The
catalyst was recycled 10 times.


General Procedure for Hydrogenolysis
of Epoxides and Diols : An oven-dried
reaction vial was charged with epoxide
or diol (1 mmol), ammonium formate
(5 mmol), catalyst (10 mol% of 5 wt%
Pd/Urea-MCF) and ethyl acetate
(5 mL) under argon. The resulting re-
action mixture was stirred at room
temperature for 24 h, and the progress
of the reaction was monitored by GC.
After completion of the reaction, the
mixture was filtered through a sintered
glass funnel, washed with ethyl acetate
(5N5 mL), and dried under vacuum.
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Table 6. Hydrogenolysis of epoxides and diols.[a]


Entry Epoxide/diol Product t [h] Yield [%][b]


1 12 91


2 12 94


3 12 97


4[c] 24 99


5 24 94


6 24 98


7 24 86


8[d] 12 98


9 12 88


10 12 94


[a] Reaction conditions: 10 mol% of 5 wt% Pd/Urea-MCF catalyst with Pd nanoclusters of 2–3 nm, 1 mmol of
epoxide or diol, 5 mmol of ammonium formate, 5 mL of ethyl acetate, 25 8C. [b] Isolated yields. [c] Recycled
10 times without any loss in reactivity and selectivity. [d] Retention of configuration.
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Autonomous Movement of Silica and Glass Micro-Objects Based on a
Catalytic Molecular Propulsion System


Christoph Stock, Nicolas Heureux, Wesley R. Browne, and Ben L. Feringa*[a]


Introduction


Controlled movement is one of the most fascinating features
of living cells.[1] However, locomotion on the micro- and
nanoscale through a fluid environment, in synthetic systems,
remains one of the major challenges confronting nanotech-
nology today.[2–12] The bottom-up construction of molecular-
level motors has brought the prospect of synthetic molecular
based mechanical machines within sight. Artificial molecular
systems constructed in order to mimic aspects of mechanical
function include shutlles,[13–17] rotors,[18–21] muscles,[22–24]


switches,[25–28] elevators[29,30] and motors.[31–35]


An attractive approach to apply chemical transformations,
that is, using a chemical fuel, to induce translational motion
is based on a seminal contribution by Whitesides and co-
workers.[36] Rotational and translational movement of milli-
meter and micrometer-sized objects[37–41] has been achieved
using bimetallic systems and H2O2 as a fuel with proposed


propulsion mechanisms including oxygen bubble formation,
change in surface tension or oxygen gradients.[42] Propulsion
of conductive carbon fibers, using a bio-electrocatalyst, able
to decompose glucose and oxygen into gluconolactone and
water, was reported by Mano and Heller.[43] More recently,
self-propulsion of millimeter-sized semiconductor diodes,
through an electric field, was reported by the group of
Velev.[44] In a molecular approach to autonomous move-
ment, we recently reported a synthetic oxygen evolving
complex as the catalyst for a micro-scale propulsion
system.[45] In our design, the micro-sized object, for instance
a silica microparticle (40–80 mm), is linked, via a short
spacer, to a metal complex, able to catalyze H2O2 dispropor-
tionation at a molecular level (Scheme 1).


The use of a molecular catalytic complex was found to be
of a considerable advantage, as it can be easily modified,
tether length can be adjusted, and local catalyst density is
controllable. Moreover, we considered that a molecular


Keywords: autonomous movement ·
manganese · microparticles ·
molecular motor · surface analysis


Abstract: A general approach for the easy functionalization of bare silica and
glass surfaces with a synthetic manganese catalyst is reported. Decomposition of
H2O2 by this dinuclear metallic center into H2O and O2 induced autonomous
movement of silica microparticles and glass micro-sized fibers. Although several
mechanisms have been proposed to rationalise movement of particles driven by
H2O2 decomposition to O2 and water (recoil from O2 bubbles,


[36,45] interfacial ten-
sion gradient[37–42]), it is apparent in the present system that ballistic movement is
due to the growth of O2 bubbles.
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Scheme 1. Design of a system propelled by a catalytic molecular motor.
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system would be easily adaptable on different kinds of ma-
terials, giving the extensive background in surfaces function-
alization that exists in the literature.[46,47] Furthermore, it
offers the possibility to control oxygen evolution at the mo-
lecular level through the molecular catalyst function and
catalyst activity. Our first generation system was based on a
dinuclear manganese catalyst.[45] Designed as a functional
model for Mn–catalase enzymes,[48–50] ligand 1,[45,51] bearing a
phenol, a tertiary amine and two pyridine binding sites was
used to complex manganese. However, anchoring of our cat-
alytic system on silica surfaces relied on the use of fragile
imine linkers as well as the requiring the use of pre-func-
tionalized silica particles (Scheme 2).


Development of a general method for the functionaliza-
tion of different non-functionalized surfaces with a stable
synthetic catalytic motor would be of great interest. Here
we report a general method for the functionalization of bare
silica and glass microparticles with a synthetic manganese
catalyst, through an amide or ether linkage, and the autono-
mous movement of these microscopic objects.


Results and Discussion


The design of a molecular motor capable of generating ki-
netic energy from a chemical source comprises a linker be-
tween the object and the catalyst. As a first step towards a
second-generation system and in order to increase the stabil-
ity of our molecular system, we first designed a new amide-
based tether.
Pre-functionalized aminopropyl silica microparticles 2


(40–63 mm) were modified to benzoic acid coated particles
through the use of two different procedures. Acylation of
primary amines using methyl 4-(chlorocarbonyl)benzoate,[52]


followed by ester saponification afforded functionalized
silica particles 3 (Scheme 3). The characteristic C=O absorp-
tion in IR at 1729 cm�1 for ester functionalized particles and
at 1680 cm�1 for carboxylic acid groups was used to follow


the functionalization. In a shorter process, direct coupling of
terephthalic acid using DCC/DMAP also supplied the de-
sired material, that showed carboxylic acid absorption in IR
at 1682 cm�1. Complexation with Mn ACHTUNGTRENNUNG(ClO4)2 in the presence
of tetradentate ligand 1 and extensive washing of the micro-
particles to remove any unbound ligand or complex provid-
ed the silica particles functionalized with the dinuclear man-
ganese catalyst 4. The elaboration of surface bound manga-
nese complexes was confirmed by IR spectroscopy and com-
parison with a non-bound manganese catalyst 5 synthesized
from p-formylbenzoic acid.[45] Disappearance of the carbox-
ylic acid band and appearance of the bridged carboxylate
absorption in the 1590–1600 cm�1 region was a strong indica-


tion that our manganese com-
plex was covalently immobi-
lized on the surface of the silica
particles. Furthermore, the high
activity for decomposition of
H2O2 by these particles, using a
5% H2O2 solution in acetoni-
trile was also good evidence for
the formation of the bound di-
nuclear manganese complex[53]


(Scheme 3)
While using an excess of 4-


(methoxycarbonyl)benzoic acid
in the elaboration of functional-
ized particles 3, a qualitative
Kaiser test indicated the pres-
ence of free primary amino
groups, as supported by the
strong purple color observed.[54]


Therefore a better description of the functionalized silica
microparticles obtained via this procedure is depicted in
Scheme 4 (method A).
The presence of reactive primary amino groups on the


surface of the silica particles could perturb functionalization
as well as characterization of more elaborated systems. In
order to avoid the presence of free amine functionalities, we
envisioned, as a key step towards our second generation
system, an alternative approach using trialkoxy silanes, fol-
lowing a procedure by Jones.[55] Conceptually, the ligand for
metal binding is first functionalized with the trialkoxy silane
spacer which allows anchoring to the surface (Scheme 4, B).
Moreover, this procedure should allow functionalization of
bare materials, extending greatly the flexibility of our meth-
odology. To enhance the robustness of the linkage between
the particles and the molecular motor, increasing the stabili-
ty of the system and avoiding plausible leakage of the man-
ganese catalyst, we designed two new spacers based on the
robust amide and ether links. To prevent competitive bind-
ing of the free carboxylic acid functionality to the silica sur-
face, the methylester derivatives were used. Starting from
terephthalic mono methyl ester 10, condensation of corre-
sponding acid chloride with 3-(triethoxysilyl)propan-1-amine
afforded the amide tethered benzoic ester 11. Alternatively,
allylic ether 12 was converted into trimethoxy silane 13 via a


Scheme 2. Structure of surface bound synthetic dinuclear manganese complex as an immobilized catalase
mimic.
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platinum-catalyzed hydrosilylation reaction with HSiCl3 fol-
lowed by methanolysis[56] (Scheme 5).


Bare silica microparticles
were then functionalized
through their suspension in a
solution of trialkoxy silane de-
rivative in toluene, using either
the amide 11 or the aromatic
ether 13. As expected, the
Kaiser test revealed the ab-
sence of free amino groups on
the surface of particles derivat-
ized with 11 or 13 as the sus-
pension remained yellow. Hy-
drolysis of ester moieties to
reveal the free carboxylic acid
groups, followed by complexa-
tion with Mn ACHTUNGTRENNUNG(ClO4)2 in pres-
ence of ligand 1, produced di-
nuclear manganese catalyst
functionalized particles 16 and
17 (Scheme 6).
The presence of the manga-


nese complex on the surface of
16 and 17 was confirmed by IR


spectroscopy, diffuse reflectance UV/Vis spectroscopy
(Figure 1), EPR spectroscopy (Figure 2) and by elementary
analysis. In the IR spectroscopy, as previously observed, dis-
appearance of the carboxylic acid band and appearance of
the bridged carboxylate absorption in the 1590–1600 cm�1


region was a strong indication that our manganese complex
was covalently immobilized on the surface of the silica parti-
cles. The presence of the dinuclear manganese catalyst was
also confirmed by UV/Vis spectroscopy, as exemplified for
the functionalized particles 16. Comparison of the spectrum
of the non-bound reference manganese catalyst 5 and the
spectrum of the silica supported manganese catalyst 16, ob-
tained by diffuse reflectance UV/Vis, revealed the same
characteristic absorption bands, at 222 nm, in the region be-
tween 245 and 275 nm and in the region between 285 and
295 nm. The stronger absorption for the silica-tethered man-
ganese catalyst 16 around 243 nm was attributed to the
structure of the amide benzoic ester linker, as supported by


Scheme 3. Synthesis of surface bound manganese catalyst anchored via an amide linkage. a) Methyl 4-(chloro-
carbonyl)benzoate, Et3N, toluene; b) KOH, H2O, EtOH; terephthalic acid, DCC, DMAP, toluene; d) Mn-
ACHTUNGTRENNUNG(ClO4)2, Et3N, 1, MeOH, MeCN.


Scheme 4. Two different approaches allowing functionalization of silica
particles: method A: Anchoring of benzoic acid moiety to amine func-
tionalized silica; method B: Attachment of trialkoxysilane functionalized
acid. a) Terephthalic acid, DCC, DMAO, toluene; b) CHCl3, D.


Scheme 5. Preparation of trialkoxy silane linkers. a) SOCl2; b) 3-(tri-
ethoxysilyl)propan-1-amine, Et3N, DCM, 95%; c) HSiCl3, H2PtCl6, THF;
d) MeOH, Et3N, 65%.
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the spectrum of the triethoxysilane derivative 11, which
shows a maximum absorption at 238 nm (Figure 1).


EPR spectroscopy presents a powerful tool in the study of
manganese-based catalytic systems. The EPR spectrum of
ligand free silica supported MnII[57] is characteristic for a
mononuclear quasi-octahedral MnII species, which do not
show discernible hyperfine splitting. The EPR spectra of
both non-bound manganese catalyst 5 and silica supported
manganese catalyst 16 bear a remarkable similarity to that
of the dinuclear manganese(II) hydroxylation and epoxida-
tion catalysts previously reported by our group.[58] These
data strongly support the presence of the dinuclear manga-
nese(II) catalyst on the surface of the silica particles 16. As


a control the EPR spectrum
(Figure 2) of a ligand free silica
supported mononuclear MnII


species confirms that non-ligat-
ed manganese is not involved
to a significant extent in the
catalase activity of the silica
particles 16. Indeed addition of
H2O2 to MnII modified particles
(i.e., ligand free) results in im-
mediate flocculation and pre-
cipitation as a brown inactive
solid.
The manganese content of


the immobilized dinuclear cata-
lyst 16 was determined by ICP-
AES to be 0.51% by mass, and
hence the dinuclear catalyst
loading was calculated to be
about 0.05 mmolg�1.
Decomposition of H2O2 as a


solution in acetonitrile was ob-
served for suspensions of both


materials (i.e. , 16 and 17). In order to study the movement
induced by O2 formation, a thin liquid film, containing a
dilute suspension (in CH3CN) of the functionalized micro-
particles 16 or 17, mixed with non-functionalized microparti-
cles (40–63 mm) as reference, on a microscope slide, was
monitored after addition of a 5% H2O2 solution in CH3CN.
Oxygen evolution was observed as small oxygen bubbles ap-
pearing only on the catalyst-functionalized microparticles.
Translational movement of the functionalized silica particles
were observed (Figure 3; see also movie in the Supporting
Information).


Scheme 6. Functionalization of bare silica microparticles with the dinuclear manganese catalyst. a) Toluene; b)
KOH, H2O, EtOH; Mn ACHTUNGTRENNUNG(ClO4)2, Et3N, 1, MeOH, MeCN.


Figure 1. UV/Vis spectra of c : amide tethered benzoic ester 11
(2.10�5m in CH3CN), a : non-bound manganese catalyst 5 (2.10�5m in
CH3CN) and g : silica supported manganese catalyst 16 (DR UV/Vis,
suspension in glycerol).


Figure 2. EPR spectra (X-band at 77 K) of c : silica supported manga-
nese catalyst 16 (suspension in DCM), a : non-bound manganese cata-
lyst 5 (2.10�3m in DCM) and g : ligand free silica supported MnII. Re-
cording conditions: microwave power = 63.5 mW; modulation amplitude
= 0.1 mT; modulation frequency = 50 kHz; time constant = 40.96 ms;
T = 77 K at 9.47 GHz.
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This successful method for functionalization of silica sur-
faces with the catalyst system encouraged us to the prepara-
tion of other functionalized surfaces. In order to induce au-
tonomous movement of different micro-objects and to show
the generality of our second generation molecular approach,
we selected glass surfaces, giving that their functionalization
with trialkoxy silane derivatives is also known.[59,60] Prior to
functionalization, glass slides (0.5L0.5 cm) were activated
using the method described by Linker.[61] Activated glass
slides 18 were then coated via the condensation of trime-
thoxysilane 13. Hydrolysis of the ester moiety and synthesis
of the manganese catalyst were then performed as previous-
ly described (Scheme 7). Functionalization of the surface
was monitored by contact angle measurements, which
changed from 78–808 for ester functionalized glass slides to
55–608 for the more hydrophilic carboxylic acid functional-
ized glass slides and to 70–738 for the glass slides bearing
the manganese catalyst 19.
Moreover, under microscope,
glass slides were shown to be
catalytically active in the de-
composition of a 5% H2O2 so-
lution in acetonitrile, giving us
a good evidence for the cova-
lent immobilization of the man-
ganese complex. However, the
glass slides were not suitable
for movement in a thin liquid
film, because of their large size.
Nevertheless, glass fibers (glass-
wool, 10–25 mm in diameter),
functionalized in the same
manner, showed translational
movement upon addition of
aqueous H2O2 solution to a
fibers suspension in acetonitrile
(Figure 4; see also movie in the
Supporting Information).


Conclusion


In conclusion, we have devel-
oped a general method for easy
functionalization of bare silica
and glass surfaces with a syn-


thetic manganese catalyst. De-
composition of H2O2 by this di-
nuclear metallic center into
H2O and O2 induced autono-
mous movement of silica micro-
particles and glass micro-sized
fibers. Although several mecha-
nisms have been proposed to
rationalise movement of parti-
cles driven by H2O2 decomposi-
tion to O2 and water (recoil


from O2 bubbles,
[36,45] interfacial tension gradient[37–42]), it is


apparent in the present system that ballistic movement is
due to the growth of O2 bubbles. The exact mechanism by
which propulsion of the particles takes place in terms of the
dependence of bubble formation on catalyst distribution and
the presence of bubble nucleation sites is at present under
further investigation. Future work will focus on the applica-
tion of the methodology described here to achieve move-
ment of nano-sized objects.


Experimental Section


General methods : Chemicals were purchased from Acros, Aldrich, Fluka
or Merck. Solvents for extractions and chromatography were technical
grade. All solvents used in reactions, were freshly distilled from appropri-
ate drying agents before use. Flash chromatography was carried out using


Figure 3. Translational movement of a catalyst-functionalized silica microparticle 17 at a) 0 s, b) 8 s, c) 19 s
(average speed=9.7 mms�1). Dimension of the video frame is 500L360 mm.


Scheme 7. Functionalization of bare glass surfaces. a) Toluene; b) KOH, H2O, EtOH; c) Mn ACHTUNGTRENNUNG(ClO4)2, Et3N, 1,
MeOH, MeCN.


Figure 4. Translational movement of glass fibers 19 at a) 0 s, b) 65 s, c) 145 s (average speed=1.6 mms�1). Di-
mension of the video frame is 1000L720 mm.
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Merck silica gel 60 (230–400 mesh ASTM). NMR spectra were obtained
using a Varian Gemini-400. Chemical shifts are reported in d units (ppm)
relative to the signal of TMS. MS(EI) spectra were obtained with a Jeol-
600 spectrometer. FTIR spectra were recorded (as intimate mixtures
with KBr) using a Nicolet Nexus FTIR spectrometer. EPR spectra (X-
band, 9.46 GHz) were recorded in liquid nitrogen (77 K) on a Bruker
ECS 106 instrument, equipped with a Bruker ECS 041 XK Microwave
bridge and a Bruker ECS 080 magnet. Samples for measurement
(250 mL) were transferred to an EPR tube, which was frozen in 77 K im-
mediately. UV/Vis spectra were obtained using a diffuse reflectance at-
tachment of a JASCO V-570 UV/Vis-NIR spectrophotometer. Images
and movies of the moving particles and fibers were recorded using an
Olympus BX 60 microscope, equipped with a Sony 3CCD DXC 950P
digital camera, connected to a personal computer, using Matrox Inspec-
tor 2.1. imaging software. Contact angles were measured on a KrMss
Drop Shape Analysis System DSA 10 Mk2.


Kaiser test : Three solutions were prepared: 1) 500 mg ninhydrin in
10 mL ethanol, 2) 80 g phenol in 20 mL ethanol, 3) 2 mL of an 1 mm


aqueous solution of KCN diluted to 100 mL with pyridine. A small
sample of the particles (2 to 5 mg) was placed in a test tube and three
drops of each of the three reagents were added. The tube was heated at
100 8C for 2 min and the suspension turned purple (presence of free
amino groups) or remained yellow (absence of free amino groups).


Preparation of functionalized silica particles 4 according to Scheme 3


Method A: 3-Aminopropyl functionalized silica gel 2 (400 mg, 40–63 mm,
�1 mmolg�1 NH2 loading, Aldrich) was suspended in toluene (18 mL). 4-
(Methoxycarbonyl)benzoic acid (500 mg, 2.77 mmol), DCC (573 mg,
2.77 mmol) and DMAP (34 mg, 0.28 mmol) were then added and the sus-
pension was stirred at room temperature for 20 h. The silica microparti-
cles were filtered off, washed with ethanol (3L20 mL) and with dichloro-
methane (3L10 mL) and dried in vacuo. IR (KBr): ñ=1729, 1591, 1548,
1403, 1284 cm�1.


The samples were suspended in a mixture of ethanol and water (20 mL,
1:2 ratio). Potassium hydroxide (1.20 g) was added and the suspension
was heated to reflux for 3 h. The silica particles were filtered off and
washed with ethanol (3L30 mL) and dried in vacuo. IR (KBr): ñ =1680,
1579, 1508, 1369, 1085 cm�1.


Method B : 3-Aminopropyl functionalized silica gel 2 (400 mg, 40–63 mm,
�1 mmolg�1 NH2 loading, Aldrich) was suspended in toluene (12 mL).
Terephthalic acid (100 mg, 0.60 mmol), DCC (124 mg, 0.60 mmol) and
DMAP (10 mg, 0.08 mmol) were added and the suspension was stirred at
room temperature for 17 h. The silica microparticles were filtered off,
washed with ethanol (3L20 mL) followed by dichloromethane (3L
10 mL) and dried in vacuo. IR (KBr): ñ = 1682, 1575, 1511, 1372,
1087 cm�1.


Manganese perchlorate hexahydrate (121 mg, 0.33 mmol) and ligand 1
(102 mg, 0.33 mmol) were dissolved in methanol (2 mL) and the solution
was stirred for 30 min. The benzoic acid functionalized silica (200 mg)
was then added and the mixture was stirred for 15 min before the addi-
tion of triethylamine (0.07 mL, 0.50 mmol). After an additional 15 min,
acetonitrile (3 mL) was added and the mixture was left overnight. The
solid was then collected by filtration and subsequently washed with meth-
anol (3L5 mL) and acetonitrile (3L5 mL) and dried in vacuo. IR (KBr):
ñ = 1562, 1502, 1446, 1376, 1096 cm�1.


Preparation of reference non-bound manganese catalyst 5 according to
Scheme 3


Manganese perchlorate hexahydrate (724 mg, 2.0 mmol) and ligand 1
(610 mg, 2.0 mmol) were dissolved in methanol (10 mL) and the mixture
was stirred for 30 min. Subsequently, 4-carboxybenzaldehyde (150 mg,
1.0 mmol) was added. After all solids were dissolved, triethylamine was
added (0.42 mL, 3.0 mmol) at once and the solution turned pale green.
After stirring for about 5 min, a solid precipitated and stirring continued
for another 5 min. The solution was heated until boiling and gradually
15 mL of CH3CN were added, while keeping the mixture boiling. After
the last few mL of CH3CN were added, the solids suddenly dissolved and
the solution was left overnight. The supernatant was removed and the
pale green crystals were washed thrice with MeOH and thrice with Et2O


and dried under vacuum. Yield: 590 mg (0.61 mmol, 61%); IR: ñ = 629,
760, 808, 883, 1014, 1097, 1159, 1203, 1276, 1403, 1454, 1483, 1558, 1602,
1660, 1760 cm�1; ES-MS: m/z : 867.5 [L2Mn2(O2CC6H4CHO)]+ ; elemental
analysis calcd (%) for C46H41ClMn2N6O9: C 57.12, H 4.27, Cl 3.67, Mn
11.36, N 8.69, O 14.89; found: C 56.98, H 4.38, N 8.51.


N-(3-(Triethoxysilyl)propyl)-terephthalamic acid methyl ester 11: Tereph-
thalic acid mono methyl ester 10 (2.04 g, 11.2 mmol) was suspended in
thionyl chloride (25 mL). The reaction mixture was heated under reflux
for 3 h followed by removal of the excess thionyl chloride by distillation.
The pale yellow solid obtained was used in the next step without further
purification.


A solution of 3-(triethoxysilyl)propan-1-amine (2.01 g, 9.06 mmol) and
triethylamine (1.37 g, 13.6 mmol) in dichloromethane (20 mL) were
added to a solution of the acid chloride in dichloromethane (20 mL). The
solution was refluxed for 1.5 h followed by concentration in vacuo. The
crude reaction mixture was purified by column chromatography on silica
gel (pentane/ethyl acetate 2:1) yielding trialkoxysilane 11 as a pale
yellow solid (3.29 g, 10.7 mmol, 95%). 1H NMR (400 MHz, CD3Cl,
25 8C): d=8.09 (d, J=8.1 Hz, 2H), 7.83 (d, J=8.1 Hz, 2H), 6.66 (s, 1H),
3.94 (s, 1H), 3.84 (q, J=6.9 Hz, 6H), 3.48 (dt, J=6.6, 6.6 Hz, 2H), 1.82–
1.73 (m, 2H), 1.22 (t, J=6.9 Hz, 9H), 0.72 ppm (t, J=8.1 Hz, 2H);
13C NMR(100 MHz, CD3Cl, 25 8C): d=166.6, 166.2, 132.3, 129.5, 129.4,
126.9, 58.4, 52.2, 42.3, 22.6, 18.1, 7.7 ppm; IR (KBr): ñ = 3315, 2983,
2886, 1727, 1641, 1544, 1436, 1278, 1103, 1079 cm�1; HRMS: m/z : calcd
for C18H29NO6Si: 383.1764, found: 383.1780.


Methyl 4-(3-(trimethoxysilyl)propylcarbamoyl)benzoate (13): 4-Allyloxy-
benzoic acid methyl ester 12 (3.41 g, 17.8 mmol), trichlorosilane (3.61 g,
26.64 mmol) and hexachloroplatinic acid monohydrate (2 mg, 3.9 mmol)
were added to dry THF (5 mL) and the mixture stirred at room tempera-
ture for 24 h. The solvent was then removed in vacuo and to the crude
trichlorosilane adduct was added dropwise methanol/triethylamine 1:1
((15 mL). The reaction mixture was stirred at room temperature for 2 h
and subsequently diluted with diethyl ether (10 mL). The solvent were
removed in vacuum and the crude reaction mixture was purified by
column chromatography on silica gel (pentane/ethyl acetate 90:10) yield-
ing trialkoxysilane 13 as a pale yellow solid (4.80 g, 15.3 mmol, 86%).
1H NMR(400 MHz, CD3Cl, 25 8C): d =7.95 (dd, J=8.9, 2.1 Hz, 2H), 6.88
(dd, J=8.9, 2.1 Hz, 2H), 3.97 (td, J=6.5, 1.8 Hz, 2H), 3.86 (d, J=2.1 Hz,
3H), 3.57 (s, 9H), 1.93–1.82 (m, 2H), 0.77 ppm (td, J=8.1, 1.8 Hz, 2H);
13C NMR (100 MHz, CD3Cl, 25 8C): d =166.9, 131.5, 122.4, 115.5, 114.1,
69.8, 51.8, 50.5, 22.5, 5.2 ppm; MS(EI): m/z : 314 (4), 272 (4), 241 (11),
152 (26), 121 (100), 93 (11), 91 (9), 65 (10); HRMS: m/z : calcd for
C14H22O6Si: 314.1185, found: 314.1191.


Preparation of functionalized silica particles 16 and 17 according to
Scheme 6


General procedure : Merck silica gel 60 (400 mg, 230–400 mesh ASTM)
was suspended in toluene (120 mL) and trialkoxysilane 11 or 13
(1.32 mmol) was added. The mixture was stirred at room temperature for
16 h then the silica microparticles were filtered off, washed with toluene
(3L30 mL) and with ethyl acetate (3L30 mL) and dried in vacuo.


Amide-functionalized particles (14): IR (KBr): ñ=1727, 1646, 1592, 1546,
1439, 1387, 1094 cm�1.


Ether-functionalized particles (15): IR (KBr): ñ=1716, 1608, 1513, 1438,
1105 cm�1.


The microparticles were next suspended in a mixture of ethanol and
water 1:3 (30 mL). Potassium hydroxide (1.10 g) was added to the suspen-
sion and the mixture was refluxed for 4 h. The silica particles were then
filtered off and washed with water (3L20 mL) and ethanol (3L20 mL)
and dried in vacuo.


Amide-functionalized particles : IR (KBr): ñ = 1680, 1581, 1511, 1381,
1090 cm�1.


Ether-functionalized particles : IR (KBr): ñ =1692, 1606, 1513, 1426,
1098 cm�1.


Manganese perchlorate hexahydrate (121 mg, 0.33 mmol) and ligand 1
(102 mg, 0.33 mmol) were dissolved in methanol (2 mL) and the mixture
was stirred for 30 min. The carboxylic acid functionalized silica (100 mg)
was then added and the mixture was stirred 15 min before the addition of
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triethylamine (0.07 mL, 0.50 mmol). After an additional 15 min, acetoni-
trile (3 mL) was added and the mixture was left overnight. The solid was
then collected by filtration and was washed with methanol (3L5 mL) fol-
lowed by acetonitrile (3L5 mL) and dried in vacuo.


Amide-functionalized particles (16): IR (KBr): ñ = 1598, 1561, 1481,
1376, 1096 cm�1.


Ether-functionalized particles (17): IR (KBr): ñ = 1602, 1546, 1481, 1400,
1091 cm�1.


Preparation of functionalized glass slides and fibers 19


Glass activation : Glass samples (10 slides or 500 mg fibers) were heated
in a mixture of aqueous NH4OH (25% solution), aqueous H2O2 (30%
solution) and water (50 mL, 1:1:2 ratio) for 3 h. The samples were then
filtered off, rinsed with water (3L50 mL) and dried at 90 8C for 3 h.


Glass functionalization : The activated glass samples 18 were suspended
in toluene (200 mL) and trialkoxysilane 13 (500 mg, 1.59 mmol) was
added. After stirring at room temperature for 14 h, the samples were fil-
tered off, washed with toluene (3L30 mL) followed by ethyl acetate (3L
30 mL) and dried in vacuo (water contact angle 78–808).


The obtained samples were then suspended in a mixture of ethanol and
water 1:3 (30 mL). Potassium hydroxide (1.50 g) was added and the sus-
pension was heated to reflux for 3 h. The glass samples were filtered off
and washed with ethanol (3L30 mL) and with water (3L30 mL) and
dried at 90 8C for 3 h (water contact angle 55–608).


Manganese perchlorate hexahydrate (121 mg, 0.33 mmol) and ligand 1
(102 mg, 0.33 mmol) were dissolved in methanol (2 mL) and the mixture
was stirred for 30 min. The glass samples were then added and the sus-
pension was stirred 15 min before the addition of triethylamine (0.07 mL,
0.50 mmol). After an additional 15 min, the glass pieces were collected
by filtration and were washed with methanol (3L5 mL) followed by ace-
tonitrile (3L5 mL) and dried in vacuo (water contact angle 70–738).


Observation of autonomous movement : A drop of a dilute suspension
(�1 mg in 5 mL CH3CN) of the functionalized microparticles 19, mixed
with non-functionalized microparticles as reference was placed on a mi-
croscope glass slide. A drop of a 5% H2O2 solution in CH3CN was then
added. Oxygen evolution was observed as small oxygen bubbles appear-
ing on only the catalyst-functionalized microparticles. Typically, the
movies of the movement of the particles were recorded after 5–10 min,
after any perturbance due to the mixing processes were finished.
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Introduction


In the attempt to design highly efficient molecular architec-
tures that give rise to electron donor–acceptor interactions,
porphyrins and fullerenes have been widely utilized as effec-
tive building blocks as a result of their remarkable electro-
chemical, chemical, and photophysical properties.[1] Novel


organic/inorganic nanocomposites based on water-soluble
C60 monoadducts emerged, for example, as integrative build-
ing blocks in the context of solar-energy conversion and
photovoltaics.[2,3]


As the water solubility of fullerene derivatives often goes
hand in hand with the presence of a high number of charges,
it is quite obvious to employ electrostatic interactions for
the construction of supramolecular assemblies. Interestingly,
this idea has found widespread attention over the last
decade with the use of all kinds of oligoelectrolytes[4]


It has been shown that an electron-transfer process within
an intriguing molecular hybrid associate—consisting of a
dendritic fullerene oligocarboxylate 1 and an octapyridinium
zinc porphyrin (ZnP) salt[5]—leads to a remarkably long life-
time of 1.1 ms for an efficiently formed radical ion-pair
state.[6,7] Molecular dynamic simulation studies have further
underlined that the effective p–p distance between 1 and
ZnP is approximately 8 2 and that 1 is not able to com-
pletely cover ZnP, thus leaving approximately half of the
ZnP unit uncovered and exposed to the solvent (i.e., water).
Pronounced electrostatic interactions also govern the associ-
ation of positively charged proteins (i.e., native iron cyto-
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Abstract: Mono- and bis-functionalized
C60 and C70 fullerene derivatives (DF,
1–10) that carry one or two oligoanion-
ic dendritic termini in their malonate
addends and an oligocationic octapyri-
dinium zinc porphyrin salt (ZnP) were
found to self-assemble in buffered
aqueous solution to yield a novel series
of 1:1 and/or 1:2 electron transfer
hybrid associates. Remarkably high as-
sociation constants—typically on the
order of 108 m


�1—were derived that
corroborate stable complex formations.
A combination of electrostatic and
charge-transfer interactions that are


operative between the electron-accept-
ing DF and the electron-donating ZnP
is considered to contribute to the
uniquely high complex stability. First
insight into intracomplex excited state
interactions came from steady-state
and time-resolved fluorescence quench-
ing experiments that were performed
with the molecular ZnP/DF hybrid as-


sociates. Excited state quenching pro-
cesses are, for example, evident in form
of a bi-exponential fluorescence decay
of ZnP—corresponding to a distribu-
tion of associated and non-associated
ZnP. Unambiguous evidence for an in-
tracomplex electron transfer quench-
ing, namely, formation of ZnPC+/C60C


�


and ZnPC+/C70C
� radical ion pairs, was


gathered in time-resolved transient ab-
sorption measurements. Lifetimes of
these radical ion-pairs range from
nanoseconds to a few microseconds.


Keywords: electron transfer · ful-
lerenes · porphyrinoids · time-
resolved transient-absorption spec-
troscopy
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chrome c and reconstituted zinc cytochrome c) with polyan-
ionic dendrofullerenes (i.e., 1 and 3); as a consequence,
stable protein–fullerene hybrids are formed.[8,9]


Herein, the electron donor–acceptor interactions built
around the rigid and highly charged octapyridinium ZnP
salt are taken to the next level. In particular, a novel series
of C60 and C70 fullerenes 1–10—mono- and bisfunctionalized
with dendritic addends (Scheme 1)— were tested. Each of
these dendritic addends consisted of one or two building
blocks that carried up to nine carboxylic acid groups. pH ti-
trations on dendrofullerenes 1 and 3 showed that the car-
boxylic acid groups of the Newkome dendrimer branches
are almost completely deprotonated at pH�7.[10] Hence,
pH 7 supports effective negative charges of 6 (4–7), 9 (1, 2,
8, and 9), 18 (3 and 10) per addend. In addition to the


number of charges, the spatial orientation (e.g., see 5–7) was
also varied to study the influence of shape on the aggrega-
tion and electron-transfer properties. Since the nature of the
additional moieties in the side chains can have a substantial
effect on the dispersion properties and complexation with
the cationic ZnP counterpart, we also altered the substitu-
ents of the unsymmetrical malonate addends in 1, 2, 8, and
9. Finally, to investigate the influence of the electronic prop-
erties of the fullerene chromophore, we used a selection of
different cores either by employing C70 as an all-carbon cage
(i.e., 8–10) or by establishing three different bisaddition pat-
terns of C60 (i.e. , 5–7) with slightly different absorption and
redox characteristics.
Interestingly, a direct comparison of implementing C60 or


C70 into similar electron donor–acceptor conjugates is limit-


Scheme 1. Water-soluble anionic DFs 1–10 and octapyridinium ZnP.
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ed to a few, rare cases. It is important that C60 and C70 dis-
play nearly identical reduction potentials in electrochemical
experiments,[11] which also holds for the corresponding de-
rivatives of C60 and C70 systems.


[12] Nevertheless, the initial
charge separation was shown to be accelerated when con-
trasting C70–porphyrin with the corresponding C60–porphy-
rin.[13,14] A smaller reorganization energy for C70 and a dif-
ferent electronic coupling have been considered to explain
the observed differences in electron-transfer rates.[13,14]


Results and Discussion


Syntheses of fullerene oligocarboxylic acids 5–10 : The den-
dritic fullerene derivatives 1,[6] 2,[15] 3,[16] and 4[17] have been
prepared previously. As we have shown earlier, the forma-
tion of aggregates between ZnP and fullerene oligocarboxy-
lates 1–3 is governed by the number and spatial arrange-
ment of the charges. Thus, it seemed appropriate to look
into C60 bisadducts in which the dendritic branches sit in
well-defined positions according to the substitution pattern
of the fullerene. The reaction of a twofold excess of the G1-
subsituted malonate 11 with C60 under typical cyclopropana-
tion conditions gave a mixture of the tert-butyl ester deriva-
tives e-bisadduct 12, trans-2-bisadduct 13, and trans-3-bisad-
duct 14, which were separated by HPLC (Scheme 2).


The esters 12–14 were cleaved with trifluoroacetic acid
(TFA), thus liberating the desired [60]fullerene acids 5–7.
The assignment of isomers in both series was performed by
using 13C NMR spectroscopic analysis (number of signals)
and the typical UV/Vis bands for e- (Cs symmetry, 29
13C NMR sp2 signals, lmax=422, 483 nm), trans-2- (C2 sym-
metry, 28 13C NMR sp2 signals, lmax=437, 473 nm), and
trans-3-bisadducts (C2 symmetry, 28


13C NMR sp2 signals,
lmax=411, 425, 494 nm).
So far, we have looked only into the Coulomb complex


formation of C60 derivatives. As the C70 species possesses
different properties and reactivity, we decided to prepare


several water-soluble C70 derivatives carrying carboxylate
groups to allow for electrostatic association with the posi-
tively charged ZnP. Our studies have revealed that it is of
crucial importance to Coulomb complex generation that the
inherent self-aggregation of water-soluble fullerenes is sup-
pressed.[15] To get a better understanding of this phenomen-
on for the [70]fullerene, the C70 moiety was treated with
three different malonates, that is, the simple monosubstitut-
ed malonate 15 carrying a G2-Newkome dendrimer, the tri-
ethylene glycol-substituted malonate 16 with the same den-
dron, and the symmetrical malonate 17 with two G2 arms
(Scheme 3).


The syntheses of the precursor molecules 18–20 followed
typical monosubstitution protocols for fullerenes using
iodine and DBU. The position of the substituent on C70 was
determined by comparison with known monoadducts of
C70.


[18] Finally, the free acids were obtained by acid-promot-
ed saponification of the ester groups of 18–20, which led to
the desired carboxylic acids 8–10 in quantitative yields. See
the Supporting Information for details on the synthesis and
characterization of the bisadducts of C60 and the monoad-
ducts of C70.


Absorption spectroscopy : The structures of the water-solu-
ble cationic ZnP salts and the anionic dendrofullerenes
(DFs) studied are shown in Scheme 1. Consistent with our
previous results,[6] upon adding 1–10 to aqueous solutions of
ZnP a gradual decrease in intensity and a red shift of the
absorption bands for the porphyrin unit are observed
throughout the visible region of the spectrum. This observa-
tion suggests effective interactions between 1–10 and ZnP in
the ground state. The bathochromic shifts scale with the
concentration of added fullerene. Common to these titration
experiments—C60 and C70 monoadducts (i.e., 1, 2, 8, and
9)—is the development of an isosbestic point around
440 nm.[19] The presence of only two absorbing species that
are in a dynamic equilibrium is implicit. Indeed, in these as-


Scheme 2. Syntheses of [60]fullerene dodecacarboxylic acids 5–7. DBU=


diaza ACHTUNGTRENNUNG(1,3)bicycloACHTUNGTRENNUNG[5.4.0]undecane, TFA= trifluoroacetic acid.


Scheme 3. Syntheses of [70]fullerene oligocarboxylic acids 8–10.
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semblies, the Job method of continuous variations confirmed
the formation of complexes with a 1:1 stoichiometry (see
the Supporting Information).[19]


At first glance, similar changes were noted when titrating
ZnP with either C60/C70 monoadducts 3, 4, and 10 carrying
two dendritic termini in their malonate addends or with C60
bisadducts 5, 6, and 7. However, upon closer analysis, some
differences relative to 1, 2, 8, and 9 were noted. More pre-
cisely, the appearance of a second isosbestic point (Figure 1)
is reproducibly seen. Alternatively, toward the final stage of
the titration the spectra fail to go through an isosbestic
point at all.


In line with the aforementioned observations, maxima
from the Job-plot analysis are seen which are not at 0.5 but
at 0.68 for the hybrid assemblies of ZnP with 3, 4, and 10.[19]


Thus, we postulate complexes in which ZnP interacts with
these DFs in a 2:1 fashion. The analysis becomes even more
complicated for 5–7. In these cases, the Job plots displayed
one or two maxima depending on the wavelength, at which
point data were taken for the analysis. A possible interpreta-
tion involves complexes that have different stoichiometries
and that are present in equilibrium.[19]


The formation of 1:1, or 1:1 along with 2:1, complexes be-
tween ZnP and the anionic dendrofullerenes 2 and 3 has
been shown previously in electrophoresis experiments.[15]


Whereas ZnP and cytochrome c were shown to form 1:1
complexes with 2, the results displayed a clear formation of
both 1:1 and 2:1 complexes with 3.


Steady-state fluorescence : For example, in steady-state fluo-
rescence experiments the changes of the fluorescence inten-
sity of ZnP were followed upon addition of increasing quan-
tities of DFs (only buffered solutions of ZnP (pH 7.2, 0.05m


KH2PO4) were used). Quite drastic quenching of the por-
phyrin emission—typically seen to evolve during these titra-
tion experiments—is tentatively attributed to originate from
electron-transfer processes between the photoexcited ZnP


and the DF ground state. An illustration is given in Figure 2,
which represents the spectral changes in conjunction with
the ZnP fluorescence in the absence and presence of varia-


ble concentrations of 2. For all the C60 and C70 monoadducts,
a saturation point of the quenching correlation was reached
after adding just one equivalent of the fullerene; here, the
donor fluorescence quenching is quantitative (i.e., 99%).
On the other hand, for the C60 bisadducts to reach the pla-
teau value fullerene concentrations that exceeded 1.5 equiv-
alents were needed. We used the fluorescence quantum
yields at the plateau values in the next step to evaluate the
dynamics of the excited-state deactivation process. For ex-
ample, the efficient quenching of the fluorescence in ZnP/2
leads to a fast electron-transfer rate of 4.8N1010 s�1 relative
to the intrinsic decay of the singlet excited state of ZnP,
namely, an intersystem crossing with a rate constant of 3.5N
108 s�1.
The gradual quenching of the steady-state fluorescence in-


tensity of ZnP was further used to quantify the association
between the cationic ZnP and the anionic DF species. Data
were taken at 610 nm and plotted versus the fullerene con-
centration. A nonlinear curve fitting according to Equa-
tion (1) allowed the association constants to be estimated
(Figure 3).


IF
I0
¼ 1� 1


2cD


�
1
KS
þ c0 þ cD�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1
KS
þ c0 þ cD�4c0cD


s ��
ð1Þ


where Io refers to the initial fluorescence intensity, co is the
total porphyrin concentration, cD is the total concentration
of the added fullerene, and KS is the association constant.
The association constants obtained from the emission ti-


tration experiments are summarized in Table 1. Overall, re-
markably high association constants were obtained for the
assemblies, with 2 displaying the highest values, namely,
3.2N108m�1. As far as the 2:1 associates are concerned, only


Figure 1. Changes in the ZnP Soret band (8.4N10�7m) observed upon
adding different concentrations of 10 (6.4N10�8–9N10�7m).


Figure 2. Changes in the steady-state fluorescence of ZnP (5.3N10�7m)
observed upon adding different concentrations of 2 (0–9.8N10�7m).
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the 1:1 complex formation was considered during the evalu-
ation of the experimental data. Estimation of the K1 and K2
values was, however, impossible since only the changes that
were associated with the ZnP fluorescence were followed.
To test the influence of the ionic strength on the ZnP/DF


association, we carried out the same titration experiments in
the presence of Na2SO4 and NaCl at different concentra-
tions. As expected and previously confirmed for the ZnP/1
assembly,[6] an increase in the ionic strength weakens the as-
sociation between ZnP and DF (Table 1). Interestingly, the
presence of Cl� ions evokes smaller association constants
when compared to, for example, the values obtained in the
presence of SO4


2� ions. We assume that as the NaCl concen-
tration increases the HPO4


� and H2PO4
� counteranions of


the buffer are replaced in an equilibrium process by Cl�


ions. As these are less strongly bound, the effective charge
of the solvated porphyrin increases, thus making the Cou-
lomb complex formation with the negatively charged ful-
lerenes much more likely.


Time-resolved fluorescence : Quenching of the porphyrin
emission became also evident in the time-resolved fluores-
cence experiments. Whereas the fluorescence decay of ZnP
in the absence of any DF is exclusively monoexponential—
with an intrinsic lifetime of 2.05 ns—the decays were best
fitted upon addition of DF by a biexponential fitting func-
tion (i.e., a fast-decaying and a slow-decaying component).
From the fast-decaying component—attributed to the associ-
ated ZnP/DF hybrids—the rates for the intracomplex elec-
tron-transfer processes were estimated according to Equa-
tion (2):


kq ¼
1
t1
� 1


t0
ð2Þ


where to refers to the ZnP fluorescence lifetime and t1 is
the lifetime of the faster-decaying component in the biexpo-
nential fitting function. As a leading example, the titration
of ZnP with 2 should be considered, in which biexponential
decays of the ZnP fluorescence with lifetimes of 2.05 and
0.07 ns are seen throughout the titrations (Table 2). It is im-


portant that the relative weight of the long-lived component
decreases throughout the titration and that only the short-
lived component is detectable at the plateau of the steady-
state fluorescence quenching. Although the obtained life-
time of 0.07 ns is in a good agreement with the electron-
transfer rate estimated from the steady-state fluorescence
spectra, we must point out that this value is essentially the
time resolution of our apparatus. Still, it signifies that elec-
tron-transfer rates faster than 1N1010 s�1 should be expect-
ed.


Transient-absorption spectroscopy: Transient-absorption
spectroscopy provided support for the proposed electron-
transfer mechanism and gave conclusive information about
the quenching pathways and the corresponding photoprod-
ucts.


Figure 3. Fluorescence intensity at 610 nm of ZnP/2. The concentration
of 2 varies from 0 to 3N10�6m, while the ZnP concentration is constant
at 1.8N10�6m. The solid line corresponds to a fit according to Equa-
tion (1), thus giving KS=3.2N108m


�1.


Table 1. Association constants obtained from steady-state fluorescence
titration experiments for 1:1 complex formation between ZnP and the
studied DFs.[a]


Compound KS [10
8
m
�1]


0.05m


KH2SO4


0.034m


Na2SO4
[b]


0.1m


NaCl[b]
0.17m


NaCl[b]


1 0.5[c]


2 3.2 – – –
3 1.0 0.5 0.3 0.1
4 1.3 – – –
5 1.8 1.3 0.9 0.6
6 1.9 – – –
7 2.1 – – –
8 1.9 – – –
9 1.1 – – –
10 2.3 – – –


[a] The estimated values remained constant for ZnP concentrations,
which varied from 5N10�8m to 5N10�6m. [b] Buffered with 0.05m


KH2SO4. [c] Ref. [6].


Table 2. Fluorescence lifetimes and rate constants for the quenching pro-
cess obtained from time-resolved fluorescence decays.


Compound to [ns]
[a] t1 [ns]


[b] kq [s
�1][c] Intrinsic


lifetimes
[ns]


ZnP 2.05 – 2.8
1 2.30 0.06 1.68N1010 0.080
2 2.05 0.07 1.49N1010 0.114
3 2.05 0.09 1.03N1010 0.120
4 2.10 0.10 9.52N109 –
5 2.10 0.11 8.45N109 0.170
6 2.15 0.22 4.10N109 –
7 2.05 0.17 5.26N109 –
8 2.20 0.16 5.72N109 0.250
9 2.40 0.19 4.85N109 0.270
10 2.30 0.17 5.41N109 –


[a] Corresponds to the fluorescence lifetimes of ZnP. [b] Corresponds to
the fluorescence lifetimes of ZnP/DF hybrids. [c] Obtained according to
Equation (2).
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ZnP reference compound : Figure 4 illustrates that two tran-
sients that correspond to the 1ZnP* and 3ZnP* excited states
are discernable on the femto-, pico-, and nanosecond time-


scales. The first transient, namely, the singlet excited state of
ZnP, 1ZnP*, appears simultaneously with the conclusion of
the femtosecond laser pulse and is characterized by an ab-
sorption band that is centered at approximately 470 nm and
a broad and low-intensity absorption in the range 600–
700 nm, with two minima in the Q-band region. Figure 4a
exemplifies the spectral changes associated with the ZnP
singlet excited-state formation. The singlet excited state of
ZnP is short-lived (i.e., the intrinsic lifetime is 2.8 ns), since
it undergoes fast and efficient intersystem crossing to the
corresponding triplet manifold. The latter is seen on the pi-
cosecond timescale as a slowly evolving species for which a
maximum is registered at 840 nm (Figure 4a). Moreover, it
is readily observed on the nanosecond timescale, as is corro-
borated in Figure 4b. The triplet lifetime of 450 ms, deter-
mined in our experiment, agrees well with the previously re-
ported data.[20]


ZnP/DF assemblies : The observed changes upon femtosec-
ond photolysis with 570-nm excitation of all the C60 mono-
adducts containing hybrid assemblies include fast develop-
ment of the absorption at 470 nm.[19] This maximum starts,
after reaching a maximum at around 0.5 ps, to decay follow-
ing monoexponential kinetics. Fitting the data gives a life-
time for ZnP/2 of 114 ps. With the decay of the absorption
at 470 nm, the characteristic spectral features[21] of the one-
electron oxidized ZnP radical cation (ZnPC+) and the one-
electron reduced fullerene radical anion (C60C


�) at 640 and
1020 nm, respectively, appear. Both absorptions are stable
on the picosecond timescale and only start to decay in the
nanosecond time regime.
In complementary nanosecond transient-absorption ex-


periments performed with 355-nm excitation of 1:1 mixtures
of 1–4 and ZnP, the spectral features show the instantaneous
formation of the ZnPC+/C60C


� radical ion-pair state; the latter
is characterized by absorption features at 640 and
1000 nm.[19] Importantly, no triplet–triplet absorptions, char-
acteristic of either ZnP or DF units, were observed at 840
and 700 nm, respectively. These observations indicate that
an electron-transfer process takes place exclusively from the
singlet state of ZnP and that the decay of the radical ion
pair leads to the direct recovery of the ground state rather
than going through an intermediate triplet excited state. The
ZnPC+/C60C


� radical ion-pair state decays with a lifetime on
the scale of microseconds. Table 3 summarizes the data ob-
tained from the nanosecond photolysis for all the assem-
blies.
Figures 5 and 6 confirm that femto- and nanosecond pho-


tolysis also provided support for the electron-transfer mech-
anism within the hybrid assemblies containing the C60 bisad-
ducts 5–7. In particular, femtosecond excitation into the por-
phyrin Q band at 570 nm of ZnP/5 led to the features
known to correspond to the C60C


� and ZnPC+ radical ions at
1060 and 640 nm, respectively, as they evolve during the
decay of the initially formed absorption of ZnP at 470 nm.
Again, this decay is best fitted by a monoexponential fitting
function with a lifetime of 170 ps, which underpins the elec-


Figure 4. a) Differential absorption changes obtained upon femtosecond
flash photolysis (570 nm) of ZnP (8N10�5m) in an argon-saturated buffer
solution (pH 7.2) with different time delays between 0 and 2892 ps at
room temperature (arrows indicate the evolution of differential changes).
b) Differential absorption changes recorded with a time delay of 8.93N
10�6 s after 355-nm nanosecond photolysis of ZnP (4N10�5m)


Figure 5. Differential absorption spectrum obtained upon femtosecond
flash photolysis (570 nm) of ZnP/5 in an argon-saturated buffer solution
(pH 7.2) with time delays between 0 and 1000 ps at room temperature.
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tron-transfer rate from the ZnP lowest-excited singlet state.
In the complementary nanosecond transient absorption
measurements, the lifetime of the ZnPC+/C60C


� radical ion-
pair state was determined to be 7.5 ms.
The differential absorption changes of the C70-containing


assemblies 8–10, displayed representatively in Figure 7, were


obtained upon femtosecond photolysis (i.e. , 570-nm excita-
tion). Similar to the assemblies with the C60 mono- and bi-
sadducts, the observed changes involve the fast development
of the absorption at 470 nm, characteristic for the 1ZnP*
state, which starts to decay following monoexponential ki-
netics after reaching a maximum (i.e., at 0.4 ps). Fitting the
data gives a lifetime for ZnP/8 of 250 ps. Simultaneously, as
the decay of the absorption at 470 nm is observed, the char-
acteristic spectral features of the ZnPC+ radical cation at, for
example, 640 nm are discernable. Although we were not
able to observe the one-electron reduced C70 radical anion
(C70C


�) during the femtosecond photolysis experiment, as its
absorption is known to maximize at 1350 nm[22] which is
near the detection limit of our femtosecond transient appa-
ratus, it is clearly distinguishable (Figure 7).
Both the characteristic absorption bands of the ZnPC+ and


C70C
� radical ions are clearly seen in the nanosecond transi-


ent absorption spectrum (Figure 8). Once again, no triplet–


triplet absorptions, characteristic of either ZnP or C70 mono-
adducts, were observed, for example, at 840 or 1100 nm.
Table 3 summarizes the data from the nanosecond transient
absorption for the ZnP/C70 assemblies. In contrast to the
ZnPCC+/C60C


� radical ion-pair, the lifetimes of the ZnPCC+/
C70C


� radical ion-pair states are only in the range of hun-
dreds of nanoseconds.


Conclusion


Our study indicates that stable complexes (KS�108m
�1) are


formed between cationic zinc porphyrins and anionic den-
drofullerenes as a class of functional fullerodendrimer.[23]


The complex formation is driven by electrostatic interac-
tions between oppositely charged species, that is, polyanion-
ic DF and polycationic ZnP. Charge-transfer interactions
also are considered to contribute to the overall complex sta-


Table 3. Absorption maxima and lifetimes of the ZnPC+/DFC� radical ion
pair obtained from nanosecond photolysis.


Compound lmax [nm] t [s]


1 1040 [a] 1.1N10�6 [a]


2 1020 6.5N10�6


3 1000 7.0N10�6


4 1000 4.4N10�6


5 1060 7.5N10�6


6 880 7.2N10�6


7 900 6.2N10�6


8 1350 7.8N10�7


9 1350 5.6N10�7


10 1350 7.4N10�7


[a] Ref. [6].


Figure 6. Differential absorption changes obtained upon nanosecond
flash photolysis (355 nm) of ZnP/6 in a nitrogen-saturated buffer solution
(pH 7.2) with a time delay of 5N10�7 s at room temperature.


Figure 7. Differential absorption changes obtained upon femtosecond
flash photolysis (570 nm) of ZnP/8 in an argon-saturated buffer solution
(pH 7.2) with a time delay of 250 ps at room temperature.


Figure 8. Differential absorption changes obtained upon nanosecond
flash photolysis (355 nm) of ZnP/9 in nitrogen-saturated D2O (pH 7.2)
with time delays of 6N10�8 (dashed line) and 1.9N10�7 s (solid line) at
room temperature.
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bility, as evidenced from the observed red shift of the por-
phyrin absorption in the visible range of the solar spectrum.
The stoichiometry of porphyrin/DF in the complexes was
determined to be 1:1 and 2:1 for the different assemblies.
For the C60 bisadducts, complexes of different stoichiometry
are formed. The highest KS values arose from the C60 and
C70 monoadducts with the polyethylene glycol chain. Inter-
estingly, the binding is not very specific as the correlation
between the total number of carboxylate groups (i.e., 9 in 1,
2, 8, and 9 ; 18 in 3 and 10 ; 6 in 4 ; and 12 in 5, 6, and 7) and
the KS values reflects. In other words, this relationship cor-
roborates earlier molecular dynamic simulations,[6] which
suggested that as soon as one salt bridge is formed the other
bridges are built quickly, thus leading to a structure in which
the DF covers about one half of the ZnP unit.
The transient-absorption experiments show that the sin-


glet excited-state features of ZnP decay through an intermo-
lecular charge-transfer reaction to form the corresponding
radical ion-pair states (Scheme 4). Notable differences are
seen for the different classes of electron acceptors (i.e. ,
mono- and bisfunctionalized C60 and C70 derivatives). The
fastest charge separation occurs for the monofunctionalized
C60 derivatives, while the more negative reduction potentials
of the bisfunctionalized C60 derivatives leads to a slowing


down of the charge-transfer processes. The dynamics associ-
ated with the monofunctionalized C70 derivatives fall, how-
ever, in between those dynamics of the bisfunctionalized C60
derivatives. This finding is surprising since their first reduc-
tion potentials are nearly identical to those potentials deter-
mined for the analogous C60 derivatives. Spectroscopically,
the formation of the radical ion-pair was monitored by spec-
tral features that developed in parallel to the disappearance
of the ZnP singlet–singlet absorption. These features are, in
particular, a one-electron oxidized radical cation absorption
of ZnP in the visible region (i.e. , 600–800 nm) and a one-
electron reduced radical anion absorption of C60/C70 in the
near-infrared region (i.e., 900–1400 nm).
All of the radical ion-pair states decay to their singlet


ground states, without passing through the intermediate trip-
let excited states of ZnP, C60, or C70. Notably, the decays of
the radical ion-pair state for C60 assemblies are seen within
a few microseconds, whereas the decays are completed
within a few hundreds of nanoseconds for the analogous C70
assemblies.
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Octahedral Adducts of Dichlorosilane with Substituted Pyridines:
Synthesis, Reactivity and a Comparison of Their Structures
and 29Si NMR Chemical Shifts


Gerrit W. Fester,[a] Jçrg Wagler,[a] Erica Brendler,[b] Uwe Bçhme,[a]


Gerhard Roewer,[a] and Edwin Kroke*[a]


Introduction


The tendency of the chlorosilanes SiHnCl4�n to form coordi-
nation compounds with tertiary amines appears to be a
good way of studying their Lewis acidity, although only a
few compounds of this type have been synthesised to


date.[1–4] Most of these chlorosilane–amine adducts are only
stable in the solid state and dissociate quantitatively on
melting, dissolution, or evaporation,[5] which explains why
only limited information about their molecular structure is
available. The adducts described in the literature mainly in-
volve those with unsubstituted or methyl-substituted pyri-
dines as donor molecules.[6]


The relative stability of such octahedral complexes de-
pends on the basicity of the Lewis base, the energy differ-
ence between the tetrahedral and the planar structures of
H2SiCl2


[7] as well as the steric demands of the donor mole-
cules and the resulting intramolecular repulsive interactions.


Dismutation reactions of chlorosilanes in the presence of
amine bases are also known. For example, an Si�H dismuta-
tion process occurs when SiH3Cl is added to an excess of


Abstract: H2SiCl2 and substituted pyri-
dines (Rpy) form adducts of the type
all-trans-SiH2Cl2·2Rpy. Pyridines with
substituents in the 4- (CH3, C2H5,
H2C=CH, (CH3)3C, (CH3)2N) and 3-po-
sitions (Br) give the colourless solids
1a–f. The reaction with pyrazine results
in the first 1:2 adduct (2) of H2SiCl2
with an electron-deficient heteroaro-
matic compound. Treatment of 1d and
1e with CHCl3 yields the ionic com-
plexes [SiH2ACHTUNGTRENNUNG(Rpy)4]Cl2·6CHCl3 (Rpy=


4-methylpyridine (3d) and 4-ethylpyri-
dine (3e)). All products are investigat-
ed by single-crystal X-ray diffraction
and 29Si CP/MAS NMR spectroscopy.
The Si atoms are found to be situated
on centres of symmetry (inversion, ro-
tation), and the Si�N distances vary
between 193.3 pm for 1c (4-(dimethyl-
amino)pyridine complex) and 197.3 pm


for 2. Interestingly, the pyridine moiet-
ies are coplanar and nearly in an
eclipsed position with respect to the
SiH2 units, except for the ethyl-substi-
tuted derivative 1e, which shows a
more staggered conformation in the
solid state. Calculation of the energy
profile for the rotation of one pyridine
ring indicates two minima that are sep-
arated by only 1.2 kJmol�1 and a maxi-
mum barrier of 12.5 kJmol�1. The
29Si NMR chemical shifts (diso) range
from �145.2 to �152.2 ppm and corre-
late with the electron density at the Si
atoms, in other words with the + I and


+M effects of the substituents. Again,
compound 1e is an exception and
shows the highest shielding. The bond-
ing situation at the Si atoms and the
29Si NMR tensor components are ana-
lysed by quantum chemical methods at
the density functional theory level. The
natural bond orbital analysis indicates
polar covalent Si�H bonds and very
polar Si�Cl bonds, with the highest
bond polarisation being observed for
the Si�N interaction, which must be
considered a donor–acceptor interac-
tion. An analysis of the topological
properties of the electron distribution
(AIM) suggests a Lewis structure,
thereby supporting this bonding situa-
tion.
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pyridine to give a hexacoordinate silicon complex[3]


[Eq. (1)]:


2 SiH3Clþ 2NC5H5 ! SiH2Cl2ðNC5H5Þ2 þ SiH4 ð1Þ


Another route to hexacoordinate SiH2Cl2 derivatives is
based on the decomposition of NMe ACHTUNGTRENNUNG(SiHCl2)2 into the di-
chlorosilane pyridine complex and a mixture of by-products
by the action of tertiary amines[5] [Eq. (2)]:


NMeðSiHCl2Þ2 þ 2NC5H5 ! SiH2Cl2ðNC5H5Þ2
þ1=nð-SiCl2-NMe-Þn


ð2Þ


These reactions suggest that H2SiCl2 is a suitable Lewis
acid for complex formation with pyridines, tertiary amines
and other Lewis bases, and this result was recently support-
ed theoretically and compared to the Lewis acidity of relat-
ed compounds such as SiCl4, SiH4 and GeF4.


[8] This sugges-
tion is further supported by an unexpected redistribution re-
action of trichlorosilane. This redistribution occurs in the
presence of N,N,N’,N’-tetraethylethylenediamine (teeda)
and leads to an octahedral dichlorosilane complex with
SiH2Cl2N2 coordination,


[9] as shown in Equation (3):


Herein we report the systematic synthesis and investiga-
tion of the hexacoordinate compounds H2SiCl2ACHTUNGTRENNUNG(Rpy)2, which
exhibit various substitution patterns at the donor molecule.
These solid adducts are stable at room temperature and are
directly accessible from dichlorosilane.


Results and Discussion


Synthesis and structural characterisation of 1a–f and 2 :
Compounds 1a–f and 2 (Scheme 1) were synthesised in
aprotic solvents such as n-hexane, toluene or THF. There
was no indication for the formation of dichlorosilane/solvent
complexes. 2,6-Disubstituted pyridines, such as 2,6-dimethyl-


pyridine (lutidine) and 2,4,6-trimethylpyridine (collidine),
do not form octahedral silicon complexes, nor does 2-vinyl-
pyridine. We initially expected the formation of octahedrally
coordinated silicon compounds in analogy to the complexa-
tion of H2SiCl2 with 2,4-dimethylpyridine.[6] The steric de-
mands of the 2,6-dimethyl and 2-vinyl substituents may be
responsible for this lack of reactivity.


The hexacoordinate silicon complexes were characterised
by CP/MAS NMR spectroscopy, single-crystal X-ray diffrac-
tion and Raman spectroscopy. The low solubilities of the
compounds reported herein precluded their characterisation
by solution NMR spectroscopy. As expected, all seven com-
pounds 1a–f and 2 exhibit a characteristic Si�H valence vi-
bration band at 2050–2103 cm�1 in the Raman spectrum (see
Table 1). The 29Si NMR chemical shifts are all around d=


�145 ppm, which is characteristic for octahedral silicon
compounds.[10] The Si atoms gain electron density with in-
creasing +M and/or + I effects of the substituents at the
pyridine moiety, which leads to a high-field shift of the
29Si NMR signal. This is most obvious for 1c due to the
strong +M effect of the dimethylamino substituent
(Scheme 2).


A decrease of the n ACHTUNGTRENNUNG(Si-H) wavenumber correlates with a
decrease of the Si�N bond length (Table 1). This is due to
an increase of the electron-donating capacity of the pyridine
base, which is highest for the [N ACHTUNGTRENNUNG(CH3)2] substituent, lowestScheme 1. The reaction of dichlorosilane with substituted pyridines.


Table 1. 29Si CP/MAS NMR spectroscopic data, selected bond lengths
and n ACHTUNGTRENNUNG(SiH) resonance bands for compounds 1a–f, 2 and H2SiCl2 (com-
pounds are ordered according to their 29Si NMR shift).


R diso
29Si d ACHTUNGTRENNUNG(Si�N) d ACHTUNGTRENNUNG(Si�Cl) n ACHTUNGTRENNUNG(SiH)


ACHTUNGTRENNUNG[ppm] [pm] [pm] ACHTUNGTRENNUNG[cm�1]


H2SiCl2 �11.3 204.8(8) 2200[8]


H �145.1 196.9(1)[5] 228.8(1) 2075
1a 3-Br �145.2 196.9(1) 228.1(1) 2103
1b 4-CHCH2 �147.2 195.6(1) 228.5(1) 2078
1d 4-CH3 �148.8 196.6(1) 227.5(1) 2080
2 �148.9 197.3(1) 226.7(1) 2094
1 f 4-CACHTUNGTRENNUNG(CH3)3 �149.5 196.3(1) 226.9(1) 2075
1c 4-[N ACHTUNGTRENNUNG(CH3)2] �151.8 193.1(3) 230.3(1) 2050
1e 4-CH2CH3 �152.2 195.9(1) 227.7(1) 2061


Scheme 2. Mesomeric effects of substituents in 4-(dimethylamino)pyri-
dine adduct 1c.
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for the Br substituent and intermediate for the alkyl-substi-
tuted pyridines.


As shown by the X-ray structural data (see below), the
pyridine moiety of compound 1c exhibits a quinoid reso-
nance structure unlike the remaining octahedral complexes,
which have bond lengths typical of aromatic pyridine rings.
The 4-ethyl-substituted derivative 1e is the only compound
which obviously does not match the M/I effect induced
trend of the 29Si NMR chemical shifts. This is most likely
caused by the special molecular conformation of 1e (see
below), that is, the torsion angle between the pyridine rings.
A more detailed analysis of the 29Si NMR spectroscopic
data is provided later in this discussion (measurement and
calculation of the 29Si NMR chemical shift tensor).


All (Rpy)2SiH2Cl2 complexes 1a–f crystallise in centro-
symmetric space groups and with half of a molecule as the
asymmetric unit in each case. The molecular structures of
1a, 1b, 1d and 1 f are depicted in Figure 1. The pyridine N-


atoms, silane H-atoms and Cl atoms in these adducts are sit-
uated trans to each other in a pattern that makes these com-
plexes structurally related to the adducts (pyridi-
ne)2SiH2Cl2,


[5] (3-methylpyridine)2SiH2Cl2
[5] and (2,4-dime-


thylpyridine)2SiH2Cl2.
[6]


Complex 1c crystallises as the chloroform solvate
1c·2CHCl3 (Figure 2) and the chloroform molecules may


play a role in achieving a dense molecular packing due to
the modified steric demands of the substituent at the pyri-
dine system. Intermolecular interactions, however, are also
found: the C8�H8 bond points towards chlorine atom Cl1
of a neighbouring molecule (Cl3C�H!Cl distance of
2.61 I; Table 2).


The common features of the three previously published
complexes[5,6] and the pyridine adducts 1a–f are the coplanar
arrangement of the two pyridine ring systems, the slight out-
of-plane position of the Si�H bonds and the orthogonal ar-
rangement of the chlorine atoms with respect to the SiH2


unit (Figure 3, left). This preferred conformation can be in-
terpreted as a result of only small repulsive interactions be-
tween the Si-bonded H atoms and the pyridine H atoms in
the 2-position. Thus, substitution of Si�H for Si�X moieties
leads to significant out-of-plane positions of all four sub-
stituents, as can easily be seen in the structures of the pyri-
dine adducts of SiCl4.


[11,12]


Contrasting the conformational behaviour of the com-
pounds discussed above, the Si atom of complex 1e is not
situated on a centre of inversion and its H-Si-H axis is locat-
ed on a twofold axis of rotation, which means that the pyri-
dine ring systems are not coplanar (Figure 3, right,
Figure 4). Despite this conformational difference, the coor-
dination behaviour of the pyridine ligand (Si�N separation)
is similar to those in complexes 1a, 1b, 1d and 1 f.


All complexes have five independent pyridine carbon
atoms in the solid state, although C2,6 and C3,5 are not
always resolved in the 13C CP/MAS NMR spectrum (see Ex-
perimental Section).


Compound 1b was chosen as a representative example to
analyze the relative stabilities of the different conformations
of the pyridine rings by quantum chemical methods. The tor-
sion angle C5-N1-Si1-Cl1 was varied in 58 steps from 0 to
1908 and the geometry of the molecule was optimised at
every step with only the torsion angle fixed. The results of
this potential energy surface (PES) scan are summarised in
Figure 5. The local minimum at a torsion angle of 608 corre-
sponds to the conformation found in the X-ray structure of
1b. The solid-state structure, however, has a more “perpen-


Figure 1. Molecular structures of (top to bottom) 1a, 1b, 1d and 1 f
(ORTEP plots with 50% probability ellipsoids; C-bonded hydrogen
atoms omitted for clarity). Selected bond lengths are provided in
Tables 1 and 2.


Figure 2. Molecular structure of 1c·2CHCl3 (ORTEP plot with 50%
probability ellipsoids; most hydrogen atoms omitted for clarity). Selected
bond lengths are summarised in Tables 1 and 2.
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dicular” conformation, that is, the chlorine atoms are nearly
perpendicular to the plane of the pyridine rings, with torsion
angles of 76.48. The difference between the calculated and
experimentally determined torsion angles can be attributed
to packing effects in the solid state.


There is a very flat energy barrier separating the local
minimum at 608 from the global minimum at 1208. Such a
“staggered” conformation is found for 1e in the solid state.
The energy difference between the rotamers at 608 and 1208
is only 1.2 kJmol�1, which means that these two minima are


nearly equivalent. Both conformations lead to minimal
steric repulsion between the axial pyridine rings and the
equatorial substituents at the silicon atom.


The overall energy barrier for rotation of the pyridine
ring around the Si�N bond is about 12.5 kJmol�1, a value
which is easily reached in solution at room temperature. A
similar rather shallow energy potential has been found for
SiH2Cl2·2Rpy.[5] A global minimum at a torsion angle of
60.48 was calculated, which deviates only slightly from the
value found in the solid state.


The Si�Cl bonds are also of similar length and the C�C/
C�N bond systems of the pyridine ligands are comparable.


Table 2. Selected bond lengths [pm] for 1a–f and 2 (standard deviation in parentheses). The Si�N and Si�Cl bond lengths are summarised in Table 1.


1a 1b 1c 1d 1e 1 f 2


Si1�H1A 137(1) 140(2) 144(3) 137(1) 137(1) 139(2) 138(1)
Si1�H1B 141(1)
N1�C1 134.3(1) 134.1(2) 134.4(4) 134.1(2) 134.1(1) 133.7(2) 133.1(1)
N1�C5 134.5(1) 134.4(2) 134.7(4) 134.7(1) 134.2(1) 133.7(2)
C1�C2 138.0(1) 137.5(2) 135.4(5) 138.0(2) 138.5(1) 137.9(2) 138.3(1)
C2�C3 139.1(1) 139.8(2) 140.2(5) 139.6(2) 139.5(1) 138.9(2)
C3�C4 138.4(1) 139.4(2) 141.6(5) 139.8(2) 139.6(1) 139.7(2) 138.2(1)
C4�C5 138.5(1) 137.5(2) 135.9(5) 138.3(2) 138.0(1) 137.5(2)
C3�C6 132.2(2) 149.7(2) 150.1(1) 152.2(2)
C6�C7 152.3(1) 153.2(2)
C6�C8 153.1(2)
C6�C9 153.3(2)
N2�C3 134.4(4) 133.2(1)
N2�C2 133.5(1)
N2�C6 145.5(5)
N2�C7 145.8(4)


Figure 3. View along the N-Si-N axis in molecules 1b (left) and 1e
(right). Ethyl- and vinyl groups as well as C-bonded hydrogen atoms
have been omitted for clarity. The Cl1-Si1-N1-C5) dihedral angles are
76.4 (1)8 (1b) and 70.2 (1)8 (1e). The pyridine planes in 1e are twisted
with respect to each other by 39.67(2)8. The dihedral angles between the
pyridine planes are 08 for the other molecules.


Figure 4. Molecular structure of 1e (ORTEP plot with 50% probability
ellipsoids; C-bonded hydrogen atoms omitted for clarity). Selected bond
lengths are provided in Tables 1 and 2.


Figure 5. A representation of the PES scan of 1b (top) and figures show-
ing the rotation of one pyridine ring and a view along the N1�Si axis at
different C5-N1-Si1-Cl1 torsion angles (bottom).
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The influence of the dimethylamino group in complex 1c,
however, is striking. The formation of much shorter Si�N
bonds causes significant lengthening of the Si�Cl bonds and
the +M effect of the dimethylamino substituent leads to
quinoid-type bond lengths in the pyridine system.


Complex 2, which represents the first structurally charac-
terised hexacoordinate silicon complex with a nitrogen-rich
six-membered heterocycle as additional donor, also crystalli-
ses in a centrosymmetric space group (P21/c) with the Si
atom situated on a centre of symmetry (Figure 6). The pyra-


zine ring systems are coplanar and even the Si�H and Si�Cl
bonds are aligned in the same manner as in complexes 1a–f.
Due to the electron deficiency of the pyrazine ligand, the
Si�N bond [197.3(1) pm] is significantly longer than in the
pyridine adducts. This slightly stretched interatomic dis-
tance, however, is still notably shorter than the Si�N bond
length in the adduct (2,4-dimethylpyridine)2SiH2Cl2


[6]


(201.6 pm) as a result of the steric hindrance due to the
methyl group in the 2-position.


Reactivity : As mentioned in the introduction, most hyper-
coordinate Lewis base adducts of chlorosilanes are only
stable in the solid state and dissociate upon dissolution or
heating (melting). A simple method to investigate the rela-
tive stabilities of SiH2Cl2·2Rpy adducts involves exchange
reactions using pyridines with different substituents. The ob-
served exchange of the pyridine ligands upon treatment of
the complex H2SiCl2·2py with 4-(dimethylamino)pyridine
suggests that 1c is more stable:


H2SiCl2 � 2 pyþ 2ð4-DMAPÞ ! H2SiCl2 � 2 ð4-DMAPÞ þ 2 py


ð4Þ


Exchange of the pyridine ligands was also observed in the
absence of any other substituted pyridine ligands. Thus, the
extraction of 1d and 1e with boiling CHCl3 caused the for-
mation of dicationic silicon complexes 3d and 3e, respec-
tively, where both Si�Cl bonds have been substituted by the
respective pyridine molecules (Scheme 3). The chloride
counterions are stabilised by chloroform molecules. In con-
trast, the extraction of 1a–c and 1 f with boiling CHCl3 does
not cause any ionisation of the Si�Cl bonds. Single crystals
of 3d and 3e suitable for X-ray structure analyses were ob-
tained (see Experimental Section). The extraction of 2 with
boiling CHCl3 or CH3CN causes the complex to decompose.


Kost et al. have shown that Si�X dissociation depends
strongly on a variety of parameters, particularly temperature
(ionisation is enhanced at low temperature), solvent (ionisa-
tion takes places in hydrogen-bond donor solvents) and the
nature of the anion.[13,14] In the present case, the hydrogen-
bond donor solvent CHCl3 stabilises the chloride ion.


The crystal structure of 3d has already been described by
Bolte et al.[15] therefore it is not discussed further here. The
crystal structure of 3e (Figure 7) also contains half of the di-


cation [(4-ethylpyridine)4SiH2]
2+ as well as a chloride ion


and three chloroform molecules in the asymmetric unit. In
contrast to the structure of 1c, the chloroform molecules
solvate the chloride anion in the crystal of 3e. Two of these
chloroforms are rotationally disordered around their C�H
bonds, which are directed towards the chloride ion. The
same two molecules as well, as their symmetry equivalents,
surround one ethyl group of the cation (C13�C14), which is
necessarily also disordered due to the varying steric de-
mands of the disordered solvent molecules. It is worth men-
tioning that the other ethyl group (C6�C7) seems unaffected
even though some slightly disordered CHCl3 molecules are
found in close proximity (see Table 3 for bond lengths and
angles of 3d and 3e).


The overall configuration of the dication, the Si atom of
which is located on a centre of symmetry, is related to the
structures of the cations in the compounds [(4-methylpyridi-


Figure 6. Molecular structure of 2 (ORTEP plot with 50% probability el-
lipsoids; C-bonded hydrogen atoms omitted for clarity).


Scheme 3. Dissociation of 3d and 3e in boiling CHCl3 to yield the adduct
[(Rpy)4SiH2]


2+ .


Figure 7. Structure of the dication [(4-Et-py)4SiH2]
2+ in a crystal of


3e·6CHCl3 (ORTEP plot with 50% probability ellipsoids; C-bonded hy-
drogen atoms omitted for clarity). Selected bond lengths and bond angles
are provided in Table 3.
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ne)4SiH2]
2+ , [(3-methylpyridine)4SiH2]


2+ , [(3,4-dimethylpyri-
dine)4SiH2]


2+ , [(3,5-dimethylpyridine)4SiH2]
2+ and [(pyridi-


ne)4SiH2]
2+ (chloride and/or bromide salts; octahedral coor-


dination, trans H-Si-H, four
pyridine N-atoms on equatorial
sites).[15–17] Irrespective of the
synthesis path described above,
single crystals of the hexacoor-
dinate complexes 1a–c and 1 f
were obtained directly upon ex-
traction with CHCl3. The Cl3C�
H!Cl contacts to the chloride
ion in complexes 3d and 3e
(approx. 245 pm) are shorter
than the Cl3C�H!Cl distance
between the chloroform mole-
cule in 1c and the Si-bonded Cl
atom (261 pm) because of the
anionic charge. The short Si�N
bonds in 1c and the resulting
longer Si�Cl bonds, which rep-
resent a step on the way to
base-supported Si�Cl dissociation and chloride ion forma-
tion, can be related to the incorporation of the chloroform
molecule in the structure of 1c.


Measurement and calculation of the 29Si NMR chemical
shift tensor : The 29Si NMR chemical shift tensors were de-
termined in order to get a better understanding of the
29Si NMR shielding of these compounds. The principal com-
ponents, and subsequently the isotropic chemical shift, the
span (W; anisotropy) and skew (k) of the tensor were ex-
tracted from spinning side-band 29Si CP/MAS spectra ac-


cording to the Herzfeld–Berger convention.[18,19] The 29Si
CP/MAS spectrum of 1e is given in Figure 8 as an example.


We also calculated the 29Si NMR principal components by
the GIAO method based on the geometries of the crystal
structures (see Table 4). The observed and calculated spans
are quite large in comparison with those for other hexacoor-
dinate Si complexes. Figure 9 shows the orientation of the
principal components in the molecular structure of com-
pound 1b.


The principal components of the investigated compounds
1 point along the E-Si-E (E=Cl, H, N) bond axes, with the
highest shielding being observed in the direction of the Si�
N bonds (d33) and the lowest shielding along the Si�Cl
bonds (d11). Both the calculated and the experimental values
of the skew range between �0.5 and �0.9, which means that
the shielding in the direction of the Si�H bonds (d22) is only
slightly smaller than d33. The silicon nucleus is therefore
strongly shielded in the direction of the hydrogen and pyri-
dine substituents and less shielded in the direction of the
Si�Cl bonds. The span decreases for both the experimental


Table 3. Selected bond lengths [pm] and angles [8] for 3d and 3e (stan-
dard deviations in parentheses).


3d 3e


Si1�N1 196.0(1) 196.4(2)
Si1�N2 196.0(1) 196.3(2)
Si1�H1A 141(2) 138(2)
N1�C1 134.3(1) 134.0(3)
N1�C5 134.5(1) 134.8(3)
C1�C2 138.0(1) 137.5(2)
C2�C3 139.1(1) 139.8(2)
C3�C4 138.4(1) 139.4(2)
C4�C5 138.5(1) 137.5(2)
C3�C6 149.8(2) 150.7(3)
C6�C14 – 150.6(4)
N2�C7 134.8(1) 133.7(3)
N2�C11 134.5(1) 134.9(3)
C10�C11 138.0(2) 137.3(4)
C7�C8 137.7(2) 139.2(4)
C8�C9 139.5(2) 137.8(4)
C9�C10 139.1(2) 136.9(3)
C9�C12 149.5(2) 153.9(4)
C12�C13 – 146.6(7)
H1A-Si1-N1 89.2(7) 90.5(9)
H1A-Si1-N2 89.4(7) 90.6(9)


Figure 8. Top: 29Si CP/MAS spectrum of 1e calculated using the principal
components given in Table 4; bottom: spectrum at a spin rate of
1.25 kHz.


Table 4. 29Si MAS NMR spectroscopic data and results of GIAO calculations (B3LYP/6-311+G ACHTUNGTRENNUNG(2d,p)) of the
29Si NMR shifts of compounds 1a–f and 2.


Molecule diso
[a] d11 d22 d33 W[b] k[b]


1a exp �145.4 �47.5 �185.9 �202.8 155.3 �0.8
calc �159.8 �74.3 �187.7 �217.4 143.1 �0.6


1b exp �147.2 �51.0 �187.3 �203.3 152.2 �0.8
calc �165.0 �87.4 �190.5 �217.1 129.7 �0.6


1c exp �152.1 �75.7 �180.9 �199.7 124.0 �0.7
calc �173.1 �106.4 �195.0 �217.8 111.3 �0.6


1d exp �148.8 �51.8 �185.1 �209.5 157.7 �0.7
calc �164.3 �83.4 �191.5 �217.9 134.5 �0.6


1e exp �152.3 �66.1 �185.1 �205.7 139.6 �0.7
calc �166.3 �95.2 �186.7 �216.9 121.6 �0.5


1 f exp �149.6 �49.5 �189.3 �210.0 160.5 �0.7
calc �165.9 �83.7 �192.3 �221.6 138.0 �0.6


2 exp �149.1 �49.0 �187.8 �210.5 161.5 �0.7
calc �160.4 �74.0 �184.9 �222.4 148.4 �0.5


[a] Chemical shift in the solid state. [b] Herzfeld–Berger convention, W =d11�d33, k=3 ACHTUNGTRENNUNG(d22�diso)/W.
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and the calculated tensors nearly in the same order: 1 f >
1d > 1a > 1b > 1e > 1c (exp. values). Compound 1c has
a noticeably smaller span than the other complexes 1, which
we attribute to the quinoid-like resonance structure of this
derivative (see Scheme 2). The differences in the spans of
the complexes are due to changes in both d11 and d33, al-
though d11 seems to have a higher contribution to W. The
pyrazine derivative has the highest span and a skew of �0.7
as a result of two directions with higher shielding, similar to
the pyridine derivatives.


There are some deviations between the experimental and
calculated tensor components, with the calculated span
being smaller than the experimental one. The highest devia-
tion between calculated and measured isotropic shift values
(diso) is 22 ppm. A comparison between the calculated and
experimental principal components shows a good accord-
ance for d22, but significant deviations for d33 and especially
d11, the components which are nearly perpendicular to the
Si�H bonds. It has been shown previously[20,21] that silicon-
bound hydrogen atoms cause inaccuracies in 29Si NMR shift
calculations, and this problem has not yet been solved theo-
retically.


Density functional theory (DFT) calculations : Quantum
chemical calculations were performed to obtain a better in-
sight into the bonding features of the compounds under in-
vestigation. Topological analysis of the electron-density dis-
tribution is a powerful tool for that purpose, and this analy-
sis can be carried out using the atoms-in-molecules theory
(AIM) developed by Bader and others.[22–25] This method
partitions the electron density of a molecule 1(r) into indi-
vidual non-overlapping atomic fragments by rigorously de-
fined interatomic surfaces.[23]


The bond critical points (BCPs) between the atoms of the
molecules 1a–f and 2 represent the topology one would
expect for a classical Lewis structure. Figure 10 shows one
such example. A more detailed analysis is only possible,
however, by looking at the properties of the electron density


at the BCPs. Table 5 shows these properties for the BCPs
that connect the silicon atoms with their surrounding ligands
and substituents in the compounds under investigation.


The graphical representation of the Laplacian 521 and
the electron density maps (1(r)) in Figure 11 shows that
there is very low electron density at the BCPs between Si
and Cl and slightly positive values of the Laplacian, which
suggests a predominantly ionic interaction. The graphical
representation of the Laplacian, with its nearly spherical
charge concentration around the chlorine atom, confirms
this assumption. The remarkable bond ellipticity at the
BCPs between Si and Cl hints at some p-donation from lone
pairs at chlorine atoms into unoccupied orbitals at silicon.
However, if we classify the interaction between Si and Cl as
ionic, it would be unreasonable to designate a “partial
double-bond character” to these bonds. A closer look at


Figure 9. Orientation of the principal shielding tensor components in 1b.


Figure 10. Molecular representation of 1b showing the BCPs (small black
dots on the bond paths). The atomic spheres are drawn with arbitrary
radii.


Table 5. Electron density (1), Laplacian (521) and bond ellipticity (e) at
selected BCPs in 1a–f and 2.


1 521 e


ACHTUNGTRENNUNG[eI�3] ACHTUNGTRENNUNG[eI�5]


Si�H
1a 1.035 5.995 0.029
1b 0.983 4.802 0.032
1c 0.920 3.424 0.036
1d 1.024 5.790 0.029
1e 1.027 5.860 0.030
1 f 0.998 5.154 0.030
2 1.019 5.590 0.029


Si�Cl
1a 0.431 1.320 0.440
1b 0.428 1.288 0.418
1c 0.413 1.128 0.447
1d 0.433 1.427 0.431
1e 0.432 1.388 0.419
1 f 0.438 1.463 0.413
2 0.443 1.432 0.416


Si�N
1a 0.513 4.927 0.194
1b 0.530 5.120 0.165
1c 0.563 5.561 0.129
1d 0.519 4.946 0.185
1e 0.528 5.057 0.176
1 f 0.522 4.990 0.175
2 0.508 4.877 0.194
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electron density distribution at the BCP between Si and Cl
shows that the electronic charge is preferentially accumulat-
ed in the SiCl2H2 plane (see Figure 12). The charge density
of the hydrogen atom is polarised towards the positively
charged silicon atom, which leads to a notable charge con-
centration at the Si�H bond axis and higher electron density
at the BCPs. This can be interpreted in terms of a polar co-
valent bond, although the positive value of the Laplacian
would suggest otherwise. A closer examination of the posi-
tion of the BCP in this case shows that this point is located
close to the nodal surface in 521, where the atomic basins
of Si and H exhibit an opposite behaviour with respect to
the sign of the Laplacian of 1. Such interactions have been
classified as “intermediate interactions” and range from
closed-shell to shared interactions.[26]


The Si�N bonds are polar with considerable ionic contri-
bution to the bonding, with similar values for 1 as for the
Si�Cl bonds. The main differences between these two bond


types are the higher positive value of the Laplacian (see
Table 6) and the small but clearly visible charge concentra-
tion at the nitrogen atom in the former, which reflects the
donor–acceptor interaction between N and Si. The results of
the AIM analysis suggest that the canonical form C is the
best description of the bonding features between silicon and
the surrounding ligands and substituents in compounds of
type 1 (Scheme 4). Similar conclusions have been drawn
from experimental and theoretical charge-density studies in
hexacoordinate silicon complexes with an [SiO2N2F2] coordi-
nation framework.[27]


An alternative description of the chemical bonding be-
tween the silicon atom and its surrounding atoms is provid-
ed by the natural bond orbital (NBO) analysis. This method,
developed by Weinhold et al.,[28] uses the one-electron
matrix as a starting point to find the best Lewis structure of
the molecule. Bond polarisations, hybridisations of the
atoms, partial charges and the electron configuration of the
atoms can all be calculated by this method, which has been
described previously in detail.[28–30]


The four valence structures of 1b depicted in Scheme 4
were investigated by the NBO method. The valence struc-
ture with six covalent bonds from the silicon atom, which
corresponds to an sp3d2 hybridisation (A), has 96.31%
Lewis character, in other words the electrons are located to
a degree of 96.31% in localised hybrid orbitals. The other
valence structure with four covalent bonds to hydrogen and
chlorine, which has an sp2d configuration at the central sili-
con atom, has 97.56% Lewis character (B). The remaining
valence structures with covalent bonds to the hydrogen and
the nitrogen atoms (C) and solely to the hydrogen atoms
(D) have 97.40% and 97.34% Lewis character, respectively.
Thus, the valence structures B–D represent similarly good
descriptions for this type of compound. Further valence
structures with ionic Si�H interactions are imaginable but,
due to the lower bond polarity of these bonds, such valence
structures are less probable and will not be considered here.


All four valence structures are discussed in the following
paragraphs. Structure A has a large non-Lewis character
(3.69%, 5.97 e), which makes this structure less probable.
The Si hybridisation can be denoted as sp3d2 with ideal par-


Figure 12. Contour map of 1 at the BCP between Si and Cl. The plane of
the plot is perpendicular to the Si�Cl axis and shows the elliptical defor-
mation of the electron density into the SiCl2H2 plane.


Figure 11. Representation of the topological properties of 1b in different
planes: SiH2Cl2 (top), SiN2Cl2 (middle) and SiH2N2 (bottom). Left
column: Laplacian of the electron density. Positive values of 521 are
drawn with dashed lines and represent regions of charge depletion; nega-
tive values of 521 are drawn with solid lines and represent regions of
charge concentration. Right column: electron density. Selected bond
paths and bond critical points are included in the figures. The contour
values for both representations in atomic units are: 0.001, 0.002, 0.004,
0.008, 0.02, 0.04, 0.08, 0.2, 0.4, 0.8, 2, 4, 8, 20, 40, 80, 200, 400 and 800.
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tition of the hybrid orbitals of 16.7% s, 50% p and 33.3% d.
The only major deviation from this ideal state is observed
for the Si�H bonds, which have 23.58% s-character at Si.
The shorter Si�H bond has a higher s-character than the Si�
Cl and Si�N bonds. All three bond types (Si�Cl, Si�H, Si�
N) are occupied by nearly two electrons. Information about
the bond polarity can be obtained from the percentage of Si
in the bond orbital. A non-polar covalent bond has percen-
tages close to 50% for both atoms, whereas a share of
32.61% Si for the Si�H bond indicates a polar bond where
the electron density is shifted towards the H atom. The Si�
Cl bond, which has an Si contribution of 15.86%, is even
more polar. The highest polarity in A is observed for the
Si�N interaction (90.09% N and 9.91% Si). This interaction
is a borderline case which should be considered as a donor–
acceptor interaction.


The Si-atom hybridisation in B can be categorised as sp2d.
The combination of s, px, py and dx2�y2 orbitals produces
hybrid orbitals in the xy plane. Ideal sp2d-hybridisation in-
volves 25% s, 50% p and 25% d character. There are devia-
tions from the ideal bonding state in this structure since
there is a higher proportion of s character (33.94%) in the
Si�H bond (Table 6) and a higher proportion of d character
(29.27%) in the Si�Cl bond. These differences can be corre-
lated with the different bond lengths, as discussed above.


The longer Si�Cl bond requires
spatially more extended d-orbi-
tals at Si than the short Si�H
bond. Nevertheless, sp2d hy-
bridisation represents a suitable
bonding model for this Lewis
structure. The Si�Cl bonds are
strongly polarised toward the
Cl atom (83.08%), although the
Si�H bonds are less polarised
(64.24% H). The pz orbital at
Si is occupied by only 0.40 e
and is suitable for donor–ac-
ceptor interactions with the
lone pairs of the N atoms,
which are occupied by 1.73 e.
The second-order perturbation
theory analysis gives a stabiliz-
ing effect of 502 kJmol�1 for
each N�Si interaction, although


this value must not be interpreted as the bond energy.
The hybridisation of the silicon atom in structure C is also


sp2d. The combination of s, px, pz and dz2 orbitals produces
four hybrid orbitals in the xz plane. The Si�N bonds are
strongly polarised toward the N atom (89.36%) and the Si�
H bonds are less polarised (64.99% H). The py orbital at Si
is occupied by 0.58 e and this orbital is suitable for donor–
acceptor interactions with the lone pairs of the Cl atoms,
which are occupied by 1.61 e. The second-order perturbation
theory analysis gives a stabilizing effect of 847 kJmol�1 for
each Cl�Si interaction.


The hybridisation of the silicon atom in structure D can
be categorised as sp. This is indeed found for these bonds,
with 49.64% s, 50% p and a minor share of d-character in
the hybrid orbitals at Si. The Si�H bonds in this valence
structure are only weakly polarised (40.62% Si). All other
orbital interactions in this structure must be treated with
second-order perturbation theory. The N�Si interaction has
already been discussed in the previous section, and each in-
teraction between Cl and Si gives a stabilizing effect of
864 kJmol�1 if it is treated as a perturbation of this valence
structure.


The natural charges of 1b and of selected reference mole-
cules are shown in Table 7. The charge of the silicon atom
increases from 1.02 to 1.17 upon complex formation. A simi-


Table 6. Results of the NBO analysis for 1b and H2SiCl2.
[a]


Molecule/bond Occ. % Si AO of Si [%] AO of E [%]
s p d s p d


H2SiCl2
Si�Cl 1.99 26.71 21.98 75.67 2.35 20.19 79.33 0.48
Si�H 1.97 42.75 28.15 70.84 1.02 99.88 0.12 –
1b (valence structure A)
Si�Cl 1.88 15.86 15.69 50.0 34.31 20.61 79.25 0.14
Si�H 1.79 32.61 23.58 50.0 26.42 99.33 0.67 –
Si�N 1.90 9.91 16.16 50.0 33.84 32.71 67.28 0.02
1b (valence structure B)
Si�Cl 1.90 16.92 20.73 50.0 29.27 20.59 79.27 0.14
Si�H 1.87 35.76 33.94 50.0 16.06 99.33 0.67 –
1b (valence structure C)
Si�N 1.91 10.64 21.37 50.0 28.63 32.70 67.28 0.02
Si�H 1.84 35.01 29.42 50.0 20.58 99.33 0.67
1b (valence structure D)
Si�H 1.98 40.62 49.64 50.0 0.36 99.33 0.67 –


[a] Occ: occupancy of the bond; % Si: share of the atomic orbitals of Si in the molecule orbital; AO: atomic
orbitals that contribute to the bonds


Scheme 4. Possible Lewis structures for compounds of type 1.


Table 7. Natural charges of the atoms in 1b and selected reference mole-
cules.


Molecule Atom Natural charge


pyridine N �0.46
H2SiCl2 Si 1.02


Cl �0.35
H �0.16


1b Si 1.17
Cl �0.55
H �0.24
N �0.53
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lar effect has already been discussed for antimony, tin and
silicon complexes.[5,8,31] The negative charge on the pyridine
nitrogen atom also increases upon complex formation. Fur-
thermore, the chlorine and hydrogen atoms also bear higher
negative charges in complex 1b than in H2SiCl2. These
changes in the charge distribution are evidence for a bond-
ing situation in the complex that involves generally more
polar bonds than in the starting molecule H2SiCl2. This as-
sumption is confirmed by the bond polarities shown in
Table 6. The Si�Cl bond has 26.71% Si character in H2SiCl2,
and this value decreases to 15.86% and 16.92% for the va-
lence structures A and B, respectively. A similar effect is ob-
served for the Si�H bond.


Conclusion


Hexacoordinate dichlorosilane/pyridine adducts have been
synthesised in various aprotic solvents by the direct reaction
of H2SiCl2 with pyridine. The first example of an
H2SiCl2·2Rpy compound bearing non-coplanar pyridine
rings has been found, although a coplanar arrangement of
the pyridine ligands seems to be the most typical conforma-
tion in the solid state. Quantum chemical analysis demon-
strates that both coordination modes may be favourable.
Some of these pyridine adducts (those bearing 4-methyl-
and 4-ethylpyridine) have been shown to undergo ligand re-
distribution when extracted with hot chloroform to yield the
hexacoordinate siliconium salts [H2SiACHTUNGTRENNUNG(RPy)4]Cl2, the anion
of which is stabilised by chloroform molecules.


The 29Si CP/MAS NMR spectra of the adducts
H2SiCl2·2Rpy reveal large spans for the shielding tensors of
their octahedrally coordinated silicon nuclei, and GIAO cal-
culations have provided an insight into the directions of the
principal components [(11), (22) and (33)] of the shielding
tensors, which point almost along the Cl-Si-Cl, H-Si-H and
N-Si-N axes, respectively. The highest shielding is observed
in the direction of the Si�H and Si�N bonds, and the shield-
ing is considerably lower in the direction of the Si�Cl bonds.
Quantitative descriptions of those shielding tensors, howev-
er, are difficult due to general problems with the modelling
of H�Si bond influences on 29Si NMR properties, which
have not yet been overcome.


Four possible valence structures A–D have been investi-
gated with the NBO method, with the valence structures B,
C and D being equally good descriptions of the bonding sit-
uation. The NBO analysis reveals that these structures con-
tain polar covalent Si�H bonds, strong polar Si�Cl bonds,
and that the highest bond polarisation is observed for the
Si�N interaction, which therefore has to be considered as a
donor–acceptor interaction. Analysis of the topological
properties of the electron density distribution (AIM) sug-
gests that the Lewis structure C is the best description for
the bonding situation in molecules of the type
H2SiCl2·2Rpy.


Experimental Section


Caution : Handling of dichlorosilane is not trivial due to its low boiling
point of 8.4 8C and oxidative and hydrolytic sensitivity. All reactions were
carried out under dry argon using Schlenk techniques. Solvents were
dried and purified by standard methods. CP/MAS NMR spectra were re-
corded with a Bruker Avance 400 MHz WB spectrometer by using a 7-
mm probehead with zirconia rotors and KelF inserts operating at 400.23,
100.61 and 79.51 MHz for 1H, 13C and 29Si, respectively. Chemical shifts
are reported in ppm relative to TMS. Raman spectra were recorded with
a Bruker RFS 100/S instrument equipped with an Nd/YAG Laser. X-ray
single crystal structure analyses were carried out with a Bruker Nonius
X8 APEX2 CCD diffractometer. Elemental analysis (determination of
the chlorine content of product 1c) was performed by hydrolysis of
0.15 g of 1c in 100 mL of dilute sodium hydroxide solution followed by
chloride quantification by ion chromatography (Dionex, ICS-2000;
eluent: 22 mm KOH; column: AS11 HC, electrical conductivity measure-
ment).


The structures were solved by direct methods and refined by full-matrix
least-squares methods. All non-hydrogen atoms were refined anisotropi-
cally. Carbon-bonded hydrogen atoms were placed in idealised positions
and refined isotropically (riding model). Si-bonded hydrogen atoms were
found by analysis of the residual electron density and refined without
bond length restraints. Structure solution and refinement of F2 against all
reflections were carried out with the software SHELXS-97 and
SHELXL-97 (G. M. Sheldrick, UniversitRt Gçttingen (1986–1997)).
Structure determination and refinement data for the crystal structures
presented in this paper are summarised in Tables 8, 9 and 10.
CCDC 621840 (1a), 621841 (1b), 621839 (1c), 634403 (1d), 621844 (1e),
621843 (1 f), 621845 (2), 621846 (3d) and 621842 (3e) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


The Quantum chemical calculations were carried out using the GAUSSI-
AN 03 program suite.[32] The solid-state geometries obtained from X-ray
structure analyses were used for the calculations without further optimi-
sation. The calculations were performed at the density functional theory
level (DFT), using BeckeTs three-parameter hybrid exchange functional
and the correlation functional of Lee, Yang and Parr (B3LYP),[33,34] with
the 6-311+G ACHTUNGTRENNUNG(2d,p) basis set for all atoms.[35–37]


The AIM analyses[22] were performed at the B3LYP/6-311+G ACHTUNGTRENNUNG(2d,p) level
with the geometries obtained from the X-ray structure analyses.


The wavefunction files for the AIM analysis were generated in Cartesian
coordinates with a basis set containing 6d functions (option “6D 10F” in
Gaussian 03). The electron-density topology was analysed by using the
programs AIM2000[38] and Xaim.[39]


The NBO analyses were performed with NBO 3.0.[28] The different va-
lence structures A–D were generated with the “CHOOSE” option in the
NBO programme.


Relaxed potential energy surface (PES) scans were performed with the
Opt=ModRedundant utility in Gaussian 03 with B3LYP/6-31G(d). This
option includes the specification of redundant internal coordinates. In
these cases, a specific torsion angle was changed in 58 steps. The geome-
try of the molecule was completely optimised in every step whilst restrict-
ing only the torsion angle to the specified value. This method allows
access to a defined section of the potential energy surface.


The principal components of the NMR shielding tensor were extracted
from the spectra using the HB-MAS program (D. Fenzke, UniversitRt
Leipzig 1989).


NMR shielding tensors were calculated by the Gauge-Independent
Atomic Orbital method (GIAO)[40] at the B3LYP/6-311+G ACHTUNGTRENNUNG(2d,p) level
of theory with the geometries obtained from the X-ray structure analyses.
Calculated absolute shielding values were converted to relative shifts (d)
by calculating the shielding of tetramethylsilane at the same level of
theory.


H2SiCl2 (Degussa), 4-methylpyridine (Alfa Aesar), 4-ethylpyridine
(Merck), 3-bromopyridine (ABCR), 4-tert-butylpyridine (Fluka), 4-vinyl-
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Table 8. Crystal data and structure refinement for 1a, 1b and 1c·2CHCl3.


1a 1b 1c·2CHCl3


empirical formula C10H10Br2Cl2N2Si C14H16Cl2N2Si C16H24Cl8N4Si
formula weight 417.01 311.28 584.08
T [K] 93(2) 93(2) 93(2)
l [I] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group C2/c P21/n P1̄
a [I] 18.8249(8) 7.0686(5) 7.1762(10)
b [I] 5.6038(2) 8.1304(6) 8.9359(12)
c [I] 14.6931(6) 13.5961(10) 10.6509(15)
a [8] 90 90 113.895(6)
b [8] 117.762(2) 101.653(2) 93.773(6)
g [8] 90 90 94.148(6)
V [I3] 1371.57(10) 765.27(10) 619.42(15)
Z 4 2 1
1calc [Mgm�3] 2.019 1.351 1.566
absorption coefficient [mm�1] 6.365 0.490 0.970
F ACHTUNGTRENNUNG(000) 808 324 298
crystal size [mm3] 0.67V0.12V0.06 0.30V0.22V0.05 0.28V0.10V0.04
q range for data collection [8] 3.84–36.99 3.58–27.50 2.86–26.99
index ranges �29�h�31, �9�k�9, �24� l�23 �9�h�9, �9�k�10, �17� l�17 �9�h�9, �11�k�10, 0� l�13
reflections collected 11221 5584 6384
independent reflections, Rint 3485, 0.0222 1744, 0.0336 2644, 0.0308
completeness to qmax [%] 99.5 99.8 98.7
absorption correction semiempirical semiempirical semiempirical
max./min. transmission 0.6803/0.1524 0.9759/0.8155 0.9622/0.7004
data/restraints/parameters 3485/0/83 1744/0/92 4086/0/137
final R indices [I>2s(I)] R1=0.0202, wR2=0.0496 R1=0.0304, wR2=0.0644 R1=0.0489, wR2=0.0962
R indices (all data) R1=0.0286, wR2=0.0513 R1=0.0477, wR2=0.0683 R1=0.0926, wR2=0.1047
goodness-of-fit on F2 1.045 0.998 0.882
largest diff. peak and hole [eI�3] 1.175, �1.031 0.292, �0.196 0.582, �0.435


Table 9. Crystal data and structure refinement for 1d, 1e and 1 f.


1d 1e 1 f


empirical formula C12H16Cl2N2Si C14H20Cl2N2Si C18H28Cl2N2Si
formula weight 287.26 315.31 371.41
T [K] 90(2) 90(2) 153(2)
l [I] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/n C2/c C2/c
a [I] 5.9012(7) 11.8426(4) 19.6243(7)
b [I] 8.0579(9) 9.2001(3) 8.0608(2)
c [I] 14.8296(18) 14.3452(4) 13.7150(4)
a [8] 90 90 90
b [8] 105.374(6) 99.199(2) 111.674(2)
g [8] 90 90 90
V [I3] 679.93(14) 1542.85(8) 2016.16(11)
Z 2 4 4
1 [Mgm�3] 1.403 1.357 1.224
absorption coefficient [mm�1] 0.545 0.487 0.383
F ACHTUNGTRENNUNG(000) 300 664 792
crystal size [mm3] 0.65V0.38V0.25 0.50V0.40V0.25 0.43V0.35V0.02
q range for data collection [8] 2.82–34.00 2.82–48.00 2.23–30.00
index ranges �9�h�9, �12�k�12, �23� l�22 �24�h�24, �11�k�19, �29� l�29 �27�h�27, �11�k�11, �18� l�19
reflections collected 15534 24634 15622
independent reflections, Rint 2691, 0.0512 7361, 0.0242 2943, 0.0298
completeness to qmax [%] 96.9 99.7 100.0
absorption correction semiempirical semiempirical semiempirical
max./min. transmission 0.8758/0.7130 0.8879/0.7952 0.9924/0.9072
data/restraints/parameters 2691/0/84 7361/0/92 2943/0/110
final R indices [I>2s(I)] R1=0.0536, wR2=0.1736 R1=0.0308, wR2=0.0842 R1=0.0328, wR2=0.0774
R indices (all data) R1=0.0562, wR2=0.1751 R1=0.0490, wR2=0.0899 R1=0.0538, wR2=0.0839
goodness-of-fit on F2 1.161 1.046 1.039
largest diff. peak and hole [eI�3] 1.167, �0.669 0.659, �0.328 0.358, �0.236
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pyridine (Aldrich), 4-(dimethylamino)pyridine (Fluka), pyridine (Riedel
de Haen) and pyrazine (Fluka) were obtained commercially. Liquid sub-
stituted and unsubstituted pyridines were heated over CaH2 for several
hours and then distilled and stored over 3-I molecular sieves. Solid com-
pounds were dried under vacuum for several hours. Dichlorosilane was
used as supplied (Degussa 99.999%) and employed as a 40 vol% solution
for ease of handling. Dichlorosilane (4 mL) was condensed in a flask and
the desired solvent (6 mL) was added.


Compounds 1a–f and 2 were synthesised as follows. Dichlorosilane
(5 mmol) was dissolved in toluene (30 mL) at �78 8C and the pyridine
base (10 mmol) was added dropwise. The products precipitated as colour-
less solids. The suspension was stirred for one hour at this temperature
and than slowly heated to room temperature. The resultant white precipi-
tate was filtered off, washed with toluene and dried under vacuum.


Dichlorodihydridodipyridinesilane : H2SiCl2ACHTUNGTRENNUNG(NC5H5)2 has been obtained
previously by dismutation of HSiCl3 in the presence of pyridine[3] or by
decomposition of N ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(SiHCl2)2 also in the presence of pyridine (see
introduction). We, however, synthesised the compound directly from
H2SiCl2 and pyridine as described above. Yield: 1.26 g (4.90 mmol; 98%),
29Si CP/MAS NMR (nspin=5 kHz): diso=�145.3 ppm; 13C CP/MAS NMR
(nspin=5 kHz): diso=126.9, 141.2, 144.5 ppm; Raman: ñ=650 (m), 923
(w), 1020 (s), 1065 (w), 1153 (w), 1205 (m), 1262 (w), [n ACHTUNGTRENNUNG(SiH)] 2075 (m),
2515 (w), 2928 (w), 2968 (w), 3008 (w), 3034 (w), 3063 (m), 3075 (s),
3149 cm�1 (m).


Di(3-bromopyridine)dichlorodihydridosilane (1a): Yield: 1.43 g
(3.45 mmol; 69%), 29Si CP/MAS NMR (nspin=5 kHz): diso=�145.2 ppm;
13C CP/MAS NMR (nspin=4 kHz): diso=111.4, 117.1, 128.8, 143.6 ppm;
Raman: ñ=251 (m), 300 (m), 334 (m), 487 (w), 655 (w), 723 (w), 825
(w), 928 (w), 1034 (s), 1062 (w), 1101 (w), 1126 (w), 1192 (w), 1253 (w),
1317 (w) 1417 (w), 1468 (w), 1563 (w), 1603 (m), [n ACHTUNGTRENNUNG(Si-H)] 2103 (w), 2501


(w), 2929 (w), 3011 (w), 3064 (s), 3089 (w), 3129 (w), 3203 cm�1 (w).
Single crystals of 1a were obtained by extraction with boiling CHCl3.


Dichlorodihydridodi(4-vinylpyridine)silane (1b): Yield: 1.40 g
(4.53 mmol; 91%), 29Si CP/MAS NMR (nspin=5 kHz): diso=�147.2 ppm;
13C CP/MAS NMR (nspin=5 kHz): diso=123.8, 127.0, 134.7, 141.8,
151.9 ppm; Raman: ñ =249 (m), 289 (w), 464 (w), 666 (w), 807 (w), 856
(w), 954 (w), 1002 (w), 1028 (m), 1045 (m), 1073 (m), 1211 (m), 1262 (w),
1305 (w), 1338 (w), 1421 (m), 1438 (m), 1506 (w), 1551 (w), 1621 (s),
1632 (s), [n ACHTUNGTRENNUNG(Si-H)] 2078 (w), 2514 (w), 2919 (w), 2978 (w), 2990 (w),
3072 cm�1 (m). Single crystals of 1b were obtained by extraction with
boiling CHCl3.


Dichlorobis[4-(dimethylamino)pyridine]dihydridosilane (1c): THF was
used for the synthesis of 1c instead of toluene. Yield: 1.59 g (4.63 mmol;
93%); 29Si CP/MAS NMR (nspin=5 kHz): diso=�151.8 ppm; 13C CP/
MAS NMR (nspin=4 kHz): diso=38.9, 39.6, 107.2, 141.8, 143.4, 156.1 ppm;
Raman: Dual bands for [n ACHTUNGTRENNUNG(SiH)] at about 2050 cm�1; elemental analysis
calcd (%) for C14H22Cl2N4Si (344.10): Cl 20.6; found: Cl 18.9. Single crys-
tals of 1c were obtained by extraction with boiling CHCl3.


Dichlorodihydridodi(4-methylpyridine)silane (1d): Yield: 1.32 g
(4.63 mmol; 93%); 29Si CP/MAS NMR (nspin=5 kHz): diso=�148.8 ppm;
13C CP/MAS NMR (nspin=6.5 kHz): diso=23.1, 128.1, 140.4, 144.7,
157.3 ppm; Raman: ñ =256 (m), 292 (m), 364 (w), 555 (w), 668 (m), 878
(m), 941 (w), 1005 (w), 1042 (m), 1067 (m), 1204 (m), 1226 (m), 1261 (w),
1324 (w) 1377 (w), 1563 (w), 1626 (m), [n ACHTUNGTRENNUNG(Si-H)] 2080 (w), 2515 (w), 2919
(s), 2998 (w), 3068 cm�1 (s). Single crystals of 1d were obtained by ex-
traction with boiling CH3CN.


Dichlorodi(4-ethylpyridine)dihydridosilane (1e): Yield: 1.53 g
(4.89 mmol; 98%); 29Si CP/MAS NMR (nspin=5 kHz): diso=�152.2 ppm;
13C CP/MAS NMR (nspin=6.5 kHz): diso=17.4, 29.1, 128.0, 143.2,
162.5 ppm; Raman: ñ =248 (m), 332 (w), 400 (w), 526 (w), 585 (w), 650
(w), 666 (m), 745 (w), 799 (m), 970 (w), 1005 (m), 1039 (m), 1064 (m),


Table 10. Crystal data and structure refinement for 2, 3d·6CHCl3 and 3e·6CHCl3.


2 3d·6CHCl3 3e·6CHCl3


empirical formula C8H10Cl2N4Si C30H36Cl20N4Si C34H44Cl20N4Si
formula weight 261.19 1189.72 1245.82
T [K] 90(2) 90(2) 203(2)
l [I] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic triclinic
space group P21/c P1̄ P1̄
a [I] 7.29226(2) 9.3107(3) 9.7197(4)
b [I] 8.5929(2) 11.0529(4) 11.0942(5)
c [I] 9.5100(3) 12.7008(4) 13.3461(7)
a [8] 90 93.209(2) 90.778(2)
b [8] 107.6629(16) 100.801(2) 101.771(2)
g [8] 90 97.862(2) 96.028(1)
V [I3] 567.85(3) 1267.34(7) 1400.18(11)
Z 2 1 1
1 [Mgm�3] 1.528 1.559 1.477
absorption coefficient [mm�1] 0.649 1.130 1.026
F ACHTUNGTRENNUNG(000) 268 598 630
crystal size [mm3] 0.23V0.17V0.08 0.75V0.50V0.40 0.35V0.25V0.20
q range for data collection [8] 2.93–34.00 2.25–35.00 2.37–28.00
index ranges �11�h�11, �13�k�13,


�14� l�14
�15�h�15, �17�k�17,
�20� l�20


�11�h�12, �14�k�14,
�17� l�17


reflections collected 17761 57513 18146
independent reflections, Rint 2317, 0.0312 11138, 0.0245 6724, 0.0208
completeness to qmax [%] 100.0 99.9 99.4
absorption correction semiempirical semiempirical semiempirical
max./min. transmission 0.9499, 0.8549 0.6343, 0.566 0.8211, 0.7554
data/restraints/parameters 2317/0/74 11138/0/256 6724/68/358
final R indices [I>2s(I)] R1=0.0406, wR2=0.0732 R1=0.0334, wR2=0.0823 R1=0.0476, wR2=0.1250
R indices (all data) R1=0.0734, wR2=0.0793 R1=0.0426, wR2=0.0862 R1=0.0660, wR2=0.1327
goodness-of-fit on F2 0.804 1.085 1.083
largest diff. peak and hole
[eI�3]


0.536, �0.454 1.412, �1.203 0.457, �0.411
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1074 (m), 1216 (m), 1279 (w), 1320 (m), 1373 (w), 145 (m), 1461 (m),
1560 (w), 1626 (m), [n ACHTUNGTRENNUNG(SiH)] 2061 (m), 2552 (w), 2725 (w), 2874 (m),
2899 (m), 2939 (m), 2972 (m), 2999 (w), 3071 cm�1 (s). Single crystals of
1e were obtained by extraction with boiling CH3CN.


Di-(4-tert-butylpyridine)dichlorodihydridosilane (1 f): Yield: 1.76 g
(4.77 mmol; 95%); 29Si CP/MAS NMR (nspin=5 kHz): diso=�149.5 ppm;
13C CP/MAS NMR (nspin=6.5 kHz): diso=31.3, 37.3, 124.2, 141.9,
169.7 ppm; Raman: ñ =252 (m), 337 (w), 370 (w), 397 (w), 550 (w), 667
(m), 734 (m), 753 (m), 844 (w), 928 (m), 940 (w), 1039 (m), 1077 (m),
1129 (m), 1203 (m), 1226 (m), 1274 (m), 1399 (w), 1448 (m), 1466 (m),
1624 (m), [n ACHTUNGTRENNUNG(SiH)] 2075 (m), 2529 (w), 2715 (w), 2733 (w), 2865 (w), 2907
(m), 2933 (s), 2954 (m), 2968 (m), 2999 (s), 3077 cm�1 (s). Single crystals
of 1 f were obtained by extraction with boiling CHCl3.


Dichlorodihydridodipyrazinesilane (2): The above-described synthesis
route was followed but with a smaller amount of solvent. Thus, dichloro-
silane (5 mmol) was condensed in a flask and a solution of 10 mmol of
pyrazine in 1 mL of toluene was added. Yield: 1.04 g (3.98 mmol; 80%);
29Si CP/MAS NMR (nspin=5 kHz): diso=�148.9 ppm; 13C CP/MAS NMR
(nspin=6.5 kHz): diso=136.0, 149.9 ppm; Raman: ñ =199 (m), 251 (ms),
471 (w), 649 (w), 680 (w), 696 (m), 920 (w), 939 (w), 1023 (s), 1066 (m),
1119 (w), 1170 (w) 1227 (m), 1421 (w), 1533 (m), 1577 (w), 1606 (m),
2094 (m), 2346 (w), 2900 (w), 2972 (w), 3051 (s), 3063 (s), 3092 cm�1 (m).


Tetrakis(4-ethylpyridino)dihydridosiliconium chloride (3e): Compound 1e
(1.57 g, 5 mmol) was extracted with 15 mL of boiling CHCl3 and colour-
less crystals formed within several days after cooling to room tempera-
ture. One of these single crystals was selected for X-ray diffraction.


Dihydridotetrakis(4-methylpyridino)siliconium chloride (3 f): Compound
1 f (1.43 g, 5 mmol) was extracted with 15 mL of boiling CHCl3 and col-
ourless crystals formed within several days after cooling to room temper-
ature. One of these single crystals was selected for X-ray diffraction.
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An Enantioselective Biginelli Reaction Catalyzed by a Simple Chiral
Secondary Amine and Achiral Brønsted Acid by a Dual-Activation Route


Junguo Xin,[a] Lu Chang,[a] Zongrui Hou,[a] Deju Shang,[a] Xiaohua Liu,[a] and
Xiaoming Feng*[a, b]


Introduction


In recent years, optically active dihydropyrimidine (DHPM)
derivatives have attracted considerable attention because of
their important pharmacological and biological propertie-
s[1a–d] as well as their use in analytical chemistry.[1e] The Bigi-
nelli reaction,[2] one of the most useful multicomponent re-
actions,[3] allows straightforward access to multifunctional-
ized 3,4-dihydropyrimidin-2(1H)-ones and related com-
pounds.[4] Besides chemical resolution and auxiliary-assisted
asymmetric synthesis,[5] only a few examples of the enantio-
selective synthesis of these heterocyclic compounds have
been reported.[6] Despite the importance of preparing chiral
dihydropyrimidines, to the best of our knowledge, just two
chiral catalyst systems catalyze this reaction efficiently. The
breakthrough in the catalytic asymmetric Biginelli reaction
was realized by Zhu and co-workers with a chiral hydrogen-


ated salen–ytterbium complex.[7] The other catalytic system
was Gong and co-worker2s BINOL-derived phosphoric acid,
which was the first organocatalyst used in this multicompo-
nent reaction.[4h,8] Although great success has been achieved
in previous work, the design and synthesis of new catalysts
remains an interesting challenge. Herein we report an orga-
nocatalytic asymmetric Biginelli reaction that involves the
use of a simple chiral secondary amine and a Brønsted acid
as a combined catalyst, a reaction that proceeds by a dual-
activation route. The reactions afforded various DHPMs
with good-to-excellent enantioselectivities, particularly those
reactions involving aldehydes bearing electron-donating
groups.


Chiral secondary amines have undoubtedly been the most
successful catalysts in enamine-type reactions, and a number
of asymmetric reactions catalyzed by chiral secondary
amines have been reported.[9,10] In the light of these success-
es and with knowledge of the mechanism of the Biginelli re-
action,[4a] we assumed that the combination of a secondary
amine and a Brønsted acid could promote the asymmetric
Biginelli reaction through a dual-activation pathway.[11,12] As
shown in Scheme 1, N-acylimine 5 activated by a Brønsted
acid would be attacked by chiral enamine 6 generated from
amine 8 and 1,3-keto ester 3 to provide enantioenriched
product 4 via the intermediate 9.


Abstract: An enantioselective Biginelli
reaction that proceeds by a dual-activa-
tion route has been developed by using
a combined catalyst of a readily avail-
able trans-4-hydroxyproline-derived
secondary amine and a Brønsted acid.
Aromatic, heteroaromatic, and fused-
ring aldehydes were found to be suita-
ble substrates for this multicomponent


reaction. The corresponding dihydro-
pyrimidines were obtained in moder-
ate-to-good yields with up to 98% ee


under mild conditions. Based on the
experimental results and the observed
absolute configurations of the products,
a plausible transition state has been
proposed to explain the origin of the
activation and the asymmetric induc-
tion.
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Results and Discussion


Initially, the catalytic asymmetric Biginelli reaction of ben-
zaldehyde, urea, and ethyl acetoacetate was carried out with
l-proline-derived amine 8a and trifluoroacetic acid (TFA)
at room temperature in THF. The reaction proceeded to
give DHPM 4aa in a yield of 32% with 9% ee (Table 1,


entry 1). Although the enantioselectivity was low, this result
encouraged us to further optimize the catalyst scaffold. The
efficacy of a series of chiral secondary amines derived from
various amino acids 8a–k was evaluated in the presence of


TFA. As shown in Table 1, both the amine and the amide
moieties were important for the enantioselectivity of the re-


action (Table 1, entries 1–10). Compared with l-proline and
other amino acid derivatives, chiral amines derived from
trans-4-hydroxyproline exhibited superior catalytic proper-
ties (Table 1, entries 1–3). With this backbone, bulkier
amide-substituted amines gave higher enantioselectivities
(Table 1, entries 4–10). In the presence of an amine with an
adamantyl group (8 j) and TFA, the reaction delivered 4aa
in a yield of 23% with 51% ee (Table 1, entry 10). When
the hydroxy group on the pyrrole ring of 8 j was methylated,
a low ee of 4aa was observed, which further established the
importance of the hydroxy group in the reaction (Table 1,
entry 10 vs. 11). The amidic proton did not exert a signifi-
cant influence on the enantioselectivity of the reaction
(Table 1, entry 4 vs. 8). Therefore, on the basis of the results
obtained from the reactions with amines 8a–k, trans-4-hy-
droxyproline derivative 8 j was evidently the best choice for
the present reaction system in terms of both enantioselectiv-
ity and reactivity. Furthermore, increasing the catalyst load-
ing from 10 to 20 mol% did not affect the yield, but resulted
in a lower ee (Table 1, entry 12). In contrast, the enantiose-
lectivity (up to 71% ee) was greatly improved when the cat-
alyst loading was decreased to 5 mol% (Table 1, entry 13).


Various acids combined with 8 j were then employed to
catalyze the reaction (Table 2). Compared with TFA and
other sulfonic acids, 4-methylbenzenesulfonic acid (7b) pro-
vided the best results (Table 2, entries 1–4). Further experi-
ments revealed that, under the same experimental condi-
tions, the enantioselectivity of the reaction could be further
improved to 81% by using 3,5-dinitrobenzoic acid, although
the yield of 4aa was poor (Table 2, entry 5). To our delight,
screening of differently substituted benzoic acids indicated
that 2-chloro-4-nitrobenzoic acid (7g) was favorable in
terms of reactivity, and the enantioselectivity was main-
tained as well (Table 2, entries 5 and 7). The optimized re-
sults shown in Table 2 clearly demonstrate the advantage of
electron-withdrawing-substituted benzoic acids over sulfonic


Scheme 1. Possible catalytic cycle of the dual-activation mechanism.


Table 1. Asymmetric Biginelli reaction catalyzed by the combined cata-
lyst of a secondary amine and TFA.[a]


Entry Amine Loading
ACHTUNGTRENNUNG[mol%]


Yield
[%][b]


ee
[%][c]


1 8a 10 32 9
2 8b 10 trace <3
3 8c 10 trace <3
4 8d 10 29 39
5 8e 10 37 13
6 8 f 10 17 32
7 8g 10 20 36
8 8h 10 22 36
9 8 i 10 25 23


10 8j 10 23 51
11 8k 10 25 9
12 8j 20 23 30
13 8j 5 22 71


[a] Reagents and conditions: After stirring a solution of amine 8 and
TFA in THF (0.5 mL) at room temperature for 30 min, 2 (0.25 mmol), 1a
(0.25 mmol), 3a (0.25 mmol), and THF (0.5 mL) were added sequentially.
[b] Yield of isolated product. [c] Determined by HPLC analysis (Chiral-
cel OD-H).
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acids and TFA in the control of enantioselectivity which
probably results from the substituted benzoic acids in this
reaction system having an appropriate acidity. Moreover,
the acidity of the benzoic acids, adjusted by different sub-
stituents, could further affect the reaction yield (Table 2, en-
tries 5–7). The fact that the reaction with 4-methoxybenzoic
acid did not yield any of the corresponding product some-
what supported this hypothesis (Table 2, entry 8).


Optimization of other reaction parameters with the com-
bined catalyst of 7g and 8 j led to further improvement in
enantioselectivity. Slightly better results were achieved by
adjusting the experimental procedure; compound 4aa was
obtained in a yield of 27% with an 85% ee (Table 3, entry 1
vs. 2). In addition, solvent effects were studied. The use of
polar solvents such as DMSO and 2-propanol almost pre-
vented the reaction (Table 3, entries 3 and 4). In anisole and
CH2Cl2, the reaction proceeded without any improvement in
terms of both enantioselectivity and yield (Table 3, entries 5
and 6). Interestingly, the reaction in 1,4-dioxane gave the
best ee (up to 90%), but the yield dropped dramatically
(Table 3, entry 7). Therefore, mixed solvents were screened
and revealed that the best results were obtained in 1,4-diox-
ane/THF (2:8, v/v) as compared with neat solvents or anoth-
er mixed solvent (Table 2, entries 8 and 9).


To further improve the reactivity and enantioselectivity,
the effect of additives was investigated. Although a signifi-
cantly decreased ee was obtained by adding p-TSA, the
yield was improved significantly (Table 4, entry 1). In con-
trast, addition of 1-adamantanamine favored the enantiose-
lectivity but the yield was dramatically reduced (Table 4,
entry 2). Inspired by these results, the effect of organic
amine salts as additives was surveyed. To our delight, the
combination of p-TSA and 1-adamantanamine indeed im-
proved the yield of the reaction, although a little loss of
enantioselectivity was observed (Table 4, entry 3). Similar
results were obtained when other p-TSA salts, including pri-


mary, secondary, and tertiary amines, were investigated
(Table 4, entries 4–6). Fortunately, after further screening
the acidic component of the tBuNH2 salt, it was found that
employment of tBuNH2·TFA gave superior results in terms
of reactivity and enantioselectivity (45% yield, 86% ee,
Table 4, entry 8). The yield could be improved to 60% by
prolonging the reaction time and increasing the amount of
urea and 1,3-keto ester, albeit with 80% ee (Table 4,
entry 9). Accordingly, extensive screening has shown that
the optimized catalytic reaction conditions are 0.25 mmol al-
dehyde, 1.2 equiv urea, 2.0 equiv 1,3-keto ester, 5 mol% 7g,


Table 2. Investigation of Brønsted acids.[a]


Entry[b] Acid Yield
[%][c]


ee
[%][d]


1 TFA (7a) 22 71
2 p-TSA (7b) 26 76
3 D-CSA (7c) 13 66
4 p-NH2-benzenesulfonic acid (7d) 15 71
5 3,5-dinitrobenzoic acid (7e) 8 81
6 2-nitrobenzoic acid (7 f) 11 80
7 2-chloro-4-nitrobenzoic acid (7g) 22 81
8 4-methoxybenzoic acid (7h) n.r. –


[a] Reagents and conditions: After stirring a solution of 8j (5 mol%) and
acid (5 mol%) in THF (0.5 mL) at room temperature for 30 min, 2
(0.25 mmol), 1a (0.25 mmol), 3a (0.25 mmol), and THF (0.5 mL) were
added sequentially. [b] p-TSA=4-methylbenzenesulfonic acid; d-CSA=


d-camphorsulfonic acid. n.r.=no reaction. [c] Yield of isolated product.
[d] Determined by HPLC analysis (Chiralcel OD-H).


Table 3. Optimization of conditions for the asymmetric Biginelli reac-
tion.


Entry Solvent Method[a] Yield
[%][b]


ee
[%][c]


1 THF A 22 81
2 THF B 27 85
3 DMSO B trace n.d.
4 2-propanol B trace n.d.
5 anisole B 14 63
6 CH2Cl2 B 26 80
7 1,4-dioxane B trace 90
8 CH2Cl2/THF (2:8) B 25 82
9 1,4-dioxane/THF (2:8) B 28 88


[a] Method A: After stirring a solution of 8j (5 mol%) and 7g
(5 mol%) in THF (0.5 mL) at 25 8C for 30 min, 2 (0.25 mmol), 1a
(0.25 mmol), 3a (0.25 mmol), and THF (0.5 mL) were added sequentially.
Method B: After stirring a solution of 1a (0.25 mmol), 2 (0.25 mmol),
and 7g (5 mol%) in solvent (1.0 mL) at 25 8C for 30 min, 8 j (5 mol%)
and 3a (0.25 mmol) were added sequentially. [b] Yield of isolated prod-
uct. [c] Determined by HPLC analysis (Chiralcel OD-H). n.d.=not de-
termined.


Table 4. Screening additives for the reaction.[a]


Entry Additive Yield
[%][b]


ee
[%][c]


1 p-TSA 49 60
2 1-adamantanamine 12 89
3 1-adamantyl-NH2·p-TSA 43 83
4 piperidine·p-TSA 37 83
5 Et3N·p-TSA 38 83
6 tBuNH2·p-TSA 43 85
7 tBuNH2·HCl 34 85
8 tBuNH2·TFA 45 86
9[d] tBuNH2·TFA 60 80


[a] Reagents and conditions: After stirring a solution of 1a (0.25 mmol),
2 (0.25 mmol), 7g (5 mol%), and additive (5 mol%) in solvent (1.0 mL)
at 25 8C for 30 min, 8 j (5 mol%) and 3a (0.25 mmol) were added sequen-
tially. [b] Yield of isolated product. [c] Determined by HPLC analysis
(Chiralcel OD-H). [d] The reaction was carried out with a reaction time
of 60 h and a 1a/2/3a ratio of 1:1.2:2.
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5 mol% 8 j, and 5 mol% tBuNH2·TFA in 1.0 mL 1,4-diox-
ane/THF (2:8, v/v) at 25 8C.


With the optimized conditions, the substrate scope of the
reaction was probed (Table 5). The corresponding DHPM
derivatives were obtained in moderate-to-good yields with
up to 98% ee. As shown in Table 5, both the electronic and


steric effects of the aromatic ring have a significant influ-
ence on the enantioselectivity. In most cases, aromatic alde-
hydes with electron-donating groups at the meta position
(Table 5, entries 3, 5, 10, and 14) afforded excellent enantio-
selectivities (83–98% ee).[13] In contrast, p-methylbenzalde-
hyde (1d) gave a moderate ee (Table 5, entry 4). Excellent
enantioselectivity was obtained when fused-ring 1-naphtha-
lenecarbaldehyde (1g) was employed (Table 5, entry 7). The
reactions were also applied to hydroxy-substituted benzalde-
hyde 1 f and heteroaromatic aldehyde 1h ; enantioselectivi-
ties of 73 and 70%, respectively, were obtained, (Table 5,
entries 6 and 8). For aromatic aldehydes bearing electron-
withdrawing groups, moderate enantioselectivities were ach-
ieved by using 2.5 mol% catalyst in the absence of additive
(Table 5, entries 2 and 13). Isopropyl (3b) and methyl 3-oxo-
butanoate (3c) gave similar results to 1,3-keto ester 3a
(Table 5, entries 9–15).


To determine the absolute configurations of the products,
the CD spectra of 4aa–4 fa, 4ab, 4cb, and 4 jb–4cc were
measured in EtOH (see the Supporting Information). These
compounds all exhibited a similar Cotton effect in their CD
spectra. It can be deduced, therefore, that these compounds
possess the same R configuration as (�)-4aa.[7]


The involvement of both a Brønsted acid and a secondary
amine in this multicomponent reaction was quite crucial as
neither 7g nor 8 j alone could catalyze the formation of
DHPM efficiently.[14] The achiral acid 7g might not only
favor the formation of the N-acylimine 5 and the enamine
intermediate 6 in Scheme 1, but may also serve to activate
the N-acylimine 5 and participate in the asymmetric induc-
tion of the reaction. Based on the observed absolute config-
urations of the products and the discussion above, we have
proposed a possible transition state that requires dual acti-
vation in the asymmetric-induction step (Figure 1).[15] In this


transition state (TS-1), one face of the enamine was effi-
ciently shielded by the steric hindrance of the bulky ada-
mantyl amide moiety, whereas the other face was available
to attack the imine. Favorable hydrogen-bonding interac-
tions between the pyrrolic hydroxy group and the ureic car-
bonyl, and the nitrogen atom of the pyrrole, the proton of
the Brønsted acid, and the N-acylimine moiety positioned
the Brønsted acid activated imine moiety under the enam-
ine, which allowed the enamine double bond to approach
the Re face of the imine via a stable six-membered-ring
transition state. Through this approach, the reaction resulted
in the product with R configuration. We considered that for
the strong interaction between the Brønsted acid and the ni-
trogen atom of pyrrole, a stronger acid was unfavorable for
the formation of this hydrogen-bridged transition state. On
the other hand, a weaker acid could not efficiently activate
N-acylimine 5. Hence, a Brønsted acid of suitable acidity is
essential for this organocatalytic multicomponent reaction.
In TS-2, when the Si face of the N-acylimine was directed
towards the enamine an unstable eight-membered-ring tran-
sition state compared with TS-1 was formed. In addition, un-
activated N-acylimine might exhibit lower activity. There-
fore, the generation of the S product was not favored.


Table 5. Scope of the organocatalytic enantioselective Biginelli reactio-
n.[a]


Entry Ar R 4 t [d] Yield
[%][b]


ee
[%][c]


1 C6H5 (1a) Et 4aa 2.5 60 80 (R)[d]


2[e] 3-ClC6H4 (1b) Et 4ba 4 46 77 (R)
3[f] 3-MeC6H4 (1c) Et 4ca 5.5 73 98 (R)
4 4-MeC6H4 (1d) Et 4da 5.5 56 71 (R)
5[f] 3-MeOC6H4 (1e) Et 4ea 6 68 98 (R)
6 3-HOC6H4 (1 f) Et 4 fa 3.5 54 73 (R)[d]


7[f] 1-naphthyl (1g) Et 4ga 6.5 60 97
8[f] 2-thiophene (1h) Et 4ha 3 34 70
9 C6H5 (1a) iPr 4ab 3 61 77 (R)


10[f] 3-MeC6H4 (1c) iPr 4cb 6.5 60 83 (R)
11[f] 2-naphthyl (1 i) iPr 4 ib 5 62 72
12[f] piperonal (1j) iPr 4 jb 4.5 46 80 (R)
13[e] 4-BrC6H4 (1k) iPr 4kb 6.5 57 75 (R)
14[f] 3-MeOC6H4 (1e) Me 4ec 6.5 50 97 (R)
15 3-MeC6H4 (1c) Me 4cc 5.5 62 71 (R)


[a] Reagents and conditions: After stirring a solution of 7g (5 mol%),
tBuNH2·TFA (5 mol%), 1 (0.25 mmol), and 2 (0.3 mmol) in 1,4-dioxane/
THF (2:8, v/v, 1.0 mL) at 25 8C for 30 min, 8 j (5 mol%) and 3 (0.5 mmol)
were added sequentially. [b] Yield of isolated product. [c] Determined by
HPLC analysis (Chiralcel OD-H or AD-H). The absolute configurations
were assigned by comparing the Cotton effect of the CD spectra with
that of 4aa. [d] The absolute configuration was determined by compari-
son of the optical rotation with the literature.[7] [e] tBuNH2·TFA was not
used and the amount of 7g and 8j was 2.5 mol%. [f] The amount of 7g,
8j, and tBuNH2·TFA used was 10 mol%.


Figure 1. Proposed transition state in the asymmetric Biginelli condensa-
tion reaction.
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Conclusion


In summary, we have developed an enantioselective multi-
component Biginelli reaction catalyzed by a trans-4-hydrox-
yproline-derived secondary amine and a Brønsted acid as
the combined catalyst with an organic amino salt as additive,
a reaction that proceeds through a dual-activation route.
The reaction occurs with good-to-excellent ee values (up to
98%). Attractive features of the method include the ease of
catalyst preparation, mild reaction conditions, and a broad
substrate generality. A plausible transition state has been
proposed to explain the origin of the activation and the
asymmetric induction. Further studies focused on the design
of more efficient catalysts for the enantioselective Biginelli
reaction are underway.


Experimental Section


Typical procedure for the organocatalytic asymmetric Biginelli reaction:
After stirring a solution of 7g (2.6 mg, 5 mol%, 0.0125 mmol),
tBuNH2·TFA (2.4 mg, 5 mol%, 0.0125 mmol), benzaldehyde 1a (25.0 mL,
0.25 mmol), and 2 (18.0 mg, 0.3 mmol, 1.2 equiv) in 1,4-dioxane/THF
(2:8, v/v, 1.0 mL) at 25 8C for 30 min, 8j (3.3 mg, 5 mol%, 0.0125 mmol)
and 3a (63.0 mL, 0.5 mmol, 2.0 equiv) were added sequentially. The reac-
tion mixture was stirred at 25 8C for 2.5 days. Then, the crude product
was purified by preparative TLC (petroleum ether/ethyl acetate, 2:3) to
afford 4aa (40 mg, 60% yield) as a white solid with 80% ee ; [a]30D =�30.5
(c=0.2 in MeOH) {lit.:[7] 90% ee ; [a]20D =�58 (c=0.5 in MeOH)}; m.p.
199–202 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.93 (s, 1H),
7.33–7.28 (m, 5H), 5.65 (m, 1H), 5.41–5.40 (d, J=2.9 Hz, 1H), 4.10–4.03
(m, 2H), 2.35 (s, 3H), 1.18–1.14 ppm (t, J=11.4 Hz, 3H); HPLC (Chiral-
pak OD-H column, hexane/2-propanol 85:15, 1.0 mLmin�1): tR (minor)=


7.860, tR (major)=9.634 min.
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Introduction


b-Peptides have received considerable attention in recent
years because of their remarkable ability to fold into well-
defined and predictable secondary structures.[1,2] The most
extensively studied b-peptide secondary structure is the 14-
helix (also named 314- or 31-helix), which is defined by a 14-
membered ring (i) N�H···O=C (i+2) hydrogen bond be-
tween backbone amide groups.[2,3] In particular, Seebach
and co-workers have shown that b3-peptides adopt the 14-
helix conformation in organic solvents,[4] whereas Gellman


et al. have discovered that the insertion of b-amino acids
with a constrained six-membered ring, such as trans-2-ami-
nocyclohexanecarboxylic acid (ACHC), into a peptide chain
dramatically enhances the 14-helix stability compared to b3-
amino acids.[5] Moreover, the recently reported properties of
b-peptides, such as resistance to proteolytic degradation,[6]


somastatin antagonism,[7] antimicrobial activity,[8] membrane
translocation[9] and disruption of protein–protein interac-
tions,[10] should lead to important therapeutic applications
for this class of “foldamers”.[3]


We envisioned that b-peptides could also be used for the
construction of molecular receptors and devices that are
based on peptide frameworks.[11] We were particularly im-
pressed by the pioneering work of Voyer et al.[11, 12] who
studied l-DOPA a-amino acid derivatives that bear a crown
ether receptor on their side chain; these compounds could
be easily assembled in well-defined amphiphilic a-helical
nanostructures with multiple crown ethers that are aligned,
one on top of the other, on the same side of the peptide
backbone. Indeed, a 21-mer peptide was shown to act as an
artificial ion channel that was capable of facilitating the
transport of monovalent cations across bilayer membra-
nes.[12c,e,f,h,l,m] In contrast to the 21-mer, the 14-mer analogue
interacted as a powerful membrane-disrupting agent,[12i,n,o]


and the 7-mer analogue only behaved as an ion carrier.[12c]


The shorter versions of this series of compounds also selec-


Abstract: A new set of b-amino acids
that carry various crown ether recep-
tors on their side chains of the general
formula (S)-b3-HDOPA(crown ether)
(HDOPA: homo-3,4-dihydroxypheny-
lalanine; (crown ether): [15]crown-5
([15-C-5]), [18]crown-6 ([18-C-6]),
[21]crown-7 ([21-C-7]), 1,2-Benzo-
[24]crown-8 ([Benzo-24-C-8]) and (R)-
Binol-[20]crown-6 ([(R)-Binol-20-C-
6])) was prepared. Peptides that are


based on these new crowned b-amino
acids combined with (1S,2S)-ACHC (2-
aminocyclohexanecarboxylic acid),
which is known to be a potent 314-helix
inducer, to the hexamer level, with two
crowned residues at the i and i+3 posi-


tions of the main-chain, were synthe-
sized in solution by stepwise coupling
using Boc-Na-protection (Boc: tert-bu-
toxycarbonyl) and the EDC/HOAt C-
activation method. Their conformation-
al analysis was performed by using
FTIR absorption, NMR and CD spec-
troscopy techniques. Our results are in
full agreement with a 314-helix confor-
mation.
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tively complexed ammonium[12b] and diammonium[12g] chains
of various lengths. Moreover, depending on the peptideMs
secondary structure (helix or sheet), chiral recognition of
either l- or d-amino acids could be induced as a result of
the relative orientation of the crown ether receptors.[11a,c,d]


We believe that extension of these properties to crowned
14-helical b-peptides could offer the same advantages that
were found for the a-helical peptides,[12j] namely, ease of
changing the size of the crown ether ring for modulation of
the ion selectivity, ease of changing the amino acid compo-
nents and/or peptide length by chemical synthesis, post-syn-
thetic modifications and end-group engineering for tuning of
the biological activity. Furthermore, because the 14-helix
structurally differs from the a-helix in many respects, that is,
it has a slightly wider radius and shorter rise for a given
main-chain length than the a-helix, a net dipole that is op-
posite to that of the a-helix, and a 3-residue repeat with the
side chains of the i and i+3 residues that are directly aligned
atop one another along the same face of the peptide back-
bone instead of the 3.6-residue repeat for the a-helix, it is
our view that the influence of these parameters could be
worth examining in comparison with VoyerMs results.


Therefore, we decided to apply the Arndt–Eistert homo-
logation procedure of a-amino acids, which was previously
improved by Seebach and co-workers,[13] to the synthesis of
(S)-b3-HDOPA (HDOPA: homo-3,4-dihydroxyphenylala-
nine), from which the first crown ether derivative of a b-
amino acid, (S)-b3-HDOPA-[18]crown-6 ((S)-b3-HDOPA-
[18-C-6]) was obtained.[14] In the present paper, we wish to


report the preparation of a new set of (S)-b3-HDOPA(crown
ether) amino acid derivatives. We also describe the synthesis
of peptides that are based on these new crowned b-amino
acids combined with (1S,2S)-ACHC (which is a hydrophobic
314-helix inducer) to the hexamer level, with two crowned
residues at the i and i+3 positions of the main chain (for
alignment of the crown ether rings atop one another). Final-
ly, we discuss the results of their conformational analysis by
using FTIR absorption, NMR and CD spectroscopy.


Results and Discussion


Crown ether amino acid synthesis : The crown ether deriva-
tives of (S)-b3-HDOPA were prepared from the terminally
protected derivative Boc-(S)-b3-HDOPA-OMe (Boc, tert-bu-
toxycarbonyl) according to the procedure of Voyer and co-
workers[12j] at relatively high dilution (ca 0.1m) with cesium
carbonate (1.1 equiv) in DMF at 60 8C. Either pentaethylene
glycol di-p-toluenesulfonate, hexaethyleneglycol dibromi-
de,[12j] 1,2-bis(8-tosyloxy-3,6-dioxa-1-octyloxy)benzene,[15a] or
(R)-2,2’-bis(5-tosyloxy-3-oxa-1-pentyloxy)-1,1’-binaph-
thyl[15b,16] were used as the alkylating agent (1.0 equiv) to
afford 1a (39%), 1b (22%), 1c (36%) and 1d (28%), re-
spectively, in reasonable yields after chromatography on
silica gel (Scheme 1). Saponification of the ester function of
1a–d was performed in methanol by using aqueous 1m


NaOH at room temperature for 24 h to give the correspond-
ing N-protected amino acids: 1’a (98%), 1’b (75%), 1’c
(94%) and 1’d (40%) (see Scheme 1 for structures of 1a–d
and 1’a–d).


Peptide synthesis : We synthesized four hexapeptides, 6a–d,
that contained these new crowned b-amino acids combined
with (1S,2S)-ACHC, in which the two crowned residues
were introduced at the i and i+3 positions of the main chain


Scheme 1. Synthesis of the crown ether derivatives 1a–d and 1’a–d from Boc-(S)-b3-HDOPA-OMe. i) Cs2CO3, DMF, 60 8C; ii) 1m aq. NaOH/MeOH, RT.
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by a stepwise elongation strategy (Scheme 2). We also pre-
pared the two model b-hexapeptides 6e and 6 f, in which the
absence of the crown ether carriers was expected to consid-
erably simplify the NMR spectra.


All coupling steps were performed in solution by using
the EDC/HOAt (EDC: N-ethyl,N’-(3-dimethylaminopro-
pyl)carbodiimide; HOAt: 7-aza-1-hydroxy-1,2,3-benzotria-
zole) methodology.[17] To avoid epimerisation problems that


Scheme 2. Synthesis of the crowned b-hexapeptides 6a–6 f. i) TFA/CH2Cl2 1:1, 0 8C to RT; ii) SOCl2, MeOH, 0 8C to RT; iii) 1’a, b, c or d or Boc-(S)-b3-
HPhe-OH or Boc-(S)-b3-HAla-OH, EDC, HOAt, NMM, CH2Cl2/THF; iv) TFA/CH2Cl2 1:3, 0 8C to RT, or HCl/p-dioxane, 0 8C to RT; v) Boc-(1S,2S)-
ACHC-OH, EDC, HOAt, NMM, CH2Cl2/THF.
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have been encountered with triethylamine, we used the
weaker base NMM (NMM: N-methyl morpholine).[4b] The
cleavage of the Boc protecting group was performed with
trifluoroacetic acid (TFA/CH2Cl2, 1:3) or HCl/p-dioxane.
The peptides were usually obtained in 48–88% yield after
purification either by column chromatography or by precipi-
tation (the latter methodology for the less-soluble com-
pounds). However, for the last coupling step, the yields of
hexapeptides 6b (15%), 6d (29%) and 6e (13%) were con-
siderably lower, possibly for solubility reasons.


FTIR absorption analysis : The FTIR absorption spectra of
the fully protected b-di- to b-hexapeptides 2a–6a, 2b–6b,
2c–6c, 2d–6d and 2e–6e were recorded at room tempera-
ture in CDCl3 by using diluted solutions to directly detect
intramolecularly hydrogen-bonded and non-bonded NH
groups by analysis of the conformationally sensitive N�H
stretching (amide A) region (Figures 1–5).


The low-frequency band at about 3300 cm�1 indicates the
formation of hydrogen-bonded NH groups, whereas the
high-frequency band at about 3430 cm�1 arises from free,
solvated NH groups.[18] We also observed an increasing
amount of hydrogen-bonded NH groups when the length of


the peptide chain was increased. Also, the low-frequency
band of the b-hexapeptides 6a–6d is of much higher intensi-
ty than the high-frequency band. However, we noticed the


Figure 1. FTIR absorption spectra in CDCl3 solution in the N�H stretch-
ing region for peptides 2a–6a.


Figure 2. FTIR absorption spectra in CDCl3 solution in the N�H stretch-
ing region for peptides 2b–6b.


Figure 3. FTIR absorption spectra in CDCl3 solution in the N�H stretch-
ing region for peptides 2c–6c.


Figure 4. FTIR absorption spectra in CDCl3 solution in the N�H stretch-
ing region for peptides 2d–6d.


Figure 5. FTIR absorption spectra in CDCl3 solution in the N�H stretch-
ing region for peptides 2e–6e.
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presence of an additional band (shoulder) between 3325 and
3370 cm�1, which suggests that at least two different kinds of
hydrogen-bonded NH groups are present. Table 1 summariz-
es the FTIR absorption data in the N�H stretching region
that was observed for the hexapeptides of each series.


In conclusion, the results of our FTIR absorption analysis
clearly indicate the presence of two different classes of
(non-bonded and hydrogen-bonded) NH groups for the
highest oligomers. This information is consistent with well-
organised b-peptide secondary structures.


Circular dichroism analysis : The peptides 2a–6a, 2b–6b,
2c–6c and 2 f–6 f were also studied by circular dichroism
(CD), which is an extensively used technique for the 3D-
structural investigation of peptides in solution.[4b,18d,19] As ex-
pected, we were not able to get any information on peptides
2d–6d because their CD spectra were entirely dominated by
contributions of the binaphthyl chromophore.[20] Experi-
ments that were run at a 10�4m concentration in 2,2,2-tri-
fluoroethanol (TFE), which is a well-known solvent for sta-
bilising peptide helical structures[21] gave satisfying results
(Figure 6). Table 2 summarizes the characteristic parameters
of the positive (l1) and negative (l2) Cotton effects that
were observed for the longest members of each series.
While no significant CD ellipticities were observed for the
b-di- and b-tripeptides, a negative band near 215 nm and a
positive band at about 192 nm were clearly seen in the spec-
tra of the b-penta- and b-hexapeptides. These spectra show
a typical pattern that is assigned to the (M)-314 helix struc-
ture.[2] It should also be pointed out that the high intensity
for the l2 value of the b-hexapeptide 6a (�112.5) is proba-
bly related to a particularly good stability of the 314-helix.


1H NMR spectroscopic analysis : NMR spectroscopy is one
of the most widely used techniques for determination of the
solution structure of b-peptides.[1a,22] The convention that is
used throughout this study is the accepted labelling of CaH
and CbH for b-amino acids relative to standard a-amino
acids, in which Ca bears the carbonyl group and Cb bears the
nitrogen atom.[1a,2] The [(R)-Binol-20-C-6] series (2d–6d)
could not be studied by 1H NMR because of an overlapping
of NH protons and aromatic CH protons from the binaphth-
yl nucleus. In contrast, the one-dimensional 1H spectra of b-


Table 1. FTIR absorption data in the N�H stretching region for hexa-
peptides 6a–6e in CDCl3 solution.


b-Hexapeptides Non-hydrogen-
bonded N�H
[cm�1]


Shoulders
[cm�1]


Hydrogen-
bonded N�H
[cm�1]


6a [18-C-6] 3427.2 3360.3 3295.8
6b [21-C-7] 3428.7 3359.7 3296.6
6c [Benzo-24-C-8] 3429.9 3326.8 3296.4
6d [(R)-Binol-20-C-6] 3426.6 3350.8 3292.7
6e b3-HPhe 3429.3 3324.9 3296.4


Figure 6. CD spectra for peptides 2a–6a (A), 2b–6b (B), 2c–6c (C) and
2 f–6 f (D) in TFE solution (peptide conc. 0.1 mm).
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hexapeptides 6a–c and 6e in [D6]DMSO solution revealed
well-defined signals for the backbone, which suggests high-
populations of a single well-organised conformation for each
oligomer. At room temperature, the NH protons of each
residue exhibit coupling constants JACHTUNGTRENNUNG(NH,Hb) in the range of
7 to 10 Hz (Table 3). Those high values correspond to an an-
tiperiplanar arrangement of the N�H(i) and Cb


�Hb(i) bonds
for each residue, which are typically encountered with a 14-
helix conformation.[1a]


Because an NMR spectroscopic characterisation was only
possible in [D6]DMSO, as a result of the poor solubility of
these compounds, we were not able to perform a
[D6]DMSO titration in CDCl3 solution to evaluate the pres-
ence of intramolecular hydrogen bonds.[23] Alternatively, the
extent of the intramolecular hydrogen bonding in the b-hex-
apeptides 6a–c and 6e was evaluated by temperature-de-
pendent 1H NMR spectroscopic measurements,[24] over a
range of 30 K (Figure 7). The graphs reveal a generally
higher variation of chemical shifts for the NH5 and NH6 pro-
tons than for the NH1–4 protons. Some of the NH1 and/or
NH2 chemical shifts could not be assigned because of their
juxtaposition with aromatic CH signals. The temperature co-
efficients (DdDT�1) (Table 4) range from �3.7 to
�4.6 ppbK�1 for NH1–4. Such relatively low values indicate
poor solvent accessible and intramolecular hydrogen-
bonded amide protons. However, the DdDT�1 values fall be-
tween �5.3 to �6.7 ppbK�1 for NH5 and NH6, which sug-
gests the onset of (DMSO) S=O···H�N (amide) hydrogen
bonding interactions.[25] Therefore, these results provide evi-
dence that the NH5 and NH6 protons of b-hexapeptides 6a–
c and 6e are more solvent exposed than their NH1–4 proton
counterparts, as expected for 314-helical structures.


Residue-specific assignments of the b-hexapeptides 6a–c
and 6e were based on a combination of COSY, DQFCOSY,
TOCSY and ROESY experiments. We performed a “NOE
walk” along the backbone, and assigned the NH, Hb and Ha


for each residue. Intraresidue assignments were confirmed
from 2D COSY and TOCSY data. The crown ether free
hexapeptide 6e was chosen as a model system because no


Table 2. l1/l2 (nm) Values for the b-penta- and hexapeptides in TFE so-
lution (the intensity Q10�3 of l2 is given in parentheses for each com-
pound).


b-Pentapeptides 5 b-Hexapeptides 6


ACHTUNGTRENNUNG[18-C-6] series (a) 191.3/216.3 (�41.6) 189.2/214.6 (�112.5)
ACHTUNGTRENNUNG[21-C-7] series (b) 191.3/218.2 (�55.0) 195.3/215.7 (�68.2)
[Benzo-24-C-8] series (c) 201.7/218.5 (�54.3) 194.6/216.4 (�60.4)
(S)-b3-HAla series (f) 192.8/216.4 (�44.7) 189.3/213.3 (�73.4)


Table 3. Coupling constant J(NH(i)/Hb(i)) values [Hz] for the b-hexapepti-
des 6a–c, and e in [D6]DMSO solution.


Residue i 1 2 3 4 5 6


6a 9.1 9.0 7.1 7.7 8.7 7.9
6b 9.2 9.0 7.3 7.7 8.6 8.1
6c – 9.2 8.7 10.4 8.7 8.7
6e 10.2 8.4 7.8 6.6 9.6 9.6


Figure 7. Plots and histograms showing the variations of the NH proton
chemical shifts in the 1H NMR spectra ([D6]DMSO) of the b-hexapepti-
des 6a–c and 6e as a function of increasing temperature; A) b-hexapep-
tide 6a ; B) b-hexapeptide 6b ; C) b-hexapeptide 6c ; D) b-hexapeptide
6e. The NH2 proton of 6e is overlapped by the aromatic CH protons.


Table 4. Temperature coefficients (DdDT�1) [ppbK�1] determined in
[D6]DMSO solution between 298 and 328 K for the b-hexapeptides 6a–c
and e.


NH1 NH2 NH3 NH4 NH5 NH6


6a – �4.6 �4.3 �4.3 �6.7 �6.0
6b – �4.0 �4.0 �4.0 �6.0 �5.3
6c – �4.3 �4.0 �3.7 �5.7 �6.0
6e �4.6 – �3.7 �3.7 �6.0 �6.0
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signal overlap was observed in the Hb region of its 1H NMR
spectrum. A list of chemical shifts for 6e is given in Table 5.


The NH/Ha, NH/Hb and Ha/Hb regions of the ROESY
spectra for 6e are shown in Figure 8. In the NH/Ha region,
correlations NH(i)–Ha(i) and NH(i)–Ha(i�1) were observed be-
tween all possible pairs, such as ACHC1NH–ACHC1Ha,
ACHC1Ha–Phe


2NH, Phe2NH–Phe2Ha, Phe2Ha–ACHC3NH,
ACHC3NH–ACHC3Ha, ACHC3Ha–ACHC4NH,
ACHC4NH–ACHC4Ha, ACHC4Ha–Phe


5NH, Phe5NH–
Phe5Ha, Phe5Ha–ACHC6NH and ACHC6NH–ACHC6Ha


(Figure 8A).
In the NH/Hb region, we noted correlations NH(i)–Hb(i+2)


between the residue pairs ACHC1NH–ACHC3Hb,
ACHC3NH–Phe5Hb and ACHC4NH–ACHC6Hb. Correla-
tions NH(i)–Hb(i+3) were also obtained between the residue
pairs ACHC3NH–ACHC6Hb (Figure 8B). Finally, in the Ha/
Hb region, Ha(i)–Hb(i+3) and Ha(i)–Hb(i�1) cross-peaks, respec-
tively, are present between the residue pairs ACHC1Ha–
ACHC4Hb, Phe2Ha–Phe


5Hb, ACHC3Ha–ACHC6Hb and
ACHC6Ha–ACHC5Hb (Figure 8C).


Integration of the signals in the ROESY spectrum al-
lowed us to determine intramolecular distances. Calibration
of the spectrum was elaborated from a reference length that
was calculated with the WebLab Viewer Pro 3.7 program.
For this study, this length was 3.09 R, which corresponds to
the distance between the Ha and Hb protons of the ACHC4


residue. From that calibration, distance (d) values were ob-
tained. These data are directly correlated with the observed
NOE strengths and classified into four categories, d<2.5 R
(strong interactions), 2.5<d<3.0 R (medium to strong in-
teractions), 3.0<d<3.5 R (weak to medium interactions)
and d>3.5 R (weak interactions) (Figure 9).


2D COSY and TOCSY experiments were also performed
on the crown ether b-hexapeptides 6a–c to assign the chemi-
cal shifts for the Ha, Hb and NH protons of all residues of
these hexapeptides (Table 6).


Then, each region of the ROESY spectra of 6a–c was an-
alysed to evaluate the observed NOEs for the backbone
atoms of these b-hexapeptides. In the NH/Ha region, corre-
lations NH(i)–Ha(i) and NH(i)–Ha(i�1) were seen between all
possible pairs for 6a–c. As for the NH/Hb region, we ob-
served correlations NH(i)–Hb(i+2) between the residue pairs
ACHC1NH–ACHC3Hb for 6a and 6b and between
ACHC4NH–ACHC6Hb for 6c. Correlations NH(i)–Hb(i+3)


were obtained between the residue pairs ACHC3NH–


Table 5. 1H NMR chemical shifts (d/ppm) of the b-hexapeptide 6e in
[D6]DMSO solution at room temperature.


Residues Ha Hb NH


ACHC1 2.36 3.42 6.91
b3-HPhe2 2.32 4.18 7.64
ACHC3 2.35 3.77 7.42
ACHC4 2.12 3.87 7.08


b3-HPhe5 2.17 and 2.20 4.61 7.88
ACHC6 2.44 3.96 8.07


Figure 8. ROESY spectrum of the b-hexapeptide 6e in the A) NH/Ha


region, B) NH/Hb region and C) Ha/Hb region ([D6]DMSO solution).


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3154 – 31633160


C. Toniolo, A. Gaucher et al.



www.chemeurj.org





ACHC6Hb for 6b and b-DOPA2NH–b-DOPA5Hb and
ACHC3NH–ACHC6Hb for 6a. The correlation NH(i)–Hb(i�1)
was observed between ACHC3NH–b-DOPA2Hb,
ACHC4NH–b-DOPA3Hb and b-DOPA5NH–ACHC4Hb for
6b and b-DOPA2NH–ACHC1Hb, ACHC3NH–b-DOPA2Hb,
ACHC4NH–b-DOPA3Hb and ACHC6NH–DOPA5Hb for 6a.
Finally, in the Ha/Hb region, Ha(i)–Hb(i+3) and Ha(i)–Hb(i�1)
cross-peaks appeared between the residue pairs ACHC1Ha–
ACHC4Hb, b-DOPA2Ha–b-DOPA5Hb and ACHC3Ha–
ACHC6Hb for 6c, b-DOPA2Ha–b-DOPA5Hb and


ACHC3Ha–ACHC6Hb for 6b,
and ACHC1Ha–ACHC4Hb and
ACHC3Ha–ACHC6Hb for 6a.


Integration of the signals in
the ROESY spectra allowed us
to determine intramolecular
distances between protons that
are bound to the backbone
carbon atoms and evaluate the
strength of their observed
NOEs. Calibration of the spec-
tra was based on the well-
known interaction between the
two geminal protons Ha of b-
DOPA2 for 6a and 6b, and be-
tween the Ha–Hb protons of
ACHC4 for 6c. The resulting
NOE cross-peaks are presented
in Figure 9. In conclusion, the
overall patterns of NOEs ob-
served with 6a–c and 6e are in
full agreement with a 314-helix
conformation.


Conclusion


We have prepared a new series
of b-amino acids 1a–d that
carry various crown ether hosts
on their side chains. Subse-
quently, four b-hexapeptides
6a–d that contain two crowned
b-amino residues at the i and
i+3 positions of the main


chain, combined with (1S,2S)-ACHC, and two b-hexapepti-
des 6e and 6 f, which were used as models, were synthesised
by a stepwise elongation strategy. FTIR absorption spectra
in CDCl3 solution in the N�H stretching (amide A) region
for the series of b-di- to b-hexapeptides show a low-frequen-
cy band at about 3300 cm�1 which indicates the occurrence
of hydrogen-bonded N�H groups. The CD spectra of the
highest oligomers of all the series of peptides are character-
ized by an intense negative Cotton effect that is centred
near 215 nm, followed by a positive Cotton effect at about


Figure 9. Weak, medium and strong NOEs observed in the ROESY spectra for 6e (A), 6a (B), 6b (C) and
6c (D) in [D6]DMSO solution.


Table 6. 1H NMR chemical shifts (d/ppm) of the Ha, Hb and NH protons for the b-hexapeptides 6a–c in [D6]DMSO solution at room temperature.


d [ppm] 6a 6b 6c


Ha Hb NH Ha Hb NH Ha Hb NH


ACHC1 2.38 3.40 6.89 2.37 3.41 6.89 2.38 3.42 6.89
DOPA2 1.97, 2.28 4.18 7.56 1.97, 2.28 4.19 7.55 2.31 4.19 7.56
ACHC3 2.35 3.76 7.39 2.33 3.75 7.39 2.35 3.77 7.39
ACHC4 2.12 3.88 7.08 2.13 3.88 7.08 2.12 3.88 7.09
DOPA5 2.13, 2.40 4.53 7.81 2.12, 2.39 4.54 7.81 2.17, 2.42 4.54 7.84
ACHC6 2.41 3.95 8.01 2.40 3.94 8.01 2.41 3.95 8.05
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200 nm. 1H NMR spectroscopy results from temperature-de-
pendent DMSO titrations provide evidence that the NH5


and NH6 protons of b-hexapeptides are more solvent-ex-
posed than their NH1–4 proton counterparts. At room tem-
perature, the typically recorded high J(NH,Hb) values are in
favour of an antiperiplanar arrangement for the NH and
Hb(i) protons of each residue. Intraresidue assignments were
confirmed by 2D COSY and TOCSY experiments. A “NOE
walk” along the backbone allowed us to assign the NH, Ha


and Hb(i) protons for each residue of the b-hexapeptides. Al-
together, our data sets are in full agreement with a 14-helix
structure for all of the crowned b-hexapeptides; the posi-
tioning of the (S)-b3-HDOPA(crown ether) residues at the i
and i+3 positions of the main-chain should allow for a par-
allel orientation of their side-chain receptors with the oppor-
tunity for a cooperative cation binding. This structural study
represents one of the initial steps towards functional uses of
this new class of amphiphilic, either 14-helical or 310-heli-
cal,[26] crowned peptides as potential ion channels and/or cy-
tolytic agents, as well as potential peptide-based catalysts[27]


for enantioselectively catalysed reactions,[28] which will now
be explored by our groups.


Experimental Section


General methods : Melting points were determined by using either a Met-
tler FP61 apparatus with a temperature rise of 3 8Cmin�1 or a BSchi melt-
ing point B545 apparatus with a temperature rise of 20 8C min�1, and are
uncorrected. 1H and 13C NMR spectra were recorded at 300, 400 or
600 MHz, and 77 MHz, respectively, the solvents CDCl3 (d=7.27 for 1H
and 77.00 ppm for 13C NMR) and [D6]DMSO (d =2.49 for 1H and
40.45 ppm for 13C NMR) were used as internal standards. For conforma-
tional analysis by 1H NMR spectroscopy, the spectra were recorded on a
600 MHz Bruker Advance DMX-600 spectrometer. The spin systems of
the amino acid residues were identified by using standard DQF-COSY
and TOCSY experiments. In the latter case, the spin-lock pulse sequence
was 70 ms long. The mixing time of the ROESY experiment that was
used for interproton distance determination was 150 ms. Interproton dis-
tances were obtained by integration of the ROESY spectrum with the
Sparky software package. Distances were calibrated on the peak between
the two Ha/Hb protons of ACHC or the two b3-HDOPA Hb protons,
which were set to a distance of 3.09 and 1.78 R, respectively. The CD
spectra were calculated on a Jasco J-710 spectropolarimeter by using
quartz cells of 0.1 to 1.0 mm pathlength (Hellma). The values are ex-
pressed in terms of [q]T, the total molar ellipticity (degQcm2Qdmol�1).
FTIR absorption spectra were recorded with a Perkin–Elmer 1720X
spectrophotometer that was nitrogen-flushed and equipped with a sample
shuttle device at a nominal resolution of 2 cm�1 for an average of 20
scans. Solvent (baseline) spectra were recorded under the same condi-
tions. Cells with pathlengths of 1 and 10 mm (CaF2) were used. The opti-
cal rotations were measured with an accuracy of 0.3% in a 1 dm thermo-
statted cell. Analytical TLC and preparative column chromatography
were performed on Kieselgel F254 and 60 (0.040–0.063 mm) (Merck), re-
spectively, with the following eluant systems: EtOAc/CH2Cl2 98:2 (A),
MeOH/CH2Cl2 2:98 (B), MeOH/CH2Cl2 3:97 (C), MeOH/CH2Cl2 5:95
(D), MeOH/CH2Cl2 1:9 (E), MeOH/CH2Cl2 2:8 (F), MeOH/CH2Cl2 1:1
(G), CH2Cl2/1-BuOH/EtOAc/MeOH/AcOH/H2O 8:4:3:2.5:1:0.5 (H), sol-
ution H/MeOH 8:2 (I), solution H/MeOH 1:1 (J). UV light (l=254 nm)
allowed visualisation of the spots after TLC runs for all compounds, even
at low concentration. H-(1S,2S)-ACHC-OMe·HCl was prepared from the
corresponding Na-protected b-amino acid Boc-(1S,2S)-ACHC-OH by re-
action with SOCl2 and MeOH, according to the ResslerMs procedure.[29]


The synthesis and characterisation of all compounds (1a–6a, 1b–6b, 1c–
6c, 1d–6d, 1e–6e and 1 f–6 f) are reported in the Supporting Informa-
tion.
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Introduction


Heteropoly acids have attracted significant attention be-
cause of their high acidity and favourable redox behaviour,
which make them suitable for applications in size- and
shape-selective catalysis. Among the heteropoly acids
(HPA), H3PW12O40 is known as a strong acid and has been
the focus of considerable attention because it catalyses a va-
riety of organic reactions, such as the alkylation and acyla-
tion of hydrocarbons, the hydration of alkenes, and the poly-
merisation of THF.[1,2] However, this HPA exhibits low sur-
face area (5–10 m2g), pore volume, and thermal stability,
which limit its utility in many catalytic reactions. Thus, the
deposition of HPAs having the Keggin structure on porous
solid supports with high surface area, large pore diameter,
and high specific pore volume is seen as a critical means of
improving their properties and obtaining better performance


Abstract: The preparation of SBA-15/
TiO2 nanocomposites with different
loadings of Keggin-type 12-tungsto-
phosphoric acid (TPA) nanocrystals in
their mesochannels through a simple
and effective vacuum impregnation
method is reported for the first time.
The catalysts have been characterised
by various sophisticated techniques, in-
cluding XRD, HRSEM, and TEM. It
has been found that the acidity and the
textural parameters of the nanocompo-
sites can be controlled by simply
changing the loadings of TPA and TiO2


or the calcination temperature. TPA
and TiO2 loadings of 15 and 22.4 wt%,
respectively, and a calcination tempera-
ture of 1123 K have proved to be opti-
mal for obtaining mesoporous nano-
composite materials with the highest


acidity. Moreover, the activities of
these catalysts in promoting hydroami-
nation as well as Mannich and Claisen
rearrangement reactions have been ex-
tensively investigated. The results show
that the amount of TPA has a great in-
fluence on the activity of the nanocom-
posites in all of the reactions studied.
The effects of other reaction parame-
ters, such as temperature and reaction
time, on the conversion and product se-
lectivity have also been studied in
detail. A kinetic analysis of the forma-
tion of the products under various re-


action conditions is presented. It has
been found that the activity of the
nanocomposite composed of 15 wt%
TPA deposited on 22.4 wt of TiO2 on
SBA-15 in promoting the studied reac-
tion is remarkably higher than the cata-
lytic activities shown by pure TPA,
TiO2-loaded SBA-15, or TPA-loaded
SBA-15. The results obtained have in-
dicated that the acidity and the struc-
tural control of the nanocomposite ma-
terials are highly critical for obtaining
excellent catalytic activity, and the pre-
sented highly acidic nanocomposites
are considered to show great potential
for use as catalysts in promoting many
acid-catalysed organic transformations.
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in many potential heterogeneous catalytic applications.[3–5] It
has also been demonstrated that the thermal stability of
such supported HPAs may be enhanced through judicious
choice of the most appropriate porous supports.[6–10] The en-
capsulation of HPA on many supports, such as carbon,[6]


silica,[7] titania,[8] zirconia,[9] and mixed oxides, has been re-
ported; these supports stabilise the Keggin units of the
HPAs, which are responsible for providing the acid sites,
and as a result the catalytic performances and thermal sta-
bilities of the HPAs in the porous matrices greatly exceed
those of the pristine HPAs.[11–13]


Titania (TiO2) has received considerable attention be-
cause of its excellent characteristics, such as chemical stabili-
ty, non-toxicity, and excellent redox behaviour with mild
acidity. Moreover, it also has several other advantages, such
as low cost, biocompatibility, and low environmental impact.
These properties make it useful for many potential applica-
tions, including the production of pigments, catalysts, photo-
catalysts, solar cells, optical thin-film filters, and so on. How-
ever, there are also some disadvantages associated with the
use of TiO2, which include low specific surface area, poor
thermal properties, and low mechanical strength. Therefore,
in recent years, much effort has been directed towards over-
coming these problems by devising new catalyst formula-
tions, whereby the thermal stability of TiO2 (anatase) is en-
hanced without compromising its unique physicochemical
properties. Recently, tungstophosphoric acid (TPA) support-
ed on TiO2 has been reported by several researchers as a
highly active catalyst for the co-generation of phenol/ace-
tone,[14] for the production of glycol ethers,[15] and for many
other transformations.[16–21] The preparation of mesoporous
TiO2 with high surface area and a well-ordered pore struc-
ture has also been reported by several research groups. It
was demonstrated that this material shows excellent catalyt-
ic activity in photocatalysis due to the greater accessibility
of the large reactant molecules present inside the mesochan-
nels.[22–24] Moreover, a supported catalyst consisting of TiO2


nanoparticles on mesoporous silica has been prepared by a
wet-impregnation method, and was found to be highly
active in promoting many catalytic reactions.[25–28] Unfortu-
nately, the wet-impregnation method is not useful for depos-
iting an amount of heteropoly acid molecules sufficient for
the formation of nanocrystals within the porous channels of
mesoporous silica materials.[28] Thus, ultra-large pore SBA-
15 with very high surface area and a well-ordered pore
structure has been utilised as a support for TiO2. Moreover,
a simple and effective vacuum impregnation method has
been used to obtain a high loading of TPA therein, which is
an essential requirement for the formation of TPA nanocrys-
tals and can enhance the stabilisation of its Keggin units
within the mesochannels of the support.


Hydroamination (HA) is a reaction of considerable inter-
est because it offers a very straightforward approach for the
synthesis of substituted amines and their derivatives without
any by-product formation.[29] Although there have been
many reports on the hydroamination of alkynes and allenes
over lanthanide,[30,31] early,[32, 33] and late transition metal cat-


alysts, a general catalyst for promoting the addition of
amines to alkenes remains elusive. Only one process, the
synthesis of tert-butylamine from ammonia and isobutene,
has hitherto been commercialised.[34] The solid-acid-mediat-
ed HA of acrylates with amines offers a simple approach to
the synthesis of amino acid derivatives that can be used in
peptide analogues or as precursors to optically active amino
alcohols, diamines, and lactams. Unfortunately, only a few
reports dealing with this topic are available in the open liter-
ature. These include a report by Sugi and co-workers, who
described the HA of acrylates with aromatic amines using
zeolites as catalysts.[35]


The Mannich reaction is one of the most important C�C
bond-forming reactions in organic synthesis for the prepara-
tion of secondary and tertiary amine derivatives.[36] The
products of the Mannich reaction are mainly a-amino car-
bonyl compounds and their derivatives, and these are used
for the synthesis of amino alcohols, peptides, and lactams, or
as precursors to optically active amino acids. Conventional
homogeneous catalysts for classical Mannich reactions of al-
dehydes, ketones, and amines include organic and mineral
acids, such as proline,[37–39] acetic acid,[40] p-dodecylbenzene-
sulfonic acid,[41] and some Lewis acids.[42,43] However, these
often suffer from drawbacks of long reaction times, harsh re-
action conditions, toxicity, and difficulty in product separa-
tion, which limit their use in the synthesis of complex mole-
cules. As a means of overcoming this problem, the develop-
ment of active heterogeneous catalysts with predefined
active sites, obtained by immobilising TPA on insoluble
mesoporous silica supports, appears to be a highly promising
strategy.


The Claisen rearrangement is another versatile reaction
for C�C bond formation in organic synthesis. Although this
reaction is traditionally performed under thermal conditions,
there has been growing interest in metal-catalysed Claisen
rearrangements that may be performed under mild condi-
tions.[44] The Claisen rearrangement[45] of allyl phenyl ethers
(APE) to 2-allylphenols (2-AP) is a well-studied reaction,
and its extension to the corresponding aza and thia ana-
logues has rendered it more versatile for the synthesis of nu-
merous five- and six-membered oxygen, nitrogen, and sulfur
heterocycles through synthetic ramification of the initial re-
arrangement products.[46] This reaction has been carried out
under thermal conditions (453–473 K). Very recently, a vari-
ety of Lewis acids, such as BF3·AcOH, BCl3, Et2AlCl·TiCl4,
and (iPrO)2TiCl2, have been employed to accelerate this re-
arrangement under much milder conditions.[47–50] However,
these catalysts are associated with a number of disadvantag-
es, including difficulty of separation from the reaction mix-
ture, toxicity, and lower chemical and mechanical stability.
These problems might be overcome by employing suitable
highly acidic solid catalysts with high chemical and mechani-
cal stability.


Here, we report the successful preparation of TiO2-sup-
ported mesoporous SBA-15 nanocomposites with different
loadings of Keggin-type 12-tungstophosphoric acid (TPA)
nanocrystals in their mesochannels through a simple and ef-
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fective vacuum impregnation method. The obtained materi-
als have been unambiguously characterised by various so-
phisticated techniques, including XRD, N2 adsorption, 31P
MAS NMR, HRTEM, FT-IR of adsorbed pyridine, and tem-
perature-programmed desorption of ammonia (NH3-TPD).
The activity and stability of these catalysts in relation to the
aforementioned organic transformations have been exten-
sively investigated. The effects of various reaction parame-
ters on conversion and product selectivity have been stud-
ied. A kinetic analysis of the formation of the products
under various reaction conditions is also presented. It has
been found that the activity of TPA encapsulated over TiO2/
SBA-15 is remarkably higher than that of pure TPA, TiO2/
SBA-15, or TPA/SBA-15.


Results and Discussion


Structural characterisation and textural properties of TPA/
TiO2/mesoporous silica materials : The ratio of W to P in
15 wt% TPA/22.4 wt% TiO2/SBA-15, corresponding to the
ratio per Keggin unit, was estimated by EDX, XRF, and
ICP-AES analysis as 12.13 and 12.07, respectively, in good
agreement with the value for pristine TPA. Small-angle X-
ray powder diffraction patterns of these catalysts with differ-
ent loadings of TPA, calcined at 1123 K, are shown in Fig-
ure 1A. As can be seen in Figure 1A, TiO2/SBA-15 samples
with TPA loadings up to 50 wt% exhibit a sharp peak at a
low angle and two higher order peaks, which can be indexed
to the (100), (110), and (200) of the hexagonal space group
P6mm. However, the structure of the material is significant-
ly affected as the TPA loading is further increased above
50 wt%.


Wide-angle XRD patterns of TiO2/SBA-15 with different
loadings of TPA are shown in Figure 1B. The samples with
TPA loadings of up to 15 wt% exhibit several well-defined
peaks characteristic of pure anatase TiO2 (A-TiO2), which
can be indexed as (101), (004), (200), (105), (211), (204),
(116), and (215). This phase is critical for performing organ-
ic transformations. When the TPA loading is increased
above 15 wt%, peaks corresponding to WO3 crystallites
gradually appear. This can be mainly attributed to the de-
composition of TPA molecules into tungsten oxides. In addi-
tion, an anatase-to-rutile phase transformation is found for
samples with a TPA loading in excess of 50 wt%, revealing
that a higher loading of TPA also induces this phase transi-
tion of the TiO2. The mean crystallite sizes of the TiO2


nanoparticles in the 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123 nanocomposites, as estimated from the XRD peak
width of (101) using the Scherrer equation, are given in the
footnotes to Table 1. It is interesting to note that the crystal-
lite size of the TiO2 nanoparticles in 15T-22.4TO-S15-1123 is
much smaller than that of those in 22.4TO-S15-1123. These
observations confirm that the TPA loading of 15 wt%,
which forms a covering monolayer on the surface of the
nanocomposite and inhibits the agglomeration of the TiO2


nanoparticles inside the mesochannels, is crucial for stabili-


sation of the anatase phase and favors the formation of
small crystallite size TiO2 nanoparticles on the 15T-22.4TO-
S15-1123 nanocomposite.


To investigate the effect of the calcination temperature on
the stability of the TPA and the phase transition of the sup-
port, nanocomposites were calcined at different tempera-
tures. Low-angle XRD patterns of 15T-22.4TO-S15-X cal-
cined at different temperatures are shown in Figure 1C. It
can be seen from Figure 1C that the calcination temperature
plays a critical role in controlling the structure of the sup-
port and the phase transition of the TiO2. Although the low-


Figure 1. A) Low-angle XRD patterns of a) pure SBA-15, and b)–g) xT-
22.4TO-S15-1123 with different TPA loadings: b) 5, c) 15, d) 30, e) 50,
f) 70, and g) 90 wt.%. B) Wide-angle XRD patterns of xT-22.4TO-S15-
1123 with different TPA loadings: a) 5, b) 15, c) 30, d) 50, e) 70, and
f) 90 wt.%. C) Low-angle XRD patterns of a) pure SBA-15 and b)–
g) 15T-22.4TO-S15-z calcined at different temperatures: b) 923, c) 1023,
d) 1123, e) 1173, f) 1223, g) 1273K.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3200 – 32123202


A. Vinu et al.



www.chemeurj.org





angle (100) peak is seen for all of the samples, irrespective
of calcination temperature, the intensity of this peak de-
creases significantly with increasing calcination temperature.
Moreover, samples calcined at temperatures up to 1123 K
show a sharp peak at a low angle together with several
higher order peaks, revealing that the mesostructural order
of the support is retained. However, when the calcination
temperature is increased above 1123 K, the higher order
peaks gradually diminish in intensity, indicating destruction
of the mesostructure of the support. It must also be noted
that up to a calcination temperature of 1123 K only the ana-
tase phase is formed, whereas the anatase-to-rutile phase
transformation occurs when the calcination temperature is
increased above 1123 K. Figure S1 shows wide-angle XRD
patterns of the catalysts 15T-xTO-S15-1123 with different
loadings of TiO2. It is interesting to note that with TiO2


loadings of up to 30 wt%, only the anatase phase is formed.
However, both the anatase phase and a large amount of the
rutile phase are formed when the TiO2 loading exceeds
30 wt%. These results indicate that the 22.4 wt% loading of
TiO2 is the optimum amount for obtaining only the anatase
phase in the 15T-xTO-S15 nanocomposites.


To investigate the effects of calcination temperature and
the loadings of TPA and TiO2 on SBA-15 on the textural pa-
rameters, the samples were characterised by nitrogen ad-
sorption–desorption isotherms. The textural properties of T-
TO-S15-1123, with different loadings of TPA and TiO2, and
of 15T-22.4TO-S15-X, calcined at different temperatures,
are presented in Table 1. It is noteworthy that the textural
parameters of the T-TO-S15 nanocomposites are significant-
ly affected by the modification. It is evident that the specific
pore volume and the specific surface area of the modified
samples are much lower compared to those of the parent


SBA-15, and decrease with increasing TPA or TiO2 loadings.
This reduction in the surface area and pore volume after
modification could be due to the fact that the TPA and TiO2


are deposited inside the mesochannels and are well-dis-
persed on the surface of the hexagonally ordered mesopo-
rous SBA-15 support. It can be seen from Table 1 that the
specific surface areas of the samples with TPA loadings of
up to 50 wt% are in excess of 300 m2g�1, and that their pore
volumes are in the range 0.50–0.61 cm3g�1, which satisfy the
requirements for catalytic action. The specific surface area is
372 m2g for 5T-22.4TO-S15-1123 and decreases to 190 m2g
for 90T-22.4TO-S15-1123, while the specific pore volume de-
creases from 0.61 to 0.29 cm3g for the same samples. On the
other hand, on increasing the calcination temperature from
873 to 1273 K, the specific surface area and pore volume of
the support decrease from 502 to 202 m2g and from 0.65 to
0.31 cm3g, respectively. Figure S2 shows the nitrogen adsorp-
tion–desorption isotherm of the representative sample 15T-
22.4TO-S15-1123. This sample exhibits a typical type IV iso-
therm, with a sharp capillary condensation step and a broad
H1-type hysteresis loop, which is indicative of a narrow pore
size distribution in the mesoporous material. The sharpness
of the capillary condensation at higher relative pressure in-
dicates that nitrogen condensation occurs within the meso-
pores, and that the sample possesses better mesostructure
ordering and the pores are highly uniform even after im-
pregnation with TiO2 and TPA and high-temperature calci-
nation (1123 K). The Barret–Joyner–Halenda (BJH) pore
size distribution of 15T-22.4TO-S15-1123 is shown in the
inset of Figure S2. The sample is seen to possess a narrow
pore size distribution even after the modification. These re-
sults are in good agreement with data obtained from XRD
measurements on the same sample. The surface areas of the


Table 1. Physico-chemical properties of the catalysts and their catalytic activities.[a]


Samples SA [m2g�1] PV [cm3g�1] PD [M] TA [mmolg�1] B/L TOF [s�1]N10�2[b] RC 10�5 [s�1] Conv. [%]


without catalyst – – – – – – – 2
22.4TO-S15-1123 403 0.67 71.8 0.28 0.90 – 3.81 24
5T-22.4TO-S15-1123 372 0.61 70.9 0.26 1.00 18.4 4.96 30
15T-22.4TO-S15-1123 353 0.55 68.7 0.38 1.40 11.9 12.05 58
30T-22.4TO-S15-1123 325 0.54 67.8 0.31 1.14 4.2 7.33 41
50T-22.4TO-S15-1123 302 0.50 67.4 0.29 1.09 1.8 4.76 29
70T-22.4TO-S15-1123 190 0.30 66.9 0.24 0.82 0.8 2.93 19
90T-22.4TO-S15-1123 190 0.29 65.5 0.22 0.56 0.4 1.93 13
15T-10TO-S15-1123 395 0.65 71.3 0.26 0.90 13.3 4.76 29
15T-30TO-S15-1123 295 0.44 70.3 0.28 1.13 5.0 5.56 33
15T-50TO-S15-1123 187 0.30 69.6 0.20 1.07 2.0 3.45 22
15T-70TO-S15-1123 165 0.23 69.0 0.19 0.74 0.9 1.93 13


effect of calcination temperature (K) on 15T-22.4TO-S15-z
873 502 0.65 72.1 – – – – –
923 462 0.61 71.7 0.22 0.55 2.66 1.93 13
1023 390 0.57 71.3 0.30 1.10 6.13 4.95 30
1173 306 0.44 68.4 0.32 1.17 7.36 6.19 36
1223 228 0.40 67.8 0.23 0.65 5.52 4.37 27
1273 202 0.31 67.1 0.21 0.40 2.25 1.62 11


[a] Entry 2: TiO2 phase (tetragonal); crystal size by TEM=5.7–6.7 nm and by XRD=6.2 nm. Entry 4: TiO2 phase (tetragonal); crystal size by TEM=


4.5–5.5 nm and by XRD=4.8 nm. Conditions: aniline (1.45 g, 0.016 mol) + ethyl acrylate (EA) (1.55 g, 0.016 mol), aniline/EA (mol ratio)=1, catalyst =


0.3 g, T = 383 K, t = 2 h. SA= surface area; PV=pore volume; PD=pore diameter; TA= total acidity; B/L= ratio of Brønsted and Lewis acid sites;
TOF= turnover frequency; RC= rate constant; conv.=conversion. [b] TOF is calculated by considering three protons per Keggin unit (molmol�1 H+


s�1).
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modified MCM-41 and MCM-48 are larger than those of the
modified SBA-15 samples, although the pore diameters of
the former are significantly decreased after the modification.
However, the specific pore volume and the pore diameter of
15T-22.4TO-S15-1123 are larger than those of 15T-22.4TO-
M41-1123 and 15T-22.4TO-M48-1123. This might be attrib-
uted to either the difference in the pore diameters of the
supports or blocking of the mesoporous channels of MCM-
41 and MCM-48 by the TPA or TiO2 nanoparticles because
of their smaller pore diameters as compared with the SBA-
15 support. It should also be mentioned that pristine 15T-
22.4TO-1123 exhibits a surface area of just 3 m2g, which is
significantly lower than those of the modified SBA-15,
MCM-41, and MCM-48. This might be due to sintering of
the titania support, which triggers the formation of larger
particles of low acidity due to the decomposition of TPA
into WO3 and other oxides. From the above results, it is
clearly apparent that supports with very high surface areas,
large pore volumes, and large pore diameters are essential
for the formation of TPA monolayers with small TiO2 nano-
particles adhered to the mesochannels of the supports. As
the sample 15T-22.4TO-S15-1123 showed the optimum sur-
face area, with monolayer coverage of TPA and small TiO2


nanoparticles on the surface, we chose this material for fur-
ther characterisation.


The morphology of 15T-22.4TO-S15-1123 was determined
by HRSEM and the results were compared with those ob-
tained for pure SBA-15. The images of all of the samples
show hexagonal particles organised into rope-like structures,
which are further agglomerated into elongated particles. As
the particle size of TiO2 is very small, as determined by
XRD, nanoparticles were not detected by SEM. However,
the morphology of the parent silica support was found to be
largely retained, even after the modification (Figure S3).
TEM measurements were carried out in order to study the
topology of the parent SBA-15 and of 15T-22.4TO-S15-1123.
TEM images of pure SBA-15 and of 15T-22.4TO-S15-1123
are shown in Figure 2a and b, respectively. Both of these
samples clearly exhibit highly ordered mesoporous networks
with a linear array of mesopores and walls, which is charac-
teristic of well-ordered mesoporous silica SBA-15. Further,
it was found that the hexagonally arranged mesopores of
SBA-15 were retained and that the TPA/TiO2 nanoparticles
were uniformly dispersed within the pores. The crystallite
size of the TiO2 nanoparticles in 15T-22.4TO-S15-1123 cal-
culated from the TEM data was 4.5–5.5 nm, which is in


good agreement with the size estimated from the XRD data
using the Scherer equation.


UV/Vis diffuse reflectance spectra of 22.4TO-S15-1123
and 15T-22.4TO-S15-1123 are shown in Figure S4. 22.4TO-
S15-1123 shows a sharp peak at 212.9 nm, which originates
from the intense ligand-to-metal charge transfer. This can
be attributed to the formation of isolated Ti ions, which
mostly occupy the tetrahedral coordination sites. However,
a small broad peak centred at around 320 nm is also ob-
served for the same sample, which may be attributed to the
formation of some small-sized anatase nanoparticles. On the
other hand, the TPA-modified sample, 15T-22.4TO-S15-
1123, shows a broad band centred at around 263.5 nm,
which is coincident with the TiO2 band. This can be assigned
to the oxygen–metal charge-transfer band of the tungsto-
phosphate anion [PW12O40]


3�.
FT-IR spectra of the T-TO-S15 nanocomposites prepared


with different loadings of TPA, as well as of pure TPA and
the pristine SBA-15 support, are shown in Figure S5. Pure
TPA shows characteristic peaks at ñ=1079 (P�O), 983 (W=


Ot), 893 (W-Oc-W), and 810 cm�1 (W-Oe-W), which are
quite similar to those reported for the acid H3PW12O40,


[51]


whereas pure silica exhibits IR bands at ñ=1100 and
806 cm�1 and a weak shoulder band at 974 cm�1, which may
be attributed to different forms of surface silanol groups.
The TiO2 (anatase and rutile) support absorbs below ñ=


1100 cm�1. The samples with different loadings of TPA show
two sharp bands due to this additive at around ñ =983 and
888 cm�1, while bands at around ñ=1079 and 810 cm�1 are
overlapped with the strong bands of SiO2. The sample with
the highest TPA loading, that is, 90T-22.4TO-S15-1123,
shows the characteristic peaks of TPA as well as a further
peak at ñ=983 cm�1 (W=Ot). This may be attributed to the
formation of WO3 crystallites, revealing that the TPA mole-
cules are decomposed into WO3 when the loading of TPA is
increased to 90 wt%, which is in good agreement with what
was found from the corresponding XRD pattern. It must
also be noted that the intensity of the peaks corresponding
to TPA for the modified SBA-15 nanocomposites is much
lower than in the case of pure TPA. This may be attributed
to masking of the TPA bands by wide bands of support; the
interaction between the Keggin anions is weakened by an
increase in the distance between them.


Figure S6 shows the 31P CP-MAS NMR spectrum of 15T-
22.4TO-S15-1123. The sample exhibits a sharp peak centred
at d=�12.19 ppm, which can be assigned to (�Ti�OH2)


n+


[H3�nW12PO40]
n�3 species formed by linking of the Keggin


units to the TiO2 support.[52] Water is eliminated upon heat-
ing, leading to a direct linkage between the polyanion
(which probably retains a structure similar to that of the
Keggin ion) and the support. The 31P NMR peak of 15T-
22.4TO-S15-1123 is seen to be broad. The broadening and
low-field shift of the 31P NMR peak are mainly due to the
thermal treatment, and similar results have previously been
reported by several researchers for TPA loaded onto non-
porous oxide supports.[53–55] This result further indicates that
the P resides geometrically at the centre of the KegginFigure 2. TEM images of a) pure SBA-15 and b) 15T-22.4TO-S15-1123.
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anion, that is, far away from the protons, and that the
Keggin anion remains intact, albeit with some local distor-
tions. 29Si MAS NMR spectra of 15T-22.4TO-S15-1123 and
22.4TO-S15-1123 are shown in Figure S5b and c, respective-
ly. The sample 22.4TO-S15-1123 shows two peaks centred at
d=�100 and �110 ppm, which may be attributed to Si-
ACHTUNGTRENNUNG(OSi)3(OH) and SiACHTUNGTRENNUNG(OSi)4 components, respectively,[56] where-
as 15T-22.4TO-S15-1123 shows only one peak centred at
around d=�110 ppm. It is interesting to note that the
29Si NMR signal at around d=�110 ppm is significantly
broadened upon loading with TPA, which may be attributed
to the large variation in the Ti-O-Si angle.[57] A cross-polari-
sation technique was used because of the low concentration
of P in the catalyst system since TPA and TiO2 were embed-
ded inside the mesoporous channels.


Figure 3 shows FT-IR spectra of adsorbed pyridine in
15T-22.4TO-S15-1123. The ratios of Brønsted (B) to Lewis
(L) acid sites (B/L) calculated from the IR absorbance in-


tensities in FT-IR spectra of adsorbed pyridine in 22.4TO-
S15-1123 with different TPA and TiO2 loadings and in 15T-
22.4TO-S15-1123 calcined at different temperatures are
given in Table 1, while the corresponding B/L ratios for dif-


ferent catalysts are compared with their catalytic activities
in Table 2. FT-IR spectra of pyridine adsorbed on all of the
catalysts were recorded in the range 100–400 8C under a
flow of N2. At 100 8C, the important pyridine ring modes are
seen at approximately ñ=1609, 1540, 1489, and 1445 cm�1.


As can be seen in Figure 3, pyridine molecules bonded to
Lewis acid sites give rise to a peak at ñ=1445 cm�1, whereas
those that interact with Brønsted acid sites (pyridinium
ions) display absorbances at 1540 and 1640 cm�1. The band
at 1489 cm�1 is a combined band originating from pyridine
bonded to both Brønsted and Lewis acid sites. The relative
intensities of the absorbances at ñ=1540 and 1445 cm�1 at-
tributable to the Brønsted (B) and Lewis (L) acid sites were
used to calculate the B/L ratio.[58] It was found that the B/L
ratio increases with increasing TPA loading up to 15 wt%,
but then decreases when the loading of TPA is increased
further. This suggests that 15T-22.4TO-S15-1123 possesses
the highest acidity among the samples prepared in this
study. This may be due to the monolayer coverage of TPA
and TiO2, which are uniformly dispersed inside the meso-
channels of the SBA-15 support. It is also worthy of note
that the B/L ratio decreases with increasing TPA loading
from 15 to 90 wt%. This decrease in B/L ratio may also be
attributed to decomposition of the TPA because a higher
TPA loading exceeds monolayer coverage on the surface of
the support. The Brønsted acidity increases with increasing
TPA loading from 0 to 15 wt% and then decreases there-
after, whereas only Lewis acidity is observed for samples
with very low TPA loading. The decrease in acidity above
15 wt% may be due to the formation of crystalline WO3,
which prevents the pyridine from accessing the active sites.


Besides the TPA loading, the nature of the acidity in 15T-
22.4TO-S15-1123 is significantly affected by the calcination
temperature. The Brønsted acidity increases with increasing
calcination temperature up to 1123 K (due to monolayer
coverage), but then the B/L ratio decreases on further in-
creasing the calcination temperature beyond 1123 K
(Table 1). Following calcination at a low temperature
(823 K), the catalyst 15T-22.4TO-S15-823 exhibits mainly
Lewis acidity and very low Brønsted acidity. This is mainly
due to the fact that the calcination process enhances dehy-


Figure 3. FT-IR spectra of pyridine adsorbed within 15T-22.4TO-S15-
1123.


Table 2. Effect of the textural parameters on the hydroamination of aniline by EA over various supports.


Sample SA [m2g�1) PV [cm3g�1] PD [M] TA [mmolg�1] B(L) B/L TOF [s�1]N10�2[a] RCN10�5 [s�1] Conv. [%]


SBA-15 929 1.36 73.3 – – – – – –
MCM-41 1155 0.88 30.5 – – – – – –
MCM-48 1096 0.71 26.1 – – – – – –
22.4TO-S15-1123 403 0.67 71.8 0.28 0.053 (0.059) 0.90 – 3.81 24
22.4TO-M41-1123 510 0.34 27.5 0.22 0.037 (0.168) 0.22 – 1.62 11
22.4TO-M48-1123 587 0.60 24.2 0.08 0.019 (0.21) 0.09 – 1.14 7.9
15T-22.4TO-S15-1123 353 0.55 68.7 0.38 0.097 (0.069) 1.40 11.9 12.05 58
15T-22.4TO-M41-1123 426 0.25 16.5 0.29 0.047 (0.247) 0.19 3.2 2.41 15.9
15T-22.4TO-M48-1123 488 0.20 15.9 0.20 0.047 (0.336) 0.14 2.2 1.57 10.7
3.36TPA-S15 340 0.59 69.9 0.27 0.028 (0.034) 0.83 5.7 4.56 28
15TPA-TO 3 – – 0.02 0.018 (0.019) 0.97 2.0 1.43 9.8


[a] TOF is calculated by considering three protons per Keggin unit (molmol�1 H+ s�1). Conditions: aniline (1.45 g, 0.016 mol) + ethyl acrylate (EA)
(1.55 g, 0.016 mol), aniline/EA (mole ratio)=1, catalyst = 0.3 g, T = 383 K, t = 2 h; SA= surface area; PV=pore volume; PD=pore diameter; TA=


total acidity; B/L= ratio of Brønsted and Lewis acid sites; TOF= turnover frequency; RC= rate constant; Conv.=conversion.
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droxylation of the support, which results in much better
crystallisation. In this process, the interaction between the
TPA and the support is partially weakened, giving rise to
free H+ ions that act as Brønsted acid sites. Moreover, the
effect of the TiO2 loading on the acidity of the catalytic
system has been studied. The Brønsted acidity was found to
increase on increasing the TiO2 loading from 10 to
22.4 wt% and then decreased on further increasing the TiO2


loading to 90 wt%. It was thus concluded that the threshold
value for monolayer dispersion of TiO2 over SBA-15 was
22.4%, and that a TPA loading of 15 wt%, a TiO2 loading
of 22.4 wt%, and a calcination temperature of 1123 K repre-
sented the optimum conditions for obtaining nanocompo-
sites with the highest acidity.


XPS analysis has been used to investigate the interaction
between the guest (TiO2) and the host (SBA-15). It was
found that TiO2 is most likely to interact with SBA-15
through hydrogen bonds involving the Si-OH groups of the
SBA-15 and the titanium atoms of TiO2. As a result of this
interaction, free hydrogen is available on the SBA-15 sup-
port at monolayer coverage. Below a loading of 22.4 wt%
TiO2, this interaction is less prominent due to the low TiO2


content, whereas above this loading it is suppressed by mul-
tilayer formation on the mesoporous support. Thus, the
Brønsted acidity of the catalyst increases with both TPA
loading and calcination temperature up to a monolayer of
TPA on TiO2. It has been reported that pure TPA shows
mainly Brønsted-type acidity, while the titanium oxyhydrox-
ide support is known to be amphoteric in character. Interac-
tion between the titanium oxyhydroxide and TPA neutralis-
es the Brønsted acid sites of TPA with the formation of (Ti-
ACHTUNGTRENNUNG(OH2)


n+)(H3�nW12O40) species. The higher Lewis acidity at
lower calcination temperature shows that the Lewis acidity
mainly originates from the support itself. At higher calcina-
tion temperature, dehydration/dehydroxylation occurs and
the interaction between the TPA and the support is en-
hanced. This helps the anchoring of the TPA onto the titania
through Ti�O�W bonds, which generates the Brønsted acid
sites. The formation of such Brønsted acid sites is also ob-
served in titania-supported isopolytungstate catalysts.[59]


Figure 4A shows a comparison of the O 1s X-ray photo-
electron spectra of 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123. The spectra can be deconvoluted into three sharp
peaks, which are centred at 528, 530.6, and 531.8 eV. It
should be noted that the intensity of the peak at 531.8 eV is
much higher than that of the peak at 528 eV. The lowest-
energy contribution is attributed to the coordination of the
Ti atoms by the hydroxyl groups of the support, whereas the
highest-energy contribution is attributed to the oxygen in
the Si-O-Ti linkages in the nanocomposites. In accordance
with the literature on TiO2 anatase nanoparticles on silica,
the peak at 530.6 eV is attributed to the oxygen in titania,
which corresponds to Ti�O�Ti bonds.[60] A small shift in the
binding energy for the sample was observed after the load-
ing with TPA. The binding energy of the oxygen in the tita-
nia is slightly shifted to a higher value relative to that of
oxygen in pure titania. This may be due to the greater elec-


Figure 4. X-ray photoelectron spectra of A) O 1s, B) Si 2p, C) Ti, D) P
2p, and E) W 4f7/2 of samples calcined at 1123 K: a) 22.4TO-S15-1123 and
b) 15T-22.4TO-S15-1123.
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tronegativity of Si compared to that of Ti. This shift in the
binding energy also proves the formation of a titania coating
layer on the surface of the silica particles involving Ti�O�Si
bonds. Similar conclusions were reached by inspection of
the Si 2p X-ray photoelectron spectra of these samples (Fig-
ure 4B). These results also support the interaction of a tita-
nia layer, and the presence of an anatase titania phase on
the silica supports. Moreover, no significant change in the
full width at half maximum (FWHM) of the Si 2p spectra of
the samples was observed, suggesting that the structure of
the silica is not affected by the impregnation process.


Figure 4C shows a comparison of the Ti 2p X-ray photo-
electron spectra of 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123. The binding energies of the Ti 2p3/2 and Ti 2p1/2 peaks,
which are located at about 458.7 and 464.3 eV for both sam-
ples, are given in Table S1. The binding energies of the Ti
2p3/2 peak and Ti 2p1/2 peaks are shifted to higher values rel-
ative to those of pure anatase titania (Figure 4C). This also
provides further evidence for the formation of Ti�O�Si
bonds. The P 2p phosphorus signal at 134.4 eV, which is very
weak due to the presence of only a small quantity in the
sample, may be attributed to a compound that contains P�O
bonding (Figure 4D). However, high FWHM values are ob-
served as a result of peak broadening, which might be due
to differential charging of the sample caused by the mesopo-
rous silica support. The two peaks of the spin-orbit split
doublet of tungsten, W 4f7/2 and W 4f5/2 with a FWHM of
4.5 eV, are located at 35.2 and 36.7 eV, respectively (Fig-
ure 4E). The observed binding energy of W (4f7/2) is 35.6 eV,
a characteristic of W6+ , indicating that the sample contains
W�O bonding.[61]


FT-Raman spectra of 15T-22.4TO-S15-1123 and 22.4TO-
S15-1123 are shown in Figure 5, and the observed Raman
frequencies are listed in Table S2. Titania can exist in three
crystalline modifications, namely rutile (tetragonal), anatase
(tetragonal), and brookite (orthorhombic). Each octahedron
in anatase is connected to two edge-sharing octahedra and
eight corner-sharing octahedra, compared with rutile with
four edge-sharing octahedra and four corner-sharing octahe-
dra. Anatase has a space group D4h (I41/amd) containing
two formula units per primitive unit cell. From group analy-
sis, there are six Raman-active modes (A1g +2B1g +3Eg),
which were identified as 144 cm�1 (Eg), 197 cm�1 (Eg),
399 cm�1 (B1g), 513 cm�1 (A1g), 519 cm�1 (B1g), and 639 cm�1


(Eg) (Figure S6). Rutile has two molecules in the unit cell,
and the space group D4h (P42/mnm), implying a total of four
Raman-active modes: A1g, B1g, B2g, and Eg, which were de-
tected at 143 cm�1 (B1g), 447 cm�1 (Eg), 612 cm�1 (A1g), and
826 cm�1 (B2g).


It was observed that 22.4TO-S15-1123 contained anatase
as well as rutile-type components, whereas the sample 15T-
22.4TO-S15-1123 exhibited only anatase-type titania, sug-
gesting that the addition of TPA helped the rutile-to-anatase
phase transition, which is required for the catalysis. An addi-
tional Raman peak at 276 cm�1 was observed for both of
these samples, which may be attributed to Ti�O bonds. Sim-
ilar peaks are also observed for sodium titanate with a lay-


ered structure. A broad weak band at 830.2 cm�1 may be at-
tributed to covalent Ti�O�H bonds, which originate from
interaction between the silica support and the titania,
whereas the peak at 278.9 cm�1 may be attributed to the for-
mation of nanocrystalline titania. Peaks corresponding to
TPA were also observed for the nanocomposites. Bands at
around 1009 and 992 cm�1, and a weak peak at around
905 cm�1, could be assigned to pure TPA.[62] These bands
broadened and shifted towards higher wavenumber upon
the addition of TPA. This may be ascribed to the formation
of Keggin anionic species through linking of the Keggin
units to the titania support.


The NH3 temperature-programmed desorption (TPD)
technique usually enables determination of the strength of
the acid sites present on a catalyst surface, as well as the
total acidity. Generally, the temperature at which NH3 is
desorbed is related to the strength of the acidic sites. A
higher temperature for NH3 desorption indicates more
strongly acidic sites in the samples. The NH3-TPD profiles
for 15T-22.4TO-S15-1123 and 22.4TO-S15-1123 are shown in
Figure 6. Both of these catalysts show a broad TPD profile,
revealing a wide distribution in the strengths of the surface
acid sites. According to the areas under the peaks, 15T-
22.4TO-S15-1123 shows higher acidity than 22.4TO-S15-
1123. Total acidities in terms of the amounts of NH3 in
mmolg�1 for the catalysts with different loadings of TPA
and TiO2 and calcined at different temperatures are present-
ed in Table 1. It is evident from the data in Table 1 that the
total acidity of the catalyst increases with increasing TPA
loading from 0 to 15 wt% and then reaches a maximum. A
further increase in the TPA loading beyond 15 wt% results


Figure 5. FT-Raman spectra of A) 22.4TO-S15-1123 and B) 15T-22.4TO-
S15-1123.
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in a decrease in the total acidity of the samples, which inci-
dentally have lower surface areas. These results indicate that
TPA and TiO2 are uniformly dispersed over the SBA-15.
The calcination temperature was also found to affect the
total acidity of the samples. The amount of NH3 desorbed
was found to increase with increasing calcination tempera-
ture and reached a maximum for the material calcined at
1123 K. On further increasing the calcination temperature
from 1123 to 1273 K, the total acidity decreased drastically
from 0.38 to 0.31 mmolg�1, which was mainly due to the de-
composition of TPA into WO3 crystallites. Similarly, when
the loading of TiO2 was increased from 0 to 22.4 wt%, the
catalyst showed an increase in the total acidity, which was
also reflected in the catalytic activity obtained (vide infra).
Overall, it may be concluded that at low TPA loadings the
Keggin-like unit of the heteropoly acid retains its structure
and acidity, whereas at higher loadings (above 15 wt%
TPA) it partly decomposes to its oxides. The highest acidity
seen for 15T-22.4TO-S15-1123 corresponds to monolayer
coverage with TPA, where the Keggin-like structure is
intact, as supported by FT-IR, Raman, XRD, XPS, and UV/
Vis spectroscopic techniques. From the above results, we
can conclude that 15T-22.4TO-S15-1123 is superior to all of
the other catalysts prepared under different conditions.
Thus, this catalyst was selected for use in studies of catalytic
performance.


Catalytic activity


Hydroamination reaction : The reaction mechanism for the
hydroamination of ethyl acrylate (EA) with aniline is shown
in Scheme 1.


To test the effectiveness of the present catalytic system,
the hydroamination of EA with aniline was performed
under liquid-phase reaction conditions at 383 K. The reac-
tion conditions and the results obtained are presented in
Tables 1 and 2. A control experiment was carried out under
the same conditions without addition of any catalyst. As ex-
pected, only 2% conversion was achieved without the cata-
lyst. Among the catalysts studied, 15T-22.4TO-S15-1123


showed the highest activity, giving a yield of almost 90% of
the anti-Markovnikov adduct, that is, N-[2-(ethoxycarbonyl)-
ethyl]aniline (mono-addition product). Neither the Markov-
nikov adduct N-[1-(ethoxycarbonyl)ethyl]aniline nor the
double-addition product N,N-bis[2-(ethoxycarbonyl)ethyl]a-
niline were formed. The recyclability of the catalyst 15T-
22.4TO-S15-1123 was studied. It was found that a second
reuse gave the product in similar yield and purity as a first
run with recycled catalyst (1st cycle 57.1%; 2nd cycle
56.4%). This confirmed that the catalyst was highly stable
and could be regenerated.


Mannich reaction : Mannich reactions of aldehydes, ketones,
and amines were carried out over 15T-22.4TO-S15-1123 at
both room temperature and 333 K. The results (yield of
Mannich product) are presented in Table 3. Under the


slightly acidic conditions, an iminium salt was formed, which
could be considered as a Mannich intermediate (Scheme 2).
This was followed by electrophilic attack by the iminium
salt on the enol-form of the active methylene compound.
The free base could be obtained by treating the solution
with an alkali at the end of the reaction.


Figure 6. TPD of ammonia of a) 22.4TO-S15-1123 and b) 15T-22.4TO-
S15-1123.


Scheme 1. Schematic representation of the hydroamination reaction.


Table 3. Effect of reaction temperature and the reactants on the catalytic
activity of 15T-22.4TO-S15-1123 in the Mannich reaction.[a]


Entry Aldehyde Amine Ketone T [K] t [h] Yield [%]


1[b] 1a 1b 1c RT 12 0
333 6 0


2 1a 1b 1c RT 12 55[c]


333 6 49
3 2a 1b 1c RT 12 98.7[d]


333 6 99.8
4 1a 2b 1c RT 12 0


333 6 0
5 1a 3b 1c RT 12 75[e]


333 6 72
6 1a 1b 2c RT 12 0


333 6 0
recyclability of the catalyst for the Mannich reaction


7 2a 1b 1c 333 6 98.2
8 2a 1b 1c 333 6 97.6


[a] Reaction conditions: aldehyde/amine/ketone 1:1:1 (mole ratio), cata-
lyst: 15T-22.4TO-S15-1123 (0.3 g, 10 wt.% of total reaction mixture);
1a=benzaldehyde, 1b=aniline, 1c=acetophenone, 2a=3-chlorobenzal-
dehyde, 2b=2,4-xylidene, 3b=4-bromoaniline, 2c=2-hydroxyacetophe-
none. [b] Without catalyst. [c] 3-(N-Phenylamino)-1,3-diphenyl-1-acetone.
[d] 3-(N-Phenylamino)-3-(3-chlorophenyl)-1-phenylacetone. [e] 3-(N-4-
Bromophenylamino)-1,3-diphenyl-1-acetone.
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The reaction of 3-chlorobenzaldehyde with aniline and
acetophenone gave the product in 98.7% yield (Table 3,
entry 5), whereas with 4-bromoaniline a yield of 75% was
produced over a period of 12 h (Table 3, entry 9). On the
other hand, only 55% yield was obtained when benzalde-
hyde was used instead of halo-substituted benzaldehydes
(Table 3, entry 3). No Mannich base was observed when 2,4-
xylidene and o-hydroxy acetophenone were used. This may
have been due to steric hindrance (Table 3, entries 4 and 6).


Claisen rearrangement reaction : The Claisen rearrangement
of allyl phenyl ether (APE) was carried out over 15T-
22.4TO-S15-1123 and the results were compared with those
achieved with 22.4TO-S15-1123 and without a catalyst. The
catalyst 15T-22.4TO-S15-1123 was found to be highly active,
showing almost 100% conversion of APE and high selectivi-
ty in the formation of 2,3-dihydro-2-methylbenzofuran. The
results of the experiments are presented in Table 4. A plau-
sible mechanism for the production of allylphenol and its
subsequent conversion to the ring compound by the Claisen
rearrangement is presented in Scheme 3. The allyl group mi-
grates from the oxygen atom of the ether group to a carbon
atom of the aromatic ring. The migrant allyl group goes
preferentially to either the
ortho position or to the para
position if both ortho positions
are blocked. Rearrangement to
the ortho position is a concert-
ed process involving a cyclic
six-membered transition state,
in which rupture of the oxygen–
allyl bond is synchronous with
the formation of a carbon–
carbon bond at the ortho posi-
tion. Thus, the reaction pro-
ceeds via a cyclohexadiene in-
termediate, which undergoes
prototropic rearrangement to
the more stable aromatic com-
pound, phenol (A). The steps
are catalysed by the acid sites.
Initially, the acid site protonates
the oxygen of the ether group,
and this is followed by intramo-
lecular rearrangement of the
protonated (adsorbed) species
into the o-allylphenol (A). The


allylphenol is then protonated at the allylic double bond to
produce the secondary carbenium ion, which reacts intramo-
lecularly once more with the phenolic oxygen to produce
the benzofuran (B). Various solvents were tested for their
suitability for this reaction. Tetrachloroethylene proved to
be the best solvent, giving o-allylphenol and 2,3-dihydro-2-
methylbenzofuran with a product selectivity of 39:61. As
shown in Table 3, 15T-22.4TO-S15-1123 showed almost five-
fold higher activity than 22.4TO-S15-1123.


The catalyst proved to be readily recyclable after separat-
ing it from the reaction mixture. Indeed, 15T-22.4TO-S15-
1123 was recycled two times, and reusing the same catalyst
for a second run gave the products in similar yield and
purity as in a first run with recycled material (Tables 3 and
4). This shows that the catalyst was highly stable and could
be regenerated several times under the specified reaction
conditions.


Scheme 2. Schematic representation of the Mannich reaction.[67]


Table 4. Claisen rearrangement of an allyl phenyl ether at 383 K.[a]


Entry Catalyst APE conversion
[%]


Selectivity [%]


o-
allyl-


phenol


2,3-dihydro-2-
methylbenzofuran


1 blank 0 0 0
2 22.4TO-S15-1123 15 100 0
3 15T-22.4TO-S15-


1123
81 39 61


recyclability
1 1st cycle 79 41 59
2 2nd cycle 78 42 58


[a] Reaction conditions: allyl phenyl ether/catalyst (molar ratio)=1:0.1,
APE (3 g), solvent: tetrachloroethylene (5 g), T = 383 K, t = 12 h.


Scheme 3. Schematic representation of the Claisen rearrangement reaction.[68,69]
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Conclusion


We have demonstrated for the first time the preparation of
SBA-15/TiO2 mesoporous nanocomposites with different
loadings of TPA nanocrystals through a simple and effective
vacuum impregnation method. The catalysts have been un-
ambiguously characterised by many sophisticated instrumen-
tal techniques, such as XRD, N2 adsorption, HRSEM, TEM,
FT-IR, UV/Vis, NMR, FT-Raman, XPS, TPD of NH3, and
FT-IR of adsorbed pyridine. It has been observed that the
acidity and the textural parameters of the nanocomposites
can be controlled by simply changing the loadings of TPA
and TiO2 or the calcination temperature. We conclude that
the amounts of TPA and TiO2 loaded on the surface of the
mesoporous silica supports is one of the main critical factors
that controls the acidity of the catalysts. Moreover, the ac-
tivity of these catalysts in hydroamination, Mannich, and
Claisen rearrangement reactions has been extensively inves-
tigated. The effects of various parameters, such as the reac-
tion temperature and duration, on the conversion and prod-
uct selectivity have also been studied in detail. A nanocom-
posite material with 15 wt% TPA and 22.4 wt% TiO2 cal-
cined at 1123 K was found to be the best catalyst, showing
higher activity in the aforementioned acid-catalysed organic
transformations than pristine TPA, TiO2-loaded SBA-15, or
other nanocomposites made from MCM-41 and MCM-48. It
has been found that the performances of these nanocompo-
site catalysts are strongly influenced by the loadings of TPA
and TiO2 and by the calcination temperatures, and, most im-
portantly, by the nature and the characteristics of the nano-
composites. Moreover, the promising results achieved with
these nanocomposite catalysts in promoting various organic
transformations suggest that they are highly acidic and at-
tractive for acid-catalysed reactions and might thus pave the
way for ecologically and environmentally friendly processes
to supersede the use of conventional homogeneous TPA cat-
alysts.


Experimental Section


Materials : Hexadecyltrimethylammonium bromide (CTABr) (Aldrich;
>99%), tetraethyl orthosilicate (Aldrich; >99%), a triblock copolymer
of ethylene oxide (EO) and propylene oxide (PO), EO20PO70EO20 (P123)
(Aldrich; Mavg=5800), titanium chloride (TiCl4) (Merck; 99.5%), and 12-
tungstophosphoric acid (TPA) (Merck; >99.9%) were used without fur-
ther purification for the synthesis of the mesoporous materials. Allyl
phenyl ether (99%), benzaldehyde (99%), and acetophenone (99%)
were procured from Aldrich. All of the aliphatic and aromatic amines, as
well as toluene, were obtained from S.D. Fine Chemicals, Mumbai. Ethyl
acrylate was purchased from Lancaster Synthesis, UK. All substrate
chemicals were used as received. Toluene used in the reaction was dis-
tilled over sodium wire before use. All catalysts used in the reactions
were in powder form and were activated prior to their deployment.


Synthesis of mesoporous silica MCM-41: Pure siliceous MCM-41 material
was prepared as described in the literature.[63] The gel composition used
for its preparation was as follows 10 SiO2: 5.4 CTABr: 4.25 Na2O: 1.3
H2SO4: 480 H2O. Si-MCM-41 was prepared as follows: CTABr (32 g) was
dissolved in water (115 g) and the solution was stirred for 30 min at room
temperature. Sodium silicate solution (37.4 g) in water (23.4 g) was then


added dropwise to the surfactant solution under vigorous stirring, and
stirring was continued for a further 30 min. Subsequently, a solution of
H2SO4 (2.4 g) in water (10 g) was added to the above mixture and stirring
was continued for a further 30 min. The resulting gel was transferred to a
polypropylene bottle and kept in an oven at 373 K for 24 h. After cooling
to room temperature, the solid obtained was collected by filtration,
washed with distilled water, and dried in an oven at 373 K for 6 h. Finally,
the material was calcined in a muffle furnace at 813 K for 10 h.


Synthesis of mesoporous silica MCM-48 : MCM-48 was synthesised ac-
cording to the procedure described in the literature.[64] The molar compo-
sition of the gel was 1 TEOS: 0.25 Na2O: 0.65 CTABr: 0.62 H2O. CTABr
(31.2 g) was dissolved in deionised water (93.6 g) and the solution was
stirred at 318 K for 40 min. TEOS (30 g) was then added, followed by 1m


sodium hydroxide solution (69 g), and the mixture was stirred at room
temperature for a further 1 h. The resulting gel was then transferred to a
polypropylene bottle and kept in an oven at 373 K for 72 h under static
conditions. After cooling to room temperature, the solid formed was col-
lected by filtration, washed with ethanol and with distilled water, and
dried in air in an oven at 373 K for 6 h. Finally, the material was calcined
in a muffle furnace at 813 K for 10 h.


Synthesis of mesoporous silica SBA-15 : SBA-15 was synthesised with a
gel composition of 0.0007 P123: 0.041 TEOS: 0.24 HCl: 6.67 H2O accord-
ing to the literature procedure[65] as follows: P123 (4 g) was dispersed in
water (30 g) and the suspension was stirred for 4 h. 2m HCl solution
(120 g) was then added and the mixture was stirred for 2 h. A homogene-
ous solution was obtained, to which TEOS (8.54 g) was added with stir-
ring. The resulting gel was aged at 313 K for 24 h and finally heated to
373 K for 48 h. Following the synthesis, the solid was collected by filtra-
tion, washed with distilled water, and dried in air in an oven at 373 K for
5 h. Finally, it was calcined at 813 K to remove the triblock copolymer.


Mesoporous silica embedded TiO2-supported HPA : Mesoporous silica
SBA-15 (2 g) was first wet-impregnated with an aqueous solution of tita-
nium tetrachloride in a rotary evaporator under a vacuum of 10�7 Torr at-
tained by means of a turbo pump. The titanium tetrachloride solution
was prepared in deionised water using high-speed stirring in an ice-water
bath under air-tight conditions. An excess of this solution (10, 22.4, 30,
50, and 70 wt%) was introduced and was kept in contact with the silica
for 6 h under vacuum. The volatiles were then stripped off and the solid
was dried at 100 8C in air. A similar procedure was subsequently used for
the wet-impregnation of TPA (10, 15, 30, 50, 70, and 90 wt%) on an opti-
mised 22.4 wt% TiO2 loaded on SBA-15. In addition, samples with
15 wt% TPA on different TiO2-loaded SBA-15 substrates were also pre-
pared. All of the catalysts were dried overnight at 373 K in air in an oven
and were further calcined at 1123 K. The nanocomposites were calcined
at different temperatures. The samples were named as xT-yTO-S15-z,
where x, y, T, TO, S15, and z denote the wt% of TPA, the wt% of tita-
nia, TPA, TiO2, SBA-15, and the calcination temperature, respectively.
For comparison purposes, catalysts composed of 15 wt% TPA loaded on
22.4 wt% TiO2 on MCM-41 (15T-22.4TO-M41-1123), 15 wt% TPA
loaded on 22.4 wt% TiO2 on MCM-48 (15T-22.4TO-M48-1123), and neat
15 wt% TPA loaded on pure TiO2 (15T-TO-1123) were prepared by a
similar procedure and all were calcined at 1123 K. To study the roles of
titania and TPA in the composite materials, samples with 22.4 wt% TiO2


loaded on SBA-15 (22.4TO-S15-1123) and 3.36 wt% TPA loaded on
SBA-15 (3.36T-S15-1123) were also prepared and calcined at 1123 K.


Characterisation of the catalysts : The Ti, W, and P contents in the result-
ing solids were determined by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) and X-ray fluorescence spectrophotometry
using a Rigaku 3070E model sequential X-ray photoelectron spectrome-
ter (XRF) with an Rh target. XRD patterns were determined with a
Bruker instrument equipped with a general area detector diffraction
system (GADDS) using CuKa radiation at a step size of 0.018, the genera-
tor operating at 40 kV and 40 mA. The tetragonal crystallite size in the
various samples was estimated from the integral line width using the
Scherer relationship[66] Dhkl=0.9l/Bhkl cosq, where Bhkl is the effective
line width of the X-ray reflection. BET surface area data, pore volumes,
and pore size distributions of the samples were determined from N2 ad-
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sorption isotherms measured with an Omnisorb 100CX system (Coulter,
USA) using N2 gas as the adsorbent at liquid N2 temperature.


The morphology and the topology of the nanocomposite materials were
observed using a JEOL JSM-5200 scanning electron microscope (SEM)
with a resolution of 5.5 nm and a JEOL model 1200EX transmission
electron microscope (TEM) operated at an accelerating voltage of
120 kV, respectively. The nature and the coordination of the silica sup-
port before and after modification were elucidated by 29Si MAS NMR on
a Bruker DRX-500 MHz spectrometer and 1H MAS NMR on a Bruker
DSX-300 MHz spectrometer. The state of the TPA in the catalyst was
elucidated by 31P CP-MAS NMR (Bruker DSX-300 MHz spectrometer).
31P CP-MAS NMR was performed at 121.5 MHz with high-power decou-
pling and a Bruker 4 mm probehead. The spinning rate was 10 kHz, and
the delay between two pulses was varied between 1 and 30 s to ensure
complete relaxation of the 31P nuclei. Chemical shifts are given relative
to external 85% H3PO4. DRS spectra of solid samples were recorded in
the range 200–600 nm using a Shimadzu UV-2101PC spectrophotometer
fitted with a diffuse reflectance chamber with an inner surface of BaSO4.
A Shimadzu FTIR-8201PC unit set to DRS mode with a measurement
range of 600–1200 cm�1 was used to obtain FT-IR spectra of the nano-
composites. Raman spectra were obtained on a Bruker FRA106 spec-
trometer equipped with an Nd/YAG (neodymium/yttrium aluminium
garnet) laser. Spectra were collected at room temperature in the wave-
length range 0 to 4000 cm�1 at a spectral resolution of 5 cm�1. X-ray pho-
toelectron spectra (XPS) were recorded on a VG Microtech Multilab-
ESCA 3000 spectrometer equipped with a twin anode of Al and Mg. All
measurements were carried out on powder samples using MgKa X-ray ra-
diation at room temperature. The base pressure in the analysis chamber
was 4N10�10 Torr. A multichannel detection system with nine channels
was employed to collect the data. The overall energy resolution of the in-
strument was better than 0.7 eV, as determined from the full-width at
half-maximum of the 4f7/2 core level of a gold surface. The errors in the
binding energy (BE) values were within �0.1 eV. A binding energy cor-
rection was performed using the C1S peak of carbon at 284.9 eV as a ref-
erence.


The overall acidity of the catalysts was estimated by temperature-pro-
grammed desorption (TPD) of NH3 on a Micromeritics AutoChem 2910
instrument. These experiments were performed by first dehydrating a
0.1 g sample of the catalyst at 500 8C in dry air for 1 h and purging with
helium for 0.5 h. The temperature was decreased to 125 8C under the
flow of helium and then 0.5 mL pulses of NH3 were supplied to the sam-
ples until no more NH3 uptake was observed. The NH3 was then desor-
bed in the He flow by increasing the temperature to 540 8C at a heating
rate of 10 8Cmin�1 and measured with a TCD. The nature of the acid
sites (Brønsted and Lewis) of the catalyst samples with different loadings
was characterised by in situ FT-IR spectroscopy of chemisorbed pyridine;
spectra were acquired in drift mode on a Shimadzu FTIR-8300 SSU-8000
instrument with 4 cm�1 resolution and averaged over 500 scans. These
studies were performed by heating pre-calcined powder samples in situ
from room temperature to 400 8C at a heating rate of 5 8Cmin�1 in a flow-
ing stream (40 mLmin�1) of pure N2. The samples were kept at 400 8C for
3 h and then cooled to 100 8C, whereupon pyridine vapour (20 mL) was
introduced under N2 flow and IR spectra were recorded at different tem-
peratures up to 400 8C.


Experimental procedure for the determination of catalytic activity : The
liquid-phase hydroamination of a,b-ethylenic compounds with amines,
the Mannich reaction, and the Claisen rearrangement of an allyl phenyl
ether were each performed in a 50 mL two-necked flask equipped with a
nitrogen inlet for maintaining an inert atmosphere and an additional port
fitted with a septum for sample withdrawal. The temperature of the reac-
tion vessel was maintained using an oil bath. The catalysts were activated
at 773 K for 4 h in air at a flow rate of 5 mLmin�1 and then cooled to
room temperature prior to their use in the reactions.


Hydroamination reaction : The hydroamination reaction was carried out
under selected conditions, that is, at 383 K with an ethyl acrylate (here-
after abbreviated as EA) to aniline molar ratio of 1 and with 5 wt%
(total reaction mixture) of the catalyst. The reaction mixture was magnet-
ically stirred and heated to the required temperature under atmospheric


pressure. Samples were withdrawn at regular intervals and analysed using
a gas chromatograph (HP-6890) equipped with an FID detector and a ca-
pillary column. The products were also identified by GC-MS (HP-5973)
analysis. Conversion was calculated based on the amine. After comple-
tion of the reaction, the reaction mixture was cooled to room tempera-
ture and filtered to remove the catalyst, and the solvent was removed by
distillation. The product was separated by column chromatography using
neutral alumina as the stationary phase and petroleum ether/ethyl ace-
tate (95:5) as the eluent. The product was characterised by 1H NMR,
13C NMR, GC-MS, and FT-IR analysis, which confirmed it to be N-[2-
(ethoxycarbonyl)ethyl]aniline. Yield: 90%; 1H NMR (200 MHz, CDCl3):
d=7.21–7.06 (m, 2H), 6.68–6.53 (m, 3H), 5.21 (s, 1H), 4.13–4.01 (m, J=


3.72 Hz, 2H), 3.41–3.34 (t, J=6.45 Hz, 2H), 2.57–2.47 (q, J=6.32 Hz,
2H), 1.22–1.14 ppm (t, J=7.07 Hz, 3H); 13C NMR (CDCl3, 200 MHz):
d=172.43 (C), 147.73 (C), 129.52 (CH), 129.34 (CH), 117.72 (CH),
113.10 (CH), 112.70 (CH), 60.64 (CH2), 39.51 (CH2), 34.02 (CH2),
14.24 ppm (CH3); FT-IR (neat): ñ =3409, 2985, 1731, 1604, 1504, 1373,
1319, 1249, 1176, 1099, 1029, 1864, 748, 694 cm�1; GC-MS: m/z (%): 193
(11.83), 118 (2.55), 106 (100), 93 (2.46), 77 (11.26), 65 (6.57), 51 (7.79).


Mannich reaction : Typically, benzaldehyde (1 equiv, 1 g), aniline (1 equiv,
0.87 g), acetophenone (1 equiv, 1.13 g), and 15T-22.4TO-S15-1123 (0.3 g)
were stirred at room temperature or at 333 K in a round-bottomed flask
fitted with a condenser. After a certain time, the reaction mixture
became viscous and solidified. At this point, the time was noted and the
catalyst was separated from the reaction mixture by filtration followed
by extraction with dichloromethane (5N3 mL). The product was separat-
ed by rotary evaporation at 35–40 8C and was recrystallised from ethanol
and vacuum-dried for 5 h. It was identified by 1H NMR in CDCl3 solu-
tion with TMS as reference (300 MHz) and by FT-IR on a Shimadzu
model 8201PC spectrophotometer using the KBr pellet method.


3-(N-Phenylamino)-1,3-diphenyl-1-acetone : 1H NMR (200 MHz, CDCl3):
d=3.41 (d, 2H), 4.93 (m, 1H), 6.48 (d, 2H), 6.59 (m, 1H), 7.01 (m, 2H),
7.18 (d, 1H), 7.24 (m, 2H), 7.35 (m, 5H), 7.85 ppm (d, 2H); IR: ñ =3399,
3024, 2974, 1672, 1598, 1515, 1295, 1221, 1080, 1026, 1001, 860, 693,
512 cm�1.


3-(N-Phenylamino)-3-(3-chlorophenyl)-1-phenylacetone : 1H NMR
(200 MHz, CDCl3): d=3.42 (m, 2H), 4.93 (m, 1H), 6.52 (d, 2H, J=


7.95 Hz), 6.60 (m, 2H), 7.01 (m, 2H), 7.18 (m, 2H), 7.24 (d, 1H, J=


7.05 Hz), 7.36 (d, 3H, J=7.9 Hz), 7.49 (m, 1H), 7.82–7.85 ppm (d, 2H,
J=7.8 Hz); IR: ñ =3390, 3035, 1674, 1596, 1515, 1377, 1292, 1222, 1080,
1002, 929, 860, 749, 690, 621, 516 cm�1.


3-(N-p-Bromophenylamino)-1,3-diphenyl-1-acetone : 1H NMR (200 MHz,
CDCl3): d=3.39 (m, 2H), 4.87 (m, 1H), 6.34–6.38 (d, 2H, J=7.9 Hz),
7.06–7.10 (d, 2H, J=8.25 Hz), 7.16–7.25 (m, 3H), 7.29–7.34 (d, 2H, J=


9 Hz), 7.37–7.41 (m, 2H), 7.47–7.50 (m, 1H), 7.80–7.85 ppm (d, 2H, J=


7.95 Hz); IR: ñ=3339, 3020, 2937, 1675, 1509, 1485, 1367, 1308, 1273,
1119, 1072, 859, 753, 683, 518 cm�1.


Claisen rearrangement reactions : These were carried out in batch mode
in a three-necked round-bottomed flask (capacity 50 mL) under nitrogen
atmosphere, using 3 g of allyl phenyl ether (APE) in 10 g of solvent (tet-
rachloroethylene, Loba Chemie) with 0.3 g of freshly calcined catalyst at
383 K. Aliquots of the reaction mixture were collected and analysed on a
gas chromatograph fitted with an FID detector. The products were iden-
tified by gas chromatography–mass spectrometry (GC-MS) and gas chro-
matography–infrared spectroscopy (GC-IR).


Leaching and recyclability of the catalysts : To check for leaching of the
TPA in the aforementioned reactions, the reactions were carried out for
1 h by using 15T-22.4TO-S15-1123 under selected reaction conditions.
The reaction was stopped, the catalyst was separated by filtration from
the hot reaction mixture, and the filtrate was stirred for 1 h under the
same reaction conditions. In addition, tests for leaching of the TPA into
the hot filtrate were carried out by inductively coupled plasma-optical
emission spectroscopy. Before each cycle, the catalyst (15T-22.4TO-S15-
1123) was washed three times with 1,2-dichloroethane, dried in an oven
at 373 K for 24 h, and then activated for 4 h at 773 K in air. In the reac-
tions with the recycled materials, the weight ratio of the catalyst to the
reactants was kept constant.
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Introduction


Mononuclear low-spin (LS) FeIII
ACHTUNGTRENNUNG(OOH) species have been


identified as intermediates in the activation of O2 by natural
systems, such as heme monooxygenases (e.g., Cytochromes
P450)[1] or the antitumor drug bleomycin.[2] Intensive studies
have been dedicated to modeling these intermediates, and
we[3] and others[4] have been able to prepare and identify
synthetic non-heme FeIII


ACHTUNGTRENNUNG(OOH) complexes. In general, these
intermediates are obtained by the addition of H2O2 to FeII


complexes prepared with hexa-, penta-, and tetradendate
aminopyridine ligands (see Scheme 1)[3,4] and have been
characterized by several techniques, in particular, EPR and


resonance Raman spectroscopy. Apart from two cases,[5,6]


FeIII
ACHTUNGTRENNUNG(OOH) species exhibit LS FeIII EPR features and their


vibrational characteristics indicate an end-on coordination
mode for the hydroperoxo ligand.[7,8] These complexes have
always been prepared and studied in solution and no crystal
structures have been reported to date.


Previously, we reported the preparation of the complex
[FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ [8] (see Scheme 1 for the structure of


L5
2) in solution and its EPR analysis in the framework of


the Griffith–Taylor model,[9,10] which has been extensively
used for LS FeIII EPR investigations and was recently re-
viewed in the literature.[11–13] Herein, we report the isolation
of LS [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)] ACHTUNGTRENNUNG(PF6)2, which is the first example of


a microcrystalline powder for such a thermally unstable in-
termediate. The temperature-dependent magnetic suscepti-
bility and the EPR properties of this complex were studied
and are reported herein. The EPR signal was analyzed in
the solid state and in a frozen solution and revealed the
presence of two species in both cases. The g tensor of these
species, which was measured in the well-resolved solution
spectrum, was investigated by using new and improved per-
turbation equations. The nature of these two species is also
discussed herein.


Abstract: The first example of a micro-
crystalline powder of a synthetic low-
spin (LS) mononuclear FeIII


ACHTUNGTRENNUNG(OOH) in-
termediate has been obtained by the
precipitation of the [FeIII


ACHTUNGTRENNUNG(L5
2)-


ACHTUNGTRENNUNG(OOH)]2+ complex at low tempera-
ture. The high purity of this thermally
unstable powder is revealed by mag-
netic susceptibility measurements. EPR


studies on this complex, in the solid
state and also in frozen solution, are
reported and reveal the coexistence of
two related FeIII


ACHTUNGTRENNUNG(OOH) species in both


states. We also present a theoretical
analysis of the g tensor for LS FeIII


complexes, based on new perturbation
equations. These simple equations pro-
vide distortion-energy parameters that
are in good agreement with those ob-
tained by a full-diagonalization calcula-
tion.
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Results


Addition of a 100-fold excess of H2O2 to a solution of
[FeIICl ACHTUNGTRENNUNG(L5


2)]PF6 in methanol leads to the formation of the
complex [FeIII


ACHTUNGTRENNUNG(L5
2)ACHTUNGTRENNUNG(OOH)]2+ , as previously described.[14]


This purple species absorbs at 537 nm (e=1000 m
�1 cm�1).[8]


The 9 GHz EPR spectrum of the solution, recorded in meth-
anol, is shown in Figure 1B. This spectrum is better resolved
than those previously obtained for the same complex or
those reported for related species under slightly different
conditions,[8] that is, with different mixtures of solvents (see
the Supporting Information). Several features can be distin-
guished from the spectrum, which could be due to either hy-
perfine couplings or a mixture of species with different g
values. Because the Zeeman effect depends linearly on the
magnetic field, whereas hyperfine splitting is field-indepen-
ACHTUNGTRENNUNGdent, we recorded the EPR spectrum at 34 GHz (Figure 1C)
to distinguish between these two possibilities. The compari-
son between Figure 1B and C shows that the g values are
the same in the spectra recorded 9 and 34 GHz, which dem-
onstrates the presence of distinct species.


A weak signal, with g values of 2.33, 2.14, and 1.94, is also
observed (Figure 1B). It is identical to the spectrum ob-
tained when only one equivalent of H2O2 is added to a solu-
tion of [FeIICl ACHTUNGTRENNUNG(L5


2)]PF6 in methanol or for an equimolar
mixture of L5


2 and FeIII
ACHTUNGTRENNUNG(NO3)3 in methanol (Figure 1A). This


weak signal is, therefore, attributed to the [FeIII
ACHTUNGTRENNUNG(L5


2)-


ACHTUNGTRENNUNG(OMe)]2+ complex. The main
signal mostly arises from the
presence of two species and
could be simulated by superim-
posing two sets of g values
(g1A =2.215, g2A =2.150, g3A =


1.973; and g1B =2.184, g2B =


2.123, g3B =1.973) for two spe-
cies (denoted A and B, respec-
tively) by using the convention
g1>g2>g3. The best simula-
tions of the 9 and 34 GHz data
are displayed in Figure 1 (gray
lines), along with the experi-
mental data (black lines). The
relative proportions of the var-
ious species for the calculated
9 GHz spectrum are 57 % for
species A, 40 % for species B,
and 3 % for the ACHTUNGTRENNUNGmethoxy com-
plex [FeIII


ACHTUNGTRENNUNG(L5
2)ACHTUNGTRENNUNG(OMe)]2+ . For


the calculated 34 GHz spec-
trum, the relative proportions
are 56 % for species A and
44 % for species B. The
amount of methoxy species de-
tected in the spectra varied
from sample to sample, but


was always very low (�5 %). The relative proportions of A
and B did not vary significantly from sample to sample or as
a result of slight changes to the preparation conditions (e.g.,
addition of small amounts, typically 10 %, of water, glycerol,
ethanol, etc.), and were estimated to be roughly in the ratio


Scheme 1. Ligands that have allowed the formation of LS FeIII
ACHTUNGTRENNUNG(OOH) complexes.


Figure 1. Experimental (black) and calculated (gray) EPR spectra of A)
an equimolar solution of L5


2 and FeIII
ACHTUNGTRENNUNG(NO3)3·9 H2O in methanol, B) and


C) [FeIICl ACHTUNGTRENNUNG(L5
2)]+ in methanol after the addition of H2O2 (100 equiv) at


room temperature. Experimental conditions: A) microwave frequency=


9.37425 GHz, modulation amplitude =0.1 mT, microwave power=


1.00 mW, T= 100 K; B) microwave frequency=9.38037 GHz, modulation
amplitude=0.1 mT, microwave power= 2.00 mW, T=90 K; and C) mi-
crowave frequency=33.97047 GHz, modulation amplitude=0.8 mT, mi-
crowave power =2.31 mW, T=100 K.
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60:40. The remaining small contribution from other species
has been ignored in this study. The g values obtained for A
and B are similar to those reported for LS non-heme FeIII-
ACHTUNGTRENNUNG(OOH) in the literature.[3,4] Therefore, we propose that both
species A and B are LS FeIII


ACHTUNGTRENNUNG(OOH) complexes with the ge-
neric formula [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ .


Previously, Wada and co-workers prepared a high-spin
(HS) FeIII


ACHTUNGTRENNUNG(OOH) complex as a powder, but the solid was
not characterized by spectroscopy.[5] By adding diethyl ether
to a solution of [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ and NaPF6 in methanol,


we were able to obtain a purple powder. The 9 GHz EPR
spectrum of this purple powder (as a suspension in diethyl
ether) was recorded and is shown in Figure 2.


The spectrum is characterized by a broad axial powder
pattern over the range of g values observed in solution for
the FeIII


ACHTUNGTRENNUNG(OOH) species. As expected, the 34 GHz spectrum
was better resolved with respect to g anisotropy (data not
shown). The broadening of the spectrum is a well-known
feature for powders and arises from spin–spin interactions
between paramagnetic species in close proximity. To im-
prove the resolution of the spectrum, we obtained a magnet-
ically diluted powder by co-precipitating the iron complexes
with a diamagnetic zinc complex at various dilution ratios
(iron complex = 10, 1, and 0.5 %). The EPR spectrum line-
width narrowed with increasing dilution. Figure 2 shows the
best-resolved 9 GHz spectrum. Although it is still slightly
broader compared with the solution spectrum in methanol,
features that correspond to species A and B are clearly dis-
tinguishable, along with a small amount of FeIII


ACHTUNGTRENNUNG(OMe) com-
plex. Therefore, the powder that was precipitated contains
the same complexes as initially observed in solution and is
mostly constituted of FeIII


ACHTUNGTRENNUNG(OOH) species A and B. Note
from the experimental spectra that A and B are present in
similar relative amounts in the powder and the solution.


The temperature dependence of the magnetic susceptibili-
ty of the powder was measured by cyclically varying the
temperature between 2 and 300 K. As shown in Figure 3,


cMT is constant, with a value of 0.65 cm3 mol�1 K between 50
and 200 K. At higher temperatures, the cMT value increases
and reaches a value of about 4.5 cm3 mol�1 K at 300 K. The
behavior described above is not reversed when the tempera-
ture is lowered, which indicates the degradation of the
sample above 200 K. This degradation is also revealed by
the color change of the sample from purple to yellow. For a
LS complex, such as [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]ACHTUNGTRENNUNG(PF6)2, a cMT value of


0.375 cm3 mol�1 K is predicted by the Curie law, assuming
g=2. The measured value of 0.65 cm3 mol�1 K can be attrib-
uted to contamination by the presence of a HS (S= 5=2) FeIII


species, as seen in the EPR spectra (data not shown). This
hypothesis is supported by the decrease in the cMT curve
below 50 K, which is induced by the zero field splitting of
HS FeIII. By considering a HS complex with a typical cMT
value of 4.375 cm3 mol�1 K, the amount of contamination
was estimated to be only 6 %. These results indicate that the
purple powder, prepared as described above, contains the
two FeIII


ACHTUNGTRENNUNG(OOH) species A and B with high purity.
In the light of the better-resolved EPR spectra obtained


for [FeIII
ACHTUNGTRENNUNG(L5


2) ACHTUNGTRENNUNG(OOH)]2+ in methanol, we recorded the EPR
spectrum of some of our old and new FeIII


ACHTUNGTRENNUNG(OOH) complexes
under the same conditions (Figure 4). In all complexes
except [FeIII


ACHTUNGTRENNUNG(L5
3) ACHTUNGTRENNUNG(OOH)]2+ , two powder patterns were nec-


essary to fit the data. Note that L5
3 is based on a propanedi-


amine fragment, whereas the other ligands presented herein
are based on an ethanediamine fragment (Scheme 1). We
have previously observed a single powder pattern with the
ligand L5


2aH, for which we proposed a mixed N/O coordina-
tion sphere.[15] The sets of g values obtained by simulating
the data are reported in Table 1.


Discussion


Basic features of LS FeIII EPR spectra : It is known that the
degeneracy of the 2T ground state of LS FeIII is lifted upon
crystal-field distortion (defined by the parameters D and V;
Figure 5) and spin-orbit coupling to give three Kramers dou-


Figure 2. Top: EPR spectrum of a frozen suspension of [FeIII
ACHTUNGTRENNUNG(L5


2)-
ACHTUNGTRENNUNG(OOH)]ACHTUNGTRENNUNG(PF6)2 in diethyl ether. Experimental conditions: microwave fre-
quency=9.38180 GHz, modulation amplitude =0.1 mT, microwave
power =2.01 mW, and T= 90 K. Bottom: EPR spectrum of a frozen sus-
pension of [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)] ACHTUNGTRENNUNG(PF6)2 in diethyl ether, diluted with [ZnII-


ACHTUNGTRENNUNG(L5
2)]Cl2, (mol/mol =0.5:100). Experimental conditions: microwave fre-


quency=9.38096 GHz, modulation amplitude =0.1 mT, microwave
power =0.02 mW, and T=5 K. *: Instrument artifact.


Figure 3. Plot of cMT as a function of T for the powder [FeIII
ACHTUNGTRENNUNG(L5


2) ACHTUNGTRENNUNG(OOH)]-
ACHTUNGTRENNUNG(PF6)2 between 2 and 300 K. Inset: The initial range between 2 and
100 K.
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blets. In the simple case of axial distortion (V=0) and pure
d orbital states, the energy of the doublets is represented in
Figure 5. The energy of the lowest Kramers doublet in the
reduced coordinate (x’=x/z, in which z designates the spin-
orbit coupling constant) is given by Equation (1):


e0 ¼
�D0�1=2�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
D0þ1=2


�2


þ 2


s


2


ð1Þ


For D’= 0, the splitting of the 2T state under spin-orbit
coupling is recognizable. Two extreme cases are physically
distinct: 1) for large values of D’, the ground Kramers dou-
blet is close to the first excited doublet and some orbital
moment remains and 2) for large negative values of D’, the
ground Kramers doublet is well separated from the excited
doublets. This latter situation corresponds to an unpaired
electron in a well-separated orbital with complete quenching
of orbital momentum.


The corresponding g values for this doublet are given by
Equations (2) and (3), in which ge represents the free-elec-
tron g value.


g? ¼
ge�4e0


1þ2 e02
ð2Þ


gk ¼
ge�2e02ð2þgeÞ


1þ2 e02
ð3Þ


Table 1. Results of g values and energy parameters obtained from perturbation theory and full diagonalization calculations for various LS FeIII
ACHTUNGTRENNUNG(OOH)


complexes.


Ligand Complex Perturbations Diagonalization Ref.
gmax


[a] ginter
[a] gmin


[a] e01 e02 k e01 e02 k D’ V’


L5
2 (A) 1 2.215 2.150 1.973 �12.186 �8.462 0.900 �12.553 �9.039 0.963 �10.796 �3.514 this work


L5
2 (B) 2 2.184 2.123 1.973 �12.189 �8.097 0.736 �12.421 �8.707 0.798 �10.564 �3.714 this work


L5
2aH 3 2.23 2.16 1.96 �9.951 �6.892 0.785 �10.268 �7.481 0.861 �8.875 �2.787 [15]


L5
3 4 2.206 2.150 1.967 �10.589 �7.678 0.782 �9.690 �7.585 0.851 �9.612 �2.676 this work


L6
24E (A) 5 2.219 2.147 1.972 �12.254 �8.182 0.887 �12.035 �8.521 0.951 �10.668 �3.119 this work


L6
24E (B) 6 2.187 2.123 1.972 �12.102 �7.909 0.730 �12.116 �8.131 0.793 �10.413 �3.790 this work


L6
22Q (A) 7 2.220 2.139 1.963 �12.713 �7.983 0.869 �10.954 �7.018 0.819 �9.280 �3.640 this work


L6
22Q (B) 8 2.194 2.129 1.963 �10.409 �6.880 0.659 �9.977 �7.384 0.732 �9.046 �3.087 this work


trispicen (A) 9 2.205 2.143 1.969 �11.218 �7.787 0.789 �11.669 �8.504 0.856 �9.959 �3.154 this work
trispicen (B) 10 2.176 2.119 1.969 �11.182 �7.512 0.652 �11.288 �8.504 0.718 �9.759 �3.233 this work
TPEN (A) 11 2.219 2.150 1.970 �11.664 �7.950 0.861 �12.048 �8.392 0.928 �10.265 �3.467 this work
TPEN (B) 12 2.186 2.120 1.970 �11.798 �7.559 0.694 �11.288 �8.504 0.759 �10.063 �3.773 this work
N4Py 13 2.16 2.11 1.98 �13.747 �9.388 0.740 �14.011 �10.003 0.794 �12.007 �4.008 [17]
Py5 14 2.15 2.13 1.98 �12.00 �10.38 0.767 �12.498 �10.976 0.821 �11.737 �1.522 [18]
bztpen 15 2.22 2.18 1.97 �10.61 �8.66 0.943 �11.102 �9.237 1.010 �10.170 �1.865 [19]
TPA 16 2.19 2.15 1.96 �9.01 �7.09 0.666 �9.407 �7.702 0.742 �8.555 �1.705 [20]
L2 17 2.19 2.13 1.96 �9.78 �6.66 0.625 �9.984 �7.286 0.700 �8.635 �2.698 [21]
L3 18 2.18 2.12 1.95 �8.77 �5.81 0.516 �8.842 �6.467 0.599 �7.655 �2.375 [21]


[a] The g values obtained by simulation of the spectra shown in Figure 4 are given with an accuracy of 0.001. Other values are given as previously report-
ed.


Figure 5. Energetic diagram showing the three occupied d orbitals for S=
1=2 FeIII complexes. Left: D represents the energy difference between the
E and A orbitals, such that a negative value of D leaves the unpaired
electron in the A orbital, as represented here. Right: energy of the three
Kramers doublets as a function of the axial distortion parameter D’ (V’=
0).


Figure 4. Experimental (black) and calculated (gray) X-band EPR spec-
tra of some LS FeIII


ACHTUNGTRENNUNG(OOH) complexes. Experimental conditions:
L5


3: microwave frequency 9.38749 GHz, modulation amplitude 0.5 mT,
microwave power 2.00 mW, 100 K; TPEN: microwave frequency
9.37911 GHz; modulation amplitude 1.0 mT; microwave power 0.03 mW,
100 K; trispicen: microwave frequency 9.37905 GHz; modulation ampli-
tude 1.0 mT; microwave power 0.30 mW, 100 K; L6


24E: microwave fre-
quency 9.38124 GHz; modulation amplitude 0.5 mT; microwave power
0.50 mW, 100 K; L6


22Q: microwave frequency 9.38545 GHz; modulation
amplitude 0.25 mT; microwave power 2.00 mW, 100 K. For structures of
the ligands, see Scheme 1.
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These expressions lead to
signed values for g. However,
only the absolute g values are
determined in most experi-
ments and will be dealt with in
the rest of the paper (for dis-
cussions on the sign of the g
values see, for example, refer-
ences [11–13]). The absolute g
values are represented in
Figure 6 as a function of D’.
For large negative D’ values, g
values are close to ge, as ex-
pected. Figure 6 also shows g
values for the rhombic case in which V’=0.2, as an example.
The expressions for the g values for this case are given in
the Supporting Information. The g values for the positive
values of D’ are much more sensitive to rhombicity than for
the negative values of D’. The positive value of D’ case is
frequently encountered in LS heme systems,[11] whereas the
negative value of D’ case occurs in non-heme FeIII


ACHTUNGTRENNUNG(OOH)
model complexes.[3] In this latter case, which is of interest
here and which will be dealt with in the rest of the paper, all
of the g values are positive.


Perturbation theory : Neese et al.[16] give perturbation equa-
tions for the g values for an unpaired electron in a well-sep-
arated orbital (D<0); this particular energetic situation for
FeIII


ACHTUNGTRENNUNG(OOH) complexes is shown in Figure 5. The expressions
of the g values are shown in Equations (4) to (6), in which
e1 and e2 represent the energy of the orbitals as defined in
Figure 5 (e1 =D�V/2 and e2 = D+V/2):


gmax ¼ ge�
2
e01


ð4Þ


gint ¼ ge�
2
e02


ð5Þ


gmin ¼ ge�
1


e01e
0
2


ð6Þ


From these equations, the order of magnitude of the ener-
gies of the doubly occupied orbitals relative to that of the
singly occupied orbitals can be directly determined.


However, the gmin value computed from values of e1 and
e2 calculated from gmax and gint was found to be much closer
to ge than to the experimental values for gmin (Figure 7). It
appears that the equation for calculating gmin is unsatisfacto-
ry, as noted by Neese et al.[16] In fact, for the axial case (V’=
0, e01 =e02 =D’), Equation (6) can be rewritten as: gk=ge�ACHTUNGTRENNUNG(1/
D’2). However, the development of Equation (3) for large
negative values of D’ leads to gk 
2� ACHTUNGTRENNUNG(3/D’2) (see the Sup-
porting Information). Therefore, Equation (6) is incorrect
because some second-order terms that should have been
taken into account have been neglected. The treatment de-
tailed in the Supporting Information yields perturbation
Equation (7) for gmin:


gmin ¼
ge


�
1�1=4


�
1


e
0
1


2
þ 1


e
0
2


2


��
� 1


e
0
1e
0
2


1þ1=4


�
1


e
0
1


2
þ 1


e
0
2


2


� ð7Þ


The agreement between the experimental values and the
perturbation values calculated by using Equation (7) is
better (Figure 7), but the experimental value of gmin is still
not exactly reproduced by this model. Indeed, only two pa-
rameters (e1 and e2) are used to account for three indepen-
ACHTUNGTRENNUNGdent g values. To improve this model, the orbital reduction
factor, k, was introduced as a third parameter. This parame-
ter takes into account the covalence of the metal–ligand
bonds.[11] This gives Equations (8)–(10):


gmax ¼ ge�
2k
e01


ð8Þ


gint ¼ ge�
2k
e02


ð9Þ


Figure 6. Representation of the absolute g values as a function of D’, for the axial case (left) in which V’=0.0
and for the rhombic case (right) in which V’=0.2.


Figure 7. Graphical comparison of experimental and calculated values of
gmin for the complexes listed in Table 1. &: Experimental values of gmin;
*: gmin values calculated from Equation (6); ~: gmin values calculated from
Equation (7), in which e01 and e02 were obtained from Equations (4) and
(5); and ^: gmin value calculated from Equation (13), in which D’ was ob-
tained from a diagonalization calculation.
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These equations have been applied to several FeIII
ACHTUNGTRENNUNG(OOH)


complexes from our lab and others. The energies and k
values thus obtained are given in Table 1.


These results were compared to a full diagonalization cal-
culation, which also took into account the orbital reduction
factor (see the Supporting Information for the equations for
the g values).[11] The results of the full diagonalization calcu-
lations are also reported in Table 1. The agreement for the
energy values between the perturbation and the full diago-
nalization calculation is quite satisfactory. Indeed, the differ-
ence between these values is less than 10 %, except in a few
cases. The larger differences were recorded for L6


22Q (A),
with disagreements of 15 and 13 % for e01 and e02, respective-
ly. For the k values, the results between both treatments are
also in agreement within about 10 %, except for TPA, L2,
and L3, for which errors of 11, 11, and 15 % are obtained, re-
spectively. Therefore, to obtain relevant values for the orbi-
tal energies of the S= 1=2 FeIII


ACHTUNGTRENNUNG(OOH) complexes, the simpler
perturbation equations [Eq. (8)–(10)] that directly link the g
values to the energy parameters can be used, rather than a
full diagonalization calculation.


In addition, we found that calculating gmin from the very
simple Equation (13) (which is based on the axial case and
assumes k= 1) with the value of D’ obtained by a full diago-
nalization calculation gave values that were in excellent
agreement with the experimental measurements (Figure 7;
the largest difference between experimental and calculated
values is 0.11 %). Reciprocally, this means that for LS FeIII-
ACHTUNGTRENNUNG(OOH) complexes, D’ can be calculated directly from the
experimental value of gmin by using Equation (13), and from
this value k and V’ are easily calculated from Equations (8)
and (9). Therefore, in this case Equations (11) to (13) are
the most useful:


gmax ¼ ge�
2k


D0�ðV 0=2Þ ð11Þ


gint ¼ ge�
2k


D0þðV 0=2Þ ð12Þ


gmin ¼ 2� 3
D02


ð13Þ


Going back to the EPR spectra for this family of LS FeIII-
ACHTUNGTRENNUNG(OOH) complexes, we generally observe a mixture of two
FeIII


ACHTUNGTRENNUNG(OOH) species, denoted A and B. A similar observation
was made by Roelfes et al.[17] These two species exhibit g
and calculated orbital energy values that are close to each
other (Table 1), but the main difference is observed between
the k values of the two species. In the complex with the
ligand N4Py reported by Roelfes et al. , one of the two spe-
cies was largely predominant. They suggested that in the


dominant complex, [FeIII
ACHTUNGTRENNUNG(N4Py) ACHTUNGTRENNUNG(OOH)]2+ , the projection of


the hydroperoxo group onto the equatorial plane bisects the
Fe�N bonds.[17] By analogy, the two close EPR signals we
observe in our complexes could be attributed to two rota-
tion isomers for A and B as illustrated in Scheme 2 for
[FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ .


Another obvious possibility would be that A and B are
geometric isomers. That is, they may exhibit different config-
urations for the ancillary ligand, in which the hydroperoxo
group is arranged trans to either a pyridine or an amine.
This scenario could explain the change in the Fe�OOH co-
valent bond that is suggested by the change in the k
value.[22] A more definite answer could be given by resolving
the molecular structure of these intermediates with the help
of single-crystal XRD analysis. The isolation and characteri-
zation of a microcrystalline powder of this complex, which is
the central point of this paper, is the first step in that direc-
tion.


Conclusion


We have prepared a sample of a pure powder of [FeIII
ACHTUNGTRENNUNG(L5


2)-
ACHTUNGTRENNUNG(OOH)]ACHTUNGTRENNUNG(PF6)2. The sample contains two closely related
FeIII


ACHTUNGTRENNUNG(OOH) species, as shown by the results of EPR spec-
troscopy. A similar observation has been made for a series
of related FeIII


ACHTUNGTRENNUNG(OOH) complexes in solution. Analysis of the
g values by relevant perturbation equations indicates that
both species have similar orbital-energy parameters. There-
fore, we propose that the two species are geometric isomers.
The assumption that the FeIII


ACHTUNGTRENNUNG(OOH) species exist as two iso-
mers should be confirmed by single-crystal XRD analysis
when it becomes possible.


A large amount of literature is dedicated to the theoreti-
cal analysis of the g values of LS FeIII complexes. In the case
of FeIII


ACHTUNGTRENNUNG(OOH) complexes, for which there is a large energy
separation between the singly occupied molecular orbital
and the other two populated d orbitals, we propose easy-to-
handle perturbation equations that are compatible with a
full diagonalization calculation. Validation of the theoretical
model would necessitate direct experimental measurements
of the energy parameters D and V.


Scheme 2. Schematic representation of two rotation isomers of [FeIII
ACHTUNGTRENNUNG(L5


2)-
ACHTUNGTRENNUNG(OOH)]2+ . Left: The projection of the O�O bond in the equatorial plane
bisects a pyridine-Fe-amine angle. Right: The projection of the O�O
bond in the equatorial plane bisects a pyridine-Fe-pyridine angle.
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Experimental Section


General : Electronic absorption spectra were recorded by using a Varian
Cary 50 spectrophotometer equipped with a Hellma immersion probe
and fiber-optic cable. For low-temperature experiments, a Thermo
ACHTUNGTRENNUNGHaake CT90L cryostat was used.


EPR spectra were recorded at 9 and 34 GHz by using a Bruker ELEX-
SYS 500 spectrometer equipped with a continuous-flow Oxford E900
cryostat. Simulations of the EPR spectra were performed by using the
XSophe Computer Simulation Software Suite.[23]


Magnetic susceptibility measurements were carried out by using a Quan-
tum Design SQUID Magnetometer with an applied field of 1 kOe. The
susceptibility data were corrected for diamagnetic contributions as de-
duced by using Pascal@s constant tables.


Syntheses : Chemicals were purchased from Acros. Solvents were pur-
chased from VWR and used without further purification. The prepara-
tion and handling of air-sensitive materials were carried out under an
inert atmosphere by using standard Schlenk and vacuum-line techniques.


Ligand L5
2 (Scheme 1) and [FeIICl ACHTUNGTRENNUNG(L5


2)]PF6 were prepared according to
previously described procedures.[24] The preparation of [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]-


ACHTUNGTRENNUNG(PF6)2 was carried out by the addition of H2O2 (100-fold excess, 35 % in
water) to [FeIICl ACHTUNGTRENNUNG(L5


2)]PF6 (2–3 mm in methanol) at room temperature to
form the purple complex [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ .[8, 24] The reaction was


monitored over time by using UV/Vis absorption spectroscopy. The solu-
tion was cooled to �64 8C before a cold, saturated solution of NaX (X=


PF6
�, ClO4


�) in methanol was added to the mixture with stirring. Cold di-
ethyl ether was then added, which resulted in a turbid solution and the
formation of a purple precipitate. After stirring for several minutes, the
precipitate was left to settle out and then it was filtered at low tempera-
ture, collected, and stored in liquid nitrogen until use. Note that the
powder decomposes upon warming, therefore all equipment was cooled
in liquid nitrogen before use.


For EPR purposes, we prepared a magnetically diluted powder of [FeIII-
ACHTUNGTRENNUNG(L5


2) ACHTUNGTRENNUNG(OOH)] ACHTUNGTRENNUNG(PF6)2 in a diamagnetic host. An equimolar solution of L5
2


and ZnCl2 (typically 0.1 m) in methanol was prepared at room tempera-
ture. A solution of [FeIII


ACHTUNGTRENNUNG(L5
2) ACHTUNGTRENNUNG(OOH)]2+ in methanol was prepared sepa-


rately at room temperature, according to a previously described proce-
dure.[14] The room-temperature FeIII


ACHTUNGTRENNUNG(OOH) solution was added to the so-
lution that contained the ZnII complex in various ratios of dilution. The
mixture was then cooled to �60 8C to avoid decomposition of the FeIII-
ACHTUNGTRENNUNG(OOH) complex and a cold, saturated solution of NaPF6 was added to
the mixture. Cold diethyl ether was added to coprecipitate the ZnII and
FeIII


ACHTUNGTRENNUNG(OOH) complexes. The pinkish-white powder was filtered at low
temperature, collected, and stored in liquid nitrogen until use.
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Abstract: While the reaction of
[PW11O39]


7� with first row transition-
metal ions Mn+ under usual bench con-
ditions only leads to monosubstituted
{PW11O39M ACHTUNGTRENNUNG(H2O)} anions, we have
shown that the use of this precursor
under hydrothermal conditions allows
the isolation of a family of novel poly-
nuclear discrete magnetic polyoxo-
metalates (POMs). The hybrid asym-
metric [FeII ACHTUNGTRENNUNG(bpy)3][PW11O39Fe2


III(OH)-
ACHTUNGTRENNUNG(bpy)2]·12H2O (bpy=bipyridine) com-
plex (1) contains the dinuclear {FeACHTUNGTRENNUNG(m-
O(W)) ACHTUNGTRENNUNG(m-OH)Fe} core in which one
iron atom is coordinated to a monova-
cant POM, while the other is coordi-
nated to two bipyridine ligands. Mag-
netic measurements indicate that the
FeIII centers in complex 1 are weakly
antiferromagnetically coupled (J=


�11.2 cm�1, H=�JS1S2) compared to
other {Fe ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-OH)Fe} systems. This
is due to the long distances between
the iron center embedded in the POM
and the oxygen atom of the POM


bridging the two magnetic centers, but
also, as shown by DFT calculations, to
the important mixing of bridging
oxygen orbitals with orbitals of the
POM tungsten atoms. The complexes
[Hdmbpy]2ACHTUNGTRENNUNG[Fe


II
ACHTUNGTRENNUNG(dmbpy)3]2ACHTUNGTRENNUNG[(PW11O39)2-


ACHTUNGTRENNUNGFe4
IIIO2 ACHTUNGTRENNUNG(dmbpy)4]·14H2O (2) (dmbpy=


5,5’-dimethyl-2,2’-bipyridine) and H2-
ACHTUNGTRENNUNG[FeII ACHTUNGTRENNUNG(dmbpy)3]2ACHTUNGTRENNUNG[(PW11O39)2 ACHTUNGTRENNUNGFe4


IIIO2-
ACHTUNGTRENNUNG(dmbpy)4]·10H2O (3) represent the
first butterfly-like POM complexes. In
these species, a tetranuclear FeIII com-
plex is sandwiched between two lacu-
nary polyoxotungstates that are penta-
coordinated to two FeIII cations, the re-
maining paramagnetic centers each
being coordinated to two dmbpy li-
gands. The best fit of the cMT= f(T)
curve leads to Jwb=�59.6 cm�1 and


Jbb=�10.2 cm�1 (H=�Jwb(S1S2+S1S2*+
S1*S2+S1*S2*)� ACHTUNGTRENNUNGJbb ACHTUNGTRENNUNG(S2S2*)). While the Jbb
value is within the range of related ex-
change parameters previously reported
for non-POM butterfly systems, the Jwb
constant is significantly lower. As for
complex 1, this can be justified consid-
ering Few�O distances. Finally, in the
absence of a coordinating ligand, the
dimeric complex [NACHTUNGTRENNUNG(CH3)4]10-
ACHTUNGTRENNUNG[(PW11O39Fe


III)2O] ACHTUNGTRENNUNG·12H2O (4) has been
isolated. In this complex, the two single
oxo-bridged FeIII centers are very
strongly antiferromagnetically coupled
(J=�211.7 cm�1, H=�JS1S2). The
electrochemical behavior of compound
1 both in dimethyl sulfoxide (DMSO)
and in the solid state is also presented,
while the electrochemical properties of
complex 2, which is insoluble in
common solvents, have been studied in
the solid state.
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Introduction


The architectures of most polyoxometalates (POMs) are
based on specific structural types, such as the Lindquist (e.g.
[W6O19]


2�), Keggin (e.g. [PW12O40]
3�), or Dawson (e.g.


[P2W18O62]
6�),[1] although POMs with new topological ar-


rangements are still being discovered.[2] Lacunary polyoxo-
tungstates act as ligands that can bind to 3d transition-metal
ions giving rise to species containing transition-metal clus-
ters with nuclearities from 1 to 28[3] and exhibiting appealing
properties particularly in the fields of molecular magnet-
ism[4] and catalysis.[5] Furthermore, the incorporation of exo-
geneous ligands bridging the paramagnetic centers allows
the magnetic coupling between the transition-metal ions en-
capsulated within the POM to be modulated.[6] Most of
these POM compounds are synthesized by the direct reac-
tion of the lacunary precursor with transition-metal ions
under mild conditions (ambient pressure, T<100 8C). The
use of hydrothermal conditions with preformed POMs as
precursors has so far been limited to mainly saturated
Keggin anions such as [SiW12O40]


4�, leading to materials
with isolated transition-metal ions.[7] A rare example of a
vacant POM introduced in a hydrothermal reactor,
[SiW10O36]


8�, has led to the neutral molecular complex [Cu2-
ACHTUNGTRENNUNG(O2CMe)2(5,5’-dimethyl-2,2’-bpy)2][Cu(5,5’-dimethyl-2,2’-
bpy)2]ACHTUNGTRENNUNG[SiW12O40] (bpy=bipyridine), because of the instabili-
ty of the lacunary precursor.[8] It is only very recently that
the first example of the successful use of lacunary POMs as
precursors (i.e., with conservation of the introduced lacuna-
ry POM ligand) has been reported, affording monomeric
hexanuclear clusters.[9] On the other hand, numerous struc-
tures of polyoxotungstates synthesized with Na2WO4 as a
precursor and under hydrothermal conditions have been de-
scribed in the last few years, giving access to materials based
on isopolyoxotungstates,[10] phosphotungstates,[10b,11] germa-
notungstates,[12] and silicotungstates[10b,11d,13] building units,
according to the presence or absence of a heteroelement. It
should be noted that when tungstate is used as a precursor
in such conditions, so far it has been difficult, if at all possi-
ble, to control the nature of the resulting POM ligand.
Moreover, in most cases, saturated POM systems are ob-
tained. Concerning the nature of the 3d transition metal
used, numerous heteropolyoxotungstate-based materials in-
corporate copper ions. This can be related to the Jahn–
Teller effect in CuII complexes that permits diverse connect-
ing modes between the POMs and the 3d center. However,
to our knowledge, only one example of an iron-containing
POM system synthesized under hydrothermal conditions, a
[PW12O40]


3� ion with a {FeII ACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(H2O)} group, has been
reported,[14] while the synthesis of iron-based POM materials
has been extensively explored under normal bench condi-
tions. These multi-iron complexes exhibit spectacular struc-
tures[3] and appealing magnetic[15] or electrochemical proper-
ties; [16] they are also interesting because of their catalytic
properties,[17] including biomimetic catalysis. Indeed, POMs
can be seen as rigid polydentate ligands with electron-acceptor
properties similar to the active sites of natural enzymes.[18]


We have, thus, decided to explore the reactivity of pre-
formed vacant POMs with ironACHTUNGTRENNUNG(III) ions under hydrother-
mal conditions, and we report our first results with monola-
cunary [PW11O39]


7� ions as the building units in the presence
or absence of organic ligands. A unique asymmetric dibridg-
ed, dinuclear FeIII complex, in which one metal center is em-
bedded in a [PW11O39]


7� unit, while the other is connected
to bipyridine ligands, has been characterized. The value of
the exchange coupling parameter between the two paramag-
netic centers has been experimentally quantified and was
found to be surprisingly low. This result has been rational-
ized by using DFT calculations. The first butterfly-like POM
complex which can be seen as the condensation product of
two units similar to the dinuclear complex mentioned above
has also been obtained. The magnetic properties of this
compound have been compared to those found in previously
reported organic-ligand/FeIII butterfly systems. Finally, in the
absence of an organic ligand, a purely inorganic dinuclear
FeIII polyoxometalate in which the two iron centers are very
strongly antiferromagnetically coupled has been character-
ized. The electrochemical properties of the hybrid species
are also reported.


Results and Discussion


Syntheses, IR spectroscopy, TG analysis, and X-ray powder
diffraction : Dark red crystals of [FeII ACHTUNGTRENNUNG(bpy)3][PW11O39Fe2


III-
ACHTUNGTRENNUNG(OH) ACHTUNGTRENNUNG(bpy)2]·12H2O (1) were obtained in high yield by the
reaction of [a-PW11O39]


7�, Fe2ACHTUNGTRENNUNG(SO4)3, and 2,2’-bpy in a ratio
of 1:1.5:5 in water at 160 8C. A slight modification of the or-
ganic ligand led to a dimerization of the anionic unit.
Hence, (Hdmbpy)2ACHTUNGTRENNUNG[Fe


II
ACHTUNGTRENNUNG(dmbpy)3]2 ACHTUNGTRENNUNG[(PW11O39)2ACHTUNGTRENNUNGFe4


IIIO2-
ACHTUNGTRENNUNG(dmbpy)4]·14H2O (2) has thus been isolated in conditions
similar to 1 except that 5,5’-dimethyl-2,2’-bipyridine
(dmbpy) was used instead of 2,2’-bipyridine. When the
quantity of organic ligand was lowered, other parameters re-
mained unchanged, only the nature of the counter cations
was modified. Two protons replaced two protonated
Hdmbpy+ cations to give H2ACHTUNGTRENNUNG[Fe


II
ACHTUNGTRENNUNG(dmbpy)3]2ACHTUNGTRENNUNG[(PW11O39)2-


ACHTUNGTRENNUNGFe4
IIIO2ACHTUNGTRENNUNG(dmbpy)4]·10H2O (3). Finally, when non-coordinat-


ing tetramethylammonium cations were introduced in the
synthetic medium in place of the chelating bpy ligands, the
dimeric compound [N ACHTUNGTRENNUNG(CH3)4]10 ACHTUNGTRENNUNG[(PW11O39Fe


III)2O] ACHTUNGTRENNUNG·12H2O (4)
crystallized. We have studied the influence of synthetic pa-
rameters on the obtained compounds:


1) pH : Complexes 1–4 are only obtained in a limited pH
domain, around 3. When the pH is too low, the monova-
cant POM is unstable and gives the saturated
[PW12O40]


3� ion. Preliminary X-ray diffraction studies[19]


suggest that the crystals isolated with the experimental
conditions used for 2, except that the initial pH was 2,
contain [PW12O40]


3� ions and [FeII ACHTUNGTRENNUNG(dmbpy)3]
2+ counter-


ions. At higher pH values, the yield and the crystallinity
of complexes 1–4 are lowered.


www.chemeurj.org Q 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3189 – 31993190



www.chemeurj.org





2) Precursors : First, it can be noted that complex 1 was pri-
marily obtained by the reaction of [A-a-PW9O34]


9�,
showing the instability of this precursor under such con-
ditions. Secondly, considering that the counterion in com-
plexes 1, 2, and 3 is the [FeII ACHTUNGTRENNUNG(bpy)3]


2+ complex (see
below) although only Fe2ACHTUNGTRENNUNG(SO4)3 was used as a reactant,
we have performed the same experiments using a mix-
ture of 1) Fe2ACHTUNGTRENNUNG(SO4)3 and FeSO4 or 2) Fe2ACHTUNGTRENNUNG(SO4)3 and pre-
formed [FeII ACHTUNGTRENNUNG(bpy)3]


2+ ([FeIII]/ ACHTUNGTRENNUNG[FeII]=2) as iron precursors.
It has been possible to isolate only 1 by this alternative
procedure, but neither the yield nor the crystallinity was
improved.


3) Temperature and pressure : We have tried to synthesize
complexes 1–4 using conventional methods. For these ex-
periments, the heterogeneous mixture containing the re-
actants was introduced to a round-bottomed flask and re-
fluxed for 24 h in an oil bath. After cooling to room tem-
perature, the solution was filtered, and the amorphous
powder was dried. In all the cases, we have found that
hydrothermal conditions were the only way to obtain
complexes 1–4.


These experiments show that only a precise set of param-
eters allow the synthesis of crystalline compounds 1–4. Dif-
ferent phases that could not be characterized by single-crys-
tal X-ray diffraction have been obtained by a slight variation
of the parameters. Among them may exist the one-dimen-
sional chain of monosubstituted Keggin anions linked
through Fe-O-W bridges, which has already been described
for the MnII[20] and CoII[21] derivatives.
Complexes 1 and 4 are slightly soluble in DMSO (di-


methyl sulfoxide), while 2 and 3 are completely insoluble in
common solvents.
The infrared (IR) spectra of complexes 1–4 were recorded


between 4000 and 400 cm�1. Compounds 2 and 3, differing
only by the presence of protons, have almost identical infra-
red spectra, while the spectra of 1, 2, and 4 exhibit slight dif-
ferences in the 1100–400 cm�1 region (Figure SI1 in the Sup-
porting Information). The splitting (Dn) of the asymmetric
P�O stretching vibration of the distorted central PO4 tetra-
hedron is more pronounced in complex 4 (1093, 1057, Dn=


36 cm�1) than in complex 2 (1084, 1064, Dn=20 cm�1) and
complex 1 (1075, 1066, Dn=9 cm�1). Usually, the splitting of
the asymmetric P�O stretching vibration in a monosubstitut-
ed {PW11M} anion is related to the strength of the
M�O ACHTUNGTRENNUNG(PO3) bond. The splitting is thus maximal for M=CuII


(1105, 1065, Dn=40 cm�1) and closest to the splitting ob-
served in [PW11O39]


7� (1085, 1040, Dn=45 cm�1).[22] The
splitting in complex 4 is thus close to the largest splittings
observed in the family of monosubstituted lacunary deriva-
tives. The splitting in complex 2 is more along the order of
the values reported for [PW11O39Fe


III
ACHTUNGTRENNUNG(H2O)]


4� (1084, 1060,
Dn=24 cm�1),[23] and the splitting in complex 1 is close to
the zero splitting value of the saturated [PW12O40]


3� anion.
The increasing value of Dn from complexes 1 to 4 can be
tentatively explained by weaker interactions between the
metal and the POM as shown by the significant elongation


of the Fe�O ACHTUNGTRENNUNG(PO3) bond from complex 1 to complex 4
(Table 1, see also the structural description below).
Thermogravimetric analysis (TGA) was performed and


showed similar behaviors for the four compounds (Fig-
ACHTUNGTRENNUNGure SI2 in the Supporting Information) and confirmed 1) the
number of hydration water molecules, 2) the number of bpy
ligands on complexes 1–3, and 3) the number of TMA+


(TMA= tetramethyl ammonium) counterions in complex 4.
In the TGA, the first loss corresponds to the departure of
water molecules. For complexes 1–3, upon further heating, a
two-step weight loss was observed between 300 and 800 8C
with a total weight loss corresponding to the departure of
the bpy molecules. Such a two-step departure of 2,2’-bpy li-
gands has been previously observed and attributed to the re-
tention of carbon from the calcination of bpy, the carbon
being only slowly removed from the solid residue.[24]


A comparison of the experimental X-ray diffraction
powder patterns of the four compounds and of the powder
patterns calculated from the structure solved from single-
crystal X-ray diffraction data is given as Supporting Infor-
mation (Figure SI3) and confirms the bulk compositions.


Structural analysis : Complexes 1–3 are molecular com-
pounds with substituted POM anions and monomeric iron
complexes bound to bpy ligands as counter-cations. Al-
though the iron precursor contains FeIII ions, it is doubtless
that the cations are low spin [FeII ACHTUNGTRENNUNG(bpy)3]


2+ complexes for
three main reasons: 1) the reduction of [FeIIIACHTUNGTRENNUNG(bpy)3]


3+ to


Table 1. Selected bond lengths [U] and angles [8] in complexes 1, 2, and
4 associated to the representations in Figures 1 and 2.


Compound 1
Fe1�O14 1.905(11) Fe2�O7 1.915(11)
Fe1�O37 1.925(11) Fe2�O9 1.941(12)
Fe1�O9 1.932(12) Fe2�N2 2.104(13)
Fe1�O10 1.992(11) Fe2�N3 2.109(14)
Fe1�O7 2.106(11) Fe2�N4 2.151(16)
Fe1�O25 2.271(11) Fe2�N1 2.157(14)
Fe1�Fe2 3.013(3)
Fe2-O7-Fe1 97.05(5) Fe1-O9-Fe2 102.1(5)


Compound 2
Fe1�O40 1.926(9) Fe2�O40 1.929(7)
Fe1�O36 1.944(11) Fe2�O40 1.943(11)
Fe1�O39 1.955(9) Fe2�N12 2.152(8)
Fe1�O27 2.007(10) Fe2�N15 2.158(6)
Fe1�O23 2.030(10) Fe2�N1 2.186(13)
Fe1�O25 2.472(10) Fe2�N26 2.215(8)
Fe1�Fe2 3.491(5) Fe2�Fe2 2.910(4)
Fe2-O40-Fe1 133.6(6) Fe2-O40-Fe2* 97.4(4)
Fe1-O40-Fe2 129.0(4)


Compound 4
Fe1�O79 1.775(7) Fe2�O79 1.767(7)
Fe1�O39 1.988(8) Fe2�O47 1.969(8)
Fe1�O17 1.999(9) Fe2�O70 1.976(9)
Fe1�O9 2.001(8) Fe2�O53 2.002(9)
Fe1�O30 2.029(9) Fe2�O78 2.010(8)
Fe1�O11 2.616(8) Fe2�O57 2.594(9)
Fe1�Fe2 3.513(3)
Fe2-O79-Fe1 165.4(6)
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[FeII ACHTUNGTRENNUNG(bpy)3]
2+ by water has been known for a long time and


a mechanism has been proposed,[25] 2) the charge of the
counter-cations is consistent with the results of elemental
analyses and electroneutrality considerations, and 3) mag-
netic measurements indicate that for complexes 1–3 the
counter- ions are diamagnetic (see below).
In complex 1, the anion (Figure 1a) can be described as a


dissymmetric dinuclear Fe2 complex. The Fe1 ion is bound
to the pentadentate monolacunary [PW11O39]


7� anion, and


the Fe2 ion is linked to two 2,2’-bpy ligands. Fe1 and Fe2
are bridged by two oxygen atoms, O7 is the oxygen atom
from the O=W group of the POM ligand and O9 belongs to
a hydroxo ligand as indicated by valence-bond calculations
(�s=1.23).[26] Valence-bond calculations also confirm the
valence of Fe1 (�s=3.11), but it should be noted that these
calculations are not conclusive for ions bound to bpy li-
gands. The Fe1O6 octahedron is highly distorted in the equa-
torial plane with the Fe1�O7 distance far longer than the
three other Fe�O distances. The axial Fe�OACHTUNGTRENNUNG(PO3) distances
are also elongated (Table 1).
As the same anion is found in both the structures of com-


plex 2 and complex 3, its description will only be given for
2. This anion (Figure 2a) can be viewed as the condensation
of two of the anions present in complex 1. By using the la-
beling scheme adopted for compound 1 (Figure 1a), this


condensation can be seen as resulting from the breaking of
the Fe2�O7 bond and the concomitant formation of a Fe2�
O9 bond with a neighboring anion. The tetranuclear Fe4
complex encapsulated between the two POMs belongs to a
well-known family of butterfly complexes.[27] The Fe2�Fe2*
fragment (Figure 2b) features the body of the butterfly, and
the Fe2-Fe1-Fe2* and Fe2-Fe1*-Fe2* triangles schematize


Figure 1. a) Mixed ball and stick and polyhedral representation of the
[PW11O39Fe2


III(OH) ACHTUNGTRENNUNG(bpy)2]
2� anion in 1; white octahedra WO6, dark gray


tetrahedron PO4, medium gray spheres Fe, white spheres O, light gray
spheres N, black spheres C; b) mixed ball and stick and polyhedral repre-
sentation of the [(PW11O39)2Fe2


IIIO]10� anion in 4 ; white octahedra WO6,
dark gray tetrahedra PO4, medium gray spheres Fe, white spheres O.


Figure 2. a) Mixed ball and stick and polyhedral representation of the
[(PW11O39)2Fe4


IIIO2 ACHTUNGTRENNUNG(dmbpy)4]
6� anion common in 2 and 3 ; white octahe-


dra WO6, dark gray tetrahedra PO4, medium gray spheres Fe, white
spheres O, light gray spheres N, black spheres C; b) view of the tetramer-
ic butterfly complex sandwiched between the two monolacunary anions
with atom labeling scheme; the carbon atoms of the organic ligand have
been omitted for clarity; c) schematic representation of the Fe4 core
showing the two main exchange interactions, the star indicates symmetry
related atoms; d) polyhedral representation of the Fe4 core in complex 2 ;
e) polyhedral representation of the rhombohedral M4 magnetic clusters
prepared from trivacant POMs.
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the wings, with the Fe1 and Fe1* ions thus occupying the
“wingtip” positions. The dihedral angle between the least-
squares planes defined by the Fe1/Fe2/Fe2* and Fe1*/Fe2/
Fe2* ions is 175.58, thus the four FeIII ions are essentially co-
planar. The sum of the Fe-O-Fe angles around the m3-O O40
atom is equal to the ideal value of 3608. The geometry of
the tetranuclear Fe4 core in the butterfly complex thus dif-
fers from that of the more familiar rhombohedral M4 mag-
netic clusters[28] prepared from trivacant POMs such as
[MII


4ACHTUNGTRENNUNG(H2O)2(B-a-PW9O34)2]
10� (M=Co, Cu, Zn, Mn)[29] and


[MIII
4ACHTUNGTRENNUNG(H2O)2(B-a-PW9O34)2]


6� (M=Fe).[30] These complexes
contain four coplanar MO6 octahedra sharing edges (Fig-
ure 2e). In the butterfly complex, the two edge-sharing octa-
hedra of the body share only one corner with the octahedra
of the wings (Figure 2d). Valence-bond calculations indicate
that O40 (�s=1.88) is an oxo ligand and confirm the va-
lence of Fe1 (�s=2.97). The Fe1O6 octahedron is more ax-
ially distorted in complex 2 than in complex 1 (Table 1), that
is, the interaction of the Fe1 ion with the monolacunary
POM is weaker in complex 2 than in complex 1 which is ex-
pressed in the infrared spectra (see above).
In complex 4, the anion results from the dimerization of


two [PW11O39Fe
III
ACHTUNGTRENNUNG(H2O)]


4� ions (Figure 1b). In the dimer,
the FeIII centers encapsulated in the vacant POMs are bridg-
ed by a single oxo ligand as indicated by valence-bond cal-
culations (�s=1.94), which also confirm the +3 oxidation
state of the metallic centers (�s=3.12 for Fe1 and 3.23 for
Fe2). The dimerization of [PW11O39Fe


III
ACHTUNGTRENNUNG(H2O)]


4� leading to
[{PW11O39Fe


III}2O]
10� has been previously evidenced in aque-


ous solution, but it had not been possible to isolate and
characterize the dimer in the solid state.[31] The dimerization
of transition-metal mono-substituted POMs has also been
studied for the titanium (in organic medium),[32] zirconium[33]


and ruthenium[34] derivatives, but the structural characteriza-
tion of a m-oxo bridged dimer has only very recently been
performed in the case of [{SiW11O39Ru


IV}2O]
10�.[34b] As ob-


served in this latter compound, the dimeric anion in com-
plex 1 does not possess a symmetry element. The axial dis-
tortion of the FeO6 octahedra in complex 4 is still higher
than that observed in complex 2 (Table 1). The FeIII-O-FeIII


angle (1658) is larger than the RuIV-O-RuIV bridging angle
(1548) in [{SiW11O39Ru


IV}2O]
10�.


Magnetic properties : The magnetic behavior of 1 was inves-
tigated between 2 and 300 K and is shown as cMT versus T
(Figure 3), with cM being the magnetic susceptibility for one
mole of complex 1. The cMT value at room temperature
(7.30 cm3mol�1 K) is lower than the calculated cMT value of
8.75 cm3mol�1 K for two noninteracting high-spin FeIII cen-
ters with g=2.00. The cMT curve decreases continuously
upon sample cooling, reaching a cMT value of
0.40 cm3mol�1 K at 2 K. This behavior is characteristic of an
antiferromagnetic interaction with a diamagnetic ground
state. The cMT curve was fitted with the Bleaney–Bowers
equation derived from the Heisenberg–Dirac–van Vleck
(HDVV) Hamiltonian H=�JS1S2 with S1=S2=5/2 associat-
ed with the two interacting FeIII centers within the dinuclear


cluster. The best fit parameters obtained are J=�11.2 cm�1
and g=1.98 (R=4.8 10�6).[35] Dinuclear iron complexes with
oxo, hydroxo, peroxo, or carboxylato bridges continue to at-
tract much attention, mainly as models of metalloenzymes,
and their magnetic properties have been widely studied.[36]


Diferric complexes with FeIII ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-OH)FeIII cores are an-
tiferromagnetically coupled with a J value around
�100 cm�1,[37] far larger than the value determined in com-
plex 1. The J value in complex 1 is thus more along the
order of the J values observed for dibridged diferric com-
plexes with one m-OH ligand, the second bridge being an hy-
droxo, an alkoxo, or a phenolato ligand.[36a] The present
result confirms that the exchange interactions mediated
through oxygen atoms connected to tungsten centers are
very weak, and hence much weaker than those commonly
observed in m-O bridged compounds. Focusing on iron sys-
tems, it has been shown that for supported[38] and unsupport-
ed[39] oxo bridged compounds the Fe�O distance is the main
parameter which governs the strength of the magnetic inter-
action. In complex 1, the Fe-(m-O ACHTUNGTRENNUNG(POM)) distances are long
(1.915(11) and 2.106(11) U) compared to those classically
found in dinuclear m-O bridged FeIII complexes, which justi-
fies the low J value determined for this compound. DFT cal-
culations on complex 1 have been performed in order to
clarify this point (see below).
As the magnetic clusters in complexes 2 and 3 are similar,


the magnetic data were recorded only on a sample of com-
plex 2. The cMT value at room temperature
(4.3 cm3mol�1 K) is far lower than the calculated cMT value
of 17.5 cm3mol�1 K for four noninteracting high spin FeIII


centers (assuming g=2.00), indicating relatively strong anti-
ferromagnetic interactions (Figure 4a). This is also shown by
the continuous decrease of the cMT curve upon sample cool-
ing. As already mentioned, the Fe4 core in complex 2 be-
longs to the known class of butterfly complexes. In these
compounds, a rigorous interpretation would imply the con-
sideration of three J values: Jwb between one body iron and
one external atom, Jww between the two wingtip iron atoms,
and Jbb between the two body iron atoms (Figure 2c). How-
ever, considering that the Jwb exchange parameter must be


Figure 3. Plot of cMT versus T for compound 1 between 300 and 2 K. The
solid line was generated from the best fit parameters given in the text.
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weaker than Jbb and Jww due to the long Fe1···Fe1 distance,
only Jbb and Jww are usually considered. This also avoids
overparametrization. The corresponding Hamiltonian for
this model is expressed in Equation (1) with S1=S2=S1*=
S2*=5/2.


H ¼ �JwbðS1S2 þ S1S2* þ S1*S2 þ S1*S2*Þ�JbbðS2S2*Þ ð1Þ


A best fit of the experimental cMT curve gave Jwb=
�59.6 cm�1 and Jbb=�10.2 cm�1, assuming g=2.00 (R=6.31
10�5).[35] As usually observed, the Jwb coupling constant is an-
tiferromagnetic and corresponds to the strongest interac-
tion.[40] With respect to other butterfly compounds,[40] this
value is the smallest observed value (�92.0�Jwb�
�65.7 cm�1), and this can again be correlated to long Few�O
distances (1.93 U in complex 2, 1.81�Few�O�1.89 U in
compounds reported in the literature), Few is the iron center
of the wing. The Jbb coupling constant is weakly antiferro-
magnetic, but it should be noted that similarly satisfactory
fits could be obtained for �12<Jbb<�8 cm�1, as shown by
the error contour plot in Figure 4b. On the other hand, only
values of Jwb close to �59.6 cm�1 give low R values (Fig-
ure 4b). This lack of definition of Jbb has already been dis-
cussed and has been related to spin frustration of the cen-
tered spins.[27a–c] The Jbb value is in the range of the previous-
ly reported values (�21.8�Jbb��2.4 cm�1), but its absolute


value is significantly lower than those found for the recently
reported compound [Fe4O2Cl2ACHTUNGTRENNUNG(O2CMe){(py)2CNO}4] ((py)2-
ACHTUNGTRENNUNGCNO=di-2-pyridyl ketone oxime, Jbb=�59.4 cm�1),[27d]
which possesses a triplet ground state, thus confirming that
the ground state in complex 2 is diamagnetic.
As expected for a Fe-O-Fe dimer, the two FeIII centers


are strongly antiferromagnetically coupled in complex 4 as
shown (Figure 5) by 1) the low cMT value at room tempera-


ture (0.85 cm3mol�1 K), which is more than ten times lower
than the calculated cMT value of 8.75 cm


3mol�1 K for two
noninteracting high-spin FeIII centers (assuming g=2.00)
and 2) the strong J value of �211.7 cm�1 determined by fit-
ting the cMT curve with the Bleaney–Bowers equation de-
rived from the HDVV Hamiltonian H=�JS1S2 with S1=
S2=5/2, assuming g=2.00 (R=4 10�5).[35] The J value in 4
falls in the range of the J values determined for single oxo-
bridged diiron ACHTUNGTRENNUNG(III) complexes (�240<J<�160 cm�1),[36]
confirming the protonation degree of the oxygen atom con-
nected to the two {PW11O39Fe


III} sub-units.


DFT calculations : The DFT calculations of the exchange pa-
rameter for cluster 1 containing two paramagnetic FeIII cen-
ters were performed to determine the role of different struc-
tural and electronic factors. First, the calculations were done
for cluster 1 at the experimentally found geometry. As usual
in the broken-symmetry DFT method, two states were cal-
culated, namely the high-spin (HS) state with the total spin
S=5 and the broken-symmetry (BS) state. The exchange pa-
rameter was estimated through the expression derived by
Yamaguchi J=2 ACHTUNGTRENNUNG(EBS-EHS)/(hS2iHS�hS2iBS). We obtained J=


�12 cm�1, which is very close to the experimentally ob-
served value �11.2 cm�1. To compare this case with the sit-
uation in diiron ACHTUNGTRENNUNG(III) complexes with one m-oxo and one m-
hydroxo bridge, we also performed calculations for the
model dinuclear complex [Fe2


III
ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(bpy)4]


3+ . The
structure of the model complex was optimized for its HS
state. The calculations again led to an antiferromagnetic in-
teraction between FeIII ions with J=�68 cm�1, which is


Figure 4. a) Plot of cMT versus T for compound 2 between 300 and 2 K.
The solid line was generated from the best fit parameters given in the
text; b) error contour plots for different Jwb and Jbb values for the simula-
tion of the magnetic susceptibility measurement of complex 2.


Figure 5. Plot of cMT versus T for compound 4 between 300 and 2 K. The
solid line was generated from the best fit parameters given in the text.
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much stronger than for the polyoxometalate encapsulated
dimer. Nevertheless, this value corresponds more to the
range characteristic for dibridged iron complexes (see
above). The main reasons for such a difference can be
looked for in the geometry of the {Fe2


III
ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-OH)} core.


Due to the bond with the polyoxometalate tungsten atom,
the bridging oxygen atom in complex 1 is well separated
from the Fe1 atom (2.106 U), and the distance to Fe2 is
equal to 1.915 U. In the symmetric model complex, both dis-
tances are equal to 1.90 U. Different hypotheses can be
found in the literature concerning magnetostructural corre-
lations in oxo-bridged ironACHTUNGTRENNUNG(III) dimers. In some works, J
values for asymmetric complexes were correlated with the
mean Fe�O distance,[38] whereas the correlation with the
longest Fe�O distance was also proposed.[41] In any case, the
changes in the geometry of the Fe-O-Fe linkage between
the model complex and complex 1 must lead to a weakening
of the magnetic interaction. Another factor, which could
also be responsible for the variation in the exchange cou-
plings, is the important mixing of magnetic orbitals. This
mixing is composed of 3d iron orbitals with participation
from 2p bridging oxygen orbitals, and with 5d orbitals of
polyoxometalate tungsten atoms linked to m-oxo bridges.
The latter enter into the magnetic orbitals with about the
same weight as iron orbitals. This situation differs from the
earlier considered case of diiron substituted g-Keggin silico-
tungstates,[42] where magnetic orbitals are only slightly
mixed with tungsten orbitals (see Figure 6 and Table 7 in
reference [37]) and the variation of exchange parameters be-
tween the polyoxometalate and a simple dimer is much less
pronounced.


Electrochemical properties : Attempts were made to eluci-
date the redox properties of the two complexes (1 and 2)
both in solution and in the solid state. The limited solubility
of both complexes placed restrictions upon the solution
phase investigations. Our interest was to see if redox activity
for the FeIII centers and W�O framework for the POM com-
plexes could be observed. The cyclic voltammogram ob-
tained for a solution of complex 1 in a 0.1m NH4PF6 DMSO
(Figure 6) showed a series of redox processes associated
with the FeIII/II and bipyridine ligands of the [FeACHTUNGTRENNUNG(bpy)3]


2+


moiety. The three monoelectronic bipyridine-based redox
processes were located at �1.515, �1.699, and �1.946 V (vs.
Ag/AgCl) with the FeIII/II at +0.780 V (vs. Ag/AgCl). These
are in close agreement with [FeACHTUNGTRENNUNG(bpy)3]ACHTUNGTRENNUNG[PF6]2 under the same
experimental conditions, as seen in Figure SI4 in the Sup-
porting Information. A single redox process at an E1/2 of ap-
proximately �0.771 V versus Ag/AgCl (Figure 6a) was also
observed. When compared to the FeIII Keggin parent POM
[PW11O39Fe


III
ACHTUNGTRENNUNG(H2O)]


4� under the same solution conditions,
this redox couple can be attributed to the FeIII center substi-
tuted into the POM cage. It was not possible, however, to
view the redox switching of the other FeIII site within the
compound or the W�O framework in solution. As a result,
solid-state electrochemical measurements were conducted
on complex 1 for this purpose.


Solid-state electrochemical measurements were conducted
in a variety of aqueous electrolyte systems upon mechanical-
ly attached crystals of complex 1. In a range of 1m aqueous
electrolyte systems, such as LiClO4, the POM exhibited only
a clear redox wave associated with the FeIII/II couple of the
[Fe ACHTUNGTRENNUNG(bpy)3]


2+ moiety. To view any redox activity for the
[PW11O39Fe2


III(OH)bpy)2]
2� POM, the attached microcrys-


tals were cycled electrochemically in a range of aqueous
buffer solutions from pH 2 to 4. In pH 4, the presence of
what is believed to be a monoelectronic wave at E1/2=
�0.140 V and associated with the FeIII/II within the Keggin
cage is observed. In addition, two bielectronic waves associ-
ated with the reduction of the tungsten–oxo framework with
E1/2 values of �0.590 and �0.834 V, are clearly seen in Fig-
ure 7a. The last two waves were found to be pH-dependent
in nature. This dependence is known for the redox activity
of the tungsten–oxo processes for the polyoxotungstates in
solution.[43] Shifts of 65 to 75 mV per decade change in pH
were observed for both of these waves, thereby indicating
the addition of two H+ during each reduction step. This is
similar to the unfunctionalized FeIII Keggin POM. Scanning
in a positive direction in these buffer solutions revealed the
monoelectronic wave associated with the FeIII/II of the cat-
ionic [Fe ACHTUNGTRENNUNG(bpy)3]


2+ moiety, with a pH-independent E1/2 of
+0.774 V (Figure 7b). The solid-state behavior of this com-


Figure 6. Cyclic voltammograms of a 2 mm solution of complex 1 in 0.1m


NH4PF6 at a bare carbon electrode (A=0.0707 cm2) a) in the �2.5 to
0.0 V range; b) in the 0.0–1.4 V range. Scan rate=100 mVs�1.
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plex agrees well with the electrochemical properties of the
[Fe ACHTUNGTRENNUNG(bpy)3]


2+ and [PW11O39Fe
III
ACHTUNGTRENNUNG(H2O)]


4� salts under the same
conditions with little shift in redox potentials.
The insolubility of complex 2 curtailed the investigation


of the solution phase electrochemistry of this complex. As a
result, the solid-state electrochemical behavior of complex 2
was investigated in buffered solutions so as to view the
redox activity of this complex. In a pH 2 buffer, the attached
microcrystals of complex 2 exhibited two bielectronic W�O
processes with E1/2 values of �0.410 and �0.645 V, and two
redox couples at +0.044 V and +0.768 V, as seen in Figure
SI5 in the Supporting Information. The latter being due to
the redox switching of the FeII in the [FeII ACHTUNGTRENNUNG(dmbpy)3]


2+


cation, and the former is due to the FeIII centers within the
POM itself. The number of electrons involved in each pro-
cess is difficult to ascertain due to the complexGs inherent in-
solubility.


Conclusion


The synthesis of [PW11O39Fe2
III(OH) ACHTUNGTRENNUNG(bpy)2]


2�, [(PW11O39)2-
ACHTUNGTRENNUNGFe4


IIIO2ACHTUNGTRENNUNG(dmbpy)4]
6�, and [(PW11O39)2Fe2


IIIO]10� shows that


hydrothermal conditions can be efficiently used for the syn-
thesis of magnetic clusters encapsulated in POMs starting
from vacant polyoxotungstate precursors. To date, the reac-
tion of [PW11O39]


7� towards first-row transition-metal ions
Mn+ under normal bench conditions has only led to mono-
substituted {PW11O39M ACHTUNGTRENNUNG(H2O)} anions, in which M is disor-
dered over the twelve metallic centers. Hydrothermal condi-
tions enhance the reactivity of the monolacunary precursor
and allow the isolation of more sophisticated species. Nota-
bly, the use of bipyridine-type ligands allowed an asymmet-
ric dinuclear {Fe ACHTUNGTRENNUNG(m-O(W))ACHTUNGTRENNUNG(m-OH)Fe}-containing complex in
which one iron atom is coordinated to a monovacant POM,
while the other is coordinated to two bipyridine ligands to
be obtained, and a hybrid centrosymetric compound in
which a tetranuclear Fe4 core is sandwiched between two
POMs was also isolated. The latter complex represents, to
our knowledge, the first characterized butterfly-like POM
cluster. When non-coordinating tetramethylammonium cat-
ions replace bipyridine ligands in the synthetic process, the
hydrothermal conditions allowed the isolation of a purely in-
organic dinuclear FeACHTUNGTRENNUNG(m-O)Fe cation in which the magnetic
core is sandwiched between two POMs. For the three com-
pounds, the antiferromagnetic coupling constants between
the paramagnetic centers have been determined and com-
pared with related non-POM compounds. Particularly, this
comparison combined with DFT calculations has confirmed
that metallic centers bridged by an oxo ligand from the
POM are weakly coupled. This is due to long distances be-
tween the magnetic center and the oxygen atom of the
POM, but also to the important mixing of bridging oxygen
orbitals with the orbitals of the POM tungsten atoms. Elec-
trochemical experiments on the hybrid complexes have al-
lowed a partial determination of the redox waves associated
with the metallic centers and the bipyridine ligands consti-
tuting complexes 1 and 2. Our attention focuses now on
other lacunary precursors as building units in order to in-
crease the nuclearity of the magnetic clusters.


Experimental Section


Synthesis : K7[a-PW11O39]·14H2O was prepared according to a published
procedure.[44] The hydrothermal syntheses were carried out in polytetra-
fluoroethylene-lined stainless steel containers under autogeneous pres-
sure. The 23 mL vessel was filled to approximately 25% volume capacity
(Vi=6 mL). All reactants were stirred briefly before heating. The sam-
ples were heated for 60 h at 160 8C and cooled to room temperature over
a period of 40 h. The pH mixture was measured before (pHi) and after
the reaction (pHf). The products were isolated by filtration and washed
with ethanol.


ACHTUNGTRENNUNG[FeII ACHTUNGTRENNUNG(bpy)3][PW11O39Fe2
III(OH) ACHTUNGTRENNUNG(bpy)2]·12H2O (1): A mixture of K7[a-


PW11O39]·14H2O (0.550 g, 0.175 mmol), Fe2 ACHTUNGTRENNUNG(SO4)3 (0.103 g, 0.257 mmol),
2,2’-bpy (0.135 g, 0.864 mmol), and H2O (6 mL) was stirred and the pH
was adjusted to 3 with 2m KOH (pHf=2). Dark red parallelepipedic
crystals (0.360 g, 58% yield based on W) were collected by filtration. The
crystals were purified by heating (50 8C) gently in water in order to
remove water soluble orange crystals which co-crystallized in small quan-
tities with complex 1. IR (KBr pellets): ñ=3116 (w), 3046 (w), 2921 (w),
2851 (w), 1471 (m), 1443 (s), 1383 (w), 1316 (w), 1265 (w), 1245 (w), 1174
(sh), 1157 (w), 1066 (m), 1027 (w), 993 (sh), 959 (m), 880 (m), 817 (s),


Figure 7. Solid state cyclic voltammograms of crystals of complex 1 ad-
hered to a carbon electrode (A=0.0707 cm2) in buffer pH 4 solution a)
in the �1.0 to 0.0 V range; b) in the 0.0–1.3 V range. Scan rate=


100 mVs�1.


www.chemeurj.org Q 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3189 – 31993196


A. Dolbecq et al.



www.chemeurj.org





798 (sh), 761 (sh), 730 (w), 690 (w), 670 (sh), 650 (w), 591 (w), 549 (w),
512 cm�1 (m); elemental analysis calcd (%) for C50H65N10Fe3O52PW11


(3858.85): C 15.56, H 1.69, N 3.63, Fe 4.34, P 0.80, W 52.40; found: C
15.92, H 1.27, N 3.73, Fe 4.63, P 0.87, W 52.20.


ACHTUNGTRENNUNG(Hdmbpy)2ACHTUNGTRENNUNG[Fe
II
ACHTUNGTRENNUNG(dmbpy)3]2ACHTUNGTRENNUNG[(PW11O39)2Fe4


IIIO2ACHTUNGTRENNUNG(dmbpy)4]·14H2O (2): A
mixture of K7[a-PW11O39]·14H2O (0.550 g, 0.175 mmol), Fe2 ACHTUNGTRENNUNG(SO4)3
(0.103 g, 0.257 mmol), 5,5’-dimethyl-2,2’-bpy (0.140 g, 0.760 mmol), and
H2O (6 mL) was stirred and the pH was adjusted to 3 with 2m KOH
(pHf=3). Dark red parallelepipedic crystals (0.360 g, 57% yield based on
W) were collected by filtration. IR (KBr pellets): ñ =3120 (w), 3100 (w),
3080 (w), 3060 (w), 3045 (w), 2921 (w), 2855 (w), 1475 (m), 1447 (w),
1382 (w), 1311 (w), 1240 (m), 1235 (sh), 1149 (m),1084 (sh), 1064 (m),
958 (m), 885 (m), 808 (s), 729 (m), 701 (w), 666 (w), 652 (sh), 582 (m),
524 (m), 504 cm�1 (sh); elemental analysis calcd (%) for
C144H174N24Fe6O94P2W22 (8186.56): C 21.13, H 2.14, N 4.10, Fe 4.09, P
0.76, W 49.40; found: C 20.56, H 1.88, N 3.84, Fe 3.95, P 0.73, W 47.92.


H2 ACHTUNGTRENNUNG[Fe
II
ACHTUNGTRENNUNG(dmbpy)3]2 ACHTUNGTRENNUNG[(PW11O39)2Fe4


IIIO2 ACHTUNGTRENNUNG(dmbpy)4]·10H2O (3): A mixture of
K7[a-PW11O39]·14H2O (0.550 g, 0.175 mmol), Fe2 ACHTUNGTRENNUNG(SO4)3 (0.103 g,
0.257 mmol), 5,5’-dimethyl-2,2’-bpy (0.080 g, 0.434 mmol), and H2O
(6 mL) was stirred and the pH was adjusted to 3 with 2m KOH (pHf=3).
Dark red parallelepipedic crystals (0.150 g, 22% yield based on W) were
collected by filtration. IR (KBr pellets): ñ =3120 (w), 3100 (w), 3080 (w),
3060 (w), 3045 (w), 2921 (w), 2855 (w), 1475 (m), 1447 (w), 1382 (w),
1311 (w), 1240 (m), 1235 (sh), 1149 (m),1084 (sh), 1064 (m), 958 (m), 885
(m), 808 (s), 729 (m), 701 (w), 666 (w), 652 (sh), 582 (m), 524 (m),
504 cm�1 (sh); elemental analysis calcd (%) for C120H142N20Fe6O90P2W22


(7746.03) C 18.61, H 1.85,N 3.62, Fe 4.33, P 0.80, W 52.21; found: C
19.55, H 1.75, N 3.78, Fe 4.38, P 0.81, W 50.85.


[N ACHTUNGTRENNUNG(CH3)4]10ACHTUNGTRENNUNG[(PW11O39)2Fe2
IIIO]·12H2O (4): A mixture of K7[a-


PW11O39]·14H2O (0.550 g, 0.175 mmol), Fe2 ACHTUNGTRENNUNG(SO4)3 (0.103 g, 0.257 mmol),
tetramethylammonium bromide (0.135 g, 0.878 mmol), and H2O (6 mL)
was stirred and the pH was adjusted to 4 with 2 m KOH (pHf=2.5). Par-
allelepipedic yellow crystals (0.310 g, 56% yield based on W) were col-
lected by filtration. IR (KBr pellets): ñ =3034 (m), 2958 (w), 2922 (w),
2854 (w), 2768(w), 2763 (w), 2655 (w), 2589 (w), 2519 (w), 2487 (w), 1629
(w), 1486 (s), 1450 (m), 1418 (m), 1384 (m), 1286 (m), 1262 (m), 1093
(sh), 1057 (m), 956 (s), 815 (s), 759 (w), 729 (sh), 690 (w), 668 (sh), 595
(m), 521 (w), 489 (sh), 456 (m), 412 cm�1 (m); elemental analysis calcd
(%) for C40H144N10Fe2O91P2W22 (6439.73) C 7.46, H 2.25,N 2.17, Fe 1.73,
P 0.96, W 62.80; found: C 7.47, H 2.11, N 2.15, Fe 1.72, P 1.01, W 60.76.


X-ray crystallography : The intensity data collection for complexes 1–4
was carried out using a Bruker Nonius X8 APEX 2 diffractometer
equipped with a CCD bidimensional detector with the monochromated
radiation (l ACHTUNGTRENNUNG(MoKa)=0.71073 U). All the data were recorded at room
temperature. The absorption correction was based on multiple and sym-
metry-equivalent reflections in the data set using the SADABS pro-
gram[45] based on the BlessingGs method.[46] The structures were solved by
using direct methods and refined by full-matrix least-squares methods
with the SHELX-TL package.[47] In all the structures, there is a discrep-
ancy between the formulae determined by elemental analysis and the for-
mulae deduced from the crystallographic atom list, because of the diffi-
culty in locating all the disordered water molecules. These molecules
have been refined with partial occupancy factors. In the structure of com-
plex 2, it has been possible to locate the free Hdmby+ ions, the assign-
ment of the two N atom positions among the four possible ones was
made by considering the distances. The structure of complex 3 was
solved in the noncentrosymmetric P1 space group, although an analysis
by Platon suggests P1̄ because, in the centrosymmetric space group, the
bpy ligands were too close in space. Crystallographic data are given in
Table 2. Selected bond lengths and angles are listed in Table 1.
CCDC 649965 (1), 649966 (2), 649967 (3) and 649968 (4) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


TGA measurements : Thermogravimetry was carried out in a N2/O2 (1:1)
flow (60 mLmin�1) with a Perkin–Elmer electrobalance TGA-7 at a heat-
ing rate 10 8C min�1 up to 800 8C.


Magnetic measurements : Magnetic susceptibility measurements were car-
ried out with a Quantum Design SQUID Magnetometer with an applied
field of 1000 Oe using powder samples pressed in pellets to avoid prefer-
ential orientation of the crystallites. The independence of the susceptibili-
ty value with regard to the applied field was checked at room tempera-
ture. The susceptibility data were corrected from the diamagnetic contri-
butions as deduced by using PascalGs constant tables. 4.85, 4.07, and
0.04% of paramagnetic FeIII impurities were taken into account for the
fit of complexes 1, 2, and 4, respectively.


Computational details : Electronic structure calculations were performed
with the GAUSSIAN03 package.[48] The Fe and W atoms were described
using LANL2DZ basis set with LANL2 effective core potentials, whereas
the 6–31g basis set was used for all other atoms. The three-parameter ex-
change-correlation functional of Becke based on the correlation function-
al of Lee, Yang, and Parr (B3LYP),[49] which is known to be suited for


Table 2. X-ray crystallographic data for complexes 1–4.


1 2 3 4


formula C50H45Fe3N10O52PW11 C144H146Fe6N24O81P2W22 C120H120Fe6N20O81P2W22 C40H144Fe2N10O91P2W22


Mr 3838.83 7950.59 7580.10 6439.73
crystal system monoclinic monoclinic triclinic triclinic
space group C2/c C2/c P1 P1̄
Z 8 4 1 2
T [K] 293 293 293 293
a [U] 23.1859(8) 28.851(2) 13.3562(6) 13.1534(3)
b [U] 13.9166(8) 36.971(3) 14.1707(6) 20.3426(6)
c [U] 47.537(2) 20.947(2) 24.778(1) 24.0622(7)
a [8] 90 90 81.004(2) 94.2950(10)
b [8] 103.247(4) 118.229(4) 83.810(2) 97.1150(10)
g [8] 90 90 65.434(2) 92.1570(10)
V [U3] 14931(1) 19686(3) 4207.9(3) 6363.7(3)
1calcd [gcm


�3] 3.416 2.683 2.991 3.361
m [mm�1] 17.573 13.325 15.576 20.136
reflns collected 71279 75101 76836 160858
unique reflns (Rint) 22050 ACHTUNGTRENNUNG(0.0720) 17344ACHTUNGTRENNUNG(0.1581) 37765 ACHTUNGTRENNUNG(0.0508) 37375 ACHTUNGTRENNUNG(0.0472)
refined parameters 1029 1072 2178 1342
R(Fo)


[a] 0.0701 0.0653 0.0610 0.0657
Rw(F


2
o)
[b] 0.1758 0.1587 0.1576 0.1153


[a] R1= [� jFo j� jFc j ]/� jFc j ;[b] wR2= {[�w(F2o�F2c)2]/�w(F2o)2}1/2 with 1/w=s2F2o+aP2+bP and P= (F2o+F2c)/3; a=0.0991, b=601.63 for 1; a=0.1195,
b=0 for 2 ; a=0.1160, b=0 for 3 ; a=0.0795, b=272.69 for 4.
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the estimation of exchange interactions, was used in all calculations. The
exchange parameters were evaluated following the DFT-broken symme-
try method.[50]


Electrochemical measurements : The reference electrode employed in or-
ganic solvents was a silver wire in contact with a solution of AgNO3
(0.01m) and 0.1m of the same supporting electrolyte as employed in the
cell. For aqueous electrochemistry a silver/silver chloride (3m KCl) refer-
ence electrode was used. A carbon (d=3 mm) working electrode was
employed which was polished prior to use with 0.05 mm alumina and
rinsed with deionized water. The auxiliary electrode material was a plati-
num wire. A CH 660 A potentiostat was employed for all electrochemical
experiments. All solutions were degassed with pure argon for 15 min
prior to electrochemical experiments. For solid-state voltammetric meas-
urements, a slurry of the complexes was first prepared and then trans-
ferred onto the electrode surface. Before the electrochemical studies, the
coatings were allowed to dry. After use, the electrode surface was re-
newed by rinsing with acetone, polishing with 0.05 mm alumina and then
sonicated in deionized water.
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