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… in molecular electronics has
been investigated with the recently
synthesized tetrathiafulvalene-s-
trinitrofluorene diad (depicted on
the cover). As determined by
cyclic voltammetry, the HOMO–
LUMO gap of this diad is as low
as ~0.3 eV, close to that of the
theoretical Aviram–Ratner TTF-s-
TCNQ molecular rectifier. The
rectification behavior of this mole-
cule was tested as a function of
electrode material (Si/Ti and Au/
Hg), alignment, and orientation of
the molecules in the junction. For
more information, see the paper
by J. R. Heath, D. F. Perepichka et
al. on page 2914 ff.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Mesocrystal Superstructures
In their paper on page 2903 ff, H. Cçlfen et al. describe the
crystallization of a supersaturated solution of d,l-alanine in
the presence of a chiral double-hydrophilic block copoly-
mer. This polymer-mediated structuration yields superstruc-
tures of three-dimensionally, well-aligned nanocrystals that
are scaffolded to a so-called mesocrystal, and suggests an
important role for mesoscopic events in a typical crystalliza-
tion process.


Dendronized polymers
Simple charging of dendronized polymers in buffered solu-
tion of polymer strands in water is enough to force two
polymer strands into dimeric aggregates. Some of the ultra-
structures, which were determined by image analysis and
three-dimensional reconstruction of cryo-transmission elec-
tron microscopy, revealed double-helical structures reminis-
cent of the braiding seen with dsDNA. The research de-
scribed by C. Bçttcher, J. P. Rabe et al. on page 2923ff pro-
vide opportunities for the investigations of nanoconstruc-
tions.


High-Throughput Chemistry
The biological significance of glycans in the post-genomic
era requires the development of new technologies to enable
functional studies of carbohydrates in a high-throughput
manner. I. Shin et al. discuss the use of carbohydrate micro-
arrays as an advanced technology for this purpose in the
Concept article on page 2894 ff.
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Carbohydrate Microarrays: An Advanced Technology for Functional Studies
of Glycans


Injae Shin,* Sungjin Park, and Myung-ryul Lee[a]


Introduction


In the post-genomic era, functional studies of carbohydrates
(functional glycomics) in living organisms have received
great attention for biological research and biomedical appli-
cations. The cell surface is highly decorated with diverse
structures of glycans, mainly present in the forms of glyco-
conjugates such as glycoproteins and glycolipids. The cell
surface glycans vary in different cell types and states. They
act as biomolecular recognition markers for a variety of im-


portant biological functions, including cell communication,
cell adhesion, fertilization, development, differentiation, and
immune response through to specific interactions with pro-
teins.[1] These interactions are also involved in detrimental
disease processes, such as inflammation, tumor metastasis,
and viral or bacterial infections.[1] Interestingly, carbohy-
drate–carbohydrate interactions are also known to mediate
biological processes such as cell adhesion, signal transduc-
tion, and melanoma cell metastasis.[2] Therefore, functional
studies of glycans may provide invaluable information on
understanding biological phenomena and exploiting more
effective therapeutic agents and diagnostic tools.[3]


For over a decade, microarray-based technologies have
been extensively developed as high-throughput analytic
tools for studying biological processes (Figure 1). These


technologies facilitate fast, quantitative, and simultaneous
analyses of a large number of biomolecular interactions. For
instance, DNA microarrays, which were the first to be devel-
oped, have been applied for analyzing mutation of genes,
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Department of Chemistry
Yonsei University, Seoul 120–749 (Korea)
Fax: (+82) 2-364-7050
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Abstract: The biological significance of glycans in the
post-genomic era requires the development of new tech-
nologies to enable functional studies of carbohydrates
in a high-throughput manner. Recently, carbohydrate
microarrays have been exploited as an advanced tech-
nology for this purpose. Efficient immobilization meth-
ods for carbohydrate probes on the proper surface are
essential for the successful fabrication of carbohydrate
microarrays. Up to date, several techniques have been
developed to attach simple or complex carbohydrates to
a solid surface. The developed glycan microarrays have
been applied for functional glycomics, drug discovery,
and diagnosis. In this concept article, we discuss the
progress of immobilization methods of carbohydrates
on solid surfaces, their potential uses for biological re-
search and biomedical applications, and possible solu-
tions for some remaining challenges to improve this
new technology.


Keywords: carbohydrates · glycoconjugates
glycosylation · immobilization · oligosaccharides


Figure 1. Microarray-based technologies for studies of biological process-
es.
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studying change of patterns of gene expression in disease,
and tracking the activities of many genes at the same time.[4]


Protein microarrays, which were developed after DNA mi-
croarrays, have been used for the high-throughput studies of
protein–protein interactions and profiling of protein expres-
sion in normal and diseased states.[5] Although these tech-
nologies have been widely used for genomic, transcriptomic,
and proteomic research during last decade, it is only recent-
ly that carbohydrate microarrays were exploited for glyco-
mic research.[6]


In general, DNA–DNA (or DNA–RNA) and protein–pro-
tein interactions are strong enough for detection with DNA
and protein microarrays. However, carbohydrate–protein in-
teractions are known to be relatively weak and thus may not
be easily detected with carbohydrate microarrays.[7] For the
successful applications of carbohydrate microarrays, carbo-
hydrates immobilized on the solid surface should be strongly
recognized by proteins to allow detection. One possible so-
lution for achieving strong binding of carbohydrates to pro-
teins is to immobilize carbohydrate probes with proper spac-
ing and orientation on the solid surface, resulting in their
multivalent interactions (cluster effect).[7] As described
below, the lectin-binding experiments with carbohydrate mi-
croarrays indicate that carbohydrate-binding proteins
strongly interact with the corresponding carbohydrates on
the surface. This shows that the immobilized carbohydrates
on the surface appear to display multivalency unlike in so-
lution. On the other hand, the immobilized carbohydrates
on the solid surface may act as cell-surface carbohydrates
and can be recognized by proteins that are similar to a cell
surfaces. As a consequence, carbohydrate microarrays are
ideal for the functional studies of glycans.


In this article, we first discuss the developed immobiliza-
tion methods of carbohydrates on the solid surface, and
then mention potential applications of carbohydrate micro-
arrays for functional glycomics. Finally, we address possible
solutions for some remaining challenges to improve this new
technology. Low-density microtiter arrays may be of use for
analyzing a relatively small number of samples. However,
high-density microarrays have an advantage over microtiter
arrays, since tens of thousands of very small quantities of
samples can be simultaneously analyzed. For these reasons,
we focus on the high-density carbohydrate microarrays in
this article.


Immobilization Strategies for Carbohydrates on a
Solid Surface


Efficient immobilization techniques for carbohydrates on a
solid surface are a prerequisite for the successful prepara-
tion of carbohydrate microarrays. Four general methods can
be used for immobilizing simple or complex carbohydrates:
1) nonspecific and noncovalent immobilization of chemically
unconjugated carbohydrates on the underivatized surface,
2) site-specific and covalent immobilization of chemically
conjugated carbohydrates on the modified surface, 3) site-


specific but noncovalent immobilization of chemically conju-
gated carbohydrates on the underivatized surface, and
4) site-specific and covalent immobilization of chemically
unmodified carbohydrates on the modified surface. The first
three techniques have already been developed, while the
last is still under investigation.


First, chemically unconjugated glycans are nonspecifically
and noncovalently adsorbed on an underivatized surface
(Figure 2). This method needs neither a modified surface


nor chemical-linking techniques, making it simple for the
fabrication of carbohydrate microarrays.[8] However, the im-
mobilized carbohydrates should be large enough for tight
adsorption on the surface. For example, Wang et al. immobi-
lized a variety of chemically unconjugated microbial poly-
saccharides on nitrocellulose-coated glass slides by physical
adsorption, mainly through hydrophobic interactions, to pre-
pare microbial polysaccharide microarrays.[8a] The immobili-
zation efficiency of this method was significantly affected by
size of carbohydrates; polysaccharides of 3.3–2000 kDa were
efficiently adsorbed on the solid surface, but smaller carbo-
hydrates were less retained on the surface after extensive
washing. However, the recognition properties of noncova-
lently immobilized polysaccharides were preserved, based
on the binding experiments with monoclonal antibodies.
Willats et al. developed sugar-coated microarrays using a
new microarray slide surface.[8b] They immobilized polysac-
charides, proteoglycans, neoglycoproteins and plant cell ex-
tracts on the black polystyrene slides, prepared by injection-
molding of black polystyrene and an oxidative surface modi-
fication. In this case, samples were attached to the slides by
ionic bonding, hydrogen bonding, and hydrophobic interac-
tions. Since the carbohydrate microarrays were fabricated
with a black hydrophobic resin, a relatively high signal-to-
noise ratio was observed after probing with dye-labeled pro-
teins.


Second, chemically conjugated carbohydrates are site-spe-
cifically and covalently attached to the properly modified
surface (Figure 3). This method requires both a modified
surface and chemical-linking techniques. Preparation of
chemically conjugated carbohydrates is time-consuming and
sometimes difficult for nonexperts. However, simple carbo-
hydrates and oligosaccharides are both efficiently immobi-
lized on the surface in a site-specific manner, enhancing pro-
tein binding to the immobilized carbohydrates. For this


Figure 2. Nonspecific and noncovalent immobilization of chemically un-
modified carbohydrates on a solid surface.
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reason, this technique is more suitable for the fabrication of
simple carbohydrate and oligosaccharide microarrays than
the first one. For instance, our group exploited carbohydrate
microarrays by attaching maleimide-connected carbohy-
drates to SH-coated glass slides (Figure 3a).[9] To reduce
steric hindrance during protein binding to carbohydrates on
the surface, tethers of proper lengths were inserted between
maleimide groups and carbohydrate moieties. Protein-bind-
ing experiments indicated that carbohydrates connected
with long tethers interacted more strongly with proteins rel-
ative to those linked by short tethers. Alternatively, thiol-


linked carbohydrates were immobilized on either male-
imide-functionalized self-assembled monolayers or glass
slides coated with bovine serum albumin.[10]


Mrksich and co-workers prepared carbohydrate chips by
immobilizing cyclopentadiene-containing carbohydrates on
a benzoquinone-coated gold surface by menas of a Diels–
Alder reaction (Figure 3b).[11] Modification of the gold sur-
face was initiated by immersing gold-coated glass slides into
a mixture of alkanethiols with (1%) and without (99 %) ap-
pended hydroquinone groups to produce self-assembled
monolayers of hydroquinone and penta(ethylene glycol)
groups. Chemical or electrochemical oxidation was then per-
formed to convert hydroquinone to benzoquinone groups.
Finally, the monosaccharides tethered to cyclopentadiene
groups were covalently immobilized on the gold surface
through the Diels–Alder reaction. This reaction was found
to be highly efficient and selective for the immobilization of
carbohydrates on the surface.


Schwarz et al. developed glycol arrays by covalently im-
mobilizing a variety of p-aminophenyl glycosides on glass
slides modified with cyanuric chloride and patterned with a
hydrophobic Teflon mask (Figure 3c).[12] Wong and co-work-
ers explored a cycloaddition reaction between azide-contain-
ing sugars and alkynylated lipids noncovalently attached to
the microtiter plates for the preparation of a microtiter-
plate-type carbohydrate array (Figure 3d).[13] The alkyne,
which contained a 14 carbon lipid component, was first non-
covalently adsorbed on the plate by hydrophobic interac-
tions, and then azido sugars were covalently immobilized by
copper(i)-accelerated regiospecific 1,3-dipolar cycloaddition
reactions between the alkyne and azide groups. Waldmann
et al. have fabricated small molecule microarrays that in-
clude carbohydrates by using Staudinger reactions between
azide-containing substances and phosphane-derivatized glass
slides (Figure 3e).[14] The glass surface was modified with
fourth-generation polyamidoamine (PAMAM) dendrimers
to increase reactive sites on the surface. The required azide-
linked carbohydrates were facilely synthesized by solid-
phase synthesis by using the safety-catch linker strategy.


Third, chemically conjugated carbohydrates are site-spe-
cifically and noncovalently immobilized on the unmodified
surface (Figure 4). As an example of this method, Feizi et al.
developed oligosaccharide microarrays by noncovalently im-
mobilizing neoglycolipids (NGLs) on nitrocellulose.[15] The
required NGLs were prepared by reductive amination of oli-
gosaccharides with an amino lipid (1,2-dihexadecyl-sn-glyc-
ero-3-phosphoethanolamine). The oligosaccharides were ob-
tained by chemical or enzymatic methods by using glycopro-
teins, glycolipids, proteoglycans, polysaccharides and whole
organs, or from chemical synthesis. The immobilization effi-
ciency of the NGLs on nitrocellulose was found to be high
irrespective of the size of carbohydrates.


The last immobilization strategy is to site-specifically and
covalently attach free carbohydrates irrespective of their
size on the modified surface (Figure 5). Our group is devel-
oping a method to immobilize various free carbohydrates in-
cluding mono, di-, oligo-, and polysaccharides on the amino-


Figure 3. Site-specific and covalent immobilization of chemically modi-
fied carbohydrates on the derivatized solid surface; a) attachment of mal-
eimide-linked carbohydrates to thiol-coated glass slides, b) attachment of
cyclopentadiene-linked carbohydrates to benzophenone-coated gold sur-
faces through Diels–Alder reactions, c) attachment of p-aminophenyl gly-
cosides to glass slides coated with cyanuric chloride, d) attachment of
azide-linked carbohydrates to alkynylated lipid-coated microtiter plates,
and e) attachment of azide-linked carbohydrates to phosphane-coated
glass slides by means of Staudinger reactions.
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oxy- or hydrazide-derivatized
glass slides.[16] Preliminary pro-
tein-binding experiments show
that carbohydrate microarrays
prepared by this method are
suitable for the high-throughput
analysis of carbohydrate–pro-
tein interactions.


Applications of
Carbohydrate Microarrays


YDuring last a few years, car-
bohydrate microarrays have
been demonstrated to be an ad-
vanced technology for biologi-
cal research and potential bio-


medical applications. These include analysis of carbohy-
drate–protein interactions and identification of novel carbo-
hydrate-binding proteins, characterization of carbohydrate-
processing enzymes, profiling of the binding specificity of
antibodies, studies on carbohydrate-mediated cell recogni-
tion events and detection of pathogens for diagnosis, deci-
phering the sugar code (structures of glycans), and discovery
of novel inhibitors of protein–carbohydrate interactions and
carbohydrate-processing enzymes (Figure 6).


Figure 4. Site-specific and noncovalent immobilization of chemically modified carbohydrates on the underivat-
ized solid surface.


Figure 5. Site-specific and covalent immobilization of free carbohydrates
on the derivatized solid surface.


Figure 6. Applications of carbohydrate microarrays; a) high-throughput analysis of carbohydrate–protein interactions and rapid identification/characteri-
zation of novel carbohydrate-binding proteins, b) rapid determination of substrate specificity or enzymatic activity of carbohydrate-processing enzymes,
c) profiling of carbohydrate–antibody interactions and detection of specific carbohydrate-binding antibodies for the diagnosis of diseases, d) characteriza-
tion of carbohydrate-mediated cell recognition events, e) deciphering oligosaccharide code in a glycome, and f) high-throughput screening of inhibitors
of carbohydrate-processing enzymes and modulators to prevent carbohydrate-protein interactions for drug discovery.
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First, carbohydrate microarrays can be used for the high-
throughput analysis of carbohydrate–protein interactions
and the rapid identification/characterization of novel carbo-
hydrate-binding proteins (Figure 6a). To date, several re-
search groups have investigated glycan–protein interactions
with these microarrays by probing with fluorophore-labeled
proteins.[9–11] Protein-binding studies with carbohydrate mi-
croarrays showed that the relative binding affinities of lec-
tins to the immobilized carbohydrates were well consistent
with those obtained from solution-based assays (e.g., hemag-
glutination inhibition assay or isothermal titration calorime-
try). Furthermore, quantitative binding affinities of lectins
to carbohydrates on the surface were also analyzed by deter-
mining IC50 values of soluble carbohydrates with these mi-
croarrays.[9,11] One of the most challenging biological fields
in the post-genomic era is to identify and characterize tens
of thousands of proteins encoded by a genome. This micro-
array-based technology can be further applied for identifica-
tion and characterization of new carbohydrate-binding pro-
teins from a proteome in a high-throughput fashion.


Second, glycan microarrays can be utilized to rapidly de-
termine the substrate specificity or enzymatic activity of car-
bohydrate-processing enzymes (Figure 6b). As a model
study for this, the microarray containing GlcNAc and fucose
was treated with b-1,4-galactosyltransferase (GalT) and
UDP-Gal, and then probed with fluorophore-labeled A. aur-
antia and E. cristagalli.[9a] Fluorescence images exhibited
that GlcNAc was selectively converted to LacNAc by GalT.
These studies suggest that the carbohydrate microarrays are
useful tools for characterizing novel carbohydrate-process-
ing enzymes in the post-genomic era.


Third, glycan microarrays can be applied to profile carbo-
hydrate–antibody interactions and to detect specific carbo-
hydrate-binding antibodies for the diagnosis of diseases (Fig-
ure 6c). Willats et al. assessed the binding specificities of
monoclonal antibodies with microarrays composed of poly-
saccharides, proteoglycans, neoglycoproteins, and plant cell
extracts.[8b] The carbohydrate epitopes on the solid surface
were specifically recognized by the corresponding antibod-
ies. It was also found that the detection limit (ca. 80 fg) of
this microarray assay was superior to that using the conven-
tional ELISAs and immunodot assay methods (~5 pg and
~10 ng, respectively). Wang and co-workers more extensive-
ly investigated the binding specificity of human antibodies
with carbohydrate microarrays containing 48 microbial poly-
saccharide probes. For this study, they used only a limited
amount of human serum (1 mL).[8a] The antibody-binding ex-
periments demonstrated that antibodies interacted specifi-
cally with the corresponding polysaccharides. In addition, by
using this technology, unexpected antibody specificities were
found and previously unknown cellular markers (Dex-Ids)
were also discovered. Most pathogens contain specific poly-
saccharides on the cell surface. Pathogen-infected humans
provide antibodies that bind to the pathogenic polysaccha-
rides. The microbial polysaccharide microarray can be fur-
ther used for the diagnosis of pathogen infection by using
human serum samples. Another possible application for di-


agnosis is to detect tumor cells in human bodies because
they frequently express tumor-associated carbohydrates.


Fourth, carbohydrate microarrays can be exploited to
characterize carbohydrate-mediated cell recognition events
(Figure 6d). Nimrichter et al. incubated glycol arrays with
dye-labeled primary chicken hepatocytes that expressed
GlcNAc-specific lectin on their surface.[17] Cell-binding ex-
periments showed that intact cells adhered to the GlcNAc
but not the Gal on the solid surface. They also applied this
technology to examine adhesion of human CD4+ T-cell to
carbohydrates on the surface. CD4+ cells recognized sialyl
Lex, perhaps through cell surface l-selectin, but rarely ad-
hered to the nonfucosylated form. These experiments sug-
gest that carbohydrate microarrays can be used for detecting
pathogens which express specific carbohydrate-binding pro-
teins on their cell surface.


Fifth, microarray technology can be used for deciphering
the oligosaccharide code in a glycome (Figure 6e). One rep-
resentative example is to determine structure of oligosac-
charide chains by using neoglycolipid microarrays and mass
spectrometry.[6b, 15] The required neoglycolipids (NGLs) were
prepared by coupling of oligosaccharides obtained from nat-
ural sources or chemical synthesis to an aminolipid by re-
ductive amination. NGL mixtures were then separated by
high-performance thin-layer chromatography. NGL microar-
rays containing the purified NGLs were probed with pro-
teins and sequences of recognized oligosaccharides were an-
alyzed by mass spectrometry (MS). This method can be ex-
tended for glycomic research to map carbohydrate struc-
tures in glycoproteins or glycolipids that are recognized by
specific proteins.


Another important application of this technology is high-
throughput screening of new inhibitors of carbohydrate-
processing enzymes that are involved in the biosynthesis of
the disease-related carbohydrates, as well as novel modula-
tors that disrupt carbohydrate-protein interactions for drug
discovery (Figure 6f). Earlier, there was no example for this
application with carbohydrate microarrays. However, very
recently, it was reported that fucosyltransferase (FucT) in-
hibitors were screened with microtiter-type carbohydrate
arrays.[18] LacNAc, a substrate for FucT, immobilized on the
microtiter was incubated with 85 synthetic compounds in
the presence of FucT and GDP-Fuc, and then probed with
peroxidase-coupled T. purpureas (a fucose specific lectin).
Four inhibitors with nanomolar Ki�s were discovered. Al-
though the reported screening method should be further im-
proved to apply carbohydrate microarrays for drug discov-
ery, this technology has a potential for development of new
inhibitors.


Conclusions and Perspective


As described above, carbohydrate microarrays can be used
in various research fields such as glycomics, drug discovery,
and diagnosis. However, a few limitations need to be over-
come for wide applications of this state-of-the-art technolo-
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gy. First, glycan microarrays should be improved for detect-
ing proteins with weak binding affinities. Although many ex-
amples exhibited multivalent interactions between the im-
mobilized carbohydrate probes on the solid surface and pro-
teins, these interactions may be not enough to detect weakly
binding proteins. One possible solution is to fabricate carbo-
hydrate microarrays containing multivalent carbohydrate
probes on the surface to enhance their binding affinity with
proteins. Another method is to prepare chip bases that con-
tain functional groups which crosslink proteins upon their
binding to the immobilized carbohydrates.


Second, efficient detection methods should be developed
for the optimal use of carbohydrate microarrays. Fluores-
cence detection with fluorophore-labeled proteins has been
most widely used, because of its high sensitivity. However,
protein labeling often results in protein denaturation and/or
interference with carbohydrate ligand binding. Recently, a
method to prevent denaturation of proteins during their la-
beling with fluorophores was developed.[19] Proteins labeled
by fluorophores at the C termini were isolated by in vitro
expression of proteins in the presence of fluorophore-con-
taining puromycin derivatives. As fluorophore labeling pro-
ceeds during protein expression, an extra protein-labeling
procedure can be omitted. Furthermore, C-terminal modifi-
cation of proteins may rarely interfere with their binding to
carbohydrates. However, detection techniques that do not
require protein labeling are still more useful. Surface plas-
mon resonance (SPR) spectroscopy is suitable for this pur-
pose. This method does not need labeled proteins and its
high sensitivity allows the detection of low-affinity binding.
However, SPR cannot be applied to characterizing protein–
carbohydrate interactions in a high-throughput manner. Re-
cently, SPR imaging technology has been developed to over-
come this limitation.[20] This technology was applied to the
detection of RNA–DNA and protein–DNA interactions
with DNA arrays. Mass spectrometry can also be used for
detecting the modification of carbohydrates on glycan mi-
croarrays.[21] For example, enzymatic reactions by carbohy-
drate-processing enzymes on carbohydrate microarrays were
characterized by using MALDI-TOF MS.[21b] This technique
was also applied to the determination of the time-depend-
ence of enzymatic glycosylation.


Third, usefulness of carbohydrate microarrays depends on
how the diverse carbohydrate probes are immobilized on
the surface. Natural carbohydrate ligands are more useful
for studies of carbohydrate–protein interactions than simple
synthetic ones. However, isolation of carbohydrates from
cells or glycoconjugates produces only a limited amount of
natural glycans. Moreover, the isolated glycans should be
modified for immobilization on the surface. Synthetic meth-
ods are more convenient for obtaining a sufficient amount
of diverse and modified carbohydrates. Over a decade, new
synthetic methods (e.g., automated oligosaccharide synthe-
sis, programmable one-pot synthesis of carbohydrates, and
combinatorial synthesis of carbohydrates) have continuously
emerged to prepare complex oligosaccharides, and the im-
proved methods will certainly provide structurally diverse


and complex carbohydrates.[22] Once various carbohydrates
are obtained, systematic studies of carbohydrate-recognition
events with carbohydrate microarrays can be performed. If
the limitations described above are overcome in the near
future, carbohydrate microarrays will be more applicable for
biological studies and biomedical research.
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Polymer-Induced Alignment of dl-Alanine Nanocrystals to Crystalline
Mesostructures


Sebastian Wohlrab,[a] Nicola Pinna,[b] Markus Antonietti,[b] and Helmut Cçlfen*[b]


Introduction


The structuration of nanoparticles into ordered superstruc-
tures by using bottom-up approaches is one of the key
topics of modern colloid and materials chemistry.[1] In this
field, much can be learned from the processes of biomineral-
ization that yield well-defined, organic–inorganic hybrid ma-
terials with superior materials properties, complex morphol-
ogies, and hierarchical order.[2–4]


One of the fundamental aspects of bio- and biomimetic
mineralization is the possibility of a mesoscopic ordering of
materials through self-organization and transformation.[5]


Even conventional crystallization processes are considered
to be more than just the formation of a solution-mediated
lattice from ions. Aggregation-mediated crystallization via
mesoscopic building units seems to be relevant in many
cases;[5] for example, iron oxides,[6] cerium oxide,[7] copper
oxalates,[8] and copper oxides[9] are all solids containing
metal ions that readily undergo hydrolytic polymerization
and cluster formation in aqueous solution. The current
theory, with its two principal paths of crystallization, is rep-
resented in Figure 1, left and center.


The influence of polymers on crystal formation is usually
attributed to their selective adsorption and/or enrichment
onto specific crystal faces, similar to that seen with low mo-
lecular weight ionic compounds, which inhibits the growth
of these faces.[10] Self-assembled and highly oriented super-
structures can form through that approach, as was shown for
a variety of ZnO superstructures obtained with a citrate ad-
ditive.[11]


Polymers can also decrease colloidal stability, which indu-
ces aggregation.[12,13] On the other hand, polymer–surface in-
teractions that increase colloidal stability, thereby influenc-
ing the size and shape of the primary clusters, are also
known.[14] Particularly effective steric stabilizers for inorgan-
ic crystals in aqueous systems are the so-called double-hy-


Abstract: Crystallization of dl-alanine
by cooling of a supersaturated solution
in the presence of a chiral double-hy-
drophilic block copolymer poly(ethy-
lene glycol)-block-poly(ethylene
imine)-S-isobutyric acid (PEG4700-
PEI1200-S-iBAc) yields crystal super-
structures with an astonishing morphol-


ogy. Although analysis by light micros-
copy reveals these crystals to be appa-
rently well facetted, electron microsco-


py shows that they consist of three-di-
mensionally, well-aligned nanocrystals
that are scaffolded to a so-called meso-
crystal. This mesocrystal is formed by
polymer-mediated structuration, and
provides evidence for the importance
of mesoscopic events in a typical crys-
tallization process.


Keywords: alanine · copolymers ·
crystal engineering · crystal growth ·
mesocrystal


[a] Dr. S. Wohlrab
Institute of Inorganic Chemistry, Technical University of Dresden
Mommsenstrasse 13, 01069 Dresden (Germany)


[b] Dr. N. Pinna, Prof. Dr. M. Antonietti, Dr. H. Cçlfen
Max-Planck-Institute of Colloids and Interfaces
Colloid Chemistry, Research Campus Golm
14424 Potsdam (Germany)
Fax: (+49) 331-567-9502
E-mail : helmut.coelfen@mpikg-golm.mpg.de


Figure 1. Alternative growth mechanisms of a crystal and a mesocrystal,
partially adapted from reference [5].
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drophilic block copolymers (DHBCs), which consist of a hy-
drophilic sticking block for the crystal and a second hydro-
philic block that promotes water dispersion.[15]


Apart from the anisotropy of the shape, specific steric,
van der Waals, and hydrophilic–hydrophobic interactions
can organize the primary particles into a mesoscopic super-
structure. An impressive example of the surfactant-mediated
one- and two-dimensional structuration of BaCrO4 and
BaSO4 nanoparticles, respectively, was reported by Mann
and co-workers.[16,17] Even more demanding is the control-
led, three-dimensional structuration of nanoparticles to mi-
croparticles with defined external faces. The three-dimen-
sional structuration of mm-sized particles to ordered crystal-
line and facetted superstructures on surfaces has already
been described (for a recent review, see reference [18]). The
structuration of monodispersed spherical nano- or micropar-
ticles to colloidal crystals has also been investigated exten-
sively (for a recent review, see reference [19]). Fewer studies
of the three-dimensional structuration of nonspherical nano-
crystals to facetted crystals have been reported.


These crystals consisting of nanocrystal aggregates are
called mesocrystals (Figure 1). Such synthetic hybrid materi-
als exhibiting defined crystal faces, but constructed from
three-dimensionally, well-aligned nanocrystals, have already
been described for calcium carbonate systems,[20–22] copper
oxalate,[8] BaSO4,


[23] CdS,[24] and CoPt3.
[25] However, the for-


mation mechanism of such mesocrystals is unknown, as are
the reasons for the perfect alignment of the mesoscopic
building units in symmetries different from those of the pri-
mary crystals.


In this paper, we present the first example of an organic
mesocrystal constructed from neutral molecules, illustrating
that such structures are not formed exclusively by inorganic
matter and its high cohesion energy. Crystals of organic mol-
ecules have the advantage that they have lower lattice ener-
gies than their inorganic ionic counterparts, and provide ad-
ditional crystallization control parameters, such as chirality
or dipole–dipole interactions. Thus, the crystallization of
polar organic molecules, such as amino acids, is appropriate
for studying the effects and relevant parameters for the for-
mation of mesocrystals, and the nature of the forces aligning
the primary nanoparticles.


Experimental Section


All chemicals were purchased from Aldrich with a purity >99 % and
were used without further purification, unless otherwise stated. Double-
distilled water was used for the preparation of the crystallization solu-
tions.


Polymer synthesis


Bromopoly(ethylene glycol) (2): Monomethoxypoly(ethylene glycol) (1)
(PEG4700-OH, 150 g, Mw =5000 gmol�1, Mn =4700 g mol�1) was dissolved
in toluene (600 mL) and refluxed for 2 h, using azeotropic distillation to
remove traces of moisture from the solution. After cooling to 35 8C,
freshly distilled anhydrous triethylamine (20 mL, 144.3 mmol), and fresh-
ly distilled thionyl bromide (25 g, 120.2 mmol) dissolved in dry toluene
(50 mL), were added dropwise at 35 8C over the course of 1 h, under con-


tinuous stirring in a dry nitrogen atmosphere. The reaction was complet-
ed by refluxing for 2 h. The triethylammonium bromide was removed by
passing the hot solution through a sintered glass funnel (type 2) with an
approximately 2–3 cm thick layer of Hyflo Super Cell diatomeous earth.
After cooling to 50 8C, active carbon was added (50 g). After filtration
over a diatomeous earth layer and elution of the filtercake with hot tolu-
ene, the filtrate was stored at 4 8C overnight to crystallize the product.
Residues of the product were formed by constriction and crystallization
of the supernatant toluene. The solid products were dissolved in refluxing
ethanol and further active carbon was added (50 g). The solution was fil-
tered as above, constricted, and the product was recrystallized twice at
4 8C. This was then washed with diethyl ether and dried in a vacuum des-
sicator to yield a pale yellow product (101 g).


Poly(ethylene glycol)-block-poly(ethylene imine) (3): A solution of poly-
(ethylene imine) (50 wt %, 6 mL, Mn = 1200 g mol�1) (PEI1200) was heated
in toluene (100 mL) under reflux, using azeotropic distillation to remove
traces of moisture from the solution. The water-free solution was concen-
trated to 20 mL and bromopoly(ethylene glycol) (2) (11 g) in THF
(100 mL), and triethylamine (1 mL, 9.9 mmol) were added. The mixture
was then heated under reflux for 6 h. The resulting triethylammonium
bromide was separated by filtration. The organic phase was evaporated
and traces of toluene were removed by azeotropic distillation with water.
The polymer was isolated by freeze-drying and then analyzed by quanti-
tative 1H NMR spectroscopy by using the ratio of PEI and PEG protons.
The blocking efficiency was >90%. 1H NMR (D2O): d =2.30–2.90 (H-
PEI), 3.40–3.80 ppm (H-PEG).


Poly(ethylene glycol)-block-poly(ethylene imine)-S-isobutyric acid (5):
Poly(ethylene glycol)-block-poly(ethylene imine) (3) (7 g) was dissolved
in THF (350 mL), and triethylamine (9 g, 88.9 mmol) and the methyl
ester of S-bromoisobutyric acid (7.5 g, 41.2 mmol) were added. The mix-
ture was heated under reflux for 6 h and the resulting triethylammonium
bromide was separated by filtration. The organic phase was evaporated
and the solid product was dried in a vacuum dessicator. The solid was
then dissolved in a water/methanol mixture (1:3, 160 mL), LiOH·H2O
(3.5 g, 83.3 mmol) was added, and the mixture was stirred for 2 h. The so-
lution was then neutralized by adding 0.5n HCl. After dialysing from low
molecular weight components (MWCO=1000 gmol�1), the solution was
freeze-dried and characterized. 1H NMR (D2O): d=1.20–1.35 (CH3- from
S-bromoisobutyric acid), 2.30–2.90 (H-PEI; CH2-, CH- from S-bromoiso-
butyric acid), 3.40–3.80 ppm (H-PEG); PEI functionalization degree:
41% (from 1H NMR spectroscopy and gravimetry of the byproduct tri-
ethylammonium bromide); ORD: [a]20


D =3.7 mdeg (1 wt % solution at
1 cm), which qualitatively confirms the chirality of the prepared polymer.


Crystallization : An amount of polymer PEG4700-PEI1200 or PEG4700-
PEI1200-S-iBAc (10 or 100 mg, respectively) was added to a filtered, satu-
rated, aqueous solution of dl-alanine (10 mL) at 65 8C, and allowed to
dissolve as the mixture was cooled to room temperature. The solution
was filtered and poured into a small bottle. After 24 h crystallization had
started and was complete within 7 days. The crystals were then filtered
from the solution, washed three times with ethanol, and dried at 50 8C
under vacuum, before being analyzed by using light microscopy.


Analytical methods : The NMR spectroscopy experiments were per-
formed by using a Bruker DPX-400 instrument at 25 8C with D2O as sol-
vent. Both light microscopy of solutions and scanning electron microsco-
py (SEM) were applied to all samples. The use of light microscopy is nec-
essary to prove that the SEM micrographs show real structures instead of
drying artefacts that result from sample preparation. The SEM measure-
ments were performed by using a LEO 1550-GEMINI microscope. Light
microscopy images were recorded in solution by using an Olympus BX50
instrument. Powder X-ray diffraction (XRD) patterns were recorded by
using a PDS 120 diffractometer (Nonius, Solingen) equipped with CuKa


radiation. The w scan-mode crystal analysis with crystal rotation along
[001] was performed by using a Bruker-AXS, Modell SMART. The sur-
face cleavage of the crystal faces, the cell structure, and the modeling of
morphologies were performed by using Cerius2 software (Accelrys). For
the equilibrium growth morphology calculation in vacuum, the auto force
field was enabled. The morphologies were then adapted to those ob-
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served experimentally, by altering the distances between the faces and
the virtual crystal center.


Results and Discussion


Polymer synthesis : As a suitable polymer for the crystalliza-
tion of dl-alanine, a standard double-hydrophilic block co-
polymer (DHBC) was prepared and functionalized by using
principles reported previously.[15,26, 27] Poly(ethylene glycol)-
block-poly(ethylene imine) (3) was employed as a backbone,
and was synthesized by coupling the two polymer segments,
which had molar masses of Mn = 4700 and 1200 g mol�1, re-
spectively (PEG4700-PEI1200). Monomethoxypoly(ethylene
glycol) (PEG4700-OH) (1) was activated by reaction with
thionyl bromide under reflux conditions, using an excess of
triethylamine in toluene to give the brominated telechelic
species (PEG4700-Br) (2), which has a functionalization
degree of 100 %.[28] This compound was coupled to a
branched PEI with a molar mass of Mn = 1200 g mol�1


(PEI1200), as this was shown by earlier investigations to pro-
vide a higher functional group density on a crystal surface
than the linear or dendritic analogues.[29]


The AB-block structure (3) was obtained by refluxing an
excess of 100 % PEI1200 with PEG4700-Br (2) in THF. The sur-
plus of PEI was quantitatively removed by performing ex-
haustive dialysis (MWCO =3000 g mol�1). Gel permeation
chromatography (GPC) revealed a blocking efficiency of
90 % and a PEG contamination of about 10 %, resulting
from the nonquantitative yield of both reaction steps. The
PEG homopolymer, however, is inert and does not disturb
the subsequent crystallization examination, as earlier inves-
tigations have shown.[30]


To activate this polymer backbone, it was functionalized
with appropriate sticker groups that can interact efficiently
and selectively with appropriate crystal surfaces. This is only
possible to a certain degree, as PEI consists of 25 % primary,
50 % secondary, and 25 % tertiary amines.[31] The alkylation
of the PEG4700-PEI1200 in THF with the methyl ester of S-
bromoisobutyric acid yielded a functionalized DHBC (4)
with a functionalization degree of 41 %, as revealed by
1H NMR spectroscopy and gravimetric investigations of the
byproduct triethylamine bro-
mide, and implies that all pri-
mary and some secondary
amine groups were functional-
ized. This conversion is typical
for polymer reactions with
PEI.[27] Subsequent cleavage of
the ester produced a zwitterion-
ic chiral DHBC (5), which is
suitable for the crystallization
of amino acids, in this case dl-
alanine (Scheme 1).


Crystallization : dl-alanine crys-
tallizes from aqueous solution


in the space group Pna21 with an orthorhombic unit cell.[32]


Free crystallization of a supersaturated dl-alanine solution
in bidistilled water by cooling from 65 to 20 8C yields nee-
dlelike racemic crystals within a few hours (Figure 2a). In
the presence of 0.1 wt % PEG4700-PEI1200, which is the non-
functionalized DHBC backbone, a nonspecific change in the
crystals is observed. Instead of the original filigree needle, a
compact rectangular structure with sharp side-faces and ir-
regular tips is obtained (Figure 2b). The thickness of the
crystals is increased by a factor of ten compared to the de-
fault experiment, and a vague central inner structure is ap-
parent. The addition of functionalized DHBC PEG4700-
PEI1200-S-iBAc at a concentration of 0.1 wt % shows a much
stronger influence on crystallization. The original needle
form disappears completely in favor of bricklike crystal
bodies with irregular morphology (Figure 2c).


The strong morphology-directing effect of the block co-
polymer with its chiral sticker groups is clear, and nicely
supports the DHBC concept, as previously applied to inor-
ganic compounds, such as CaCO3,


[27,33–38] Cax(PO4)y(OH)z,
[30]


BaSO4,
[39–44] BaCrO4,


[45,46] ZnO,[47–50] CaC2O4*2H2O,[51]


CdWO4,[52] and lanthanides[53] or Au.[54] Chiral aspects
during the crystallization have been examined mainly by the
Lahav group.[55–57]


To examine the role of chirality, we investigated the influ-
ence of this polymer on the crystallization kinetics of the
enantiopure amino acids. The presence of 0.1 wt % of
PEG4700-PEI1200-S-iBAc results in a significant change in the
crystallization kinetics, as revealed by measurements of the
circular dichroism (l=240 nm) of the supernatant solution
over time (Figure 3). Although the growth of l-alanine is
slowed down by the polymer, the d-alanine growth rate is
accelerated. This dependence proves the “rule of rever-
sal”,[55,58] that is, the polymer binds better to a surface of
equal chiral character, so that this surface becomes inhibited
and the other enantiomer preferentially crystallizes. The
temporary separation of enantiomers was recently observed
for tartrate salts with a chiral DHBC,[58] in which the race-
mate and the enantiopure compounds were nevertheless
thermodynamically very similar and had a similar free en-
thalpy of crystallization. However, performing similar circu-
lar dichroism measurements on the supernatant solution of


Scheme 1. Reaction scheme for the preparation of PEG4700-PEI1200-S-iBAc.
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a 1:1 mixture of d- and l-alanine, with 0.1 wt % polymer as
in Figure 3, reveals no change in the optical rotation over
time (it is still the racemate that is crystallizing), and no
chiral separation was achieved. Clearly, the polymer can dif-
ferentiate between the two enantiomers; nevertheless, it
binds with similar strength to faces of the racemate crystals,
so that this thermodynamically more stable species prevails.
We can conclude, therefore, that the novel structures are
also composed of racemic crystals.


A higher resolution picture of the crystals obtained in the
presence of the PEG4700-PEI1200-S-iBAc additive shows the
detailed nature of the products (Figure 4a). Although the
“crystals” are apparently well facetted, they show an inner


texture and cracks, and are clearly composed of many small
tectons. Sites parallel to the longitudinal axis display smooth
surfaces, whereas sites on the lateral axis have a rough
shape and show structuring. The wavy surfaces and irregular
edges observed are atypical for single crystals and are likely
to be the effect of an imperfect structuring of subunits. In
addition, tension cracks can be observed.


To obtain more information about the inner texture of
these superstructures, an etching experiment was performed
by refluxing the crystals for 8 h in the nonsolvent methanol.
The block copolymer within the crystal partly dissolved, and
the resulting, less-fixed structures reveal their inner connec-
tivity. Figure 4b shows the coupled SEM results revealing a
porous structure. The initially smooth surface became tex-
tured and less regular. A reference experiment for a dl-ala-
nine single crystal boiled in methanol under the same condi-
tions still yielded a crystal with smooth surfaces (Figure 4c),
which clearly reveals that the cavities in Figure 4b must


Figure 2. Light micrographs showing dl-alanine crystals obtained by cool-
ing a supersaturated solution from 65 to 20 8C; a) default experiment
without additive (scale bar=200 mm), b) a crystal obtained by addition of
0.1 wt % PEG4700-PEI1200 (scale bar=200 mm), and c) crystals obtained by
addition of 0.1 wt % PEG4700-PEI1200-S-iBAc (scale bar=20 mm).


Figure 3. Kinetic measurements of the crystallization of the alanine enan-
tiomers by using circular dichroism detection of the supernatant; a) l-ala-
nine, b) d-alanine. Crystallization was induced by the abrupt cooling of a
supersaturated solution from 85 to 20 8C. The diagrams compare the free
crystallization with that in the presence of 0.1 wt % PEG4700-PEI1200-S-
iBAc.
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result from polymer dissolution, despite the possible slight
dissolution of alanine.


Upon increasing the concentration of polymer PEG4700-
PEI1200-S-iBAc to 1 wt %, a more regular, cubic crystal mor-
phology is obtained (Figure 5a), in which all edges have a
similar length of between 50 and 100 mm. The reason for the
more uniform shape may be a higher order of the nanocrys-
tals in the compound structure and will be discussed in more
detail below. One set of the orthogonal faces shows smooth
surfaces, one set is slightly striated, and one set of the cubic
faces is rough and exhibits pronounced surface structure. In
addition to the cubes, fused, cross-grown mesocrystals are
found. In contrast to the crystals obtained with the lower
concentration of polymer (Figure 4), no cracks are observed


in the mesocrystals, indicating a more pronounced inner tex-
turation.


Higher resolution SEM pictures of the rough sites of less-
perfect species reveal the inner alignment of the nanocrys-
tals within these superstructures (Figure 5b). Very thin, pla-
telet-like crystals, aligned along their c axis to a multilayer
stack (for mesocrystal face-indexing, see Figures 10 and 11),
constitute the complete mesocrystal and are aligned perpen-
dicular to the rough face. From these pictures, the thickness
of the primary crystals can be estimated to be below
100 nm. Although a dense packing of needles would also be
compatible with the observations in Figure 5b, the following
results strongly suggest that the primary particles are plate-
lets that can form needles by oriented attachment. The pri-
mary crystals are well separated, indicating the presence of
tightly bound, intracrystalline polymers; that is, the whole
structure is a layered nanocomposite.


We also tried to embed the crystal superstructures into
epoxy to obtain microtome sections. Due to the low stability
and high brittleness of the compound structure, precise cut-
ting in all directions is not possible, and mostly fragments of
destroyed mesocrystals are observed. The three-dimension-
ally aligned lamellar structure of the mesocrystals is demon-
strated in Figure 6. Although the exact orientation of this
thin cut is unclear, the high level of subunit orientation
within a mesocrystal is apparent. The mesocrystal has essen-


Figure 4. SEM images of dl-alanine crystals; a) obtained by addition of
0.1 wt % PEG4700-PEI1200-S-iBAc at high resolution (scale bar=2 mm),
b) after etching for 8 h in refluxing methanol (scale bar=200 mm), and
c) default experiment with single crystals (scale bar=1 mm).


Figure 5. a) SEM image of dl-alanine crystals formed by crystallization
of 10 mL of a supersaturated solution (cooled from 65 to 20 8C by addi-
tion of 1 wt % PEG4700-PEI1200-S-iBAc) (scale bar=100 mm). b) The view
of one of the rougher faces revealing the inner mesostructure (scale
bar=2 mm).
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tially a rectangular cross-section, in which the single crystal-
line lamellae are parallel to the flat outer surfaces of the
mesocrystal. Remarkably, all of the single nanocrystal plate
units have the same fracture texture and angles, emphasizing
that each nanocrystal is vectorially well aligned with respect
to the next crystal; that is, the mesocrystal possesses a
common coordinate system. This texture provides relevant
information concerning the action of the polymer and the
architectural principles of the mesocrystal.


Despite the large morphological differences between the
single reference crystal of dl-alanine and the mesocrystal,
there are only minor differences in the wide-angle X-ray
scattering (WAXS) results (Figure 7). Even the porous
structures formed at low concentrations of polymer show
well-developed scattering peaks that are very narrow. Amor-
phous domains within the structures are clearly absent. Both
crystals can be indexed according to the orthorhombic prim-
itive lattice, which is known for dl-alanine. The difference
between the two diffractograms is subtle, despite the obser-
vation of orientational effects in the powder diffractogram
upon repetition of the experiment. The absence of peaks or
a decrease in peak intensities indicates the substructure of
the mesocrystal, or the structure of the primary nanoparti-
cles, respectively. The (200) peak is increased, whereas the
(110) peak is decreased. Although the sample was measured
as a powder, orientational effects cannot be completely ex-


cluded. Higher resolution of the area around 218 (Figure 7b,
inset) illustrates the absence of the original (201 and 011)
scattering peak. The standard explanation for the absence of
peaks, but the preservation of crystal structure, is an altered
exposure of faces. The disappearance of the main scattering
peak and the shifts in intensity occur because certain crystal
directions exist in only nanometer dimensions. This is evi-
dent from the observed “vanishing of peaks” due to very
broad peak widths, and leads to the peak disappearance in
the baseline.


On the basis of these results, it is possible to develop a
molecular mechanistic understanding of the interaction and
structuration process. It is already known that dl-alanine is
a polar crystal along the c axis; it displays well-developed
“capped (201) and (011) faces” at one end of the polar c
axis where �NH3


+ groups are exposed, and at the opposite
flat (00-1) face, �COO� groups are exposed.[59–61] We have
depicted the molecular surface structure of dl-alanine, as
viewed along the b and c axis, by using the program Cerius2


(Figure 8). The effects of surface reconstitution and hydra-


Figure 6. a) SEM image of dl-alanine crystals formed by crystallization
of 10 mL of a supersaturated solution (cooled from 65 to 20 8C by the ad-
dition of 1 wt % PEG4700-PEI1200-S-iBAc) showing the semicut mesostruc-
ture (scale bars = 3 mm). b) Close up of part of image in (a).


Figure 7. Results of WAXS analysis of dl-alanine crystals formed by the
crystallization of 10 mL of a supersaturated solution (cooled from 65 to
20 8C); a) default experiment in the absence of additive, b) following the
addition of 1 wt % PEG4700-PEI1200-S-iBAc.


Chem. Eur. J. 2005, 11, 2903 – 2913 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2909


FULL PAPERCrystallization of dl-Alanine



www.chemeurj.org





tion were not considered; the surfaces were constructed
simply from the well-known unit cell of dl-alanine.


The (200) and (210) faces are similar; both show cationic,
anionic, and nonpolar methyl groups as surface sites in
equal proportions. Interestingly, despite the decrease in the
(110) peak, the relative intensity of the related (220) peak
increases (Figure 7). The reason for this is unknown, but
suggests orientational effects. A similar situation exists for
the (210) surface, which is a morphology-determining face
due to its slow growth. That this is an exposed face could ex-
plain why this peak is so strong in both the reference
sample and the mesocrystal. The (201) and (011) faces can
be easily identified as polar surfaces, from which four amino
units per unit cell extrude.[59–61] The most polar surface, how-
ever, is the (001) face. Because the c axis in dl-alanine is
the dipole axis, the (001) face is polar, with one side rich in
carboxylic acids and the counterface rich in amines.


The acidic polymer can interact with the faces that exhibit
amino groups; predominately (001). The relative occupation
depends on polymer concentration, but the experiments
show that at the low polymer concentrations used, the (001)


face is preferred, which makes this usually unexposed face
dominant in the initially formed nanocrystals.


The dl-alanine morphologies observed for the single crys-
tal, based on the work of Lahav and co-workers[59–61] (Fig-
ure 9a), and the suggested morphology of the primary build-


ing unit of the mesocrystals (Figure 9b), demonstrate the
morphology changes to the latter. Instead of the needlelike
structure obtained in the absence of polymer (Figure 9a),
the lowering of interface energies by polymer adsorption, as
discussed, results in a platelet with strongly exposed (001)
and (00-1) faces. Around the rim of the platelet, there are
two 908 and four 1358 angles. Due to the lowering of the
(001) interface energies by polymer adsorption, the initially
slow-growing (210) and (200) faces become relatively fast
growing with respect to (001).


On the basis of this elementary unit, the architecture of
the mesoscale superstructure is simple to explain: The
whole structure is oriented in the [100], [010], and [001] di-
rections, with the z direction being the stacking plane. In the
x direction, the primary crystals also have a flat side, albeit
with stacking irregularities (striations). The mesocrystal,
however, must be rough in the y direction, as the (010) face
is not exposed in the building units.


Figure 8. Molecular surface structure of dl-alanine viewed along the b
axis (a) and c axis (b). Gray=carbon, red=oxygen, blue=nitrogen.


Figure 9. dl-alanine crystals formed by the crystallization of 10 mL of a
supersaturated solution (cooled from 65 to 20 8C) (red = (210), white =


(200), blue= (011), yellow = (201), green = (001); a) default experiment in
the absence of additive based on the work of Lahav and co-workers,[59–61]


b) suggested mesocrystal subunit obtained by the addition of 1 wt %
PEG4700-PEI1200-S-iBAc. The morphology of the mesocrystal subunits in
(b) was drawn on the basis of experimentally observed faces.
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The polar character of the (001) and (00-1) faces (one
side amine, one side carboxyl groups) is very important for
the construction of the superstructure: the simple plates are
held together by strong dipole–dipole interactions, which
cummulate from unit cell to unit cell over the whole plate
thickness so that the whole superstructure is polar. As the
mesocrystals do not cleave along those lines, as might be ex-
pected, the cohesive force perpendicular to the plates must
be quite high. Furthermore, the fairly constant thickness of
the plates in nanodimensions may be explained by the dipo-
lar character; such supramolecular dipole moments are usu-
ally growth-limited to a critical value and a corresponding
mesoscopic structural length, otherwise the coupled forces
become too high.


To support the high vectorial alignment of the primary
nanocrystalline units observed and the indexing of the outer
faces, one selected mesocrystal was subjected to an XRD w-
scan crystal analysis, in which the crystal was rotated around
its [001] axis (Figure 10, for a simple comparison, only one
iso-oriented scattering plane is presented). The diffraction


images of the mesocrystal (Figure 10a) are indeed compara-
ble to the diffraction of a dl-alanine single crystal (Fig-
ure 10b). The diffraction spots are defined and only slightly
smeared, indicating some type of structural flexibility within
the compound structure, with minor fluctuations in orienta-
tion around a common axis. It was already seen in the SEM
pictures that the outer faces are not exactly parallel, but can
exhibit a slightly curved appearance and angular fluctua-
tions. The mesocrystals clearly contain larger amounts of
polymer and are composite structures with intermediate
softness. The smearing of the peaks is only minor, and de-
pends on orientation (in accordance with a tensorial plastici-
ty), but is below 58.


The “single crystal” is found to be twinned, most presum-
ably along the [00-1] dissymmetry (see Figures 9 and 10) to
compensate dipole moments, as the twinning is maximal per-
pendicular to the [001] direction. In addition, the XRD
image of the mesocrystal contains some specific features.
The stacking of the plates along the [001] axis in the meso-
crystal highly intensifies the (002) reflection, but weakens
the (004) reflection. This is typical for lattice defects in this
direction, presumably due to the incorporation of polymer
into the crystalline structure. The twinning now takes place
in quads, which is interpreted as all four principal orienta-
tions of the primary nanoplatelets occurring with similar
probability in the mesocrystals.


Conclusion


The crystallization of dl-alanine in the presence of the
double-hydrophilic block copolymer poly(ethylene glycol)-
block-poly(ethylene imine)-S-isobutyric acid yielded well-
facetted superstructures. These were shown to be mesocrys-
tals; that is, regular scaffolds composed of well-separated,
but almost perfectly three-dimensionally aligned, nanocrys-
tals with a platelet-like shape. We propose a hexagonal
(001) platelike morphology for the nanocrystals with four
(210) and two (200) side faces, in which the former (210)
was also observed in the reference crystal and the latter
(200) is energetically stable. We could not assign the Miller
indices to the nanocrystals.


Although a clear layered nanostructure with intercalated
polymer was observed in the polar c direction, in the a and
b directions the crystals appear to fuse together to form
larger, single crystalline platelets, probably by an oriented
attachment mechanism[62] of the neutral (210) and (200)
faces.


The main stimulus for the cascade of crystalline meso-
structure formation is polymer adsorption onto the highly
polar, otherwise unexposed (001) face of the dl-alanine
crystals, as illustrated by computer modeling using Cerius2.
The resulting platelet-like crystals probably show a strong
dipole moment normal to the platelet direction, which
drives the stacking process in the [001] direction. It was also
demonstrated by using surface plane cuts that the polymer
employed does not significantly adsorb onto the (210) and


Figure 10. X-Ray analysis of dl-alanine (w-scan rotated along [001]);
a) dl-alanine mesocrystal, b) dl-alanine single crystal.
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(200) faces, making them high in surface energy relative to
the (001) face. This probably induces crystallographic fusion
by means of oriented attachment in the layers. Throughout
this process, redistribution of matter results in inclusions
and defects, which also limits the entire fusion within the
single layers. The entire self structuration mechanism is
schematically shown in Figure 11.


Interestingly, results of both SEM and XRD analysis indi-
cate a certain structural flexibility. Many mesocrystals were
found to have bent and curved surfaces, and XRD studies
showed that, apart from minor angular smearing, many
peaks occur in well-defined quadruplets. This was interpret-
ed as multiple twinning between the single nanoplatelet tec-
tons, which can occur in four principal directions.


Finally, due to the compensation of many growth effects,
the mesocrystals adopt a cubelike shape exposing the three
basal planes (Figure 11). Remarkably, this simple cubic su-
perstructure observed experimentally is not encoded in the
primary primitive orthorhombic unit cell symmetry of the
crystal (space group Pna21); that is, it presumably results
from the averaging out of different orientations, to give an
overall supersymmetry that is simple.


The mesocrystals are clearly soft hybrid structures, a new
principle of organization between liquid crystals and crys-
tals, and are formed by a polymer-mediated structuration
process. Because the underlying principles of the interaction
of primary nanocrystals into larger units are not restricted
to polymer-bound species, this also suggests the importance


of mesoscopic processes in more simple crystallization
events.


The importance of electric fields and electric binding on
structure formation will be addressed in future work by per-
forming similar studies in outer electric fields and in the
presence of salts.


As the resulting superstructures are both “soft” and polar
aligned in [001] direction, this system is also a promising
candidate for organic piezoelectricity.
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The First Studies of a Tetrathiafulvalene-s-Acceptor Molecular Rectifier


Gregory Ho,[a] James R. Heath,*[a, b] Mykola Kondratenko,[c] Dmitrii F. Perepichka,*[c, d]


Karin Arseneault,[e] Michel P�zolet,[e] and Martin R. Bryce[f]


Introduction


Shortly after the 1973 discovery of metallic conductivity in
the purely organic donor–acceptor (D–A) complex of tetra-
thiafulvalene (TTF) and tetracyanoquinodimethane
(TCNQ),[1] Aviram and Ratner proposed the concept of a
molecular rectifier.[2] They postulated that a covalent donor-
bridge-acceptor (D-s-A) molecule, such as TTF-s-TCNQ
(1; in which s is a saturated aliphatic linker), when placed
between two electrodes can act as a rectifier that preferably
passes the current in one direction. At the appropriate volt-


age, the electron and hole injection from the Fermi levels of
the electrodes into the molecular LUMO and HOMO levels
results in charge-separated species TTFC+-s-TCNQC� , which
annihilate by inelastic electron tunneling through the s-
linker, allowing current (electron) flow in the acceptor–
donor direction. Under this mechanism, the reverse electron
flow would require a much higher voltage to fit the larger
gap between the low-energy local HOMO orbital of the ac-
ceptor moiety and the higher energy local LUMO orbital of
the donor moiety.


Abstract: Langmuir–Blodgett monolay-
ers of a donor–acceptor diad TTF-s-
(trinitrofluorene) (8) with an extremely
low HOMO–LUMO gap (0.3 eV) have
been used to create molecular junction
devices that show rectification behav-
ior. By virtue of structural similarities
and position of molecular orbitals, 8 is
the closest well-studied analogue of the
model Aviram–Ratner unimolecular


rectifier (TTF-s-TCNQ). Compressing
the monolayer results in aligning the
molecules, and is followed by a drastic
increase in the rectification ratio. The


direction of rectification depends on
the electrodes used and is different in
n-Si/8/Ti and Au/8/C16H33S-Hg junc-
tions. The molecular nature of such be-
havior was corroborated by control ex-
periments with fatty acids and by re-
versing the rectification direction with
changing the molecular orientation
(Au/D-s-A versus Au/A-s-D).
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Since then, numerous experimental strategies to achieve
rectification in donor–acceptor molecules have been at-
tempted.[3–5] Various molecular structures, electrodes, and
junction assembly approaches have been tested, although
the precise mechanism for the rectification in molecular
junctions is still a subject of controversy. A great many stud-
ies have been devoted to molecular junctions with D-p-A
compounds (such as 2–4, p is a conjugated bridge).[6–12] The


most studied among these, zwitterionic molecule 2 (and its
derivatives), has been explored since 1990,[6–8] and by now
the origin of the rectification in these molecules has been es-
tablished, although a different rectification mechanism was
proposed.[7a] Rectification behavior has also been observed
in p-electron molecular systems lacking the formal D–A
design,[13–17] but asymmetrically coupled to the electrodes.[18]


At the same time, very few D-s-A molecules with a non-
conjugated bridge (e.g., 5 and 6) have been studied as mo-
lecular rectifiers.[19] Moreover, all molecular electronic de-


vices studied experimentally to date were constructed by
using relatively weak donor and acceptor fragments, result-
ing in a rather high (@ 0.5 eV) HOMO–LUMO gap. Recent
high-level density functional theory (DFT) calculations of a
D–A molecule between two gold electrodes failed to show
rectification for the weak donor and acceptor moieties stud-
ied (aminophenyl and nitrophenyl, respectively), and the au-
thors argue that molecules with a much smaller HOMO–
LUMO gap are necessary to generate rectification.[20] How-
ever, there are no reported investigations of rectification be-
havior in molecules with very strong p-electron donor (like
TTF) and p-electron acceptor (like TCNQ) moieties, pre-
sumably due to synthetic unavailability of such compounds.
There are two reports on studying molecular rectification in
TCNQ derivatives possessing weak electron-donor frag-
ments;[19a, 16] one of us reported studies on molecular elec-


tronic devices (switches) based on TTF supramolecular sys-
tems with a moderate electron acceptor moiety,[21] but the
original Aviram–Ratner model has not as yet been experi-
mentally tested.


Some of us have recently reported the synthesis of TTF
donor–acceptor diads (7 and 8) with an unprecedentedly
low HOMO–LUMO gap of approximately 0.3 eV.[22] By


virtue of having very strong electron-donor and -acceptor
components separated by a saturated bridge, and by having
an amphiphilic structure enabling fabrication of a Lang-
muir–Blodgett (LB) type device, these molecules are suit-
able candidates for molecular electronic devices, particularly
in the frame of the original Aviram–Ratner rectification
ansatz. However, the flexible s linker in 7 is long enough to


allow an unwanted head-to-tail
intramolecular-complex confor-
mation;[22] besides, it introduces
an additional tunneling resis-
tance. This problem is eliminat-
ed in compound 8 by using a
short s linker. Here we report
fabrication and studies of mon-
olayer, tunnel junction devices


with a TTF-based D-s-A diad, in which A is a fluorene elec-
tron acceptor with an electron affinity similar to TCNQ.
Two different junction setups are investigated, in combina-
tion with the effects of molecular alignment and molecular
orientation. In all cases, rectification is observed; moreover,
the magnitude and orientation of the rectification is found
to correlate with the electrode materials, the molecular
alignment, and the molecular orientation.


Results and Discussion


Geometry and electronic structure of 8 : To evaluate the mo-
lecular properties of the diad 8, we calculated the geometry
and the orbital energies of a simplified molecule 8 a (lacking
long alkyl substituents) by using density functional theory
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(DFT) at the B3 LYP level, with a 6–31G(d) basis set
(Figure 1). This method is reliable for describing geometry
and orbital energies of organic molecules,[23] and was recent-


ly successfully used to predict the HOMO–LUMO gap of a
related low-gap TTF-s-TCNQ diad.[24] In accordance with
experimental observations,[22a] our calculations show no pos-
sibility for intramolecular p–p complexation between the
TTF and fluorene fragments. The conformational analysis
reveals the presence of several stable conformations, differ-
ing in energy by 1–2.5 kcal mol�1. The geometry of the
lowest energy conformation is given in Figure 1. The calcu-
lated structural features of 8 a are similar to those found by
X-ray crystallographic analysis in the related compound
9 ;[22a] this confirms the applicability of the chosen theoretical


model. The variation of the calculated HOMO–LUMO gap
(0.30–0.35 eV) in different conformations is low (in contrast
to diads with a long s linker[24]), and very close to the exper-
imentally observed electrochemical gap of compound 8
(0.29 V), obtained from cyclic voltammetry experiments
(Figure 1). The HOMO–LUMO gap of 8 fits almost exactly
the original Aviram–Ratner model, in which the asymmetric
I–V curve was calculated assuming a 0.3 eV gap.[2] At the
same time, the electronic state of 8 (and, therefore, the rec-
tification behavior) in the tunneling junction might be diffi-


cult to predict. Although the ground state of individual mol-
ecules is neutral, the electron transfer is very facile in these
systems, as manifested by a relatively weak ESR signal in
solution. When an LB film of 8 is sandwiched between con-
ducting electrodes, the energy levels may be shifted signifi-
cantly (due to intermolecular interactions, electrode inter-
face effects,[25] and the applied electric field[19b]). Such shifts
may even cause the gap to close, so that the zwitterionic bi-
radical ground state of 8 in the junction is a possibility.


Preparation of LB monolayers of 8 : The LB films were pre-
pared by spreading a dilute, fresh solution of 8 in CHCl3 on
a water surface, and then decreasing the surface area, gener-
ating a pressure–area isotherm (Figure 2, top). Decreasing


the area below about 60 �2 per molecule results in a sharp
increase of the pressure up to a short plateau at approxi-
mately 30–35 �2 per molecule, at which point the monolayer
collapses. The uneven shape of the isotherm giving rise to a
shoulder at about 50 �2 per molecule may be due to the
conformational flexibility of 8, resulting in multiple molecu-
lar orientations, each with their own characteristic molecular
area.


Figure 1. The calculated [B3 LYP/6–31G(d)] geometry of 8 a in the mini-
mum energy conformation and the plot of HOMO (left) and LUMO
(right) orbitals. The cyclic voltammogram (middle) of compound 8 con-
firms the low value of the HOMO–LUMO gap.


Figure 2. Top: Surface pressure isotherm of 8. The indicated transfer
pressures of the films that were used for device fabrication were 12, 16,
and 25 mN m�1, corresponding to 56, 52, and 43 �2 per molecule.
Bottom: The current–voltage curves obtained from the n-Si/8/Ti molecu-
lar tunnel junction devices made from the three films indicated in the iso-
therm measurements. Note that as the area per molecule decreases, the
rectification character increases (by a factor of 10), but the current de-
creases. Both the increased current rectification and the decrease in cur-
rent magnitude are indicative of an increased alignment of the molecular
monolayer.
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Brewster angle microscopy (BAM) of the Langmuir mono-
layers revealed small spots (~100 microns in diameter) on
the trough surface that appear immediately upon the drop-
wise addition of a solution of 8 in CHCl3 to the surface
(Figure 3). These presumably correspond to molecular ag-


gregates. The spots, however, spread out within seconds to
form a microscopically uniform surface. During the mono-
layer compression (at 2 cm2 min�1), the surface pressure was
periodically held steady to check the stability of the films.
At a fixed pressure of 12 mN m�1, the area dropped by less
than 0.4 % over 2 minutes, indicating a very stable monolay-
er. At higher pressures of 16 and 25 mN m�1, there was an
increased rate of monolayer relaxation (the trough area
dropped by 1.6 and 2.9 %, respectively, over a period 2 min).
This is at least consistent with the suggested conformational
changes to 8 at pressures ~16–25 mN m�1. For all films in-
vestigated here, the few small spots (presumably dust parti-
cles) captured by the BAM remained steady on the surface
for the entire two minutes, indicating that the formed LB
films were 2D solids. The compressed LB films were trans-
ferred onto hydrophilic (oxygen-terminated) polycrystalline
n-doped silicon substrates at three values of surface pressure
(Figure 2, top). The transfer direction (Si slides start out
dipped into the water before the addition of the molecules,
and are then lifted up through the LB film) necessarily re-
sulted in the acceptor moiety being exposed to the Si sur-
face (X-deposition). The more polar dicyanomethylenefluor-
ene fragments of 8 were presumably exposed to the polar
water phase, whereas the hydrophobic trialkyl-TTF moieties
are stretched into the air. Indeed, a high water contact angle
was observed (898), consistent with a hydrocarbon-terminat-
ed monolayer surface.


Spectroscopic characterization of LB monolayers of 8 : To
establish the preservation of chemical structure of 8 in trans-


ferred LB monolayers, we have performed an infrared spec-
troscopic characterization of films transferred (X-deposi-
tion) onto the surface of a Ge crystal (which somewhat re-
sembles the chemical properties of Si electrodes used in
junction devices) by the attenuated total reflectance (ATR)
technique. We also investigated films transferred onto a
gold substrate by grazing-angle reflection–absorption infra-
red spectroscopy (RAIRS). Comparison with the spectrum
of bulk 8 (powdered in KBr, Figure 4), as well as with spec-


tra of compounds containing separate TTF and fluorene
fragments, reveals the presence of all main absorption
peaks, suggesting the structural integrity of the transferred
molecules (see Table 1). In spite of certain differences (such
as much broader lines in the LB film and somewhat differ-
ent relative intensities) expected for different molecular ori-
entations and intermolecular interactions in the LB film and
in the crystal, one can clearly see the presence of a poten-
tially vulnerable ester group (C=O, C�O), the electron-ac-
ceptor fluorene fragment (cyano and nitro-groups as well as
aromatic C=C bonds), and the electron-donor trialkyl-TTF
fragment (CH2, CH3). The position of the significantly
broadened CN band (2205 cm�1, similar to that in the bulk
sample) is between those for a completely neutral
(2225 cm�1) and radical-anion species (2180 cm�1),[22a] sug-
gesting a partial charge transfer (either from the TTF frag-
ment or from the Ge surface). The lack of strong character-
istic absorption bands of the TTF core precludes a detailed
analysis of this fragment, but the absence of a sulfoxide
bond (at ca. 970–990 cm�1),[26] expected for S-oxidized spe-
cies, suggests that no irreversible oxidative decomposition of
this fragment took place (although one cannot exclude a re-
versible formation of a TTF radical cation).


To shed more light on the structure of LB film of 8, we
performed an orientation analysis of the films transferred
on a Ge crystal using polarized light. ATR spectra were thus
recorded by using polarized infrared radiation, and the di-


Figure 3. BAM images of a) clean Langmuir trough; b) same, immediate-
ly after dropwise addition of a solution of 8 in CHCl3; c) LB film of 8 at
12 mN m�1; d) LB film of 8 at 26 mN m�1 (the picture width is 480 mm).


Figure 4. FTIR spectra of compound 8 in bulk (in transmission mode in
KBr) and in LB monolayer (in ATR mode).
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chroic ratio (RATR) was calculated from the absorbance
bands obtained with the infrared radiation polarized parallel
(Ap) and perpendicular (As) to the plane of incidence. The
associated order parameters with respect to the film normal
(P2) were then calculated by using mean-square electric
field amplitudes obtained from the Harrick thin-film equa-
tions.[27] The values of RATR, P2, and the average angle g be-
tween the transition moment and the surface normal for the
films transferred at the highest pressure (25 mN m�1) are
given in Table 1 for the major bands. It is important to re-
member here that P2 should be equal to zero for an isotrop-
ic sample (g=54.98, the magic angle), and to one and �0.5
for perfect orientation of the transition moments parallel
(g=08) or perpendicular (g=908) to the surface normal, re-
spectively. Table 1 shows that the order parameter differs
significantly from zero for several bands. For example, a P2


of about �0.2 is observed for the two methylene C�H
stretching modes, revealing that the CH2 groups are prefer-
entially oriented in the plane of the LB film. Even though
the high wavenumber position of the maximum of the 2859
and 2929 cm�1 bands shows that the alkyl chains are signifi-
cantly disordered, as expected from the molecular model of
the films (Figure 5), the polarized ATR results indicate that
they are preferentially oriented along the surface normal
with an average tilt angle of approximately 308. On the
other hand, the dichroic behavior of the 2960 cm�1 band in-
dicates that the methyl groups are unoriented. The values
for the g angle of about 608 found for peaks corresponding
to C=C and C=O double bonds and to the symmetric
stretching vibration of the NO2 groups at 1341 cm�1 (for


which the transition moment is bissector of the NO2 angle)
shows unequivocally that the fluorene moiety is not lying
flat on the surface, although a more precise determination


Table 1. Assignment of the major IR absorption peaks of 8 in the LB film and in bulk, their relative intensity (IX/INO2
) as well as the dichroic ratio (R),


order parameter (P2), and average tilt angle (g) obtained from polarization experiments.[a]


Peak
assignment


Bulk
[cm�1]


LB
[cm�1]


IX/INO2


Bulk
IX/INO2


LB
RATR =As/Ap P2 g


[8]


CHaromatic 3106, 3093 3096 0.03 0.08
na CH3 2956 2959 0.10 0.39 1.13�0.01 �0.01�0.03 55
na CH2 2929 2928 0.12 0.41 1.06�0.01 �0.16�0.02 61
ns CH2 2859 2856 0.06 0.23 1.03�0.01 �0.21�0.03 65
n CN 2203 2205 0.27 0.09
n C=O 1735, 1718 1728 0.19 0.55 1.11�0.00 �0.06�0.00 57
n C=Cring 1601 (1579)[b] (1607) 1591 (1577) 0.12 0.48 1.10�0.02 �0.05�0.03 57
na NO2 1534 1536 0.43 0.87 1.08�0.01 �0.12�0.02 60
n C=C 1512 – 0.24
da CH3 1456 1457 0.19 0.45 1.07�0.01 �0.13�0.03 60
n C�O 1422 – 0.48


1403 – 0.44
ds CH3 1379 – 0.72
ns NO2 1336 1341 1.00 1.00 1.09�0.01 �0.09�0.03 58
n COC 1281 (1288) 0.53 0.27
n COC 1255 (1262) 0.39 0.21
n COC 1235 (1242) (1222) 0.23 0.19
na COC 1207 – 0.31
na COC 1185 (1190) 0.53 0.18
ra CH3 1151 1155 0.51 0.27
ra CH3 1102 (1102) 0.19 0.16
ns COC 1089 (1081) 0.15 0.15


1075 (1058) 0.11 0.13
n C�CH3 1034 (1025) 0.14 0.11


[a] See Experimental Section for details ; [b] The position of peaks indicated in parentheses could be determined only approximately due to partial over-
lap with other peaks and/or low intensity.


Figure 5. The top (above) and side (below) views of a model of an LB
film of 8, corresponding to a molecular area of 50 �2 (the TTF-fluorene
core is the DFT optimized minimum energy conformer; the alkyl chains
are added and optimized with the molecular mechanics force field MM+ ;
the molecules are manually placed in the closest position, respecting
van der Waals� distances; the hydrogen atoms are omitted for clarity).
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of its orientation is precluded by the complexity of the struc-
ture (the presence of several similar bonds with different
orientations). It is worth noting that reproducibility of the
orientation measurements (presented by the absolute error
in Table 1 calculated for three different films), while being
quite acceptable for the films transferred at 25 mN m�1 was
persistently very low for the films transferred at lower pres-
sures (see the Supporting Information), as expected for
poorly aligned low-density films.


Fabrication and electrical studies of n-Si/SiO2/8/Ti junction
devices : To investigate and verify the molecular rectification
concept with 8, we deposited a second electrode (10 nm Ti
followed by 4 mm of Al) on top of the monolayers, transfer-
red by X-type deposition on degeneratively n-doped Si
wafers. The work functions of n-doped Si (4.85 eV) and Ti
(4.33 eV) are similar to each other (to minimize the rectifi-
cation of the p-n junction), and also fit reasonably well with
the HOMO/LUMO levels of 8.


The emerging picture of the deposition of metallic thin
films, such as Ti and Au, on molecular monolayers is that
the thickness and stoichiometry of the metallic film, as well
as the structure of the molecular monolayer, all play critical
roles in determining the extent to which the molecules are
modified or damaged by the deposition.[28–31] Titanium is a
unique metal for an evaporated top electrode. Due to its
high reactivity, it immediately cleaves terminal C�H bonds
forming a thin titanium carbide layer on the surface of the
monolayer that may prevent further penetration of the Ti
atoms inside the film,[29] as often observed for gold.[30–33]


Preservation of the molecular features buried inside the ali-
phatic-chain-protected monolayers has been demonstrated
by both X-ray photoelectron spectroscopy,[28] and more re-
cently by RAIRS,[29] which showed disappearance of only
terminal CH3 vibrations, whereas all other infrared spectral
features were unperturbed. In the same time, evaporation of
a Ti layer of >30 � on self-assembled monolayers (SAMs)
of predictably more reactive conjugated compounds, such as
oligothiophenes[31] or oligo(phenylethynylene)s,[30] can result
in complete destruction of the molecules. SAMs are also
lower density molecular monolayers than compressed LB
films,[34] which would result in higher tilt angles and expose
a larger part of the molecules to the incident Ti flux. In this
paper, we have tried to account for these facts by putting
protecting alkyl chains on the TTF moiety and by using
highly compressed LB films.


We are also well aware of the criticism toward the claims
of molecular rectification from junctions based on oxidiz-
able metal contacts. The titanium oxide induced rectification
was first pointed out by Ashwell et al. in 1980,[35] and a
number of rectifying Ti-based junctions for molecules lack-
ing an evident “diode” structure have been reported to
date.[29,36] As was shown before,[35, 36] such rectification de-
pends upon the level of oxidation at the molecule/Ti inter-
face and can be controlled by the level of vacuum used
during the deposition of the Ti. Using a sufficiently high
quality e-beam deposition system (providing a vacuum of


5 � 10�7 Torr), we are able to routinely control the vacuum,
both to increase and to decrease the rectification. As shown
below in control experiments, under the correct Ti deposi-
tion conditions, and for a degeneratively doped poly-Si
bottom electrode, such rectification can be effectively sup-
pressed and experimentally separated from the molecular
features.


Current–voltage curves obtained for these devices are de-
picted in Figure 2 (bottom). We have earlier found for simi-
lar devices (LB monolayers sandwiched between poly-Si
and Ti/Al electrodes) that the performance stabilizes if the
devices are aged for several days prior to measurement,[21a]


and such aging was done here. Notably, as the transfer pres-
sure goes up, the magnitude of the current through the junc-
tion decreases, implying an increasing distance between the
top and bottom electrodes as the monolayer aligns. The
most dramatic effect, however, is that the rectification ratio
(negative current/positive current, RR) sharply increases
with increased transfer pressure, from 1.5 for 56 �2 per mol-
ecule to 5 for 52 �2 per molecule and 18 for 43 �2 per mol-
ecule. These observations are in agreement with the align-
ment of molecules of 8 during compression to form a well-
packed monolayer with the D–A/surface angle being close
to normal.


Note the only thing that changes for the devices in
Figure 2 is the area per molecule, which translates into mo-
lecular orientation. Ellipsometric measurements of a film
transferred at 17 mN m�1 (~50 �2 per molecule) suggested a
thickness of 15–20 �, consistent with the formation of a
monolayer of the most stable conformer (shown in
Figure 5). This conformer has a calculated thickness and mo-
lecular area of 21 � and 50 �2, respectively. Further com-
pression at pressures above ~17 mN m�1 would require con-
formational changes, and the film transferred at 25 mN m�2


most likely has both fluorene and TTF fragments perpendic-
ular to the surface. Thus, any current–voltage asymmetry
that might arise from the dissimilar electrodes, titanium
oxide formation, and so forth is effectively a constant
through this series of devices. Nevertheless, we checked this
conclusion by preparing similar devices containing an eico-
sanoic acid LB monolayer in place of 8. In a number of ex-
periments performed, these devices yielded a RR of approx-
imately 1.5–2, and never more than 3.[37] Furthermore, no
dependence of the rectification ratio on the transfer pres-
sure was found for eicosanoic acid, although the total cur-
rent was also observed to decrease for films transferred at
increasing values of area per molecule. Therefore, we assign
the dominant contribution to the observed rectification in
the monolayer of 8 as a molecular feature.


The maximum RR for an n-Si/8/Ti device is achieved at
the relatively low potential of 0.9 V. Above 1.0 V, the rectifi-
cation ratio decreases (see the Supporting Information).
This is expected, because at sufficiently high applied bias,
direct tunneling of charge carriers between the two elec-
trodes becomes an increasingly important (and eventually
dominant) mechanism of charge transport. In other words,
at sufficiently high bias, the specific details of the molecule
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become less important. The RR does not decrease (it actual-
ly slightly increases) after 10 scans (up to �1.75 V). This is
in contrast to D-p-A systems in which the reorientation of
highly polar molecules reduced the RR by a factor of two
every second scan.[7b, 8b] The direction of the observed rectifi-
cation indicates that the preferred electron current is from
the fluorene acceptor to the TTF donor (from Si on Ti).


Fabrication and electrical studies of Au/8/C16H32S-Hg junc-
tion devices : To investigate the effect of the electrode prop-
erties on the observed rectification we performed a similar
study on the LB monolayer of 8 between higher-work-func-
tion gold and mercury electrodes (5.3 eV and 4.49 eV, re-
spectively). The LB film of 8 was transferred onto a gold
substrate in a previously described fashion (X deposition,
Au/fluorene-s-TTF interface), and the electrical junction
was established by micromanipulator-controlled contacting
with an octadecanethiol-protected hanging mercury drop
electrode.[38] The dense defect-free Hg-SC16H33 monolayer
prevents electrical shorts (due to possible defects in the LB
layer) and formation of radical-ion salts on the mercury sur-
face. Similar to Si/8/Ti devices, the I–V response of the Au/
8/C16H32S-Hg junction is highly asymmetric (Figure 6) and


the RR ratio reached a value of 1:18 at 0.83 V (see the Sup-
porting Information). The current densities achieved in
these junctions are several orders of magnitude lower than
those in Si/8/Ti devices, which is probably due to an addi-
tional insulating C16H33S layer on the Hg electrode. Predict-
ably, the stability of this junction device towards higher vol-
tages and repeated voltage cycling is significantly lower than
that of the Si/Ti device. The most important difference, how-
ever, was in the opposite rectification direction observed in
this system (preferable electron flow in the TTF–fluorene
direction, from Au to Hg). To exclude a possible rectifica-
tion due to a Schottky barrier on the C16H33S-Hg inter-
face,[39] we prepared a similar junction device with an oppo-
site orientation of 8 on the gold surface (Z-type deposi-
tion).[40] As expected, the rectification direction changed the


sign (electron flow from Hg to Au) to conform with the re-
versed TTF–fluorene orientation (Figure 6).


Although the exact mechanism of the different rectifica-
tion directions in Si/Ti and Au/Hg junctions (A!D and
D!A, respectively) is certainly disputable, we believe that
the molecular origin of such behavior is adequately proved
by the above molecular reorientation and alignment studies
and control experiments with eicosanoic acid. A possible ex-
planation could lie in the extremely low HOMO–LUMO
gap of 8, which in specific junction devices may change the
ground state from a neutral TTF-s-fluorene to a zwitterionic
TTFC+-s-fluoreneC� (in which the TTFC+ becomes an accep-
tor and fluoreneC� becomes a donor). Whatever the case, the
results do highlight the important role that the electrodes
play in determining the current–voltage response of a mo-
lecular electronic device.


Conclusion


To conclude, we have prepared and characterized the first
molecular tunnel junctions based on a D-s-A diad with an
extremely low HOMO–LUMO gap (0.3 eV). The rectifica-
tion behavior was found to increase rapidly to 1:18 upon
alignment of the molecules in compressed Langmuir–Blod-
gett monolayers. An opposite rectification direction was
found in n-Si/molecule/Ti and Au/molecule/Hg tunnel junc-
tions, and the molecular origin of such behavior was con-
firmed by changing the orientation of the molecule (from
D-s-A to A-s-D) and by control experiments with eicosano-
ic acid. Further studies including STM and conducting AFM
characterization of the junctions are in progress.


Experimental Section


TTF–fluorene diad 8 : This diad was obtained by an esterification reaction
between substituted fluorene-4-carbonyl chloride and lithium TTF-meth-
oxide, followed by condensation with malonodinitrile, as described earli-
er.[22]


Preparation of Langmuir–Blodgett (LB) films : Single monolayers were
prepared at 20 8C on an aqueous (18.2 MOhm H2O) subphase by using
either a 600 cm2 Nima 611D (Nima Technology, Coventry, UK) or a
400 cm2 KSV 3000 (KSV Instruments, Helsinki, Finland) Langmuir–
Blodgett (LB) trough. Images of the Langmuir films were recorded with
a Nanofilm Surface Analysis Brewster angle microscope (BAM) (Gçttin-
gen, Germany). For compound 8, a dilute buffer (5 � 10�4


m Na2CO3/
NaHCO3) was employed as a subphase in the trough to prevent acid-cat-
alyzed oxidation of the TTF units. For the eicosanoic acid controls, a
3.045 � 10�4


m CdCl2/6.415 � 10�5
m NaOH aqueous subphase was used.


The molecules were first dissolved in slightly basic, freshly distilled
chloroform (~0.5 g L�1) and then immediately spread to the subphase to
form the monolayer. After an equilibrating period of 30 min allowing sol-
vent evaporation, the monolayer was compressed at constant speed of
10 mm min�1 and transferred at constant surface pressure onto the sur-
face of interest (n-Si or Au electrodes for I–V experiments or Ge crystal
for ATR experiments).


Characterization of 8 in monolayers : Contact angle and ellipsometry
measurements for the monolayer were taken by depositing the monolay-
er on a bare Si h111i wafer and transferring at 17.0 mN m�1. Contact
angle measurements were obtained by using a Ram� Hart goniometer


Figure 6. I-V characteristics of Au/8/C16H32S-Hg junction devices for dif-
ferent molecular orientations.
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100–00. Ellipsometry measurements were obtained using a Gaertner
L116B Ellipsometer equipped with a He-Ne laser at 632.8 nm; a refrac-
tive index of 3.842 and an extinction coefficient of �0.016 were used for
the silicon substrate. The refractive index of the monolayer was assumed
to be 1.46 with an extinction coefficient of 0.00.


To perform ATR infrared measurements, single monolayers of 8 were
transferred at a constant speed of 5 mm min�1 onto Ge parallelograms
(angle of incidence 458) of 50� 20 � 2 mm, allowing 24 internal reflections.
Before deposition, the substrates were cleaned with chloroform and
methanol, immersed in chloroform in a Branson 1510 ultrasonic bath
(Branson Ultrasonics Corporation, Danbury, CT) for 5 min, and put in a
plasma cleaner (Harrick Scientific, Ossining, NY) for 2 min. Finally, dust
was removed with a nitrogen gas flow. The germanium crystals were
placed in a vertical ATR accessory (Harrick Scientific, Ossining, NY)
and the spectra were recorded using Magna 550 FTIR spectrometer
(Thermo-Nicolet, Madison, WI) equipped with a liquid-N2 cooled MCT
detector. A motorized rotating ZnSe wire-grid polarizer (Specac, Orping-
ton, UK) was positioned in front of the sample to obtain parallel- and
perpendicular-polarized spectra without breaking the purge of the spec-
trometer. A total of 500 scans at 4 cm�1 was sufficient to achieve a high
signal-to-noise ratio. RAIRS spectroscopy was performed for monolayers
of 8 transferred onto gold substrates by using a Nexus 670 FTIR spec-
trometer (Thermo-Nicolet, Madison, WI) equipped with a liquid-N2


cooled MCT-II detector and grazing angle (808) Smart-SAGA accessory.
The measurements were done in an atmosphere of dried, CO2-free air,
and an identical gold-covered slide (prepared in the same Au-evapora-
tion run), freshly cleaned by soaking in HPLC-grade dichloromethane
and drying in vacuo, was used to record a background spectrum.


Fabrication and studies of Si/8/Ti junctions : The process for the fabrica-
tion of the solid-state molecular diode tunnel junctions follows the meth-
ods described previously.[21] For the bottom electrodes, a layer of n-type
polycrystalline (poly-Si) was formed by means of direct chemical vapor
deposition growth onto h100i Si wafers coated with oxide. The poly-Si
was then etched into 5 mm wide electrodes by using standard optical lith-
ography techniques. The LB monolayer of 8 was transferred onto the sili-
con substrate by X-type deposition (the substrate was lifted up from the
subphase). A top electrode of 10 � titanium, followed by 4000 � alumi-
num, was then deposited on top of the monolayer by electron-beam
evaporation at a residual pressure of ~5� 10�7 Torr.


Current–voltage characteristics were taken in air at room temperature by
using a shielded probe station with coaxial probes. For Si/8/Ti junctions,
bias voltages were applied to the polysilicon electrode, and the top metal
electrode was connected to ground through a Stanford Research Systems
SR570 low-noise current preamplifier.


Fabrication and studies of Au/8/C16H33S-Hg junctions : The junction was
assembled in a procedure, similar to the described before.[36] A gold layer
(~200 nm) was thermally evaporated on h100i Si wafers or freshly
cleaved mica slides. Before the LB film transfer, the gold surface was
cleaned by 10 min exposure to O2-plasma followed by immersing in
HPLC grade ethanol to decompose the formed oxides.[41] The LB film of
8 was transferred (always at 25 mN m�1) on thus prepared substrate in X
or Z deposition mode, resulting in formation of Au/fluorene-s-TTF or
Au/TTF-s-fluorene sandwiches, respectively. The gold substrate was put
under deionized water (to improve the stability of the junction; ion-ex-
change purification followed by distillation was employed to reduce the
water conductivity, whereas no other solvent could be used due to LB
film instability). A hanging drop of mercury (from a microsyringe,
~500 mm in diameter), covered with a monolayer of octadecylthiolate by
15 min exposure to a solution of C16H33SH in ethanol and rinsed with
fresh ethanol, was brought into contact with the monolayer of 8 under
the water, by using a micromanipulator. The substrate was grounded, the
bias voltages were applied to the mercury electrode (two-electrode
scheme), and the I-V characteristics were recorded with a potentiostat
EG&G PAR273 A (sensitivity 0.1 nA) at a scan rate of 1000 mV s�1 and
sampling rate of 20 mV per point. The voltage and current polarity in
Figure 6, however, are reversed for consistency with the Si/Ti junction
data, for which an opposite polarity scheme was used.


Calculations : The geometry optimization was performed at the DFT
(RB3 LYP) level of theory, by using the 6–31G(d) basis set, as imple-
mented in Gaussian 98.[42] The calculated RB3 LYP wavefunction was
found to be stable according to the Gaussian stability test. The frequency
check for all conformations was used to confirm that they are true
minima.
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Double-Helical Ultrastructure of Polycationic Dendronized Polymers
Determined by Single-Particle Cryo-TEM


Christoph Bçttcher,*[a] Boris Schade,[a] Christof Ecker,[b] J�rgen P. Rabe,*[b]


Lijin Shu,[c] and A. Dieter Schl�ter[c]


Introduction


Dendronized polymers (denpols) consist of a backbone to
which dendrons of various generations are attached in a
tightly packed sequence.[1] Denpols with higher-generation


dendrons (e.g., third or fourth generation) form large molec-
ular objects with a near-cylindrical shape, which can have di-
mensions of 4–7 nm in diameter and 200–400 nm in length,
as observed by small-angle neutron scattering experiments
in organic solvents[2] and scanning force microscopy (SFM)
using adsorption onto mica[3] . Dendrons carrying peripheral,
protected amines have been used to perform surface modifi-
cations of denpols under various aspects.[4] Upon deprotec-
tion and quaternization of these amines, the entire struc-
tures were converted into a novel kind of polyelectrolyte,
with up to 16 positive charges every 0.25 nm along the back-
bone. Well-defined complexes have been formed from
double-stranded DNA (dsDNA), an oppositely charged nat-
ural polyelectrolyte, in which the DNA wraps around the
denpol.[5] However, the resolution of SFM images produced
in the tapping-mode is insufficient to image directly the ul-
trastructure of either the complex, or the denpol itself. This
led us to investigate the native structure and conformation
of two positively charged representatives in water by per-
forming cryo-transmission electron microscopy (cryo-TEM).
For comparison, the same denpols were investigated as dry
adsorbates on high-energy surfaces by SFM, and, after stain-
ing, by TEM.


Cryo-TEM is currently the only technique that, in princi-
ple, allows direct access to information concerning the inte-
rior structure of large molecules and supramolecular assem-


Abstract: The ultrastructure of cationic
dendronized polymers (denpols) of
third and fourth generations (PG3 and
PG4) in water was determined by
using single-particle cryo-transmission
electron microscopy (cryo-TEM). At
concentrations in the region of
50 mgL�1, networks of double-stranded
fibers were revealed that exhibit well-
defined diameters of 5.9 nm�0.4 nm
for PG3 and 7.4 nm�0.4 nm for PG4.
The structure varies with progression


along the fibers, and includes a double
helix with a pitch of 7.0�0.4 nm for
PG3 and 9.0�0.4 nm for PG4. The for-
mation of the double strands is attrib-
uted to the hydrophobic effect and lim-
ited crowding in the dendron shell of
the third and fourth generation denpols


investigated. From solutions of lower
concentrations (around 10 mgL�1), iso-
lated molecular fibers were adsorbed
onto high-energy surfaces and exam-
ined by performing scanning force mi-
croscopy (SFM) on mica, and after
staining, TEM on glow-discharged
carbon films. In both cases, characteris-
tic undulations of single strands were
observed, which are attributed largely
to the adsorption process.
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blies in their native state.[6]


Unfortunately, due to the low
contrast of the images ob-
tained, the inherent informa-
tion in many cases cannot be
extracted directly from the raw
image data. However, by align-
ing and summating several
projection images of individual
motifs in the identical spatial
orientation, the signal can be
enhanced with respect to the
random background noise. A
set of such noise-reduced,
composite images, the so-
called “class averages”, repre-
sents projections of an object�s
different spatial orientations,
and can be used to reconstruct
three-dimensional structures
that include significant struc-
tural details. This “single-parti-
cle” approach is now an estab-
lished method for the determi-
nation of three-dimensional structures of, for example, pro-
teins.[7] It has recently been used to elucidate the three-di-
mensional organization of structurally well-defined
dendrocalixarene micelles,[8] and by using a modified form
of the approach, the three-dimensional organization of heli-
cal, fibrous aggregates formed by amphiphilic hexonamides
has been determined.[9]


Polymers adsorbed on high-energy surfaces, such as mica,
can be imaged in their native states (i.e. , without staining),
by using scanning force microscopy. Alternatively, they can
be prepared on glow-discharge-treated carbon support films,
after staining by TEM. Image analysis of dry, dilute, submo-
nolayers reveals information about the molecular conforma-
tions at the surfaces. Due to the substantial adsorption
forces, the structures observed may be different from the
structure in solution.[10]


Results and Discussion


Third and fourth generation denpols (PG3 and PG4) with
polystyrene backbones (Figure 1, structure PG3 not shown),
which have 8 and 16 positive charges per repeating unit, re-
spectively, were synthesized by treating (deprotecting) their
trimethylsilylethyleneoxycarbonyl- (Teoc) protected precur-
sors with trifluoroacetic acid.[11] Due to the divergent mode
of their synthesis, both polymers have approximately the
same average degree of polymerization (number-average
degree of polymerization (Pn)=460 and weight-average
degree of polymerization (Pw)=830), corresponding to
backbone lengths in the stretched conformation of 120 nm
and 210 nm, respectively.[12] Their structural perfection was
quantified to be greater than 97 %.[13] Because the polyelec-


trolytes were yielded following deprotection of the corre-
sponding denpols that contained protected amines, by using
trifluoroacetic acid, the ammonium ions� counterions were
trifluoroacetate ions. The degree of deprotection was quanti-
fied by using high-field NMR spectroscopy to be greater
than 98 %.[14] Both polymers were independently prepared
in their native solvent (water) by vitrification in liquid
ethane at its freezing point (“ultraquickfreezing”), and were
directly visualized in a transmission electron microscope.
Preparation and microscopy techniques followed well-estab-
lished methods.[15]


Figure 2 shows a representative cryo-TEM micrograph of
PG4 presenting the cationic denpols as a network of fibers.


Figure 1. The chemical structure of PG4 (counterion: CF3CO2
�).


Figure 2. Representative cryo-TEM image of the PG4 fiber network embedded
in a vitrified layer of water.
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PG3 revealed a similar overall appearance (not shown). In-
dividual fiber motifs can be clearly discerned; however,
faint variations in density suggested the need to apply fur-
ther image processing and classification procedures. For this,
918 individual motifs of PG3, and 1181 of PG4 were interac-
tively extracted as 100 �100 pixel fields (17.1 � 17.1 nm on
the microscopical scale) from digitized micrographs. After
filtering to suppress high-frequency background noise, estab-
lished nonbiased “reference-free” alignment and automatic
classification procedures were performed, which included
multivariate statistical analysis and automated hierarchical
classification schemes.[16] Individual images corresponding to
identical spatial object orientations (= identical Euler
angles) could thus be identified, extracted, aligned, and
summed to yield class sum images with an enhanced signal-
to-noise ratio.


Galleries of class averages for PG3 and PG4 are given in
Figure 3a and b, respectively. Despite obvious differences in
the ultrastructural[17] patterns, which are discussed below,
the diameters of the motifs obtained for both denpol gener-
ations appear significantly monodisperse and amount to
5.9 nm�0.4 nm for PG3 and 7.4 nm�0.4 nm for PG4. The
most striking feature observed for almost all given classes is


that of low density (i.e., dark) areas in the central parts of
the fibers, which in some cases even possess a pronounced,
braid-like structure (prominent in, for example, location 6
(PG3) in Figure 3a, or locations 5 and 8 (PG4) in Fig-
ure 3b). This clearly suggests that segments of the fibers
form structurally well-defined patterns. However, the three-
dimensional organization to which the observed projection
patterns are related remains to be shown.


One of the authors has reported reconstruction of the
three-dimensional structure of helical, fibrous aggregates,
which are spontaneously formed by amphiphilic hexon-
amides in aqueous solution.[9] In this case, the fundamental
idea of reconstruction was based on the fact that one single
projection of a perfect helix is sufficient to retrieve complete
3608 tomographic information. However, the denpol motifs
reported in this present study were somewhat different, in
that the observation of different class images definitely sug-
gests structural variations in their three-dimensional organi-
zation. Nevertheless, a number of very regular and symmet-
rical repetitive fiber segments (e.g., location 5 in Figure 3b)
can be seen and allow, at least in this particular case, for the
three-dimensional reconstruction by using the approach
cited above. Once the calculation has provided insights into
the principal three-dimensional, spatial organization of the
fiber, it is expected that the less symmetrical class sum
images observed can be interpreted.


From the projection pattern of a helix, the full periodic
repeat (pitch) can be retrieved from the maxima determined
in the autocorrelation function of the image.[9] As the pat-
tern of location 5 (Figure 3b) appears to be almost perfectly
mm symmetrical (mm = two mirror axis perpendicular to
each other), C2-symmetrization was applied to the sum
image (Figure 4a) to remove minor symmetry deviations. By
vertical displacement of the motif obtained in 360 steps (i.e.,
cyclical shift in 18 steps) over the full helical pitch, a set of
projections over the full tomographic range (3608) was ob-
tained. This set of images contains the full three-dimension-
al volume information and can be used as input for the
“exact filter” reconstruction algorithm. Figure 4b shows the
surface-rendered view of the data, and indicates that the


Figure 3. Class sum images obtained from several hundred individual
fiber motifs of PG3 (a) and PG4 (b) (see text for details). Scale bar rep-
resents 10 nm.


Figure 4. a) The C2-symmetrized, two-dimensional class sum image of lo-
cation 5 taken from Figure 3b. b) Calculation of the three-dimensional
volume obtained from (a). c) The reprojection of (b) into the three-di-
mensional volume. This appears to be very similar to the input data (a)
and proves the consistency of the reconstruction. Note that the threshold
of the three-dimensional volume is deliberately chosen so that the three-
dimensional organization of the strands can be clearly distinguished.
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three-dimensional volume consists of two centrosymmetri-
cally and helically wound fiber strands. A reprojection into
the reconstructed volume, the consistency of which depends
on the numerical deviation from the input data, satisfactori-
ly reproduces the data input (Figure 4c).


The results reveal two surprising facts. Firstly, as is already
obvious from the raw image data, the constituent molecules,
which range from 100 to 200 nm in length, must have under-
gone a substantial end-on aggregation process. This is be-
cause we find exclusively networks of fibers on the micro-
meter scale. Secondly, class sum images suggest distinct
packing motifs within the aggregates, for which the density
profile, in combination with the reconstructed three-dimen-
sional volume, indicate that two separated strands are in-
volved in the structural conformation. The reconstruction
even points to a helical arrangement of the constituents in
some of the fiber segments. However, the existence of struc-
turally different class averages suggests that variations in the
supramolecular arrangement are also present. This could be
explained by the regular arrangement being affected by en-
tanglements or strand displacement. If the strands are verti-
cally or horizontally displaced with respect to each other,
characteristic density changes in the projection images
occur. Location 16 in Figure 3b, as an example, shows irreg-
ular, low-density areas and a deformed outer contour. Simi-
lar effects can be seen for locations 1, 9, or 11. In location
15 in Figure 3b, the strands are presumably organized in a
completely parallel arrangement and, therefore, do not dis-
play crossings, in opposition to almost all other classes. Of
special interest are the unusually structured locations, such
as 20 or 22 (Figure 3b). To our understanding, these classes
represent typical fiber end-caps. Location 22 is a typical
side-view of an end-cap and clearly shows that its constitu-
ent fibers do not terminate abruptly, but rather form a loop-
like turn with a slight broadening of the cap. On the other
hand, locations 6 and 10 represent top-views of the fiber,
which is oriented parallel to the incident electron beam.
Here again, the continuous outer, high-density area formed
by the circumferential arrangement of the constituent fibers
encapsulates an artery-like, low-density area in the fiber
center.


The important questions of what the structural arrange-
ment on the molecular scale looks like, and what the driving
force for this arrangement is, remain unanswered. We sug-
gest that single strands in solution are energetically unfavor-
able, as circumferential shielding of the hydrophobic back-
bones of the molecules from the polar solvent cannot be ef-
fectively accomplished by the number of hydrophilic branch-
es. Even on the fourth generation level, the dendrons may
not provide a shell that is dense enough to protect the inte-
rior of the denpols against water. This is supported by the
successful attempt to force all dendrons in a model of the
denpol into a half cylinder. Figure 5 displays a van der Waals
representation of a half cylinder exhibiting the hydrophobic
backbone to the flat side, and the hydrophilic and finally
charged branches to the curved side, facing the surrounding
water. This structure has not been rigorously energy-mini-


mized, but was used to estimate the diameter of a double-
stranded fiber to be around 8 nm for PG4, which is in rea-
sonable agreement with the value obtained from the recon-
struction of class sum 5 (7.4 nm) in Figure 3b. However, the
weak distance-dependence and the nondirectionality of the
electrostatic interactions permit relatively high flexibilities,
which explains the observation of several structural altera-
tions. The latter effect may also be a consequence of stresses
during preparation that introduce different kinds of bends,
shifts, and unwinding effects to the aggregates. Nevertheless,
the tight and regular double-helical organization may be the
most favorable arrangement and would represent a double
helix produced from two polymers that has, to the best of
our knowledge, by far the largest diameter. Much smaller
double helices in solution are stabilized by hydrogen bonds,
aromatic–aromatic interactions, and metal coordination.[18]


In a single crystalline phase, the sum of other noncovalent
interactions may lead to a double helix (isotactic poly(meth-
yl methacrylate)).[19] In contrast, there is very little evidence
for double helices of polymers in solution. Recently, one
case has been suggested, mainly on the basis of SFM tap-
ping-mode images and the interpretation of the apparent
width of single adsorbates. However, this did not take into
account the broadening due to a finite tip radius.[20] Further-
more, rod-like polyelectrolytes have been found to associate
anisotropically into cylindrical micelles with a diameter of
3.4 nm, but a more detailed internal structure has not been
reported.[21]


To compare results of the cryo-TEM experiments with
those of SFM and, after staining, TEM at ambient tempera-
tures, we deposited the denpols onto high-energy surfaces,
that is, freshly cleaved mica for SFM imaging, and glow-dis-
charge-treated carbon films for TEM. At relatively high
concentrations, such as those used for the cryo-TEM experi-
ments, we observed collapsed networks, which could not be


Figure 5. Side (a) and top (b) view of a van der Waals representation of
two consecutive repeat units of PG4, indicating that there is enough
space for two independent PG4 chains to form a dimeric aggregate that
presents the positive charges to the outside and protects the apolar interi-
or from the water. The longest cross-sectional length in this model is ap-
proximately 8 nm.
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resolved on the molecular scale. At lower concentrations of
around 10 mgL�1, both SFM and TEM images (Figures 6
and 7, respectively) revealed no networks, but rather indi-
vidual objects with lengths in the region of 100 nm, and with


rather homogeneous heights and widths. The quantitative
values for the latter could not, however, be readily interpret-
ed, due to factors such as tip broadening, molecular com-
pression, and tip adhesion in SFM, and staining artifacts in
TEM. Therefore, we focussed on the two-dimensional con-
tours of the objects.


Characteristic for both the SFM and TEM images were
linear, two-dimensional objects displaying undulations in the
plane with a period in the range of 10 to 15 nm. Although
the undulations may resemble helical conformations, we do
not attribute them to the double helices found in the cryo-


TEM experiments, because they have a larger pitch than the
proposed double helix, as indicated in Figure 6. Instead, due
to the strong adhesion of the denpols to the mica, it is ex-
pected that the contour will reflect the adsorption process.
Also, the stiffness of the chain and the three-dimensional
coil structure will play a role. Although a rigorous distinc-
tion between the different contributions goes beyond the
scope of this paper, we can conclude that the denpol fibers
interact strongly with the substrate, thereby causing a mean-
dering backbone structure on the surface, which neither
exists in solution, nor is an equilibrated structure in two di-
mensions. Similar undulations were observed for other mac-
romolecules, such as PG1, PG2, and DNA,[22] as well as
brushes with poly(methyl methacrylate) side chains, though
the latter was attributed to the asymmetric attachment of
the side-chains to the polymer backbone.[23]


Conclusion


We have determined the ultrastructure of polycationic
dendronized polymers in aqueous solutions of relatively
high concentrations to be a network of double-stranded den-
pols. The dimer formation of the denpols is attributed to the
hydrophobicity of the polystyrene backbone, and the poly-
dispersity leads to both the folding of denpols back on
themselves, and network formation due to braiding of differ-
ent chains. The latter is reminiscent of the braiding seen
with dsDNA,[24] and provides opportunities for the further
investigation of nanoconstructions by using, for example,
denpols of various flexibilities and charge densities, as well
as those of opposite charges.


Experimental Section


Cryo-TEM : Droplets (total volume 5 mL) of aqueous, buffered (HEPES,
pH 7.5) solutions of polymers at a concentration of 45 ng mL�1 were ap-
plied to perforated carbon-covered 200 mesh grids (R1/4 batch of Quan-
tifoil Micro Tools, Jena, Germany), and were hydrophilized by plasma
treatment (60 s at 8 W in a BALTEC MED 020 device, BALTEC, Liech-
tenstein). The supernatant fluid was removed by using filter paper until
an ultrathin layer of the sample solution remained, which spanned the
holes of the carbon film. The samples were immediately vitrified by pro-
pelling the grids into liquid ethane at its freezing point (90 K) operating
a guillotine-like plunging device under humidity- and temperature-con-
trolled conditions.[25] The vitrified samples were subsequently transferred
under liquid nitrogen into a Philips CM12 transmission electron micro-
scope (FEI Company, Oregon, USA) equipped with the Gatan (Gatan,
California, USA) cryoholder and stage (Model 626). Microscopy was car-
ried out at a sample temperature of 94 K by using the low-dose protocol
of the microscope at a primary magnification of 58 300 � and an acceler-
ating voltage of 100 kV (LaB6 illumination). In all cases the defocus was
set to 1.2 mm, which corresponds to a first zero of the phase-contrast
transfer function at 2.1 nm.


Optically sound micrographs (the absence of astigmatism or drift was
checked by conducting laser optical diffraction) were digitized at a reso-
lution of 2400 dpi by using a “Primescan” Heidelberg drum scanner (Hei-
delberger Druckmaschinen, Heidelberg, Germany). A pixel resolution of
1.71 � was obtained at the primary electron optical magnification of
58300 � , used for imaging.


Figure 6. SFM tapping-mode image of PG4 on mica. The white circles in-
dicate the size of the proposed double helix.


Figure 7. TEM image of PG3, which was deposited and dried on glow-
discharged carbon film by using uranyl acetate (1 % m/v) as contrasting
material.
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A total of 913 individual motifs of PG3 and 1181 motifs of PG4 were in-
teractively extracted as 100 � 100 pixel fields and used in further image
processing procedures, with the aid of IMAGIC5 software (Image Sci-
ence, Berlin, Germany).


Negative staining : An amount (5 mL) of an aqueous buffered solution
(HEPES, pH 7.5) of PG3 at a concentration of 25 ng mL�1 was placed on
hydrophilized (see above) carbon-coated copper grids, and supernatant
fluid was removed by using filter paper. A droplet of uranyl acetate (1 %
w/v) was added for 60 s, subsequently removed, and the sample was al-
lowed to air-dry.


Scanning force microscopy : The molecules were deposited by spin coat-
ing them (at 50 rps) from dilute aqueous solutions onto freshly cleaved
mica surfaces. The surface density of the adsorbed molecules was adjust-
ed by varying the concentration of the solution from 1 to 10 mg L�1. SFM
was carried out at room temperature in air, using a commercial instru-
ment (Nanoscope IIIa, Digital Instruments), and silicon cantilevers
(Olympus) with a resonance frequency of about 300 kHz and a force con-
stant of 42 N m�1. All measurements were taken in the tapping mode.
Image backgrounds were removed by fitting to first-order polynoms. No
further image enhancement was applied.
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The Structure of Hormaomycin and One of Its All-Peptide Aza-Analogues in
Solution: Syntheses and Biological Activities of New Hormaomycin
Analogues


Uwe M. Reinscheid,[a] Boris D. Zlatopolskiy,[b] Christian Griesinger,*[a]


Axel Zeeck,*[b] and Armin de Meijere*[b]


Introduction


Hormaomycin 1 is a secondary metabolite produced by
Streptomyces griseoflavus (strain W-384).[1,2] This peptide
lactone contains (S)-isoleucine [(S)-Ile] as the only proteino-
genic amino acid along with two units of (2S,3R)-3-methyl-
phenylalanine [(bMe)Phe], one of (R)-allo-threonine [a-
Thr] as well as two moieties of (1’R,2’R)-3-(2’-nitrocyclopro-
pyl)alanine [(3-Ncp)Ala; the (2S)-diastereomer in the side
chain and the (2R)-diastereomer in the ring part of the mol-
ecule] as well as one residue of (2S,4R)-4-(Z)-propenylpro-
line [(4-Pe)Pro] (Figure 1). The side chain of 1 is terminated
by an amide-bound 5-chloro-1-hydroxypyrrole-2-carboxylic


acid [Chpca]. The latter three constituents have never been
found in any natural product before. Besides challenging
structural features, hormaomycin 1 possesses quite an inter-
esting spectrum of biological activities, including a marked
influence on the secondary metabolite production of other
streptomycetes, an exceptionally selective antibiotic activity
against coryneform bacteria,[1] and also an antimalaria activ-
ity.[3]


The unique biological properties of 1 prompted feeding
experiments with amino acids, which possibly could replace
(3-Ncp)Ala. This approach yielded several new analogues of
hormaomycin,[4] however, the precursor-directed biosynthe-
sis is apparently limited to such modifications of the build-
ing blocks, which are tolerated by the hormaomycin synthe-
tase. Thus, it was for example impossible to isolate ana-
logues of hormaomycin with a substituted or modified allo-
threonine (a-Thr) moiety.[5] On the other hand, it appeared
to be interesting to study the biological and, in this context,
the conformational properties of hormaomycin and especial-
ly its cyclopeptide analogue 2 a with (2R,3R)-diaminobutyric
acid instead of (R)-allo-threonine in the macrocycle. The
more rigid additional amide bond might have a significant
influence on the intramolecular hydrogen bonds and thereby
on the global structure in solution as compared to that of
the peptide lactone. This comparison might provide insights
into the structural requirements for biological activities of
hormaomycin 1 itself and of hormaomycin analogues. Since


Abstract: Four new aza-analogues of
hormaomycin 1, a secondary metabo-
lite with interesting biological activities
produced by Streptomyces griseoflavus,
were synthesized and subjected to pre-
liminary tests of their antibiotic activity
to provide new insights into the struc-
ture–activity relationship studies of this
class of compounds. The solution struc-


tures of hormaomycin 1 and its aza-an-
alogue 2 a were determined by NMR
spectroscopy. The data exhibited a rea-
sonably rigid conformation for both


molecules, stabilized by stacking inter-
actions between the aromatic moieties
attached to the ring and the side chain.
According to NMR-spectral data the
aza-analogue epi-2 a has a rather differ-
ent conformation and indeed shows no
antibacterial activity whatsoever.
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amide bonds are usually much more stable towards enzy-
matic cleavage than ester linkages, aza-analogues ought to
have longer half-lives in vivo and thereby provide prolonged
biological activity. Herewith we present the first chemical
syntheses of the hormaomycin analogues 2 a–c and epi-2 a as
well as a preliminary evaluation of their biological activities
along with a thorough investigation of the three-dimensional
structure of hormaomycin 1 and its aza-analogue 2 a in so-
lution by a combination of modern NMR spectroscopic
techniques.


Results and Discussion


Synthesis of hormaomycin analogues : At the outset, the ap-
propriate Na-p-methylbenzyloxycarbonyl (MeZ) protected
diamino acid methyl esters 7 a–c were synthesized
(Scheme 1). The a-azido tert-butyl ester 4, which was pre-
pared according to a published procedure[6] with a Sharpless
asymmetric aminohydroxylation as a key step followed by
stereoselective azidation, was transformed into the fully pro-
tected (2R,3R)-2,3-diaminobutyric acid (a-Dab) derivative 5
as described by Wen et al.[7] The free acid, after simultane-
ous removal of the N-Boc and O-tert-butyl groups from 5
with trifluoroacetic acid, was esterified with methanol, and
the resulting Nb-protected diamino acid methyl ester was
acetylated with MeZOSu to give 6 in 69 % yield over three
steps. Removal of the N-Fmoc group just before the next
step gave the methyl ester 7 a.


The fully protected diamino acid 10 was synthesized start-
ing from the known tert-butyl ester 8.[8] After removal of the
tert-butyldimethylsilyl group followed by cleavage of the
tert-butyl ester, the appropriate N-Z-protected isothreonine
was esterified with diazomethane to give an intermediate,
which was further converted to the corresponding mesylate.


This transformation was followed by displacement of the
mesylate by an azide group with NaN3 in DMF to give the
azido ester 9, which was further transformed into the Na-
Boc, Nb-Z protected (2R,3R)-3-amino-2-methylaminobutyric
(a-NbMeDab) acid methyl ester, by treatment first with tri-
phenylphosphine and water, and then with Boc2O. Subse-
quent removal of the Z group by hydrogenolysis was fol-
lowed by introduction of the Fmoc group to give the inter-
mediate Na-Boc, Nb-Fmoc protected a-NbMeDab methyl
ester, which, after removal of the Boc group, was finally acy-
lated with MeZOSu to give 10 in 13 % yield over ten steps.
The N-Fmoc group in 10 was then removed to give 7 b. The
latter was immediately used in the peptide coupling step.


The Na-MeZ protected 2,3-diaminopropionic acid ester 7 c
was obtained as a hydrochloride by esterification with meth-
anol of the intermediate 13, which in turn was prepared in
76 % yield over three steps starting from (R)-asparagine
(11) by initial acylation with MeZOSu and subsequent oxi-


Figure 1. Structural formulas of hormaomycin 1 and its aza-analogues
2a–c and epi-2 a. Analogue epi-2a contains an (R)-a-Ile instead of an Ile
moiety.


Scheme 1. Syntheses of the suitably protected diamino acids 7a–c.
a) TFA, 20 8C, 1 h. b) SOCl2, MeOH, �20 ! 50 8C, 21 h. c) MeZOSu,
NaHCO3, acetone, H2O, 20 8C, 1.5 h. d) 50% Et2NH in MeCN, 20 8C,
40 min. e) 5% aq. HF, MeCN, 0 ! 20 8C, 4 h. f) CH2N2, Et2O/MeOH,
20 8C, 30 min. g) MsCl, Et3N, CH2Cl2, �30 ! 20 8C, 5 h. h) NaN3, DMF,
75 8C, 15 h. i) Ph3P, THF/H2O, 20 8C, 24 h, then Boc2O, 20 8C, 24 h. j) H2,
10% Pd/C, EtOAc, 20 8C, 3 h. k) FmocOPfp, HOAt (cat.), TMP, EtOAc,
20 8C, 15 h. l) 2m HCl, EtOAc, 20 8C, 3 h. m) MeZOSu, DIEA, TMP,
MeCN, 20 8C, 16 h. n) Iodobenzene bis(trifluoroacetate), pyridine, DMF/
H2O, 20 8C, 5 h. o) SOCl2, MeOH, �20 ! 20 8C, 24 h. MeZOSu= p-meth-
ylbenzyl-N-hydroxysuccinyl carbonate, FmocOPfp= (9-fluorenyl)methyl-
pentafluorophenyl carbonate; HOAt= 7-aza-1-hydroxybenzotriazole,
TMP =2,4,6-trimethylpyridine, DIEA =N,N-diisopropylethylamine,
Fmoc= (9-fluorenyl)methyloxycarbonyl, MeZ= p-methylbenzyloxycar-
bonyl, TBDMS= tert-butyldimethylsilyl.
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dation with iodobenzene bis(trifluoroacetate) in close analo-
gy to a published procedure.[9]


The diamino esters 7 a–c were coupled with the N-Boc-
protected (2S,3R)-4-(Z)-propenylproline 14[10] to give the in-
termediate methyl esters (Scheme 2).[11] Treatment of the
latter with tetrabutylammonium hydroxide[12] gave the pep-
tide acids 15 a–c in 71, 68 and 70 % yield over two steps, re-
spectively, which were coupled with the O-dicyclopropyl-
methyl (DCPM) protected tetrapeptide 16[2a] (15 a and c) or
with the O-(2-trimethylsilyl)ethyl (TMSE) protected tetra-
peptide 17[13] (15 b), after deprotection of their terminal
amino groups, to yield the branched hexapeptides 18 a
(80 %), 18 b (93 %), and 18 c (59 %), respectively.


The acidolytic removal of the Boc and DCPM groups
from the termini of 18 a and 18 c, as well as the sequential
removal first of the TMSE group with tetrabutylammonium
fluoride, and then the Boc group with acid from the termi-
nus of 18 b occurred almost quantitatively, and was succeed-
ed by macrocyclization, by using O-(7-azabenzotriazole-1-
yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU)[14] in the presence of 7-aza-1-hydroxybenzotriazole
(HOAt)[14] under high-dilution conditions (Scheme 3). The
cyclization of the hexapeptides, containing a-Dab or Dap
residues, caused significant epimerization at the a-carbon of
the Ile residue (Ile ! (R)-a-Ile)[15] and gave, after HPLC
separation, the epimeric macrocycles, 19 a (28 %) and epi-
19 a (19 %), as well as 19 c (34 %) and epi-19 c (25%), re-
spectively. In contrast, the cyclization of the a-NbMeDab-
containing peptide (similar to the synthesis of the N-MeZ
protected ring part of hormaomycin 1)[2a] gave almost exclu-
sively the cyclic peptide 19 b (44 %) along with only traces
(<2 %) of the epimer. Not surprisingly, the epimeric prod-
ucts exhibited features in their 1H and 13C NMR spectra
(chemical shifts, coupling constants and line shapes) as well


as optical rotation values quite different from those of 19 a
and 19 c indicating distinctions in their solution structures.


The N-MeZ protected cyclohexapeptides were subse-
quently first deprotected and then coupled with N-Teoc-pro-
tected (2S,1’R,2’R)-(3-Ncp)Ala-OH[2a] (Scheme 4). Removal
of the Teoc group and coupling of the intermediates with O-
MOM protected Chpca-OH 20[2a,10] gave the O-MOM pro-
tected hormaomycin aza-analogues. Finally, removal of the
MOM group gave the target compounds 2 a–c and epi-2 a.


NMR analysis and conformational modelling of hormaomy-
cin 1 and its all-peptide aza-analogue 2 a : The conformation-
al analysis of hormaomycin 1 was performed in CDCl3 so-
lution at 293 K. Spin systems were identified by DQF-
COSY, TOCSY and 13C-, 1H-HMBC experiments. Especially
useful for the assignment of the aromatic components were
the long-range cross peaks between the Hb and the Cipso as


Scheme 2. Syntheses of the linear peptide precursors 18 a–c. a) 7a–c,
EDC, HOAt, TMP, CH2Cl2, 0 ! 20 8C, 16 h. b) 40 % aq. Bu4N


+OH� ,
THF, 0 8C, 45 min. c) 50% Et2NH in THF, 20 8C, 40 min. d) 15a–c,
HATU, HOAt, TMP, CH2Cl2, 0 ! 20 8C, 15 h. EDC =N’-(3-dimethylami-
nopropyl)-N-ethylcarbodiimide hydrochloride, HATU= O-(7-azabenzo-
triazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate,
DCPM = dicyclopropylmethyl, TMSE =2-trimethylsilyl)ethyl, Dap=2,3-
diaminopropionic acid.


Scheme 3. Cyclization of the linear precursors 18 a–c. a) 2m HCl, EtOAc,
20 8C, 1 h (for 18a and 18c) or Bu4N


+F� , THF, 20 ! 55 8C, 2 h then 2 m


HCl, in EtOAc, 20 8C, 1 h (for 18b). b) HATU, DIEA, TMP, CH2Cl2,
0.1 mm, 0 ! 20 8C, 18–22 h.


Scheme 4. The final steps in the preparation of aza-analogues 2a–c and
epi-2a. a) Anisole, TFA, 20 8C, 2 h. b) Teoc-(2S,1’R,2’R)-(3-Ncp)AlaOH,
HATU, HOAt, DIEA, TMP, CH2Cl2, 20 8C, 15 h. c) TFA, 20 8C, 1 h.
d) 20, HATU, HOAt, DIEA, TMP, CH2Cl2, 20 8C, 4 h. e) MgBr2·Et2O,
EtSH, CH2Cl2, 20 8C, 3–4 h. Teoc= (2-trimethylsilylethyl)oxycarbonyl.
Analogue epi-2a contains an (R)-a-Ile instead of an Ile moiety.
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well as the Haromatic and Cb, because they provided the cor-
rect assignment of the two phenyl rings of (bMe)Phe I and
II.[13, 16]


The c1 angles of each component were determined by the
combined use of coupling constants from P.E. COSY and
13C-HMBC experiments and distance information from
ROESY experiments. A two proton example is the c1 dihe-
dral angle of allo-(R)-threonine. In the HMBC spectrum, a
strong 3JCH correlation from CO (d=169.2 ppm) to the b


proton (d= 5.44 ppm) is visible. This together with a 3J-
(Ha,Hb) value of 5 Hz is consistent with a g� arrangement of
the two protons.


The chemical shift values of the components are shown in
Table 1 of the Supporting Information. One-dimensional
proton spectra showed one predominant resonance for each
amide NH, suggesting either one dominant isomer or fast
conformational averaging on the NMR time scale in CDCl3.
The coexistence of slowly interconverting conformers could
be ruled out by the absence of exchange cross peaks in the
ROESY spectra and the correct number of resonances in
the 1D-proton spectrum.


The enantiotopic Hb protons of (3-Ncp)Ala I exhibited
Dd values >1.5 ppm indicating a well defined structure.
This agrees with the large chemical shift dispersion within
the set of NH (6.54–9.13 ppm) and Ha (3.51–5.16 ppm)
proton signals. Especially the long-range ROE values be-
tween the aromatic protons of Chpca and (bMe)Phe I indi-
cate a compact conformation.[13]


The presence of strong Ha(i)–NH(i+1) ROE values and
the absence of Ha(i)–Ha(i+1) cross peaks confirmed that all
the amide bonds are in the s-trans conformation.


An s-trans conformation with respect to the Ile�Pro pep-
tide bond was assigned according to characteristic ROE
cross peaks between the Ha (Ile) and the Hd [(4-Pe)Pro] as
well as the absence of cross peaks between Ha (Ile) and Ha


[(4-Pe)Pro]. Additionally, the differences in 13C NMR chem-
ical shifts of Cb


�Cg = �1.7 ppm [(4-Pe)Pro], are indicative
of trans-peptide bonds.[17] The difference, directly related to
the dihedral angle y(Pro), is usually in the range of 2–
10 ppm for cis-Pro and 0–5 ppm in trans-Pro. In (4-Pe)Pro
residue of hormaomycin 1, the (4R)-substituent further in-
creases the Cg chemical shift value.


Cyclic hexapeptides normally adopt an all-trans-confor-
mation about the peptide bonds and prefer a conformation
with two b turns.[18] The hypothesis that the number of
amino acids in cyclopeptides influences the type of secon-
dary structure adopted was later proved in a modified ver-
sion.[19] However, major influences by the side chains, espe-
cially of non-typical amino acids, have not been taken into
account. This made predictions of the solution structure of
hormaomycin 1 difficult. In fact, hormaomycin 1 combines a
cyclic portion with an extended side chain consisting of two
components. In addition, the ring contains one ester linkage.


From the restrained MD simulations and energy minimi-
zations, one family of low-energy structures was generated,
satisfying the ROE-derived restraints and dihedral angles
(Figure 2). No ROE violation greater than 0.5 � was ob-


served. Further details about the calculation and NMR
input data are to be found in the Experimental Section.


The average root mean square deviation (RMSD) of the
backbone atoms compared to the average structure was
0.39 � and for all heavy atoms 0.71 �.


The propenyl substituent of the (4-Pe)Pro unit of hormao-
mycin 1 is found antiperiplanar relative to the pyrrolidine
nitrogen. It adopts an equatorial position (Figure 2). Allylic
1,3-strain directs the cis-propenyl side chain of (4-Pe)Pro
into one plane with the g-hydrogen of the pyrrolidine ring.


The observation of both NH(i)–NH(i+1) and Ha(i)–NH-
(i+1) ROE values indicates that the peptolide backbone
exists in a tight turn. A strong ROE between Ha [(bMe)Phe
II] and NH [(3-Ncp)Ala I] together with a weak cross peak
between Ha [(3-Ncp)Ala I] and NH [(bMe)Phe I] indicate a
b turn [(bMe)Phe II, (3-Ncp)Ala I, (bMe)Phe I, Ile]. The
CD curves with a positive maximum at 213 nm and a nega-
tive maximum around 240 nm already indicated the pres-
ence of a b turn.[2b]


The general criterium for the presence of a b turn is that
the distance between Ca(i) and Ca(i+3) is less than 7 �.
Type II and type II’ b turns are further differentiated by
their dihedral angles of the residues i+1 and i+2 (Table 1).
The presence of a CO(i)–HN(i+3) hydrogen bond is possi-
ble, but not necessary for a stabilization of the b turn. The
structure of hormaomycin 1 exhibits a Ca(i)–Ca(i+3) dis-
tance of 7 � for the components Ile and (bMe)Phe II. These
two constitute the i and i+3 position (i+3 and i position) of
two b turns in the structure of 1. A g turn can be excluded
because the distances between Ha [(bMe)Phe II]–Ha


[(bMe)Phe I] of 6.9 � and Ha(Ile)–Hb(a-Thr) of 6.8 � are
too long.


A type II’ (inverse II) turn is formed with (bMe)Phe II at
position i and with (3-Ncp)Ala I and (bMe)Phe I as the cen-
tral residues (i+1) and (i+2), respectively. The presence of a
Ha(i+1)–HN(i+2) ROE and the absence of other HN–HN
cross peaks differentiates this b turn from the other b turn
of hormaomycin 1 which belongs to type II according to the
corresponding dihedral angles (Table 1). The type II b turn
is formed by Ile at the i position and (4-Pe)Pro and a-Thr as
the central residues. Proline residues are typically found at
the i+1 position of type I and type II b turns.


Ideal b turns are ten-membered rings when the hydrogen
bond is incorporated. In the case of hormaomycin 1, the
type II b turn is composed of (R)-allo-threonine at the i+2
position and therefore contains the Cb as an additional
atom.


Table 1. Dihedral angles [8] of ideal b turns of type II and II’ and of the
corner components of hormaomycin 1.


f(i+1) y(i+1) f(i+2) y(i+2)


ideal type II �60 +120 +80 0
ideal type II’ +60 �120 �80 0
(4-Pe)Pro, a-Thr �61 +142 +90 �77
(3-Ncp)Ala I, (bMe)Phe I +69 �134 �90 �47
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Because of the unusual components and the overall struc-
ture that appears to be governed by long-range side-chain
interactions, the b turns deviate from the ideal values. It is
important to underline that the standard distances observed
for turns in peptides and proteins containing only (R)- or
(S)-residues cannot be used here.[20]


In general, distances in oligopeptides are strongly influ-
enced by the configurations of the contained amino acids.
(S)-Xaa-(R)-Yaa and (R)-Xaa-(S)-Yaa dyads have a high
tendency to be in the corner positions of type II and type II’
turns, respectively. Indeed, the type II’ b turn in hormaomy-
cin 1 is formed with the residue of (3-Ncp)Ala I [(R)-amino
acid] in the corner position followed by (bMe)Phe I [(S)-
amino acid].


With the oxygen of the ester linkage in 1 replaced by an
NH in 2 a, the f angle (+ 908) of the i+2 residue (a-Thr) is
almost identical with the ideal f angle of a type II turn
(+808). The dihedral angle defined by O-Ca-Cb-CO (taken
as y(i+2)) is substantially different from an ideal type II. It
is therefore reasonable to refer to it as “type II-like”. The
dihedral angles at the i+1 position agree with the type II
turn (f=�61 and y=++1428). The twisted nature of the b


turns results in a figure-eight like overall structure for the
macrocyclic ring (Figure 3).


Further corroboration of the structure is derived from the
detailed analysis of the chemical shifts presented in the Ex-
perimental Section and Supporting Information.


The structure of a peptide is not only determined by the
backbone conformation, but also the orientation of the side
chains. Many conformational studies have shown that the
rotamer distribution is the more shifted to a single rotamer,
the more “rigid” the backbone is.[21] Hence, the side-chain
conformation can be taken as an indicator for the rigidity of
the molecule. The two aromatic rings of (bMe)Phe II and


Chpca are stacked in-line with each other (Figure 2). The
compact overall shape of hormaomycin 1 is dictated by
these side-chain interactions which in turn allow only a rigid
macrocyclic structure.


The assignments of proton and carbon resonances of the
aza-analogue 2 a are compiled in Table 2 of the Supporting
Information. Due to signal overlap two dihedral angles (Ha/
H3b [(4-Pe)Pro] and Hg/Hda [(4-Pe)Pro] could not be deter-
mined. All the others, which have been determined for hor-
maomycin 1, were also determined for 2 a. An identical
range of values was obtained with only one differing di-
hedral angle in the side chain of isoleucin (Ca-Cb-Cg-Cd =


+1808 for 2 a and �608 for 1). The side chain is therefore
more directed to the solvent. The ROE values measured for
2 a differed only slightly, resulting in the same classification
into strong, medium and weak as for hormaomycin 1. An
additional ROESY cross peak was observed between the
HN attached to the Cb atom of the a-Dab unit and the pro-
tons of its methyl group.


The s-trans-conformation of all peptide bonds was con-
firmed by ROE cross peaks as established for hormaomycin
1. Analogously, the ester linkage of a-Thr and (4-Pe)Pro in
the calculated structure of hormaomycin 1 takes an s-trans
orientation which is favored by the anomeric effect.


From the almost identical structural data obtained, one
may conclude that the structure of the macrocyclic ring of
the aza-analogue 2 a in solution does not differ from that of
hormaomycin 1 (see Figure 4).


In general, cyclic peptides in which all the peptide bonds
have s-trans-conformations lack internal motions in the
backbone. This agrees with the present findings, that the
modification in the macrocyclic ring from an ester to an
amide linkage does not change the overall structure of the
macrocycle. In the case of 2 a, the additional peptide bond


also adopts an s-trans-confor-
mation.


The investigation of the so-
lution structure of the N-
methyl-aza-analogue 2 b was
considered to be useless be-
cause of an abundance of
slowly equilibrating conform-
ers. As the 1H NMR spectrum
of the des-methyl-aza-analogue
2 c is very similar to those of
hormaomycin 1 and the aza-
analogue 2 a, it is quite possi-
ble that this peptide in solution
also adopts approximately the
same overall conformation.


Antibacterial activity : As an
entry, the antibiotic activity of
the new hormaomycin ana-
logues against Arthrobacter
species was tested (Tables 2,
3).[22]


Figure 2. Stereoview of the average structure of hormaomycin 1 in CDCl3.


Figure 3. Stereoview of the macrocyclic ring of the average structure of hormaomycin 1 in CDCl3.
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Even these very preliminary biological tests give some in-
formation about structure–activity relationships for hormao-
mycin 1 and its analogues. At least the antibacterial activity
of hormaomycin 1 can neither solely be attributed to its
macrocyclic part nor to its side chain,[4b] but supposedly is
associated with the whole molecule. The weak antibiotic ac-
tivity of the cyclopeptide epi-19 c may be due to a mode of
action on bacteria which is different from that of hormao-
mycin 1. The aza-analogues 2 a–c displayed spectral and sol-
ubility properties, as well as antibiotic activities very similar
to those of the native compound 1. In contrast, the epi-aza-
analogue epi-2 a, which exhibits CD and 1H NMR spectra as
well as solubility properties quite different from those of
hormaomycin 1, turned out to be totally inactive within the
used test system.


Conclusion


We have synthesized several analogues of hormaomycin and
investigated the structures of the title compound 1 and its


aza-analogue 2 a by solution
NMR experiments. The two
structures turn out to be virtu-
ally identical. Consistent with
this finding, 1 and 2 a exhibit
similar antibiotic activities. The
1H NMR spectra of epi-2 a sub-
stantially differ from those of 1
and 2 a suggesting a different
structure. Consistently, epi-2 a
is inactive in the antibiotic
assay indicating that the con-
formation of the whole mole-
cule is important for this bio-
logical activity.


Experimental Section


General remarks : Synthesis: 1H NMR spectra: Bruker AM 250
(250 MHz), Varian Unity 300 (300 MHz), Varian Inova 600 (600 MHz).
1H chemical shifts are reported in ppm relative to residual peaks of deu-
terated solvent or tetramethylsilane. Higher order NMR spectra were ap-
proximately interpreted as first-order spectra, if possible. The observed
signal multiplicities are characterized as follows: s= singlet, d=doublet,
t= triplet, q=quartet, quin=quintet, m=multiplet, as well as br=broad,
Ar-H=aryl-H. 13C NMR spectra [additional DEPT (Distortionless En-
hancement by Polarization Transfer) or APT (Attached Proton Test)]:
Bruker AM 250 (62.9 MHz), Varian Unity 300 (75.5 MHz) or Varian
Inova 600 (125.7 MHz) instruments. 13C chemical shifts are reported rela-
tive to peak of solvent or tetramethylsilane. The following abbreviations
were applied: DEPT: +=primary or tertiary (positive signal in DEPT),
�= secondary (negative signal in DEPT), Cquat =quaternary (no signal in
DEPT); APT: +=primary or tertiary (positive signal in APT), �= sec-
ondary or quaternary (negative signal in APT); whenever it was necessa-
ry and possible HMBC (Heteronuclear Multiple Bond Connectivity)
and/or HMQC (Heteronuclear Multiple Quantum Coherence) spectra
were also measured. The signals marked with asterisk have been attribut-
ed with uncertain reliability. IR spectra: Bruker IFS 66 (FT-IR) spec-
trometer, samples measured as KBr pellets or oils between KBr plates.
The IR spectra of all synthesized peptides showed a broad NH stretch
band, arising from the amide moieties, between 3500 and 3250 cm�1. MS:
EI-MS: Finnigan MAT 95, 70 eV. High resolution EI-MS spectra with
perfluorokerosene as reference substance; pre-selected ion peak match-
ing at R @ 10000 to be within �2 ppm of the exact masses. ESI-MS:
Finnigan LCQ. HPLC: pump: Kontron 322 system, detector: Kontron
DAD 440, mixer: Kontron HPLC 360, data system: Kontron Kromasys-
tem 200, columns: Knauer Nucleosil-100 C18 (analytical, 5 mm, 3 mm �
250 mm), preparative: A: Kromasil C18 (7 mm, 20 mm � 250 mm), B:
Knauer Nucleosil-100 C18 (5 mm, 8 mm � 250 mm). Optical rotations:
Perkin–Elmer 241 digital polarimeter, 1 dm cell ; optical rotation values
are given in 10�1 deg cm2 g�1; concentrations (c) are given in g per
100 mL. Circular dichroism: Jasco J 500 A. Molar ellipticities (V) are
given in degreecm2 10�1 mol�1. M.p.: B�chi 510 capillary melting point
apparatus, uncorrected values. TLC: Macherey–Nagel precoated sheets,
0.25 mm Sil G/UV254. The chromatograms were viewed under UV light
and/or by treatment with phosphomolybdic acid (10 % in ethanol), or
ninhydrin (0.2 % in ethanol), or Ehrlich�s reagent (freshly prepared so-
lution of 1 g of 4-dimethylamino-benzaldehyde in 25 mL of 36% HCl
and 75 mL methanol). Column chromatography: Merck silica gel, grade
60, 230–400 mesh and Baker silica gel, 40–140 mesh. Preparative TLC:
Macherey–Nagel, silica gel SIL G/UV254, layer thickness 0.25 mm (100 �
200 mm or 200 � 200 mm). Elemental analyses: Mikroanalytisches Labo-
ratorium des Instituts f�r Organische und Biomolekulare Chemie der
Universit�t Gçttingen. Starting materials: Anhydrous solvents were pre-


Figure 4. Average structure of the aza-analogous hormaomycin 2a.


Table 2. Relative antibacterial activities of hormaomycin 1, aza-ana-
logues 2 a and epi-2a in serial dilution plate diffusion tests against Ar-
throbacter crystallopoites (strain 20117) (%) (estimated relative to the ac-
tivity of hormaomycin at 5� 10�2 mg per 9� 0.5 mm plate) 28 8C.


Compound (mg pro plate) 5� 10�2 5� 10�3 5 � 10�4 5� 10�5


hormaomycin 1 100 94 71 39
2a 103 90 68 35
epi-2a 0 0 – –


Table 3. Relative antibacterial activities of several compounds in serial
dilution plate diffusion tests against Arthrobacter oxidans (strain 20119)
(%) (estimated relative to the activity of hormaomycin at 1.5� 10�2 mg
per 6 � 0.65 mm plate) 28 8C.[23]


Compound (mg per plate) 1.5� 10�2 1.5� 10�3 1.5� 10�4


hormaomycin 1 100 72 44
penicillin G 78 0 0
19a–c, epi-19a 0 – –
epi-19c 22 0 0
2b 94 72 42
2c 94 83 58
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pared according to standard methods by distillation over drying agents
and were stored under argon. All other solvents were distilled before
use. All reactions were carried out with magnetic stirring and, if air or
moisture sensitive, in flame-dried glassware under argon or nitrogen. Or-
ganic extracts were dried with anhydrous MgSO4. tert-Butyl (2R,3R)-2-
azido-3-(benzyloxycarbonylamino)butyrate (4),[6] tert-butyl (2R,3R)-2-
tert-butyloxycarbonylamino-3-(9-fluorenylmethyloxycarbonylamino)buty-
rate (5),[7] tert-butyl (2S,3R)-2-tert-butyldimethylsilyloxy-3-(benzyloxycar-
bonyl-N-methylamino)butyrate (8),[8] (2S,4R)-(N-tert-butyloxycarbonyl)-
4-(Z)-propenylproline (14),[10] 1-hydroxy-7-aza-benzotriazole,[24] tetrapep-
tides 16[2a] and 17,[25] (2S,1’S,2’R)-[N-(2-trimethylsilyl)ethyloxycarbonyl]-
(2’-nitrocyclopropyl)alanine,[2a] 5-chloro-1-methoxymethoxypyrrole-2-car-
boxylic acid (20)[10] were prepared as described elsewhere. Conformation-
al analysis NMR studies: NMR spectra were recorded on Bruker
DRX400 and DRX600 spectrometers. The concentration was 5 mm in
CDCl3 and measurements were run at 293 K. The assignments were car-
ried out with the help of standard DQF-COSY (Double-Quantum Fil-
tered Correlation Spectroscopy), TOCSY (Total Correlation Spectrosco-
py), 13C-HSQC, 15N-HSQC and 13C-HMBC experiments. Typically 2 K
data points in F2 and 512 experiments in F1 were acquired. In some
cases, additional ROESY experiments were used to confirm the assign-
ments made. The spectra were acquired with 16 transients and a relaxa-
tion delay of 2 s except the ROESY experiments with 80 transients. For
ROESY experiments, a spinlock field of 3.1 kHz was used with a mixing
time of 480 ms.[26] The TOCSY experiments were performed with a spin-
lock field of 6.25 kHz by using the MLEV17 sequence with mixing times
of 40 and 80 ms. The data were zero filled and processed as a 4 K � 1 K
matrix. P.E. COSY experiments were processed as an 8 K� 2 K matrix.
To obtain the temperature coefficients of the amide proton chemical
shifts, TOCSY spectra were recorded between +15 and +45 8C. To de-
termine the c1 torsional angle constraints, the Ha–Hb coupling constants
(3Jab) from the 1D proton and P.E. COSY spectra, the intensity of the in-
traresidue ROEs (Ha–Hb, NH–Hb) and the intensity of the 3JCH HMBC
cross peaks were used. Each amino acid residue was classified with re-
spect to three rotamers, according to the patterns of the 3JHH, 3JCH and
ROE values. The stereospecific assignments were also established for the
b-methylene protons. Assuming that the staggered rotamers are predomi-
nantly populated, qualitative considerations together with homonuclear
coupling constants[13] are often sufficient for the assignment of diastereo-
topic methylene protons (Figure 1). The c1 angle was set at �608 when
both the 3J(Ha–Hb1) and the 3J(Ha–Hb2) coupling constants are small. If
one strong and one weak coupling is observed, c1 can be either 60 or
1808. To differentiate between these two cases, stereospecific assignments
of the Hb protons are required. This was possible with the help of qualita-
tive heteronuclear J couplings (between 13CO and Hb) and ROE cross-
peak intensities stemming from the different Hb protons. In this way a set
of dihedral angles was obtained and this together with the ROE-derived
distances was the input for a molecular modelling (MD) study.[13]


Molecular dynamics : All molecular mechanics/dynamics simulations were
performed with DISCOVER of Insight II (Accelrys) on a Silicon Graph-
ics Octane workstation. The simulations were done using CVFF (Consis-
tent Valence Force Field).[27] A distance-dependent dielectric constant
(e= 4.8 r) was used. The molecular structure was first minimized. During
a 100 ps MD run, 100 structures were sampled which represent starting
conformations for the subsequent restrained MD. According to a simulat-
ed annealing approach, the resulting starting molecules were heated to
600 K initially, subsequently cooled and finally subjected to an energy
minimization using both steepest descent and conjugate gradient methods
successively.[28] The final structures were analyzed for similarities by com-
paring the RMSD deviations.


The distance and torsional angle constraints of Tables 3 and 4 in the Sup-
porting Information were used as restraints in the MD runs as well as the
final minimizations. Pseudo-atoms were used for the methyl protons and
aromatic protons. Distance restraints derived from ROE-cross peaks,
classified empirically as strong, medium and weak, were applied as bihar-
monic restraints with lower and upper boundaries of 2.0–2.8, 2.0–3.5, 2.0–
5.0 �, respectively. The configurations at the stereogenic carbon atoms
were restrained.[13] Likewise, due to the detected trans-conformation of
all peptide bonds, the w dihedral angle was restrained to 1808.


Structural validation : The following four interresidual ROEs have not
been used in the calculations for cross validation purposes [Chpca 3-H
and (bMe)Phe I Haromatic, (bMe)Phe II Haromatic and (3-Ncp)Ala I 3’-HA,
(bMe)Phe II Haromatic and (3-Ncp)Ala I 6-HA, (bMe)Phe II Haromatic and
(3-Ncp)Ala I NH]. In the average structure the corresponding distances
are 3.8, 4.6, 5.2, and 3.5 �, respectively, which reasonably agree with the
measured ROE values. There is an upfield chemical shift of the b-proton
of (bMe)Phe II (3.04 ppm) compared with that of the corresponding
proton in (bMe)Phe I (3.72 ppm), which can be explained by the aniso-
tropy effect of the pyrrole ring. This effect requires a specific folding of
the two-residue side chain. Additional anisotropy effects are seen for the
methyl protons of the Ile residue exerted by the pyrrole ring of Chpca
and for the protons of the (3-Ncp)Ala I side chain by the neighboring ar-
omatic ring of (bMe)Phe I. The large downfield shift of the amide proton
of (3-Ncp)Ala II (8.14 ppm) compared with NH of (3-Ncp)Ala I may be
due to an H-bonding interaction with the oxygen of Chpca. All amide
protons of the macrocyclic ring show low temperature chemical shift
values (all < + /�1 ppb/ 8C except NH [(bMe)Phe I]: �3 ppb per 8C) in-
dicating shielding from solvent or H-bonding. Data have been submitted
to PDB (Protein Data Bank) and BMRB (BioMagResBank).


Biological tests were carried out as described elsewhere.[16b]


Deprotection of N-Fmoc-protected amino acids 7a and 7 b, and peptides
16 and 17—General procedure (GP 1): The protected amino acids or
peptides (1 mmol) were taken up with acetonitrile or THF (2 mL), dieth-
ylamine (2 mL) was added, and the resulting mixture left at ambient tem-
perature for 40 min. All volatiles were evaporated under reduced pres-
sure, the residue was taken up with toluene (2 � 5 mL), which was evapo-
rated under reduced pressure to remove the last traces of diethylamine.
The obtained crude N-deprotected amino acids or peptides were directly
used in the next condensation step.


Peptide condensation step for the preparation of dipeptide acids 15 a–c—
General procedure (GP 2): EDC (1.03 mmol) and HOAt (1.05 mmol)
were added to a cooled (4 8C) solution of the N-Boc-protected 4-(Z)-pro-
penylproline 14 (1 mmol) in anhydrous CH2Cl2 (3 mL). After 10 min, the
solution of the appropriate crude Nb-deprotected diamino ester
(0.97 mmol) and TMP (3 mmol) in anhydrous CH2Cl2 (1 mL) was added
at the same temperature (in the case of 7c·HCl two additional equiva-
lents of TMP were used). The temperature was allowed to reach 20 8C,
and stirring was continued for 6 h. Then the reaction mixture was diluted
with Et2O or EtOAc (30 mL), and the mixture washed with 1m KHSO4


(3 � 5 mL), water (2 � 5 mL), saturated aqueous solution of NaHCO3 (3 �
5 mL), water (3 � 5 mL), brine (2 � 5 mL), dried and concentrated under
reduced pressure. The residue was purified by column chromatography
and recrystallization to give the respective dipeptide esters.


Hydrolysis step for the preparation of dipeptide acids 15a–c—General
procedure (GP 3): A 40 % aqueous solution of tetra-n-butylammonium
hydroxide (0.15 mmol) was added dropwise to an ice-cold solution of the
respective dipeptide ester (0.10 mmol) in THF (0.91 mL) within 3 min,
and stirring was continued at the same temperature for an additional
45 min (TLC monitoring to detect complete consuming of the starting
material). A 1m aqueous H2SO4 (0.5 mL) was then added, and the mix-
ture was diluted with Et2O (50 mL). The organic layer was separated and
washed with 1m KHSO4 (2 � 10 mL), water (5 � 10 mL), brine (2 � 5 mL),
dried and filtered. The filtrate was concentrated under reduced pressure
to give the crude product which was purified by column chromatography
or/and recrystallization.


Peptide condensation step for the preparation of the branched hexapepti-
des 18 a–c—General procedure (GP 4): Tetrapeptide 16 or 17
(0.21 mmol) was deprotected according to GP 1, taken up with anhydrous
CH2Cl2 (5 mL), the respective dipeptide acid (0.23 mmol), HATU
(0.25 mmol) and HOAt (0.23 mmol) were added, and the reaction mix-
ture was cooled to 4 8C. After this, a solution of DIEA (29 mg,
0.22 mmol) and TMP (75 mg, 0.62 mmol) in CH2Cl2 (2 mL) were added
at the same temperature within 5 min. The temperature was allowed to
reach 20 8C, and stirring was continued for an additional 15 h. The crude
product obtained after aqueous work-up, according to GP 2, was finally
purified by recrystallization and/or column chromatography.
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Preparation of N-MeZ-protected cyclohexapeptides 19a–c, epi-19 a and
epi-19 c—General procedure (GP 5): 2 m HCl in EtOAc (2 mL) was
added to the appropriate branched hexapeptide (0.10 mmol); the reac-
tion mixture was stirred at 20 8C for 1 h in a dark place, and was then
concentrated under reduced pressure at 20 8C. The residue was triturated
with anhydrous Et2O (2 � 5 mL) to give the hydrochloride of the depro-
tected material as a colorless solid, which was taken up with anhydrous
CH2Cl2 (1.0 L). The solution was cooled to 4 8C (internal temperature),
HATU (0.103 mmol) and HOAt (0.10 mmol) were added, and then a so-
lution of DIEA (0.40 mmol) in CH2Cl2 (50 mL) was added over 30 min.
The cooling bath was removed and stirring continued for an additional
2 h at ambient temperature. Then the reaction mixture was cooled again
to 4 8C, and a second portion of each, HATU (0.103 mmol) and HOAt
(0.10 mmol), was added, and then a solution of DIEA (0.40 mmol) in
CH2Cl2 (50 mL) was added within 30 min. The temperature was allowed
to reach 20 8C, and stirring was continued for 15 h. After this, the solvent
was removed under reduced pressure, the residue was taken up with
Et2O, and after the usual aqueous work-up (GP 2) and concentration
under reduced pressure, the crude product was purified first by column
chromatography and then by recrystallization (Et2O/pentane) to give a
mixture of the epimeric cyclopeptides, which was separated by prepara-
tive HPLC to give the respective cyclohexapeptides.


Deprotection of N-MeZ protected cyclohexapeptides 19 a–c and epi-
19a—General procedure (GP 6): The N-MeZ-protected cyclopeptides
(18 mmol) were deprotected by treatment with 10% anisole in TFA
(1.1 mL) in the dark at ambient temperature for 2 h. All volatiles were
removed under reduced pressure (0.05 Torr) at 20 8C. The residues were
triturated with hexane (6 � 5 mL) and dried to give the deprotected mate-
rials as trifluoroacetates, which were directly used in the next condensa-
tion step.


Deprotection of O-MOM protected hormaomycin aza-analogues O-
MOM-2 a–c and epi-O-MOM-2 a—General procedure (GP 7): The re-
spective O-MOM protected hormaomycin analogue (15 mmol) was de-
protected by treatment with MgBr2·Et2O (0.30 mmol) and EtSH
(0.10 mmol) in CH2Cl2 (10 mL) at ambient temperature for 3 h. The mix-
ture was taken up with Et2O (40 mL) and washed with 1 n KHSO4 (3 �
10 mL), water (4 � 10 mL), brine (2 � 5 mL), dried, filtered and concen-
trated under reduced pressure. The residue was recrystallized from
CH2Cl2/pentane to give the respective hormaomycin analogue, which, if
necessary, was further purified by preparative HPLC. The fraction con-
taining the desired product was collected, and its pH value was carefully
adjusted to 6.9 (pH meter) with diluted aqueous ammonia, and then it
was lyophilized. The residue was dissolved in EtOAc (10 mL), the so-
lution was washed with water (3 � 5 mL), dried and filtered. Removal of
the solvent under reduced pressure gave the pure hormaomycin aza-ana-
logue.


Methyl (2R,3R)-2-amino-3-(9-fluorenylmethyloxycarbonylamino)buty-
rate hydrochloride : Boc-a-Dab(Fmoc)-OtBu 5 (0.39 g, 0.79 mmol) was
deprotected with TFA (5 mL) for 1 h. All volatiles were removed under
reduced pressure at 20 8C. The solid residue was taken up with 1m HCl
(5 mL) and methanol (20 mL) and after 10 min the mixture was concen-
trated to give the crude H-a-Dab(Fmoc)-OH·HCl (0.31 g, 100 %), which
was dried at 0.02 Torr at ambient temperature for 16 h, and used for the
next step without further purification. SOCl2 (0.60 mL, 8.27 mmol) was
added dropwise to a solution of the crude amino acid hydrochloride
(0.31 g, max 0.79 mmol) in anhydrous methanol (35 mL) at �20 8C for
5 min and stirring was continued at the same temperature for an addi-
tional 15 min. The mixture was then allowed to warm to 20 8C, and, after
stirring at this temperature for 1 h, the reaction flask was sealed, and the
mixture was heated t 50 8C with stirring for an additional 20 h. The reac-
tion mixture was then concentrated under reduced pressure, and the resi-
due was triturated with Et2O to give the crude title compound (0.29 g,
max. 94%) as a colorless solid. Rf = 0.30 (MeOH/CHCl3 1:100); 1H NMR
(250 MHz, CD3OD): d=1.36 (d, J=7 Hz, 3H, H-4), 3.97 (s, 3 H, OMe),
4.16–4.34 (m, 3 H, 2-H and 9’’-H, 1’-Ha), 4.40–4.59 (m, 2H, 3-H, 1’-Hb),
7.27–7.50 (m, 4H, Ar-H), 7.54 (d, J =6.8 Hz, 1 H, NH), 7.70 (d, J=


7.3 Hz, 2 H, Ar-H), 7.84 (d, J= 7.3 Hz, 2H, Ar-H).


MeZ-a-Dab(Fmoc)-OMe (6): NaHCO3 (0.156 g, 1.85 mmol) and then a
solution of MeZOSu (0.244 g, 0.93 mmol) in acetone (5 mL) were added
to a vigorously stirred solution of H-a-Dab(Fmoc)-OMe·HCl (0.29 g,
max. 0.74 mmol) in water (7 mL), and stirring was continued for 90 min
(if a precipitate formed, acetone and/or water was added to obtain a ho-
mogeneous solution). The mixture was then concentrated under reduced
pressure, diluted with water (40 mL), and the resultant suspension was
filtered. The crude product was washed with Et2O/pentane 1:1 (50 mL),
water (100 mL), 3% NaHCO3 (50 mL), water (20 mL), 1 m HCl, water
(50 mL), pentane (50 mL), dried and finally recrystallized from CH2Cl2/
hexane to give 6 (0.272 g, 69 % over three steps) as a colorless solid. M.p.
167–168 8C; [a]20


D =8.5 (c=0.40, THF); 1H NMR (250 MHz, CDCl3): d=


1.47 (d, J= 6.8 Hz, 3 H, 4-H), 2.34 (s, 3H, 1’-H, MeZ), 3.77 (s, 3H, OMe),
4.10–4.51 (m, 4H, 3-H and 9’-H, 1-H, Fmoc), 4.60 (dd, J=8.1, 3.1 Hz,
1H, 2-H), 5.08 (s, 2H, Bzl-H), 5.32 (d, J =8.0 Hz, 1H, NH), 5.67 (d, J=


6.8 Hz, 1H, NH), 7.16 (d, J =7.3 Hz, 2 H, Ar-H), 7.21–7.46 (m, 6 H, Ar-
H), 7.61 (d, J =6.8 Hz, 2 H, Ar-H), 7.77 (d, J=7.3 Hz, 2H, Ar-H);
13C NMR (62.9 MHz, CDCl3): d =16.3 (+ , C-4), 21.0 (+ , C-1’, MeZ),
47.0 (+ , C-3), 48.9 (+ , C-9’, Fmoc), 52.5 (+ , OMe), 57.8 (+ , C-2), 66.8
(�, Bzl-H, MeZ), 67.1 (�, C-1, Fmoc), 119.8, 125.0, 126.9, 127.5, 128.3,
129.1 (+ , Ar-C), 132.8 (Cquat, Ar-C), 137.9 (Cquat, Ar-C), 141.1 (Cquat, Ar-
C), 143.7, 143.9 (Cquat, Ar-C), 155.8, 156.4 (Cquat, NCO2), 170.7 (Cquat, C-
1); IR (KBr): ñ =3316, 3067, 2948, 1748, 1691, 1542, 1450, 1338, 1316,
1282, 1231, 1169 cm�1; MS (EI, 70 eV): m/z (%): 502 (1) [M +], 266 (10)
[C14H20NO4


+], 178 (100) [C14H10
+], 165 (5), 105 (22) [C8H9


+], 44 (11)
[CO2


+]; HRMS (EI): m/z : calcd for C29H30N2O6: 502.2104, correct mass
found; elemental analysis calcd (%) for C29H30N2O6 (502.6): C 69.31, H
6.02, N 5.57; found C 69.08, H 5.88, N 5.38.


Methyl (2S,3R)-3-(benzyloxycarbonyl-N-methylamino)-2-hydroxybuty-
rate : A solution of the O-TBDMS, NMe-Z protected tert-butyl ester of
(S)-isothreonine 8 (0.73 g, 1.67 mmol) in MeCN (38 mL) was treated with
5% aqueous HF (40 mL) at 4 8C for 10 min. The mixture was allowed to
warm to 20 8C, and stirring was continued for an additional 4 h. A satu-
rated aqueous solution of NaHCO3 was then carefully added to adjust
the pH value to about 8, and the mixture was extracted with Et2O (2 �
50 mL). The organic fraction was washed with water (5 � 20 mL), brine
(2 � 10 mL), dried, filtered and concentrated under reduced pressure. The
resultant crude alcohol was dried at 0.02 Torr for 2 h and then deprotect-
ed by treatment with TFA (6 mL). After 1 h, all volatiles were removed
under reduced pressure, the residue was dissolved in toluene (2 � 20 mL),
which was distilled off to remove the last traces of TFA to give the crude
(2S,3R)-3-(benzyloxycarbonyl-N-methylamino)-2-hydroxybutyric acid
(0.42 g, max. 94%). It was dried at 0.02 Torr and ambient temperature
for 2 h, then taken up with Et2O (10 mL; some methanol was added to
obtain a homogeneous solution) and the mixture was treated with an
excess of an ethereal solution of diazomethane untill a yellow coloration
of the reaction mixture persisted. The mixture was then concentrated
under reduced pressure, and the residue was purified by column chroma-
tography to give the title compound (0.361 g, 71 % over two steps; Rf =


0.22, EtOAc/hexane 1:3) as a turbid oil, which was directly used for the
next step without any further characterization.


Methyl (2S,3R)-2-azido-3-(benzyloxycarbonyl-N-methylamino)butyrate
(9): Mesyl chloride (0.14 mL, 1.81 mmol) was added dropwise to a so-
lution of the NMe-Z protected (S)-isothreonine methyl ester (0.36 g,
1.28 mmol) and TEA (0.254 mL, 1.81 mmol) in CH2Cl2 (7 mL) at �30 8C
for 3 min, and stirring was continued at the same temperature for 1 h.
The reaction mixture was then allowed to warm to 4 8C and stirred at this
temperature for an additional 1 h. Finally, the cooling bath was removed,
and stirring was continued for an additional 3 h. Saturated aqueous so-
lution of NaHCO3 (3 mL) was then added, and the mixture was taken up
with Et2O (50 mL). After the usual aqueous work-up (GP 2) the organic
layer was dried, filtered and concentrated under reduced pressure to give
the crude mesylate of NMe-Z protected (S)-isothreonine methyl ester
(0.46 g, 100 %; Rf =0.11, EtOAc/hexane 1:6) as a colorless oil. NaN3


(0.086 g, 1.32 mmol) was added to a solution of this compound (0.46 g,
1.28 mmol) in DMF (8 mL), and stirring continued at 70 8C for 15 h. The
mixture was then cooled, concentrated under reduced pressure, and the
residue was taken up with Et2O (50 mL). After the usual aqueous work-
up (GP 2) the organic layer was dried, filtered and concentrated under
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reduced pressure. The resultant crude product was purified by column
chromatography (EtOAc/hexane 1:6, Rf = 0.19) to give 9 (0.191 g, 49 %
over two steps) as a mobile colorless oil, which was directly used for the
next step without any further characterization.


Boc-a-NbDab(Fmoc)-OMe : Ph3P (0.262 g, 1.00 mmol) was added to a so-
lution of 9 (0.191 g, 0.62 mmol) in THF/H2O (20:1) (15.8 mL), the resul-
tant mixture was stirred for 24 h. Boc2O (0.272 g, 1.25 mmol) was then
added, and stirring was continued for an additional 24 h. The mixture
was then concentrated, and the residue was purified by column chroma-
tography (twice, hexane 1:4, Rf =0.22) to give the Nb-methylated Boc-a-
Dab(Z)-OMe (0.135 g, 57%) as a viscous colorless oil. This material
(0.135 g, 0.35 mmol) in EtOAc (7 mL) was hydrogenated at ambient pres-
sure of hydrogen over 10% Pd on charcoal (0.07 g) for 3 h. The mixture
was then filtered and concentrated under reduced pressure to give the
crude Boc-a-NbMeDab-OMe (90 mg, 100 %), which was immediately
used for the next step. FmocOPfp (0.159 g, 0.39 mmol) was added to a so-
lution of this material, TMP (43 mg, 0.35 mmol), and HOAt (10 mg,
74 mmol) in EtOAc (5 mL) were added and stirring was continued for
15 h. The mixture was then diluted with Et2O (50 mL) and subjected to
the usual aqueous work-up (GP 2). The organic layer was dried, filtered
and concentrated under reduced pressure. The residue was purified by
column chromatography (EtOAc/hexane 1:4, Rf =0.22) to give the Nb-
methylated Boc-a-Dab(Fmoc)-OMe (0.135 g, 81 % over two steps) as a
colorless oil, which was directly used for the next step without any fur-
ther characterization.


MeZ-a-NbDab(Fmoc)-OMe (10): Boc-a-NbDab(Fmoc)-OMe (0.135 g,
0.29 mmol) was deprotected with 2 m HCl in EtOAc (4 mL) for 3 h. The
mixture was then concentrated under reduced pressure, and the residue
was dissolved in MeCN (4 mL). TMP (45 mg, 0.37 mmol), DIEA (37 mg,
0.29 mmol) and finally MeZOSu (83 mg, 0.32 mmol) were added to this
solution, and it was stirred for 16 h. N,N-Dimethylaminopropylamine
(20 mg, 0.20 mmol) was then added, and after 10 min the mixture was
concentrated under reduced pressure. The residue was taken up with
Et2O and subjected to the usual aqueous work-up (GP 2). The organic
layer was dried, filtered and concentrated under reduced pressure. The
resultant crude product was purified by column chromatography
(EtOAc/hexane 1:3, Rf = 0.30) to give 10 (0.122 g, 13% overall yield over
10 steps from 8) as a turbid glass. [a]20


D =9.2 (c=0.25, CHCl3); 1H NMR
(300 MHz, CDCl3): d= 1.16, 1.25 (2 � d, J =6.9 Hz, 3H, 4-H), 2.33 (s,
3H, 1’-H, MeZ), 2.81 (s, 3H, NMe), 3.66 (s, 3 H, OMe), 4.12–4.61 (m,
5H, 2-H, 3-H and 9’-H, 1-H, Fmoc), 5.06 (d, J =5.1 Hz, 2H, Bzl-H), 5.31,
5.60 (2 � d, J=7.5 Hz, 1 H, NH), 7.15 (d, J =7.8 Hz, 2H, 2-H, MeZ), 7.24
(d, J =7.8 Hz, 2H, 3-H, MeZ), 7.31 (dd, J =7.5, 7.5 Hz, 2 H, 3’-H, Fmoc),
7.40 (dd, J =7.5, 7.5 Hz, 2H, 4’-H, Fmoc), 7.58–7.64 (m, 2 H, 2’-H, Fmoc),
7.76 (d, J =7.2 Hz, 5’-H, Fmoc); 13C NMR (50.3 MHz, CDCl3): d=14.3
(+ , C-4), 21.0 (+ , C-1’, MeZ), 28.9 (+ , NMe), 47.1 (+ , C-3), 52.4 (+ , C-
2), 52.9 (+ , C-9’, Fmoc), 56.6 (+ , OMe), 67.0 (�, Bzl-H, MeZ), 67.5 (�,
C-1, Fmoc), 119.8, 124.9, 126.9, 127.5, 128.2, 129.1 (+ , Ar-C), 133.0 (Cquat,
Ar-C), 137.9 (Cquat, Ar-C), 141.2 (Cquat, Ar-C), 143.8, 143.9 (Cquat, Ar-C),
155.9, 156.4 (Cquat, NCO2), 170.9 (Cquat, C-1); IR (KBr): ñ=2951, 1751,
1725, 1700, 1521, 1451, 1320, 1273, 1242, 1204, 1018 cm�1; MS (ESI pos.):
m/z : 539 (100) [M+Na+].


MeZ-(R)-Asn-OH (12): NaHCO3 (0.520 g, 6.18 mmol) and then a so-
lution of MeZOSu (0.775 g, 2.97 mmol) in acetone (7 mL) were added to
a vigorously stirred solution of d-aspargine (0.442 g, 2.94 mmol) in water
(10 mL), and stirring was continued for 3 h (if a precipitate formed, ace-
tone and/or water was added to obtain a homogeneous solution). The
mixture was then concentrated under reduced pressure, diluted with
water (40 mL) and washed with CH2Cl2 (3 � 10 mL). The pH of the water
fraction was adjusted to 1–2 with solid KHSO4, the resulting precipitate
was filtered off, washed with H2O (5 � 20 mL), Et2O (5 � 20 mL) and
dried to give 12 (0.75 g, 91 %) as a colorless solid. M.p. 181–183 8C;
[a]20


D =6.5 (c=1.00, DMF); 1H NMR (250 MHz, [D6]acetone): d=2.30 (s,
3H, 1’-H), 2.50–3.55 (br, 3 H, CO2H, CONH2), 2.65–2.85 (m, 2H, 3-H),
4.39–4.53 (m, 1H, 2-H), 5.03 (s, 2H, Bzl-H), 6.39–6.61 (br, 1H, NH), 7.15
(d, J =8.0 Hz, 2 H, Ar-H), 7.26 (d, J =8.0 Hz, 2 H, Ar-H); 13C NMR
(125.7 MHz, [D6]DMSO): d =20.7 (+ , C-1’), 36.7 (�, C-3), 50.5 (+ , C-2),
65.3 (�, Bzl-H), 127.8 (+ , Ar-C), 128.8 (+ , Ar-C), 133.8 (Cquat, Ar-C),


137.0 (Cquat, Ar-C), 155.7 (Cquat, NCO2), 170.7 (Cquat, C-1), 173.0 (Cquat, C-
4); IR (KBr): ñ =3419, 3355, 3214, 3099, 3030, 2989, 2973, 2929, 2827,
2741, 2629, 2533, 1721, 1692, 1645, 1586, 1526, 1346, 1237, 1199, 1183,
1154, 1126 cm�1; MS (EI, 70 eV), m/z (%): 280 (20) [M +], 263 (3) [M +


�OH], 159 (8) [C5H7N2O4
+], 122 (46) [C8H10O


+], 105 (100) [C8H9
+], 87


(16) [C3H7N2O
+], 77 (10) [C6H5


+], 44 (6) [CO2
+]; elemental analysis


calcd (%) for C13H16N2O5 (280.3): C 55.71, H 5.75, N 9.99; found C 55.97,
H 5.73, N 10.08.


MeZ-Dap-OH (13): Iodobenzene bis(trifluoroacetate) (1.46 g,
3.40 mmol) and 12 were suspended by stirring in 50% (v/v) aqueous
DMF (20 mL). After 15 min, pyridine (0.367 g, 4.64 mmol) was added,
and the mixture was stirred for an additional 5 h. The emulsion formed
was evaporated at 40–45 8C under reduced pressure. The residue was
taken up with water (2 � 15 mL), which was evaporated under reduced
pressure. The residual oil was taken up in water (50 mL) and washed
with chloroform (3 � 10 mL). The aqueous layer was once more concen-
trated in vacuo, and the residue was dissolved in ethanol (20 mL). The
pH value was adjusted to about 7 with pyridine, and the formed suspen-
sion was left at 4 8C for 12 h. The precipitate was filtered off and washed
with ether (5 � 20 mL) to give, after drying, amino acid 13 (0.51 g, 87%)
as a colorless powder. Rf = 0.32 (MeCN/AcOH/H2O 10:1:1); m.p. 210–
216 8C (decomp.); [a]20


D = 38.1 (c=0.31, 0.1 n HCl); 1H NMR (300 MHz,
DCl in D2O): d=2.28 (s, 3 H, 1’-H), 3.28 (dd, J =12.6, 9.6 Hz, 1H, 3-Ha),
3.49 (dd, J=12.6, 4.5 Hz, 1 H, 3-Hb), 4.44–4.55 (m, 1 H, 2-H), 5.07 (s, 2 H,
Bzl-H), 7.22 (d, J=7.5 Hz, 2 H, Ar-H), 7.28 (d, J= 7.5 Hz, 2 H, Ar-H); IR
(KBr): ñ =3303, 3250–2300, 1695, 1658, 1623, 1592, 1540, 1413, 1273,
1022 cm�1; MS (ESI pos.): m/z : 275 (86) [M+Na+], 253 (12) [M+H+];
neg.: m/z : 251 (10) [M�H�]; elemental analysis calcd (%) for
C12H16N2O4 (252.3): C 57.13, H 6.39, N 11.10; found C 56.95, H 6.20, N
10.97.


MeZ-Dap-OMe·HCl (7 c·HCl): To a solution of thionyl chloride
(0.52 mL, 7.26 mmol) in anhydrous MeOH (10 mL) at �20 8C was added
with stirring after 10 min the amino acid 13 (0.50 g, 1.98 mmol). The re-
sulting thick suspension was stirred at 20 8C for 24 h to give a clear so-
lution, which was then left at �28 8C for 16 h. Et2O (40 mL) was added
to complete the precipitation, and the solid was filtered off to give
7c·HCl (0.47 g, 78%) as long colorless needles. The mother liquor was
concentrated, and the residue was recrystallized from MeOH/Et2O to
give a second crop of 7 c·HCl (26 mg, 83% overall yield). M.p. 159–
161 8C; [a]20


D = 32.3 (c= 0.86, DMSO); 1H NMR (250 MHz, [D6]DMSO):
d=2.28 (s, 3H, 1’-H), 2.98–3.29 (m, 2 H, 3-H), 3.66 (s, 3 H, OMe), 4.43
(ddddd, J= 4.3 Hz, 1 H, 2-H), 5.08 (s, 2 H, Bzl-H), 7.17 (d, J =7.9 Hz, 2 H,
Ar-H), 7.25 (d, J =7.9 Hz, 2 H, Ar-H), 7.52 (d, J =8.3 Hz,1H, CONH),
8.15–8.55 (br, 3 H, NH2·HCl); 13C NMR (125.7 MHz, [D6]DMSO): d=


21.0 (+ , C-1’), 39.2 (�, C-3), 52.0 (+ , C-2), 52.8 (+ , OMe), 66.0 (�, Bzl-
H), 128.2 (+ , Ar-C), 129.1 (+ , Ar-C), 133.8 (Cquat, Ar-C), 137.4 (Cquat,
Ar-C), 156.3 (Cquat, NCO2), 173.6 (Cquat, C-1); IR (KBr): ñ =3322, 3031,
2884, 2621, 1734, 1690, 1597, 1535, 1307, 1264, 1230, 1015 cm�1; MS (ESI
pos.): m/z : 289 (38) [M+Na+], 267 (93) [M+H+]; elemental analysis
calcd (%) for C13H19N2O4Cl (302.8): C 51.57, H 6.33, N 9.25; found C
51.29, H 6.48, N 9.11.


MeZ-a-Dab[Boc-(4-Pe)Pro]-OMe : Compound 7a (0.191 g, 0.38 mmol)
was deprotected according to GP 1, and the resulting crude Na-protected
diamino ester was coupled with the N-Boc protected 4-(Z)-propenylpro-
line 14 (0.100 g, 0.39 mmol) by treatment with EDC (77 mg, 0.40 mmol),
HOAt (55 mg, 0.41 mmol) and TMP (0.142 g, 1.17 mmol) in CH2Cl2


(4 mL) according to GP 2 for 16 h. The crude product obtained after the
usual aqueous work-up (GP 2) was finally purified by column chromatog-
raphy (EtOAc/hexane 1:1.5, Rf =0.35) to give the title compound
(0.163 g, 83%) as a turbid oil, which solidified during drying at 60 8C
(0.02 Torr) to a colorless solid. M.p. 94–95 8C; [a]20


D =�41.6 (c =0.32,
CHCl3); 1H NMR (250 MHz, CDCl3): d=1.04–1.19 (m, 3 H, 4-H, a-Dab),
1.41 [s, 9 H, C(CH3)3], 1.64 [dd, J =7.0, 1.5 Hz, 3H, 3’-H, (4-Pe)Pro],
1.72–2.00 [m, 1 H, 3-Ha, (4-Pe)Pro], 2.34 (s, 3H, 1’-H, MeZ), 2.34–2.54
[m, 1 H, 3-Hb, (4-Pe)Pro], 2.92–3.15 [m, 2 H, 4-H, 5-Ha, (4-Pe)Pro], 3.76
(s, 3H, OMe), 3.80–3.96 [m, 1H, 5-Hb, (4-Pe)Pro], 4.03–4.22 (m, 1H, 3-
H, a-Dab), 4.35–4.57 (m, 2 H, 2-H), 5.01 (d, J =12.3 Hz, 1H, Bzl-Ha), 5.09
(d, J =12.3 Hz, 1H, Bzl-Hb), 5.20–5.37 [m, 1H, 1’-H, (4-Pe)Pro], 5.54 [dq,
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J =10.0, 7.0 Hz, 1 H, 2’-H, (4-Pe)Pro], 5.59–5.77, 6.20–6.40 (2 � m, 1 H,
NH), 6.81 (d, J=8.8 Hz, 1H, NH), 7.15 (d, J =7.8 Hz, 2H, Ar-H), 7.25
(d, J =7.8 Hz, 2H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d =13.0 [+ , C-
3’, (4-Pe)Pro], 15.3, 16.8 (+ , C-4, a-Dab), 21.0 (+ , C-1’, MeZ), 28.1 [ + ,
C(CH3)3], 35.8 [ + , C-4, (4-Pe)Pro], 37.8 [�, C-3, (4-Pe)Pro], 46.6, 47.1
(+ , C-3, a-Dab), 52.0 [�, C-5, (4-Pe)Pro], 52.4 (+ , OMe), 57.5 (+ , C-2,
a-Dab), 60.9, 61.5 [+ , C-2, (4-Pe)Pro], 66.8, 67.2 (�, Bzl-H, MeZ), 80.2
[Cquat, C(CH3)3], 126.4 [ + , C-2’, (4-Pe)Pro], 128.2, 129.0 (+ , Ar-C), 129.4
[+ , C-1’, (4-Pe)Pro], 132.7, 137.8 (Cquat, Ar-C), 154.2, 156.5 (Cquat,
NCO2), 170.2, 171.0 (Cquat, C-1), 172.0, 172.3 (Cquat, C-1); IR (KBr): ñ=


3012, 2978, 2929, 2869, 1728, 1703, 1678, 1541, 1519, 1394, 1368, 1259,
1212, 1162 cm�1; MS (EI, 70 eV): m/z (%): 517 (1) [M +], 444 (3)[M +


�C4H9O], 416 (6) [M +�C5H9O2], 281 (52) [C15H24N2O3
+], 238 (15)


[C13H20N2O3
+], 225 (32) [C11H16N2O3


+], 182 (11), 154 (100) [C8H12NO2
+],


110 (88) [C7H12N
+], 105 (70) [C8H9


+], 57 (49) [C4H9
+], 44 (68) [CO2


+];
HRMS (EI): m/z : calcd for C27H39N3O7: 517.2788, correct mass found;
elemental analysis calcd (%) for C27H39N3O7 (517.6): C 62.65, H 7.59, N
8.12; found C 62.48, H 7.35, N 7.90.


MeZ-a-Dab[Boc-(4-Pe)Pro]-OH (15 a): A solution of the dipeptide ester
MeZ-a-Dab[Boc-(4-Pe)Pro]-OMe (0.145 g, 0.28 mmol) in THF (1.8 mL)
was hydrolyzed according to GP 3 by treatment with 40% aqueous so-
lution of tetra-n-butylammonium hydroxide (0.545 g, 0.84 mmol). The
crude product obtained after the usual aqueous work-up (GP 3) was re-
crystallized from Et2O/hexane to give acid 15 a (0.108 g, 76%) as a color-
less solid. The mother liquor was concentrated under reduced pressure,
and the residue was recrystallized twice from Et2O/hexane to give a
second crop of 15 a (0.012 g, 85% overall yield). Rf =0.06 (EtOAc/hexane
1:2, 1.5 % AcOH); 1H NMR (250 MHz, CDCl3): d =1.13–1.47 (m, 3H, 4-
H, a-Dab), 1.35, 1.39 [2� s, 9H, C(CH3)3], 1.64 [d, J =5.8 Hz, 3H, 3’-H,
(4-Pe)Pro], 1.73–2.00 [m, 1 H, 3-Ha, (4-Pe)Pro], 2.33 (s, 3H, 1’-H, MeZ),
2.33–2.57 [m, 1 H, 3-Hb, (4-Pe)Pro], 2.87–3.20 [m, 2H, 4-H, 5-Ha, (4-
Pe)Pro], 3.48–3.73, 3.73–3.95 [2� m, 1 H, 5-Hb, (4-Pe)Pro], 4.07–4.29 (m,
1H, 3-H, a-Dab), 4.41 (d, J=6.5 Hz, 1H, 2-H), 4.43–4.69 (m, 1 H, 2-H),
5.03 (s, 2H, Bzl-H), 5.18–5.33 [m, 1 H, 1’-H, (4-Pe)Pro], 5.53 [dq, J =10.8,
7.0 Hz, 1H, 2’-H, (4-Pe)Pro], 5.83–6.02, 6.31–6.48 (2 � m, 1H, NH), 6.81
(d, J =8.8 Hz, 1 H, NH), 7.14 (d, J =8.0 Hz, 2 H, Ar-H), 7.21–7.38 (br,
1H, CO2H), 7.23 (d, J =8.0 Hz, 2 H, Ar-H).


MeZ-NbMe-a-Dab[Boc-(4-Pe)Pro]-OMe : Compound 7 b (0.108 g,
0.21 mmol) was deprotected according to GP 1, and the resultant crude
monodeprotected diamino ester was coupled with the N-Boc protected 4-
(Z)-propenylproline 14 (64 mg, 0.25 mmol) by using EDC (48 mg,
0.25 mmol), HOAt (34 mg, 0.25 mmol) and TMP (76 mg, 0.63 mmol) in
CH2Cl2 (3 mL) according to GP 2 for 16 h. The crude product, obtained
after the usual aqueous work-up (GP 2), was finally purified by column
chromatography (EtOAc/hexane 1:1.5, Rf =0.35) to give the title com-
pound (0.104 mg, 93 %) as a turbid oil. Analytical HPLC: gradient 20 !
90% MeCN in water (0.1 % TFA) for 35 min, flow rate=0.5 mL min�1,
tR =26.01 min, purity > 97%; [a]20


D =12.0 (c =0.35, CHCl3); 1H NMR
(300 MHz, C2D2Cl4, 373 K): d =1.31 (d, J =7.2 Hz, 3H, 4-H, NMe-a-
Dab), 1.42 [s, 9 H, C(CH3)3], 1.50–1.74 [m, 1H, 3-Ha, (4-Pe)Pro], 1.67
[dd, J= 7.2, 1.8 Hz, 3H, 3’-H, (4-Pe)Pro], 2.26–2.44 [m, 1 H, 3-Hb, (4-
Pe)Pro], 2.36 (s, 3H, 1’-H, MeZ), 2.90 (s, 3 H, NMe), 3.01–3.21 [m, 2H, 4-
H, 5-Ha, (4-Pe)Pro], 3.23–3.48 [m, 0.5 H, 5-Hb, (4-Pe)Pro], 3.74 (s, 3 H,
OMe), 4.47 (dd, J =7.8, 7.8 Hz, 1 H, 3-H, NMe-a-Dab), 4.57 (dd, J =7.8,
7.8 Hz, 1H, 2-H, NMe-a-Dab), 4.50–4.95 [m, 1H, C-2, (4-Pe)Pro], 5.08 (s,
2H, Bzl-H), 5.25–5.36 [m, 1 H, 1’-H, (4-Pe)Pro], 5.50–5.85 (br, 1H, NH),
5.54 [dq, J =11.4, 7.2 Hz, 1 H, 2’-H, (4-Pe)Pro], 7.15 (d, J =7.8 Hz, 2 H,
Ar-H), 7.23 (d, J= 7.8 Hz, 2H, Ar-H); the signal of OMe overlapped
with the signal of 0.5H, 5-Hb of the (4-Pe)Pro moiety; 13C NMR
(75.5 MHz, C2D2Cl4, 373 K): d=12.7 [+ , C-3’, (4-Pe)Pro], 14.5 (+ , C-4,
NMe-a-Dab), 20.7 (+ , C-1’, MeZ), 28.2 (+ , C(CH3)3, NMe), 36.0 [+ , C-
4, (4-Pe)Pro], 51.9 [�, C-5, (4-Pe)Pro], 52.1 (+ , C-2, NMe-a-Dab), 57.2
(+ , OMe), 66.7 (�, Bzl-H, MeZ), 79.3 [Cquat, C(CH3)3], 125.8 [+ , C-2’,
(4-Pe)Pro], 127.7, 128.8 (+ , Ar-C), 130.0 [ + , C-1’, (4-Pe)Pro], 133.3,
137.5 (Cquat, Ar-C), 153.5, 155.6 (Cquat, NCO2), 170.6, 173.2 (Cquat, C-1);
the signals of C-2, C-3 of (4-Pe)Pro and C-3 of NMe-a-Dab were unob-
servable because of their low intensity; IR (KBr): ñ =2977, 1751, 1728,
1700, 1521, 1402, 1281, 1163 cm�1; MS (ESI): pos.: m/z (%): 554 (100)


[M+Na+]; elemental analysis calcd (%) for C28H41N3O7 (531.7): C 63.26,
H 7.77, N 7.90; found C 62.95, H 7.70, N 7.70.


MeZ-NbMe-a-Dab[Boc-(4-Pe)Pro]-OH (15 b): A solution of the dipep-
tide ester MeZ-NbMe-a-Dab[Boc-(4-Pe)Pro]-OMe (0.128 g, 0.24 mmol)
in THF (2.0 mL) was hydrolyzed according to GP 3 by treatment with
40% aqueous solution of tetra-n-butylammonium hydroxide (0.24 g,
0.36 mmol). The crude product obtained after the usual aqueous work-up
(GP 3) was recrystallized three times from hexane and once from Et2O/
hexane to give 15 b (91 mg, 73%) as an extremely viscous turbid oil (Rf =


0.14, acetone/hexane 2:5). [a]20
D = 8.9 (c= 0.37, CHCl3); MS (ESI): pos.:


m/z (%): 562 (100) [M�H++2Na+], 540 (8) [M+Na+]; neg.: m/z (%):
516 (100) [M�H�].


MeZ-Dap[Boc-(4-Pe)Pro]-OMe : Compound 7c (0.127 g, 0.42 mmol) was
coupled with the N-Boc protected (4-propenyl)proline 14 (0.11 g,
0.431 mmol) by treatment with EDC (85 mg, 0.44 mmol), HOAt (60 mg,
0.44 mmol) and TMP (0.314 g, 2.59 mmol) in CH2Cl2 (5 mL) according to
GP 2 for 16 h. The crude product obtained after the usual aqueous work-
up (GP 2) was further purified by column chromatography (acetone/
hexane 1:2.5, Rf =0.13) to give an oily residue which was triturated with
pentane to furnish the title compound (0.14 g, 66%) as a colorless solid.
The mother liquor was cooled to 4 8C, and the precipitate was filtered off
to give a second crop of the title compound (10 mg, 71% overall yield).
M.p. 160–162 8C; [a]20


D =�41.4 (c =0.35, CHCl3); 1H NMR (300 MHz,
CDCl3): d=1.40 [s, 9 H, C(CH3)3], 1.64 [dd, J =6.9, 1.8 Hz, 3 H, 3’-H, (4-
Pe)Pro], 1.78–2.04 [m, 1 H, 3-Ha, (4-Pe)Pro], 2.11–2.57 [m, 1H, 3-Hb, (4-
Pe)Pro], 2.34 (s, 3 H, 1’-H, MeZ), 2.97–3.15 [m, 1H, 4-H, (4-Pe)Pro], 2.99
[dd, J =9.3 Hz, 5-Ha, (4-Pe)Pro], 3.51–3.92 [m, 3H, 3-H, Dap, 5-Hb, (4-
Pe)Pro], 3.75 (s, 3H, OMe), 4.12 (dd, J =8.1 Hz, 1H, 2-H, Dap), 4.34–
4.51 [m, 1H, 2-H, (4-Pe)Pro], 5.02 (d, J =12.3 Hz, 1H, Bzl-Ha), 5.08 (d,
J =12.3 Hz, 1 H, Bzl-Hb), 5.17–5.30 [m, 1H, 1’-H, (4-Pe)Pro], 5.52 [dq,
J =10.5, 6.9 Hz, 1 H, 2’-H, (4-Pe)Pro], 5.74–6.17 (br, 1H, NH), 6.43–6.85
(br, 1 H, NH), 7.14 (d, J =8.1 Hz, 2H, Ar-H), 7.33 (d, J=8.1 Hz, 2 H, Ar-
H); 13C NMR (75.5 MHz, CDCl3): d =13.2 [ + , C-3’, (4-Pe)Pro], 21.2 (+ ,
C-1’, MeZ), 28.3 [+ , C(CH3)3], 36.0 [ + , C-4, (4-Pe)Pro], 38.1 [�, C-3,
(4-Pe)Pro], 40.8, 41.5 (�, C-3, Dap), 52.4 [�, C-5, (4-Pe)Pro], 52.7 (+ ,
OMe), 54.3 (+ , C-2, Dap), 60.8, 61.4 [ + , C-2, (4-Pe)Pro], 67.0 (�, Bzl-
H, MeZ), 80.7 [Cquat, C(CH3)3], 126.5 [+ , C-2’, (4-Pe)Pro], 128.3 (+ , Ar-
C), 129.1 (+ , Ar-C), 129.4 [ + , C-1’, (4-Pe)Pro], 133.2 (Cquat, Ar-C), 137.9
(Cquat, Ar-C), 154.4, 155.1 (Cquat, NCO2), 156.3 (Cquat, NCO2), 170.2, 171.0
(Cquat, C-1), 170.9, 173.0 (Cquat, C-1); IR (KBr): ñ=3013, 2977, 2953, 2876,
1747, 1728, 1521, 1367, 1259, 1209, 1162, 1118 cm�1; MS (EI, 70 eV): m/z
(%): 503 (4) [M +], 447 (2) [M +�C4H8], 402 (11) [M +�C5H9O2], 210
(15) [C10H14N2O3


+], 154 (100) [C8H12NO2
+], 110 (84) [C7H12N


+], 105
(56) [C8H9


+], 57 (38) [C4H9
+], 41 (5) [C3H5


+]; elemental analysis calcd
(%) for C26H37N3O7 (503.6): C 62.01, H 7.41, N 8.34; found C 62.09, H
7.20, N 8.10.


MeZ-Dap[Boc-(4-Pe)Pro]-OH (15 c): A solution of the dipeptide ester
MeZ-Dap[Boc-(4-Pe)Pro]-OMe (0.13 g, 0.26 mmol) in THF (2.0 mL) was
hydrolyzed according to GP 3 by treatment with 40 % aqueous solution
of tetra-n-butylammonium hydroxide (0.20 g, 0.31 mmol). The crude
product obtained after the usual aqueous work-up (GP 3) was finally pu-
rified by column chromatography [acetone/hexane 4:7 (2 % AcOH), Rf =


0.36] to give acid 15c (0.126 g, 99 %) as an extremely viscous turbid oil.
1H NMR (250 MHz, CDCl3): d=1.31, 1.41 [2 � s, 9H, C(CH3)3], 1.65 [d,
J =6.0 Hz, 3H, 3’-H, (4-Pe)Pro], 1.75–1.98 [m, 1 H, 3-Ha, (4-Pe)Pro], 2.33
(s, 3H, 1’-H, MeZ), 2.21–2.53 [m, 1H, 3-Hb, (4-Pe)Pro], 2.93–3.21 [m,
2H, 4-H, 5-Ha, (4-Pe)Pro], 3.44–3.60 (m, 2 H, 3-H, Dap), 3.60–4.03 [m,
1H, 5-Hb, (4-Pe)Pro], 4.03–4.19 [m, 1H, 2-H, (4-Pe)Pro], 4.21 (dd, J=


7.5 Hz, 1H, 2-H, Dap), 4.30–4.39, 4.41–4.54 (2 � br, 1 H, NH), 5.04 (s, 2 H,
Bzl-H), 5.15–5.32 [m, 1H, 1’-H, (4-Pe)Pro], 5.55 [dq, J=10.8, 7.0 Hz, 1 H,
2’-H, (4-Pe)Pro], 6.25 (d, J =6.5 Hz, 1H, NH), 7.12 (d, J =7.5 Hz, 2 H,
Ar-H), 7.22 (d, J =7.5 Hz, 2H, Ar-H), 7.42–7.65 (br, 1H, CO2H); MS
(ESI): pos.: m/z (%): 534 (100) [M�H+2Na+], 512 (45) [M+Na+]; neg.:
m/z (%): 488 (100) [M�H�].


MeZ-a-Dab[Boc-(4-Pe)Pro]-(bMe)Phe-(R)-(3-Ncp)Ala-(bMe)Phe-Ile-
ODCPM (18 a): The tetrapeptide 16 (0.172 g, 0.19 mmol), after removal
of the Fmoc group according to GP 1, was coupled with the dipeptide
acid 15a (0.104 g, 0.21 mmol) by treatment with HATU (79 mg,
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0.21 mmol), HOAt (30 mg, 0.22 mmol) and TMP (75 mg, 0.62 mmol) in
CH2Cl2 (5 mL) according to GP 4 for 15 h. The mixture was then diluted
with Et2O (50 mL), and subjected to the usual aqueous work-up (GP 2).
The organic layer was dried, filtered and concentrated under reduced
pressure. The residue was recrystallized from hexane, then purified by
column chromatography (EtOAc/hexane 4:3, Rf =0.34) and finally recrys-
tallized from hexane again to give the branched hexapeptide 18a
(0.176 g, 80 %) as a colorless solid. M.p. 101–103 8C (decomp.), [a]20


D =


52.8 (c =0.29, THF); 1H NMR (600 MHz, CDCl3): d=0.34 (dddd, J =4.8,
4.8, 4.8, 4.8 Hz, 1H, 2’-H, DCPM), 0.40 (dddd, J= 4.8, 4.8, 4.8, 4.8 Hz,
1H, 2’-H, DCPM), 0.43 (dddd, J =4.8, 4.8, 4.8, 4.8 Hz, 1 H, 2’-H, DCPM),
0.45–0.54 (m, 2 H, 2’-H, DCPM), 0.54–0.59 (m, 2H, 2’-H, DCPM), 0.66
(ddddd, J=4.2, 4.2, 4.2, 4.2, 4.2 Hz, 1H, 2’-H, DCPM), 0.79 (d, J =


6.6 Hz, 3H, 1’-H, Ile), 0.84–0.92 [m, 1 H, 1’-H, (3-Ncp)Ala] 0.90 (t, J=


7.2 Hz, 3 H, 5-H, Ile), 1.04 [ddd, J =6.0, 7.2, 7.2 Hz, 1H, 3’-Ha, (3-
Ncp)Ala], 1.06–1.14 (m, 1 H, 1’-Ha, DCPM), 1.14–1.23 (m, 1H, 1’-Hb,
DCPM), 1.23 [d, J =6.6 Hz, 3H, 4-H, (bMe)Phe], 1.25 [d, J =6.6 Hz, 3 H,
4-H, (bMe)Phe], 1.28–1.39 [m, 2H, 3-H, (3-Ncp)Ala], 1.33 (d, J =7.2 Hz,
3H, 4-H, a-Dab), 1.34 [s, 9 H, C(CH3)3], 1.45–1.53 [m, 1 H, 3’-Hb, (3-
Ncp)Ala], 1.69 [dd, J=6.6, 1.2 Hz, 3’-H, (4-Pe)Pro], 1.81 [ddd, J =12.0,
12.0, 12.0 Hz, 1H, 3-Ha, (4-Pe)Pro], 1.85–1.93 (m, 1 H, 3-H, Ile), 2.32 (s,
3H, 1’-H, MeZ), 2.36 [ddd, J =12.0, 6.0, 6.0 Hz, 3-Hb, (4-Pe)Pro], 3.12–
3.23 [m, 2H, 3-H, (bMe)Phe, 5-Ha, (4-Pe)Pro], 3.21–3.30 [m, 2H, 3-H,
(bMe)Phe, 4-H, (4-Pe)Pro], 3.67 [dd, J =9.0, 7.8 Hz, 1 H, 5-Hb, (4-
Pe)Pro], 3.89 [ddd, J =7.2, 3.0, 3.0 Hz, 1H, 2’-H, (3-Ncp)Ala], 4.14 (t, J =


7.8 Hz, 1 H, 1-H, DCPM), 4.22 [dd, J=4.8, 2.4 Hz, 1 H, 2-H, (4-Pe)Pro],
4.24 (dd, J=9.6, 6.6 Hz, 1 H, 2-H, a-Dab), 4.30 [dd, J=10.8, 6.0 Hz, 1 H,
2-H, (bMe)Phe], 4.34 (dd, J= 9.3, 4.5 Hz, 1 H, 2-H, Ile), 4.60 [ddd, J=


10.5, 5.4, 5.4 Hz, 1 H, 2-H, (3-Ncp)Ala], 4.62–4.70 [m, 2 H, 2-H,
(bMe)Phe, 3-H, a-Dab], 5.00 (d, J =12.0 Hz, Bzl-Ha), 5.06 (d, J =12.0 Hz,
Bzl-Hb), 5.26–5.33 [m, 1H, 1’-H, (4-Pe)Pro], 5.56 [dq, J=11.1, 6.6 Hz,
1H, 2’-H, (4-Pe)Pro], 6.61 (d, J=6.6 Hz, 1 H, NH), 6.97 (d, J =10.2 Hz,
1H, NH), 7.01 (d, J =9.0 Hz, 1H, NH), 7.10 (d, J =8.4 Hz, 2H, Ar-H),
7.16–7.32 (m, 13H, Ar-H, NH), 7.49 (d, J= 9.6 Hz, 1H, NH), 7.60 (d, J =


9.6 Hz, 1H, NH); the signal of 4-H of the (bMe)Phe residue (1.23 ppm)
overlapped the signal of 4-Ha of the Ile fragment, and the signal of C-
(CH3) overlapped the signal of 4-Hb of the Ile moiety; 13C NMR
(150.8 MHz, CDCl3): d= 2.5, 2.79, 2.83, 3.0 (�, C-2’, DCPM), 11.6 (+ , C-
5, Ile), 13.2 [ + , C-3’, (4-Pe)Pro], 14.1, 14.6 (+ , C-1’, DCPM), 15.7 (+ , C-
1’, Ile), 18.5 [ + , C-4, (bMe)Phe], 18.6 [�, C-3’, (3-Ncp)Ala], 19.7 [+ , C-
4, (bMe)Phe], 19.9 (+ , C-4, a-Dab), 21.1 (+ , C-1’, MeZ), 21.6 [+ , C-1’,
(3-Ncp)Ala], 25.2 (�, C-4, Ile), 28.3 [+ , C(CH3)3], 30.8 [�, C-3, (3-
Ncp)Ala], 36.2 [�, C-3, (4-Pe)Pro], 36.5 (+ , C-3, Ile), 37.1 [+ , C-4, (4-
Pe)Pro], 40.2 [ + , C-3, (bMe)Phe], 41.9 [+ , C-3, (bMe)Phe], 46.3 (+ , C-
3, a-Dab), 50.8 [+ , C-2, (3-Ncp)Ala], 52.5 [�, C-5, (4-Pe)Pro], 56.6 (+ ,
C-2, Ile), 59.5 [+ , C-2’, (3-Ncp)Ala], 60.9 (+ , C-2, a-Dab), 61.5 [+ , C-2,
(bMe)Phe], 63.3 [ + , C-2, (4-Pe)Pro], 63.4 [+ , C-2, (bMe)Phe], 66.7 (�,
Bzl-C), 80.2 [Cquat, C(CH3)3], 83.1 (+ , C-1, DCPM), 126.7(+, Ar-C),
127.0 [+ , C-2’, (4-Pe)Pro], 127.4, 127.6, 127.7, 128.39, 128.43, 128.85,
128.88 (+ , Ar-C), 129.2 [+ , C-1’, (4-Pe)Pro], 133.5, 137.7, 141.6, 141.7
(Cquat, Ar-C), 154.4, 155.9 (Cquat, NCO2), 169.7, 170.9, 173.56, 173.59,
174.06, 174.11 (Cquat, C-1); IR (KBr): ñ=3087, 3010, 2973, 2934, 2876,
1730, 1673, 1545, 1513, 1390, 1368, 1162 cm�1; MS (ESI): pos.: m/z (%):
1212 (100) [M+Na+]; neg.: m/z (%): 1188 (100) [M�H�]; elemental
analysis calcd (%) for C65H88N8O13 (1189.5): C 65.64, H 7.46, N 9.42;
found C 65.63, H 7.22, N 9.26.


MeZ-a-NbMe-Dab[Boc-(4-Pe)Pro]-(bMe)Phe-(R)-(3-Ncp)Ala-
(bMe)Phe-Ile-OTMSE (18 b): The tetrapeptide 17 (77 mg, 0.081 mmol),
after removal of the Fmoc group according to GP 1 by treatment with
50% Et2NH in THF (2 mL), was coupled with the dipeptide acid 15b
(0.55 mg, 0.106 mmol) by using HATU (40.4 mg, 0.106 mmol), HOAt
(14.4 mg, 0.106 mmol) and TMP (64 mg, 0.53 mmol) in CH2Cl2 (5 mL) ac-
cording to GP 4 for 15 h. The mixture was then diluted with Et2O
(50 mL), and subjected to the usual aqueous work-up (GP 2). The organ-
ic layer was dried, filtered and concentrated under reduced pressure. The
residue was recrystallized from tBuOMe/hexane, and then purified by
column chromatography (acetone/hexane 1:2, Rf =0.32) to give the
branched hexapeptide 18 a (91.0 mg, 93%) as an amorphous colorless
solid. [a]20


D =10.3 (c=0.31, CHCl3); 1H NMR (600 MHz, CDCl3): d =0.09


[s, 9 H, Si(CH)3], 0.74 (d, J =6.6 Hz, 3 H, 1’-H, Ile), 0.90 (t, J =7.2 Hz,
3H, 5-H, Ile), 1.04 [ddd, J =6.6, 6.6, 6.6 Hz, 1H, 3’-Ha, (3-Ncp)Ala], 1.04
(dd, J=8.4, 8.4 Hz, 2 H, TMSE), 1.09–1.23 [m, 2H, 1’-H, (3-Ncp)Ala, 4-
Ha, Ile], 1.26 [d, J =6.6 Hz, 3 H, 4-H, (bMe)Phe], 1.35 [s, 9 H, C(CH3)3],
1.40–1.46 [m, 2 H, 3-Hb, 3’-Hb, (3-Ncp)Ala], 1.49 (d, J =7.2 Hz, 3 H, 4-H,
a-NbMe-Dab), 1.58 [ddd, J =11.4, 11.4, 11.4 Hz, 1H, 3-Ha, (4-Pe)Pro],
1.68 [dd, J=6.6, 1.2 Hz, 3’-H, (4-Pe)Pro], 1.84–1.93 (m, 1H, 3-H, Ile),
2.28 [ddd, J =11.4, 6.6, 6.6 Hz, 3-Hb, (4-Pe)Pro], 2.32 (s, 3 H, 1’-H, MeZ),
2.93 (s, 3H, NMe, a-NbMe-Dab), 3.15 [dd, J=10.5, 10.5 Hz, 1 H, 5-Ha, (4-
Pe)Pro], 3.18–3.28 [m, 1 H, 4-H, (4-Pe)Pro], 3.31–3.40 [m, 2 H, 2 � H-3,
(bMe)Phe] 3.71 [dd, J=10.5, 7.8 Hz, 1H, 5-Hb, (4-Pe)Pro], 3.87 [ddd, J =


6.6, 3.0, 3.0 Hz, 1 H, 2’-H, (3-Ncp)Ala], 4.12 [dd, J =11.4, 6.6 Hz, 1H, 2-
H, (4-Pe)Pro], 4.19 (d, J=4.8 Hz, 1 H, 2-H, a-NbMe-Dab), 4.28 (dd, J=


8.4, 8.4, 1-H, TMSE), 4.37 [dd, J =9.0, 4.5 Hz, 1 H, 2-H, (bMe)Phe], 4.53
[ddd, J =9.6, 4.8, 4.8 Hz, 1H, 2-H, (3-Ncp)Ala], 4.65 (dd, J =10.5,
10.5 Hz, 1 H, 2-H, Ile), 4.75 [dd, J =9.9, 7.5 Hz, 1 H, 2-H, (bMe)Phe], 4.89
(d, J= 12.0 Hz, Bzl-Ha), 5.09 (d, J =12.0 Hz, Bzl-Hb), 5.12–5.19 (m, 1 H,
3-H, a-NbMe-Dab), 5.22–5.28 [m, 1 H, 1’-H, (4-Pe)Pro], 5.55 [dq, J =11.7,
6.6 Hz, 1H, 2’-H, (4-Pe)Pro], 6.92 (d, J =9.0 Hz, 1 H, NH), 7.10 (d, J=


8.4 Hz, 2H, Ar-H, MeZ), 7.14–7.28 (m, 11 H, Ar-H, NH), 7.22 (d, J=


8.4 Hz, 2H, Ar-H, MeZ), 7.29 (d, J=6.0 Hz, 1H, NH), 7.61 (d, J =9.6 Hz,
1H, NH), 8.02–8.10 (br, 1 H, NH); the signal of 4-H of the (bMe)Phe
(1.30 ppm) residue overlapped the signal of 3-Ha of the (3-Ncp)Ala
moiety, and the signal of C(CH3) overlapped the signal of 4-Hb of the Ile
moiety; 13C NMR (150.8 MHz, CDCl3): d=�1.5 [ + , Si(CH)3], 11.7 (+ ,
C-5, Ile), 13.2 [+ , C-3’, (4-Pe)Pro], 15.9 (+ , C-1’, Ile), 16.3 (�, C-2,
TMSE), 18.3 [�, C-3’, (3-Ncp)Ala], 18.9 [ + , C-4, (bMe)Phe], 19.6 [ + , C-
4, (bMe)Phe], 21.1 (+ , C-1’, MeZ), 21.8 [ + , C-1’, (3-Ncp)Ala], 25.2 (�,
C-4, Ile), 28.3 [ + , C(CH3)3], 30.7 (+ , NMe, a-NbMe-Dab), 31.3 [�, C-3,
(3-Ncp)Ala], 35.4 [�, C-3, (4-Pe)Pro], 36.3 [+ , C-4, (4-Pe)Pro], 37.3 (+ ,
C-3, Ile), 40.0 [+ , C-3, (bMe)Phe], 41.9 [ + , C-3, (bMe)Phe], 50.3 (+ , C-
3, a-NbMe-Dab), 50.5 [+ , C-2, (3-Ncp)Ala], 52.3 [�, C-5, (4-Pe)Pro],
56.2 [ + , C-2, (bMe)Phe], 57.5 [+ , C-2, (bMe)Phe], 59.6 [ + , C-2’, (3-
Ncp)Ala], 61.2 (+ , C-2, Ile), 62.6 [ + , C-2, (4-Pe)Pro], 63.6 (+ , C-2, a-
NbMe-Dab), 63.9 (�, C-1, TMSE), 66.5 (�, Bzl-C), 79.8 [Cquat, C(CH3)3],
126.8 [+ , C-2’, (4-Pe)Pro], 127.05, 127.08, 127.6, 127.9, 128.5, 128.6,
128.7, 128.9, (+ , Ar-C), 129.2 [+ , C-1’, (4-Pe)Pro], 133.4, 137.7, 141.2,
142.3 (Cquat, Ar-C), 154.1, 155.9 (Cquat, NCO2), 170.2, 170.73, 170.79,
173.0, 174.0, 175.5, (Cquat, C-1); IR (KBr): ñ =3059, 2970, 2879, 1660,
1638, 1543, 1400, 1367, 1164 cm�1; MS (ESI): pos.: m/z (%): 1232 (100)
[M+Na+]; neg.: m/z (%): 1207 (20) [M�H�]; HRMS (ESI): m/z : calcd
for [C64H82N8O13SiNa+]: 1231.6445; found 1231.6444.


MeZ-Dap[Boc-(4-Pe)Pro]-(bMe)Phe-(R)-(3-Ncp)Ala-(bMe)Phe-Ile-
ODCPM (18 c): The tetrapeptide 16 (0.203 g, 0.22 mmol), after removal
of the Fmoc group according to GP 1, was coupled with the dipeptide
acid 15c (0.120 g, 0.25 mmol) by treatment with HATU (93 mg,
0.25 mmol), HOAt (33 mg, 0.25 mmol) and TMP (0.119 g, 0.98 mmol) in
CH2Cl2 (5 mL) according to GP 4 for 15 h. The mixture was then diluted
with Et2O (50 mL), and subjected to the usual aqueous work-up (GP 2).
The organic layer was dried, filtered and concentrated under reduced
pressure. The oily residue was purified by column chromatography (ace-
tone/hexane 5:2, Rf =0.22, three times) and finally recrystallized twice
from Et2O/hexane to give the branched hexapeptide 18c (0.151 g, 59%)
as a colorless solid. M.p. 102–103 8C, [a]20


D = 88.9 (c=0.46, CHCl3);
1H NMR (600 MHz, CDCl3): d= 0.33 (dddd, J =4.8, 4.8, 4.8, 4.8 Hz, 1 H,
2’-H, DCPM), 0.38 (dddd, J =4.8, 4.8, 4.8, 4.8 Hz, 1 H, 2’-H, DCPM),
0.41 (dddd, J =4.8, 4.8, 4.8, 4.8 Hz, 1H, 2’-H, DCPM), 0.47–0.61 (m, 2 H,
2’-H, DCPM), 0.54–0.59 (m, 2H, 2’-H, DCPM), 0.66 (dddddd, J=4.8, 4.8,
4.8, 4.8, 4.8, 4.8 Hz, 1H, 2’-H, DCPM), 0.81 (d, J =6.6 Hz, 3H, 1’-H, Ile),
0.91 (t, J=7.2 Hz, 3H, 5-H, Ile), 0.92–0.97 [m, 1 H, 1’-H, (3-Ncp)Ala] 1.00
[ddd, J =7.2, 7.2, 7.2 Hz, 1H, 3’-Ha, (3-Ncp)Ala], 1.04–1.12 (m, 1 H, 1’-Ha,
DCPM), 1.12–1.17 (m, 1H, 1’-Hb, DCPM), 1.17–1.22 (m, 1H, 4-Ha, Ile),
1.23–1.27 [m, 1 H, 3-Ha, (3-Ncp)Ala], 1.27 [d, J =6.6 Hz, 3H, 4-H,
(bMe)Phe], 1.34 [s, 9 H, C(CH3)3], 1.47–1.54 [m, 1H, 3’-Hb, (3-Ncp)Ala],
1.68 [dd, J=6.6, 1.2 Hz, 3’-H, (4-Pe)Pro], 1.81 [ddd, J= 12.0, 12.0,
12.0 Hz, 1 H, 3-Ha, (4-Pe)Pro], 1.84–1.92 (m, 1 H, 3-H, Ile), 2.33 (s, 3 H,
1’-H, MeZ), 2.35 [ddd, J =12.0, 6.0, 6.0 Hz, 3-Hb, (4-Pe)Pro], 3.04 (ddd,
J =13.8, 2.8, 2.8 Hz, 3-Ha, Dap), 3.12–3.21 [m, 2 H, 3-H, (bMe)Phe, 5-Ha,
(4-Pe)Pro], 3.21–3.29 [m, 1H, 4-H, (4-Pe)Pro], 3.32 [dq, J =10.2, 6.6 Hz,
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1-H, 3-H, (bMe)Phe], 3.67 [dd, J =8.4, 7.2 Hz, 1 H, 5-Hb, (4-Pe)Pro], 3.86
[ddd, J =7.2, 3.0, 3.0 Hz, 1H, 2’-H, (3-Ncp)Ala], 4.04 (t, J =7.8 Hz, 1H,
1-H, DCPM), 4.23–4.31 [m, 3H, C-2, (4-Pe)Pro, (bMe)Phe, Dap], 4.32
(ddd, J=13.8, 2.8, 2.8 Hz, 1 H, 3-Hb, Dap), 4.37 (dd, J=9.0, 4.2 Hz, 1 H,
2-H, Ile), 4.53 [ddd, J =10.8, 6.0, 6.0 Hz, 1 H, 2-H, (3-Ncp)Ala], 4.58 [dd,
J =10.2, 10.2 Hz, 1H, 2-H, (bMe)Phe], 5.00 (d, J =12.3 Hz, Bzl-Ha), 5.08
(d, J =12.3 Hz, Bzl-Hb), 5.26–5.33 [m, 1H, 1’-H, (4-Pe)Pro], 5.56 [dq, J=


10.2, 6.6 Hz, 1 H, 2’-H, (4-Pe)Pro], 6.59 (d, J =6.0 Hz, 1H, NH), 6.83 (d,
J =9.0 Hz, 1 H, NH), 6.2 (d, J =9.6 Hz, 1 H, NH), 7.12 (d, J =8.4 Hz, 2H,
Ar-H, MeZ), 7.16–7.20 (m, 2H, Ar-H), 7.21–7.27 (m, 7 H, Ar-H), 7.28–
7.37 (m, 3H, Ar-H), 7.50 (d, J =9.0 Hz, 1H, NH), 7.78 (dd, J =10.2,
2.4 Hz, 1 H, NH), 8.20 (d, J= 6.0 Hz, 1H, NH); the signal of C(CH3)
overlapped the signals of 4-Hb of the Ile moiety, 4-H of (bMe)Phe residue
and 3-Hb of the (3-Ncp)Ala fragment; 13C NMR (150.8 MHz, CDCl3): d=


2.6, 2.87, 2.96, 3.0 (�, C-2’, DCPM), 11.7 (+ , C-5, Ile), 13.2 [ + , C-3’, (4-
Pe)Pro], 14.2, 14.6 (+ , C-1’, DCPM), 15.6 (+ , C-1’, Ile), 18.4 [�, C-3’, (3-
Ncp)Ala], 18.8 [+ , C-4, (bMe)Phe], 19.8 [+ , C-4, (bMe)Phe], 21.1 (+ ,
C-1’, MeZ), 21.8 [ + , C-1’, (3-Ncp)Ala], 25.2 (�, C-4, Ile), 28.3 [+ , C-
(CH3)3], 31.1 [�, C-3, (3-Ncp)Ala], 36.2 [+ , C-4, (4-Pe)Pro], 36.4 [�, C-
3, (4-Pe)Pro], 37.6 (+ , C-3, Ile), 40.3 [+ , C-3, (bMe)Phe], 40.8 (�, C-3,
Dap), 41.7 [+ , C-3, (bMe)Phe], 51.0 [ + , C-2, (3-Ncp)Ala], 52.4 [�, C-5,
(4-Pe)Pro], 56.5 (+ , C-2, Ile), 59.2 (+ , C-2, Dap), 59.5 [ + , C-2’, (3-
Ncp)Ala], 60.7 [+ , C-2, (4-Pe)Pro], 61.0 [+ , C-2, (bMe)Phe], 63.4 [ + ,
C-2, (bMe)Phe], 66.7 (�, Bzl-C), 80.2 [Cquat, C(CH3)3], 83.5 (+ , C-1,
DCPM), 126.7 [ + , C-2’, (4-Pe)Pro], 127.0, 127.4, 127.6, 127.7, 128.47,
128.50, 128.93 (? 2) (+ , Ar-C), 129.3 [+ , C-1’, (4-Pe)Pro], 133.4, 137.7,
141.8, 141.9 (Cquat, Ar-C), 154.4, 156.1 (Cquat, NCO2), 169.7, 170.8, 173.1,
173.4, 174.7, 175.4 (Cquat, C-1); IR (KBr): ñ=3089, 3062, 3010, 2972, 2933,
2877, 1725, 1667, 1542, 1454, 1416, 1392, 1368, 1258, 1216, 1162 cm�1; MS
(ESI): pos.: m/z (%): 1197 (100) [M+Na+]; neg.: m/z (%): 1173 (100)
[M�H�]; elemental analysis calcd (%) for C64H86N8O13 (1175.4): C 65.40,
H 7.37, N 9.53; found C 65.17, H 7.13, N 9.34.


MeZ-Protected branched cyclohexapeptide (19 a) and its epimer (epi-
19a): The branched hexapeptide 18 a (0.188 g, 0.165 mmol) was depro-
tected according to GP 5 by treatment with the freshly prepared 2m HCl
in EtOAc (3 mL) to give the hydrochloride of the deprotected peptide as
a colorless solid [0.145 g; MS (ESI): pos.: m/z (%): 996 (100) [M+H+];
neg.: m/z (%): 994 (100) [M�H�], which was taken up with anhydrous
CH2Cl2 (1.5 L) and cyclized by treatment with HATU (2 � 61 mg, 2�
0.160 mmol) and HOAt (2 � 18 mg, 2 � 0.133 mmol) and solution of
DIEA (2 � 55 mg, 2 � 0.426 mmol) in CH2Cl2 (2 � 20 mL) according to
GP 2 for 18 h. After this, the solvent was removed under reduced pres-
sure, the residue was taken up with Et2O (50 mL), and after the usual
aqueous work-up (GP 5), drying and filtration, the organic layer was con-
centrated under reduced pressure. The residue was purified first by
column chromatography (acetone/hexane 1:1.75, Rf =0.29), and then by
recrystallization (Et2O/pentane) to give a crude product (81.0 mg), which
contained two components according to analytical HPLC. The mixture
was separated by preparative HPLC to give cyclodepsipeptide 19 a
(41 mg, 28% over two steps) and its epimer epi-19a (28 mg, 19 % over
two steps) as colorless solids. Preparative HPLC: column A, isocratic,
85% MeCN in H2O (0.07 % TFA), flow rate 2.5 mL min�1.


Compound 19a : analytical HPLC: isocratic, 60% MeCN in H2O (0.1 %
TFA), flow rate =0.5 mL min�1, tR =20.18 min, purity > 99 %; [a]20


D =8.6
(c= 0.21, CHCl3); 1H NMR (600 MHz, CDCl3): d =0.15–0.31 [m, 1H, 3’-
Ha, (3-Ncp)Ala], 0.32–0.47 [m, 1 H, 3-Ha, (3-Ncp)Ala], 0.78 (t, J =7.2 Hz,
3H, 5-H, Ile), 0.84 (d, J=6.6 Hz, 3 H, 1’-H, Ile), 0.88–0.97 [m, 1H, 1’-H,
(3-Ncp)Ala], 0.97–1.06 (m, 1 H, 4-Ha, Ile), 1.08–1.25 [m, 1 H, 3-Hb, (3-
Ncp)Ala], 1.25 [d, J= 7.2 Hz, 3H, 4-H, (bMe)Phe], 1.26–1.34 (m, 1 H, 4-
Hb, Ile), 1.29 [d, J =7.2 Hz, 3H, 4-H, (bMe)Phe], 1.34–1.44 [m, 1H, 3’-Hb,
(3-Ncp)Ala], 1.40 (d, J=7.2 Hz, 3H, 4-H, a-Dab), 1.63–1.73 (m, 1H, 3-H,
Ile), 1.66 [d, J= 6.6 Hz, 3’-H, (4-Pe)Pro], 1.87 [ddd, J= 11.4, 11.4, 11.4 Hz,
1H, 3-Ha, (4-Pe)Pro], 2.18 [ddd, J=11.4, 6.0, 6.0 Hz, 1 H, 3-Hb, (4-
Pe)Pro], 2.38 (s, 3H, 1’-H, MeZ), 3.01 [dddd, J=1.2, 7.2 Hz, 1H, 3-H,
(bMe)Phe], 3.07–3.19 [m, 1H, 4-H, (4-Pe)Pro], 3.23 [dd, J=9.8, 9.8 Hz,
1H, 5-Ha, (4-Pe)Pro], 3.40–3.51 [m, 1H, 2’-H, (3-Ncp)Ala], 3.64–3.71 [m,
1H, 3-H, (bMe)Phe], 3.71–3.79 [m, 1 H, 2-H, (3-Ncp)Ala], 3.78–3.85 [m,
1H, 2-H, (4-Pe)Pro], 3.86–3.94 [m, 1 H, 5-Hb, (4-Pe)Pro], 4.28–4.34 [m,
2H, 3-H, a-Dab, 2-H, (bMe)Phe], 4.34–4.50 (m, 1H, 2-H, a-Dab), 4.50–


4.60 [m, 2H, 2-H, Ile, 2-H, (bMe)Phe], 4.97 (d, J =12.0 Hz, Bzl-Ha), 5.19
(d, J =12.0 Hz, Bzl-Hb), 5.25 [dd, J=9.6, 9.6 Hz, 1H, 1’-H, (4-Pe)Pro],
5.58 [dq, J=9.6, 7.2 Hz, 1 H, 2’-H, (4-Pe)Pro], 5.63–5.80 (br, 1H, NH),
6.04–6.37 (br, 1 H, NH), 6.51–6.67 (br, 1H, NH), 6.86–7.02 (br, 1H, NH),
7.02–7.12 (m, 1 H, NH), 7.14–7.31 (m, 15 H, Ar-H, NH); 13C NMR
(150.8 MHz, CDCl3): d=10.5 (+ , C-5, Ile), 13.2 [ + , C-3’, (4-Pe)Pro],
13.5 [ + , C-4, (bMe)Phe], 14.9 (+ , C-1’, Ile), 17.8 [�, C-3’, (3-Ncp)Ala],
18.0 [+ , C-4, (bMe)Phe], 18.7 (+ , C-4, a-Dab), 21.0 [+ , C-1’, (3-
Ncp)Ala], 21.1 (+ , C-1’, MeZ), 24.3 (�, C-4, Ile), 32.7 [�, C-3, (3-
Ncp)Ala], 35.2 [�, C-3, (4-Pe)Pro], 36.6 [+ , C-4, (4-Pe)Pro], 37.3 (+ , C-
3, Ile), 38.8 [+ , C-3, (bMe)Phe], 43.6 [+ , C-3, (bMe)Phe], 47.5 (+ , C-3,
a-Dab), 52.5 [ + , C-2, (3-Ncp)Ala], 52.7 [�, C-5, (4-Pe)Pro], 54.5 (+ , C-
2, Ile), 58.9 [+ , C-2’, (3-Ncp)Ala], 59.30 [+ , 2 ? C-2, a-Dab, (bMe)Phe],
59.5 [+ , C-2, (bMe)Phe], 62.3 [ + , C-2, (4-Pe)Pro], 67.0 (�, Bzl-C),
126.8, 127.1, 127.2, 127.5 (+ , Ar-C), 127.7 [C-2’, (4-Pe)Pro], 128.0 (+ ,
Ar-C), 128.4 [C-1’, (4-Pe)Pro], 128.5, 128.6, 129.1 (+ , Ar-C), 133.4, 137.8,
141.4, 142.3 (Cquat, Ar-C), 157.3 (Cquat, NCO2), 169.1, 170.49 (� 2), 170.90
(� 2), 172.0 (Cquat, C-1); IR (KBr): ñ =3060, 3029, 2969, 2936, 2877, 1670,
1634, 1542, 1517, 1452, 1369, 1205 cm�1; MS (ESI): pos.: m/z (%): 1000
(100) [M+Na+]; neg.: m/z (%): 976 (100) [M�H�]; HRMS (ESI): m/z :
calcd for [C53H68N8O10Na+]: 999.4951; found 999.4951.


epi-19a : analytical HPLC 1: isocratic, 60% MeCN in H2O (0.1 % TFA),
flow rate =0.5 mL min�1, tR =17.25 min, purity > 97 %; [a]20


D =�42.68
(c= 0.27, CHCl3); 1H NMR (600 MHz, CDCl3): d=0.65–0.73 (m, 3H, 1’-
H, a-Ile), 0.84 (t, J =7.2 Hz, 3H, 5-H, a-Ile), 0.89 [ddd, J=5.4, 5.4, 5.4 Hz,
1H, 3’-Ha, (3-Ncp)Ala], 1.10 [d, J =5.4 Hz, 3 H, 4-H, (bMe)Phe], 1.10–
1.15 [m, 1H, 3-Ha*, (3-Ncp)Ala], 1.17–1.26 [m, 4 H, 4-H, (bMe)Phe, 4-
Ha*, a-Ile], 1.40–1.48 [m, 1H, 3-Hb*, (3-Ncp)Ala], 1.44 (d, J =7.8 Hz, 3 H,
4-H, a-Dab), 1.50–1.59 [m, 1 H, 1’-H, (3-Ncp)Ala], 1.59–1.63 [m, 2 H, 3’-
Hb, (3-Ncp)Ala, 3-H, a-Ile], 1.63 [d, J=6.6 Hz, 3’-H, (4-Pe)Pro], 2.08–
2.22 [m, 1H, 3-Ha, (4-Pe)Pro], 2.28 (s, 3 H, 1’-H, MeZ), 2.25–2.33 [m, 1 H,
3-Hb, (4-Pe)Pro], 3.06 [ddddd, J =7.8, 7.8, 7.8, 7.8, 7.8 Hz, 1H, 4-H, (4-
Pe)Pro], 3.17–3.30 [m, 2H, 5-Ha, (4-Pe)Pro, 3-H*, (bMe)Phe], 3.31–3.44
[m, 2 H, 2’-H*, (3-Ncp)Ala, 3-H, (bMe)Phe], 3.74 [dd, J =7.8, 7.8 Hz, 1 H,
5-Hb, (4-Pe)Pro], 3.74–3.84 (m, 1 H, 2-H), 4.08–4.20 (m, 1H, 3-H, a-Dab),
4.31–4.84 (m, 2H, 2-H), 4.48–4.62 (m, 2H, 2-H), 4.73 (dd, J =7.8, 7.8 Hz,
1H, 2-H), 4.98 (d, J=12.0 Hz, Bzl-Ha), 5.09 (d, J =12.0 Hz, Bzl-Hb), 5.29
[dd, J=10.2, 10.2 Hz, 1H, 1’-H, (4-Pe)Pro], 5.52 [dq, J =10.2, 6.6 Hz, 1 H,
2’-H, (4-Pe)Pro], 5.92–6.04 (br, 1H, NH), 6.74 (d, J=7.2 Hz, 1H, NH),
7.05–7.12 (br, 1H, NH), 7.07 (d, J =7.8 Hz, 2H, Ar-H), 7.16–7.29 (m,
10H, Ar-H, NH), 7.30–7.36 (m, 4H, Ar-H, NH), 7.44–7.51 (br, 1H, NH);
the absorption of 4-Hb, a-Ile is masked by the signal of 3’-H, (4-Pe)Pro ;
13C NMR (150.8 MHz, CDCl3): d=11.7 (+ , C-5, a-Ile), 13.2 [ + , C-3’, (4-
Pe)Pro], 14.0 (+ , C-1’, a-Ile), 17.3 [+ , C-4, (bMe)Phe], 17.5 (+ , C-4, a-
Dab), 17.6 [�, C-3’, (3-Ncp)Ala], 17.6 [ + , C-4, (bMe)Phe], 21.1 (+ , C-1’,
MeZ), 21.9 [ + , C-1’, (3-Ncp)Ala], 26.3 (�, C-4, a-Ile), 31.8 [�, C-3, (3-
Ncp)Ala], 34.2 [�, C-3, (4-Pe)Pro], 36.1 [+ , C-4, (4-Pe)Pro], 36.9 (+ , C-
3, a-Ile), 40.43 [ + , 2 � C-3, (bMe)Phe], 49.3 (+ , C-3, a-Dab), 51.0 (+ , C-
2), 52.9 [�, C-5, (4-Pe)Pro], 54.1 (+ , C-2), 58.8 [ + , C-2’*, (3-Ncp)Ala],
59.3 (+ , C-2*), 59.4 (+ , C-2*), 60.34 (+ , 2� C-2), 67.2 (�, Bzl-C), 126.7,
127.0, 127.6, 127.7, 128.2, 128.3, 128.5, 128.7, 129.0, 129.1 [ + , Ar-C, C-1’,
C-2’, (4-Pe)Pro], 132.8, 138.0, 142.0, 142.6 (Cquat, Ar-C), 156.2 (Cquat,
NCO2), 170.33 (� 2), 170.82 (� 2), 170.9, 171.0 (Cquat, C-1); IR (KBr): ñ=


3061, 3030, 2969, 2934, 2877, 1654, 1540, 1453, 1369, 1270 cm�1; MS
(ESI): pos.: m/z (%): 1000 (100) [M+Na+]; neg.: m/z (%): 976 (100)
[M�H�].


MeZ-a-NbMe-Dab[Boc-(4-Pe)Pro]-(bMe)Phe-(R)-(3-Ncp)Ala-
(bMe)Phe-Ile-OH : (Bu)4N


�F+ (70.0 mg, 0.22 mmol) was added to a stir-
red solution of the ester 18 b (88.0 mg, 72.8 mmol) in MeCN (2.0 mL),
and the mixture was stirred at 20 8C for an additional 1 h. As TLC
showed the presence of the starting material the mixture was carefully
heated at 55 8C with a heat-gun and then was stirred for another 1 h. 1 n


H2SO4 (1 mL) was added, and the reaction mixture was then diluted with
Et2O (40 mL), washed with 1 m KHSO4 (3 � 10 mL), water (3 � 10 mL),
brine (2 � 10 mL), dried, filtered and concentrated under reduced pres-
sure. The residue was recrystallized from Et2O/pentane to give the title
compound (79.0 mg, 98 %) as a colorless solid which was used for the
next step without additional purification. Rf =0.36, acetone/hexane 4:7
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(3 % AcOH); MS (ESI): pos.: m/z (%): 1153 (78) [M�H+2Na+], 1131
(100) [M+Na+]; neg.: m/z (%): 1107 (100) [M�H�].


MeZ-Protected branched cyclohexapeptide (19 b): The branched hexa-
peptide acid MeZ-a-NbMe-Dab[Boc-(4-Pe)Pro]-(bMe)Phe-(R)-(3-
Ncp)Ala-(bMe)Phe-Ile-OH (79.0 mg, 71.2 mmol) was deprotected accord-
ing to GP 5 by treatment with 2m HCl in EtOAc (2 mL) to give the hy-
drochloride of the deprotected material as a colorless solid (80 mg),
which was taken up with anhydrous CH2Cl2 (1.1 L) and cyclized by treat-
ment with HATU (2 � 28.0 mg, 2 � 73.3 mmol) and HOAt (2 � 9.6 mg, 2�
73.3 mmol) and solution of DIEA (2 � 37 mg, 2� 0.285 mmol) in CH2Cl2


(2 � 50 mL) according to GP 2 for 22 h. After this, the solvent was re-
moved under reduced pressure, the residue was taken up with Et2O
(50 mL), and after the usual aqueous work-up (GP 5), drying and filtra-
tion, the organic layer was concentrated under reduced pressure. The res-
idue was purified first by column chromatography (acetone/hexane 1:2,
Rf = 0.32) to give a crude product (43.0 mg), which was finally purified by
preparative HPLC to give cyclodepsipeptide 19b (31.6 mg, 44% over
three steps) and a small amount of its epimer epi-19b (1.4 mg, 2% over
three steps) as colorless solids. Preparative HPLC: column B, isocratic,
65% MeCN in H2O (0.1 % TFA), flow rate 2.7 mL min�1.


Compound 19b : analytical HPLC: isocratic, 75% MeCN in H2O (0.1 %
TFA), flow rate=0.5 mL min�1, tR =10.64 min, purity > 99 %; gradient
55 ! 100 % MeCN in H2O (0.1 % TFA) for 15 min, flow rate=


0.5 mL min�1, tR = 14.65 min, purity > 99%; [a]20
D =37.8 (c =0.33,


CHCl3); 1H NMR (600 MHz, CDCl3): d=0.69–0.77 [m, 1 H, 3-Ha, (3-
Ncp)Ala], 0.77 (t, J=7.2 Hz, 3 H, 5-H, Ile), 0.79 (d, J=7.2 Hz, 3 H, 1’-H,
Ile), 0.85 [ddd, J=7.2, 7.2, 7.2 Hz, 1H, 3’-Ha, (3-Ncp)Ala], 1.11 (ddq, J=


7.8, 6.6, 6.6 Hz, 1 H, 4-Ha, Ile), 1.34 [d, J=6.6 Hz, 3 H, 4-H, (bMe)Phe],
1.32–1.41 [m, 2H, 4-Hb, Ile, 1’-H, (3-Ncp)Ala], 1.42 [d, J=6.6 Hz, 3 H, 4-
H, (bMe)Phe], 1.34–1.44 [m, 1H, 3’-Hb, (3-Ncp)Ala], 1.58 (d, J =7.2 Hz,
3H, 4-H, a-NbMe-Dab), 1.59–1.64 [m, 3 H, 3-H, Ile, 3-Hb, 3’-Hb, (3-
Ncp)Ala], 1.66 [dd, J=7.2, 1.8 Hz, 3’-H, (4-Pe)Pro], 1.73 [ddd, J =12.0,
12.0, 12.0 Hz, 1 H, 3-Ha, (4-Pe)Pro], 2.13 [ddd, J =12.0, 6.0, 6.0 Hz, 1 H,
3-Hb, (4-Pe)Pro], 2.35 (s, 3 H, 1’-H, MeZ), 2.92 (s, 3 H, NMe, a-NbMe-
Dab), 2.99 [dq, J =6.6, 7.5 Hz, 1H, 3-H, (bMe)Phe], 3.17–3.30 [m, 2H, 4-
H, 5-Ha, (4-Pe)Pro], 3.48 [dq, J =6.6, 6.6 Hz, 1H, 3-H, (bMe)Phe], 3.62–
3.72 [m, 1 H, 2-H, (3-Ncp)Ala], 3.84 [ddd, J=7.2, 3.0, 3.0 Hz, 1 H, 2’-H,
(3-Ncp)Ala], 4.01–4.10 [m, 1H, 5-Hb, (4-Pe)Pro], 4.29 (d, J=7.2 Hz, 1 H,
2-H, a-NbMe-Dab), 4.45 [dd, J =10.2, 6.6 Hz, 1 H, 2-H, (bMe)Phe], 4.45–
4.54 [m, 2H, 2-H, Ile, 2-H, (4-Pe)Pro], 4.34–4.50 (m, 1 H, 2-H, a-Dab),
4.71 [dd, J =7.5, 7.5 Hz, 1 H, 2-H, (bMe)Phe], 4.99 (dd, J=7.2, 7.2 Hz, 3-
H, a-NbMe-Dab), 5.09 (s, 2H, Bzl), 5.17–5.27 [dd, J =9.6, 9.6 Hz, 1 H, 1’-
H, (4-Pe)Pro], 5.57 [dq, J =9.6, 7.2 Hz, 1 H, 2’-H, (4-Pe)Pro], 6.11 (d, J=


6.0 Hz, 1H, NH), 6.23–6.37 (br, 2 H, 2� NH), 6.51–6.67 (br, 1H, NH),
7.01 (d, J =6.0 Hz, 1H, NH), 7.09–7.21 (m, 6 H, Ar-H), 7.22–7.27 (m, 4H,
Ar-H), 7.28 (dd, J=7.2 Hz, Ar-H), 7.35 (dd, J =7.8, 7.8 Hz, Ar-H), 7.43
(d, J =8.4 Hz, NH); 13C NMR (150.8 MHz, CDCl3): d=10.1 (+ , C-5, Ile),
13.4 [+ , C-3’, (4-Pe)Pro], 14.7 (+ , C-1’, Ile), 15.3 [+ , C-4, (bMe)Phe],
17.04 (+ , C-4, a-NbMe-Dab), 17.2 [�, C-3’, (3-Ncp)Ala], 18.2 [+ , C-4,
(bMe)Phe], 21.2 (+ , C-1’, MeZ), 21.4 [ + , C-1’, (3-Ncp)Ala], 24.7 (�, C-
4, Ile), 31.2 (+ , NMe, a-NbMe-Dab), 32.2 [�, C-3, (3-Ncp)Ala], 35.0 [�,
C-3, (4-Pe)Pro], 36.3 (+ , C-3, Ile), 36.9 [ + , C-4, (4-Pe)Pro], 39.6 [+ , C-
3, (bMe)Phe], 45.5 [+ , C-3, (bMe)Phe], 52.0 (+ , C-3, a-NbMe-Dab), 52.6
[�, C-5, (4-Pe)Pro], 53.8 [ + , C-2, (3-Ncp)Ala], 54.6 (+ , C-2, Ile), 57.5
[+ , C-2, (bMe)Phe], 58.9 [+ , C-2, (bMe)Phe], 59.0 [ + , C-2’, (3-
Ncp)Ala], 60.3 [ + , C-2, (4-Pe)Pro], 61.6 (+ , C-2, a-NbMe-Dab), 67.0 (�,
Bzl-C), 127.1, 127.3, 127.57, 127.62 (+ , Ar-C), 127.7 [+ , C-2’, (4-Pe)Pro],
128.1 [+ , C-1’, (4-Pe)Pro], 128.3, 128.6, 128.8, 129.1 (+ , Ar-C), 133.3,
137.9, 140.8, 142.5 (Cquat, Ar-C), 156.6 (Cquat, NCO2), 170.2, 170.4, 170.7,
170.8, 171.0, 174.8 (Cquat, C-1); IR (KBr): ñ=2971, 2936, 2878, 1720, 1633,
1541, 1506, 1453, 1369, 1209, 1032 cm�1; MS (ESI): pos.: m/z (%): 1013
(100) [M+Na+]; neg.: m/z (%): 989 (100) [M�H�]; HRMS (ESI): m/z :
calcd for [C54H71N8O10


+]: 991.5288; found 991.5291.


epi-19b : analytical HPLC: isocratic, 75 % MeCN in H2O (0.1 % TFA),
flow rate=0.5 mL min�1, tR =9.61 min, purity > 95%; gradient 55 !
100 % MeCN in H2O (0.1 % TFA) for 15 min, flow rate=0.5 mL min�1,
tR =14.15 min, purity > 95%; MS (ESI): pos.: m/z (%): 1013 (100)
[M+Na+]; neg.: m/z (%): 989 (100) [M�H�].


MeZ-Protected branched cyclohexapeptide (19 c) and its epimer (epi-
19c): The branched hexapeptide 18 c (0.134 g, 0.114 mmol) was depro-
tected according to GP 5 by treatment with a freshly prepared 2 m HCl in
EtOAc (2.5 mL) to give the hydrochloride of the deprotected peptide as
a colorless solid, which was taken up with anhydrous CH2Cl2 (1.3 L) and
cyclized by treatment with HATU (2 � 44.6 mg, 2 � 0.117 mmol), HOAt
(2 � 15.9 mg, 2 � 0.117 mmol) and a solution of DIEA (2 � 59 mg, 2�
0.456 mmol) in CH2Cl2 (2 � 50 mL) according to GP 2 for 18 h. After this,
the solvent was removed under reduced pressure, the residue was taken
up with Et2O (50 mL), and after the usual aqueous work-up (GP 5),
drying and filtration, the organic layer was concentrated under reduced
pressure. The residue was purified by column chromatography (acetone/
hexane 1:1.5, Rf =0.31) to give a crude product (90.0 mg), which con-
tained two components according to analytical HPLC. The mixture was
separated by preparative HPLC to give cyclodepsipeptide 19c (37.7 mg,
34% over two steps) and its epimer epi-19a (27.9 mg, 25% over two
steps) as colorless solids. Preparative HPLC: column B, isocratic, 69 %
MeCN in H2O (0.1 % TFA), flow rate 2.5 mL min�1.


Compound 19c : analytical HPLC: isocratic, 70% MeCN in H2O (0.1 %
TFA), flow rate=0.5 mL min�1, tR = 12.00 min, purity > 99%; [a]20


D =16.0
(c= 0.77, CHCl3); 1H NMR (600 MHz, CDCl3): d =0.40–0.54 [m, 1 H, 3-
Ha, (3-Ncp)Ala], 0.58–0.69 [m, 1 H, 3’-Ha, (3-Ncp)Ala], 0.76 (t, J =7.2 Hz,
3H, 5-H, Ile), 0.88 (d, J=6.0 Hz, 3 H, 1’-H, Ile), 1.00–1.17 [m, 2H, 1’-H,
(3-Ncp)Ala, 1H, 4-Ha, Ile], 1.26 [d, J =6.6 Hz, 3 H, 4-H, (bMe)Phe],
1.26–1.34 [m, 1 H, 3-Hb, (3-Ncp)Ala], 1.34 [d, J =7.2 Hz, 3 H, 4-H,
(bMe)Phe], 1.42–1.49 [m, 1H, 3’-Hb, (3-Ncp)Ala], 1.59 [d, J =6.6 Hz, 3’-
H, (4-Pe)Pro], 1.69–1.79 (m, 1H, 3-H, Ile), 1.81 [ddd, J=12.0, 12.0,
12.0 Hz, 1 H, 3-Ha, (4-Pe)Pro], 2.16 [ddd, J =12.0, 6.0, 6.0 Hz, 1 H, 3-Hb,
(4-Pe)Pro], 2.35 (s, 3 H, 1’-H, MeZ), 2.90 [dq, J=6.0, 6.0 Hz, 1H, 3-H,
(bMe)Phe], 3.03–3.15 [m, 1H, 4-H, (4-Pe)Pro], 3.23 [dd, J=9.2, 9.2 Hz,
1H, 5-Ha, (4-Pe)Pro], 3.43–3.58 [m, 2H, 2-H, (3-Ncp)Ala, 3-Ha, Dap],
3.62–3.72 [m, 2H, 3-H, (bMe)Phe, 2’-H, (3-Ncp)Ala], 3.84–3.93 [m, 1 H,
3-Hb, Dap], 3.94 [dd, J=9.2, 9.2 Hz, 1H, 5-Hb, (4-Pe)Pro], 4.03–4.12 [m,
1H, 2-H, (4-Pe)Pro], 4.41–4.48 (m, 1 H, Dap), 4.50–4.55 [m, 1H, 2-H,
(bMe)Phe], 4.59 (dd, J =8.7, 8.7 Hz, 1H, 2-H, Ile), 4.64 [dd, J =7.8,
7.8 Hz, 1 H, 2-H, (bMe)Phe], 5.06 (d, J =12.0 Hz, Bzl-Ha), 5.13 (d, J =


12.0 Hz, Bzl-Hb), 5.22 [dd, J= 10.2, 10.2 Hz, 1 H, 1’-H, (4-Pe)Pro], 5.57
[dq, J =10.2, 6.6 Hz, 1H, 2’-H, (4-Pe)Pro], 6.06–6.23 (br, 1H, NH), 6.71–
6.90 (br, 2 H, 2 � NH), 6.98–7.09 (br, 1H, NH), 7.11–7.18 (m, 3H, Ar-H),
7.18–7.22 (m, 2H, Ar-H), 7.22–7.28 (m, 7H, Ar-H), 7.28–7.34 (m, 2 H,
Ar-H), 7.34–7.57 (br, 1H, NH), 7.59–7.84 (br, 1H, NH); the signal of 4-H
of the (bMe)Phe residue (1.34 ppm) overlapped the signal of 4-Hb of the
Ile moiety; 13C NMR (150.8 MHz, CDCl3): d =10.6 (+ , C-5, Ile), 13.3 [ + ,
C-3’, (4-Pe)Pro], 13.9 [+ , C-4, (bMe)Phe], 15.0 (+ , C-1’, Ile), 17.3 [�, C-
3’, (3-Ncp)Ala], 17.9 [+ , C-4, (bMe)Phe], 21.25 (+ , C-1’, MeZ), 21.33 [+ ,
C-1’, (3-Ncp)Ala], 24.6 (�, C-4, Ile), 32.0 [�, C-3, (3-Ncp)Ala], 35.2 [�,
C-3, (4-Pe)Pro], 36.9 [+ , C-4, (4-Pe)Pro], 37.3 (+ , C-3, Ile), 39.1 [+ , C-
3, (bMe)Phe], 40.6 (�, C-3, Dap), 45.0 [+ , C-3, (bMe)Phe], 53.0 [�, C-5,
(4-Pe)Pro], 53.7 [ + , C-2, (3-Ncp)Ala], 54.6 (+ , C-2, Ile), 57.8 (+ , C-2,
Dap), 58.8 [+ , C-2, (bMe)Phe], 59.1 [ + , C-2’, (3-Ncp)Ala], 59.5 [ + , C-2,
(bMe)Phe], 61.5 [ + , C-2, (4-Pe)Pro], 67.2 (�, Bzl-C), 127.08, 127.12,
127.4, 127.7 [C-2’, (4-Pe)Pro], 128.0 [C-1’, (4-Pe)Pro], 128.3, 128.6, 128.8,
129.17 (� 2) (+ , Ar-C), 133.3, 137.9, 141.3, 142.1 (Cquat, Ar-C), 157.3
(Cquat, NCO2), 169.2, 170.9 (� 2), 171.4, 172.0, 174.2 (Cquat, C-1); IR
(KBr): ñ =3060, 3029, 2972, 2936, 2879, 1725, 1667, 1638, 1543, 1513,
1453, 1369, 1204 cm�1; MS (ESI): pos.: m/z (%): 986 (100) [M+Na+];
neg.: m/z (%): 962 (100) [M�H�]; HRMS (ESI): m/z : calcd for
[C52H66N8O10Na+]: 985.4794; found 985.4797.


epi-19c : analytical HPLC 1: isocratic, 60% MeCN in H2O (0.1 % TFA),
flow rate =0.5 mL min�1, tR =9.44 min, purity > 99%; [a]20


D =�43.1 (c=


0.42, CHCl3); 1H NMR (600 MHz, C2D2Cl4, 353.1 K): d =0.67 (d, J=


6.0 Hz, 3H, 1’-H, a-Ile), 0.82 (t, J =7.2 Hz, 3H, 5-H, a-Ile), 0.93 [ddd, J=


6.6, 6.6, 6.6 Hz, 1H, 3’-Ha, (3-Ncp)Ala], 0.93–0.99 (m, 1H, 4-Ha, a-Ile),
1.05–1.15 (m, 1 H, 4-Hb, a-Ile), 1.24 [d, J=6.6 Hz, 3H, 4-H, (bMe)Phe],
1.37 [d, J= 6.6 Hz, 3 H, 4-H, (bMe)Phe], 1.37–1.45 [m, 1H, 3-Ha, (3-
Ncp)Ala], 1.54–1.63 [m, 2H, 3-Hb, (3-Ncp)Ala, 3-H, a-Ile], 1.66 [d, J=


6.0 Hz, 3’-H, (4-Pe)Pro], 1.67–1.76 [m, 1 H, 1’-H, (3-Ncp)Ala], 1.84 [ddd,
J =10.2, 10.2, 10.2 Hz, 1 H, 3-Ha, (4-Pe)Pro], 2.34 (s, 3 H, 1’-H, MeZ),
2.35–2.44 [m, 1H, 3-Hb, (4-Pe)Pro], 3.07 [m, 1 H, 4-H, (4-Pe)Pro], 3.27
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[dd, J= 9.2, 9.2 Hz, 1H, 5-Ha, (4-Pe)Pro], 3.31–3.40 [m, 2H, 2 ? 3-H,
(bMe)Phe], 3.48–3.66 (m, 1 H, 3-H, Dap), 3.74 [dd, J=9.2, 9.2 Hz, 1H, 5-
Hb, (4-Pe)Pro], 3.85–3.92 [m, 1H, 2’-H, (3-Ncp)Ala], 4.29–4.40 [m, 3 H, 2-
H, a-Ile, 2 ? 2-H, (bMe)Phe], 4.41–4.47 [m, 1H, 2-H, (3-Ncp)Ala], 4.47–
4.54 [m, 1 H, 2-H, (4-Pe)Pro], 4.61 (dd, J= 8.4, 8.4 Hz, 1H, 2-H, Dap),
5.10 (d, J =12.0 Hz, Bzl-Ha), 5.14 (d, J =12.0 Hz, Bzl-Hb), 5.27–5.35 [dd,
J =10.2, 10.2 Hz, 1H, 1’-H, (4-Pe)Pro], 5.61 [dq, J =10.2, 6.0 Hz, 1 H, 2’-
H, (4-Pe)Pro], 6.55–6.69 (br, 2 H, NH), 6.89–7.01 (br, 2H, NH), 7.15 (d,
J =7.2 Hz, 2H, Ar-H, MeZ), 7.18–7.22 (m, 1H, Ar-H), 7.22–7.29 (m,
11H, Ar-H), 7.29–7.36 (m, 3 H, Ar-H), 7.39–7.48 (br, 2H, NH); the ab-
sorption of 3’-Hb, (3-Ncp)Ala is masked by the signal of 3’-H, (4-Pe)Pro ;
13C NMR (150.8 MHz, C2D2Cl4, 353.1 K): d=11.4 (+ , C-5, a-Ile), 12.8 [+ ,
C-3’, (4-Pe)Pro], 13.6 (+ , C-1’, a-Ile), 16.9 [+ , C-4, (bMe)Phe], 17.2 [ + ,
C-4, (bMe)Phe], 17.4 [�, C-3’, (3-Ncp)Ala], 20.8 (+ , C-1’, MeZ), 21.9 [+ ,
C-1’, (3-Ncp)Ala], 26.2 (�, C-4, a-Ile), 32.1 [�, C-3, (3-Ncp)Ala], 35.4 [�,
C-3, (4-Pe)Pro], 36.0 (+ , C-3, a-Ile), 36.3 [ + , C-4, (4-Pe)Pro], 39.9 [ + ,
C-3, (bMe)Phe], 41.1 [+ , C-3, (bMe)Phe], 42.4 (�, C-3, Dap), 51.5 [ + ,
C-2, (3-Ncp)Ala], 52.2 [�, C-5, (4-Pe)Pro], 54.3 (+ , C-2, a-Ile), 55.8 [ + ,
C-2, (4-Pe)Pro], 58.8 (+ , C-2, Dap), 59.3 [ + , C-2’, (3-Ncp)Ala], 60.0 [ + ,
C-2, (bMe)Phe], 60.4 [+ , C-2, (bMe)Phe], 67.0 (�, Bzl-C), 126.5, 126.8
(+ , Ar-C), 127.1 [+ , C-2’, (4-Pe)Pro], 127.4, 127.5, 128.0, 128.3, 128.4 (+ ,
Ar-C), 128.6 [+ , C-1’, (4-Pe)Pro], 129.0 (+ , Ar-C), 132.9, 137.8, 142.3,
142.5 (Cquat, Ar-C), 156.3 (Cquat, NCO2), 170.2, 170.3, 170.6, 170.8, 171.3,
173.2 (Cquat, C-1); IR (KBr): ñ= 3034, 2969, 2871, 1659, 1541, 1453, 1369,
1256, 1206, 1065 cm�1; MS (ESI): pos.: m/z (%): 985 (100) [M+Na+];
neg.: m/z (%): 961 (100) [M�H�]; HRMS (ESI): m/z : calcd for
[C52H66N8O10Na+]: 985.4794; found 985.4793.


[a-Dab1]-Hormaomycin (2 a): A solution of the CHA salt of Teoc-
(2S,1’R,2’R)-(3-Ncp)AlaOH (26.6 mg, 63.75 mmol) in Et2O (50 mL) was
washed with 1 m H2SO4 (3 � 5 mL), 1m KHSO4 (2 � 5 mL), water (3 �
5 mL), brine (2 � 5 mL), dried, filtered and concentrated under reduced
pressure. The resulting N-protected amino acid was dried at 0.02 Torr for
2 h and then coupled with the depsipeptide, obtained after deprotection
of 19a (19.5 mg, 19.96 mmol) by treatment with 10% anisole in TFA
(1.1 mL) according to GP 6 for 2 h, applying HATU (22.8 mg,
59.96 mmol), HOAt (8.1 mg, 59.94 mmol), DIEA (2.57 mg, 19.88 mmol)
and TMP (21.8 mg, 179.00 mmol) in CH2Cl2 (3 mL) according to GP 4 for
15 h. The mixture was then diluted with Et2O (40 mL), and the crude
product obtained after the usual aqueous work-up (GP 2) was purified by
preparative TLC (200 � 200 mm, acetone/hexane 1:2.7) to give the respec-
tive Teoc-(S)-(3-Ncp)Ala-cyclohexapeptide (21.6 mg, 96%; Rf =0.18, ace-
tone/hexane 1:2.5) as a colorless glass which was used for the next step
without any characterization. This substance (21.6 mg, 19.13 mmol) was
deprotected by treatment with TFA (2.0 mL) for 1 h. The mixture was
concentrated under reduced pressure at 20 8C and then taken up with tol-
uene (3 � 15 mL), which was distilled off to remove the last traces of
TFA. The resulting deprotected branched peptide was coupled with
Chpca(MOM)-OH 20 (7.0 mg, 34.04 mmol) by treatment with HATU
(12.9 mg, 33.93 mmol), DIEA (2.47 mg, 19.13 mmol) and TMP (12.37 mg,
102.08 mmol) in CH2Cl2 (3 mL) according to GP 4 for 5 h. The mixture
was then diluted with Et2O (40 mL) and the crude product obtained after
the usual aqueous work-up (GP 2) was purified by preparative TLC
(200 � 200 mm, acetone/hexane 1:2.7, two fold development) and finally
by recrystallization from Et2O/hexane to give the O-MOM protected [a-
Dab1]-hormaomycin (20.2 mg, 90 %; Rf =0.09, acetone/hexane 1:3) as a
colorless solid which was used for the next step without any characteriza-
tion. MOM-2 a (19.1 mg, 16.92 mmol) was deprotected appling MgBr2·
Et2O (164 mg, 633.89 mmol) and EtSH (0.018 mL, 243.07 mmol) in CH2Cl2


(10 mL) according to GP 7 for 3 h. The mixture was diluted with Et2O
(50 mL), and the crude product obtained after the usual aqueous work-
up (GP 7) was recrystallized from Et2O/pentane and then from CH2Cl2/
pentane to give 2 a (15.4 mg, 84%, 68% over five steps from 19a) as a
colorless solid. Rf =0.14, acetone/hexane 1:2.5; analytical HPLC: gradient
25 ! 85% MeCN in 0.15 % ammonium acetate buffer (pH 5.5) for
25 min, flow rate= 0.5 mL min�1, tR = 21.72 min, purity > 99%; [a]20


D =


23.0 (c =0.1, CHCl3); 1H NMR (600 MHz, CDCl3): d =�0.69 [ddd, J=


6.6, 6.6, 6.6 Hz, 1H, 3’-Ha, (3-Ncp)Ala], �0.17–0.07 [m, 1 H, 3-Ha, (3-
Ncp)Ala], 0.20–0.27 [m, 1H, 1’-H, (3-Ncp)Ala], 0.54 [ddd, J= 14.4, 4.8,
4.8 Hz, 1H, 3-Hb, (3-Ncp)Ala], 0.90 (t, J= 7.2 Hz, 3H, 5-H, Ile), 0.98–1.05


[m, 1H, 3’-Hb, (3-Ncp)Ala], 1.03 [ddd, J=7.2, 7.2, 7.2 Hz, 1 H, 3’-Ha, (3-
Ncp)Ala], 1.07 (d, J =7.2 Hz, 3 H, 1’-H, Ile), 1.32 [d, J =7.2 Hz, 3 H, 4-H,
(bMe)Phe], 1.35 [d, J =7.2 Hz, 3 H, 4-H, (bMe)Phe], 1.41 (d, J =7.8 Hz,
3H, a-Dab), 1.53–1.59 (m, 1H, 4-Hb, Ile), 1.63–1.75 [m, 2 H, 3-H, (3-
Ncp)Ala], 1.69 [dd, J =7.2, 1.8 Hz, 3H, 3’-H, (4-Pe)Pro], 1.84–1.95 [m,
3H, 3’-Hb, (3-Ncp)Ala, 3-H, Ile, 3-Ha, (4-Pe)Pro], 1.95–2.01 [m, 1H, 3-Ha,
(4-Pe)Pro], 2.27 [ddd, J= 12.0, 6.0, 6.0 Hz, 1 H, 4-Hb, (4-Pe)Pro], 2.85
[ddd, J =6.6, 4.8, 4.8 Hz, 1 H, 2’-H, (3-Ncp)Ala], 3.02 [dq, J=11.4, 7.2 Hz,
1H, 3-H, (bMe)Phe], 3.22–3.32 [m, 2H, 4-H, 5-Ha, (4-Pe)Pro], 3.46–3.52
[m, 1 H, 2-H, (3-Ncp)Ala], 3.70 [dq, J =3.6, 7.2 Hz, 1 H, 3-H, (bMe)Phe],
3.92 [dd, J=11.4, 5.4 Hz, 2-H, (4-Pe)Pro], 3.95–3.99 [m, 1H, 5-Hb, (4-
Pe)Pro], 4.03 [ddd, J=7.2, 3.6, 3.6 Hz, 1 H, 2’-H, (3-Ncp)Ala], 4.35 (dd,
J =10.8, 10.8 Hz, 1 H, 2-H), 4.42–4.48 (m, 1 H, 3-H, a-Dab), 4.45 (dd, J =


10.2, 4.2 Hz, 1 H, 2-H), 4.50 (dd, J =9.0, 3.0 Hz, 1 H, 2-H), 4.66 (dd, J=


9.0, 9.0 Hz, 1H, 2-H), 5.11–5.16 [m, 1 H, 2-H, (3-Ncp)Ala], 5.26–5.31 [m,
1H, 1’-H, (4-Pe)Pro], 5.63 [dq, J =10.8, 6.6 Hz, 1H, 2’-H, (4-Pe)Pro],
6.15 (d, J= 4.2 Hz, 1H, 4-H, Chpca), 6.43 (d, J=7.8 Hz, 1 H, NH), 6.77–
6.86 (br, 1 H, NH), 6.85 (d, J =4.2 Hz, 1H, 3-H, Chpca), 7.02–7.06 (m,
2H, Ar-H), 7.12–7.19 (m, 6 H, Ar-H, NH), 7.21–7.30 (m, 4H, Ar-H, NH),
7.44 (d, J =10.8 Hz, 1 H, NH), 8.87 (d, J =9.0 Hz, 1H, NH), 10.70–11.00
(br, 1 H, OH); the signal of 4-Ha, Ile was masked by absorption of 4-H,
(bMe)Phe (1.35 ppm); 13C NMR (150.8 MHz, CDCl3): d =10.4 (+ , C-5,
Ile), 13.1 [ + , C-3’, (4-Pe)Pro], 13.3 (+ , C-4, a-Dab), 14.9 (+ , C-1’, Ile),
17.0 [�, C-3’, (3-Ncp)Ala], 17.2 [�, C-3’, (3-Ncp)Ala], 17.6 [+ , C-4,
(bMe)Phe], 17.7 [+ , C-4, (bMe)Phe], 20.0 [+ , C-1’, (3-Ncp)Ala], 21.7
[+ , C-1’, (3-Ncp)Ala], 25.1 (�, C-4, Ile), 32.8 [�, C-3, (3-Ncp)Ala], 35.2
[�, C-3, (3-Ncp)Ala], 35.9 [�, C-3, (4-Pe)Pro], 36.4 [ + , C-4, (4-Pe)Pro],
38.0 (+ , C-3, Ile), 39.2 [ + , C-3, (bMe)Phe], 41.2 [+ , C-3, (bMe)Phe],
45.3 (+ , C-3, a-Dab), 51.0 [+ , C-2, (3-Ncp)Ala], 51.8 [+ , C-2, (3-
Ncp)Ala], 53.1 [�, C-5, (4-Pe)Pro], 54.6 (+ , C-2), 55.2 (+ , C-2), 58.1 [ + ,
C-2’, (3-Ncp)Ala], 59.3 [ + , C-2’, (3-Ncp)Ala], 59.8 (+ , C-2), 60.0 (+ , C-
2), 63.8 [ + , C-2, (4-Pe)Pro], 103.6 (+ , C-4, Chpca), 109.9 (+ , C-3,
Chpca), 119.9 (Cquat, C-2, Chpca), 121.7 (Cquat, C-5, Chpca), 126.9, 127.3,
127.4, 127.6 (+ , Ar-C), 127.87 [ + , C-1’, (4-Pe)Pro], 127.92 [+ , C-2’, (4-
Pe)Pro], 128.5, 128.7 (+ , Ar-C), 141.3, 142.2 (Cquat, Ar-C), 159.3 (Cquat, C-
1, Chpca), 168.3, 169.6, 170.0, 170.2, 171.60, 171.62, 171.9 (Cquat, C-1); IR
(KBr): ñ =3383, 2968, 2933, 2879, 1747, 1651, 1626, 1548, 1452, 1372,
1321, 1182 cm�1; UV (MeOH): neutral: lmax(e)=277 (1.6 � 104) nm; basic:
281 (1.5 � 104), 205 (7.0 � 104) nm; acidic: 272 (1.4 � 104) nm; CD
(MeOH): lmax[V]=280.2 (2.01 � 104); 276.5 (2.05 � 104), 225.6 �4.55 � 104),
221.5 (�5.06 � 104) nm (c=1.45 � 10�5


m); MS (ESI): pos.: m/z (%): 1151
(100) [M+Na+]; neg.: m/z (%): 1127 (100) [M�H�]; HRMS (ESI): m/z :
calcd for [C55H71N11O13Cl+]: 1128.4916; found 1128.4921.


[a-Dab1,a-Ile5]-Hormaomycin (epi-2a): A solution (50 mL) of the CHA
salt of Teoc-(2S,1’R,2’R)-(3-Ncp)AlaOH (27.3 mg, 65.39 mmol) in Et2O
(50 mL) was washed with 1m H2SO4 (3 � 5 mL), 1m KHSO4 (2 � 5 mL),
water (3 � 5 mL), brine (2 � 5 mL), dried, filtered and concentrated under
reduced pressure. The resulting N-protected amino acid was dried at
0.02 Torr for 2 h and then coupled with the depsipeptide, obtained after
deprotection of epi-19a (20.0 mg, 20.47 mmol) by treatment with 10 %
anisole in TFA (1.1 mL) according to GP 6 for 2 h, applying HATU
(23.4 mg, 61.54 mmol), HOAt (8.3 mg, 61.42 mmol), DIEA (2.64 mg,
20.39 mmol) and TMP (22.36 mg, 183.6 mmol) in CH2Cl2 (3 mL) according
to GP 4 for 15 h. The mixture was then diluted with Et2O (40 mL), and
the crude product obtained after the usual aqueous work-up (GP 2) was
purified by two crystallizations from Et2O/hexane to give the respective
Teoc-(S)-(3-Ncp)Ala-epi-cyclohexapeptide (17.0 mg, 74%; Rf =0.19, ace-
tone/hexane 1:2.5) as a colorless glass which was used for the next step
without any characterization. This substance (17.0 mg, 14.50 mmol) was
deprotected by treatment with TFA (2.0 mL) for 1 h. The mixture was
concentrated under reduced pressure at 20 8C, and then taken up with
toluene (3 � 15 mL) which was distilled off to remove the last traces of
TFA. The resulting deprotected branched peptide was coupled with
Chpca(MOM)-OH 20 (5.5 mg, 26.74 mmol) applying HATU (10.15 mg,
26.69 mmol), DIEA (1.95 mg, 15.09 mmol) and TMP (12.37 mg,
102.08 mmol) in CH2Cl2 (3 mL) according to GP 4 for 5 h. The mixture
was then diluted with Et2O (40 mL), and the crude product obtained
after the usual aqueous work-up (GP 2) was recrystallized twice from
CH2Cl2/hexane to give the O-MOM protected [a-Dab1,a-Ile5]-hormaomy-
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cin (14.2 mg, 80 %; Rf =0.11, acetone/hexane 1:3) as a colorless solid
which was used for the next step without any characterization. MOM-
epi-2a (14.2 mg, 12.11 mmol) was deprotected applying MgBr2·Et2O
(110 mg, 425.17 mmol) and EtSH (0.018 mL, 243.07 mmol) in CH2Cl2


(10 mL) according to GP 7 for 3 h. The mixture was taken up with Et2O
(50 mL), and the crude product obtained after the usual aqueous work-
up (GP 7) was recrystallized from Et2O/pentane and then from CH2Cl2/
pentane to give the crude product (13.1 mg), which was finally purified
by preparative HPLC to give epi-2a (9.0 mg, 39 % over five steps from
epi-19a) as a colorless solid, which was insoluble in CHCl3. Rf =0.14, ace-
tone/hexane 1:2.5; preparative HPLC: column B, 62 % MeCN in H2O
(0.07 % TFA), flow rate=2.5 mL min�1; analytical HPLC: the same
column, the same conditions, tR =17.72 min, purity > 99%; 1H NMR
(600 MHz, CD3OD): d=0.69 (t, J =7.2 Hz, 3H, 5-H, a-Ile), 0.72 (d, J=


7.2 Hz, 3H, 1’-H, a-Ile), 0.82–0.92 (m, 1H, 4-Ha, a-Ile), 0.95 (ddd, J =7.2,
7.2, 7.2 Hz, 1H, 4-Hb, Ile), 1.00 [ddd, J =6.0, 6.0, 6.0 Hz, 1 H, 3’-Ha, (3-
Ncp)Ala], 1.07 [ddd, J= 6.6, 6.6, 6.6 Hz, 1H, 3’-Ha, (3-Ncp)Ala], 1.14 [d,
J =6.6 Hz, 3 H, 4-H, (bMe)Phe], 1.25 [d, J=7.2 Hz, 3H, 4-H, (bMe)Phe],
1.31 (d, J=7.2 Hz, 3H, a-Dab), 1.34–1.41 [m, 1H, 3-Ha, (3-Ncp)Ala],
1.44–1.52 [m, 1H, 3-Ha, (3-Ncp)Ala], 1.54–1.60 [m, 1H, 3’-Hb, (3-
Ncp)Ala], 1.65 [dd, J =7.2, 1.8 Hz, 3 H, 3’-H, (4-Pe)Pro], 1.82 [ddd, J=


7.8, 7.8, 7.8 Hz, 1 H, 3-Ha, (4-Pe)Pro], 1.93–2.01 [m, 2H, 3-Hb, 1’-H, (3-
Ncp)Ala], 2.03–2.15 [m, 2H, 3-Hb, (3-Ncp)Ala, 3-Hb, (4-Pe)Pro], 2.98
[dd, J =10.8, 10.8 Hz, 1H, 5-Ha, (4-Pe)Pro], 3.07 [m, 1 H, 4-H, (4-
Pe)Pro], 3.13–3.24 [m, 2H, 2� 3-H, (bMe)Phe], 3.69 [dd, J=10.8, 7.2 Hz,
1H, 5-Hb, (4-Pe)Pro], 4.08 [ddd, J=6.6, 3.0, 3.0 Hz, 1H, 2’-H, (3-
Ncp)Ala], 4.10–4.14 (m, 1 H, 2-H, a-Ile), 4.19–4.29 [m, 3 H, 3-H, a-Dab, 2-
H, 2’-H, (3-Ncp)Ala], 4.40 [d, J =10.8 Hz, 2-H, (bMe)Phe], 4.49 (d, J=


3.6 Hz, 1 H, 2-H, a-Dab), 4.51 [dd, J= 7.8, 7.8 Hz, 1 H, 2-H, (4-Pe)Pro],
4.77 [d, J= 11.4 Hz, 1H, 2-H, (bMe)Phe], 4.79–4.82 [m, 1H, 2-H, (3-
Ncp)Ala], 5.38–5.44 [m, 1H, 1’-H, (4-Pe)Pro], 5.59 [dq, J =10.2, 7.2 Hz,
1H, 2’-H, (4-Pe)Pro], 6.00 (d, J=4.5 Hz, 1 H, 4-H, Chpca), 6.73 (d, J =


4.5 Hz, 1H, 3-H, Chpca), 7.01–7.15 (m, 1 H, Ar-H), 7.17–7.25 (m, 3 H, Ar-
H), 7.25–7.31 (m, 6 H, Ar-H), 7.41–7.49 (br, 1H, NH), 7.80–7.84 (br, 1H,
NH); the signal of 1’-H, (3-Ncp)Ala was masked by absorption of 4-H, a-
Dab and the signals of 3-H, a-Ile and 3’-Hb, (3-Ncp)Ala were masked by
absorption of 3’-H, (4-Pe)Pro ; 13C NMR (150.8 MHz, CD3OD): d =12.2
(+ , C-5, a-Ile), 13.3 [+ , C-3’, (4-Pe)Pro], 14.6 (+ , C-1’, a-Ile), 17.9 [�, C-
3’, (3-Ncp)Ala], 18.0 [ + , C-4, (bMe)Phe], 18.9 [�, C-3’, (3-Ncp)Ala],
19.1 (+ , C-4, a-Dab), 19.4 [ + , C-4, (bMe)Phe], 23.6 [+ , C-1’, (3-
Ncp)Ala], 23.8 [+ , C-1’, (3-Ncp)Ala], 27.3 (�, C-4, a-Ile), 34.06 [�, C-3,
(3-Ncp)Ala], 34.15 [�, C-3, (3-Ncp)Ala], 34.18 [�, C-3, (4-Pe)Pro], 36.5
(+ , C-3, a-Ile), 37.7 [ + , C-4, (4-Pe)Pro], 41.6 [ + , C-3, (bMe)Phe], 43.4
[+ , C-3, (bMe)Phe], 48.9 (+ , C-3, a-Dab), 51.0 [+ , C-2, (3-Ncp)Ala],
53.2 [�, C-5, (4-Pe)Pro], 53.3 [+ , C-2’, (3-Ncp)Ala], 53.9 [+ , C-2, (3-
Ncp)Ala], 55.9 (+ , C-2, a-Ile), 58.4 (+ , C-2, a-Dab), 59.5 [+ , C-2,
(bMe)Phe], 60.2 [ + , C-2, (3-Ncp)Ala], 60.3 [ + , C-2’, (3-Ncp)Ala], 61.3
[+ , C-2, (4-Pe)Pro], 62.0 [ + , C-2, (bMe)Phe], 104.0 (+ , C-4, Chpca),
111.1 (+ , C-3, Chpca), 119.2 (Cquat, C-2, Chpca), 122.1 (Cquat, C-5,
Chpca), 127.5 [ + , C-2’, (4-Pe)Pro], 127.8, 128.2, 128.95, 128.99, 129.59,
129.67 (+ , Ar-C), 130.8 [+ , C-1’, (4-Pe)Pro], 143.6, 144.5 (Cquat, Ar-C),
161.7 (Cquat, C-1, Chpca), 171.3, 172.0, 172.2, 172.7, 172.87, 172.90, 174.3
(Cquat, C-1); IR (KBr): ñ=3445, 2926, 2850, 1653, 1558, 1543, 1458, 1383,
1321, 1020 cm�1; UV (MeOH): neutral: lmax(e)=279 (8.3 � 103) nm; basic:
283 (8.0 � 103), 209 (2.3 � 104) nm; acidic: 271 (8.7 � 103) nm; CD
(MeOH): lmax[V] =279.6 (1.15 � 104); 275.7 (1.08 � 104), 225.3 (�3.85 � 104)
nm (c=1.26�10�5


m); MS (ESI): pos.: m/z (%): 1151 (100) [M+Na+],
1129 (52) [M+H+]; neg.: m/z (%): 1127 (100) [M�H�].


[a-NbMe-Dab1]-Hormaomycin (2 b): A solution of the CHA salt of Teoc-
(2S,1’R,2’R)-(3-Ncp)AlaOH (40.3 mg, 96.5 mmol) in Et2O (50 mL) was
washed with 1 m H2SO4 (3 � 5 mL), 1m KHSO4 (2 � 5 mL), water (3 �
5 mL), brine (2 � 5 mL), dried, filtered and concentrated under reduced
pressure. The resulting N-protected amino acid was dried at 0.02 Torr for
2 h and then coupled with the peptolide, obtained after deprotection of
19b (29.0 mg, 29.3 mmol) by treatment with 10 % anisole in TFA
(1.5 mL) according to GP 6 for 2 h, applying HATU (33.3 mg,
87.8 mmol), HOAt (13.0 mg, 96.5 mmol), DIEA (3.78 mg, 29.3 mmol) and
TMP (31.9 mg, 263.3 mmol) in CH2Cl2 (3 mL) according to GP 4 for 15 h.
The mixture was then diluted with Et2O (40 mL), and the crude product


obtained after the usual aqueous work-up (GP 2) was purified by crystal-
lization first from CH2Cl2/pentane and then from Et2O/pentane to give
the respective Teoc-(S)-(3-Ncp)Ala-cyclohexapeptide (32.5 mg, 97 %;
Rf = 0.22, acetone/hexane 4:7) as a colorless solid, which was used for the
next step without any characterization. This substance (32.5 mg,
28.4 mmol) was deprotected by treatment with TFA (2.0 mL) for 1 h. The
mixture was concentrated under reduced pressure at 20 8C and then
taken up with toluene (3 � 15 mL) which was distilled off to remove the
last traces of TFA. The resulting deprotected branched peptide was cou-
pled with Chpca(MOM)-OH 20 (14.6 mg, 71.1 mmol) applying HATU
(25.9 mg, 68.2 mmol), DIEA (3.67 mg, 28.4 mmol) and TMP (26.0 mg,
213.0 mmol) in CH2Cl2 (3 mL) according to GP 4 for 5 h. The mixture
was then diluted with Et2O (40 mL), and the crude product obtained
after the usual aqueous work-up (GP 2) was purified by chromatography
(Rf =0.39, acetone/hexane 1:1.5) to give the O-MOM protected [a-NbMe-
Dab1]-hormaomycin (25.0 mg, 74 %) as a colorless solid, which was used
for the next step without any characterization. MOM-2 b (25.0 mg,
21.1 mmol) was deprotected by treatment with MgBr2·Et2O (150 mg,
579.7 mmol) and EtSH (0.015 mL, 202.6 mmol) in CH2Cl2 (10 mL) accord-
ing to GP 7 for 3.5 h. The mixture was diluted Et2O (50 mL), and the
crude product obtained after the usual aqueous work-up (GP 7) was re-
crystallized from CH2Cl2/pentane to give a crude product (22.0 mg),
which was finally purified by preparative HPLC to give 2b (16.0 mg,
48% over five steps) as a colorless solid. Preparative HPLC: column B,
69% MeCN in H2O (0.1 % TFA), flow rate=2.5 mL min�1; analytical
HPLC: 70% MeCN in H2O (0.1 % TFA), flow rate=0.5 mL min�1, tR =


10.00 min, purity > 99 %; Rf =0.24, acetone/hexane 1:1.5; [a]20
D =75.0


(c= 0.15, MeOH); 1H NMR (600 MHz, CDCl3): d=�0.01–0.16 [m, 2H,
3-Ha, 3’-Ha, (3-Ncp)Ala], 0.64–0.76 [m, 1H, 1’-H, (3-Ncp)Ala], 0.81 (t,
J =7.2 Hz, 3H, 5-H, Ile), 1.03 (d, J =6.6 Hz, 3H, 1’-H, Ile), 1.15–1.25 (m,
1H, 4-Ha, Ile), 1.26 [d, J=6.6 Hz, 3 H, 4-H, (bMe)Phe], 1.37 [d, J=


7.2 Hz, 3H, 4-H, (bMe)Phe], 1.45–1.53 (m, 1H, 4-Hb, Ile), 1.55 (d, J=


7.2 Hz, 3H, a-NbMe-Dab), 1.66 [dd, J= 6.6, 1.2 Hz, 3H, 3’-H, (4-Pe)Pro],
1.70–1.79 [m, 3H, 3-H, (3-Ncp)Ala, 3-Ha, (4-Pe)Pro], 1.83–1.88 [m, 1 H,
3’-Hb, (3-Ncp)Ala], 1.94–2.02 [m, 1H, 3-H, Ile], 2.03–2.10 [m, 1H, 1’-H,
(3-Ncp)Ala], 2.17–2.23 [m, 1H, 4-Hb, (4-Pe)Pro], 2.85 [dq, J =9.6, 6.6 Hz,
1H, 3-H, (bMe)Phe], 3.10 (s, 3 H, NMe, a-NbMe-Dab), 3.20–3.34 [m, 3H,
4-H, 5-Ha, (4-Pe)Pro, 2’-H, (3-Ncp)Ala], 3.54–3.60 [m, 1 H, 2-H, (3-
Ncp)Ala], 3.70 [dq, J= 5.2, 7.2 Hz, 1 H, 3-H, (bMe)Phe], 4.02 [dd, J =7.2,
7.2 Hz, 1H, 5-Hb, (4-Pe)Pro], 4.19–4.24 [m, 1 H, 2’-H, (3-Ncp)Ala], 4.50
[dd, J=9.6 Hz, 1 H, 2-H, (bMe)Phe], 4.52 [dd, J =12.0, 5.2 Hz, 1H, 2-H,
(bMe)Phe], 4.59–4.64 [m, 4H, 2-H, Ile, 2-H, 3-H, a-NbMe-Dab, 2-H, (4-
Pe)Pro], 4.98–5.02 [m, 1 H, 2-H, (3-Ncp)Ala], 5.24–5.29 [m, 1 H, 1’-H, (4-
Pe)Pro], 5.60 [dq, J=11.2, 6.6 Hz, 1 H, 2’-H, (4-Pe)Pro], 5.98–6.01 (m,
1H, 4-H, Chpca), 6.60–6.67 (m, 1H, 3-H, Chpca), 6.64–6.71 (br, 1 H,
NH), 7.02–7.08 (m, 2H, Ar-H), 7.10–7.19 (m, 4 H, Ar-H, NH), 7.16–7.20
(m, 2 H, Ar-H), 7.22–7.28 (m, 4 H, Ar-H, NH), 7.34–7.40 (br, 1 H, NH),
7.40–7.47 (br, 1 H, NH), 7.98–8.10 (br, 1H, NH), 8.52–8.62 (br, 1H, NH),
12.0–13.2 (br, 1H, OH); the signals of 3-Hb, (3-Ncp)Ala and 3’-Hb, (3-
Ncp)Ala was masked by absorption of 1’-H, Ile and the signal of 3’-Hb,
(3-Ncp)Ala by absorption of 4-H, (bMe)Phe (1.26 ppm); 13C NMR
(150.8 MHz, CDCl3): d =10.4 (+ , C-5, Ile), 13.26 [+ , C-4, (bMe)Phe],
13.31 [+ , C-3’, (4-Pe)Pro], 15.4 (+ , C-1’, Ile), 16.6 (+ , C-4, a-NbMe-
Dab), 17.0 [�, C-3’, (3-Ncp)Ala], 17.2 [�, C-3’, (3-Ncp)Ala], 18.0 [+ , C-
4, (bMe)Phe], 20.7 [ + , C-1’, (3-Ncp)Ala], 21.9 [ + , C-1’, (3-Ncp)Ala],
24.7 (�, C-4, Ile), 32.4 (+ , NMe, a-NbMe-Dab), 32.6 [�, C-3, (3-
Ncp)Ala], 33.5 [�, C-3, (3-Ncp)Ala], 34.8 [�, C-3, (4-Pe)Pro], 36.6 (+ ,
C-3, Ile), 36.8 [+ , C-4, (4-Pe)Pro], 39.1 [ + , C-3, (bMe)Phe], 43.7 [ + , C-
3, (bMe)Phe], 50.6 [+ , C-2, (3-Ncp)Ala], 52.3 (+ , C-3, a-NbMe-Dab),
52.60 [+ , C-2, (3-Ncp)Ala], 52.65 [�, C-5, (4-Pe)Pro], 54.9 (+ , C-2, Ile),
58.6 [+ , C-2’, (3-Ncp)Ala], 58.8 (+ , C-2, a-NbMe-Dab), 58.9 [ + , C-2,
(bMe)Phe], 59.4 [+ , C-2’, (3-Ncp)Ala], 59.5 [+ , C-2, (bMe)Phe], 59.6
[+ , C-2, (4-Pe)Pro], 103.1 (+ , C-4, Chpca), 108.5 (+ , C-3, Chpca), 117.7
(Cquat, C-2, Chpca), 119.0 (Cquat, C-5, Chpca), 126.8, 127.0, 127.3, 127.6 (+ ,
Ar-C), 127.8 [+ , C-1’, (4-Pe)Pro], 128.0 [+ , C-2’, (4-Pe)Pro], 128.44 (�
2) (+ , Ar-C), 141.9, 142.3 (Cquat, Ar-C), 160.1 (Cquat, C-1, Chpca), 169.8,
170.0, 170.2, 170.7, 170.8, 171.2, 174.2 (Cquat, C-1); IR (KBr): ñ=3383,
2968, 2935, 2877, 1634, 1543, 1440, 1368, 1311, 1263, 1212, 1129 cm�1; UV
(MeOH): neutral: lmax(e)=277 (1.5 � 104) nm; basic: 281 (1.3 � 104), 205
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(7.0 � 104) nm; acidic: 273 (1.6 � 104) nm; CD (MeOH): lmax[V] =278.8
(3.4 � 104); 229.0 (�2.54 � 104) nm (c=2.1 � 10�5


m); MS (ESI): pos.: m/z
(%): 1165 (100) [M+Na+]; neg.: m/z (%): 1141 (100) [M�H�]; HRMS
(ESI): m/z : calcd for [C56H73N11O13Cl+]: 1142.5072; found 1142.5072.


[Dap1]-Hormaomycin (2 c): A solution of the CHA salt of Teoc-
(2S,1’R,2’R)-(3-Ncp)AlaOH (40.6 mg, 97.3 mmol) in Et2O (50 mL) was
washed with 1 m H2SO4 (3 � 5 mL), 1m KHSO4 (2 � 5 mL), water (3 �
5 mL), brine (2 � 5 mL), dried, filtered and concentrated under reduced
pressure. The resulting N-protected amino acid was dried at 0.02 Torr for
2 h and then coupled with the peptolide, obtained after deprotection of
19c (28.4 mg, 29.5 mmol) by treatment with 10 % anisole in TFA (1.5 mL)
according to GP 6 for 2 h, applying HATU (33.6 mg, 88.5 mmol), HOAt
(13.2 mg, 97.3 mmol), DIEA (3.81 mg, 29.5 mmol) and TMP (32.2 mg,
265.4 mmol) in CH2Cl2 (3 mL) according to GP 4 for 15 h. The mixture
was then diluted with Et2O (40 mL), and the crude product obtained
after the usual aqueous work-up (GP 2) was purified by crystallization
first from CH2Cl2/pentane and then from Et2O/pentane to give the re-
spective Teoc-(S)-(3-Ncp)Ala-cyclohexapeptide (30.2 mg, 92 %; Rf =0.25,
acetone/hexane 4:7) as a colorless solid, which was used for the next step
without any characterization. This substance (30.2 mg, 27.1 mmol) was de-
protected by treatment with TFA (2.0 mL) for 1 h. The mixture was con-
centrated under reduced pressure at 20 8C and then taken up with tolu-
ene (3 � 15 mL), which was distilled off to remove the last traces of TFA.
The resultant deprotected branched peptide was coupled with Chpca-
(MOM)-OH 20 (13.9 mg, 67.7 mmol) applying HATU (23.7 mg,
62.3 mmol), DIEA (3.50 mg, 27.1 mmol) and TMP (25.0 mg, 203.1 mmol)
in CH2Cl2 (3 mL) according to GP 4 for 5 h. The mixture was then dilut-
ed with Et2O (40 mL), and the crude product obtained after the usual
aqueous work-up (GP 2) was purified by chromatography (acetone/
hexane 1:1.5) to give the O-MOM protected [Dap1]-hormaomycin
(22.0 mg, 70 %; Rf =0.10, acetone/hexane 4:7) as a colorless solid, which
was used for the next step without any characterization. MOM-2 c
(22.0 mg, 21.1 mmol) was deprotected by treatment with MgBr2·Et2O
(150 mg, 579.7 mmol) and EtSH (0.015 mL, 202.6 mmol) in CH2Cl2


(10 mL) according to GP 7 for 3.5 h. The mixture was diluted Et2O
(50 mL), and the crude product obtained after the usual aqueous work-
up (GP 7) was recrystallized from CH2Cl2/pentane to give a crude prod-
uct (21.5 mg), which was finally purified by preparative HPLC to give 2 c
(14.2 mg, 43% over five steps) as a colorless solid. Preparative HPLC:
column B, 70% MeCN in H2O (0.1 % TFA), flow rate=2.5 mL min�1; an-
alytical HPLC: 70% MeCN in H2O (0.1 % TFA), flow rate=


0.5 mL min�1, tR =9.27 min, purity > 99 %; Rf = 0.10 (acetone/hexane
4:7); [a]20


D =61.0 (c =0.10, MeOH); 1H NMR (600 MHz, CDCl3): d=


�0.60 [ddd, J =6.6, 6.6, 6.6 Hz, 1 H, 3’-Ha, (3-Ncp)Ala], �0.20–0.02 [m,
1H, 3-Ha, (3-Ncp)Ala], 0.25–0.31 [m, 1H, 1’-H, (3-Ncp)Ala], 0.52 [ddd,
J =13.8, 4.8, 4.8 Hz, 1H, 3-Hb, (3-Ncp)Ala], 0.89 (t, J =7.2 Hz, 3 H, 5-H,
Ile), 0.98–1.05 [m, 2H, 3’-Ha, 3’-Hb, (3-Ncp)Ala], 1.07 (d, J =7.2 Hz, 3H,
1’-H, Ile), 1.30 [d, J= 7.2 Hz, 3H, 4-H, (bMe)Phe], 1.40 [d, J =7.2 Hz,
3H, 4-H, (bMe)Phe], 1.54–1.60 (m, 1H, 4-Hb, Ile), 1.67 [dd, J =6.6 Hz,
3H, 3’-H, (4-Pe)Pro], 1.67–1.75 [m, 2 H, 3-H, (3-Ncp)Ala], 1.84–1.93 [m,
3H, 3’-Hb, (3-Ncp)Ala, 3-H, Ile, 3-Ha, (4-Pe)Pro], 1.95–2.01 [m, 1H, 3-Ha,
(4-Pe)Pro], 2.23 [ddd, J= 12.0, 6.0, 6.0 Hz, 1 H, 4-Hb, (4-Pe)Pro], 2.87
[ddd, J =6.6, 3.0, 3.0 Hz, 1 H, 2’-H, (3-Ncp)Ala], 3.04 [dq, J=10.5, 7.2 Hz,
1H, 3-H, (bMe)Phe], 3.18–3.30 [m, 2 H, 4-H, 5-Ha, (4-Pe)Pro], 3.33 (d,
J =13.8 Hz, 1H, 3-Ha, Dap), 3.49 [ddd, J=7.2, 3.6 Hz, 1H, 2-H, (3-
Ncp)Ala], 3.68 [dq, J =4.8, 7.2 Hz, 1H, 3-H, (bMe)Phe], 3.93 [dd, J=


12.0, 5.4 Hz, 2-H, (4-Pe)Pro], 3.94–3.98 [m, 1H, 5-Hb, (4-Pe)Pro], 4.04
[ddd, J =7.2, 3.6, 3.6 Hz, 1 H, 2’-H, (3-Ncp)Ala], 4.16 (dddd, J =13.8,
10.8, 3.0, 3.0 Hz, 1 H, 3-Hb, Dap), 4.33 [dd, J =10.5, 10.5 Hz, 1H, 2-H,
(bMe)Phe], 4.47 [dd, J= 9.6, 4.8 Hz, 1 H, 2-H, (bMe)Phe], 4.50 (dd, J=


9.0, 3.0 Hz, 1H, 2-H), 4.60–4.68 (m, 2 H, 2-H, Ile, 2-H, Dap), 5.14–5.20
[m, 1H, 2-H, (3-Ncp)Ala], 5.24–5.30 [m, 1H, 1’-H, (4-Pe)Pro], 5.61 [dq,
J =10.8, 6.6 Hz, 1H, 2’-H, (4-Pe)Pro], 6.15 (d, J= 4.8 Hz, 1 H, 4-H,
Chpca), 6.46 (d, J =6.6 Hz, 1 H, NH), 6.78–6.83 (br, 1 H, NH), 6.83 (d, J=


4.8 Hz, 1H, 3-H, Chpca), 7.02–7.06 (m, 2 H, Ar-H), 7.10–7.19 (m, 6 H, Ar-
H, NH), 7.20–7.24 (m, 5H, Ar-H, NH), 7.32 (d, J =9.0 Hz, 1H, NH), 8.17
(d, J=7.8 Hz, 1H, NH), 8.75 (d, J =8.4 Hz, 1 H, NH), 10.75–11.15 (br,
1H, OH); The signal of 4-Ha, Ile was masked by absorption of C-4,
(bMe)Phe (1.30 ppm); 13C NMR (150.8 MHz, CDCl3): d =10.3 (+ , C-5,


Ile), 13.2 [ + , C-4, (bMe)Phe], 13.3 [ + , C-3’, (4-Pe)Pro], 14.8 (+ , C-1’,
Ile), 16.9 [�, C-3’, (3-Ncp)Ala], 17.1 [�, C-3’, (3-Ncp)Ala], 17.5 [+ , C-4,
(bMe)Phe], 20.0 [+ , C-1’, (3-Ncp)Ala], 21.6 [+ , C-1’, (3-Ncp)Ala], 25.1
(�, C-4, Ile), 32.9 [�, C-3, (3-Ncp)Ala], 35.0 [�, C-3, (3-Ncp)Ala], 35.7
[�, C-3, (4-Pe)Pro], 36.3 [ + , C-4, (4-Pe)Pro], 37.8 (+ , C-3, Ile), 38.0 (�,
C-3, Dap), 39.1 [ + , C-3, (bMe)Phe], 41.6 [+ , C-3, (bMe)Phe], 50.9 [ + ,
C-2, (3-Ncp)Ala], 51.8 (+ , C-2, Dap), 52.0 [+ , C-2, (3-Ncp)Ala], 53.0 [�,
C-5, (4-Pe)Pro], 54.5 (+ , C-2, Ile), 58.0 [ + , C-2’, (3-Ncp)Ala], 59.2 [ + ,
C-2’, (3-Ncp)Ala], 60.0 [ + , C-2, (bMe)Phe], 60.3 [+ , C-2, (bMe)Phe],
63.5 [+ , C-2, (4-Pe)Pro], 103.6 (+ , C-4, Chpca), 109.8 (+ , C-3, Chpca),
119.9 (Cquat, C-2, Chpca), 121.6 (Cquat, C-5, Chpca), 126.9, 127.3, 127.4,
127.6 (+ , Ar-C), 127.8 [+ , C-1’, (4-Pe)Pro], 127.9 [+ , C-2’, (4-Pe)Pro],
128.5, 128.6 (+ , Ar-C), 141.3, 142.1 (Cquat, Ar-C), 159.2 (Cquat, C-1,
Chpca), 168.4, 169.5, 170.3, 170.8, 171.7, 172.4, 172.5 (Cquat, C-1); IR
(KBr): ñ=3347, 2968, 2933, 2877, 1625, 1544, 1428, 1368, 1260,
1210 cm�1; UV (MeOH): neutral: lmax(e)=277 (1.6 � 104), 209 (5.6 � 104)
nm; basic: 280 (1.7 � 104), 211 (5.6 � 104) nm; acidic: 273 (1.6 � 104), 208
(5.6 � 104) nm; CD (MeOH): lmax[V]=276.0 (3.31 � 104); 222.6 (�3.47 �
104), 210.8 (�5.67 � 103) nm (c=2.9 � 10�5


m); MS (ESI): pos.: m/z (%):
1137 (100) [M+Na+], 1115 (32) [M+H+]; neg.: m/z (%): 1113 (72)
[M�H�]; HRMS (ESI): m/z : calcd for [C54H69N11O13Cl+]: 1114.4759;
found 1114.4760.
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A Modular Approach toward Block Copolymers


Mary Nell Higley, Joel M. Pollino, Eric Hollembeak, and Marcus Weck*[a]


Introduction


The preparation of materials for electronic, optical, and bio-
logical applications becomes ever more time consuming and
difficult as polymer technologies continue to evolve with in-
creasing degrees of structural complexity. A central feature,
crucial to the implementation of these materials in function-
al devices, is the facile preparation of complex polymers
such as block or blocky copolymers that contain well-de-
fined monomer compositions, elaborate architectures, and
diverse functionalities.[1] In most cases, living polymerization
techniques have been employed for the formation of block
copolymers and much of today�s research focused on the
synthesis of block copolymers relies upon living ionic,[2]


transition-metal catalyzed[3,4] and controlled free-radical[5–7]


polymerization methods. Although successful, these strat-
egies often suffer from a variety of shortcomings including
functional group incompatibilities with polymerization con-
ditions as well as low degrees of flexibility in optimizing
target structures. Another method for the formation of


block copolymers is the reaction of two reactive polymer
chain-ends to form a covalent bond between two homopoly-
mers.[8,9] However, quantitative yields of these post polymer-
ization reactions are normally not obtained limiting the use
of this strategy. A potential solution to overcome these diffi-
culties is the implementation of telechelic or end-group
functionalized polymers that are capable of undergoing self-
assembly to form complex architectures. To that end, recent
research efforts have employed metal-coordination- and hy-
drogen-bonding-based recognition motifs for the prepara-
tion of self-assembled block copolymers.[10–25] While these
approaches use metal coordination and hydrogen bonding
to prepare self-assembled polymers, in most cases the termi-
nal recognition motifs were incorporated using a post-poly-
merization step,[10–14,17, 20–22] often without quantitative yield,
which limits the versatility and simplicity of this approach.
Aside from nonquantitative yields, post-polymerization-
based strategies also suffer from functional group incompati-
bilities during the end-group functionalization due to com-
petitive reactions. Furthermore, ruthenium–terpyridine-
based metal-coordination, one of the most used metal-coor-
dination motifs,[12,13,17] often requires refluxing in solvents
for prolonged reaction times, greatly limiting this approach
to systems capable of tolerating such harsh reaction condi-
tions. Finally, in all cases, the strategy towards the formation
of the telechelic polymers is limited to one recognition
motif or noncovalent interaction and no modular approach
that would allow for the incorporation of a variety of recog-
nition motifs has been reported.
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opening metathesis polymerization
(ROMP) with functional chain-transfer
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Herein, we have devised a strategy that overcomes these
limitations and allows for 1) rapid and facile end-group
functionalization; 2) incorporation of any functional group
onto the side chain of the polymer, thereby broadening the
scope for preparing complex functional polymeric materials;
and 3) incorporation of any terminal recognition motif de-
sired. Our strategy, which allows for rapid end-functionaliza-
tion of homopolymers that possess recognition motifs, is
based on a subsequent self-assembly step to create complex
block or blocky copolymer structures quickly and efficiently
in a modular fashion (Scheme 1).


Research design : Our strategy for preparing copolymers is
based on the combination of chain-transfer agents (CTAs),
ring-opening metathesis polymerization (ROMP), and self-
assembly. Ruthenium-catalyzed ROMP is a fully functional-
group-tolerant polymerization technique that allows for the
facile introduction of virtually any functional group into a
polymer main or side chain.[26] The inclusion of a functional-
ized chain-transfer agent (CTA) during the course of
ROMP allows for complete polymer end-group functionali-
zation.[26] By employing CTAs that contain different func-
tional end-groups, such as molecular recognition units, tele-
chelic polymers possessing any desired recognition motif
can be synthesized. Additionally, this methodology allows
for complete control of the molecular weight of the desired
polymer through the control of the CTA to monomer ratio
thereby allowing for unprecedented control over end-group
functionalization, homopolymer properties, and ultimately
block copolymer properties.[27–30] Following the CTA-based
preparation of homopolymers possessing complementary
recognition units at the chain termini, rapid self-assembly
through the exploitation of noncovalent interactions allows
for rapid preparation of a large variety of block copolymers.


Results and Discussion


Synthesis of CTAs : The design and preparation of the func-
tionalized CTAs must take into consideration two crucial
structural components: 1) the type, strength, and behavior
of the recognition motifs, and 2) the basic structural require-
ments of the CTA, which must allow for well-defined incor-
poration to the termini of the homopolymers. To demon-
strate the versatility of our methodology to any noncovalent
interaction, recognition units based on either hydrogen
bonding or metal coordination were investigated. Specifical-
ly, palladated sulfur–carbon–sulfur (SCS) pincer ligands (1)
were employed to explore metal coordination.[31–37] These
metal complexes are known to undergo fast and quantitative
self-assembly at room temperature and can accommodate a
variety of ligands including functionalized pyridines, nitriles,
and phosphines.[31–36] The self-assembled complex formed
between a palladated-pincer complex (1) and a pyridine unit
(2) is depicted here. To examine hydrogen-bonding-based


molecular recognition in our system, diaminopyridines (3),
known to strongly bind thymine derivatives (4) by means of
three hydrogen bonds (Ka =~103


m
�1), were chosen.[38–44] The


basic design of CTAs employed in ROMP requires symmet-


ric, acyclic olefins.[26] Most CTAs reported in the literature
are based on cis-2-butenediol derivatives.[27–30] However, we
hypothesized that the large terminal recognition units em-
ployed in our investigations would be sterically demanding
requiring a long alkyl spacer situated between the olefin and
recognition unit. Accordingly, a series of novel CTAs (6–11)
containing nonylalkyl spacers were chosen as synthetic tar-
gets.


The syntheses of functionalized CTAs 6–11 commences
with the preparation of methyl ester functionalized CTA (5)
by using oxygen-assisted Wittig olefination.[45,46] Subsequent
saponification of the ester groups provided diacid 6, which
could be easily functionalized with hydroxydiaminopyridine
(12)[44] by using a DCC/DMAP esterification protocol to
yield hydrogen-bonding CTA 7 (Scheme 2). Similarly,


Scheme 1. Cartoon depicting A) CTA polymerization allowing for recog-
nition motif end-functionalization and B) self-assembly of the resulting
homopolymers.
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pincer-ligand-functionalized CTA (8) was prepared through
esterification of 6 by using the hydroxy-SCS ligand (13),
which was subsequently palladated.[34] Reduction of 5 with
lithium aluminum hydride gave access to diol 9, which was
then coupled to thymine 14 to give CTA 10. Condensation
of isonicotinoylchloride hydrochloride (15) with diol 9 gen-
erated pyridine-functionalized CTA 11. The resulting CTAs
contain a variety of recognition units, ranging from single
hydrogen-bonding recognition
units (9 and 11) to multiple hy-
drogen-bonding arrays (7 and
10) and metal-coordination
motifs (8 and 11), allowing for
rapid tuning of the interaction
strengths. Furthermore, com-
pound 11 can function dually as
either a single hydrogen-bond-
ing acceptor or as a ligand for
metal coordination. This versa-
tile library of CTAs allows for
facile, rapid, and modular prep-
aration of self-assembled block
copolymers and offers the po-
tential to form multiblock co-
polymer architectures.


Polymerization and characteri-
zation : With the desired CTAs
in hand, polymerization experi-


ments were carried out with cyclooctene (16) or the cyclo-
oct-4-enyl ester of hexanoic acid (17) as monomers
(Scheme 3). Monomer 17 was formed through the esterifica-
tion of hexanoic acid with cyclooct-4-enol, which was ob-
tained by using a literature procedure.[47] Cyclooctene deriv-
atives were chosen for three distinct reasons: 1) their known
ability to polymerize by ROMP; 2) their structural simplici-
ty, which facilitates characterization; and 3) access to a vari-


Scheme 2. CTA syntheses. a) KOH, MeOH, H2O, 100 8C; b) LiAlH4, THF, 0 8C; c) DCC, DMAP, CH2Cl2, 45 8C; d) [PdCl2(NCPh)2], AgBF4, brine,
CH2Cl2, RT; e) Et3N, CH2Cl2, 0 8C.


Scheme 3. Polymerization of 16 and 17 in the presence of functionalized CTAs.
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ety of highly functionalized cyclooctene-based monomers by
means of asymmetric functionalization of a related com-
pound, cyclooctadiene.[47] Polymerizations were carried out
in chloroform using Grubbs� catalysts 18 or 19 in the pres-
ence of the desired CTA (7, 8, 10, or 11) and monomer (16
or 17).[29] All reactions were complete within 72 h with mon-
omer to catalyst ratios of 4000:1 for 16 and 500:1 for 17
(Scheme 3). To investigate if the ratio of monomer-to-CTA
allows for control over molecular weights, a series of poly-
mers with varying monomer-to-CTA ratios ([M]/[CTA])
were synthesized and characterized (Table 1). MALDI mass


spectrometry of lower molecular-weight polymers and GPC
analysis of all polymers showed no remaining monomer or
CTA, demonstrating the successful and quantitative incorpo-
ration of the CTA.


As shown in Table 1 and Figure 1, the incorporation of
CTAs 7, 8, 10, and 11 allows for a high degree of control
over the molecular weights of the final telechelic polymers
through simple variations of the ratio [monomer]/[CTA].


For example, Figure 1 shows a plot of Mn (20–24) as a func-
tion of CTA concentration. In all instances, a linear relation-
ship was observed, which clearly demonstrates the ability to
tune the molecular weight of the end-functionalized homo-
polymers independent of the CTA and the recognition motif
used.


Copolymer formation based on 16 : After establishing that
cyclooctene (16) could be polymerized and end-functional-
ized with a variety of recognition motifs through a simple
and controlled one-step protocol, the self-assembly of the


resulting telechelic homopoly-
mers into block copolymers was
explored. To demonstrate the
modular character of our strat-
egy, two different self-assembly
strategies were designed and
executed. First, homoblock co-
polymers, that is, block copoly-
mers based on two blocks of
homopolymers of the same
monomer, were directly synthe-
sized through the self-assembly
of telechelic homopolymers
containing complementary ter-
minal recognition units. Second,
telechelic homopolymers were
self-assembled into homoblock
copolymers by employment of
bisfunctionalized small mole-
cules (25 and 26)[48] that possess
complementary molecular rec-
ognition units. The second


methodology allows for facile formation of noncovalent
linkages situated between two homopolymers potentially al-
lowing for the formation of block copolymers possessing
short and long segments. The recognition units employed in
both studies are identical, which facilitates direct compari-
son of the two self-assembly strategies. A question that
could be answered by comparing these strategies is whether
the self-assembly step and the strength of the noncovalent
interaction are dependant on the mobility of the compli-
mentary recognition units. If this were the case, one would
expect a significantly higher bond strength of the noncova-
lent bond when using the small molecule self-assembly strat-
egy, since 25 and 26 are not expected to be diffusion limited
as polymer chain ends might be.


Table 1. Characterization for the polymerization of 16 or 17 with CTAs 7–11.


CTA Monomer [M]/[CTA] Polymer Catalyst Mn [10�3] Mw [10�3] PDI Tg [8C]


7 16 10 20a 18 5.6[a] (1.6)[b] 9.1[a] 1.6 �10
7 16 20 20 b 18 8.7 (2.8) 14.8 1.7 �11
7 16 50 20 c 18 17.9 32.4 1.8 �15
7 16 100 20 d 18 26.4 49.8 1.9 �15
8 16 10 21a 19 6.8 (2.2) 12.8 1.9 �34
8 16 20 21 b 19 10.3 (3.2) 15.7 1.5 �35
8 16 50 21 c 19 14.7 36.5 2.4 �27
8 16 100 21 d 19 49.4 69.5 1.4 �33


10 16 10 22a 19 6.9 (2.1) 13.5 1.9 �23
10 16 20 22 b 19 10.8 (3.1) 25.1 2.3 �22
10 16 50 22 c 19 15.0 30.8 2.1 �23
10 16 100 22 d 19 29.5 48.9 1.6 �22
10 17 20 23 b 19 7.5 (2.3) 14.8 2.0 �45
10 17 50 23 c 19 12.0 26.5 2.2 �47
10 17 100 23 d 19 24.3 37.6 1.6 �57
11 16 20 24 b 19 9.0 (2.8) 16.7 1.9 �20
11 16 50 24 c 19 36.5 72.5 1.9 �22
11 16 100 24 d 19 54.9 90.6 1.7 �22


[a] Determined by gel-permeation chromatography in THF relative to monodispersed poly(styrene) standards.
[b] Determined by matrix-assisted laser desorption/ionization.


Figure 1. Mn as a function of [monomer]/[CTA] showing a linear relation-
ship between CTA concentration and molecular weight. Key: Polymers
20 (^) 21 (&) 22 (~) 23 (*) 24 (� ).
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Hydrogen-bonding-based self-assembly of 20 and 25 or 22
was carried out at room temperature in chloroform and fol-
lowed in situ by means of 1H NMR spectroscopy by observ-
ing characteristic shifts of the amide signals of 3 as a func-
tion of concentration.[44] In the absence of the complementa-
ry units, the proton signals of the amides of 20 were ob-
served at 7.8 ppm for a 0.005 m solution. Upon addition of
0.4 equivalents of a 0.010 m solution of 25, a large downfield
shift to 8.4 ppm was observed. To determine the association
constants of the noncovalent interaction, titration experi-
ments were carried out by adding up to 5.2 equivalents of
25, at 0.4 quivalents per addition, to 20. The amide signals
continued their downfield shift during the titration ending at
10.1 ppm (Figure 2), which is consistent with a Ka of 800�


200 m
�1.[49] For the addition of a 0.010 m solution of 22 to a


0.005 m solution of 20, similar shifts of the amide proton sig-
nals were observed with an association constant of 500�
100 m


�1. These binding constants are identical within the
error range of the titration experiments demonstrating that
the hydrogen-bonding-based self-assembly is independent of
the self-assembly strategy used and, for the molecular
weights studied, not diffusion limited. Furthermore, these
association constants are in good agreement with reported
Ka values for the system diaminopyridine and thymine,[38–44]


demonstrating that the formation of block copolymers
through hydrogen bonding is not limited by diffusion or
polymer-chain interactions (at least for the molecular
weights and concentrations studied). Molecular-weight de-
terminations by GPC could not be carried out for the hydro-
gen-bonded block copolymers as it has been suggested that
hydrogen-bonded polymers disassociate in the GPC.[32,33, 44]


Therefore, to further explore the hydrogen-bonding self-as-
sembly, flow cell IR measurements were conducted on 20,
22, and a 1:1 mixture of the two polymers in CHCl3. The
combination showed a new broad stretch at 1696 cm�1 after
self-assembly due to the carbonyl groups of both 20 and 22
engaging in hydrogen bonding. The carbonyl group stretches
for the pure polymers were found at 1766 cm�1 for 20 and
1684 cm�1 for 22. These IR results confirmed further that


self-assembly and therefore block-copolymer formation took
place.


The block copolymer formation with metal coordination
of 21 was conducted with bisfunctionalized pyridine ana-
logue 26, or polymer 24. The experiments were carried out
at room temperature in methylene chloride and 1H NMR
spectroscopy was used to follow characteristic shifts that
occur during the coordination step.[31–34] One equivalent of
the desired pyridine system was added to 21 followed by the
addition of one equivalent of AgBF4, which removed the
labile chlorine from 21 and allowed metal-coordination be-
tween the palladium and the pyridine to occur. Upon coor-
dination, 1H NMR measurements showed a shift of the aro-
matic protons of 21 upfield from 7.8 to 7.6 ppm and a char-
acteristic broadening of the signals in the aromatic
region.[32–34] Also the characteristic upfield shift of the a-pyr-
idine signal of 26 from 8.5 to 8.0 ppm was observed.[32–34]


These characteristic shifts were also observed in the self-as-
sembly of 21 with 24 and clearly indicate that quantitative
metal coordination occurred resulting in block-copolymer
formation. Furthermore, a GPC experiment was conducted
to compare the molecular weight of a physical mixture of
the telechelic homopolymers 21 and 24 with the self-assem-
bled block copolymer based on this mixture after metal co-
ordination. The molecular weight increased from 9400 for
the physical mixture to 17 000 after metal-coordination-
based self-assembly. This clearly substantiates the formation
of supramolecular block-copolymers by using metal coordi-
nation.


Noncovalent assembly for polymers 20 and 23 : To form true
block copolymer architectures, similar self-assembly experi-
ments were carried out with homopolymers 20 and 23,
which were formed from monomers 16 and 17, and possess
terminal complementary hydrogen-bonding recognition
units. For the 1H NMR spectroscopy titration experiment,
the proton signals of the amides of 20 were initially ob-
served at 7.7 ppm for a 0.006 m solution. Titration experi-
ments were carried out by adding up to 5.6 equivalents of a
0.010 m solution of 23, at 0.4 equivalents per addition, to 20.
The amide signals continued their downfield shift during the
titration ending at 9.7 ppm, which is consistent with a Ka of
400�100 m


�1.[49] This Ka is within error of the homoblock-co-
polymer system, showing the side chain of 23 does not limit
the block-copolymer formation. A comparable flow-cell IR
spectroscopy experiment was performed with a one to one
mixture of self-assembled 20 and 23 that showed the appear-
ance of a new broad carbonyl stretch at 1709 cm�1, which is
similar to the carbonyl shift observed in the homoblock
system and further confirmed that self-assembly took place.


Conclusion


Herein, we have demonstrated the formation of a variety of
telechelic polymers containing terminal recognition motifs
through the incorporation of a novel class of CTAs during


Figure 2. 1H NMR spectra depicting hydrogen-bonding-based self-assem-
bly of 20 with 25. Top: 25 (+= imide protons); middle: 20 (*=amide
protons); bottom: addition of 1.2 equivalents of 25 to 20.
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the ROMP of cyclooctene derivatives. The resulting tele-
chelic polymers contained terminal functional groups capa-
ble of hydrogen bonding and metal coordination. The intro-
duction of the molecular recognition units into the polymers
was carried out during the polymerization without the need
of post-polymerization procedures. This methodology allows
for the rapid and facile end-group functionalization and in-
corporation of any terminal recognition motif desired in the
presence of any functional group in the polymer structure or
side chain. Self-assembly of the telechelic polymers into
block copolymer architectures through self-assembly were
fast and efficient, and were substantiated by using NMR
and IR spectroscopy, MALDI mass spectrometry, and GPC.
This methodology allows for the formation of block copoly-
mers without the need of living polymerization techniques
and the incorporation of any recognition unit desired. Fur-
ther work includes the integration of multiple combinations
of noncovalent interactions in one system to form multi-
block structures using an orthogonal self-assembly ap-
proach.


Experimental Section


General methods : All reagents were purchased either from Acros Organ-
ic or Aldrich. All chemicals were reagent grade and used without further
purification. Et3N, CHCl3, and cyclooctene were distilled from CaH2.
THF and CH2Cl2 were dried by passage through Cu2O and alumina col-
umns. NMR spectra were recorded on a Varian Mercury spectrometer
(300 MHz). Chemical shifts are reported in parts per million (ppm), with
residual solvent as an internal standard. Data are reported as follows:
chemical shift, multiplicity (s= singlet, d=doublet, t = triplet, q=quartet,
dd=doublet of doublets, m= multiplet, br =broad), coupling constant
and integration. Mass spectral analysis was provided by the Georgia Tech
Mass Spectrometry Facility. Elemental analyses were conducted at Atlan-
tic Microlab. Gel-permeation chromatography was performed on a Shi-
madzu 10A instrument. Differential scanning calorimetry was conducted
by using a Mettler Toledo DSC 822 instrument. Infrared spectra were
collected on a Shimadzu FTIR-8400s spectrometer.


cis-Docos-11-enedioic acid (6): A solution of 5 (2.46 g, 6.17 mmol) in a
mixture of MeOH/H2O (1:1, 20 mL) was stirred with KOH (0.70 g,
12.47 mmol) for six hours. The solution was poured into 1 n HCl (50 mL)
and extracted with CH2Cl2 (2 � 50 mL). The organic layer was collected
and dried (MgSO4), and the solvent removed to yield 6 as a white
powder (1.59 g, 70 %). 1H NMR (300 MHz, CDCl3): d=1.27 (br m, 24 H),
1.63 (t, J =7.1 Hz, 4 H), 1.99 (t, J =5.5 Hz, 4H), 2.33 (t, J=7.7 Hz, 4H),
5.36 (dd, J =4.4, 6.7 Hz, 2H), 11.66 ppm (br s, 2H); 13C NMR (300 MHz,
CDCl3): d=25.0, 27.5, 29.9, 30.1, 32.9, 34.5, 53.7, 128.7, 130.0, 134.0,
180.7 ppm; MS (ESI): m/z calcd [M+]: 368.29; found: 368.3; elemental
analysis calcd (%) for C22H40O4: C 71.70, H 10.94; found: C, 71.95, H,
10.81.


Bis-(2,6-bis-propionylamino-pyridin-4-yl) ester of cis-docos-11-enedioic
acid (7): Compound 6 (0.32 g, 0.84 mmol) was dissolved in CH2Cl2


(50 mL) and combined with dicyclohexylcarbodiimide (0.43 g,
2.10 mmol), dimethylaminopyridine (11.1 mg, 0.091 mmol), and 12
(0.52 g, 2.21 mmol). The solution was heated to reflux for 16 h and then
cooled to room temperature. The solid was filtered off and the filtrate
was purified by column chromatography (silica, ethylacetate/CH2Cl2 2:1)
to yield 7 as a white solid (0.43 g, 63%). 1H NMR (300 MHz,
[D6]DMSO): d=1.02 (t, J= 7.1 Hz, 12H), 1.24 (br m, 24 H), 1.59 (t, J=


6.0 Hz, 4 H), 1.96 (t, J= 5.5 Hz, 4H), 2.39 (q, J =7.7, 7.1 Hz, 8 H), 2.57 (t,
J =7.1 Hz, 4 H), 5.30 (dd, J =4.4, 5.0 Hz, 2 H), 7.53 (s, 4H), 10.16 ppm (s,
4H); 13C NMR (300 MHz, CDCl3): d=9.5, 24.9, 25.3, 25.8, 26.6, 27.5,


30.5, 31.3, 33.0, 34.4, 35.2, 56.0, 103.7, 130.0, 151.3, 161.3, 173.2 ppm; MS
(ESI): m/z calcd [M+]: 806.49; found: 806.6; elemental analysis calcd
(%) for C44H66N6O8: C 65.48, H 8.24, N 10.41; found: C 65.67, H 8.17, N
10.30.


Bis-(PdCl-{3,5-bis[(phenylsulfanyl)methyl]phenoxy}) ester complex of
cis-docos-11-enedioic acid (8): Compound 6 (0.40 g, 1.05 mmol) was dis-
solved in CH2Cl2 (50 mL) and combined with dicyclohexylcarboimide
(0.54 g, 2.6 mmol), dimethylaminopyridine (32 mg, 0.26 mmol), and 13
(0.89 g, 2.63 mmol). The solution was heated to reflux for 16 h and then
cooled to room temperature. The solid was filtered off and the filtrate
was purified by column chromatography (CH2Cl2, silica) to yield the
ester of cis-docos-11-enedioic acid (0.98 g, 0.97 mmol) as an orange solid.
This ester was then combined with [PdCl2(NCPh)2] (0.82 g, 2.13 mmol) in
a 1:1 mixture of CH2Cl2/CH3CN and stirred at room temperature for
45 min, then AgBF4 (0.75 g, 3.87 mmol) was added and the mixture stir-
red for an additional 45 min. Finally, brine (180 mL) was added and stir-
ring was continued for 18 h. The organic layer was collected and the sol-
vent removed. The product was purified by column chromatographgy
(silica, a) CH2Cl2; b) CH2Cl2/MeOH 98:2) to obtain 8 as an orange solid
product (0.64 g, 47%). 1H NMR (300 MHz, CDCl3): d=1.26 (br m, 24H),
1.69 (t, J =6.6 Hz, 4 H), 1.97 (t, J =6.6 Hz, 4H), 2.47 (t, J=7.1 Hz, 4H),
4.57 (s, 8H), 5.33 (dd, J =5.5 Hz, 2 H), 6.74 (s, 4H), 7.38 (m, 12H),
7.84 ppm (m, 8H); 13C NMR (300 MHz, CDCl3): d= 10.1, 25.3, 27.6, 30.1,
33.3, 34.4, 34.7, 52.0, 115.8, 129.3, 129.9, 130.2, 131.7, 132.3, 135.8, 136.7,
137.6, 137.9, 139.6, 150.3 ppm; MS (ESI): m/z calcd [M+�Cl]: 1253.2;
found: 1253.8; elemental analysis calcd (%) for C62H70Cl2O4Pd2S4: C
57.67, H 5.46; found: C 57.35, H 5.93.


cis-Docos-11-ene-1,22-diol (9): A solution of 5 (3.45 g, 8.65 mmol) was
combined with LiAlH4 (18.0 mL, 18.0 mmol) in THF (50 mL) at 0 8C and
stirred for 18 h. Water (100 mL) was added to the reaction and the solid
was filtered off. The solution was extracted with CH2Cl2 (2 � 50 mL). The
organic layers were collected, dried (MgSO4), and removed to yield 9 as
a white powder (2.89 g, 98%). 1H NMR (300 MHz, CDCl3): d=1.28
(br m, 34H), 2.00 (t, J= 7.1 Hz, 4 H), 3.63 (t, J =6.6 Hz, 4H), 5.34 ppm
(dd, J =6.6 Hz, 2 H); 13C NMR (300 MHz, CDCl3): d=26.1, 27.5, 29.5,
29.6, 29.7, 29.9, 30.1, 32.9, 33.1, 63.4, 130.1 ppm; MS (ESI): m/z calcd
[M+]: 340.33; found: 340.3.


Docos-11-enyl ester of cis-1,22-Di-6-(5-Methyl-2,4-dioxo-3,4-dihydro-2H-
pyrimidin-1-yl)hexanoic acid (10): Compound 14 (1.75 g, 7.29 mmol) was
combined with 9 (0.91 g, 2.91 mmol) in CH2Cl2 with dicyclohexylcarbo-
imide (1.50 g, 7.29 mmol) and dimethylaminopyridine (89 mg, 0.73 mmol)
and heated to 45 8C. The reaction was complete after 48 h, yielding a
yellow mixture of products that were separated by column chromatogra-
phy (silica, ethyl acetate) and 10 was collected as a pale yellow solid
(1.645 g, 72%). 1H NMR (300 MHz, [D6]DMSO): d=1.20 (br m, 28H),
1.52 (m, J=7.1 Hz, 4H), 1.66 (br m, 4 H), 1.73 (d, J=2.2 Hz, 6H), 1.97 (t,
J =3.9 Hz, 4H), 2.26 (t, J=7.1 Hz, 4H), 3.16 (t, J =5.0 Hz, 4 H), 3.57 (t,
J =6.6 Hz, 4H), 3.97 (t, J=6.6 Hz, 4 H), 5.38 (dd, J =4.9 Hz, 2H), 7.52 (s,
2H), 11.18 ppm (s, 2 H); 13C NMR (300 MHz, CDCl3): d =12.7, 24.7, 25.0,
25.1, 25.7, 25.8, 26.2, 26.6, 27.5, 28.9, 30.1, 31.3, 33.1, 34.3, 48.6, 64.9,
110.8, 130.0, 140.7, 150.9, 164.4, 173.6 ppm; MS (ESI): m/z calcd [M+]:
784.54; found: 784.5; elemental analysis calcd (%) for C44H72N4O8: C
67.32, H 9.24, N 7.14; found: C 67.76, H 9.29, N 7.74.


Docos-11-enyl ester of cis-1,22-diisonicotinic acid (11): Compound 9
(0.40 g, 1.28 mmoles) was combined with 15 (0.68 g, 4.82 mmol) and Et3N
(0.45 mL, 3.20 mmol) in CH2Cl2 (50 mL) and stirred at room temperature
for 18 h. The mixture was washed with 1n HCl, 2 m NaOH, and brine,
and then dried (MgSO4) to yield the product as a white powder (1.19 g,
93%). 1H NMR (300 MHz, CDCl3): d=1.28 (br m, 24H), 1.79 (t, J=


7.7 Hz, 4 H), 1.99 (t, J =5.5 Hz, 4 H), 3.63 (t, J=6.6 Hz, 4H), 4.40 (t, J=


6.6 Hz, 4H), 5.32 (dd, J =5.0 Hz, 2H), 8.18 (d, J =4.9 Hz, 4H), 8.90 ppm
(s, 4 H); 13C NMR (300 MHz, CDCl3): d= 26.3, 26.6, 27.3, 27.6, 28.9, 29.5,
30.1, 33.1, 34.3, 67.3, 125.1, 130.0, 142.1, 146.2, 163.4 ppm; MS (ESI): m/z
calcd [M+]: 550.38; found: 550.4; elemental analysis calcd (%) for
C34H50N2O4: C 74.14, H 9.15, N 5.09; found: C 74.28, H 9.24, N 5.00.


6-(5-Methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)hexanoic acid (14):
6-Bromohexanoic acid (3.95 g, 20.23 mmol) in MeOH (30 mL) was
heated to 75 8C with a catalytic amount of H2SO4 for 16 h. The product,
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the methyl ester of 6-bromo-hexanoic acid (2.70 g, 12.90 mmol, 64%),
was distilled from the system and combined with thymine (4.90 g,
36.68 mmol), K2CO3 (1.93 g, 13.98 mmol), and NaI (1.93 g, 12.89 mmol)
in dry DMSO (30 mL). The solution was heated to 90 8C for 4 h. The re-
action was acidified with 1n HCl and extracted with CH2Cl2 (100 mL).
The organic layer was collected and removed to yield methyl ester of 6-
(5-methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)hexanoic acid (2.53 g,
9.95 mmol, 77%). This ester was heated to 95 8C in a mixture of H2O/
MeOH (1:1, 50 mL) with KOH (1.53 g, 27.20 mmol) for 16 h. The so-
lution was poured into 1n HCL (100 mL) and extracted with CH2Cl2


(100 mL). The organic layer was collected and removed to yield 14 as a
white powder (2.32 g, 97%; 48 % overall yield). 1H NMR (300 MHz,
[D6]DMSO): d=1.22 (m, J =6.6 Hz, 2 H), 1.50 (br m, J =7.7 Hz, 4H),
1.72 (d, J= 7.1 Hz, 3 H), 2.20 (t, J =7.1 Hz, 2 H), 3.55 (t, J =7.1 Hz, 2H),
7.52 (s, 1H), 11.18 (s, 1H), 11.99 ppm (s, 1H); 13C NMR (300 MHz,
DMSO-d6): d =12.7, 24.9, 26.1, 29.0, 34.3, 47.7, 109.0, 142.1, 151.4, 164.9,
174.9 ppm; MS (ESI): m/z calcd [M+]: 241.11; found: 241.1; elemental
analysis calcd (%) forC11H16N2O4: C 54.99, H 6.71, N 11.66, O 26.64;
found: C 54.75, H 6.69, N 11.43.


Cyclooct-4-enyl ester of hexanoic acid (17): Cyclooct-4-enol (2.37 g,
18.80 mmoles) was synthesized by a literature procedure[47] and combined
with hexanoic acid, (3.5 mL, 27.72 mmol) dicyclohexylcarboimide (4.65 g,
22.54 mmol), and dimethylaminopyridine (0.28 g, 2.29 mmol) in CH2Cl2


(50 mL) at room temperature. The reaction was complete after 24 h,
yielding a yellow mixture of products that were separated by column
chromatography (silica, hexanes/ethyl acetate 3:1), and 17 was collected
as a clear liquid (3.92 g, 93%). 1H NMR (300 MHz, CDCl3): d =5.64 (m,
2H), 4.82 (m, 1H), 2.48–2.32 (br m, 12 H), 1.63 (m, 2H), 1.33 (m, 4H),
0.92 ppm (t, 3H); 13C NMR (300 MHz, CDCl3): d=172.72, 129.67,
129.56, 75.22, 34.71, 33.95, 33.81, 31.49, 25.01, 24.89, 22.51, 14.04 ppm;
MS (ESI): m/z calcd [M+]: 224.34; found: 225.2; elemental analysis calcd
(%) for C14H24O2: C 74.95, H 10.78; found: C 74.13, H 10.75.


General polymerization procedure : The desired CTA (100 mg) was
placed in a dried three-necked round-bottomed flask and CHCl3 (5 mL)
was added. The corresponding amount of monomer ([monomer]/[CTA]=


10, 20, 50, or 100) was added, followed by the addition of 18 or 19 ([16]/
[catalyst]=4000, [17]/[catalyst]= 500) in CHCl3. The solution was stirred
for 72 h at room temperature, and then precipitated in cold MeOH
(10 mL) to yield the desired polymer. Polymers were collected by filtra-
tion and dried.
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Stereoselective Synthesis of Highly Enantioenriched (E)-Allylsilanes by
Palladium-Catalyzed Intramolecular Bis-Silylation: 1,3-Chirality Transfer and
Enantioenrichment via Dimer Formation


Michinori Suginome,*[a, b] Taisuke Iwanami,[a] Yutaka Ohmori,[a] Akira Matsumoto,[a] and
Yoshihiko Ito[a]


Introduction


Allylsilane is one of the most versatile reagents for stereose-
lective allylation reactions in organic synthesis, which has
been utilized with a variety of electrophiles, such as carbon-
yl compounds activated by Lewis acids.[1] The synthetic use-
fulness of allylsilanes has also been demonstrated by Lewis
acid catalyzed cycloaddition reactions[2] and metal-catalyzed
carbosilylation reactions.[3] The configurational stability,
which is due to the covalent nature of silicon–carbon bonds,
is of major importance.[4] Thus, synthesis and isolation of
regio- and stereochemically defined allylsilanes are readily
achieved without any detectable allylic transposition, which
would lead to nonselective allylations. In general, allylsi-
lanes undergo electrophilic reaction selectively at the g-posi-
tion in an SE2’ fashion. Their synthetically useful features


Abstract: Highly enantioenriched (E)-
allylsilanes have been synthesized from
optically active allylic alcohols on the
basis of Pd-catalyzed intramolecular
bis-silylation followed by highly stereo-
specific Si�O elimination reactions.
The method involves three steps: 1) O-
disilanylation of the allylic alcohols
with chlorodisilanes, 2) intramolecular
bis-silylation in the presence of a
1,1,3,3-tetramethylbutyl isocyanide/[Pd-
(acac)2] (acac= acetylacetonate) cata-
lyst at 110 8C, and 3) treatment of the
reaction mixture with organolithium
reagents. The overall transformation
proceeds with nearly complete conser-
vation of the enantiopurity of the start-
ing allyl alcohols by transposition of
the C=C bond. For instance, (R)-(E)-3-
decen-2-ol (99.6–99.7 % ee) produced


(S)-(E)-4-(organosilyl)-2-decene of
98.8–99.4 % ee for a variety of silyl
groups, including Me3Si, Me2PhSi, tBu-
Me2Si, Et3Si, and iPr3Si. In the bis-sily-
lation step, the initially formed trans-
1,2-oxasiletanes immediately dimerize
to stereoselectively give 1,5-dioxa-2,6-
disilacyclooctanes, which are isolated in
high yield by carrying out the reaction
at 70 8C. The eight-membered ring
compounds undergo thermal extrusion
of (E)-allylsilanes in high yield at
110 8C, along with formation of 1,3-
dioxa-2,5-disilacyclohexane derivatives.
These in turn undergo a Peterson-type


elimination by treatment with nucleo-
philes such as BuLi and PhLi to give
the (E)-allylsilanes. All of the steps in-
volved in the sequence proceed with
extremely high stereoselectivity and
stereospecificity, leading to almost
complete 1,3-chirality transfer through
the overall transformation. The dimeri-
zation step, which forms diastereomeric
intermediates, allows the synthesis of a
highly enantioenriched allylsilane
(99.4 % ee) from an optically active al-
lylic alcohol with lower enantiopurity
(79.2 % ee) by enrichment of enantio-
purity. A general method for the deter-
mination of the enantiomeric excesses
of (E)-allylsilanes is also described in
detail.
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have prompted the development of a number of preparative
methods for achiral and racemic allylsilanes.[5]


In 1982, Hayashi and Kumada reported the synthesis and
reactions of enantiomerically enriched allylsilanes, demon-
strating the potential usefulness of such allylsilanes in asym-
metric organic synthesis.[6,7] The chirality at the stereogenic
allylic carbon atom bound to the silicon atom was stereose-
lectively transferred to the newly formed g-stereogenic
carbon center by the SE2’ reaction. Since then, methods for
the synthesis of enantioenriched allylsilanes have been re-
ported and utilized successfully for organic synthesis.[8–15]


However, development of new synthetic methodologies for
the preparation of enantiomerically pure allylsilanes are still
desired for highly stereoselective organic synthesis.


We have developed a new stereoselective synthesis of or-
ganosilicon compounds by palladium-catalyzed intramolecu-
lar bis-silylation (IBS).[16,17] In particular, the IBS of homo-
allylic alcohols provided an efficient and stereoselective sili-
con–carbon bond-forming reaction, whose synthetic useful-
ness was demonstrated by the synthesis of stereodefined
polyols.[18] In the course of the program, we became interest-
ed in the application of IBS to the synthesis of stereodefined
allylsilanes, particularly those with high enantiopurity.[19]


Our strategy for the stereoselective synthesis of allyl-
silanes 1 is based on IBS with enantiomerically pure secon-
dary allylic alcohols 2, as outlined in Scheme 1. Introduction


of a disilanyl group on the hydroxy group of 2 is followed
by palladium-catalyzed IBS, which may create two new Si�
C bonds in a regio- and stereoselective manner. Subsequent
Peterson-type elimination[20] from the four-membered oxasi-
letane intermediate is expected to produce allylsilanes with
overall transposition of the starting C=C bond. To achieve a
high level of chirality transfer from allylic alcohol to allyl-
silane, it is crucial to achieve high stereoselectivity and/or
stereospecificity in the IBS as well as in the elimination
step.


We herein describe in detail the IBS-based protocol for
the synthesis of stereodefined allylsilanes with special em-
phasis on those with high enantiopurity.[21]


Results and Discussion


Intramolecular bis-silylation of achiral and racemic allylic al-
cohols : Disilanyl ether (E)-3 a, which was prepared in high
yield from (E)-2-nonen-1-ol and 1-chloro-1,1,2-triphenyl-2,2-
dimethyldisilane[22] in the presence of triethylamine with a
catalytic amount of 4-dimethylaminopyridine (DMAP), was
allowed to react in the presence of a catalyst generated
from [Pd(acac)2] (2 mol %) and 1,1,3,3-tetramethylbutyl iso-
cyanide (tOcNC, 8 mol%) under reflux in benzene
(Scheme 2). We chose this particular disilanyl group because


our previous study showed that the two phenyl groups on
the silicon atom bound to the ether oxygen were crucial to
achieve sufficient reactivity for addition to an internal C=C
bond as well as to attain high stereoselectivity.[18b,d] The
starting (E)-3 a was completely consumed after 2 h, and a
1:2 mixture of two isomeric products 4 a (R = n-Hex) was
isolated in high total yield (96%) by silica gel column chro-
matography. Although the major isomer was isolated in a di-
astereomerically pure form by washing the diastereomeric
mixture with AcOEt, we could not establish the stereochem-
istry by spectroscopic analyses. Fortunately, we were able to
identify the stereochemistry of 4 a’ (R = Et). Thus, the X-
ray analysis of the major product isolated by recrystalliza-
tion showed an eight-membered cyclic structure trans-4 a’,
which may be derived by dimerization of the initially
formed oxasiletane 5 a’ (Figure 1). By analogy, it was pre-
sumed that trans-4 a, which was derived by the dimerization
of oxasiletane 5 a of opposite absolute configuration, was
formed as the major isomer in the reaction of (E)-3 a. On
the other hand, the minor isomer may be assigned to cis-4 a,
which was formed by dimerization of oxasiletane with the
same absolute configuration. The stereochemistry of the
dimers clearly indicates that complete cis addition of the Si�
Si bond across the C=C bond takes place during the IBS.


The eight-membered cyclic dioxadisilacyclooctanes were
subjected to Peterson-type elimination using nucleophiles.
Treatment of 4 a with a molar equivalent of tBuOK in THF


Scheme 1. A synthetic plan for allylsilanes from allyllic alcohols by intra-
molecular bis-silylation and Peterson-type elimination.


Scheme 2. IBS of disilanyl ethers derived from prim-allylic alcohols.
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at 50 8C afforded allylsilane 1 a in moderate yield [Eq. (1)].
Several attempts at using other nucleophiles such as MeLi
and nBuLi failed to give the desired allylsilane 1 a.


In the course of those examinations, we found that ther-
mal ring contraction of the eight-membered ring took place
at 140 8C in xylene. The disproportionation reaction cleanly
afforded six-membered disiladioxane 6 a and allylsilane 1 a
[Eq. (2)]. Furthermore, 6 a underwent Peterson-type elimi-
nation with nBuLi/tBuOK to give allylsilane 1 a [Eq. (3)].


The combined yield of the allylsilane was greatly im-
proved by carrying out the two steps in one pot. Thus, reac-
tion of (E)-3 a in the presence of [Pd(acac)2]/tOcNC under
reflux in xylenes provided a 1:1 mixture of 1 a and 6 a, which
was then treated with nBuLi/tBuOK after replacement of
the solvent with THF to give allylsilane 1 a in 90 % yield
(Table 1, entry 1). This one-pot procedure was successfully
applied to the synthesis of allylsilanes bearing other allylic


substituents (Table 1, entries 2 and 3). Note that disilanyl
allyl ether (Z)-3 a, which has a cis-C=C bond, similarly un-
derwent IBS and subsequent elimination to give 1 a in mod-
erate yield when subjected to the one-pot procedure
(Table 1, entry 4).


We then examined reactions of sec-allylic alcohols, which
led to the synthesis of allylsilanes with an internal C=C
bond. Our primary concern was diastereofacial selectivity of
the IBS reaction. Disilanyl ether (E)-3 d, prepared from rac-
emic (E)-3-decen-2-ol, underwent IBS in the presence of
[Pd(acac)2]/tOcNC under reflux in hexane (ca. 70 8C) to give
eight-membered ring dimers 4 d in quantitative yield as a
mixture of two diastereomers (Scheme 3). This result indi-


cated that IBS of (E)-3 d proceeded with high stereoselectiv-
ity to produce diastereomerically pure trans-oxasiletane 5 d
as a racemate, which then dimerized to give chiral-4 d and
achiral-4 d in a ratio of 2:3.[23]


The dimers 4 d underwent thermal disproportionation
more readily than the corresponding dimer 4 a obtained
from the primary allylic alcohol. Thus, heating 4 d in reflux-
ing toluene afforded disiladioxane 6 d and allylsilane (E)-1 d
quantitatively without formation of any stereoisomers of


Figure 1. Crystal structure of trans-4a’. Selected bond lengths [�] and
angles [8]: O(2)�Si(3) 1.647(3), Si(3)�C(4) 1.896(4); C(1)-O(2)-Si(3)
124.7(3), O(2)-Si(3)-C(4) 110.4(2), Si(3)-C(4)-C(1)’ 111.6(3).


Table 1. One-pot synthesis of sec-allylsilanes from disilanyl ethers of pri-
mary allylic alcohols.


Entry Disilanyl ether R SiR’2R’’ 1 (yield [%])[a]


1 (E)-3 a n-Hex SiMe2Ph 1 a (90)
2 (E)-3 b c-Hex SiMe2Ph 1 b (77)
3 (E)-3 c Ph SiEt3 1 c (58)
4[b] (Z)-3 a n-Hex SiMe2Ph 1 a (68)


[a] Yields of isolated products. [b] PhLi was used for the second step in-
stead of nBuLi.


Scheme 3. IBS of disilanyl ethers derived from racemic sec-allylic alco-
hols.
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each product [Eq. (4)]. This finding may unambiguously
prove that the thermal extrusion of the allylsilane proceeds
with almost complete stereospecificity for the syn-elimina-
tion. Treatment of the six-membered cyclic compound 6 d
with nBuLi afforded (E)-1 d in 95 % yield by Peterson elimi-
nation.


The one-pot procedure was found to be applicable to the
synthesis of allylsilanes such as 1 d with an internal C=C
bond. Thus, IBS of (E)-3 d under reflux in toluene, followed
by treatment of the crude reaction mixture with nBuLi in
THF, gave allylsilane (E)-1 d in 93 % yield [Eq. (5)]. No cis-
allylsilane was detected in the reaction mixture, suggesting
high stereoselectivity of the bis-silylation step as well as
complete stereospecificity of the elimination steps.


Reaction of the disilanyl ether 3 l of the chiral tert-allylic
alcohol was also examined. IBS under toluene reflux fol-
lowed by treatment with tBuOK afforded allylsilane (E)-1 l
and (Z)-1 l in 85 % yield as a 92:8 mixture of the two stereo-
isomers [Eq. (6)].


Synthesis of enantioenriched (E)-allylsilanes with 1,3-chirali-
ty transfer : It has thus far been established that the IBS of a
chiral allylic alcohol creates two new silyl-bound stereogenic


carbon centers in an oxasiletane in a highly diastereoselec-
tive fashion. Since one stereogenic center newly created at
the a-silylalkyl substituent on the four-membered ring is re-
tained in chiral allylsilanes after the elimination steps, highly
stereoselective 1,3-transfer of chirality from the starting al-
lylic alcohols to the produced allylsilanes was expected. We
attempted to use highly enantioenriched allylic alcohols as
starting materials, which were readily available by asymmet-
ric synthesis.


Initially, we examined the IBS reactions of highly enan-
tioenriched disilanyl ethers (R)-(E)-3 d (99.7% ee) and (R)-
(Z)-3 d (96% ee) to confirm the stereochemical course in
detail. IBS of (R)-(E)-3 d in refluxing hexane afforded an
eight-membered ring dimer in high yield [Eq. (7)]. We could
detect only one isomer assignable to enantiopure chiral-4 d
in the reaction mixture. Likewise, IBS of (R)-(Z)-3 d provid-
ed chiral-ent-4 d in high yield, essentially as a single isomer
under the same reaction conditions [Eq. (8)]. The structures
of both eight-membered ring products, chiral-4 d and chiral-
ent-4 d, were confirmed by single-crystal X-ray analyses
(Figures 2 and 3). It is interesting to note that the transannu-
lar Si�O distances (2.86–2.96 �) in chiral-4 d and chiral-ent-
4 d are significantly shorter than the sum of the van der
Waals radii (ca. 3.4 �), which is responsible for the facile
thermal ring contraction. The requirement of a relatively
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high temperature in the thermal ring contraction of 4 a,
which is derived from the primary allylic alcohol, may be at-
tributed to the slightly deviated conformation of the eight-
membered ring, in which the longer transannular Si�O dis-
tance (3.41 �) was observed in the X-ray crystal structure
(Figure 1). The two compounds, chiral-4 d and chiral-ent-4 d,
have the same stereochemistry with respect to the substitu-
ents in the eight-membered ring, but differ in the configura-
tion at the a-silylalkyl substituents. This result undoubtedly
establishes the extremely high diastereofacial selectivity as
well as perfect stereospecificity for cis-addition of the Si�Si
bond across the C=C bond, which leads to the formation of
trans-oxasiletanes 5 d and ent-5 d from the starting (E)- and
(Z)-alkenes, respectively.


Upon heating in refluxing toluene, (R)-(E)-3 d afforded
disiladioxane 6 d and allylsilane (S)-1 d in high total yield
[Eq. (9)]. The six-membered cyclic 6 d, which was separated
from (S)-1 d and isolated, was subjected to treatment with
nBuLi, affording (S)-1 d in high yield. Enantiomeric excesses
of both samples of the allylsilane were determined to be
96.1 and 99.1 % ee.[24] The absolute configuration of the allyl-


silane was determined to be S, suggesting highly enantioen-
riched allylsilane was produced with nearly complete 1,3-
chirality transfer through the expected stereochemical
course.


Application of the one-pot method to the synthesis of the
highly enantioenriched allylsilane was also successful. Thus,
IBS of (R)-(E)-3 d in refluxing toluene followed by treat-
ment with nBuLi afforded (S)-1 d of 99.1 % ee in 90 % yield
(Table 2, entry 1). In good agreement with the stereoselec-
tive formation of ent-5 d in IBS in refluxing hexane, (R)-
(Z)-3 d afforded (R)-1 d in good yield with nearly complete
1,3-chirality transfer (Table 2, entry 2). Results of the syn-
thesis of a series of highly enantioenriched allylsilanes by
the one-pot procedure are summarized in Table 2. Allylsi-
lanes with a variety of silyl groups and allyl groups were suc-
cessfully prepared with >99 % conservation of enantiopuri-
ty of the starting allylic alcohols. Moreover, except for the
TIPS derivative (Table 2, entry 6), yields were generally
high. These results demonstrate the synthetic usefulness of
the new protocol for the preparation of highly enantioen-
riched allylsilanes.


Stereochemical course : The highly stereoselective 1,3-trans-
fer of chirality from the allylic alcohol to the allylsilane is
primarily attributed to the highly stereoselective IBS, which
exclusively produces trans-oxasiletane 5. As we previously
proposed, the bis-silylation may proceed through a bis-
(silyl)palladium(ii) intermediate, which is formed by oxida-
tive addition of the Si�Si bond to the palladium(0) complex
ligated by tert-alkyl isonitrile. It is presumed that the bis-
(silyl)palladium(ii) intermediate formed from the disilanyl
ether of the allylic alcohol is able to adopt two conforma-
tions in the cyclization step, depicted as A and B in
Scheme 4, in which the R1 group at the stereogenic center is
at the pseudo equatorial or axial position, respectively. The
IBS reaction may exclusively proceed via the intermediate
A, since the cyclization via intermediate B may be unfavora-
ble because of steric repulsion between the R1 group and
the phenyl group on the silicon atom. Accordingly, the trans
four-membered ring product trans-5 is obtained with high
stereoselectivity.


Subsequent dimerization may be driven by an intermolec-
ular Lewis acid–base interaction between the ether oxygen
atom and the silicon atom in the four-membered ring, of
which the respective basicity and acidity may be enhanced


Figure 2. Crystal structure of chiral-4 d. Selected bond lengths [�] and
angles [8]: Si(1)�O(2) 1.645(4), Si(1)�C(8) 1.911(5), Si(5)�O(6) 1.655(4),
Si(5)�C(4) 1.889(5); Si(1)-O(2)-C(3) 134.9(4), O(2)-Si(1)-C(8) 109.1(2),
Si(5)-O(6)-C(7) 126.6(4), C(4)-Si(5)-O(6) 106.5(3).


Figure 3. Crystal structure of chiral-ent-4 d. Selected bond lengths [�]
and angles [8]: Si(1)�O(2) 1.647(4), Si(1)�C(8) 1.920(6), Si(5)�O(6)
1.636(5), Si(5)�C(4) 1.888(6), Si(1)-O(2)-C(3) 126.8(3), O(2)-Si(1)-C(8)
106.0(3), Si(5)-O(6)-C(7) 133.8(4), O(6)-Si(5)-C(4) 109.5(3).
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by the ring strain. This dimerization mechanism involving
Si�O bond cleavage may be supported by the fact that no
racemization took place during synthesis of the allylsilanes.
Subsequent elimination reactions, such as ring contraction
of 4 and nucleophile-induced reaction of 6, proceed in a per-
fect syn fashion. Although the mechanism for the latter
elimination has been well documented in the literature,[25]


the present study showed that
the thermal extrusion of allyl-
silane from dioxadisilacyclo-
octane 4 also proceeded with
highly stereospecific syn-elimi-
nation.


Enrichment of the enantiomeric
excesses through dimerization :
It is commonly accepted that
the ee of the product does not
exceed the ee of the starting
material in asymmetric synthe-
ses involving chirality transfer.
Although crystalline products
with incomplete enantiopurity
may be purified by preferential
recrystallization to produce
enantiopure materials, there is
no way to enrich the enantio-
purity of nonsolid materials.
Indeed, this was true for our


protocol for the one-pot synthesis of enantioenriched allylsi-
lanes. In principle, however, it would still be possible to
enrich enantiopurity through the chirality transfer process, if
it involves the formation of diastereomeric intermediates
that are isolable and purifiable.[26] The present reaction se-
quence involves the formation of isolable diastereomeric in-
termediates, the chiral and achiral eight-membered cyclic
dimers 4. Therefore, isolation of the chiral isomer in a pure
state may lead to the production of allylsilanes with higher
ee values than those of the allyl alcohols used as starting ma-
terials. Indeed, the degree of enrichment of enantiopurity
can be roughly estimated by a simple calculation based on
the assumption that the dimerization of trans-oxasiletane 5
takes place randomly.[27] Using enantioenriched allyl alcohol
containing x % S enantiomer (and (100�x) % R enantio-
mer), IBS and subsequent dimerization provides two enan-
tiomers, SS-chiral-4 and RR-chiral-4, along with RS-achiral-4
(Scheme 5). The ratio of SS- to RR- and RS-4 is calculated
to be x2 :(100�x)2:2x(100�x). Removal of the achiral dimer
RS-4 by recrystallization leaves the chiral dimers, which con-
tain the SS- and RR-enantiomers in a ratio of at least x2 :-
(100�x)2. The ratio is maintained in the enantioenriched al-
lylsilanes produced by the subsequent elimination reactions.
For instance, allylsilanes of 99.4 % ee and 97.6 % ee can be
obtained from enantioenriched allyl alcohols of 90.0 %ee (x
= 95.0) and 80.0 % ee (x = 90.0), respectively, according to
the calculation.


Disilanyl ether (S)-(E)-3 d was prepared from the corre-
sponding allylic alcohol with 79.2 % ee and subjected to IBS
under reflux in hexane. A 76:24 mixture of chiral-4 d (SS
and RR) and achiral-4 d (RS) was obtained by silica gel
chromatography. Fortunately, chiral-4 d could be isolated by
recrystallization from Et2O/EtOH. The pure chiral-4 d was
then heated in refluxing toluene and treated with nBuLi as
described above. Consequently, allylsilane (R)-1 d of


Table 2. One-pot synthesis of enantioenriched (E)-allylsilanes[a] .


Entry 3 (ee [%])[b] R’’R’2Si R1 Rt Rc 1 (yield [%])[c] ee [%][d] ce [%][e]


1 (R)-(E)-3d (99.7) PhMe2Si Me n-Hex H (S)-1 d (90) 99.1 99.4
2[f] (R)-(Z)-3d (96.0) PhMe2Si Me H n-Hex (R)-1 d (84) 95.4 99.4
3 (R)-(E)-3 e (99.6) Me3Si Me n-Hex H (S)-1e (81) 99.1 99.4
4 (R)-(E)-3 f (99.6) tBuMe2Si Me n-Hex H (S)-1 f (82) 99.4 99.8
5 (R)-(E)-3 g (99.6) Et3Si Me n-Hex H (S)-1g (94) 99.2 99.6
6 (R)-(E)-3h (99.6) iPr3Si Me n-Hex H (S)-1 h (62) 98.8 98.8
7 (S)-(E)-3 i (>99.0) PhMe2Si Ph n-Hex H (S)-1 i (99) 98.7 >98.7
8 (S)-(E)-3 j (99.8) PhMe2Si c-Hex n-Hex H (S)-1j (96) 99.0 99.3
9 (R)-(E)-3k (98.2) PhMe2Si Me Ph H (R)-1 k (92) 98.1 99.9


[a] Unless otherwise noted, the bis-silylations were carried out in the presence of [Pd(acac)2] (2 mol %) and
1,1,3,3-tetramethylbutyl isocyanide (8 mol %) under reflux in toluene. After replacement of the solvent with
THF, nBuLi in hexane was added at 0 8C. [b] Enantiomeric excesses of the corresponding allylic alcohols de-
termined by HPLC. [c] Yields of isolated products. [d] Enantiomeric excesses determined by hydroboration
method (see main text). [e] Conservation of enantiopurity (ee of 1/ee of 3). [f] PhLi was used instead of nBuLi.


Scheme 4. Stereochemical course of the sequence from (E)-3 to 1.
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99.4 % ee was isolated in 56 % overall yield from (S)-(E)-3 d
of 79.2 % ee.


This result demonstrates that allylic alcohols with only
moderate ee values are sufficient for the production of
almost enantiopure allylsilanes. The minor enantiomer of
the starting disilanyl ether 3 d is accumulated predominantly
in achiral-4 d, resulting in the formation of chiral-4 d with
nearly perfect enantiomeric excess. Though the observed ee
(99.4 %) for the allylsilane prepared from (S)-(E)-3 d of
79.2 % ee was unexpectedly higher than the calculated value
(97.3 % ee), this may be due to preferential crystallization of
the major enantiomer (SS-chiral-4 d) during the recrystalli-
zation. These enrichment processes may be especially valua-
ble in cases where optically pure allylic alcohols are not
easily accessible.


Determination of enantiomeric excesses : Since chiral HPLC
analysis provides the most reliable determination of enantio-
meric excesses of highly enantioenriched compounds, opti-
cally active allylsilanes obtained by our protocol were sub-
jected to some stereospecific transformations for the pur-
pose of making them amenable to chiral HPLC analysis
(Scheme 6). Allylsilane (S)-1 d, which was prepared from
(R)-(E)-3 d of 99.7–99.9 % ee, was hydrogenated in the pres-
ence of Pd/C followed by oxidation of the Si�C bond under
the Tamao condition to give 4-decanol (7 d).[28] To our sur-
prise, a chiral HPLC analysis of the corresponding 3,5-dini-
trophenylcarbamate showed only 30 %ee (Table 3, entry 1).
We suppose that the decrease in ee did not arise from ineffi-
cient 1,3-chirality transfer, but from racemization during the
transformation prior to the analysis. Indeed, hydrogenation


Scheme 5. Synthesis of enantiopure allylsilane (R)-1 d from (S)-(E)-3d of 79.2 % ee by enrichment of enantiopurity (Si = SiMe2Ph).


Scheme 6. Transformations of enantioenriched allylsilanes for determina-
tion of enantiomeric excesses. Reagents and conditions: a) H2, Pd/C,
AcOEt; b) TsNHNH2, Et3N, dioxane, reflux; c) CF3CO2H, 50 8C, then
KHF2, KHCO3, MeOH, THF, 50 8C; d) mCPBA, CH2Cl2, �78~0 8C, then
AcOH, MeOH; e) 9-BBN, THF, 50 8C, then H2O2, NaOH aq, 50 8C.


Table 3. Enantiomeric excesses of alcohols 2, 7, and 8 derived from enan-
tioenriched allylsilane (S)-1d by transformations outlined in Scheme 6.


Entry ee of 3d[a] [%] Path[b] Produced
alcohol


Yield [%] ee [%] ce [c] [%]


1 99.7 a, c 7d 52 30.4 30.5
2 99.9 b, c 7d 49 97.3 97.4
3 99.9 d 2d 50 96.8 96.9
4 99.7 e 8d 85 99.1 99.4


[a] Enantiomeric excess of (R)-(E)-3 d employed for the synthesis of (S)-
1d. [b] The alphabetical designations correspond to those in Scheme 6.
[c] Conservation of enantiopurity.
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of the C=C bond with diimide instead of Pd-catalyzed hy-
drogenation led to the formation of 7 d with 97.3 % ee
(Table 3, entry 2). Reaction of (S)-1 d with mCPBA was also
attempted. Although slight racemization may have taken
place during the transformation, allylic alcohol (S)-(E)-2 d
(96.8 % ee) was obtained in moderate yield (entry 3). The
absolute configuration of (S)-1 d was unambiguously estab-
lished by the chiral HPLC analysis of allyl alcohol (E)-2 d
obtained by the mCPBA oxidation. Indeed, the analysis of
(E)-2 d showed the absolute configuration of (S), which was
opposite to that for the starting (R)-(E)-2 d, indicating that
the absolute configuration of (S) of the allylsilane 1 d is in
accord with the reported stereochemical course for the
mCPBA reaction of allylsilanes.[29] The highest ee, which
may inevitably be the most accurate value, was attained by
regio- and stereoselective hydroboration of (S)-1 d with 9-
BBN,[30] which gave anti-4-silyldecan-2-ol 8 d in good yield
on treatment with basic hydrogen peroxide (Table 3,
entry 4). The ee (99.1% ee) measured by the HPLC analysis
showed that the enantiopurity of the starting allylic alcohol
was almost completely conserved in the allylic silane ob-
tained.


The method for ee determination was generally applied to
all enantioenriched allylsilanes 1 d–k described thus far. The
hydroboration method generally showed higher, or more ac-
curate, enantiopurity than the other methods examined. The
hydroboration-oxidation sequence is advantageous over
other methods in that essentially no racemization takes
place during the transformation and a wide range of allylsi-
lanes, including those with bulky silyl groups such as tert-bu-
tyldimethylsilyl (TBDMS) and triisopropyl silyl (TIPS), can
be evaluated. The transformation using Tamao oxidation or
mCPBA oxidation was not applicable for the ee determina-
tion of allylsilanes with bulky trialkylsilyl groups such as 1 f
and 1 h.


Conclusion


We have established a new synthetic route to highly enan-
tioenriched allylsilanes from allylic alcohols by stereoselec-
tive IBS followed by stereospecific elimination reactions.
For the conversion of allylic alcohols to allylsilanes starting
with the corresponding disilanyl ethers, which are easily pre-
pared from allylic alcohols and disilanyl chloride, the follow-
ing simple operations are carried out in one flask: 1) IBS in
refluxing toluene in the presence of the palladium–isonitrile
catalyst and 2) treatment of the reaction mixture with
nBuLi (or PhLi). Highly enantioenriched (E)-allylsilanes
were thus obtained with nearly complete stereoconservation
of the enantiomeric excess of the starting allylic alcohols.
Moreover, even from allylic alcohols with about 80 % ee,
enantioenriched allylsilanes with higher than 99 %ee are
available through isolation and recrystallization of the eight-
membered dimeric intermediates. The present method will
open up new possibilities for the application of enantioen-
riched allylsilanes in stereoselective organic synthesis. The


synthetic utility of the method has been demonstrated by
the synthesis of highly enantioenriched, functionalized allyl-
silanes including those supported on a polymer resin.[31,32]


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Varian Gemini-
2000 (7.0 T magnet) or a JEOL JNM 400 (11.7 T magnet) spectrometer
at ambient temperature. 1H NMR data are reported as follows: chemical
shift in ppm downfield from tetramethylsilane (d scale), multiplicity (s =


singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling
constant (Hz), and integration. 13C NMR chemical shifts are reported in
ppm downfield from tetramethylsilane (d scale). All 13C NMR spectra
were obtained with complete proton decoupling. IR spectra were ob-
tained on a Hitachi 270–30 spectrometer. High-resolution mass spectra
were recorded on a JEOL JMS HX-110 spectrometer. Optical rotations
were measured on a Perkin–Elmer 243 polarimeter.


Solvents were distilled from the indicated drying agents: benzene
(LiAlH4), toluene (LiAlH4), xylenes (CaH2), hexanes (Na), THF (Na/
benzophenone). [Pd(acac)2] (Mitsuwa), nBuLi (Mitsuwa), tBuOK (Naca-
lai), mCPBA (80 %, Nacalai), and 9-BBN (Aldrich) were purchased from
commercial sources and used as received. Chlorodisilanes (ClPh2Si�
SiR’2R’’) were prepared by the reactions of (Et2N)Ph2SiLi with ClSiR’2R’’
in THF, followed by treatment with AcCl in the same reaction vessel.[22]


(E)-Allylic alcohols were prepared by the reactions of the corresponding
propargylic alcohols with sodium bis(methoxyethoxy)aluminum hydride
(Red-Al) in toluene. (Z)-Allylic alcohols were prepared from the corre-
sponding propargylic alcohols by hydromagnesation using iBuMgCl in
the presence of [Cp2TiCl2] followed by hydrolysis.[33] Highly enantioen-
riched allylic alcohols were obtained with Sharpless kinetic resolution
using [Ti(OiPr)4] with l-(+)-diisopropyl tartrate at �20 8C.[34] Enantio-
meric excesses of the allylic alcohols were determined by chiral HPLC
analysis. Disilanyl ethers of the allylic alcohols were prepared from the
corresponding chlorodisilanes and the alcohols in the presence of Et3N
(1.5 equiv) and 4-(dimethylamino)pyridine (0.02 equiv) in THF at room
temperature.


IBS of (E)-3 a in refluxing benzene (Scheme 2): A mixture of [Pd(acac)2]
(1.3 mg, 4.2 � 10�3 mmol) and 1,1,3,3-tetramethylbutyl isocyanide (12 �
10�3 mL, 66 � 10�3 mmol) was stirred for 10 min under nitrogen at room
temperature. Benzene (0.4 mL) and (E)-3a (101 mg, 0.22 mmol) were
added to the catalyst mixture. The mixture was stirred for 2 h under
reflux. Evaporation of the solvent followed by silica gel column chroma-
tography (hexane only to hexane/ether = 50:1) afforded a mixture of
cis- and trans-4 a (97 mg, 96%). The major isomer, trans-4 a, was isolated
in diastereomerically pure form by washing the mixture with EtOAc.
trans-4a : 1H NMR (CDCl3): d = 0.26 (s, 6 H), 0.33 (s, 6H), 0.55–1.11 (m,
22H), 0.78 (t, J = 7.2 Hz, 6 H), 2.23–2.31 (m, 2H), 3.70–3.82 (m, 4 H),
7.16–7.49 ppm (m, 30H); 13C NMR (CDCl3): d = �2.8, �2.4, 13.9, 22.5,
23.2, 27.0, 28.0, 29.5, 30.7, 31.5, 63.2, 127.3, 127.8, 128.8, 129.3, 129.7,
134.0, 134.8, 135.0, 135.8, 136.0, 139.7 ppm. cis-4a : 1H NMR (CDCl3): d


= 0.01 (s, 6 H), 0.07 (s, 6 H), 0.55–1.38 (m, 22 H), 0.75 (t, J = 7.2 Hz,
6H), 1.91–1.98 (m, 2H), 3.90 (dd, J = 6.3, 10.8 Hz, 2H), 4.05 (t, J =


10.8 Hz, 2 H), 7.17–7.69 ppm (m, 30H). A mixture of the cis and trans iso-
mers isolated by silica gel column chromatography was subjected to ele-
mental analysis; elemental analysis calcd (%) for C58H76O2Si4: C 75.92, H
8.35; found: C 75.76, H 8.33.


Preparation of trans-4 a’ (for an X-ray analysis): According to the same
procedure as that for IBS of (E)-3a to make 4a, the eight-membered
cyclic 4 a’ (73 % in total, a 7:3 mixture of two stereoisomers) was pre-
pared from (E)-3 a’. From the stereoisomeric mixture, trans-4a’ was iso-
lated by recrystallization (EtOH/Et2O). trans-4 a’: 1H NMR (CDCl3): d =


0.28 (s, 6 H), 0.33 (t, J = 7.4 Hz, 6H), 0.34 (s, 6 H), 0.75–1.18 (m, 6H),
2.28 (dd, J = 10.3, 5.2 Hz, 2 H), 3.67–3.87 (m, 4H), 7.16–7.58 ppm (m,
30H); 13C NMR (CDCl3): d = �2.9, �2.2, 15.1, 20.7, 25.0, 27.0, 63.0,
127.3, 127.7, 128.8, 129.2, 129.6, 134.0, 134.7, 134.9, 135.7, 135.9,
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139.5 ppm; elemental analysis calcd (%) for C50H60O2Si4: C 74.57, H 7.51;
found C 74.31, H 7.65.


Reaction of 4 a with tBuOK [Eq. (1)]: Compound 4a (50 mg,
0.055 mmol) was added to a solution of tBuOK (25 mg, 0.22 mmol) in
THF (0.5 mL) at room temperature. The mixture was heated at 50 8C for
6 h. The reaction mixture was cooled and aqueous NH4Cl (saturated) was
added. Extractive workup followed by silica gel column chromatography
(hexane) afforded 1 a (18 mg, 64%).


Thermal ring contraction of 4a [Eq. (2)]: A solution of 4 a (a mixture of
the cis and trans isomers, 48 mg, 0.052 mmol) in xylene (0.4 mL) was
heated at 140 8C for 3 h. The solvent was stripped off under vacuum. A
1H NMR spectrum of the crude mixture showed clean formation of 6a
and 1 a. Silica gel column chromatography afforded 1 a (10 mg, 73 %) and
6a (29 mg, 84%). 6 a : 1H NMR (CDCl3): d = 0.38 (s, 3 H), 0.41 (s, 3H),
0.53–1.40 (m, 14H), 2.24 (t, J = 7.2 Hz, 1 H), 4.32 (d, J = 7.2 Hz, 2H),
7.21–7.92 ppm (m, 25H); 13C NMR (CDCl3): d = �2.7, �1.7, 14.0, 22.5,
24.5, 29.1, 29.5, 29.8, 30.9, 31.4, 64.6, 127.6, 127.8, 127.9, 128.0, 128.9,
129.9, 130.2, 130.5, 133.4, 133.8, 134.4, 134.5, 134.57, 134.61, 134.9, 135.5,
139.3 ppm; elemental analysis calcd (%) for C41H48O2Si3: C 74.94, H
7.36; found: C 74.71, H 7.34.


Reaction of 6 a with nBuLi/tBuOK [Eq. (3)]: nBuLi (1.5 m in hexane,
0.11 mL, 0.17 mmol) was added to a solution of 6a (51 mg, 7.8�
10�2 mmol) in THF (0.5 mL) at 0 8C. The mixture was stirred as it
warmed from 0 8C to room temperature over 1.5 h. tBuOK (18 mg,
0.16 mmol) and THF (0.2 mL) at room temperature were added to the
mixture, which was stirred at 50 8C for 15 h. Extractive workup followed
by silica gel column chromatography (hexane) afforded 1a (14 mg,
68%).


General procedure for one-pot synthesis of allylsilanes 1a–c (Table 1): A
mixture of [Pd(acac)2] (2.7 mg, 8.9� 10�3 mmol) and 1,1,3,3-tetramethyl-
butyl isocyanide (2.3 � 10�2 mL, 0.13 mmol) was stirred for 10 min under
nitrogen at room temperature. Xylene (0.7 mL) and disilanyl ether 3 a–c
(0.45 mmol) were added to the catalyst mixture. The mixture was stirred
for 10 h under reflux. After stripping the volatile materials off under
vacuum, THF (0.7 mL) was added to the residue. The solution was
cooled to 0 8C and nBuLi (0.30 mL, 1.50 m in hexane, 0.45 mmol) was
added; the mixture was stirred for 1.5 h at room temperature. tBuOK
(51 mg, 0.45 mmol) at room temperature was added to the mixture,
which was then stirred at 50 8C for 12 h. Addition of aqueous NH4Cl (sa-
turated) to the mixture and extractive workup with ether followed by
column chromatography on silica gel (hexane) afforded (E)-allylsilanes
1a–c.


3-(Dimethylphenylsilyl)-1-nonene (1 a): 1H NMR (CDCl3): d = 0.26 (s,
3H), 0.27 (s, 3H), 0.85 (t, J = 6.6 Hz, 3H), 1.04–1.50 (m, 10H), 1.67–1.81
(m, 1 H), 4.75–4.92 (m, 2 H), 5.58 (dt, J = 16.9, 9.8 Hz, 1H), 7.31–
7.57 ppm (m, 5 H); 13C NMR (CDCl3): d = �5.2, �4.4, 14.1, 22.7, 28.4,
29.1, 29.2, 31.8, 34.4, 112.4, 127.6, 128.9, 134.0, 137.9, 139.9 ppm; elemen-
tal analysis calcd (%) for C17H28Si: C 78.38, H 10.83; found: C 78.49, H
11.10.


3-Cyclohexyl-3-(dimethylphenylsilyl)-1-propene (1 b): 1H NMR (CDCl3):
d = 0.28 (s, 3 H), 0.30 (s, 3H), 0.91–1.29 (m, 5H), 1.37–1.77 (m, 7H),
4.79 (dd, J = 16.7, 2.2 Hz, 1H), 4.90 (dd, J = 10.3, 2.2 Hz, 1H), 5.71 (dt,
J = 16.7, 10.3 Hz, 1 H), 7.30–7.57 ppm (m, 5H); 13C NMR (CDCl3): d =


�3.5, �2.8, 26.2, 26.7, 31.3, 34.1, 38.4, 42.2, 113.7, 127.5, 128.7, 133.9,
137.8, 139.0 ppm; elemental analysis calcd (%) for C17H26Si: C 79.00, H
10.14; found: C 78.80, H 10.10.


IBS of racemic (E)-3 d in refluxing hexanes (Scheme 3): [Pd(acac)2]
(6.9 mg, 2.3 � 10�2 mmol) was placed in a Schlenk flask and tetramethyl-
butyl isocyanide (15 � 10�3 mL, 8.6 � 10�2 mmol) was added. The mixture
was stirred for 10 min at room temperature. Hexane (5.0 mL) and (� )-
(E)-3d (501 mg, 1.1 mmol) were added to the dark red mixture at room
temperature and it was stirred under reflux for 1 h. The solvent was strip-
ped off under vacuum and the residue was subjected to silica gel column
chromatography (hexane/ether = 100:1) to give 4d (493 mg, 98 %) as a
viscous oil. 4d (a mixture of chiral-4d and achiral-4d): 1H NMR
(CDCl3): d = �0.30 (s, 6H; chiral-4 d), �0.04 (s, 6H; chiral-4 d), 0.19 (s,
6H; achiral-4 d), 0.26 (s, 6 H; achiral-4 d), 0.30–1.40 (m, 34H; chiral-4d
and 34H; achiral-4d), 1.75 (d, J = 11.1 Hz, 2H; chiral-4d), 2.18 (d, J =


9.6 Hz, 2 H; achiral-4 d), 4.11 (dq, J = 9.6, 6.0 Hz, 2 H; achiral-4d), 4.54
(dq, J = 11.1, 6.3 Hz, 2 H; chiral-4 d), 6.88–6.96 (m, 4H; chiral-4d), 7.07–
7.59 (m, 18 H; chiral-4d and 26 H; achiral-4 d), 7.65–7.73 (m, 4 H; achiral-
4d), 7.78–7.86 (m, 4 H; chiral-4d), 7.92–7.99 ppm (m, 4 H; chiral-4d); 13C
NMR (CDCl3): d = �4.2, �2.9, �1.7, �1.3, 14.0, 22.0, 22.5, 23.0, 25.6,
26.2, 27.9, 28.2, 29.4, 29.6, 30.2, 30.4, 31.3, 31.6, 33.7, 36.7, 69.6, 71.3,
127.2, 127.3, 127.46, 127.52, 127.7, 128.2, 128.4, 129.0, 129.4, 129.5, 129.7,
133.7, 133.9, 135.4, 136.0, 136.5, 137.4, 137.9, 140.6, 140.8 ppm; elemental
analysis calcd (%) for C60H80O2Si4: C 76.21, H 8.53; found: C 75.96, H
8.70. See below for spectral data for diastereomerically pure chiral-4d.


Thermal ring contraction of 4d and subsequent Peterson elimination of
6d [Eq. (4)]: Compound 4 d (100 mg, 1.06 � 10�1 mmol) in toluene
(0.4 mL) was heated under reflux for 1 h. The solvent was stripped off
under vacuum, and the residual oil was dissolved in THF (0.5 mL). The
reaction mixture was cooled (0 8C), nBuLi (212 � 10�3 mL, 1.50 m in
hexane, 3.18 � 10�1 mmol) was added, and the mixture was stirred for
20 min. Addition of saturated NH4Cl (aq.) to the mixture at 0 8C was fol-
lowed by extraction with Et2O and subsequent drying over MgSO4. Silica
gel column chromatography (hexane) gave (E)-1 d (56 mg, 95%).


IBS of enantioenriched (R)-(E)-3 d giving chiral-4d [Eq. (7)]: Hexane
(0.4 mL) and (R)-(E)-3d (99.7 % ee, 99 mg, 2.1 � 10�1 mmol) were added
to a catalyst mixture prepared from [Pd(acac)2] (1.3 mg, 4.2 � 10�3 mmol)
and 1,1,3,3-tetramethylbutyl isocyanide (2.0 m in toluene, 8.5� 10�3 mL,
17� 10�3 mmol). The mixture was stirred for 1 h under reflux. After strip-
ping the volatile materials off under vacuum, the residue was subjected
to silica gel column chromatography (hexane/ether = 100:1) to give
chiral-4d (95 mg, 96%). 1H NMR (CDCl3): d = �0.30 (s, 6H), �0.04 (s,
6H), 0.46–1.36 (m, 34H), 1.76 (d, J = 10.8 Hz, 2H), 4.55 (dq, J = 10.8,
6.0 Hz, 2 H), 6.89–6.96 (m, 4 H), 7.07–7.28 (m, 6 H), 7.30–7.50 (m, 12H),
7.79–7.86 (m, 4 H), 7.93–8.01 ppm (m, 4H); 13C NMR (CDCl3): d =


�4.2, �1.7, 14.0, 22.0, 22.5, 25.5, 27.9, 29.4, 30.2, 31.3, 36.7, 71.3, 127.3,
127.5, 128.1, 129.4, 129.5, 133.6, 136.0, 136.5, 137.3, 137.8, 140.8 ppm; ele-
mental analysis calcd (%) for C60H80O2Si4: C 76.21, H 8.53; found: C
76.00, H 8.77.


IBS of enantioenriched (R)-(Z)-3 d giving chiral-ent-4 d [Eq. (8)]: Ac-
cording to the same procedure as that for the preparation of chiral-4 d,
chiral-ent-4 d (92 mg, 92%; eluent for column chromatography: hexane/
ether = 80:1) was synthesized from (R)-(Z)-3d (96.0 %ee, 100 mg, 2.1�
10�1 mmol). 1H NMR (CDCl3): d = �0.23 (s, 6 H), �0.20 (s, 6H), 0.46–
1.34 (m, 34H), 1.89 (d, J = 5.4 Hz, 2H), 4.38–4.64 (m, 2H), 6.93 (d, J =


6.6 Hz, 4 H), 7.07–7.22 (m, 6H), 7.38–7.56 (m, 12 H), 7.86 (d, J = 6.9 Hz,
4H), 7.96–8.03 ppm (m, 4 H); 13C NMR (CDCl3): d = �4.3, �1.3, 13.9,
22.5, 24.1, 25.5, 28.8, 29.6, 31.4, 31.6, 39.1, 74.6, 127.3, 127.4, 127.5, 128.2,
129.4, 129.5, 133.6, 136.1, 137.1, 137.5, 138.6, 140.7 ppm; elemental analy-
sis calcd (%) for C60H80O2Si4: C 76.21, H 8.53; found: C 75.92, H 8.65.


Step-by-step synthesis of (S)-1 d from (R)-(E)-3 d [Eq. (9)]: Toluene
(0.4 mL) and disilanyl ether (R)-(E)-3d (99.7 %ee, 103 mg, 0.22 mmol)
were added to the catalyst mixture of [Pd(acac)2] (1.3 mg, 4.2�
10�3 mmol) and 1,1,3,3-tetramethylbutyl isocyanide (8.4 � 10�3 mL, 1.7�
10�2 mmol). The mixture was stirred for 3 h under reflux. After stripping
the volatile materials off under vacuum, the residue was subjected to a
short column of Florisil (hexane/ether = 4:1) to give a mixture of 1 d
and 6 d. These were separated by HPLC (hexane/EtOAc = 10:1) to give
1d (27 mg, 49 %) and 6d (62 mg, 46 %). Enantiomeric excess of 1d was
determined to be 96.1 % ee (absolute configuration of S) after transfor-
mation to 7d by diimide reduction (see below). Compound 6d was dis-
solved in THF (0.5 mL) and treated with nBuLi (1.52 m in hexane,
0.20 mL, 0.30 mmol) at 0 8C for 15 min. Extractive workup followed by
column chromatography on silica gel afforded 1d (24 mg, 94% based on
6d). The ee was determined to be 99.1 % (absolute configuration of S)
according to the same determination procedure as above.


General procedure for the one-pot synthesis of enantioenriched allylsi-
lanes 1d–k (Table 2): Toluene (0.4 mL) and disilanyl ether 3d–k
(0.45 mmol) were added to the catalyst mixture of [Pd(acac)2] (1.3 mg,
4.2� 10�3 mmol) and 1,1,3,3-tetramethylbutyl isocyanide (2.9 � 10�3 mL,
1.7� 10�2 mmol). The mixture was stirred for 1 h under reflux. After
stripping the volatile materials off under vacuum, THF (0.5 mL) was
added to the residue. nBuLi (1.37 m in hexane, 0.24 mL, 0.33 mmol) or
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PhLi (for the reaction of (Z)-3d (entry 2 in Table 3), 1.0 m in cyclohex-
ane, 0.33 mL, 0.33 mmol) was added to the solution cooled at 0 8C; the
mixture was stirred for 15 min at 0 8C. Addition of aqueous NH4Cl (satu-
rated) to the mixture and extractive workup with ether followed by
column chromatography on silica gel (hexane) afforded (E)-allylsilanes
1d–k.


(S)-(E)-4-(Dimethylphenylsilyl)-2-decene ((S)-1 d): ee>99.1 %; [a]22
D =


+3.8 (c =2.2, benzene); 1H NMR (CDCl3): d = 0.25 (s, 3 H), 0.27 (s,
3H), 0.87 (t, J = 6.4 Hz, 3 H), 1.03–1.71 (m, 14H), 5.11–5.32 (m, 2 H),
7.32–7.41 (m, 3 H), 7.45–7.56 ppm (m, 2H); 13C NMR (CDCl3): d =


�5.1, �4.2, 14.1, 18.1, 22.7, 29.0, 29.1, 29.3, 31.8, 32.5, 123.0, 127.5, 128.7,
132.0, 134.1, 138.4 ppm; elemental analysis calcd (%) for C18H30Si: C
78.75, H 11.02; found: C 78.68, H 11.00.


(S)-(E)-4-(Trimethylsilyl)-2-decene ((S)-1 e): ee>99.0 %; [a]22
D = ++18.6


(c= 2.5, benzene); 1H NMR (CDCl3): d = �0.06 (s, 9H), 0.88 (t, J =


6.4 Hz, 3H), 1.03–1.44 (m, 11 H), 1.66 (d, J = 4.7 Hz, 3H), 5.09–5.32 ppm
(m, 2 H); 13C NMR (CDCl3): d = �3.1, 14.1, 18.1, 22.7, 29.0, 29.3, 29.4,
31.9, 33.0, 122.2, 132.6 ppm; elemental analysis calcd (%) for C13H28Si: C
73.50, H 13.28; found: C 73.22, H 13.15.


(S)-(E)-4-(tert-Butyldimethylsilyl)-2-decene ((S)-1 f): ee>99.4 %; [a]22
D =


�3.2 (c =2.6, benzene); 1H NMR (CDCl3): d = �0.10 (s, 3H), �0.08 (s,
3H), 0.89 (s, 9 H), 0.91 (t, J = 8.0 Hz, 3H), 1.03–1.62 (m, 11H), 1.65 (d,
J = 4.6 Hz, 3H), 5.12–5.31 ppm (m, 2H); 13C NMR (CDCl3): d = �7.1,
�7.0, 14.1, 17.6, 18.0, 22.7, 27.3, 29.2, 29.3, 29.8, 31.2, 31.9, 122.4,
133.4 ppm; elemental analysis calcd (%) for C16H34Si: C 75.50, H 13.46;
found: C 75.48, H 13.49.


(S)-(E)-4-(Triethylsilyl)-2-decene ((S)-1 g): ee>99.2 %; [a]22
D = �2.4 (c=


2.7, benzene); 1H NMR (CDCl3): d = 0.46–0.59 (m, 6 H), 0.83–1.00 (m,
12H), 1.03–1.67 (m, 14H), 5.11–5.32 ppm (m, 2H); 13C NMR (CDCl3): d


= 2.3, 7.6, 14.1, 18.1, 22.7, 29.2, 29.5, 30.3, 31.9, 121.9, 133.0 ppm; elemen-
tal analysis calcd (%) for C16H34Si: C 75.50, H 13.46; found: C 75.44, H
13.50.


(S)-(E)-4-(Triisopropylsilyl)-2-decene ((S)-1 h): ee>98.8 %; [a]22
D = �16.3


(c= 2.4, benzene); 1H NMR (CDCl3): d = 0.88 (t, J = 6.4 Hz, 3H),
0.98–1.84 (m, 35 H), 5.13–5.42 ppm (m, 2H); 13C NMR (CDCl3): d =


11.2, 14.1, 18.0, 19.1, 22.7, 29.2, 29.7, 29.8, 30.0, 31.9, 122.3, 133.6 ppm; el-
emental analysis calcd (%) for C19H40Si: C 76.94, H 13.59; found: C
76.67, H 13.74.


(S)-(E)-3-(Dimethylphenylsilyl)-1-phenyl-1-nonene ((S)-1 i): ee>98.7 %;
[a]22


D = ++23.9 (c= 2.6, benzene); 1H NMR (CDCl3): d = 0.32 (s, 3H),
0.33 (s, 3H), 0.86 (t, J = 6.6 Hz, 3H), 1.07–1.64 (m, 10H), 1.91 (dt, J =


9.2, 3.7 Hz, 1H), 6.03 (dd, J = 15.8, 9.2 Hz, 1 H), 6.19 (d, J = 15.8 Hz,
1H), 7.12–7.58 ppm (m, 10 H); 13C NMR (CDCl3): d = �4.9, �4.2, 14.0,
22.6, 29.1, 29.6, 31.7, 34.0, 125.6, 126.2, 127.9, 128.4, 129.0, 132.9, 134.1,
137.8, 138.5 ppm; elemental analysis calcd (%) for C23H32Si: C 82.07, H
9.58; found: C 81.90, H 9.65.


(S)-(E)-1-Cyclohexyl-3-(dimethylphenylsilyl)-1-nonene ((S)-1 j): ee>
99.0 %; [a]22


D = ++4.8 (c =2.7, benzene); 1H NMR (CDCl3): d = 0.25 (s,
3H), 0.26 (s, 3H), 0.87 (t, J = 6.6 Hz, 3H), 0.93–1.48 (m, 15H), 1.55–1.78
(m, 6 H), 1.83–2.01 (m, 1H), 5.04–5.25 (m, 2H), 7.30–7.38 (m, 3 H), 7.44–
7.53 ppm (m, 2 H); 13C NMR (CDCl3): d = �5.0, �4.3, 14.1, 22.6, 26.2,
26.3, 28.9, 29.0, 29.1, 31.8, 32.4, 33.6, 33.7, 41.1, 127.5, 128.3, 128.7, 134.1,
135.1, 138.5 ppm; elemental analysis calcd (%) for C23H38Si: C 80.62, H
11.18; found: C 80.47, H 11.19.


(R)-(E)-1-(Dimethylphenylsilyl)-1-phenyl-2-butene ((R)-1 k): ee>98.1 %;
[a]22


D = �13.7 (c =2.4, benzene); 1H NMR (CDCl3): d = 0.22 (s, 3H),
0.25 (s, 3 H), 1.66 (dd, J = 6.3, 1.5 Hz, 3H), 3.06 (d, J = 9.8 Hz, 1H),
5.35 (ddq, J = 15.0, 6.3, 0.9 Hz, 1H), 5.75 (ddq, J = 15.0, 9.8, 1.5 Hz,
1H), 6.88–7.41 ppm (m, 10 H); 13C NMR (CDCl3): d = �4.7, �4.3, 18.1,
42.4, 124.0, 124.5, 127.4, 128.1, 129.0, 129.9, 134.3, 137.1, 142.4 ppm; ele-
mental analysis calcd (%) for C18H22Si: C 81.14, H 8.32; found: C 81.38,
H 8.57.


Synthesis of 4-(dimethylphenylsilyl)-2-phenyl-2-decene (1 l) [Eq. (6)]: A
mixture of [Pd(acac)2] (1.1 mg, 3.6� 10�3 mmol) and 1,1,3,3-tetramethyl-
butyl isocyanide (7.3 � 10�3 mL, 1.5� 10�2 mmol) was stirred for 10 min
under nitrogen at room temperature. Toluene (0.4 mL) and disilanyl
ether 3 l (94 mg, 0.17 mmol) were added to the catalyst mixture. The mix-


ture was stirred for 5 h under reflux. After stripping the volatile materials
off under vacuum, THF (0.5 mL) was added to the residue, followed by
tBuOK (19 mg, 0.17 mmol) at room temperature. The mixture was stirred
at room temperature for 6 h. Addition of aqueous NH4Cl (saturated) to
the mixture and extractive workup with ether followed by column chro-
matography on silica gel (hexane) afforded 1 l (51 mg, 85%, E/Z =


92:8). The isomers were separated by HPLC (hexane). (E)-1 l : 1H NMR
(CDCl3): d = 0.32 (s, 3 H), 0.36 (s, 3 H), 0.88 (t, J = 6.6 Hz, 3H), 1.09–
1.69 (10 H), 1.86 (d, J = 1.3 Hz, 3H), 2.14 (dt, J = 11.2, 3.0 Hz, 1H),
5.60 (dd, J = 11.2, 1.3 Hz, 1 H), 7.18–7.44 (m, 8H), 7.50–7.60 ppm (m,
2H); 13C NMR (CDCl3): d = �5.0, �4.3, 14.1, 16.2, 22.7, 29.1, 29.9, 30.1,
30.2, 31.8, 125.4, 126.0, 127.6, 128.1, 128.9, 130.9, 132.6, 134.0, 138.0,
144.5 ppm; elemental analysis calcd (%) for C24H34Si: C 82.22, H 9.77;
found: C 82.34, H 9.93.


Single-crystal X-ray studies : Single crystals were mounted on glass fibers.
Intensity data collections were carried out with a Mac Science MXC3 dif-
fractometer using graphite-monochromated CuKa (l = 1.54178 �) radia-
tion at 293 K. Intensity data were collected using w/2q scans and correct-
ed for Lorentz-polarization and for absorption by an analytical function.
Details of crystal and data collection parameters are shown in Table 4.


Structure solutions and refinements were carried out with the program
package CrystanG (Mac Science). All non-hydrogen atoms were refined
anisotropically by full-matrix least squares. All hydrogen atoms were in-
cluded in the refinement at the calculated positions (0.96 �) with isotrop-
ic thermal parameters. CCDC-252165 (trans-4a’), CCDC-252164 (4d),
and CCDC-252163 (ent-4 d) 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.


Synthesis of highly enantioenriched (R)-1 d from (S)-(E)-3 d with lower
enantiopurity (Scheme 5): Hexane (2 mL) and (S)-(E)-3d (79.2 %ee,
505 mg, 1.1 mmol) at room temperature were added to the catalyst mix-
ture prepared from [Pd(acac)2] (6.7 mg, 2.2� 10�2 mmol) and 1,1,3,3-tetra-
methylbutyl isocyanide (15 � 10�3 mL, 8.6 � 10�2 mmol). The reaction mix-
ture was stirred under reflux for 1 h. After evaporation of volatile materi-
als, the resultant residual oil was passed through a short Florisil column


Table 4. Summary of crystallographic data.


trans-4a’ 4 d ent-4 d


recryst. solvent Et2O/EtOH CH2Cl2/MeOH EtOH/MeOH
formula C50H60O2Si4 C60H80O2Si4 C60H80O2Si4


crystal size [mm] 0.25 � 0.25 � 0.35 0.20 � 0.40 � 0.40 0.20 � 0.30 � 0.50
FW 805.40 945.60 945.60
crystal system triclinic monoclinic triclinic
space group P1̄ (no. 2) P21 (no. 4) P1 (no. 1)
a [�] 10.120 (3) 19.730(4) 11.381(3)
b [�] 13.925 (4) 11.524(3) 11.802(5)
c [�] 17.787 (6) 13.380(3) 12.401(4)
a [8] 74.32 (3) 112.01(3)
b [8] 76.98 (3) 106.86(2) 104.22(2)
g [8] 81.91 (3) 100.79(3)
V [�3] 2343 (1) 2911.330078(1) 1422.9(8)
Z 2 2 1
1calcd [gcm�3] 1.14 1.078 1.103
2qmax [8] 130 125 125
m [cm�1] 14.530 12.279 12.562
independent refl. 7845 5012 4616
observed refl. 5662 4651 4260
no. of parameters 694 672 672
GOF 1.22 0.933 0.806
R1 0.0517 0.056 0.056
wR2 0.0531 0.071 0.072
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and purified by recrystallization (Et2O/EtOH� 2) to afford 4d (294 mg,
58%). Compound 4d (103 mg, 0.11 mmol) was dissolved in toluene
(0.4 mL) and stirred under reflux for 1 h. After replacement of the sol-
vent with THF (0.5 mL), nBuLi (240 � 10�3 mL, 1.37 m in hexane,
0.33 mmol) was added to the reaction mixture at 0 8C. After stirring for
10 min at 0 8C, saturated NH4Cl (aq.) was added to the mixture at 0 8C.
Extractive workup with Et2O followed by silica gel column chromatogra-
phy (hexane) gave (R)-1d (99.4 %ee, 57 mg, 96 %).


General procedure for the determination of enantiomeric excesses : 9-
BBN (242 mg, 2.0 mmol) was added to a solution of 1 (0.19 mmol) in
THF (2 mL); the mixture was stirred at 50 8C for 2 h. Aqueous NaOH
(3 m, 0.34 mL) and 30 % hydrogen peroxide (2.0 mL) were then added at
0 8C. After stirring for 1 h at 50 8C, excess hydrogen peroxide was
quenched by aqueous sodium thiosulfate at room temperature. Extrac-
tion with ether followed by silica gel column chromatography afforded
the corresponding silylalkanols.


(2S,4S)-4-(Dimethylphenylsilyl)decan-2-ol (8 d): 1H NMR (CDCl3): d =


0.26 (s, 3 H), 0.27 (s, 3H), 0.78–0.94 (m, 4H), 1.06 (d, J = 6.0 Hz, 3H),
1.12–1.46 (m, 11H), 1.47 (dt, J = 2.1, 6.0 Hz, 2H), 3.70 (sextet, J =


6.0 Hz, 1H), 7.30–7.35 (m, 3 H), 7.46–7.51 ppm (m, 2H); 13C NMR
(CDCl3): d = �4.3, �3.9, 14.0, 21.9, 22.6, 23.1, 29.1, 29.6, 30.5, 31.7, 40.0,
67.5, 127.8, 128.9, 133.9, 139.0 ppm; elemental analysis calcd (%) for
C18H32OSi: C 73.90, H 11.03; found: C 73.63, H 10.95.


(2S,4S)-4-(Trimethylsilyl)decan-2-ol (8 e): 1H NMR (CDCl3): d = �0.04
(s, 9 H), 0.52–0.60 (m, 1H), 0.85 (t, J = 6.3 Hz, 3H), 1.14 (d, J = 6.0 Hz,
3H), 1.22–1.52 (m, 12 H), 3.83 ppm (sextet, J = 6.0 Hz, 1 H); 13C NMR
(CDCl3): d = �2.4, 14.0, 22.3, 22.6, 23.2, 29.1, 29.8, 30.4, 31.7, 39.9,
67.7 ppm; HRMS (FAB) calcd for [MH+�H2O] (M: C13H30OSi):
213.2039; found 213.2036.


(2S,4S)-4-(tert-Butyldimethylsilyl)decan-2-ol (8 f): 1H NMR (CDCl3): d


= 0.06 (s, 6H), 0.67–0.84 (m, 1H), 0.88 (t, J = 7.2 Hz, 3 H), 0.90 (s, 9H),
1.18 (d, J = 9.0 Hz, 3 H), 1.20–1.40 (m, 10H), 1.47–1.57 (m, 3 H),
3.85 ppm (sextet, J = 9.0 Hz, 1H); 13C NMR (CDCl3): d = �6.5, �6.1,
14.1, 17.6, 20.0, 22.7, 23.0, 27.4, 29.3, 29.9, 30.9, 31.8, 40.5, 67.8 ppm; ele-
mental analysis calcd (%) for C16H36OSi: C 70.51, H 13.31; found; C
70.66, H 13.59.


(2S,4S)-4-(Triethylsilyl)decan-2-ol (8 g): 1H NMR (CDCl3): d = 0.55 (q,
J = 8.0 Hz, 6 H), 0.63–0.80 (m, 1 H), 0.88 (t, J = 6.7 Hz, 3 H), 0.95 (t, J
= 8.0 Hz, 9H), 1.17 (d, J = 6.6 Hz, 3 H), 1.20–1.61 (m, 13H), 3.85 ppm
(sextet, J = 6.6 Hz, 1H); 13C NMR (CDCl3): d = 2.7, 7.7, 14.1, 19.6,
22.7, 23.1, 29.8, 29.9, 30.7, 31.8, 40.4, 67.8 ppm; HRMS (FAB) calcd for
[MH+�H2O] (M: C16H36OSi): 255.2508; found 255.2506.


(2S,4S)-4-(Triisopropylsilyl)decan-2-ol (8 h): 1H NMR (CDCl3): d =


0.80–1.65 (m, 17H), 0.88 (t, J = 8.0 Hz, 3H), 1.09 (s, 18 H), 1.20 (d, J =


6.1 Hz, 3 H), 3.81–4.01 ppm (m, 1H); 13C NMR (CDCl3): d = 11.3, 14.1,
19.2, 19.3, 19.6, 22.7, 30.1, 31.77, 31.80, 32.0, 42.2, 68.2 ppm; HRMS
(FAB) calcd for [MH+�H2O] (M : C19H42OSi): 297.2978; found 297.2974.


(1R,3S)-3-(Dimethylphenylsilyl)-1-phenylnonan-1-ol (8 i): 1H NMR
(CDCl3): d = 0.24 (s, 3 H), 0.25 (s, 3 H), 0.78–0.91 (m, 4H), 1.14–1.39 (m,
9H), 1.44–1.56 (m, 1H), 1.64 (d, J = 3.0 Hz, 1H), 1.79 (t, J = 6.6 Hz,
2H), 4.55 (dt, J = 3.0, 6.6 Hz, 1H), 7.14–7.19 (m, 2 H), 7.22–7.39 (m,
6H), 7.40–7.46 ppm (m, 2 H); 13C NMR (CDCl3): d = �4.6, �3.7, 14.0,
21.5, 22.6, 29.0, 29.7, 30.4, 31.7, 39.3, 74.0, 126.2, 127.6, 127.8, 128.4, 128.9,
133.9, 139.0, 144.6 ppm; elemental analysis calcd (%) for C23H34OSi: C
77.90, H 9.66; found C 78.09, H 9.86.


(1R,3S)-1-Cyclohexyl-3-(dimethylphenylsilyl)nonan-1-ol (8 j): 1H NMR
(CDCl3): d = 0.28 (s, 3H), 0.29 (s, 3H), 0.73–1.77 (m, 25 H), 0.86 (t, J =


8.0 Hz, 3H), 3.14–3.28 (m, 1 H), 7.30–7.37 (m, 3 H), 7.46–7.54 ppm (m,
2H); 13C NMR (CDCl3): d = �4.3, �3.7, 14.0, 21.9, 22.6, 26.1, 26.4, 26.5,
26.8, 29.0, 29.46, 29.54, 30.8, 31.7, 34.6, 43.2, 75.3, 127.8, 128.9, 133.9,
139.4 ppm; elemental analysis calcd (%) for C23H40OSi: C 76.60, H 11.18;
found: C 76.33, H 11.20.


(1S,3R)-4-(Dimethylphenylsilyl)-4-phenylbutan-2-ol (8 k): 1H NMR
(CDCl3): d = 0.16 (s, 3H), 0.24 (s, 3H), 1.04 (d, J = 6.0 Hz, 3 H), 1.68
(ddd, J = 13.8, 7.8, 3.3 Hz, 1H), 2.10 (dt, J = 7.8, 13.8 Hz, 1H), 2.25
(dd, J = 13.8, 3.3 Hz, 1H), 3.62 (tq, J = 6.0, 7.8 Hz, 1H), 6.94 (d, J =


7.5 Hz, 2 H), 7.07 (tt, J = 7.5, 1.5 Hz, 1 H), 7.18 (t, J = 7.5 Hz, 2H),


7.27–7.39 ppm (m, 5H); 13C NMR (CDCl3): d = �5.6, �4.2, 22.2, 33.8,
67.9, 124.8, 127.7, 127.8, 128.3, 129.2, 134.2, 137.2, 142.3 ppm; HRMS
(FAB) calcd for [MH+�H2O] (M : C18H24OSi): 267.1569; found 267.1567.


Attempted transformations for ee determination : Pd/C catalyzed hydro-
genation followed by Tamao oxidation : Allylsilane 1d (26 mg,
0.096 mmol) was added to a suspension of Pd/C (5 %, 24 mg) in AcOEt
(0.6 mL) at room temperature under H2. The mixture was stirred at room
temperature for 1 h. The palladium catalyst was filtered off through
Celite. Evaporation of the solvent left almost pure hydrogenation prod-
ucts. The flask containing the crude material was filled with nitrogen. To
this was added trifluoroacetic acid (0.5 mL) at room temperature; the
mixture was stirred at 50 8C for 1 h. The acid was stripped off under
vacuum and MeOH (0.2 mL), KHF2 (30 mg, 0.38 mmol), TBAF (1 m in
THF, 0.20 mL), 30% hydrogen peroxide (0.12 mL), and KHCO3 (81 mg,
0.81 mmol) were added to the residue. The mixture was stirred at 50 8C
for 30 min and then treated with aqueous sodium thiosulfate. Extraction
with ether followed by silica gel column chromatography (hexane/ether
= 3:1) and subsequent purification with HPLC (hexane/ether = 8:1) af-
forded (S)-decan-4-ol (11 mg, 74%).


Diimide reduction followed by Tamao oxidation : A mixture of allylsilane
1 (0.036 mmol), tosyl hydrazide (67 mg, 0.36 mmol), and triethylamine
(0.05 mL, 0.36 mmol) in 1,4-dioxane (0.4 mL) was heated for 8 h under
reflux. The cooled mixture was subjected to preparative TLC to give a
hydrogenated product in high yield. The crude material was subjected to
hydrogen peroxide oxidation by the same procedure as for Pd/C hydroge-
nation. Enantiomeric excesses of the obtained alcohols were determined
by chiral HPLC.


Reaction with mCPBA : A solution of mCPBA (80 %, 69 mg, 0.32 mmol)
in CH2Cl2 (1.5 mL) was added dropwise to a mixture of (S)-1d (80 mg,
0.29 mmol) and NaHCO3 (24 mg, 0.29 mmol) in CH2Cl2 (1.0 mL) at
�78 8C. The mixture was stirred at 0 8C for 1 h. After evaporation of the
solvent, MeOH (1.2 mL) and acetic acid (0.2 mL) were added to the mix-
ture at room temperature. After the mixture had been stirred for 20 min
at room temperature, organic material was extracted with diethyl ether
and washed with aqueous NaOH (5 m, three times) and water. The organ-
ic phase was dried over MgSO4. After evaporation, the residual oil was
subjected to silica gel column chromatography (hexane/diethyl ether =


1:1) to give an 86:14 mixture of (S)-(E)-3-decen-2-ol and (R)-(Z)-3-
decen-2-ol (23 mg, 50%).
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Fluorous Base-Pairing Effects in a DNA Polymerase Active Site


Jacob S. Lai and Eric T. Kool*[a]


Introduction


Several studies with modified DNAs have established that it
is possible to design nonpolar nucleobase analogues that ex-
hibit selective and stable pairing in the absence of hydrogen
bonding. Original designs focused on nonpolar shape
mimics of natural bases, thereby conserving base pair size.[1]


These hydrophobic compounds exhibited selective pairing
with one another rather than with natural nucleobases, pre-
sumably because of the energetic cost of desolvating the
polar partners. Later experiments showed that larger aro-
matic species can exhibit even stronger base stacking,[2] lead-
ing to pairs that are as stable as, or more stable than, natural
base pairs.[3,4] Subsequently, a wide variety of non-hydrogen-


bonding base pairs have been examined as substrates for
DNA replication by polymerases, and some of these pairs
were found to be efficiently processed by some enzymes.[5]


The potential of this research is two-fold. Firstly, some of
the nonpolar analogues can be useful as biophysical probes
of nucleic acid structures and enzymatic mechanisms.[6] Sec-
ondly, non-natural base pairs that act orthogonally to the
natural pairs might be useful as biotechnological tools,[7] and
could expand the natural genetic alphabet.[8]


If the solvophobic effect influences the assembly of DNA
base pairs, then it may be possible to improve the perform-
ance and selectivity of assembly by enhancing the hydropho-
bicity to a greater degree than is possible with hydrocarbons.
Perfluorinated (“fluorous”) hydrocarbons are considerably
more hydrophobic than standard hydrocarbons.[9] This effect
has been used extensively for separations in synthetic
chemistry,[10] and recently, in the stabilization of biological
macromolecules. For example, the selective pairing of pepti-
des containing perfluorinated side-chains has been demon-
strated,[11] and perfluorinated amino acid side-chains have
been shown to stabilize the hydrophobic-driven folding of
proteins.[12] Therefore, we[13] and others[14,15] are now investi-


Abstract: We describe selective “fluo-
rous” effects in the active site of a
DNA polymerase, by using nucleotide
analogues whose pairing edges are per-
fluorinated. The 5’-triphosphate deoxy-
nucleotide derivatives of DNA base
analogues 2,3,4,5-tetrafluorobenzene
(FB) and 4,5,6,7-tetrafluoroindole (FI),
as well as hydrocarbon controls ben-
zene (B) and indole (I), were synthe-
sized and studied as substrates for the
DNA Polymerase I Klenow fragment
(KF exo�). Modified nucleotides were
present in the DNA template or were
supplied as nucleoside triphosphates in
studies of the steady-state kinetics of
single nucleotide insertion. When sup-
plied opposite the non-natural bases in


the template strand, the hydrophobic
nucleoside triphosphates were incorpo-
rated by up to two orders of magnitude
more efficiently than the natural deoxy-
nucleoside triphosphates. The purine-
like fluorinated indole nucleotide (FI)
was the most efficiently inserted of the
four hydrophobic analogues, with the
most effective incorporation occurring
opposite the pyrimidine-like tetrafluoro-
benzene (FB). In all cases, the poly-
fluorinated base pairs were more effi-
ciently processed than the analogous


hydrocarbon pairs. A preliminary test
of polymerase extension beyond these
pairs showed that only the FB base is
appreciably extended; the inefficient
extension is consistent with recently
published data regarding other nonpo-
lar base pairs. These results suggest the
importance of hydrophobicity, stacking,
and steric interactions in the poly-
merase-mediated replication of DNA
base pairs that lack hydrogen bonds.
These findings further suggest that the
enhanced hydrophobicity of polyfluo-
roaromatic bases could be employed in
the design of new, selective base pairs
that are orthogonal to the natural
Watson–Crick pairs used in replication.
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gating whether related effects might be observed in the con-
text of nucleic acids.


Recent work has described pentafluorobenzene as a nu-
cleobase analogue. This was initially conceived as a useful
perfluorinated derivative for studying hydrophobic and
stacking effects in nucleic acids.[14, 15] However, the bis-ortho-
difluoro substitution causes destabilization, and a tetrafluor-
obenzene variant was shown to have more favorable proper-
ties.[16]


More recent studies have shown that hydrophobic base
analogues, in which the entire Watson–Crick edges are fluo-
rinated, can selectively pair with one another in duplex
DNA (Figure 1a).[13] For example, results of thermal denatu-
ration studies of synthetic DNAs revealed that a tetrafluoro-
indole analogue could exhibit selective pairing opposite
other highly fluorinated bases in preference to hydrocarbon
species. Results of solvent partitioning studies confirmed
that deoxyribosides with polyfluorinated base moieties were
considerably more hydrophobic than the deoxyribosides of
analogous hydrocarbon aromatic compounds.[13] Thus, the


pairing selectivity was ascribed to the favorable solvation
effect of burying the highly hydrophobic polyfluorinated sur-
faces within the helical core. However, these effects were
not tested with enzymes that replicate DNA.


Although compounds containing one or two fluorines
have been studied by using DNA polymerases,[5,17] there are
no reports of base analogues in which the entire pairing
edges were completely fluorinated. Here, we describe the
first attempts to apply such “fluorous” nucleotide analogues
to DNA replication, by using DNA Polymerase I Klenow
fragment (KF exo�). Our aim was to investigate whether
the unusually high hydrophobicity of the analogues would
exert any selectivity effects in the enzyme�s active site, or
whether the large departure from natural nucleotide proper-
ties would inhibit their ability to act as substrates. Thus, we
investigated the efficiency of polymerase processing for
combinations of the polyfluorinated nucleotides, their stan-
dard hydrocarbon analogues, and the four natural bases.
The data show evidence for a selective “fluorous” effect in
DNA replication.


Results


We measured the ability of DNA Polymerase I Klenow frag-
ment (KF exo�) to process base pairs involving all possible
combinations of hydrocarbon and fluorocarbon deoxyglyco-
sides paired opposite each other, and opposite natural nucle-
obases. Structures of the modified nucleotide analogues and
the substrate DNAs are given in Figure 1. A 23 nucleotide
(nt) primer bound to a 28 nt template was used as the sub-
strate duplex. Qualitative data showing products at early
time points of single reactions are shown in Figure 2, and
quantitative kinetics data are listed in Tables 1–3.


Figure 1. a) Chemical structures of nucleosides FI, I, FB, and B. b) Se-
quences of template–primer duplexes used in the steady-state studies.


Figure 2. Autoradiograms showing single-nucleotide insertions by the KF
(exo�) enzyme, including all possible cases of hydrophobic bases in the
template and as a dNTP. The data represent reactions with 25 mm dNTP,
and the reactions were stopped after the following durations: d FITP,
2 min; d FBTP, 5 min; dITP, 20 min; dBTP, 20 min. The template–primer
sequences are shown in Figure 1b.
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The data revealed a relatively broad range of efficiencies
for the 16 nonpolar–nonpolar pairs, which do not differ
greatly in terms of structure (Table 1). Efficiencies were
measured as Vmax/Km from the steady-state kinetics experi-
ments. The least efficient pairing was the insertion of ben-
zene (B) opposite indole (I), denoted here as B!I. This in-
sertion was approximately 150-fold less efficient than the
most efficient pairing, which involved the pairing of two
highly fluorinated base analogues, FI!FB (Figure 2 and
Table 1). On the whole, the efficiency of the polyfluorinated
base pairings was higher than that reported for non-natural
pairs. The FI!FB pairing approached the efficiency of natu-


ral base pairs; for example, insertion of A opposite T by this
polymerase occurs with a Vmax/Km only 9-fold higher than
for FI!FB (see Table 3, first entry).


In general, the polyfluorinated bases showed greater poly-
merase activity than the analogous hydrocarbons. As tri-
phosphate derivatives, the fluorinated nucleotides were
more active than their nonfluorinated versions by factors of
1.2 to 42 (measured as ratios of Vmax/Km). The one exception
of the eight comparisons involved dFBTP, which was insert-
ed opposite FI in the template almost as efficiently as dBTP.
Conversely, the fluorinated bases acted as generally better
templates. Insertions of hydrophobic dNTPs across fluori-
nated bases showed 3–10-fold greater efficiency for indole
template variants (except one) and 1.5–5.4-fold greater effi-
ciency for phenyl template variants. Again, there was only
one exception out of eight, namely, the insertion of dFITP
opposite indole species.


The examination of data for hydrocarbon–hydrocarbon
pairing compared to fluorocarbon–fluorocarbon pairing re-
vealed significant selectivity for “fluorous” base pairs. For
example, a comparison of B!B to FB!FB showed a seven-
fold advantage for the fluorous pair. For the insertion of
indole analogues opposite indole, the fluorous advantage
was tenfold. For the pairings of benzene opposite indole, the
advantage was ninefold; however, for the converse case—in-
sertion of indole opposite benzene—the advantage was con-
siderably larger: 75-fold.


To test whether there was a preference for the insertion
of hydrophobic nucleotides opposite hydrophobic partners,
we measured efficiencies for the insertion of the non-natural
nucleotides opposite the natural DNA bases (Table 2). In
general, the fluorinated compounds did show this orthogo-
nal behavior; the FB dNTP analogue was more efficiently in-
serted opposite FI, I, FB, or B than opposite any of the four


Table 1. Steady-state kinetic parameters for the incorporation of single
hydrophobic nucleotides into a template–primer duplex containing varia-
ble base X by the KF (exo�) polymerase.[a]


Template Km Vmax Efficiency
dNTP X [mm] error [% min�1] error [Vmax/Km]


FI FI 16.0 6.7 2.77 0.29 1.7 � 105


I FI 44.0 3.6 2.22 0.09 5.1 � 104


FB FI 23.5 7.9 1.64 1.06 7.0 � 104


B FI 72.9 7.4 5.85 0.06 8.0 � 104


FI I 12.5 1.8 5.73 0.58 4.6 � 105


I I 61.5 19.2 1.02 0.05 1.7 � 104


FB I 6.1 5.4 0.14 0.06 2.3 � 104


B I 84.1 0.0 0.66 0.00 7.8 � 103


FI FB 45.8 4.0 52.74 5.20 1.2 � 106


I FB 99.2 9.3 3.00 0.08 3.0 � 104


FB FB 64.3 9.9 3.58 0.89 5.6 � 104


B FB 59.3 4.9 2.66 0.05 4.5 � 104


FI B 38.1 19.9 25.56 1.52 6.7 � 105


I B 103.9 5.3 1.70 0.02 1.6 � 104


FB B 24.8 8.6 0.92 0.12 3.7 � 104


B B 52.4 8.7 0.44 0.02 8.3 � 103


[a] Conditions: 5 mm template–primer duplex (Figure 1b), 0.025 umL�1


enzyme, 50 mm Tris·HCl (pH 7.0), 10 mm MgCl2, 1 mm DTT, and
0.1 mg mL�1 BSA, incubated for 1–20 min at 37 8C in a reaction volume
of 10 mL.


Table 2. Steady-state kinetic parameters for the incorporation of single
hydrophobic nucleotides into a template–primer duplex containing varia-
ble base X by the KF (exo�) polymerase.[a]


Template Km Vmax Efficiency
dNTP X [mm] error [% min�1] error [Vmax/Km]


FI A 22.5 4.7 1.52 0.32 6.7 � 104


I A 71.1 9.3 0.65 0.03 9.1 � 103


FB A 27.6 25.1 0.10 0.03 3.5 � 103


B A 61.5 13.2 0.80 0.03 1.3 � 104


FI G 11.0 5.9 0.53 0.06 4.9 � 104


I G 22.7 14.2 0.11 0.02 4.9 � 103


FB G 24.1 19.0 0.07 0.03 3.0 � 103


B G 21.7 12.5 0.10 0.01 4.5 � 103


FI C 56.9 32.0 0.97 0.14 1.7 � 104


I C 20.0 0.0 0.10 0.00 5.2 � 103


FB C 3.7 3.1 0.07 0.03 1.8 � 104


B C 11.9 0.0 0.26 0.00 2.2 � 104


FI T 14.6 8.8 2.90 0.72 2.0 � 105


I T 66.1 13.3 0.18 0.03 2.7 � 103


FB T 5.7 3.1 0.07 0.04 1.3 � 104


B T 6.1 0.0 0.26 0.00 4.3 � 104


[a] Conditions: see footnotes to Table 1.


Table 3. Steady-state kinetic parameters for the incorporation of natural
nucleotides into a template–primer duplex containing variable unnatural
base X by the KF (exo�) polymerase.[a] Data for a natural pair (first
entry) are given as a positive control.


Template Km Vmax Efficiency
dNTP X [mm] error [% min�1] error [Vmax/Km]


A T 3.4 1.4 36.0 4.0 1.1 � 107


A FI 47.3 47.7 0.66 0.36 1.4 � 104


G FI 158.9 80.6 0.18 0.04 1.1 � 103


C FI 125.2 53.8 0.25 0.08 2.0 � 103


T FI 8.1 1.5 1.12 0.08 1.4 � 105


A I 36.5 3.2 1.18 0.02 3.2 � 104


G I 27.5 15.1 0.51 0.06 1.8 � 104


C I 39.1 7.8 0.78 0.06 2.0 � 104


T I 89.5 10.4 0.75 0.06 8.4 � 103


A FB 32.6 0.8 3.42 0.03 1.0 � 105


G FB 70.6 22.1 0.50 0.25 7.0 � 103


C FB 41.1 6.0 4.02 0.24 9.8 � 104


T FB 21.3 17.0 0.93 0.24 4.4 � 104


A B 25.7 1.9 3.41 0.08 1.3 � 105


G B 77.8 54.2 0.30 0.13 3.9 � 103


C B 85.5 14.4 0.73 0.06 8.5 � 103


T B 26.2 2.8 0.70 0.04 2.7 � 104


[a] Conditions: see footnotes to Table 1.
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natural bases, and FI nucleoside triphosphate was inserted
more efficiently opposite I, FB, or B than opposite A, C, G,
or T. The indole nucleotide showed similar orthogonality,
but benzene dNTP did not demonstrate this hydrophobic se-
lectivity, being inserted approximately equally well opposite
all eight bases used in the study.


The converse experiments were also performed (see data
in Table 3), testing insertion of natural nucleoside triphos-
phates opposite hydrophobic bases in the template. Natural
dNTPs were inserted opposite the hydrophobic bases with
variable efficiency (Table 3), and on average, were more
poorly inserted opposite hydrophobic template bases than
were the nonpolar dNTPs, demonstrating the orthogonal
properties of the non-natural analogues. For a given nonpo-
lar template base, the insertion efficiencies for the natural
dNTPs were lower than those for the most effective hydro-
phobic dNTPs by factors of 1.2–14. For I, FB, and B tem-
plates, the orthogonalities were generally large, at five
orders of magnitude or greater. One exception, the FI tem-
plate, showed little or no nonpolar–nonpolar selectivity: nat-
ural dTTP was inserted opposite FI with an efficiency only ~
20 % lower than that for FI triphosphate.


Although a number of nonpolar nucleotide analogues
have been shown to incorporate with high efficiency into a
primer–template terminus, most nonpolar nucleotide ana-
logues display low efficiency (see Discussion). Thus, we car-
ried out an initial survey of the ability of KF exo� to elon-
gate primers after the nonpolar nucleotides were successful-
ly incorporated. This was done by first adding the non-natu-
ral nucleotide and incubating under conditions shown previ-
ously to allow for full incorporation. The set of four natural
nucleoside triphosphates was then added and the results
evaluated by performing gel electrophoresis to check for fur-
ther elongation past the initial single elongation. A sample
set of the gel data is shown in Figure 3. As a whole, these
four nucleotides at the primer terminus were observed to be
poorly extended by KF. A control assay incorporating a mix-
ture of all four natural bases showed observable extension
to the end of the template, even with the inefficient incorpo-
ration of natural nucleotides opposite hydrophobic bases in
the template. However, nearly all of the hydrophobic–hy-
drophobic pairs showed little or no significant extension.
One exception was the FB!FI fluorous pair, in which the FB
primer terminus appeared to be extended to a small extent
(Figure 3).


Discussion


The results suggest that polyfluorination can generally in-
crease polymerase activity of nonpolar nucleotide deriva-
tives. We hypothesize that this is best explained by the in-
creased hydrophobicity contributed by the fluorinated surfa-
ces. For the hydrophobic template bases described here, in-
sertion efficiency of a hydrophobic dNTP correlates with
measured hydrophobicity from partitioning experiments;[13]


the order from most to least hydrophobic is FI> FB> I>B.


Significantly, this is also the order of measured stacking af-
finities of the four base analogues against an adjacent ade-
nine. It has been shown previously that stacking of aromatic
species with neighboring DNA bases correlates strongly
with hydrophobicity.[18] In general, this notion is consistent
with the closing of the polymerase around the incipient pair
to successfully process it,[19] and this should lead to the en-
tropically favorable desolvation of these nonpolar surfaces.
The observed selectivity of polyfluorinated bases for other
polyfluorinated bases is consistent with hydrophobic effects,
in which the most hydrophobic surfaces are expected to be
buried together more favorably than surfaces of lower hy-
drophobicity. Similarly, the positioning of hydrophobic sur-
faces against polar functionality is expected to be energeti-
cally unfavorable, due to the high cost of desolvating the
polar surfaces. This explains why the insertion of nonpolar
dNTPs opposite polar natural bases, and vice versa, is unfav-
orable.


Interestingly, we observed that the selectivity of polyfluo-
rinated bases for other polyfluorinated bases was greatest
for the insertion of the fluorinated indole opposite the fluo-
rinated benzene (75-fold advantage of fluorination), com-
pared to the converse case of fluorinated benzene opposite
fluorinated indole (9-fold). We hypothesize that this differ-
ence arises, at least in part, from the exceptionally strong
stacking of tetrafluoroindole (in its dNTP form) on the
primer–template terminus. In previous dangling-end experi-
ments,[13] tetrafluoroindole stacked with an affinity of
3.1 kcal mol�1, considerably higher than fluorobenzene
(2.1 kcal mol�1). Without fluorine, indole stacks considerably


Figure 3. Autoradiograms showing primer elongations up to and beyond
the 24th template base. Reactions were performed with 125 mm of each
hydrophobic dNTP (or no hydrophobic dNTP, lanes labeled n) and 25 mm


of a mixture of all four natural triphosphates (dATP, dGTP, dCTP,
dTTP).
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less well (1.9 kcal mol�1). This may partly explain the strong
preference for the incorporation of the fluorinated nucleo-
tide over the nonfluorinated one.


Although steric effects in polymerase active sites can
sometimes lead to dramatic selectivity, even in the absence
of Watson–Crick hydrogen bonds,[6b] in the present hydro-
phobic–hydrophobic pairs it appears that the steric selectivi-
ty is relatively low. Most of the pairs are probably small
enough to fit within the steric footprint of a Watson–Crick
pair, thus presenting no strong steric clashes as the enzyme
closes around the incipient pairs. For example, both benzene
and fluorinated benzene should be accommodated opposite
one another without strong steric exclusion. The main ex-
ception in this study could be the examples of indole–indole
pairing. Models suggest that the indole–indole pairs are too
large to fit in the anti–anti pairing mode. We suggest that
these pairs are probably processed in one of two alternative
geometries: either they orient syn–anti, or the incoming
indole nucleotide stacks partially on top of the template
indole in an intercalated mode. Because the indole nucleo-
tides stack strongly, this favorable energy can compensate
for the cost of the less favorable geometry.


One of the general aims of base pair design has been the
development of pairing that is orthogonal to the natural
bases and pairs.[8] Some of the nonpolar fluorous pairs pre-
sented here show many of the features of useful orthogonal
enzymatic replication, the most promising of which may be
the FI–FB pair. The processing of this pair is among the most
efficient of the current group. Most importantly, the hydro-
phobic–hydrophobic selectivity is high, with natural dNTPs
being inserted opposite natural bases 1000-fold more effi-
ciently than opposite the hydrophobic FI or FB. The converse
situation, with dFITP or dFBTP as the incoming nucleotide,
also shows hydrophobic selectivity: the efficiency of inser-
tion of dFITP is greatest opposite FB, and an order of magni-
tude less if inserted opposite natural bases. Similarly, dFBTP
is inserted opposite FI at least four times more efficiently
than opposite natural bases. Thus, the pair operates with
good orthogonality with respect to the natural nucleotides
and natural templates bases.


As for the selectivity for each other, the FB template dis-
plays a selectivity for the incorporation of dFITP that is
more than one order of magnitude higher than that for
dFBTP. However, in the converse case (the FI template), this
selectivity does not apply; dFITP is inserted with somewhat
greater efficiency than dFBTP. This complicating factor for
this base pair would not be problematic for single-stranded
replication, but would cause interference in double-stranded
replications, such as those mediated by PCR.


In DNA alone in the absence of enzymes, FI and FB have
been shown to pair with each other quite selectively over
natural bases. Thus, this self-pair joins other hydrophobic
compounds as orthogonal pairs that increase the number of
functioning base pairs for DNA.[8d,17] The widespread appli-
cation of this orthogonal pair is, however, limited by its low
polymerase extension efficiency, which is also a problem for
other hydrophobic pairs.[5c,8d, 17,20]


Finally, it is interesting to compare the present results in-
volving the polymerase replication of highly fluorinated nu-
cleobase analogues to those reported earlier for other fluori-
nated base analogues. The earliest example was 2,4-difluoro-
toluene (F), which is less highly fluorinated and was de-
signed as a nearly perfect isostere of thymine.[1a] The struc-
ture of the present tetrafluorobenzene base analogue (FB)
appears to differ only subtly from that of F, with fluorine
atoms replacing the smaller H-3 hydrogen atom and the C-5
methyl group of F. Notably, in the polymerase active site, FB
behaves very differently to difluorotoluene. For example,
the insertion of dFTP opposite A is at least two orders of
magnitude more efficient than the insertion of dFBTP.[5b] In
addition, the insertion of dFBTP is fairly nonselective,
whereas that of dFTP is highly selective, showing a selectivi-
ty for insertion opposite A that is 3–5 orders of magnitude
greater than for insertion opposite T, C, or G.[5b] One possi-
ble explanation for these marked differences is the some-
what larger steric size and different shape of FB, which pres-
ents a fluorine rather than hydrogen at the 3’-position of the
base. This might exclude FB from being paired opposite to
A or G. In addition, the notably high hydrophobicity of FB
might also inhibit its pairing opposite the polar T and C tem-
plate bases, which require to be desolvated to be paired.
Another interesting comparison for FB is a previously re-
ported 3-fluorobenzene analogue.[17] As with FB, this com-
pound is incorporated better opposite itself than opposite
natural bases. However, its self-pair appears to be more effi-
ciently processed than the FB!FB pair. This may due to the
former compound adopting a conformation that places at
least one of the fluorines away from the center of the
pair,[17] thereby providing more steric room for inclusion of
both fluoroaromatics.


Future experiments will focus on larger polyfluorinated
compounds, with the aim of further enhancing pairing stabil-
ity. Hopefully, this will improve the understanding of selec-
tive interactions involved in base pairing, base stacking, and
replication by DNA polymerases.


Experimental Section


Synthesis of 5’-triphosphate derivatives : The tetrafluoroindole, tetrafluor-
obenzene, indole, and phenyl deoxyribosides were prepared as described
previously.[13, 16] The 5’-triphosphate derivatives were synthesized accord-
ing to literature procedures.[21] Briefly: the free nucleoside (0.20 mmol)
was dissolved in trimethylphosphate (1.0 mL), and the solution was
cooled to 0 8C. Proton Sponge (64 mg 1,8-bis(dimethylamino) naphtha-
lene, (Aldrich)) and phosphorous oxychloride (21 mL) were added, and
the solution was stirred for 3 h at 0 8C. Tributylamine (0.30 mL) and trib-
utylammonium pyrophosphate (173 mg) were added, and the solution
was stirred for 1–5 min before adding 1m triethylammonium bicarbonate
(6 mL, pH 8.0) to quench the reaction. After stirring for 20 min at room
temperature, the reaction mixture was concentrated to a volume of 1–
2 mL by means of lyophilization. The triphosphate was purified by sub-
jecting it to anion exchange HPLC using a Waters Protein-Pak DEAE-
8HR column with a 0.1–1.0 m gradient of triethylammonium bicarbonate
(pH 8.0). The appropriate fractions were then concentrated and further
purified by performing reverse-phase HPLC with a C18 column and a
buffer solution of 5–25 % acetonitrile in 50 mm triethylacetic acid


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2966 – 29712970


E. T. Kool and J. S. Lai



www.chemeurj.org





(pH 7.0). The concentrations were determined by using extinction coeffi-
cients for the free nucleosides.[13, 16] Compounds were characterized by
conducting proton, fluorine, and phosphorous NMR spectroscopy and by
MALDI-TOF mass spectrometric analysis (see Supporting Information).


Oligodeoxynucleotide synthesis : Primer and template DNA oligonucleo-
tides (Figure 1b) were synthesized by using an Applied Biosystems 392
synthesizer and standard b-cyanoethylphosphoramidite chemistry. Se-
quences containing unnatural nucleotide derivatives B, I, FB, and FI were
prepared from cyanoethylphosphoramidite derivatives, as described pre-
viously.[13, 16] Oligonucleotides were purified and quantified as de-
scribed.[13]


Single nucleotide insertion reactions : The final concentrations used for
single nucleotide insertions were 5 mm primer/template, 25 u mL�1 Klenow
fragment (exo�, Amersham), and 25 mm triphosphate (dNTP). Primer 5’-
termini were labeled by using [g-32P]ATP and T4 polynucleotide kinase.
Labeled primer (20–25 nm) and unlabeled primer (20 mm) were annealed
to the template (20 mm) in an “annealing buffer” (100 mm Tris·HCl
(pH 7.0), 20 mm MgCl2, 2 mm DTT, and 0.1 mg mL�1 BSA) by heating to
95 8C for 3 min and cooling to room temperature over 1 h. Solution A
was produced by adding KF (0.1 u mL�1), diluted to a 1:1 solution in an-
nealing buffer, to the annealed duplex DNA, followed by incubation at
37 8C for 2 min. Solution B contained dNTP (50 mm) in a buffer of
Tris·HCl (200 mm pH 7.0), MgCl2 (20 mm), and mercaptoethanol (6 mm).
Polymerase reactions were started by mixing equal volumes of solution A
containing the DNA–enzyme complex and solution B containing dNTP
substrates. The reaction mixture was incubated at 37 8C and terminated
by adding 1.5 volumes of stop buffer (95 % formamide, 20 mm EDTA,
0.025 % xylene cyanol, and 0.025 % bromophenol blue). The reactions
were incubated for different times depending on the base used, and the
extent of the reaction was determined by running the quenched reaction
samples on a 20% denaturing polyacrylamide gel. The percentage of in-
corporation was determined by performing scanning phosphorimagery
and quantization by using ImageQuant (Amersham).


Steady-state kinetics : Steady-state kinetics for single nucleotide insertions
were performed as described above. The final concentrations for inser-
tion were 5 mm primer/template, 0.025 umL�1 Klenow fragment (exo�),
and various concentrations of dNTP from 5–500 mm. Reaction times were
adjusted so that the extent of the reaction within 1 h was 1–20 %. The re-
action extents were determined by running quenched reaction samples
on 20% denaturing polyacrylamide gels to separate unreacted primer
from insertion products; relative velocities were calculated as the extent
of the reaction divided by the reaction time.


Bypass reactions : Processivity reactions for the hydrophobic nucleotides
were performed. Final concentrations for insertion were 5 mm primer/
template, 0.1 umL�1 Klenow fragment (exo�), 125 mm of hydrophobic
dNTPs, and 25 mm of natural dNTPs. A single, unnatural dNTP was al-
lowed to insert for 60 min before a mixture of natural dNTPs was added
and allowed to react for 18 min. Products obtained before and after the
addition of natural dNTP were analyzed by using 5’-32P-end-labeled pri-
mers and autoradiography.
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An EPR and ENDOR Investigation of a Series of Diazabutadiene–Group 13
Complexes


Robert J. Baker, Robert D. Farley, Cameron Jones,* David P. Mills, Marc Kloth, and
Damien M. Murphy*[a]


Introduction


Paramagnetic heavier main group element compounds
having an unpaired electron primarily located on the heavy
element centre have generated considerable interest.[1] In
contrast to the large number of known Group 14 element
centred radicals, there are fewer examples of complexes ex-
hibiting aluminium-, gallium- or indium-centred radicals.


The majority of the stable radical species of these elements
have the spin delocalised over unsaturated organic substitu-
ents. Some examples include [iBu2Al(2,2’-bipyridyl)],[2] [M-
(dpt)3] (M=Al, Ga or In; dpt= tris-1,3-diphenyltriazeni-
do)[3] or [(tBu-DAB)2M] (M=Al[4] or Ga;[5] tBu-DAB = {N-
(tBu)C(H)}2). The gallium complex of the tBu-DAB ligand
was initially interpreted as possessing gallium in the + 2 oxi-
dation state on the basis of a dominant 69,71Ga-radical cou-
pling observed by EPR spectroscopy. A later report on this
complex described it as a GaIII complex containing one
doubly reduced and one singly reduced tBu-DAB ligand.[6]


This view was supported by extended H�ckel calculations
which predicted two degenerate HOMOs having very little
gallium contribution.[7] It is worthy of note that a range of
other paramagnetic complexes incorporating the tBu-DAB
ligand and various metals, for example, Li,[8] Mg[9] and Zn,[8]


have been prepared and studied by EPR spectroscopy and
X-ray crystallography.


Abstract: Paramagnetic diazabutadi-
enegallium(ii or iii) complexes, [(Ar-
DAB)2Ga] and [{(Ar-DABC)GaX}2]
(X=Br or I; Ar-DAB= {N(Ar)C(H)}2,
Ar=2,6-diisopropylphenyl), have been
prepared by reactions of an anionic
gallium N-heterocyclic carbene ana-
logue, [K(tmeda)][:Ga(Ar-DAB)], with
either “GaI” or [MoBr2(CO)2(PPh3)2].
A related InIII complex, [(Ar-
DABC)InCl2(thf)], has also been pre-
pared. These compounds were charac-
terised by X-ray crystallography and
EPR/ENDOR spectroscopy. The EPR
spectra of all metal(iii) complexes in-
corporating the Ar-DAB ligand, [(Ar-
DABC)MX2(thf)n] (M= Al, Ga or In;
X=Cl or I; n=0 or 1) and [(Ar-
DAB)2Ga], confirmed that the un-
paired spin density is primarily ligand


centred, with weak hyperfine couplings
to Al (a=2.85 G), Ga (a=17—25 G)
or In (a=26.1 G) nuclei. Changing the
N substituents of the diazabutadiene
ligand to tert-butyl groups in the galli-
um complex, [(tBu-DABC)GaI2] (tBu-
DAB = {N(tBu)C(H)}2), changes the
unpaired electron spin distribution pro-
ducing 1H and 14N couplings of 1.4 G
and 8.62 G, while the aryl-substituted
complex, [(Ar-DABC)GaI2], produces
couplings of about 5.0 G. These varia-
tions were also manifested in the galli-
um couplings, namely aGa ~1.4 G for


[(tBu-DABC)GaI2] and aGa ~25 G for
[(Ar-DABC)GaI2]. The EPR spectra of
the gallium(ii) and indium(ii) diradical
complexes, [{(Ar-DABC)GaBr}2], [{(Ar-
DABC)GaI}2], [{(tBu-DABC)GaI}2] and
[{(Ar-DABC)InCl}2], revealed doublet
ground states, indicating that the Ga�
Ga and In�In bonds prevent dipole–
dipole coupling of the two unpaired
electrons. The EPR spectrum of the
previously reported complex, [(Ar-
BIANC)GaI2] (Ar-BIAN =bis(2,6-diiso-
propylphenylimino)acenaphthene) is
also described. The hyperfine tensors
for the imine protons, and the aryl and
tert-butyl protons were obtained by
ENDOR spectroscopy. In [(Ar-DABC)-
GaI2], gallium hyperfine and quadru-
polar couplings were detected for the
first time.
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EPR spectroscopy · gallium · Group
13 elements · radicals · structure
elucidation
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Our interest in diazabutadiene complexes of Group 13
metals arose from the reaction of the Ar-DAB ligand (Ar-
DAB= {N(Ar)C(H)}2, Ar=2,6-diisopropylphenyl) with
InICl. The product from this reaction was the unusual InII


diradical dimeric complex, [{(Ar-DABC)InCl}2].[10] This work
was expanded to a study of the reactivity of both tBu-DAB
and Ar-DAB toward “GaI” which led to the isolation of the
GaII dimer, [{(tBu-DABC)GaI}2], and the monomeric GaIII


complexes, [(Ar-DABC)GaI2] and [(tBu-DABC)GaI2], each
featuring singly reduced diazabutadiene ligands.[11] It is note-
worthy that one of these complexes, [(Ar-DABC)GaI2], was
independently reported by another group at about the same
time.[12] Other Group 13-diazabutadiene complexes we have
studied include [(Ar-DABC)AlI2],[11] [(tBu-DABC)Ga{E-
(SiMe3)2}nI2�n] (E=N, P or As; n= 1 or 2)[13] and [(Ar-BIANC)-
GaI2] (Ar-BIAN= bis(2,6-diisopropylphenylimino)-acenaph-
thene).[14]


Subsequently, we showed that the reduction of [(Ar-DABC)-
GaI2] with potassium metal leads to the isolation of a novel
anionic GaI heterocycle, [:Ga(Ar-DAB)]� ,[11] which is a va-
lence-isoelectronic analogue of N-heterocyclic carbenes and
is closely related to the anion, [:Ga(tBu-DAB)]� reported by
Schmidbaur et al.[15] Given the importance of the N-hetero-
cyclic carbenes as ligands, we have initiated an investigation
of the reactivity of [:Ga(Ar-DAB)]� towards main group[16]


and transition-metal precursors.[17] Herein, we detail the
preparation and characterisation of several paramagnetic
complexes derived from that investigation. These complexes,
and several previously reported species, have been exam-
ined by continuous wave electron paramagnetic resonance
(EPR) and electron nuclear double resonance (ENDOR)
spectroscopies. While EPR provides information on the lo-
calised spin distribution, through the hyperfine couplings,
the weaker interactions between the unpaired electron and
the remote magnetic nuclei of the ligand can be detected by
ENDOR spectroscopy. In this way we have obtained a de-
tailed view on the extent of spin delocalisation in the com-
plexes, and how this spin distribution is influenced by the
substituents on the diazabutadiene ligand.


Results and Discussion


The compounds 1–10 discussed in this paper are shown in
Scheme 1. The syntheses and structures of complexes 4, 5, 6
and 8 have not been previously reported. In the case of 4–6,
these have been synthesised by the reactions of the GaI N-
heterocyclic carbene analogue [K(tmeda)][:Ga(Ar-DAB)]
(tmeda = tetramethylethylenediamine)with transition-metal
and main group metal precursors. The reaction of this het-
erocycle with “GaI” gave two products, 4 and 6, in low
yield. The mechanism of this reaction is at present unknown
but seemingly involves a series of disproportionation and
ligand rearrangement reactions, as evidenced by the precipi-
tation of gallium metal. It is worthy of note that the re-
duced, diamagnetic anionic analogue of 4, namely [K(dme)4]
[Ga(Ar-DAB)2] (dme =dimethoxyethane), has been report-


ed.[16] Complex 5 resulted from the 1:1 reaction of the galli-
um carbene analogue with [MoBr2(CO)2(PPh3)2]. The for-
mation of 5 probably involves an initial oxidative insertion
of the GaI centre into the Mo�Br bond of the molybdenum
complex. Homolytic cleavage of the resultant Ga�Mo bond
and dimerisation of the generated gallium radical could then
lead to 5. Related insertions of Group 13 metal(i) alkyls into
transition-metal halide bonds have been reported.[18] Com-
plex 8 was prepared in low yield by the reaction of [(Ar-
DAB)Li2] (generated in situ by the reaction of Ar-DAB and
Li powder) with InCl in THF. The only other products that
could be isolated from this reaction were Ar-DAB and
indium metal, again suggesting a disproportionation mecha-
nism is involved in the formation of 8.


The identities of complexes 4, 5, 6 and 8 have been con-
firmed by X-ray crystallography and their molecular struc-
tures are shown in Figure 1, Figure 2, Figure 3, Figure 4, re-
spectively. The bond lengths within the two diazabutadiene
frameworks for 4 are different, indicating that one ligand
has been doubly reduced whilst the other is singly reduced
and has an unpaired electron delocalised over the ligand.
This is a very similar situation to that seen for [(tBu-
DAB)2Ga].[5–7] Compounds 5 and 6 are isostructural, centro-
symmetric dimers in which the GaII centres sit in distorted
tetrahedral environments. The metrical parameters for the
complexes suggest a degree of delocalisation over the diaza-
butadiene ligands and their geometries are very close to that
previously reported for the related complex, [{(tBu-


Scheme 1. Compounds investigated in this study.
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DAB·)GaI}2].[11] The structure of complex 8 shows it to be
monomeric with a distorted trigonal bipyramidal indium
centre having N1, Cl1 and Cl2 in equatorial sites. It is inter-
esting that this complex includes a THF molecule of coordi-
nation, whereas the gallium analogue, 2, is four-coordi-
nate.[11,12] This difference most likely results from the larger
covalent radius of indium relative to gallium. Again, the
bond lengths within the diazabutadiene backbone are
strongly suggestive of delocalisation over that ligand. The
In�N bond lengths of 2.19 � (av) in 8 are shorter than those
seen for the neutral, diamagnetic complex, [InBr3(Ar-DAB)]
(2.32 � av),[19] but similar to those in 9 (2.16 � av).[10]


EPR investigations : Owing to the paramagnetic nature of
complexes 1–10, EPR spectroscopy was used to determine
the electronic structure and unpaired spin density in all
cases. The EPR spectra were recorded at room temperature
in isotropic fluid solutions, providing high resolution meas-
urements of the isotropic hyperfine coupling constants.
Owing to the small g and A anisotropy, and the substantial
delocalisation of the unpaired electron in the p-based organ-
ic radicals of 1–10, their low-temperature EPR spectra were
virtually unresolved and did not provide any additional in-


Figure 1. Molecular structure of 4. Selected bond lengths [�] and angles
[8]: Ga1�N1 2.0073(17), Ga1�N2 1.9013(18), N1�C1 1.332(3), N2�C2
1.392(3), C1�C1’ 1.387(4), C2�C2’ 1.338(5); N1-Ga1-N1’ 82.07(10), N1-
Ga1-N2 104.83(8), N1-Ga1-N2’ 145.71(8), N2-Ga1-N2’ 88.33(11). Symme-
try transformation used to generate equivalent atoms ’: �x, y, �z +1/2.


Figure 2. Molecular structure of 5. Selected bond lengths [�] and angles
[8]: Ga1�Ga1’ 2.4662(12), Ga1�N1 1.983(3), Ga1�N2 1.981(3), Ga1�Br1
2.3738(7), N1�C1 1.346(4), N2�C2 1.340(4), C1�C2 1.384(5); N1-Ga1-N2
83.91(11), N1-Ga1-Br1 104.25(9), N1-Ga1-Ga1’ 123.39(9), N2-Ga1-Br1
104.44(8), N2-Ga1-Ga1’ 122.89(9), Br1-Ga1-Ga1’ 113.22(3). Symmetry
transformation used to generate equivalent atoms ’: �x+ 2, �y +1, �z+


1.


Figure 3. Molecular structure of 6. Selected bond lengths [�] and angles
[8]: Ga1�Ga1’ 2.5755(16), Ga1�N1 1.984, Ga1�N2 1.997(4), Ga1�I1
2.5855(8), N1�C1 1.339(7), N2�C2 1.332(6), C1�C2 1.411(6); N1-Ga1-N2
83.95(16), N1-Ga1-I1 106.17(12), N1-Ga1-Ga1’ 121.84(13), N2-Ga1-I1
104.85(12), N2-Ga1-Ga1’ 121.78(12), I1-Ga1-Ga1’ 113.75(4). Symmetry
transformation used to generate equivalent atoms ’: �x, �y+1, �z.


Figure 4. Molecular structure of 8. Selected bond lengths [�] and angles
[8]: In1�N1 2.157(4), In1�N2 2.230(4), In1�O1 2.290(4), In1�Cl1
2.3646(15), In1�Cl2 2.3627(17), N1�C1 1.341(7), C1�C2 1.384(8), N2�C2
1.321(7), N1-In1-N2 77.01(16), N1-In1-O1 83.41(16), N1-In1-Cl1
127.39(12), N1-In1-Cl2 120.68(12), N2-In1-O1 160.25(15), N2-In1-Cl1
99.78(12), N2-In1-Cl2 101.47(12), Cl1-In1-Cl2 111.50(6), Cl1-In1-O1
88.98(12), Cl2-In1-O1 90.67(11).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2972 – 29822974


C. Jones, D. M. Murphy et al.



www.chemeurj.org





formation. In these cases, continuous wave (cw) ENDOR
was used to investigate the long-range weak hyperfine inter-
actions to obtain a complete picture of the extent of elec-
tron delocalisation in the ligands involved. The ENDOR re-
sults will be discussed in the next section. While the EPR
spectra for some of these complexes (1, 2, 3, 7 and 9) have
been previously reported by us and others,[10–12] none of the
associated ENDOR spectra have been described.


The isotropic EPR spectra of 4 and 6 are shown in
Figure 5 and Figure 6 respectively. The high resolution of
the spectra facilitated their simulations and the extraction of


the hyperfine couplings (HFC). In particular, unambiguous
identification of the separate HFC�s, with different relative
intensities, due to the two gallium isotopes (69Ga: I= 3/2,


ao = 4356 G, 60.1 % natural abundance; 71Ga: I=3/2, ao =


5535G, 39.9 % natural abundance) was possible. This con-
firmed that the magnitude of the isotropic HFC to 69Ga and
71Ga was aGa = 17.0G and aGa =20.5 G, respectively, in both
the monomeric, 4, and dimeric, 6, complexes. In addition,
the 1H and 14N couplings were found to be aH = 5.8 G and
aN =6.0 G, respectively, in both complexes. The EPR spectra
in Figure 5 and Figure 6 can therefore be explained as origi-
nating from the superimposition of overlapping triplets (due
to two equivalent protons), quintets (due to two equivalent
nitrogen atoms) and quartets (due to one gallium nucleus).
The resulting HFC values for these complexes are presented
in Table 1.


Hyperfine couplings to four magnetically equivalent nitro-
gen nuclei were reported for the [(tBu-DAB)2Ga] monoan-
ion radical,[5–7] suggesting a dynamic Jahn–Teller distortion
in the gallium complex with the unpaired electron “jump-
ing” between the ligands on the EPR time scale. However,
the EPR simulation of our closely related [(Ar-DAB)2Ga]
complex, 4, clearly revealed that the unpaired electron inter-
acts with only two magnetically equivalent nitrogen atoms,
and is therefore located on one of the two Ar-DAB ligands.


These HFCs observed for 4 and 6 are in good agreement
with our previous work which highlighted the important
role played by bulky groups (i.e., tbutyl or aryl) at the 1,4
positions of the diazabutadiene ligand (see Scheme 1) in
modulating the extent of unpaired electron delocalisation in
these paramagnetic complexes.[10,11] For example, for com-
plexes with tert-butyl groups in the 1,4 positions, the 1H and
14N couplings were systematically found to be aH �1.4 G
and aN �8.6 G (e.g., in the monomeric, 3, and dimeric, 7,
complexes). However, in complexes with Ar groups at the
1,4 positions of the diazabutadiene ligand, the 1H and 14N
couplings were found to be aH �5.8 G and aN �6.0 G, re-
spectively (e.g., in complexes 4 and 6). Clearly, the presence
of these electron-withdrawing or -donating groups signifi-
cantly influences the unpaired spin distributions within the
diazabutadiene ligand. Despite this effect, it is clear that the
spin density is primarily ligand centred (ca. >99 %) in all
complexes as expected based on a recent discussion of the
electronic structure and bonding of main group diazabuta-
diene complexes with B, Al, Ga and In, where no sizable
contribution of spin density was predicted at the central
atom.[20] This agrees with our findings where the observed
HFCs, and therefore spin densities, to the Ga, In and Al
nuclei in all of the complexes (1–10) were less than 0.5 %
(e. g., 0.3 % for Al, 0.03–0.49 % for Ga and 0.36 % for In).
The magnitude of the 69,71Ga couplings also indicates that
the unpaired electron spin density on the gallium nuclei in 4
and 6 remains very small (0.37 % since ao =4356 G for 69Ga
and ao =5535 G for 71Ga),[21] with only a negligible interac-
tion to the iodine nucleus in 6 (0.4 G where ao = 14844 G for
127I).


Complexes 5 and 6 have similar structures, with the only
differences being the nature of the halogen ligand which
presumably gives rise to the significantly different Ga�Ga
bond lengths of 2.4662(12) � for 5 and 2.5755(16) � for 6.


Figure 5. X-band EPR spectrum of 4 recorded at 298 K in 1:1 CD2Cl2/
C6D5CD3. a) experimental, b) simulated.


Figure 6. X-band EPR spectrum of 6 recorded at 298 K in 1:1 CD2Cl2/
C6D5CD3. a) experimental, b) simulated.


Chem. Eur. J. 2005, 11, 2972 – 2982 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2975


FULL PAPERDiazabutadiene–Group 13 Complexes



www.chemeurj.org





However, their corresponding EPR spectra, although differ-
ent in profile, are not significantly different with respect to
their diazabutadiene HFCs (Table 1), but have slight differ-
ences in their Ga and halogen HFCs which are presumably
due to the different electronegatavities of the halogen li-
gands rather than different Ga�Ga bond lengths. The EPR
spectrum of 5 (Figure 7) is ~120 G wide compared to 105 G


for 6. The simulated spectrum of 5 (not shown) revealed a
larger 69,71Ga and halide HFC than that for 6. This observa-
tion may be explained by the slightly greater electronegativ-
ity of bromine compared to iodine, which polarises the un-
paired spin, creating a slightly larger delocalisation onto the
gallium (0.49% in 5 compared to 0.36 % in 6) and bromine
nuclei (aBr ~1.5 G where ao =11443 G for 79Br and ao =


12335 G for 81Br). Since the EPR spectra of 5 and 6 do not
suggest an S=1 electron–electron interacting system, the


shorter Ga�Ga bond length in
5 should not influence the
HFCs.


Unlike the well-resolved
spectra of 4 and 6, the room-
temperature EPR spectrum of
2 produced a broad unresolved
spectrum with a surprisingly
larger spectral width of about
180 G (see Figure S2 in the
Supporting Information). By
comparison, the widths of the
EPR spectra for the other galli-
um complexes substituted with
aryl groups (4, 5 and 6) were
between about 105 and 120 G.
Pott et al. recently reported the
EPR spectrum for 2, and inter-
estingly their EPR spectrum
was also broad and unre-
solved.[12] Hyperfine couplings
of aGa =27 G, aN =7 G and aI =


8 G were estimated from the overall width of their spec-
trum. Surprisingly, however, no HFCs were reported for the
two imine protons in that complex. Owing to the similarly
poor resolution in our EPR spectrum of 2, we also could
only estimate the magnitude of the hyperfine couplings. A
large 69,71Ga interaction (of about ~25G) clearly contributes
significantly to the overall width of the spectrum (this is par-
ticularly noticeable in the low-temperature spectrum shown
later in the ENDOR section). However, the smaller 1H, 14N
and 127I couplings are difficult to estimate reliably without
recourse to accurate simulations. The large 127I HFC of 8 G
reported by Pott et al.[12] was explained as originating from a
hyperconjugative interaction of the gallium-iodine bonds
with the p system of the Ar-DAB unit. However, in all of
our studies of diazabutadiene complexes with Ga�I, Ga�Cl
or Ga�Br fragments, only relatively small couplings to these
Group 17 nuclei were systematically found (i.e. , producing
either unresolved hyperfine splittings or HFCs of less than
1.5 G). Furthermore, in a related study on the gallium(iii)-
pnictido complexes, [(tBu-DABC)Ga{E(SiMe3)2}nI2�n] (E= N,
P or As; n=1 or 2), negligible couplings to the electronega-
tive N, P and As nuclei were also systematically observed by
us.[13] Moreover, no direct evidence was found for such a
large 127I coupling of 8 G, as reported by Pott et al. in the
ENDOR spectrum of 2 (as discussed later). Therefore, we
believe that the estimated hyperfine values in Table 1 repre-
sent a better approximation to the HFCs of complex 2.


While the unpaired electron density in all of the com-
plexes studied (1–9) remains largely on the N2C2 diazabuta-
diene backbone, the subtle influence of the 1,4-N-substitu-
ents on the degree of delocalisation of the unpaired electron
in the radical can be clearly seen in their EPR spectra. As
discussed above, the 1H and 14N couplings are influenced by
the presence of tert-butyl or aryl groups. However, these
groups also appear to influence the spin density on the galli-


Table 1. Isotropic g and hyperfine coupling constants for complexes 1–10 derived by computer simulations of
the room temperature X-band EPR spectra.


Complex[a] giso M[b] 1H 14N X[c] Ref


[(Ar-DABC)AlI2] (1) 2.0038 27Al=2.85 5.95 6.75 127I =0.38 [11]


[(Ar-DABC)GaI2] (2) 2.0036 69Ga & 71Ga ~25 ~5.0 ~5.0 127I unresol this work
[(tBu-DABC)GaI2] (3) 2.0038 69Ga=1.3 1.4 8.62 127I =1.3 [11]


71Ga=1.65
[(Ar-DAB)2Ga] (4) 2.0032 69Ga=17.0 5.80 6.00 – this work


71Ga=20.5
[{(Ar-DABC)GaBr}2] (5) 2.0034 69Ga=22.5 5.8 6.0 79,81Br=~1.5 this work


71Ga=27
[{(Ar-DABC)GaI}2] (6) 2.0032 69Ga=17.0 5.8 6.0 127I =0.4 this work


71Ga=20.5
[{(tBu-DABC)GaI}2] (7) 2.00385 69Ga=1.20 1.40 8.4 127I =1.30 [11]


71Ga=1.55
[(Ar-DABC)InCl2(thf)] (8) 2.0012 115In =26.1 5 5 35,37Cl=unresol. this work


113In =26.1
[{(Ar-DABC)InCl}2] (9) 2.0012 115In =26.2 5 5 35,37Cl=unresol. [10]


113In =26.1
[(Ar-BIANC)GaI2] (10) 2.0063 69Ga=1.7 – 5.5 2 � 1H=3.8 [14]


71Ga=2.0


[a] Ar=2,6-diisopropylphenyl. [b] M=Al, Ga or In. [c] X= 127I, 35,37Cl or 79,81Br. All hyperfine values are given
in Gauss (10 Gauss=1 mT).


Figure 7. X-band EPR spectrum of 5 recorded at 298 K in 1:1 CD2Cl2/
C6D5CD3.
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um nuclei where the complexes differ only in the presence
of tbutyl or aryl groups (for example 0.03 % Ga spin density
in 3 compared to about 0.49 % in 2). In addition, the overall
spectral width in 2, 4 and 6 decreases from 180 G (for 2) to
105 G (for 4 and 6), suggesting that the second 127I nucleus
in 2 (not visible in the EPR spectra) also makes a significant
difference to the electron delocalisation in the radical and is
largely responsible for the slightly greater polarisation of
the unpaired electron spin away from the Ar-DAB ligand
and onto the gallium nucleus (i.e., 0.49 % Ga spin density
on 2 compared to 0.36 % on 4 and 6).


The EPR spectrum and computer simulation of complex
8 is shown in Figure 8. The spectrum of the related dimeric


complex 9 was previously reported by us[10] and it was found
that an identical set of spin Hamiltonian parameters could
satisfactorily reproduce the spectra for both complexes. The
isotropic couplings of 26.2 G for 115In and 26.1 G for 113In
represent a 0.36 % spin density on the In nuclei, similar to
the values reported above for the gallium complexes, and
confirming that the unpaired spin density remains largely on
the Ar-DAB ligand in 8. While the 113In isotopic abundance
is very small (4.3%), a satisfactory fit to the simulated line
shape could not be achieved without this small contribution.
It is interesting that similar hyperfine couplings were ob-
served in both 8 and 9, which suggests that the second Cl
substituent, and indeed the oxidation state of the metal
centre, do not alter the unpaired spin distribution in the
indium complexes to any significant extent. This contrasts
with the observations for the gallium complexes, 2 and 6,
where the second iodine creates a substantially different
HFC to the gallium nucleus.


In all the gallium complexes containing two singly re-
duced DAB ligands (5, 6 and 7; Scheme 1), no evidence was
found for the presence of any dipole–dipole electron cou-
pled systems at any temperature, as these would produce
characteristic triplet states. In contrast, triplet state EPR
spectra of the biradical systems [(tBu-DAB)2M] (M =Mg or
Zn) were observed at 120 K by Gardiner et al.[8] In those


cases, the distorted tetrahedral metal centres were directly
chelated by two tBu-DAB ligands, allowing dipole–dipole
coupled interactions between the electrons. Such an interac-
tion is clearly prohibited or substantially diminished by the
intervention of the Ga�Ga bonds in 5, 6 and 7, thus produc-
ing a doublet ground state in each of these complexes.


The EPR spectrum of 10 is shown in Figure 9. The spec-
trum was simulated using HFCs of a69Ga =1.7 G, a71Ga =


2.0 G, aN = 5.5 G and aH =3.8 G for two magnetically equiva-


lent 14N and 1H nuclei. Unlike all of the previous complexes
(1–9), the two imine protons are absent in complex 10 due
to the naphthalene backbone of its diimine ligand. Consider-
ing that imine proton couplings of about 5.5 G are normally
observed for the aryl-substituted diazabutadiene ligands
(Table 1), the observed 3.8 G coupling in 10 (with no imine
protons) is significant and must be assigned to the ring pro-
tons (labelled H1 in Scheme 1) of the naphthalene fragment.
Recently Fedushkin et al. ,[22] reported the EPR spectra of
the mono- and trianions of the same 1,2-bis{(2,6-diisopropyl-
phenyl)imino}acenaphthene ligand (Ar-BIAN) in complexes
with alkali metal cations. The dimeric sodium derivative of
the monoanion (ie., [Na+(Ar-BIAN)�]2) produced resolved
couplings to two nitrogen nuclei (4.6 G) and two sodium
nuclei (1.7 G), indicating that the unpaired electron was
mainly localised over the diimine part of the Ar-BIAN
ligand. However, no couplings were observed to the nitro-
gen atoms in the trianion, [Na+


3(Et2O)2(Ar-BIAN)3�], and
instead the EPR spectrum displayed couplings to three dif-
ferent pairs of 1H nuclei (ie. , aH = 0.27 G, aH =3.9 G and
aH =6.6 G), indicating spin delocalisation over the naphtha-
lene part of the ligand. The 3.8 G HFC observed in 10, must
therefore arise from spin delocalisation away from the dii-
mine fragment and into the naphthalene part of the Ar-
BIAN ligand, thus producing a HFC constant analogous to
that found in the Ar-BIAN trianion case. Hyperfine cou-
plings to the remaining two sets of protons (H2 and H3,


Figure 8. X-band EPR spectrum of 8 recorded at 298 K in 1:1 CD2Cl2/
C6D5CD3. a) experimental, b) simulated.


Figure 9. X-band EPR spectrum of 10 recorded at 298 K in 1:1 CD2Cl2/
C6D5CD3. a) experimental, b) simulated.


Chem. Eur. J. 2005, 11, 2972 – 2982 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2977


FULL PAPERDiazabutadiene–Group 13 Complexes



www.chemeurj.org





Scheme 1) could not be resolved by EPR, but were detected
in the ENDOR experiment (discussed later).


As unpaired electron delocalisation occurs into the naph-
thalene fragment of 10, the couplings to the nitrogen nuclei
were slightly reduced to 5.5 G, relative to the situation in
the related Ar-DAB complexes, 4–6. Moreover, the gallium
hyperfine couplings were dramatically reduced to only 1.7 G
and 2.0 G for 69Ga and 71Ga, respectively, which represents
an approximately 0.05 % isotropic spin density on the galli-
um nucleus in 10 compared to about 0.37 % in 2, 4 and 6.
Since the extent of spin delocalisation onto 69,71Ga is so
small in 10, it is not surprising that the 127I interactions could
not be observed in the EPR spectrum.


ENDOR investigations : Owing to the higher resolving
power of the electron nuclear double resonance (ENDOR)
technique, a significant enhancement in spectral resolution
can be obtained compared to the EPR technique, particular-
ly for p based organic radicals. In many of the above com-
plexes, minimum line widths of 3–5 G (8–14 MHz) were ob-
served. In ENDOR spectroscopy line widths of only
0.3 MHz are commonly observed, so hyperfine interactions
that are masked by the width of the EPR line can be re-
solved. Therefore, while the fluid solution EPR spectra re-
vealed the larger HFCs to 69,71Ga, 14N and imine-1H nuclei
of the diimine ligands in 1–10, cw ENDOR can be used to
detect the much weaker hyperfine couplings to the more
remote protons of the tert-butyl or aryl groups. In this way, a
more precise description of the extent of the spin delocalisa-
tion in the paramagnetic compounds can be obtained. We
were unable to obtain the fluid solution cw ENDOR spectra
of the radicals in the chosen solvents, so the low-tempera-
ture (10 K) frozen solution ENDOR spectra were obtained
and revealed the added contributions from the anisotropic
hyperfine interactions.


For an S=1/2 ground state organic radical in an isotropic
solution interacting with a single proton, two ENDOR lines
are expected at the resonance frequencies nENDOR = jnn� 1=2
aiso j , where nn is the nuclear Larmor frequency and aiso (or
a) the isotropic hyperfine coupling (HFC). If, however, nn is
less than 1=2a then two lines are expected, separated by 2nn


and centred on a/2. In frozen solution, a more complex
powder type ENDOR pattern is observed, due to absorp-
tions from a range of orientations of the radical with respect
to the direction of the magnetic field, and many more lines
can be obtained. As a result, the ENDOR lines broaden
and may become very weak unless the coupling is dominat-
ed by a particular dipolar interaction. Reasonably narrow
lines can be observed in powder ENDOR spectra only if the
hyperfine anisotropy pertaining to the nucleus is small. For
p-based organic radicals, readily observable coupling con-
stants generally arise from a and b protons. For a protons
the anisotropy typically amounts to about 50 % of the mag-
nitude of the isotropic hyperfine coupling a and the princi-
pal hyperfine tensor values are roughly 1/2a, a and 3/2a. The
anisotropy of the b protons is typically much smaller at
about 20 %.[24]


In both of the tert-butyl substituted complexes (3 and 7),
relatively small HFCs of 1.4 G (3.92 MHz) were observed
by EPR for the imine protons (see Table 1). A more accu-
rate measure of this coupling can be obtained by ENDOR,
and pairs of lines should therefore be observed centred on
nn for the protons which should be separated by approxi-
mately 1.96, 3.92 and 5.88 MHz. In fact, a-proton couplings
(arising from the two imine protons of the diazabutadiene
ligand) of a similar magnitude were observed by us in the
low-temperature ENDOR spectra of a related series of
pnictidogallium(III) diazabutadiene complexes.[13] The
frozen solution (10 K) ENDOR spectra of 3 and 7 are
shown in Figure 10 a and b, respectively. Both spectra are
virtually identical, indicating a similar degree of unpaired
electron interaction with the remote protons in both com-
plexes. Only the imine proton couplings corresponding to a
(3.4 MHz) and 1=2a (1.68 MHz) could be resolved in each
spectrum, since the 3/2a coupling was too broad to be clear-
ly detected even at high RF modulation. Assuming a nega-
tive sign for the isotropic coupling of the a protons,[23] the
aiso value estimated by ENDOR for 3 and 7 is 3.39 MHz


Figure 10. X-band cw ENDOR spectra (10 K) of the tert-butyl substituted
complexes a) 3 and b) 7, and the aryl-substituted complexes c) 4, d) 6
and e) 10.
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(1.21 G), which is similar to the value derived by EPR spec-
troscopy (1.4 G) from the room-temperature spectra.


The remaining peaks in the 1H ENDOR spectra of 3 and
7 arise from couplings to their bulky tert-butyl group pro-
tons. The principal components of the anisotropic hyperfine
tensors for methyl group protons should be visible in the
powder ENDOR spectra. The three protons of the freely ro-
tating methyl groups are equivalent on the EPR timescale,
producing an axial hyperfine tensor, and the hyperfine ani-
sotropy is usually less than 20 % of aiso. A build up of inten-
sity in the ENDOR spectrum is expected at about 0.95 a and
1.1 a, close to the isotropic coupling. The resonances found
at Ak=2.7 MHz and A?=2.16 MHz in Figure 10a, b (i.e.,
1.1 a and 0.95 a) can therefore be assigned to the interactions
of the unpaired electron with the protons of closer methyl
groups of the tert-butyl substituents. The intense inner line
in Figure 10a, which is centred exactly on nn, likely arises
from a matrix ENDOR line originating from purely dipolar
interactions to remote nuclei. However, two pairs of poorly
resolved lines can be clearly observed in Figure 10b, with a
coupling of about 0.3 MHz, which can be tentatively as-
signed to weak couplings from the protons of the more
remote methyl groups of the tert-butyl substituents.


The 1H ENDOR spectra of the aryl-substituted complexes
4, 6 and 10 are shown in Figure 10c, d and e respectively.
The spectra of 4 and 6 are very similar to each other, while
the spectrum of 10 contains additional peaks arising from
the protons of the acenaphthene group (labelled H2 and H3


in Scheme 1). These powder ENDOR spectra primarily
arise from weak hyperfine couplings to the ring protons (H4


and H5) and methyl protons (H6) of the aryl groups with a
small contribution from the me-
thine proton. According to the
EPR spectra, the a-proton cou-
plings from the Ar-DAB ligand
were 5.5 G (16.2 MHz). This
produces very broad resonances
that could not be easily detect-
ed in the cw ENDOR spec-
trum, even at high RF modula-
tion amplitudes. Couplings to
the protons of the methyl
groups (labelled H6) were ob-
served at Ak=2.72 MHz and
A?=1.95 MHz for 4, Ak=


2.66 MHz and A?=2.02 MHz
for 6 and Ak= 2.16 MHz and
A?=1.68 MHz for 10. The
slight differences in these cou-
plings are likely related to small
differences in the steric envi-
ronment or twist angle of the
aryl groups in each respective
complex. Since this coupling is
largely dipolar, small changes in
the spatial orientation of the
methyl groups will indirectly in-


fluence the magnitude of the coupling. The remaining peaks
in the 1H ENDOR spectra of 4 and 6 can be assigned to the
aryl ring protons (H4 or H5 in Scheme 1). The hyperfine cou-
plings to these ring protons are relatively large considering
their distance from the gallium heterocycles in each com-
plex. The peaks separated by 4.79, 4.84 and 5.04 MHz in the
ENDOR spectra of 4, 6 and 10 respectively (labelled ^ in
Figure 10e for example) are due to a single component of
the H4 or H5 hyperfine tensor, whereas the other compo-
nents (expected to be smaller) are buried within the powder
pattern and are difficult to extract. It can, however, be pro-
posed that the inner peaks separated by about 1.07 MHz
and about 0.6 MHz in the ENDOR spectra, are due to the
remaining components of this hyperfine tensor.


Two additional peaks can also be detected in the
ENDOR spectra of 10 (labelled * in Figure 10e), separated
by 3.728 and 3.278 MHz, which are clearly absent in the
ENDOR spectra of 4 and 6. These couplings can be as-
signed to the meta or para protons (H2 or H3) of the ace-
naphthene ring (the H1 ortho-protons produced a
10.36 MHz coupling; Table 1) and their magnitude is likely
due to spin delocalisation into these rings arising from a hy-
perconjugation mechanism. The other components of the
hyperfine tensor cannot be resolved, so the 3.728 and
3.278 MHz couplings likely represent the largest couplings
in the tensor.


The ENDOR spectra for the aryl-substituted mono-galli-
um complex 2 are shown in Figure 11. Owing to the small g
anisotropy in the EPR spectrum, very little angular selection
is expected in the ENDOR spectra recorded at different
field positions. However, due to the relatively large gallium


Figure 11. X-band EPR and ENDOR spectra of 2 recorded at 10 K in 1:1 CD2Cl2/C6D5CD3. The field positions
for the ENDOR measurements are labelled (a) and (b).
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hyperfine couplings, small variations may be expected in the
ENDOR spectra arising from anisotropy in the gallium cou-
pling. The peaks separated by 2.65 MHz and 2.088 MHz can
be easily assigned to the parallel and perpendicular compo-
nents of the aryl methyl protons. The remaining peaks, do-
minated by the large coupling at 4.88 MHz, can again be as-
signed to the largest component of the hyperfine tensor for
the aryl-ring protons, similar to that observed in the spectra
of 4, 6 and 10. However, the most unique features in the
ENDOR spectrum of 2 are the strong resonances in the
region of 20 MHz to 55 MHz. These peaks were not ob-
served in any of the other compounds. It should be recalled
that the EPR features of this particular sample were also
unusual, producing a broad unresolved spectrum with a sub-
stantially large spectral width (of ~180 G) compared to
those of the other complexes. These unusual EPR features
appear to be accompanied by unusual ENDOR features
(i.e., the appearance of new resonances from 20–55 MHz)
which we assign to 69,71Ga couplings. While gallium ENDOR
signals have been widely reported in doped semiconductor
systems,[25] this is to the best of our knowledge the first ob-
servation of gallium ENDOR signals in any discrete molecu-
lar metal complex system.


The interpretation of the gallium ENDOR signals in
Figure 11 is complicated by a number of factors, including:
1) the powder type ENDOR pattern which will potentially
produce overlapping signals from the anisotropic hyperfine
(A) and quadrupolar (Q) tensors, 2) the different nuclear
Larmor frequencies (nn) of the two isotopes (3.5867 MHz
for 69Ga and 4.6913 MHz for 71Ga at 3500G), 3) the different
and substantial electric quadrupolar moments of these I=


3/2 nuclei (0.168 � 1024 cm2 for 69Ga and 0.106 � 1024 cm2 for
71Ga), and 4) the different isotopic abundances of the nuclei.
Because the isotropic HFC estimated from the EPR spec-
trum was about 25 G, and therefore larger than nn, the
ENDOR peaks will be centred on a/2 and separated by 2nn.
For I>1 spin systems ENDOR peaks are expected at the
resonant frequencies of nENDOR = jAi/2�nn�3/2Qi (2 mI +


1) j , so that each ENDOR line will be further split into 2I
equidistant lines spaced by the quadrupole splittings. A pre-
liminary simulation and analysis of this spectrum suggests
that the hyperfine tensors are A= (67, 74, 86) MHz, while
the quadrupolar couplings are less that 0.1 MHz.


The ENDOR spectra of the mononuclear aluminium
complex, 1, and the dimeric indium complex, 9, are shown
in Figure 12a and b. The low-temperature EPR spectra and
the 1H ENDOR spectra measured at different field positions
for 1 and 9 are shown in the Supporting Information. De-
spite the differences in the metal coordination environments
for 1, 9 and the series of aryl substituted gallium complexes,
the 1H ENDOR spectra of all complexes remain very simi-
lar. As discussed above for 4, 6 and 10, the largest coupling
to the H4 or H5 aromatic protons of the aryl group protons
can be clearly seen in the spectra of 1 and 9 (4.91 MHz and
4.90 MHz for 1 and 9 respectively). Couplings to the methyl
protons (H6) of the aryl groups can also be observed (Ak=


2.55 MHz and A?= 2.08 MHz for 1 and Ak=2.50 MHz and


A?=2.28 MHz for 9) in addition to the poorly resolved
inner peaks arising from the other components of the H4 or
H5 tensor. These results clearly indicate that differences in
the metal centres do not greatly influence the unpaired spin
density on the aryl groups in any of the complexes.


Conclusion


In summary, a number of novel paramagnetic heterocyclic
compounds containing GaII,III or InIII centres have been pre-
pared and structurally characterised. These compounds and
a series of previously reported systems have been character-
ised by EPR and ENDOR spectroscopies, which provided
detailed information on the structural and electronic proper-
ties of the radicals. These results have confirmed that the
unpaired electron in all compounds is mainly centred on the
diimine backbone, with relatively weak interactions to the
coordinated Al, Ga and In nuclei. Changes in unpaired elec-
tron spin density were found to be markedly dependent on
the nature of the bulky substituents at the 1,4 positions of
the diimine ligands. In one compound, 2, well resolved galli-
um hyperfine and quadrupolar couplings were detected for
the first time, although it remains unclear why only one gal-
lium complex revealed these gallium ENDOR couplings.
Spin doublet ground states were present in all complexes,
despite the close proximity of two singly reduced diazabuta-
diene ligands in the dimeric complexes (5, 6 , 7 and 9), while
no dynamic Jahn–Teller distortions due to electron transfer
from one Ar-DAB ligand to the other were detected in
[(Ar-DAB)2Ga].


Experimental Section


All manipulations were carried out using standard Schlenk and glove box
techniques under an atmosphere of high purity argon. Toluene, DME,
THF and [D8]toluene were distilled over potassium. Diethyl ether was
distilled over Na/K, whilst CD2Cl2 was distilled over CaH2 then freeze/


Figure 12. X-band cw ENDOR spectra (10 K) of the complexes: a) 1 and
b) 9.
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thaw degassed prior to use. The EPR/ENDOR spectra were recorded on
a cw X-Band Bruker ESP300E series spectrometer equipped with an
ESP360 DICE ENDOR unit, operating at 12.5 kHz field modulation in a
Bruker EN801 cavity. ENDOR spectra were recorded at 10 K using an
Oxford instruments ESR 900 continuous flow He Cryostat. The ENDOR
spectra were obtained using 10 dB RF power from an ENI A-300 RF am-
plifier at 75 kHz or 200 kHz RF modulation depth. EPR computer simu-
lations were carried out using the commercial Bruker�s Simfonia pro-
gram. Mass spectra were recorded using a VG Fisons Platform II instru-
ment under APCI conditions. IR spectra were recorded using a Nicolet
510 FT-IR spectrometer as Nujol mulls between NaCl plates. Melting
points were determined in sealed glass capillaries under argon, and are
uncorrected. Reproducible microanal-
yses could not be obtained on new
complexes due to inclusion of solvent
of crystallisation and/or their air- and
moisture-sensitive nature. The com-
pounds [K(tmeda)][:Ga(Ar-DAB)],[11]


“GaI”,[26] Ar-DAB[27] and
[MoBr2(CO)2(PPh3)2]


[28]were prepared
according to literature methods.


[(Ar-DAB)2Ga] (4) and [{(Ar-
DAB·)GaI}2] (6): To a suspension of
“GaI” (1.18 mmol) in toluene (20 mL)
held at �78 8C was added a solution of
[K(tmeda)][:Ga(Ar-DAB)] (0.71 g,
0.59 mmol) in toluene (15 mL). The
mixture was warmed to room temper-
ature and stirred overnight to give a
red solution. The solvent was removed
in vacuo and the residue extracted
firstly with diethyl ether (20 mL) then
with toluene (20 mL). Concentration
of the diethyl ether extract and place-
ment at �35 8C yielded red crystals of
6 overnight (0.08 g, 12%). The toluene
extract was also concentrated and
placed at �35 8C to give red crystals of
4 overnight (0.12 g, 25 %). 4 : M.p.
176–179 8C (decomp); IR (Nujol): ñ=1381 (w), 1360 (m), 1314 (m), 1250
(s), 1227 (m), 1201 (m), 1110 (s), 933 (w), 800 (s), 758 (s), 656 cm�1 (w);
MS (APCI): m/z (%): 377 (100) [Ar-DAB+]; 6 : M.p. 161–164 8C
(decomp); IR (Nujol): ñ =1661 (m), 1379 (m), 1361 (w), 1319 (m), 1259
(m), 1224 (m), 1098 (br), 797 (s), 753 cm�1 (m); MS (APCI): m/z (%):
573 (10) [(Ar-DAB)GaI+], 377 (100), [Ar-DAB+].


[{(Ar-DABC)GaBr}2] (5): To a solution of [MoBr2(CO)2(PPh3)2] (0.69 g,
0.82 mmol) in Et2O (10 mL)/DME (5 mL) held at �78 8C was added a so-
lution of [K(tmeda)][:Ga(Ar-DAB)] (0.50 g, 0.42 mmol) in Et2O (15 mL).
The mixture was warmed to room temperature and stirred for 3 h to give
a red solution. The solvent was removed in vacuo and the residue ex-
tracted with DME (20 mL). Concentration and placement at �35 8C
yielded red crystals of 5 (0.16 g, 36 %). M.p. 152–154 8C (decomp); IR
(Nujol): ñ=1381 (m), 1361 (m), 1320 (m), 1258 (m), 1226 (m), 1097 (s),
1051 (w), 937 (m), 797 (m), 754 (m), 695 cm�1 (w); MS (APCI): m/z (%):
377 (100) [Ar-DAB+].


[(Ar-DAB·)InCl2(thf)] (8): To a solution of Ar-DAB (0.5 g, 1.33 mmol) in
Et2O/THF (10 mL/5 mL) was added a suspension of Li powder (0.1 g,
14.0 mmol) in Et2O (15 mL) at �78 8C. The suspension was warmed up
to room temperature and stirred for 3 hrs to yield an orange solution. Fil-
tration yielded a clear, red solution of [(Ar-DAB)Li2]. A suspension of
InCl (0.40 g, 2.66 mmol) in Et2O (15 mL) was then added at �78 8C. The
resulting solution was warmed to room temperature and stirred overnight
to give a red solution and a precipitate of indium metal. The reaction
mixture was filtered, volatiles removed in vacuo and the residue extract-
ed into Et2O (10 cm3). Cooling the extract to �30 8C yielded red crystals
of 8 (0.02 g, < 5%); m.p, 142–144 8C (decomp); IR (Nujol): ñ=1625 (s),
1260 (s), 1098 (s), 800 (s), 760 cm�1 (s); MS (APCI): m/z (%): 377 (100)
[Ar-DAB+].


X-ray crystallography: Crystals of 4, 5, 6, and 8 suitable for X-ray struc-
tural determination were mounted in silicone oil. Crystallographic meas-
urements were made using a Nonius Kappa CCD diffractometer. The
structures were solved by direct methods and refined on F2 by full-matrix
least-squares (SHELX97)[29] using all unique data. All non-hydrogen
atoms are anisotropic with H-atoms included in calculated positions
(riding model). Crystal data, details of data collections and refinement
are given in Table 2.


CCDC-253980 (4), CCDC-253981 (5), CCDC-253982 (6) and CCDC-
253983 (8) 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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Reactivity of Rhodium–Triflate Complexes with Diphenylsilane: Evidence for
Silylene Intermediacy in Stoichiometric and Catalytic Reactions


Roman Goikhman and David Milstein*[a]


Introduction


Transition metals catalyze various synthetically important
reactions involving silanes, such as hydrosilylation of olefins
and other unsaturated substrates, dehydrogenative coupling
of silanes, and various polymerization and polycondensation
reactions.[1] The mechanisms of these processes have been
extensively studied, but the operating mechanism in each
case is still under discussion. For example, several mecha-
nisms describing dehydrocoupling of silanes[1f–j] and hydrosi-
lylation of olefins[1a,b,m] have been proposed. They include an
oxidative addition/reductive elimination sequence, s-bond
metathesis, and transition-metal–silylene intermediate com-
plexes. The reported evidence of intermediate silylene com-
plexes in catalytic reactions is mostly indirect. However, a
number of stable metallo–silylene complexes have been syn-
thesized and investigated, as summarized in several re-
views.[1b,d,2] We report here new findings in the silylene


chemistry of unsaturated rhodium complexes, including in-
termolecular silylene transfer, and propose silylene-based
mechanisms for dehydrogenative coupling of silanes and for
the industrially important hydrosilylation of alkenes.


Results and Discussion


Reaction of the RhI complex [Rh(iPr3P)2(OTf)] (1)[3] with
Ph2SiH2 in toluene at �30 8C quantitatively yielded the oxi-
dative addition RhIII product [Rh(iPr3P)2(OTf)(H)(SiPh2H)]
(2).[4] Two-dimensional 29Si NMR spectroscopy at �30 8C
showed a clear doublet of triplets at d= 19 ppm. This com-
pound was unstable above 0 8C and decomposed to yield the
dihydride [Rh(iPr3P)2(H)2(OTf)] (3)[3a] in addition to several
minor complexes and a small amount of tetraphenyldisilane
(see detailed discussion below).


When two equivalents of 1 were treated with Ph2SiH2 at
�30 8C, and the reaction mixture allowed to warm up to
0 8C and left at this temperature overnight, formation of
complex 3 and a new RhI compound (4) were detected by
NMR spectroscopy. Following the reaction by 31P NMR
spectroscopy, we observed the slow simultaneous disappear-
ance of signals assigned to 1 and 2, and generation of signals
assigned to 3 and 4 in the exact proportions: 1+2=3 +4.


Abstract: Addition of Ph2SiH2 to [Rh-
(iPr3P)2(OTf)] (1) yielded the thermal-
ly unstable RhIII adduct [Rh(iPr3P)2-
(OTf)(H)(SiPh2H)] (2), which decom-
posed to [Rh(iPr3P)2(H)2(OTf)] (3),
liberating (unobserved) silylene. The si-
lylene was trapped by 1, resulting in
the RhI–silyl complex [Rh(iPr3P)2-
(SiPh2OTf)]. Complex 3 was converted
to 2 by addition of diphenylsilane, pro-
viding a basis for a possible catalytic
cycle. The last reaction did not involve
a RhI intermediate, as shown by a la-
beling study. Complex 1 catalyzed the


dehydrogenative coupling of Ph2SiH2


to Ph2HSi�SiHPh2. A mechanism in-
volving a silylene intermediate in this
catalytic cycle is proposed. The mecha-
nism is supported by complete lack of
catalysis in the case of the tertiary si-
lanes Ph2MeSiH and PhMe2SiH, and
by a study of individual steps of the
catalytic cycle. The outcome of the re-


action of Ph2SiH2 with styrene in the
presence of 1 depends on the complex/
substrate ratio; under stoichiometric
conditions olefin hydrogenation pre-
vailed over hydrosilylation, whereas
with excess of substrates hydrosilyla-
tion prevailed. Catalytic hydrosilylation
resulted in double addition giving
Ph2Si(CH2CH2Ph)2. Mechanistic as-
pects of the reported processes are dis-
cussed, and a new hydrosilylation
mechanism based on silylene interme-
diacy is proposed.
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The new compound 4 was identified as [Rh(iPr3P)2-
(SiPh2OTf)] by 1H, 31P, and two-dimensional 29Si,1H NMR
measurements. The spectral data of 2 and 4 clearly reflect
the difference in Rh oxidation state. The 1J(Rh,P) coupling
constants are 112 and 150 Hz, respectively. Similar 1J(Rh,P)
coupling constants of 110–117 Hz were reported for [Rh-
(iPr3P)2(SiAr3)(H)(Cl)] complexes,[4] whereas values for 1J-
(Rh,P) higher than 130 Hz usually indicate RhI structures.[5]


A doublet of triplets is observed in the 29Si NMR spec-
trum of 2 at d=19 ppm (1J(Rh,Si)= 62 Hz, 2J(P,Si)=14 Hz)
and in that of 4 at d=71.3 ppm (1J(Rh,Si)= 106 Hz, 2J-
(P,Si)= 19 Hz). 29Si NMR spectroscopy of a RhIII–SiHPh2


complex was reported to give rise to a signal at d= 15 ppm
(1J(Rh,Si)= 43 Hz).[6] The considerable downfield shift (d=


52 ppm) of the 29Si NMR signal of the SiPh2OTf ligand rela-
tive to that of SiPh2H has been reported for organic com-
pounds: 29Si NMR signals for HSiPh2OTf and H2SiPhOTf[7a]


appear at 27 and 52 ppm downfield from those of H2SiPh2


and H3SiPh,[7b] respectively.
Complex 4 was also generated independently from reac-


tion of [Rh(iPr3P)2(h3-CH2Ph)][8] with HSiPh2OTf[7a] (see
Scheme 1). This last reaction resulted in several other prod-
ucts due to side reactions, such as both Si�H and Si�OTf
addition followed by Si�C coupling, and compound 4 was
formed in about 15 % yield (by NMR spectroscopy). Prepa-
ration of a RhI–silyl complex from a diphosphine–Rh–
benzyl precursor and hydridosilane was reported previously.[5d]


Although the NMR data and the independent generation
of 4 clearly indicate that 4 is a RhI–silyl complex, and that
there is no Rh-Si-Rh bridge according to the 29Si NMR spec-
trum, the exact structure of compound 4 is still ambiguous.


A partial silylene character of a SiPh2OTf ligand was ob-
served with a Ru complex based on NMR data, although
the triflate group was found to be covalently bound to the
silicon in nonpolar solvents.[9] Some resonance contribution
of a Rh=Si double bond might make a tricoordinated struc-
ture of 4 more stable. The broad 31P NMR signal probably
indicates a dynamic process. Due to the bulk of the ligands,
a dimeric structure seems to be unlikely. It is possible that
the triflate ligand is involved in (reversible) intramolecular
coordination to the unsaturated rhodium center. Rhodium(i)
14 e complexes, stabilized by weak interactions, have been
isolated.[10] A tri-coordinate RhI complex was characterized
spectroscopically at low temperature,[11a] and such a com-
plex, lacking stabilizing interactions, was also isolated very
recently.[11b] Unfortunately, complex 4 is not stable and
cannot be isolated.


Apparently, the decomposition of 2 involves a-hydrogen
elimination from a Rh�SiPh2H moiety, followed by elimina-
tion of the silylene SiPh2 from the Rh center. a-Hydrogen
transfer from silicon to a metal center in M�SiR2H systems
has been reported with other metal complexes.[2d,12] When
two equivalents of 1 react with one equivalent of the silane,
excess of the RhI starting complex can serve as a silylene
trapping agent. An alternative mechanism involving dihy-
drogen elimination from 2 followed by H2 trapping with 1 is
unlikely, based on the following experiment. When a so-
lution of 2 in mesitylene was decomposed under vacuum
and, in parallel, under atmospheric pressure, no differences
were detected in the ratio of the products after completion
of the reactions. The reactions resulted in the formation of
the expected dihydride complex 3 as a major product rather
than the RhI–silyl 4. The experiment was carried out with
two different concentrations, and no difference whatsoever
in the 31P and 1H NMR patterns of the final products was
observed. This tends to rule out H2 elimination from 2, since
the liberated H2 would be expected (at least partially) to be
removed under vacuum, decreasing the amount of the dihy-
dride 3 formed.


Other experiments aimed at trapping the silylene product
were carried out with tBuMe2SiOH, since OH bonds are
known to be good trapping agents for silylenes.[13a–d] The si-
lanol was chosen due to its bulk which can minimize side re-
actions, and also due to the easy characterization and high
stability of the desired siloxane product.


Decomposition of complex 2 in the presence of two
equivalents of the silanol resulted in formation of the dihy-
dride 3 and the expected unsymmetrical siloxane tBuMe2Si�
O�SiPh2H (over 90 % by NMR spectroscopy based on 2).
Following the slow decomposition of 2 in the presence of
the silanol at �30 8C by 31P NMR spectroscopy revealed
first-order kinetics in complex 2 (kobs =1.3 �10�4 s�1). The si-
loxane product was also synthesized independently by reac-
tion of tBuMe2Si�O�H with Cl�SiPh2H in the presence of
pyridine. These transformations are summarized in
Scheme 1.[14]


Remarkably, the RhIII–dihydride 3 reacted with Ph2SiH2


at 0 8C to yield compound 2, which in turn decomposed
Scheme 1. Generation and trapping of diphenylsilylene in the RhI–
Ph2SiH2 system.
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back to 3, liberating the unobserved silylene intermediate.
This reaction sequence forms a basis for catalytic generation
of silylenes under very mild conditions.[15] Again, no RhI in-
termediate was involved in the reaction of 3 with the silane,
as was confirmed by the following labeling experiment. The
deuterio analogue of 3 was prepared from 1 and D2, and
treated with diphenylsilane. At the beginning of the reaction
only [Rh(iPr3P)2(OTf)(D)(SiPh2H)] was detected by NMR
spectroscopy, and D�H scrambling took place only at later
stages of the reaction. Thus the silane seems to react with
the RhIII–dihydride complex rather than with a RhI inter-
mediate formed by H2 reductive elimination.


When a 50-fold excess of the diphenylsilane was added to
complex 1 at room temperature (or at 0 8C), catalytic dehy-
drogenative coupling to give (Ph2SiH)2 took place (92 %
yield based on starting Ph2SiH2, at 0 8C, 24 h). Since decom-
position of 2 very likely proceeds via a silylene intermediate,
the mechanism of catalysis may involve silylene insertion
into the Si�H bond of a free silane (Scheme 2).[16] A similar


mechanism including silane addition to the M=SiR2 bond of
an intermediate complex resulting in formation of H�M�
SiR2�SiR2H, followed by reductive elimination of the disi-
lane was proposed by Ojima et al. 30 years ago,[17a] but there
was no direct evidence for the silylene intermediate, and
this mechanism could not explain formation of higher poly-
silanes. The more accepted Curtis and Epstein mecha-
nism[17b] includes silane double addition followed by Si�Si
elimination from the metal center (Scheme 3). To clarify the
mechanism we checked the reaction of tertiary silanes that
are similar both sterically and electronically to Ph2SiH2,
namely Ph2MeSiH and PhMe2SiH. In both cases no catalytic
reaction was observed with complex 1 under the same con-


ditions. To ascertain that the methyl substituent does not
play a crucial role in reactivity, we performed the reaction
with the secondary silane PhMeSiH2, resulting in the expect-
ed catalytic formation of disilane (PhMeSiH)2 under the
same conditions that were used in the case of Ph2SiH2.


The difference in the reactivity of Ph2SiH2 (and PhMe-
SiH2) in comparison with that of the tertiary silanes is strik-
ing: no catalysis at all in case of tertiary silanes was detect-
ed, whereas the secondary silane was rapidly converted cata-
lytically to the disilane. Steric reasons can be ruled out by
comparison of cone angles of the silanes. The available cone
angles of phosphines[18] are reported to be identical to those
of analogous silyl ligands.[19] Thus, the cone angles of the
SiHPh2 and SiMe2Ph groups are 1288 and 1228, respectively,
that is, HSiMe2Ph is sterically less demanding than Ph2SiH2.
In addition, since HSiMe2Ph and H2SiMePh are very similar
electronically, major influence of electronic factors on reac-
tivity can be excluded as well.


Thus, since the tertiary silanes we studied are very similar
sterically and electronically to diphenylsilane, we have to at-
tribute the strikingly different reactivity to the number of
Si�H bonds in the silane.


These results demonstrate that a SiH2 group is essential,
and strongly support the suggested mechanism involving ac-
tivation of both hydrogen atoms at one silicon center, appa-
rently generating silylene (free or bound) intermediates.
Our mechanism is supported not only by the silylene trap-
ping in a single step by using two different trapping agents,
but also by extensive previous reports that demonstrated a-
elimination from M�SiR2H fragments[12] and insertion of si-
lylenes into Si�H bonds.[13,16] Moreover, a very similar mech-
anism was recently proposed and investigated for catalytic
dehydrocoupling of stannanes.[20] Our proposed mechanism
includes a silylene elimination step from a hydrido silyl com-
plex, rather than H2 elimination, which was suggested by
Ojima. The mechanism we propose can lead to formation of
higher silanes as a result of silylene insertion into a Si�H
bond of the primary disilane product, although it has not
been observed in our case. Nevertheless, at this stage
Ojima�s mechanism cannot be ruled out completely for our
system.


Coming back to the decomposition of 2 above 0 8C, we
can now identify and explain the resulting mixture. Oxida-


Scheme 2. Proposed mechanism for catalytic dehydrogenative coupling of
Ph2SiH2.


Scheme 3. Curtis–Epstein mechanism for dehydrogenative coupling of
Ph2SiH2 catalyzed by a RhI complex.
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tive addition of silanes to RhI complexes is reversible,[21] and
hence small amounts of complex 1 and free diphenylsilane
are present in the reaction mixture. Conversion of 2 to 3 is
accompanied by the generation of diphenylsilylene, which is
trapped by small amounts of 1 and Ph2SiH2, giving complex
4 and HSiPh2SiPh2H, respectively (detected by multinuclear
NMR spectroscopy).


Another potential silylene trapping agent used was sty-
rene. Interestingly, when a 1:1 mixture of styrene and diphe-
nylsilane was added to a stoichiometric amount of 1, forma-
tion of compound 2 was initially observed. Compound 2 de-
composed in the presence of styrene, and the final products
of this reaction sequence were complexes 1 and 4, along
with a small amount of 3. The main organic products were
ethylbenzene and bis(2-phenylethyl)diphenylsilane, formed
in a ratio of 5:1.


The proposed mechanism is depicted in Scheme 4. The
first step (oxidative addition of the silane) was discussed
above. The next expected steps (reversible coordination of
the olefin and formation of intermediate A) are well-de-
fined processes in a catalytic hydrosilylation.[1c] Intermediate
A is similar to complex 2, and it most probably decomposes
in a similar manner through a-hydrogen elimination (com-
pare with Scheme 2) due to the presence of a-SiH and a
labile triflate ligand. However, the resulting silylene inter-
mediate in this case can be intramolecularly trapped by the
alkyl ligand to form irreversibly intermediate B, as was sug-


gested by Tilley et al.[22] Alternatively, intermediate B can
be formed from A also by Si�C reductive elimination fol-
lowed by Si�H oxidative addition,[1c] as shown in Scheme 4.
Intermediate B can easily react with styrene by means of
the traditional hydrosilylation mechanism, resulting in the
final products depicted in Scheme 4.


Apparently, under stoichiometric conditions, coordination
of styrene to the intermediate complex 2 is much slower
than the a-hydrogen elimination process leading to complex
3. Following this step, styrene dehydrogenates the dihydride
complex 3, resulting in 1 and ethylbenzene (Scheme 4 top).
When ten equivalents of each silane and styrene were added
to one equivalent of complex 1, a catalytic reaction took
place, resulting in the formation of ethylbenzene and bis(2-
phenylethyl)diphenylsilane as the main products in a ratio
of 2:5 (as opposed to 5:1 under stoichiometric conditions).
This result is likely to be due to reversible coordination of
styrene to intermediate 2, with excess styrene directing the
process to hydrosilylation.


Interestingly, formation of the product of addition of two
styrene molecules to one molecule of silane is preferred to
the mono-addition product, which was not observed in the
reactions. A possible explanation for this unusual finding is
that intermediate A (Scheme 4) undergoes fast rearrange-
ment to intermediate B, which adds a second olefin mole-
cule at a much faster rate than Si�H reductive elimination,
followed by irreversible Si�C elimination. A similar process
was reported with diphenylsilane and ethylene with another
Rh system, in which the mono-addition product was not de-
tected;[23] however, it was detected when ethylene was re-
placed with the less reactive 1-butene. The proposed inter-
mediate step included a bridging silylene complex.[23] Anoth-
er mechanism involving a silylene intermediate complex in
the hydrosilylation reaction as a result of a-hydrogen elimi-
nation from a M�Si�H moiety has been proposed recent-
ly[24] and studied computationally.[25]


Conclusion


A rare example of a-hydrogen elimination in a Rh–silyl
complex was detected, leading to a (unobserved) silylene in-
termediate, which was trapped with a cationic RhI com-
plex[26] or with an organic silanol. Based on our results, a
mechanism for dehydrogenative coupling of silanes involv-
ing a silylene intermediate was proposed. An interesting
competition between hydrosilylation and hydrogenation in a
reaction of an olefin with a silane was reported and dis-
cussed. A new mechanism for catalytic hydrosilylation re-
sulting in olefin double addition to a silane substrate was
proposed.


Experimental Section


General : All the manipulations of air- and moisture-sensitive compounds
were carried out by using a nitrogen-filled Vacuum Atmospheres glove


Scheme 4. Proposed mechanism for catalytic hydrosilylation and hydro-
genation of styrene with Ph2SiH2.
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box. Solvents were purified by standard procedures, degassed, and stored
over molecular sieves in the glove box. All the reagents were of reagent
grade. Commercially available silanes were used without further purifica-
tion. Rhodium complexes were synthesized according to or similarly to
literature procedures, as referenced in the paper. NMR spectra were ob-
tained with a Bruker AMX 400 spectrometer at ambient probe tempera-
ture in [D8]toluene unless otherwise specified.


Reactions of [Rh(iPr3P)2OTf] (1) with Ph2SiH2


Ratio of reagents 1/Ph2SiH2 1:1: A solution of 1 (57 mg, 0.1 mmol) in
[D8]toluene (0.6 mL) was treated with Ph2SiH2 (18 mg, 0.1 mmol) at
�30 8C. The color of the solution changed immediately from deep violet
to brown. Complex 2 was formed quantitatively (by NMR spectroscopy).
It slowly decomposed at 0 8C to the dihydride complex 3 in approximate-
ly 80 % yield and small amounts of 4 and tetraphenyldisilane. NMR data
of 2 : 31P{1H}: d=43.6 ppm (d, 1J(Rh,P) =112 Hz, 2P); 1H NMR: d =7.87
(m, 4H; Si-Ph), 7.20 (m, 4H; Si-Ph), 7.10 (m, 2H; Si-Ph), 5.44 (ddt, 3J-
(P,H)=12.3 Hz, 2J(Rh,H)=2.3 Hz, 3J(H,H) =2.0 Hz, 1H; Si-H), 2.22 (m,
6H; P-CH(CH3)2), 1.04 (m, 36H; P-CH(CH3)2), �21.85 ppm (ddt, 2J-
(Rh,H)=29.6 Hz, 3J(P,H)=13.7 Hz, 3J(H,H) =2.0 Hz, 1H; Rh-H); 29Si:
d=19 ppm (dt, 1J(Rh,Si)=62 Hz, 2J(P,Si) =14 Hz).


Ratio of reagents 1/Ph2SiH2 2:1: A solution of 1 (57 mg, 0.1 mmol) in
[D8]toluene (0.6 mL) was treated with Ph2SiH2 (9 mg, 0.05 mmol) at
�30 8C. The color of the solution changed from deep violet to dark
brown and a mixture of complexes 1 and 2 in approximately 1:1 ratio was
observed by NMR spectroscopy. The reaction mixture was warmed up to
0 8C and was followed by NMR spectroscopy overnight. Slow decomposi-
tion of complex 2 was accompanied by an equivalent consumption of
complex 1 and simultaneous appearance of complexes 3 and a new RhI


complex in 1:1 ratio. The latter compound was assigned as [Rh(iPr3P)2-
(SiPh2OTf)] (4). NMR of 4 : 31P{1H}: d =45.2 ppm (d, 1J(Rh,P) =150 Hz,
2P); 1H NMR: d=8.40 (m, 4H; Si-Ph), 7.23 (m, 4 H; Si-Ph), 7.13 (m,
2H; Si-Ph), 2.08 (m, 6H; P-CH(CH3)2), 1.02 ppm (m, 36 H; P-CH-
(CH3)2); 29Si: d= 71.3 ppm (dt, 1J(Rh,Si)= 106 Hz, 2J(P,Si) =19 Hz).


Catalytic experiment with a ratio of reagents 1/Ph2SiH2 1:50 : Ph2SiH2


(92 mg, 0.5 mmol) was added to a solution of 1 (6 mg, 0.01 mmol) in
[D8]toluene (0.6 mL), and the reaction was stirred overnight at 0 8C.
Quantitative conversion of the silane was detected, and (Ph2SiH)2 was
formed in 92% yield (based on starting Ph2SiH2), along with a small
amount of Ph3SiH and traces of other silicon species.


Ratio of reagents 1/Ph2SiH2 1:1 under vacuum : A solution of 1 (80 mg,
0.14 mmol) in mesitylene (2 mL) was treated with Ph2SiH2 (26 mg,
0.14 mmol) at �30 8C. The color of the solution changed immediately
from deep violet to brown, indicating the formation of adduct 2. The re-
action mixture was separated into two equal portions at �30 8C. One of
the portions was kept under vacuum for 4 h at room temperature, where-
as another portion was allowed to stand for the same period of time at
normal conditions. 31P NMR spectroscopy of the final mixture was identi-
cal in the two experiments.


When the experiment was carried out with 5 mL of mesitylene (instead
of 2 mL) almost no difference in the final product ratio was observed.
Complex 3 was the major product, along with some starting adduct 2 and
a small amount of 4.


Reaction of [Rh(iPr3P)2OTf] (1) with PhMeSiH2 : PhMeSiH2 (12 mg,
0.1 mmol) was added to a solution of 1 (6 mg, 0.01 mmol) in [D8]toluene
(0.6 mL), and the reaction was stirred overnignt. Over 90 % conversion
of the silane was detected, and (PhMeSiH)2 was formed in 92% yield
(based on starting PhMeSiH2), along with a small amount of other silicon
species.


Reactions of [Rh(iPr3P)2OTf] (1) with excess of Ph2MeSiH and PhMe2-
SiH : The silane (0.5 mmol; 68 mg of PhMe2SiH or 99 mg of Ph2MeSiH)
was added to a solution of 1 (6 mg, 0.01 mmol) in [D8]toluene (0.6 mL),
and the reaction was stirred overnignt at 0 8C. No catalytic reaction was
detected by 1H NMR spectroscopy. Stoichiometric products were not an-
alyzed.


Reaction of [Rh(iPr3P)2OTf] (1) with a mixture of Ph2SiH2 and tBuSi-
Me2OH : A solution of 1 (34 mg, 0.06 mmol) in [D8]toluene (0.5 mL) was
treated with a mixture of Ph2SiH2 (11 mg, 0.06 mmol) and tBuSiMe2OH


(16 mg, 0.12 mmol) in [D8]toluene (0.3 mL) of at �30 8C. Complex 2 was
formed quantitatively (by NMR spectroscopy). The reaction mixture was
followed by NMR spectroscopy overnight, resulting in slow decomposi-
tion of complex 2 to the dihydride 3. The major organic product was tBu-
SiMe2-O-SiHPh2 (90 % based on the initial Ph2SiH2 amount). 1H NMR of
tBuSiMe2-O-SiHPh2: d=7.63 (m, 4H; Ph), 7.16 (m, 6 H; Ph), 5.80 (s, 1H;
Si-H, 1J(Si,H) =214 Hz), 0.93 (s, 9 H; tBu), 0.08 ppm (s, 6 H; Me).


Independent synthesis of tBuSiMe2-O-SiHPh2 : A solution of tBuSi-
Me2OH (13 mg, 0.1 mmol) and pyridine (8 mg, 0.1 mmol) in C6H6


(0.5 mL) was added dropwise to a solution of Ph2SiHCl (22 mg,
0.1 mmol) in C6H6 (0.5 mL) at room temperature. The reaction mixture
was stirred for half hour, the pyridinium salt was filtered off, and the so-
lution was evaporated to give the desired siloxane in 80 % yield (25 mg).
The 1H NMR data were identical to that reported above.


Reaction of [Rh(iPr3P)2(H)2OTf] (3) with Ph2SiH2


Method 1: A solution of complex 3 (17 mg, 0.03 mmol) in [D8]toluene
(0.6 mL) was treated with Ph2SiH2 (5.5 mg, 0.03 mmol) at 0 8C, producing
complex 2 as a major product within minutes. Compound 2 decomposed
overnight to the starting complex 3 and a mixture of unidentified silicon-
containing products.


Method 2 : A solution of [Rh(iPr3P)2(D)2OTf] (prepared analogously to
3[3] from 1 using deuterium bubbling) (17 mg, 0.03 mmol) in [D8]toluene
(0.6 mL) was treated with Ph2SiH2 (5.5 mg, 0.03 mmol) at �10 8C. Only
[Rh(iPr3P)2(D)(SiPh2H)OTf] was detected by 1H and 2H NMR spectros-
copy at early stages of the reaction. After 15 min a scrambling between
Rh�D and Si�H was observed.


Reactions of 1 with a mixture of Ph2SiH2 and styrene


Ratio of reagents 1/Ph2SiH2/styrene 1:1:1: A solution of 1 (17 mg,
0.03 mmol) in [D8]toluene (0.5 mL) was treated with a mixture of
Ph2SiH2 (5.5 mg, 0.03 mmol) and styrene (3 mg, 0.03 mmol) at �30 8C.
The color of the solution immediately changed from deep violet to
brown. Complex 2 was formed quantitatively (by NMR spectroscopy).
The reaction mixture was warmed up to 0 8C and followed by NMR spec-
troscopy overnight. Slow decomposition of complex 2 was observed, ac-
companied by initial appearance of the dihydride 3, which transformed
to complex 1 towards the end of the reaction. The major organic prod-
ucts were ethylbenzene (60 % NMR yield, based on the initial amount of
styrene) and bis(phenethyl)diphenylsilane (12 % NMR yield, based on
the initial amount of diphenylsilane), along with some unidentified sili-
con-containing products. 1H NMR data of bis(phenethyl)diphenylsilane:
d=7.0–7.5 (overl. m, 20 H; Ph), 2.58 (m, 4 H; Ph-CH2), 1.33 ppm (t, 4 H;
Si-CH2). The NMR spectrum was identical to that of the commercially
purchased compound (Aldrich).


Ratio of reagents 1/Ph2SiH2/styrene 1:10:10 : A solution of 1 (17 mg,
0.03 mmol) in [D8]toluene (0.5 mL) was treated with a mixture of
Ph2SiH2 (55 mg, 0.3 mmol) and styrene (30 mg, 0.3 mmol) at �30 8C. The
color of the solution immediately changed from deep violet to brown,
and complex 2 was formed quantitatively (by NMR spectroscopy). The
reaction mixture was warmed up to 0 8C and followed by NMR spectros-
copy overnight. Decomposition of complex 2 to 1 was observed, and the
major organic products were ethylbenzene (15 % NMR yield) and bi-
s(phenethyl)diphenylsilane (37 % NMR yield), along with some unidenti-
fied silicon-containing products.


Acknowledgements


We thank the Israel Science Foundation, Jerusalem, the Minerva Founda-
tion, Munich, and the Helen and Martin Kimmel Center for Molecular
Design for financial support. D.M. is the Israel Matz Professor of Organic
Chemistry.


[1] a) M. A. Brook, Silicon in Organic, Organometallic, and Polymer
Chemistry, Wiley-Interscience, New York, 2000 ; b) T. D. Tilley in
The Chemistry of Organic Silicon Compounds, Part 1 (Eds.: S. Patai,


Chem. Eur. J. 2005, 11, 2983 – 2988 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2987


FULL PAPERRhodium–Triflate Complexes



www.chemeurj.org





Z. Rappoport), Willey, N.Y., 1989, 1415; c) I. Ojima, Z. Li, J. Zhu,
in The Chemistry of Organic Silicon Compounds, Vol. 3 (Eds.: Z.
Rappoport, Y. Apeloig), Willey, N.Y., 1998, 1687; d) M. S. Eisen, in
The Chemistry of Organic Silicon Compounds, Vol. 3 (Eds.: Z. Rap-
poport, Y. Apeloig), Willey, N.Y., 1998, 2037; e) H. Yamashita, M.
Tanaka, Bull. Chem. Soc. Jpn. 1995, 68, 403; f) C. E. Zybill, C. Liu,
Synlett 1995, 7, 687; g) F. Gauvin, J. F. Harrod, H. G. Woo, Adv. Or-
ganomet. Chem. 1998, 42, 363; h) T. D. Tilley, Comments Inorg.
Chem. 1990, 10, 37; i) T. D. Tilley, Acc. Chem. Res. 1993, 26, 22;
j) J. Y. Corey, Adv. Silicon Chem. 1991, 1, 327; k) J. A. Reichl, D. H.
Berry, Adv. Organomet. Chem. 1998, 43, 197; l) H. K. Sharma, K. H.
Pannell, Chem. Rev. 1995, 95, 1351; m) B. Marciniec, J. Gulinski, J.
Organomet. Chem. 1993, 446, 15, and references therein; n) J. Y.
Corey, J. Braddock-Wilking, Chem. Rev. 1999, 99, 175.


[2] a) H. Ogino, Chem. Rec. 2002, 2, 291; b) S. K. Grumbine, D. A.
Straus, T. D. Tilley, A. L. Rheingold, Polyhedron 1995, 14, 127;
c) P. D. Lickiss, Chem. Soc. Rev. 1992, 21, 271; d) for latest study of
silylene complexes see: B. V. Mork, T. D. Tilley, J. Am. Chem. Soc.
2004, 126, 4375, and references therein.


[3] a) H. Werner, M. Bosch, M. E. Schneider, C. Hahn, F. Kukla, M.
Manger, B. Windmuller, B. Weberndorfer, M. Laubender, J. Chem.
Soc. Dalton Trans. 1998, 21, 3549; b) R. Goikhman, D. Milstein,
Angew. Chem. 2001, 113, 1153; Angew. Chem. Int. Ed. 2001, 40,
1119.


[4] Similar square-pyramidal [Rh(PiPr3)2(SiAr3)(H)(Cl)] complexes
were structurally characterized, see: K. Osakada, T. A. Koizumi, T.
Yamamoto, Organometallics 1997, 16, 2063.


[5] RhI–silyl complexes exhibit 1J(Rh,P) =130–160 Hz. See, for exam-
ple: a) R. Goikhman, M. Aizenberg, Y. Ben-David, L. J. W. Shimon,
D. Milstein, Organometallics 2002, 21, 5060; b) G. P. Mitchell, D. A.
Straus, T. D. Tilley, A. L. Rheingold, Organometallics 1998, 17, 2912;
c) M. Aizenberg, J. Ott, C. J. Elsevier, D. Milstein, J. Organomet.
Chem. 1998, 551, 81; d) P. Hoffmann, C. Meier, W. Hiller, M.
Heckel, J. Riede, M. U. Schmidt, J. Organomet. Chem. 1995, 490, 51;
e) D. E. Hendriksen, A. A. Oswald, G. B. Ansell, S. Leta, R. V.
Kastrup, Organometallics 1989, 8, 1153.


[6] K. Osakada, S. Sarai, T. A. Koizumi, T. Yamamoto, Organometallics
1997, 16, 3973.


[7] a) W. Uhlig, A. Tzschach, J. Organomet. Chem. 1989, 378, C1;
b) B. J. Helmer, R. West, Organometallics 1982, 1, 877.


[8] H. Werner, M. Schafer, O. Nurnberg, J. Wolf, Chem. Ber. 1994, 127,
27.


[9] D. A. Straus, C. Zhang, G. E. Quimbita, S. D. Grumbine, R. H.
Heyn, T. D. Tilley, A. L. Rheingold, S. J. Geib, J. Am. Chem. Soc.
1990, 112, 2673.


[10] a) Y. W. Yared, S. L. Miles, R. Bau, C. A. Reed, J. Am. Chem. Soc.
1977, 99, 7076; b) H. L. M. Van Gaal, F. L. A. Van den Bekerom, J.
Organomet. Chem. 1977, 134, 237; c) H. Urtel, C. Meier, F. Eisen-
trager, F. Rominger, J. P. Joschek, P. Hofmann, Angew. Chem. 2001,
113, 803; Angew. Chem. Int. Ed. 2001, 40, 781.


[11] a) M. Gandelman, A. Vigalok, L. Konstantinovski, D. Milstein, J.
Am. Chem. Soc. 2000, 122, 9848; b) R. Dorta, E. D. Stevens, S. P.
Nolan, J. Am. Chem. Soc. 2004, 126, 5054.


[12] a) B. V. Mork, T. D. Tilley, J. Am. Chem. Soc. 2004, 126, 4375;
b) B. V. Mork, T. D. Tilley, J. Am. Chem. Soc. 2001, 123, 9702;
c) S. R. Klei, T. D. Tilley, R. G. Bergman, J. Am. Chem. Soc. 2000,
122, 1816; d) J. C. Peters, J. D. Feldman, T. D. Tilley, J. Am. Chem.
Soc. 1999, 121, 9871; e) G. P. Mitchell, T. D. Tilley, Angew. Chem.
1998, 110, 2602; Angew. Chem. Int. Ed. Engl. 1998, 37, 2524;
f) R. J. P. Corriu, B. P. S. Chaunan, G. F. Lanneau, Organometallics
1995, 14, 1646.


[13] a) A. G. Brook, M. A. Brook, Adv. Organomet. Chem. 1996, 39, 71;
b) R. Okazaki, R. West, Adv. Organomet. Chem. 232; c) P. P.
Gaspar, R. West, in The Chemistry of Organic Silicon Compounds,
Vol. 3 (Eds.: Z. Rappoport, Y. Apeloig), Willey, N.Y., 1998, 2463;
d) K. P. Steele, W. P. Weber, Inorg. Chem. 1981, 20, 1302, and refer-
ences therein; e) D. Seyferth, D. C. Annarelly, D. P. Duncan, Orga-
nometallics 1982, 1, 1288.


[14] a) An analogous labeling experiment using tBuMe2SiOD (prepared
by deprotonation of tBuMe2SiOH with tBuLi followed by addition
of CD3COOD) resulted in H�D scrambling. Both tBuMe2SiO-
SiPh2-D and tBuMe2SiO-SiPh2-H were observed in a ratio of 2:3,
probably due to reversible Si�H oxidative addition. b) Kinetic meas-
urement of silanol disappearance was problematic due to difficulties
in precise integration of 1H NMR signals, which partially overlap
with peaks of the starting compound and product. c) Decomposition
of 2 revealed first-order kinetics at different concentrations and
temperatures.


[15] Catalytic silylene generation was also detected in photochemical de-
composition of oligosilanes: K. H. Pannel, M. C. Brun, H. Sharma,
K. Jones, S. Sharma, Organometallics 1994, 13, 1075.


[16] A free silylene insertion into Si�H bonds was proposed in catalytic
polymerization of oligosilanes: E. Hengge, M. Weinberger, J. Orga-
nomet. Chem. 1993, 443, 167.


[17] a) I. Ojima, S. I. Inaba, T. Kogure, I. Nagai, J. Organomet. Chem.
1973, 55, C7; b) M. D. Curtis, P. S. Epstein, Adv. Organomet. Chem.
1981, 19, 213.


[18] C. A. Tolman, Chem. Rev. 1977, 77, 313.
[19] D. M. Hester, J. Sun, A. W. Harper, G. K. Yang, J. Am. Chem. Soc.


1992, 114, 5234.
[20] N. R. Neale, T. D. Tilley J. Am. Chem. Soc. 2002, 124, 3802.
[21] M. Aizenberg, R. Goikhman, D. Milstein, Organometallics 1996, 15,


1075.
[22] J. D. Feldman, J. C. Peters, T. D. Tilley, Organometallics 2002, 21,


4065.
[23] M. D. Fryzuk, L. Rosenberg, S. J. Rettig, Organometallics 1996, 15,


2871.
[24] a) P. B. Glaser, T. D. Tilley, J. Am. Chem. Soc. 2003, 125, 13640;


b) M. Itoh, K. Iwata, M. Kobayashi, J. Organomet. Chem. 1999, 574,
241.


[25] C. Beddie, M. B. Hall, J. Am. Chem. Soc. 2004, 126, 13564.
[26] Silylene insertion into a transition-metal–hydride bond is known,


see, for example: D. H. Berry, J. H. Mitstifer, J. Am. Chem. Soc.
1987, 109, 3777.


Received: June 7, 2004
Revised: December 25, 2004


Published online: March 11, 2004


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 2983 – 29882988


D. Milstein and R. Goikhman



www.chemeurj.org






Structure Characterization and Possible Biogenesis of Three New Families of
Nortriterpenoids: Schisanartane, Schiartane, and 18-Norschiartane


Rong-Tao Li,* Wei-Lie Xiao, Yun-Heng Shen, Qin-Shi Zhao, and Han-Dong Sun*[a]


Introduction


Triterpenoids are the most ubiquitous, nonsteroidal secon-
dary metabolites in terrestrial and marine flora and fauna.
Their presence, even in nonphotosynthetic bacteria, has cre-
ated interest from both an evolutionary and functional point
of view. Although medicinal uses of the compounds from
this class are rather limited, considerable recent work in this
regard strongly indicates their great potential as drugs.[1]


Moreover, despite the great diversity that already exists
among the skeletons of triterpenoids, new variants continue
to emerge. Some of the new triterpenoid structures possess
novel skeletons and represent unique biosynthetic end prod-
ucts. The majority of triterpenoids possess the conventional
skeleton arising from the cyclization of squalene-2,3-epoxide
to yield fused polycyclic products. More unusual are the in-
completely cyclized compounds, or those exhibiting cycliza-
tion within the chain, or two consecutive cyclizations rather
than the cyclization beginning at one end. While triterpe-
noids with rearranged carbocyclic skeletons have been iso-
lated quite frequently, there are some whose skeletons are


formed through extensive oxidation accompanied by various
bond cleavages.[2,3]


With the aim of identifying new natural compounds with
interesting biological activities and of investigating the oc-
currence of natural terpenoids that could be used as natural
sources of intermediates for the synthesis of high-added-
value compounds, we examined the plants of the genus Schi-
sandra,[4–13] which belongs to the economically and medici-
nally important family Schisandraceae. A series of novel,
highly oxygenated triterpenoids with unusual nortriterpe-
noid or bisnortriterpenoid skeletons, were isolated and re-
ported in our earlier publications: micrandilactone A (5),[6]


henridilactones A–D (6–9),[7] lancifodilactones B–E (10–
13),[8] which possess an unprecedented new nortriterpenoid
skeleton with a biosynthetically modified eight-membered
ring, lancifodilactone A (14)[9] and micrandilactones B and
C (15–16).[10,11] In a continuing search for structurally unique
and biogenetically interesting precursors, four new com-
pounds, micrandilactones D–G (1–4), structurally related to
micrandilactone A (5), were isolated from the leaves and
stems of S. micrantha A. C. Smith. As sixteen novel, highly
oxygenated compounds with three unique skeletons have
not previously been encountered in nature, we proposed the
names “schisanartane”, “schiartane”, and “18-norschiar-
tane” for the three skeletons. Orienting these novel com-
pounds in a triterpene perspective reveals the natural con-
text of the schisanartane, schiartane, 18-norschiartane, and
the cycloartane skeletons. In this paper, the isolation, struc-
ture elucidation, and plausible hypotheses on the biogenesis
of the three new triterpenoid skeletons are discussed.


Keywords: biogenesis · natural
products · NMR spectroscopy ·
structure elucidation · terpenoids


Abstract: Four new, highly oxygenated nortriterpenoids with unique schisanartane
skeletons, micrandilactones D–G (1–4), have been isolated from the leaves and
stems of Schisandra micrantha, and their structures have been elucidated on the
basis of extensive spectral studies. The postulated biogenetic sequences of sixteen
highly oxygenated nortriterpenoids and bisnortriterpenoids with new skeletons
from three Schisandra species are discussed and have been compared from a che-
motaxonomic standpoint.
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Results and Discussion


Structure elucidation of micrandilactones D–G (1–4): The
molecular composition of micrandilactone D (1), C29H36O11,
was established from HR-EI-MS (m/z 560.2249) and 13C
NMR spectroscopic data. Analysis of the 1H and 13C NMR
(Tables 1 and 2) and HMQC spectra revealed that 1 con-
tains five methyl, five methylene, nine methine, and ten qua-
ternary carbon atoms. The 1H NMR spectrum exhibited
characteristic signals of two proton AB doublets at dH = 2.19
and 2.49 ppm with a large coupling constant of J= 12.7 Hz
attributed to H2-19. Moreover, a diagnostic oxymethine
signal at dH =4.50 ppm (dd, J=7.5, 7.9 Hz) was assigned to
the H-7 resonance. Additionally, the signals at dH =4.19 (d,
J=5.1 Hz, H-1), 2.87 (dd, J=5.1, 15.0 Hz, Ha-2), and
2.71 ppm (d, J=15.0 Hz, Hb-2) were typical of the ABX-


spin-system proton resonan-
ces.[6–8] All these signals sug-
gested that compound 1 pos-
sessed the same skeleton as mi-
crandilactone A (5).


In fact, most of the NMR
data for 1 resembled those of 5.
The main differences between
the 13C NMR spectra of 1 and 5
were the absence of the signal
corresponding to the C-22 oxy-
genated quaternary carbon
atom and the presence of a me-
thine carbon atom (dC =


41.6 ppm). It was therefore sug-
gested that 1 was 22-dehydroxy
micrandilactone A. A compari-
son between the 1H NMR data
of both compounds provided
confirmation of the proposed
structural assignment. The
chemical shift of the H-22
signal (d=3.16 ppm), the up-
field shift of the H-14 reso-
nance (d= 2.89, Dd1, 5 =


0.42 ppm), the HMBC correla-
tions from Me-21 to C-22, from
H-22 to C-15, and from H-14
and H-23 to C-22, as well as the
1H–1H COSY spin system H-14/
H-22/H-23, confirmed the


nature of ring F of 1. The Me-18 signal (dH =0.99 ppm) res-
onated at a higher field than the comparable signal in 5
(dH =1.58 ppm) due to the loss of deshielding by the OH-22.
Micrandilactone D (1) was assigned the same stereochemis-
try as 5 on the basis of the close relations of all the proton
and carbon chemical shifts and proton multiplicities for both
compounds.


Micrandilactone E (2) was analyzed and its composition
found to be C29H36O11 by HR-ESI-MS (m/z 583.2143
[M+Na]+), the same as that of 1. The 1H and 13C NMR
spectral data of 2 (Tables 1 and 2) were strikingly similar to
those of 1. These similarities, together with the fact that 1
and 2 possess identical molecular formulae, suggested a
close relationship between the two compounds. After the as-
signment of all direct C�H bonds based on HMQC, the
large structure of 2 was elucidated as an epimer of 1 at Me-
21. In fact, the only significant difference in the 13C NMR
spectrum of 2 was the down-field shift of C-20 and C-22 to
dC =76.4 and 43.5 ppm (vs dC =74.7, 41.6 ppm in 1), respec-
tively, and the up-field shift of Me-21 to dC = 20.6 ppm (vs
dC =24.4 ppm in 1). These data clearly indicated that 2 and
1 are a pair of epimers at the C-20 position, and that Me-21
has an a-orientation in 1 rather than a b-orientation as in 2.
The b-configuration of Me-21 was also evident from the key
ROESY correlations of Me-21/H-23 and Me-21/H-24
(Figure 1).
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Micrandilactone F (3) was
isolated as a UV-absorbing sub-
stance (lmax =229 nm), and the
molecular formula of C29H34O10


was established by HR-ESI-MS
and 13C NMR spectra, indicat-
ing that it had 18 mass units
less than 2. The 13C NMR spec-
tral data of 3 (Table 2) were
very similar to those of 2,
except that two methine signals
due to C-7 and C-8 (dC = 67.9
and 60.0 ppm) in 2 were re-
placed by signals for a double
bond at dC =135.5 and
137.9 ppm in 3. These data, and
those obtained from HMBC
correlations from H-7 to C-6,
C-9, and C-16, and from both
H2-6 and H2-19 to C-8
(Figure 2), fully corroborated
the proposed structure of 3 as
the 7,8-dehydro derivative of
micrandilactone E (2).


HR-ESI-MS analysis of mi-
crandilactone G (4) demon-


strated that it has the molecular formula C29H36O10 (m/z
567.2208 [M+Na]+), which is less than that of 1 by one
oxygen atom. The 1H and 13C NMR spectral data (Tables 1
and 2) were analogous to those of 1. One of the main differ-
ences observed in the 13C NMR spectrum was that a signal
due to a methine carbon atom (dC = 44.0 ppm) at C-20 in 4
was observed in place of the oxygenated quaternary carbon
(dC =74.7 ppm) in 1. Along with the absence of the hydroxyl
signal at dH = 5.40 ppm, this suggested that the structure of 4
was the 20-deoxy derivative of micrandilactone D (1). More-
over, the Me-21 and C-22 signals in the 13C NMR spectrum


Table 1. 1H NMR spectroscopic data for compounds 1–4 in C5D5N.[a]


Proton 1 2 3 4


1 4.19 (d, 5.1) 4.32 (d, 6.0) 4.28 (d, 6.3) 4.28 (d, 4.3)
2a 2.87 (dd, 5.1, 15.0) 3.08 (dd, 6.0, 18.6) 3.13 (dd, 6.3, 18.9) 3.19 (dd, 4.3, 14.5)
2b 2.71 (d, 15.0) 2.65 (d, 18.6) 2.77 (d, 18.9) 2.85 (d, 14.5)
5 2.48 (dd, 3.4, 10.3) 2.39 (dd, 6.0, 10.1) 2.18 (overlap) 2.91 (br d, 10.6)
6a 2.08 (m) 2.06 (m) 2.16 (m) 1.64 (m)
6b 2.20 (overlap) 1.79 (m)
7 4.50 (dd, 7.5, 7.9) 4.30 (overlap) 7.06 (dd, 6.8, 7.6) 4.49 (m)
8 2.95 (d, 7.9) 2.72 (d, 9.8) – 4.05 (d, 7.4)
11a 1.73 (m) 1.77 (m) 1.70 (m) 1.70 (m)
11b 1.98 (m) 1.92 (m) 2.09 (m) 2.00 (m)
12a 1.62 (m) 1.60 (m) 1.46 (m) 1.52 (m)
12b 1.86 (m) 1.92 (overlap) 1.94 (m) 1.82 (m)
14 2.89 (d, 6.5) 2.79 (d, 8.8) 2.87 (d, 9.1) 2.76 (d, 5.5)
18 0.99 (s) 1.23 (s) 1.15 (s) 0.91 (s)
19a 2.49 (AB d, 12.7) 2.52 (AB d, 16.1) 2.34 (d, 2.3) 2.45 (AB d, 13.3)
19b 2.19 (AB d, 12.7) 2.18 (AB d, 16.1) 1.93 (AB d, 13.3)
20 – – – 2.55 (m)
21 1.53 (s) 1.68 (s) 1.72 (s) 1.27 (d, 5.5)
22 3.16 (m) 3.33 (d, 8.8) 3.53 (d, 8.8) 2.75 (overlap)
23 4.93 (br s) 5.02 (br s) 5.05 (br s) 4.47 (br s)
24 5.22 (dd, 1.4, 3.2) 5.00 (d, 3.5) 4.74 (dd, 1.8, 2.3) 4.55 (d, 1.6)
25 3.16 (overlap) 3.21 (m) 3.19 (m) 3.01 (m)
27 1.12 (d, 5.8) 1.12 (d, 7.6) 1.61 (d, 7.3) 1.33 (d, 5.9)
29 1.23 (s) 1.32 (s) 1.22 (s) 1.28 (s)
30 1.04 (s) 1.14 (s) 1.03 (s) 1.05 (s)
20-OH 5.40 (s) 4.30 (overlap) 4.42 (s) –


[a] Data were recorded on a Bruker DRX-500 MHz spectrometer, chemical shift values d are in ppm, and the
coupling constant J is in Hz (in parentheses).


Table 2. 13C NMR spectroscopic data of compounds 1–4 in C5D5N.[a]


Carbon 1 2 3 4


1 81.4 81.5 80.4 80.3
2 35.0 35.0 35.3 35.9
3 175.1 175.3 175.2 174.8
4 83.9 84.0 83.2 84.3
5 58.1 58.3 57.6 53.5
6 36.4 36.1 23.6 33.8
7 67.7 67.9 135.5 62.9
8 60.1 60.0 137.9 55.3
9 82.2 81.3 82.2 80.5
10 95.7 96.0 94.9 97.1
11 41.3 41.1 39.0 36.4
12 30.7 30.8 31.0 31.5
13 49.3 48.6 49.0 49.9
14 44.8 43.5 44.2 44.6
15 98.1 98.1 98.5 98.9
16 208.2 209.1 198.5 208.7
17 220.0 221.2 221.7 220.3
18 26.6 27.6 28.2 25.7
19 42.4 42.3 42.5 44.5
20 74.7 76.4 76.3 44.0
21 24.4 20.6 20.9 15.1
22 41.6 43.5 43.7 39.9
23 73.6 74.2 74.1 75.2
24 72.4 70.9 70.4 69.1
25 41.7 41.9 42.4 42.0
26 177.6 177.5 177.8 177.9
27 7.7 7.7 8.4 8.2
29 27.7 27.8 27.5 27.9
30 20.9 20.9 20.4 21.0


[a] Data were recorded on a Bruker DRX-500 MHz spectrometer, chemi-
cal shifts (d) are in ppm; assignments were confirmed by 1H–1H COSY,
HMQC, and HMBC.


Figure 1. Key ROESY correlations for micrandilactone E (2).


Figure 2. Key HMBC correlations for micrandilactone F (3).
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were shifted upfield from d= 24.4 and 41.6 ppm in 1 to d=


15.1 and 39.9 ppm in 4, respectively, in agreement with the
above assignment. This assignment was also confirmed by
the HMBC correlations observed from H-14 and Me-21 to
C-20 and from H-20 to C-22 and C-23 (Figure 3).


Other significant chemical-shift differences observed in 4
with respect to 1 in the NMR spectra were associated with
the signals at C-5–C-8 and C-11. HMBC cross peaks ob-
served between H-5 and C-7, between H-6 and C-7 and C-8,
and between H-8 and C-7, C-11, C-16, and C-19, fully corro-
borated the hydroxyl group located at C-7, which was identi-
cal to that of 1. This suggested that the differences between
4 and 1 were to be found in the relative stereochemical ori-
entations of the carbon atoms in the C-5 to C-8 region. The
observation of a ROESY correlation (Figure 4) between
Me-29 and H-5 established that the stereochemistry at C-5
is the same in both compounds. Meanwhile, the ROESY
correlation between H-5 and H-8, and the absence of a cor-
relation between H-5 and H-7 as for those of 1 and 2, sug-
gested that H-7 is a-oriented and H-8 is b-oriented in 4, dif-
fering from the relative stereochemistry at C-7 and C-8 of 1
and 2. This proposal was further supported by the down-
field chemical shift of H-5 from d=2.48 ppm in 1 to d=


2.91 ppm in 4 due to the deshielding effect of the 7b-OH of
4. Furthermore, a ROESY correlation between H-7 and Ha-
11 was consistent with the placement of both protons having
an a-configuration. Conformational analysis using a Dreid-
ing molecular model also showed the micrandilactone G
structure as depicted in 4.


Compounds 1–4 were inac-
tive when testing for anti-HIV-1
activities and cytotoxicities
against human tumor K562
cells.


Possible biogenetic origin of
the schisanartane, schiartane,
and 18-norschiartane skeletons :
Since we reported the first of a
new class of triterpenoids, six-
teen unique, highly oxidized tri-
terpenoids with unprecedented
skeletons have been isolated
from three Schisandra species:
S. lancifolia, S. micrantha, and
S. henryi var. yunnanensis.
Their structures are completely


unrelated to any of the compounds isolated from the family
Schisandraceae. Interestingly, to date no naturally occurring
triterpenoids have been found to have such a highly modi-
fied oxidized norcycloartane skeleton. According to the
structural features of these compounds, it is likely that three
chemotypes exist within the three species, and we proposed
the names “schisanartane”, “schiartane”, and “18-norschiar-
tane” for these new skeletons and a numbering scheme that
preserves the numbering of the cycloartane skeletons
(Figure 5). Although there is no clear evidence that the
complexity of these compounds is necessary rather than for-
tuitous, the concurrence of highly modified oxidized nortri-
terpenoid compounds among three Schisandra species in-
trigued us to think rationally about the intrinsic correlations
among these three new skeletons and the known cycloartane
system. Herein, we are attempting to gain insights into the
biosynthetic breadth possible for schisanartane, schiartane,
and 18-norschiartane, and propose our own hypotheses for
possible biosynthetic mechanisms to trigger further studies
and make valuable contributions to our knowledge of triter-
penoid chemistry.


The exquisite complexity of the structures of these sixteen
novel compounds suggested that specific terpene synthases


Figure 3. Key HMBC correlations for micrandilactone G (4).
Figure 4. Selected ROESY correlations for 4. Only key hydrogen atoms
have been shown.


Figure 5. Three new skeletons and the known cycloartane.
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and other enzymes strictly control the oxidation, cyclization,
rearrangement, and hydride and methyl shifts resulting from
different carbocationic intermediates. These enzymes would
also display remarkable regio- and stereochemical specificity
and could generate compounds with more than 12 stereo-
centers. The notable stereochemical control and product
specificity displayed by these enzymes may arise from their
ability to exclude specific reaction pathways, as well as from
their ability to promote a discrete single pathway. It was
also interesting from the biosynthetic point of view to iden-
tify a number of stepwise biogenetic triterpenoid intermedi-
ates from three Schisandra species. The hypothetical se-
quence for these sixteen novel compounds (1–16) shown in
Schemes 1, 2, and 3 can be theoretically proposed based on
the co-occurrence of the compounds.


It was considered that the new schiartane skeleton (e.g.,
15)[10,11] should occur early in the scheme at the biogenetic
origin of the three novel skeletons because the core skeleton
of cycloartane is still preserved. Scheme 1 shows the suggest-
ed mechanism, which starts with enzymatic epoxide ring
opening of 15, followed by a 1,2-methyl shift to afford inter-
mediate 18. Attack of the sidechain OH group on the terti-
ary cation at C-13 is followed by oxidation of the Me-C-14
group to afford a carboxylic acid, which on decarboxylation
gives demethyl derivative 20. Finally, 1,2-hydride shift, de-
protonation, hydration on C-7, dehydration on C-14 and C-
15, and acetoxylation on C-12 can yield lancifodilactone A
(14).


We have noticed that micrandilactones A (5) and D–G
(1–4), henridilactones A–D (6–9), and lancifodilactones B–E
(10–13) are structurally related, so we refer to the entire
group of these natural products as schisanartanes. The struc-
tures of schisanartanes are most interesting from a biosyn-
thetic point of view because of the unusual arrangement of


the eight-membered ring D (Scheme 2). The mechanism
proposed for the modification of the schiartane type (i.e.,
micrandilactone B, 15) to the schisanartane type of com-
pounds (i.e, henridilactone C, 8) underscores the fundamen-
tal biosynthetic differences from most other cycloartane tri-
terpenoids. The first step would be enzymatic epoxide ring
opening similar to the mechanism for lancifodilactone A
(14) to give the C-14 cation (22), which, following a hydride
shift, undergoes ring opening to form the nine-membered
ring enolic cation 24 and the corresponding ketone structure
25. The eight-membered ring intermediate 26 might be de-
rived by ring contraction involving migration of the C-16�C-
17 bond to the C-13 site. Subsequent dehydration to form
the allylic cation 27, followed by addition of water and oxi-
dation of the resulting alcohol may generate 28. Subsequent
conversion of 28 into 30 may involve three consecutive ring
closures between C-16 and C-22, 9-OH and the carbonyl
group at C-15, and finally Michael addition on C-24. The in-
termediate 34 most likely arises from hydride abstraction at
C-8 to form cation 31, followed by deprotonation, hydration,
and then oxidation on C-14. Finally, dehydrogenation at C-
7,C-8 would provide henridilactone C (8).


The biogenetic pathway shown in Scheme 3 is an exten-
sion of the presentation discussed above for Scheme 2, and
suggests some relative configurations of the chiral schisanar-
tanes. We propose that intermediate 28 is a pivotal precur-
sor in the conversion to other structures. Cyclization of 28
to form ring F may proceed through Michael addition of the
enolic center at C-16 to the enone center at C-22, affording
another enolic intermediate. Subsequent protonation of the
enolic center at C-20 yields the epimeric compounds 29 a
(path A) or 29 b (path B) with two different orientations of
Me-21 at the stereocenter C-20. Compounds 8 and 12 are
the first modified eight-membered ring (D) nortriterpenoids


Scheme 1. Plausible biogenetic pathway of the 18-norschiartane type of compounds.
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Scheme 2. Hypothetical biogenetic route of schisanartane type of compounds.


Scheme 3. Proposed biogenetic interrelations among the schisanartane compounds.
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formed in a biogenetic sequence unique to the family Schi-
sandraceae, and epoxide 10 may be derived from epoxida-
tion of the C-7=C-8 double bond of 12, and the series 1–7,
9, 11, and 13 might be plausibly derived in nature through
oxidation and hydration of 8 and 12. The hydration of the
double bond of 12 probably proceeds via a carbocation in-
termediate, as judged from the two different stereochemis-
tries of C-7 and C-8 (4 and 11).


The structures of the Schisandra triterpenoids are of inter-
est because the three new schisanartane, schiartane, and 18-
norschiartane skeletal types and the known cycloartane skel-
etal type, co-occur. Lancifodilactones C (11) and D (12)
were produced in all three species (Table 3). Micrandilac-


tone D (1) and lancifodilactone E (13) were isolated from
both S. lancifolia and S. micrantha, whereas henridilactone
A (6) was produced by S. micrantha and S. henryi var. yun-
nanensis. On the other hand, only micrandilactones A–C, E–
G (2–5, 15, 16) were obtained from S. micrantha, and lanci-
fodilactones A and B (10 and 14) were produced exclusively
by S. lancifolia, whereas only henridilactones B–D (7–9)
were isolated from S. henryi var. yunnanensis.


The results are interesting from a chemotaxonomic and
phylogenic point of view. Implicit in the biosynthetic se-
quences are several “missing” links. This has provided the
stimulus for the careful examination of extracts in order to
identify the relevant compounds, the structural characteris-
tics of which could be predicted from the biogenetic specu-
lation. Further investigation (including phytochemical and
biological studies) of the triterpenoids from this genus is
now in progress.


According to The Screening Hypothesis proposed by
Jones and Firn,[14] there must have been very significant con-
straints on the evolution of natural diversity, and the more
new chemicals made in a new variant after mutation, the
greater the chances are of any one of these chemicals pos-
sessing potent, useful biomolecular activity that could en-
hance the fitness of the producer. So we speculate that the
occurrence of three new schisanartane, schiartane, and 18-
norschiartane skeletal types of compounds might be pro-
duced by the organism to increase its fitness. Further re-
search is needed to shed more light on these hypotheses.


The discovery of three new carbon skeletons adds a new
dimension to our understanding of triterpenoid chemistry.


Experimental Section


General : The instrumentation and plant material used in this work were
described in our previous paper.[12]


Extraction and isolation : The air-dried and powdered leaves and stems of
S. micrantha (6.8 kg) were extracted with 70% aqueous Me2CO (3 � 20 L,
24 h) at room temperature and the extract was partitioned successively
with petroleum ether (2 � 3 L) and ethyl acetate (EtOAc: 3 � 5 L). The
EtOAc extract (170 g) was subjected to column chromatography (CC)
over silica gel (1.5 kg, 100–200 mesh) eluting with a CHCl3/Me2CO gradi-
ent system (1:0–0:1, 180 L) to give fractions 1–5. Fraction 3 (15 g, CHCl3/
Me2CO 9:1) was chromatographed on MCI-gel CHP 20P (50–90 %
MeOH/H2O, 5 L) to afford three main fractions: 3a–c. Fraction 3 b (4 g,
80% MeOH/H2O) was repeatedly chromatographed over silica gel, using
petroleum ether/acetone (9:1), and CHCl3/MeOH (100:1), respectively,


to give 1 (54 mg) and 3 (1.5 mg). Com-
pounds 2 (1.4 mg) and 4 (1.1 mg) were
further purified by using RP-HPLC
with 55% MeOH/H2O (flow rate
3.0 mL min�1).


Micrandilactone D (1): Colorless
prisms; m.p. 183 8C; [a]26:3


D =++29.15
(c= 0.22 in C5D5N); 1H and 13C NMR:
Tables 1 and 2; MS (70 eV, EI): m/z
(%): 560 (1) [M]+ , 542 (23), 532 (33),
514 (80), 499 (23), 472 (25), 454 (65),


426 (30), 314 (36), 187 (59), 155 (55), 91 (57), 69 (92); MS (HR-EI): calcd
for C29H36O11: 560.2258; found: 560.2249.


Micrandilactone E (2): Colorless prisms; m.p. 156–158 8C; [a]25:7
D =++42.41


(c= 0.22 in MeOH); 1H and 13C NMR: see Tables 1 and 2; IR (KBr): ñ=


3444 (br), 2930, 1774, 1733, 1652, 1239, 1099 cm�1; MS (70 eV, EI): m/z
(%): 560 (2) [M]+ , 542 (53), 532 (32), 514 (100), 499 (38), 472 (65), 454
(89), 426 (15), 265 (25), 247 (32), 187 (33), 155 (39), 91 (43); MS (HR-
ESI): calcd for C29H36O11Na: 583.2155; found: 583.2143 [M+Na]+ .


Micrandilactone F (3): White solid; [a]25:0
D =++45.25 (c= 0.22 in MeOH);


1H and 13C NMR: see Tables 1 and 2; UV (MeOH): lmax (log e) =203.2
(4.32), 229.2 (3.96), 203.2 nm (3.69); MS (70 eV, EI): m/z (%): 542 (100)
[M]+ , 527 (11), 514 (25), 499 (15), 471 (15), 454 (44), 275 (28), 215 (18),
189 (30), 151 (43), 91 (43); MS (HR-ESI): calcd for C29H34O10Na:
565.2049; found: 565.2041 [M+Na]+ .


Micrandilactone G (4): White solid; [a]17:4
D =++71.43 (c =0.11 in MeOH);


1H and 13C NMR: see Tables 1 and 2; MS (70 eV, EI): m/z (%): 544 (1)
[M]+ , 526 (10), 498 (14), 483 (11), 467 (15), 438 (30), 275 (54), 257 (35),
249 (48), 235 (41), 215 (70), 189 (100), 155 (61), 147 (70), 129 (55), 109
(54), 95 (54), 91 (38); MS (HR-ESI): calcd for C29H36O10Na: 567.2209;
found: 567.2208 [M+Na]+ .
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A Mesoporous Pt/TiO2 Nanoarchitecture with Catalytic and Photocatalytic
Functions


Xinchen Wang,[a] Jimmy C. Yu,*[a, b] Ho Yin Yip,[a, c] Ling Wu,[b] Po Keung Wong,[a, c] and
Suk Yin Lai[d]


Introduction


Small metal particles dispersed on high-surface-area metal
oxides have attracted much attention because of their extra-
ordinary catalytic and optical/electronic properties. These
properties are attributable to surface effects, quantum-size
effects, and metal–support interactions.[1] Advances in physi-
cal methods for characterizing such metal–support nano-
composites have led to a molecular-level understanding of
the structure–performance relationships that are strongly re-


lated to the size, shape, and surface structure, as well as the
bulk and surface compositions of the composites.[1] This
knowledge, together with novel approaches to nanostructur-
al fabrication, has inspired the design and development of
new composites for advanced applications.


Among various materials, noble-metal/active-oxide com-
posites such as Pt/TiO2 are most attractive.[1b–d,2] They are a
classic example of catalysts in which the catalytic properties
of the metal component are strongly modified by interaction
with the active oxide support. This nanocomposite not only
retains the catalytic activity of metal nanoparticles, but also
possesses the intrinsic photocatalytic capacity of TiO2.
Moreover, the deposited Pt particles have been demonstrat-
ed to serve as trapping centers for electrons generated in
light-activated TiO2, leading to an improved quantum effi-
ciency for photochemical reaction systems.[3]


The metal/semiconductor composites are generally pre-
pared by impregnation,[4] ion exchange,[5] co-precipitation,[6]


deposition–precipitation,[7,4c] vapor-phase deposition, and
grafting.[8] In addition, recent advances in nanosynthetic
chemistry offer unexplored opportunities for the creation of
novel nanocomposite systems. For example, core-shell nano-
structures of metal/oxide composites have been fabricated.[9]


Very recently, Agostiano and co-workers[10] reported soluble
semiconductor/metal nanocomposites, in which the authors
employed anatase-TiO2 nanorods to stabilize silver nanopar-
ticles in a homogeneous nonpolar solution. The self-assem-
bly approach to ordered mesoporous oxides[11] initiated by
Mobil Corp. scientists has also sparked interest in the syn-


Abstract: A novel metal/semiconductor
nanocomposite with catalytic and pho-
tocatalytic functions has been pre-
pared. The new material consists of
highly dispersed platinum (Pt) nano-
particles embedded in a cubic mesopo-
rous nanocrystalline anatase (meso-nc-
TiO2) thin film. The porous thin film
possesses a narrow pore-size distribu-


tion and a large surface area. The di-
ameter of the Pt cluster can be control-
led to below 5 nm, and the high disper-
sion of these clusters gives rise to cata-


lytic activity for the oxidation of
carbon monoxide, an important reac-
tion for automobile exhaust treatment.
This novel ordered mesoporous Pt/
TiO2 nanoarchitecture is also a promis-
ing photochemical material, as demon-
strated by the photo-driven killing of
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thesis of metal/oxide composites. This approach could pro-
duce mesostructured titania in both bulk and thin-film
forms.[12] These periodic porous TiO2 materials can be
viewed as a regular ensemble of individual TiO2 nanocrys-
tals sintered together to establish an electronic semiconduct-
ing network with periodic cavities and channels. Such a zeo-
lite-like mesoporous nanocrystalline TiO2 should be a supe-
rior host for supporting metal particles because: 1) the regu-
lar nanopore arrays in the meso-nc-TiO2 matrix provide a
constrained microenvironment for the production of highly
dispersed metal nanoparticles and 2) the nanoparticles thus
formed are confined in the small volume and are stabilized
by the mesonetwork itself, thus eliminating the requirement
for potentially catalyst-poisoning organic ligands for stabili-
zation.[13] Moreover, the meso-nc-TiO2 molecular-sieve host
matrix also provides beneficial effects for photochemical ap-
plications. This is because it can enhance the light-harvesting
ability of the Pt/TiO2 composite due to its large external sur-
face area and multiple scattering effects, and additionally,
because it can allow highly efficient electron transport
through the networks of interconnected TiO2 nanocrystal
arrays.[14]


In this paper we report on the fabrication of Pt nanoparti-
cles in the pore channels of mesostructural TiO2 thin films.
X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray photo-
electron spectra (XPS), and N2 sorption were employed to
characterize the resulting material. Catalytic and photocata-
lytic functions of the mesoporous Pt/TiO2 nanocomposite
were examined by the oxidation of CO and the destruction
of bacteria, respectively.


Results and Discussion


Synthesis of the porous Pt/TiO2 nanoarchitecture : A newly
developed sono- and photochemical approach[15] was used to
prepare highly dispersed platinum nanoparticles in the
meso-nc-TiO2 matrix. This approach involves two steps.
First, a TiO2 film was immersed in a solution of PtCl4 in
water and irradiated by ultrasound under reduced pressure.
The sonication significantly increases the intrinsic mass-
transfer coefficient and effective diffusivity in a solid–liquid
system by creating high-speed microscopic turbulence at
their interface.[16] This microturbulence effectively drives the
liquid into the porous matrix,[17] producing a homogeneous
distribution of the ionic Pt precursors throughout the film.
Then, upon UV irradiation, the Pt ions were reduced to Pt
nanoparticles by TiO2 photocatalysis in the presence of
methanol. The nanoparticles are confined by the nanosized
pores, thus eliminating the need for potentially catalyst-poi-
soning organic ligands for stabilization.


Mesostructure and crystal structure of the pore wall :
Figure 1 displays the low-angle XRD (LXRD) patterns of
the as-synthesized TiO2, calcined mesoporous TiO2 (MT),
and Pt-deposited mesoporous TiO2 (Pt-MT) films. The


LXRD of the as-synthesized TiO2 film exhibits two peaks
assigned to a cubic symmetry. The intense and narrow peaks
suggest a very highly organized and oriented mesostructure.
The peaks can be indexed as the (200) and (400) reflections
associated with the Im3̄m symmetry with the {100} lattice
planes of the unit cell oriented parallel to the substrate. It is
noted that the disappearance of the (110) reflection is due
to the oriented nature of the film. Similar results have also
been reported by Stucky and co-workers[18] for an oriented-
growth mesoporous TiO2 film with a body-centered cubic
mesostructure. After calcination, the intense (200) peak still
remains, but shifts from 0.75 to 1.618 due to shrinkage. As a
result, the value of the cell lattice parameter, a, is shifted
from 230 to 109 �. Judging from the Thermogravimetry/Dif-
ferential Thermal Analysis (TG-DTA) data (see the Sup-
porting Information), the shrinkage was due to the removal
of HCl and surfactant, as well as the densification of the
TiO2 wall during the thermal treatment. In addition, after
calcination, a relatively weak peak assigned to the (110) re-
flection of the cubic mesostructure appeared. This, together
with TEM measurements (see the Supporting Information),
confirms the Im3̄m symmetry of the sample. Such a cubic or-
dered mesoporous TiO2 film with robust inorganic pore-wall
structure may provide a superior host matrix for encapsulat-
ing guest species. After the inclusion of platinum particles,
the resulting Pt-MT composite film shows similar LXRD
patterns to those of the MT film, indicating that the incor-
poration of platinum particles does not destroy the meso-
structural ordering.


Figure 2 shows the wide-angle XRD patterns of the MT
and Pt-MT films. Both samples exhibit four distinct peaks
contributed by anatase-TiO2 (JCPDF 21-1272). The average
anatase-TiO2 particle size was approximately 6 nm, as esti-
mated from the peak width of the anatase (101) reflection
by using the Scherrer equation with a spherical model for
approximation.[19] Such a nanocrystalline pore-wall structure
partially explains the stability of the mesostructure during


Figure 1. Low-angle XRD patterns of the as-prepared TiO2, MT, and Pt-
MT thin films.
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the sonochemical processing. Close examination of the
peaks in MT and Pt-MT films reveals that two weak but re-
solvable peaks occurred for the Pt-MT sample. The peaks
can be attributed to the (111) and (200) reflections of the
Pt0 (JCPDF 01-1194) possessing a face-centered cubic struc-
ture with an Fm3m space group. These peaks are weak and
broad, indicating the nanocrystalline nature of the platinum
particles encapsulated in the films.


Morphology and particle size : The TEM image taken in the
(111) direction of the Pt-MT film (Figure 3a) clearly shows
that the platinum nanoclusters are highly dispersed in the
framework of well-ordered MT. The appearance of Pt parti-
cles in the (111) plane of the Im3̄m mesostructured TiO2


film gives direct evidence that the nanoparticles are effec-
tively encapsulated in the skeleton instead of on the surface
of the film. As shown in Scheme 1, the (111) plane is located
in the bulk of the orientationally grown film with {100} lat-
tice planes parallel to the substrate. The TEM results also
suggest that the cubic interconnected mesoporous frame-
work is extended throughout the film and thus is fully acces-
sible from the surface. This is a particularly important prop-
erty for maintaining a fast mass-transfer throughout the
porous architecture.


Energy dispersive X-ray (EDX) measurements (Figure 4)
reveal a composition of ~1 atomic % of Pt in the film. A
representative high-resolution TEM (HRTEM) image
(Figure 5) confirms that the Pt nanoparticles are embedded
in the nanocrystalline mesoporous TiO2 framework. The
particle size of Pt, as estimated form HRTEM images, is 1–
5 nm, which is compatible with the pore diameter (3–7 nm)
of the MT host (shown in the N2 sorption results). The plati-
num nanocrystals are confined in the pores, and are sur-
rounded by TiO2 nanocrystals embedded in the pore wall.
The lattice fringes of d=3.3 and 2.0 � match that of the
(101) and (200) crystallographic planes of anatase-TiO2 and
Pt cubic phase, respectively, thus confirming the existence of
PtkTiO2 nanocontacts.


Figure 2. Wide-angle XRD patterns of the MT and Pt-MT thin films.


Figure 3. TEM images of a) Pt nanoclusters confined in TiO2 mesonet-
work viewed along the (111) direction, with b) corresponding Fourier
transform of the full image, and c) pure MT film as a comparison.


Scheme 1. The body-centered cubic meso-nc-TiO2 film with [100] lattice
planes parallel to the substrate. The [111] lattice planes are located in the
bulk of the mesostructured film.
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N2 adsorption analysis : Figure 6 shows nitrogen adsorption–
desorption isotherms and Barrett–Joyner–Halenda (BJH)
pore-size distribution plots of the MT and Pt-MT samples.
Both samples show similar type-IV isotherms, which are rep-
resentative of mesoporous solids.[20] The BJH pore-size anal-
yses performed on the adsorption branch show that both
samples exhibit nearly identical pore-size distribution plots.
A narrow pore-size distribution ranging from 3 to 7 nm with
a maximum at ~4 nm is evident for the MT and Pt-MT sam-
ples. The specific surface area of each sample, calculated by
the multi-point Brunauer–Emmett–Teller (BET) method, is
189 m2 g�1for MT and 185 m2 g�1 for Pt-MT. These values
are quite large considering their large pore diameter. As no
systematic change in either the shape of the sorption iso-
therms or in the specific surface area was found, the incor-
poration of the Pt nanoparticles does not appear to destroy
the mesoporous structure and to alter the sorption proper-


ties of small molecules such as N2. These observations likely
arise from 1) the relatively small number of nanoparticles
that are contained within the materials and 2) the fact that
the particle size is smaller than the parent pore channels. In
addition, for the Pt-MT film, after loading of platinum parti-
cles, the pore volume and pore diameter decrease from
0.261 to 0.249 cm3 g�1 and from 40.1 to 39.6 �, respectively,
with a slight decrease of porosity from 48.2 to 47.5 % (see
Table 1). These decreases, along with the increased thickness


of pore wall from 68.7 to 72.6 �, can be attributed to the in-
clusion of Pt nanoclusters into the pore channels of the MT
film.[21] The slight decrease also suggests that most of the
nanometer-sized pore channels of the host MT film are
open, although a small portion of the channels may be filled
with the Pt particles. The open-pore channels are very im-
portant for the permeation of reactant molecules and photo-
catalytic active species in the porous systems.


Surface electronic states and composition : The surface elec-
tronic states of the sono-deposited Pt nanoparticles in TiO2


were studied by XPS. The peaks at 72.2 and 75.4 eV in


Figure 4. EDX results corresponding to Figure 3a (Cu and C come from
the supporting carbon-coated copper grid, and the Si comes from the
substrate).


Figure 5. A representative HRTEM image of the Pt and TiO2 nanoparti-
cles in the Pt-MT thin film. The dark particles represent Pt, and the gray
particles are TiO2. The Pt/TiO2 nanoheterojunctions are clearly shown in
the image.


Figure 6. Pore size distribution plots (left) and N2 adsorption-desorption
isotherms (right) for the MT and Pt-MT samples.


Table 1. Pore-wall parameters of the MT and Pt-MT films calculated
from the X-ray diffraction results (Figure 2) and the N2 sorption iso-
therms (Figure 6).


Sample SBET
[a] V[b] DBJH


[c] Porosity[d] d(100)
[e] Wall


thickness[f]


[m2 g�1] [cm3 g�1] [�] [%] [�] [�]


MT 189 0.261 40.1 48.2 108.8 68.7
Pt-MT 185 0.249 39.6 47.5 112.2 72.6


[a] BET surface area calculated from the linear part of the BET plot (P/
P0 =0.1–0.2). [b] Total pore volume, taken from the volume of N2 adsor-
bed at P/P0 = 0.995. [c] Average pore diameter, estimated using the de-
sorption branch of the isotherm and the Barrett–Joyner–Halenda (BJH)
formula. [d] The porosity is estimated from the pore volume determined
using the adsorption branch of the N2 gas isotherm curve at P/P0 =0.995.
[e] d(100) =2 d(200). [f] Wall thickness=d(100)�DBJH.
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trace a of Figure 7 are assigned to Pt(OH)2.
[22] This confirms


the effective conversion of the PtIV precursor to PtII under
ultrasound irradiation. It is known that sonication can


induce the formation of reductive HC species.[23] The PtCl4


precursor is reduced to PtII and then subsequently reacts
with surface hydroxyl groups in the porous TiO2 network to
form Pt(OH)2. The binding energy decreases when the
Pt(OH)2-adsorbed MT film is exposed to UV light. The
peaks at 70.4 and 73.7 eV in trace b are assigned to elemen-
tal Pt. The change in the intensity ratio could be due to the
presence of a trace amount of PtO on the Pt0 nanoclusters.
Nevertheless, the XPS results illustrate the effectiveness of
the TiO2 photocatalysis process in reducing Pt(OH)2 to Pt0.
The formation of platinum nanoclusters may be represented
by the reactions given in Equations (1)–(7) in which h=


hole.


H2OÐ HC þHOC ðsonicationÞ ð1Þ


PtIV þ 2 HC ! PtII þ 2 Hþ ð2Þ


PtII þ 2 HO�ðsurfaceÞ ! PtðOHÞ2 ð3Þ


TiO2 ðUVÞ ! e� þ hþ ðphotocatalysisÞ ð4Þ


PtðOHÞ2 þ 2 e� þ 2 Hþ ! Pt0 þ 2 H2O ð5Þ


n Pt0 ! Ptn
0 ð6Þ


CH3OHþO2 þ 2 hþ ! CO2 þH2Oþ 2 Hþ ð7Þ


It should be mentioned that the Pt 4f7/2 binding energy of
70.4 eV in Figure 7b is 1.0 eV lower than that of bulk
atoms.[22] This may be explained by the formation of ultra-
fine Pt particles with a decreased coordination number of
surface atoms. For such a decrease in coordination number,
the binding energy would shift to lower values relative to


the bulk value.[24] A similar effect was also observed by ex-
periment for Pt[25] and Au,[15] as well as by calculations for
Pd.[26] Another possible explanation of the low binding
energy of the metal nanoparticles could be SMSI effects
(strong support–metal interaction), which is a well-known
phenomenon occurring in systems consisting of metal parti-
cles deposited on inorganic supports like TiO2. It is noted
that electronic charge transfer between Pt atoms and TiO2


surface has been much studied in heterogeneous catalysis in
order to understand the SMSI effect of noble-metal/TiO2


systems. This system causes a Schottky diode behavior in Pt
contacts on TiO2.


[27] Under these conditions, metallic Pt con-
tacts evidently show electron-acceptor properties, because
of the large work function of Pt contacts (fPt = 5.6 eV).[27]


Such electron-acceptor properties of Pt/TiO2 Schottky
diodes can significantly increase the quantum yield of TiO2


photocatalysis by inhibiting the fast recombination of unde-
sirable electron–hole pairs generated by UV illumination.[3]


Catalytic oxidation of carbon monoxide : Most metal cata-
lysts prepared by chemical means often require stabilization
and/or activation in oxygen or air at temperatures up to
400 8C. In this study, no calcination or reduction steps are
needed because the deposited clusters are ligand-free. Thus,
all the catalytic tests were performed on the fresh catalyst
without further treatment.


Figure 8 shows the catalytic activities for CO oxidation as
a function of temperature. The temperatures for 50 % (T50)
and 90 % (T90) CO conversion are 186 and 233 8C, respec-


tively. The reaction cycle, consisting of a heating and cooling
period, was recorded to monitor possible deactivation or ac-
tivation. Indeed, no modification of the catalytic activity
was observed for the cycle, indicating the stability of the cat-
alyst. The effect of time on the activity was also measured
on the Pt-MT in order to check for possible deactivation.
Two different measures were employed in this regard. First,


Figure 7. XPS spectra showing the Pt 4f peaks a) before and b) after UV
irradiation.


Figure 8. Temperature effect on CO oxidation on the Pt-MT catalyst for
a) heating from 30 to 400 8C, and then for b) cooling from 400 to 30 8C.
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immediately after the heating and cooling, the temperature
was increased up to 180 8C under the reactive mixture and
then kept constant for 5 h. Figure 9b shows that no deactiva-
tion occurred. The second measure was that the fresh cata-
lyst was heated to 240 8C under a reactive atmosphere and
then kept at steady-state conditions. As shown in Figure 9a,
the sample showed no deactivation during time on stream.
These results further confirm the physicochemical active
state of the catalyst is stable even when exposed to thermo-
dynamic forces such as temperature and reactive gas.


Photocatalytic activity in destroying Micrococcus lylae
(M. lylae) cells : Figure 10 shows the percentage of cell sur-
vival after treatment with films activated by a 365 nm UV
light. Significant cell death is observed only for the photo-
activated Pt-MT film, with which 70 % of the M. lylae cells
were killed in 60 min. The significant difference between
MT and Pt-MT must be due to the interaction of the trap-
ped Pt nanoclusters with the nanoanatase-TiO2 host. The
embedded Pt clusters could serve as trapping centers for
electrons photogenerated in the conduction band (CB) of
TiO2, leaving the holes in the valence band (VB) of TiO2.


Under the aerated conditions of our experiment, the dis-
solved O2 trapped an electron from the PtkTiO2 nanoheter-
ojunction, forming a superoxide anion radical (O2C�), while
the hole was captured by the surface-bound OH� radical,
producing a hydroxyl radical (OHC).[3] The O2C and OHC, to-
gether with subsequently generated HO2C and HOOH, are
extraordinarily reactive oxygen species. These oxidative spe-
cies can easily diffuse out of the porous matrix to attack the
cells. As the photocatalyst would not directly attack the cells
that were protected by an outer peptidoglycan layer,[28] the
oxidative species are believed to be responsible for killing
M. lylae cells. The photochemical processes are shown in
Scheme 2, and the proposed initial elementary reactions are
listed in Equations (8)–(15).


Pt-TiO2 ðUVÞ ! PtðeCB
�Þ þ TiO2ðhVB


þÞ ð8Þ


TiO2ðhVB
þÞ þOH� ! OHC ð9Þ


PtðeCB
�Þ þO2 ! O2


C� ð10Þ


O2
C� þHþ ! HO2


C ð11Þ


2 O2
C� þ 2 Hþ ! 2 HOC þO2 ð12Þ


HO2
C þHþ þ PtðeCB


�Þ ! H2O2 ð13Þ


H2O2 þ PtðeCB
�Þ ! HOC þOH� ð14Þ


ðOHC, O2
C�, HO2


C, HOOHÞ þ cells! damaged cells ð15Þ


The detailed bactericidal mechanism of these photocata-
lytically induced oxidative species is not unambiguously
clear. However, based on our previous study on Ag/TiO2


photocatalysts,[29] a possible bactericidal process can be pro-
posed as follows. The plasma membrane can be first at-
tacked by the oxidative species penetrating the outer layer
of the bacteria. These reactive species can then oxidize
coenzyme A and the plasma membranes. The oxidation of
coenzyme A would inhibit cell respiration and directly cause
cell death.[30] Meanwhile, the oxidation of the plasma mem-
brane can break the main permeability barrier of the bacte-
ria. This would result in the slow leakage of the intracellular
materials including RNA, protein, and minerals, leading to


Figure 9. CO oxidation as a function of reaction time for a) the fresh Pt-
MT catalyst at 230 8C, and for b) the used Pt-MT catalyst at 180 8C.


Figure 10. Percentage of cell survival of M. lylae on MT and Pt-MT films
after irradiation with 365 nm UV light. The control experiment was car-
ried out without the films.


Scheme 2. Promoted charge carrier separation on Pt-MT photocatalyst
by trapping a photoinduced electron on the PtkTiO2 junction.
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the subsequent death of M. lylae.[28] Detailed mechanism
study on the bactericidal effect of TiO2-based photocatalysis
is still in progress.


Conclusion


Highly ordered mesoporous Pt/TiO2 nanoarchitectures of
high surface area and readily accessible to reactant mole-
cules have been synthesized. The Pt clusters are encapsulat-
ed and stabilized in the robust pore channels of meso-nc-
TiO2 molecular sieve films, resulting in high dispersions of
Pt nanoparticles. Such a Pt/TiO2 composite can efficiently
catalyze the oxidation of CO to CO2. No deactivation
during either heating or prolonged operation period was ob-
served. These observations have illustrated the potential of
Pt/TiO2 composites as heterogeneous catalysts. Furthermore,
the pore-stabilized Pt particles contact and interact with the
anatase-TiO2 nanocrystals embedded in the mesonetwork,
forming semiconductor/metal nanoheterojunctions. These
nanoheterojunctions promote the separation of charge carri-
ers on UV-excited TiO2,


[3] thus significantly improving the
photocatalytic activity of porous Pt/TiO2 composites toward
killing bacteria cells of M. lylae. This novel Pt/TiO2 nano-
composite can also be potentially useful for many applica-
tions in sensors and environmental purification.


Experimental Section


Materials : All chemicals were used as-received without further treat-
ment. Platinum chloride (PtCl4, 99 %), titanium tetraisopropoxide (Ti-
(OiPr)4 or TTIP, 99 %) were purchased from Aldrich. Triblock copolymer
(HO(CH2CH2O)n-(CH2CH(CH3)O)m-(CH2CH2O)nH, Pluronic P123,
average n/m= 20/70, 99%) was kindly provided by BASF.


All solvents used were of analytical grade and purchased from Aldrich.
Ultra-pure water was used in all experiments.


Preparation of samples : The mesoporous titania films were prepared by
a surfactant-templated method in which TTIP was used as inorganic
source and P123 was used as a structure-directing agent.[31] In a typical
synthesis, a solution of TTIP (5.3 mL) in fuming HCl (2.7 mL, 37%) was
added dropwise to a template solution prepared by dissolving P123 (1 g)
in absolute ethanol (15 mL). The resulting clear colorless solution was
stirred vigorously for 5 min at room temperature, and then aged at 4 8C
for another 5 min. The mother sol solution was used for dip-coating a
glass substrate, quartz slide, or silicon wafer at a constant withdrawal rate
(10 cm min�1). The as-synthesized thin films were aged at 4 8C for 24 h,
and then aged again at room temperature for 1 h. The thin films were
subsequently treated with NH3 vapor for 5 s. After that, the films were
heated at 60, 80, 120, and 200 8C for 12 h, respectively. Calcinations were
done in static air at 350 8C (ramp rate of 1 8C min�1) and held for 4 h to
remove the template and increase cross-linking of the inorganic frame-
work. This resulted in continuous, transparent thin films with approxi-
mately 400 nm thickness as measured by an a-step profilometer. Alterna-
tively, thick film samples were obtained by pouring the cool sol solution
in a Petri dish to form a 1–2 mm thick liquid layer, followed by solvent
evaporation and heat treatment. It is important that the surface of the
Petri dish is flat in order to avoid phase segregation and inhomogeneity,
resulting in a poorly structured mesophase product during drying.


The Pt-loaded TiO2 thin film was obtained as follows: a calcined TiO2


thin film was immersed in a bottle filled with a solution of metal precur-
sor (PtCl4, 20 mg) in deionized water (4 mL). The bottle was placed in an


ultrasonic bath (Bransonic ultrasonic cleaner, model 3210EDTH, 47 kHz,
120 W, USA) and connected to a vacuum pump. After sonication under
vacuum for 3 min, the film was stored in a vacuum oven for 12 h. The
film was then washed gently with ultra-pure water to eliminate the sur-
face-adsorbed precursor. After drying at 30 8C under vacuum, the film
was irradiated with UV light (254 nm, 10 mW cm�2) in the presence of
methanol vapor for 2 h, after which the film was washed by water to
remove chloride ions. The amount of Pt can be controlled by using differ-
ent concentrations of the precursors or by repeating the inclusion proc-
ess.


Structural characterization


X-ray diffraction : LXRD diagrams were collected in q-q mode using a
Bruker D8 Avance X-ray diffractometer (CuKa1 irradiation, l=


1.5406 �). Wide-angle XRD (WXRD) patterns were collected in parallel
mode (w =0.58, 2q varied from 20 to 608, CuKa1 irradiation) using a
Bruker D8 Avance X-ray diffractometer with a thin film optic. The crys-
tallite size was estimated by applying the Scherrer equation to the fwhm
(full width at half maximum) of the (101) peak of anatase, with silicon as
a standard of the instrumental line-broadening. It is noted that repeated
scanning is needed to increase the signal-to-noise ratio of WXRD meas-
urements due to the small amount of thin film samples.


Transmission electron microscopy : Standard transmission electron micro-
scopy (TEM) or high-resolution TEM (HRTEM) images were recorded
on a JEOL 2010F microscope coupled with an electron dispersive X-ray
(EDX) spectroscopic set-up. The system was used to study the morpholo-
gy and composition of the films. Samples obtained by scratching the films
from the substrates were suspended in methanol, followed by sonication
for 5 min in the ultrasonic bath. Carbon-coated copper grids were used as
the sample holders.


Nitrogen sorption : Nitrogen adsorption–desorption isotherms were col-
lected at 77 K by using Micromeritics ASAP 2010 equipment (BET and
BJH models for surface area and porosity evaluations, respectively) on
samples scratched off the substrate. All the samples were degassed at
180 8C and 10�6 Torr prior to the measurement.


X-ray photoelectron spectroscopy (XPS): XPS spectra were recorded on a
PHI Quantum 2000 XPS System with a monochromatic AlKa source and
a charge neutralizer; all the binding energies were referenced to the C
1 s peak at 284.8 eV of the surface adventitious carbon.


Catalytic test


CO-oxidation : Catalytic tests were carried out at atmospheric pressure in
a conventional fixed-bed reactor operated in single-pass mode. The gas
mixture consisted of CO (1 %), O2 (20 %), and N2 (79 %). Gases were
mixed with mass flow controllers, by which reproducible CO/O2/N2 mix-
tures could be generated at a flow rate of typically 50 mL min�1. The mix-
tures could then be sent either to the reactor or directly to the gas chro-
matograph for analysis.


The reactor was simply a Pyrex tube containing the Pt/TiO2 sample
(1.2 g) coated on quartz sand. The reaction cycle, consisting of a heating
and a cooling period between 30 and 400 8C, was recorded to monitor
possible deactivation or activation. The reaction mixtures were analyzed
by an on-line gas chromatograph equipped with a thermal conductive de-
tector, and two columns with He as carrier gas. A Porapak Q column was
used for the separation of CO and CO2, and a 5 � molecular sieve
column for the separation of O2 and N2. Both columns were operated at
50 8C. The usual procedure was used to verify that the activity was mea-
sured in the kinetic regime by varying the flow rate and the mass of cata-
lyst in the same proportions to provide a constant contact time, and con-
sequently a constant space velocity. The conversion did not vary as the
mass flow was changed. This is an indication that the measured rate is
not limited by external transfers (film diffusion). T50 and T90 are de-
fined as the temperature at which the conversion of CO to CO2 reached
50 and 90%, respectively.


Photo-driven bactericide (photocatalytic test)


Preparation of bacterial culture : M. lylae, a Gram positive bacterium that
was isolated in our laboratory, was used as a model bacterium in the ex-
periment. It was incubated in 10 % trypticase soy broth (TSB) at 30 8C
with 200 rpm agitation for 24 h. The culture was washed with 0.9% saline
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solution by centrifugation at 12000 rpm for 5 min at 25 8C, and the pellet
was resuspended in saline. The cell suspension was adjusted in a centri-
fuge tube to the required cell concentration (3 � 105 cfu mL�1).


Measurement of bactericidal activity : The photocatalyst film (1 cm � 2 cm)
was immersed in saline solution (5 mL, 0.9%) in a Petri dish. The dish
was then sterilized by autoclaving at 121 8C for 20 min and, after cooling,
was mixed with the prepared cell suspension. The final bacterial cell con-
centration was adjusted to 3� 105 cfu mL�1. The UV light was provided
by a 15 W UV lamp. The intensity of the illumination was 0.15 mW cm�2


on the catalyst surface during the experiment. The photocatalytic reac-
tion was started by irradiating the mixture with the light and stopped by
switching off the light. Each set of experiments was performed in dupli-
cate. The reaction mixture was stirred (220 rpm) with a magnetic stirrer.
A bacterial suspension without photocatalyst was irradiated as a control
and the reaction mixture without UV irradiation was used as a dark con-
trol. Before and after 1 h light irradiation, an aliquot of the reaction mix-
ture was immediately diluted with saline solution (0.9 %) and plated on
TSB agar. The colonies were counted after incubation at 37 8C for 48 h.
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A Cyclic Hexapeptide Comprising Alternating a-Aminoxy and a-Amino
Acids is a Selective Chloride Ion Receptor


Dan Yang,*[a] Xiang Li,[a] Yao Sha,[b] and Yun-Dong Wu*[b, c]


Introduction


Simulation of the recognition, binding, and transport proc-
esses of physiologically important anions is the driving force
behind the development of artificial anion receptors.[1] Chlo-
ride ions are ubiquitous in the biosphere and are critical for
a large number of biological processes.[2] In nature, the
transport of chloride ions across cell membranes is regulated
by neutral anion binding proteins (chloride channels). The
dysfunction of chloride channels has been implicated in sev-
eral human diseases, including cystic fibrosis, Bartter�s syn-
drome, and Dent�s disease,[2b] and, consequently, chloride
channels have become significant targets for drug develop-
ment. The high specificity of chloride channels toward chlo-
ride ions is due to a recognition site in which the anion is
completely desolvated and bound exclusively through hy-
drogen bonds.[3] Unfortunately, there are few electroneutral
artificial anion receptors that can bind to chloride ions with


high selectivity through hydrogen bonds alone.[4] Receptors
with a high net positive charge,[5] and those containing
Lewis acid moieties,[6] can bind chloride ions selectively;
however, because of their insolubility in nonpolar solvents
and potential heavy metal toxicity, respectively, they are
considered to be unsuitable for application in biological
membrane systems.[7] In response to this problem, we have
developed a new class of anion receptors that have a special
preference for chloride ions.


Previously, we demonstrated that a-aminoxy acids have a
strong tendency to induce an eight-membered-ring intramo-
lecular hydrogen bond (the N�O turn) when incorporated
into peptides.[8] Aminoxy amide NH units have high acidities
relative to regular amide NH groups, and are, therefore, the
better hydrogen-bond donors when binding anions. Our
group has developed a cyclic hexapeptide 1, comprising d,l-
a-aminoxy acids, that binds selectively to chloride ions (as-
sociation constant Ka = 11880 m


�1).[9] Herein, we report that
cyclic hexapeptide 2, comprising alternating d-a-amino and
d-a-aminoxy acids, functions as a more effective anion re-
ceptor, displaying a high selectivity for chloride ions and a
good ability to extract chloride ions from aqueous solutions
into organic phases.


Results and Discussion


Synthesis and characterization of linear hexapeptide 3 and
cyclic hexapeptide 2 : Linear hexapeptide 3, of alternating d-
a-amino and d-a-aminoxy acids, was prepared according to
our previously developed, convergent synthetic scheme.[10]


The 1H NMR spectroscopy study in CDCl3 showed that the
chemical shifts of all regular amide NH groups of 3 were


Keywords: amino acids · anion
receptors · chloride ions · hydrogen
bonds · peptides


Abstract: In nonpolar solvents, the cyclic hexapeptide 2, which comprises alternat-
ing d-a-amino and d-a-aminoxy acids, adopts a C3-symmetric conformation with
alternating eight (N�O turns)- and seven (g turns)-membered-ring hydrogen
bonds. A series of anion-binding studies has suggested that 2 can function as an ef-
fective anion receptor that not only displays a high selectivity for chloride ions,
but also the capability to extract chloride ions from aqueous solutions into organic
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rather downfield (7.3–7.9 ppm) and independent of concen-
tration.[10] This indicates that they form strong, intramolecu-
lar hydrogen bonds, most likely the N�O turns. The un-
changed downfield chemical shifts of aminoxy amide pro-
tons (9.6–10.0 ppm) during 1H NMR dilution tests implied
the formation of seven-membered-ring intramolecular hy-
drogen bonds (g turns) between aminoxy amide O�NHi and
C�Oi�2, as we had previously reported.[11]


Hexapeptide 3 was then deprotected at both ends and
treated with diphenylphosphoryl azide (DPPA) to give
cyclic hexapeptide 2 in 30 % overall yield for three steps. In
the 1H NMR spectrum of 2 recorded in CD2Cl2,


[8c,10] we ob-
served only two sets of sharp peaks that originate from the
a-amino and a-aminoxy acid residues, respectively. The sig-
nals of both the regular (8.3 ppm) and aminoxy (9.6 ppm)
amide NH units of 2 appear quite downfield at very low
concentration (4 mm); their appearance is independent of
concentration,[10] indicating that they form intramolecular
hydrogen bonds. Furthermore, we found that in nonpolar
solvents, the NOE pattern[10] of the aminoxy acid residues of
2 was in accordance with the second-lowest-energy N�O
turn conformation that we determined previously by theo-
retical calculations.[12] As Figure 1a indicates, the NOE ob-
served between the O�NHi and O�CaHi protons was of a
similar intensity to that observed between the NHi+1 and O�
CaHi protons. For each a-d-alanine residue of 2, the NOE
intensity observed between the NHi and CaHi protons is


similar to that observed between the O�NHi+1 and CaHi


protons. This agrees with our previously reported inverse g


turn conformation,[11] in which the a proton resides in an
axial position. Therefore, we believe that all of the subunits
of 2 adopt cyclic conformations possessing alternating N�O
and g turns. This supposition is supported by the results of a
conformational search[13] that suggested 2 a as the global
minimum (Figure 3). In this structure, the backbone of 2
folds into alternating N�O and g turns, and adopts a C3-
symmetric conformation.


Anion binding studies : We examined the anion binding abil-
ity of cyclic hexapeptide 2. Initially we screened the follow-
ing anions in a chloroform solution of 2 by using the electro-
spray ionization mass spectrometry (ESI-MS) technique
(negative-ion mode): F� , Cl� , Br� , I� , NO3


� , NO2
� , N3


� ,
HCO3


� , CO3
2�, HSO4


� , SO4
2�, H2PO4


� , HPO4
2�, and PO4


3�.
We observed peaks in the spectra corresponding only to free
[2�H]+ (m/z 701.3) and the complexes [2+Cl]� (m/z 737.1),
[2+Br]� (m/z 783.1), and [2+NO3]


� (m/z 764.1).[10]


We studied the anion binding properties of 2 in a solution
of CD2Cl2 by using the 1H NMR spectroscopic titration tech-
nique.[14] The 1H NMR spectra of 2 display dramatic changes
in the values of chemical shifts of both the aminoxy and reg-
ular amide protons upon addition of the anions (Figure 2);
the signals of the aminoxy amide protons moved downfield,


whereas those of the regular amide protons shifted upfield.
Quantitative assessments of the anion binding affinities of 2
in CD2Cl2 (a nonpolar solvent) reveal that 2 is not only ef-
fective in forming a 1:1 complex with anions, but is also se-
lective for chloride ions (Table 1). Comparison with our pre-
viously reported cyclic hexapeptide 1, comprising d,l-a-ami-
noxy acids, reveals that the cyclic hexapeptide 2, which has
fewer aminoxy amide NH units, displays enhanced binding


Figure 1. Summary of the NOEs observed for (a) free 2 and (b) a 1:2.5
mixture of 2 and Ph4PCl (4 mm in CD2Cl2 at 298 K; s, strong NOE; m,
medium NOE; w, weak NOE).


Figure 2. The amide NH region of overlaid 1H NMR spectra of free 2
and 1:1 mixtures of 2 with Ph4PCl, Ph4PBr, or Bu4NNO3 (4 mm in CD2Cl2


at 298 K).
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toward anions, whilst maintaining good selectivity toward
the chloride ion. To account for the stronger anion binding
that 2 displays relative to 1, we note that the N�O turn is
more stable than the g turn.[12] The backbone of 2, compris-
ing alternating N�O and g turns, should be more flexible
than that of cyclic hexapeptide 1, whose d,l-a-aminoxy acid
residues adopt consecutive N�O turns. Consequently, it is
easier for 2 to adjust its conformation upon binding to an
anion than it is for 1.


Notably, the aminoxy amide NH group is not only a
better hydrogen-bond donor than the regular amide NH
unit, it is also involved in a relatively weak intramolecular
hydrogen bond (the g turn). Upon binding to the chloride
ion, the three acidic aminoxy amide NH units may form hy-
drogen bonds with the anion by breaking the original g


turns adopted by the a-d-alanine residues of 2, resulting in
the downfield shift of the signal of the aminoxy amide pro-
tons. This hypothesis is supported by the two-dimensional


NOESY spectrum of 2 complexed with a chloride ion;[10]


this spectrum exhibits a different NOE pattern for the a-d-
alanine residues (medium-intensity NOEs between the NHi


and CaHi protons, and weak NOEs between the O�NHi+1


and CaHi protons) to that of free 2 under the same condi-
tions (Figure 1). Such a conformational change in the a-d-
alanine residues would also disturb the original N�O turns
to such an extent that the signals of the regular amide pro-
tons become shifted upfield.


Extraction studies : As a preliminary step toward ion trans-
port, we also studied the extraction capabilities of cyclic
hexapeptide 2 toward chloride and nitrate ions by using the
single extraction method.[15] As expected, 2 proved capable
of extracting anions from aqueous solution into chloroform.
1H NMR spectroscopic analysis of the extracts revealed that
the extraction efficiency[16] of chloride ions (77%) was clear-
ly higher than that of nitrate ions (35%). This is in agree-
ment with the relative association constants of 2 toward
these anions, even though nitrate ions are more lipophilic
than chloride ions. Control experiments established that no
significant extraction of anions took place in the absence of
receptor 2.


Theoretical calculations : The conformational search of 2
was first performed by using the MACROMODEL pro-
gram[17] and AMBER94 force field.[18] A total of four struc-
tures with a pseudo C3-symmetry were found. These struc-
tures and anion-bound structures were subjected to full geo-
metrical optimization by the B3 LYP method[19] using a
hybrid basis set: C, H, N: 6–31G*; O, Cl, Br: 6–31+G*; the
six amide hydrogens: 6–311++ G**. Each structure was
confirmed to be minimum by harmonic vibration frequency
calculation, from which the thermal property of the struc-
ture was evaluated. Solvent effect was also estimated by
using the IEFPCM solvent model with UAKS radii.[20] The
free energy of each structure in solution was derived from
the calculated free energy in the gas phase corrected by the
solvent effect on the electronic energy. All quantum me-
chanics calculations were performed by using the Gaussi-
an 03 program.[21]


In the case of anion-free cyclic peptide 2, we found two
significant conformations, 2 a and 2 b (Figure 3). Structure
2 a is the global minimum. It is in a fully hydrogen-bonded
geometry with alternating seven- and eight-membered-ring
hydrogen bonds. In structure 2 b, all six hydrogen bonds are
broken and all six N�H bonds point inward; therefore, it
can be regarded as the conformation for anion binding.
Structure 2 b was found to be less stable than 2 a by around
10.0 kcal mol�1.


Structure 2 b was used to bind Cl� or Br� ions. The opti-
mized structures of the 2-Cl� and 2-Br� complexes are rep-
resented in Figure 4. Upon binding with the Cl� ion, all six
of the hydrogen bonds initially present in 2 become disrupt-
ed. The backbone of 2 rearranges into a rather flat confor-
mation with all of the amide NH hydrogen atoms pointing
inward. The Cl� ion sits above the plane of the peptide


Figure 3. Calculated structures of conformations 2a and 2 b of cyclic hex-
apeptide 2.


Table 1. Association constants for the binding of 2 with anions[a] in
CD2Cl2 at 298 K.


Anion Ka [m�1][b] Ddmax(O�NH)[c] Ddmax(NH)[c]


Cl� 15 000�1500 2.39 �1.39
Br� 910�43 1.70 �1.07
I� 51�3 –[d] –[d]


NO3
� 440�42 1.43 �0.55


[a] Anions were added as concentrated CD2Cl2 solutions of Ph4PCl,
Ph4PBr, Bu4NI, or Bu4NNO3. To account for dilution effects, these anion
solutions also contained receptor 2 at its initial concentration (2–4 mm).
[b] Determined by following the changes that occurred to the resonances
of the aminoxy amide NH protons. [c] Estimated maximum change in
chemical shift (ppm). [d] Cannot be estimated from the titration curve.
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backbone and forms strong hydrogen bonds with the three
O�NH hydrogen atoms, as indicated by Cl···H distances of
2.21 �. The three regular amide NH groups do not undergo
strong binding with the Cl� ion (Cl···H distance is 3.00 �),
but these hydrogen atoms are positioned close to the back-
bone oxygen atom (O···H distance is 2.13 �). This structure
is consistent with the experimental observation that the
signal of the aminoxy amide protons in the 1H NMR spec-
trum shifts significantly downfield upon binding of the chlo-
ride ion, whereas that of the regular amide protons shifts
upfield (Table 1). The calculated interatomic H···H distances
between the a protons and their adjacent amide protons
(O�CaH/O�NH, 2.88 �; O�CaH/NH, 3.19 �; CaH/O�NH,
3.55 �; CaH/NH, 2.96 �) in both the aminoxy and amino
acid residues correspond well with the NOE patterns ob-
served for the 2-Cl� complex (Figure 1b).


Conclusion


Cyclic hexapeptide 2, which consists of alternating d-a-
amino and d-a-aminoxy acids, adopts a highly C3-symmetri-
cal conformation featuring alternating N�O and g turns. Its
anion binding properties demonstrates that, as a electroneu-
tral receptor, it has great potential to be an effective anion
receptor. In particular, it not only has a high selectivity for
chloride ions, but it can also extract chloride ions from
aqueous solutions into organic phases. This discovery may
afford new opportunities for studies of chloride ion trans-
port. In view of aminoxy amide protons being excellent hy-
drogen-bond donors, we believe that aminoxy acids will be
useful building blocks for various anion receptors with prac-
tical applications.


Experimental Section


General methods : All reagents and solvents were of analytical grade and
were dried and distilled as necessary. 1H and 13C NMR spectra were re-
corded at 600 MHz for protons and at 75.5 or 100.0 MHz for carbons by
using Bruker Avance DPX 300, 400, or 600 Fourier Transform Spectrom-
eters. Infrared spectra were obtained by using a Bio-Rad FTS 165 FTIR
spectrometer. Melting points were determined by using an Axiolab
ZEISS microscope and were uncorrected. Optical rotations were mea-
sured by using a Perkin–Elmer 343 polarmeter. Both low and high resolu-
tion mass spectra were recorded by using a Finnigan MAT 95 mass spec-
trometer.


Characterization data for compound 1: Colorless oil; [a]20
D =++114.08 (c =


1.00, CHCl3); 1H NMR (600 MHz, CDCl3): d=9.98 (s, 1 H), 9.59 (s, 1H),
7.91 (d, J=6.7 Hz, 1 H), 7.79–7.76 (m, 5H), 7.35–7.02 (m, 16H), 4.68 (t,
J =5.1 Hz, 1 H), 4.54 (dd, J =8.3, 3.0 Hz, 1 H), 4.50–4.42 (m, 1 H), 4.31–
4.26 (m, 2 H), 4.17–4.16 (br, 1H), 3.48 (dd, J =14.4, 4.9 Hz, 1 H), 3.27 (dd,
J =14.4, 5.5 Hz, 1 H), 3.18–3.12 (m, 2H), 3.01–2.97 (m, 1 H), 2.93–2.87 (m,
1H), 1.42 (s, 9 H), 1.29–1.23 (m, 6 H), 1.05 ppm (d, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=171.46, 170.53, 170.27, 170.13, 169.97,
169.27, 163.66, 136.54, 136.12, 135.12, 134.52, 129.85, 129.46, 129.38,
128.35, 128.30, 128.05, 127.24, 126.83, 126.50, 124.08, 88.48, 87.92, 86.26,
81.36, 48.58, 47.65, 46.47, 37.90, 37.82, 27.90, 17.14, 16.42 ppm; IR
(CH2Cl2): ñ =3311 (br), 1735, 1677 cm�1; LRMS (fast atom bombard-
ment, FAB): m/z : 907 [M+1]+ ; HRMS (FAB): m/z calcd for C48H55N6O12


[M+1]+ : 907.3800; found: 907.3896.


Characterization data for compound 2 : Colorless oil; [a]20
D =++99.58 (c=


1.00, CHCl3); 1H NMR (600 MHz, CD2Cl3): d= 9.61 (s, 1H), 8.30 (d, J=


5.9 Hz, 1H), 7.32–7.23 (m, 5H), 4.32 (dd, J =5.1, 3.6 Hz, 1H), 4.12–4.09
(m, 1H), 3.25 (dd, J=14.5, 3.7 Hz, 1H), 2.92 (dd, J=14.4, 2.6 Hz, 1H),
1.24 ppm (d, J =7.0 Hz, 3H); 13C NMR (75 MHz, CD2Cl2): d=170.87,
170.32, 136.35, 129.46, 129.28, 128.34, 126.83, 87.93, 46.58, 37.83,
15.84 ppm; IR (CH2Cl2): ñ =3280 (br), 1673 cm�1; LRMS (FAB): m/z :
703 [M+1]+ ; HRMS (FAB): m/z calcd for C36H43N6O9 [M+1]+ : 703.3013;
found: 703.3101.
1H NMR titration : The CD2Cl2 solution of 2 (2–4 mm) was titrated by ad-
dition of the concentrated CD2Cl2 solution of the anions (in the form of
their tetrabutylammonium salts for nitrate and iodide, and their tetraphe-
nylphosphonium salts for chloride and bromide). To account for dilution
effects, these anion solutions also contained receptor 2 at its initial con-
centration. The data were fitted to a 1:1 binding profile, according to the
method of Wilcox,[22] by using changes in both the aminoxy and regular
amide NH resonances in their respective 1H NMR spectra.


Extraction experiment : An aqueous solution of Ph4PCl (or Ph4PNO3)
(1 mL, 5 mm) was added to a solution of 2 in CHCl3 (0.6 mL, 5 mm). The
resulting biphasic solution was shaken vigorously in a closed glass tube
for 2 h and then left to settle for 10 min. The organic layer was dried
over anhydrous Na2SO4, filtered, and concentrated under reduced pres-
sure at temperatures<35 8C. The residue was dissolved in CDCl3


(0.6 mL) and the 1H NMR spectrum was recorded.
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The Zirconium Alkoxide-Catalyzed Aldol-Tishchenko Reaction of Ketone
Aldols


Christoph Schneider,*[a] Markus Hansch,[a] and Timo Weide[a, b]


Introduction


Since the pioneering studies of Nord et al.[1] more than six
decades ago the aldol-Tishchenko reaction has occupied a
prominent position in organic chemistry as a highly effective
method to couple unactivated carbonyl compounds giving
rise to 1,3-diol monoesters.[2] The classic reaction is com-
posed of a base-induced enolization of one carbonyl com-
pound, typically an aldehyde, and subsequent aldol addition
to another aldehyde equivalent, furnishing a metal aldolate,
which upon reaction with a third aldehyde equivalent, forms
a hemiacetal metal alkoxide. This in turn transfers the hemi-
acetal hydrogen atom in a cyclic arrangement to the carbon-
yl moiety, eventually resulting in reduction of the carbonyl
group and oxidation of the hemiacetal to the ester moiety
(Scheme 1). The rate-determining step of this sequence is
believed to be the Tishchenko reduction of the hemiacetal
metal alkoxide after a fast and reversible aldolization step.


This proposal has, however, only been substantiated kineti-
cally for reactions of lithium ketone enolates.[3]


An appealing feature of this transformation is the
domino-type[4] reaction pathway with a catalyst that pro-
motes both the aldol reaction through enolization of the car-
bonyl compound and the Tishchenko reduction of the aldol
intermediate. Subsequently, this general scheme has been
steadily improved in terms of efficiency and selectivity. Ini-
tially, the reaction was mainly restricted to the coupling of
three identical aldehydes with either aluminium ate com-
plexes of the general formula Mg[Al(OR)4]2 or regular mag-
nesium and calcium alkoxides as catalysts in a homo aldol-
Tishchenko reaction.[1] Later preformed lithium ketone eno-
lates were shown to add to two equivalents of an aldehyde,


Abstract: The aldol-Tishchenko reac-
tion of ketone aldols as enol equiva-
lents has been developed as an efficient
strategy to furnish differentiated 1,3-
anti-diol monoesters in one step. The
thermodynamically unstable ketone
aldols undergo a facile retro-aldoliza-
tion to yield a presumed zirconium
enolate in situ, which then undergoes
the aldol-Tishchenko reaction in typi-
cally high yields and with complete 1,3-


anti diastereocontrol. Evaluation of a
broad range of metal alkoxides as cata-
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which resulted in suppression of the
undesired acyl migration to a large
extent. Various ketone aldols have
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Scheme 1. Mechanism of the classic aldol-Tishchenko reaction.
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furnishing cross aldol-Tishchenko products with exceptional
levels of diastereoselectivity.[5] Mahrwald et al. established a
catalytic cross aldol-Tishchenko reaction of unmodified ke-
tones and aldehydes to yield 1,3-diol monoesters with high
stereoselecitvity.[6] Additionally, silyl enolates with Lewis
acid activation,[7] zinc,[8] and samarium enolates[9] have been
employed in stoichiometric cross aldol-Tishchenko reactions.
Morken et al. have systematically investigated simple metal
alkoxides for a catalytic cross aldol-Tishchenko reaction of
unmodified ketones and aldehydes, revealing NaOtBu and
LiOiPr as optimal catalysts.[10] Subsequently, the same group
showed that a chiral yttrium–salen complex was capable of
catalyzing a moderately enantioselective cross aldol-Tish-
chenko reaction between two different aldehydes.[11] Very
recently, Shibasaki and co-workers discovered a chiral lan-
thanum–lithium–BINOLate complex, which gave rise to a
highly enantioselective cross aldol-Tishchenko reaction of
aryl alkyl ketones and aldehydes in good yields.[12] Inde-
pendently, Mlynarski and Mitura reported chiral aldol-Tish-
chenko reactions between ketones and aldehydes catalyzed
by a ytterbium alkoxide.[13]


In 2001, Nevalainen et al.[14] and we[15] independently es-
tablished cross aldol-Tishchenko reactions of ketone aldols,
such as diacetone alcohol (1 a), and aldehydes 2 with either
Al- or Zr-based catalysts, respectively. Zr(OtBu)4 was shown
to be the catalyst of choice in our process and catalyzed a
rapid retro-aldol cleavage of 1 a, furnishing a ketone enolate
in situ, which underwent the aldol-Tishchenko reaction with
aliphatic aldehydes. 1,3-anti-diol monoesters 3 were ob-
tained in typically good yields and with complete anti dia-
stereoselectivity (Scheme 2). Other Ti or Zr alkoxides


proved less effective in this reaction. Subsequently we re-
ported the first catalytic, enantioselective aldol-Tishchenko
reaction according to this general scheme employing Zr–
TADDOLates as chiral catalysts.[16] A major drawback of
our initial protocol was the undesired acyl migration that
took place especially with straight-chain aliphatic aldehydes
and furnished regioisomeric mixtures of 1,3-diol monoesters.
Herein we present a full account of our work on the Zr-cat-
alyzed aldol-Tishchenko reaction of a broad range of ketone
aldols and aldehydes. Among the factors that have been in-
vestigated were optimization of catalyst, solvent, tempera-
ture, and ketone aldol structure. In particular, a specifically
designed Zr alkoxide with attenuated Lewis acidity has
been developed as catalyst, which suppressed the undesired
acyl migration to a large extent.


Results and Discussion


Survey of metal alkoxides as catalysts : Our initial discovery
that Zr(OtBu)4


[17] effectively catalyzed the aldol-Tishchenko
reaction between diacetone alcohol and a number of ali-
phatic aldehydes prompted us to test the catalytic activity of
a range of metal alkoxides for this process. Thus, we chose
the reaction between diacetone alcohol (1 a) and isobutyral-
dehyde (2 a) (3 equiv) as our model reaction to evaluate dif-
ferent metal alkoxides at a 10 mol % level (Table 1).


The use of Zr(OtBu)4 in dichloromethane at 0 8C furnish-
ed the desired 1,3-anti-diol monoester 3 a/3 a’ in 84 % yield
as a 11:1 mixture of regioisomers after 2 h (entry 1). Not un-
expectedly, Hf(OtBu)4 smoothly catalyzed this transforma-
tion too, giving rise to 3 a/3 a’, albeit only in 64 % yield after
17 h at �20 8C (entry 2). In contrast, Zr(OiPr)4 gave only
5 % of the aldol-Tishchenko product 3 a/3 a’ (entry 3). This
discrepancy between the two zirconium alkoxides most
probably originates from different aggregation states.
Whereas the former tends to form oligomers,[18] the latter is
known to exist as a tetrahedral and highly reactive mono-
mer.[19] In the presence of either Ti(OiPr)4 or Ti(OtBu)4, no
or only little formation of 3 a/3 a’ could be observed even


Scheme 2. Zr(OtBu)4-catalyzed aldol-Tishchenko reaction with diacetone
alcohol (1 a) as enol equivalent.


Table 1. Evaluation of different metal alkoxides for the aldol-Tishchenko
reaction of diacetone alcohol (1a) and isobutyraldehyde (2a).[a]


Entry M(OR)n
[h] T


[8C]
Solvent t


[h]
Yield[b,c]


3 a/3a’ [%]
Yield[c]


4 [%]
Yield[c]


5 [%]


1 Zr(OtBu)4 0 CH2Cl2 2 84[e]


2 Hf(OtBu)4 �20 THF 17 64
3 Zr(OiPr)4 0 THF 24 5
4 Ti(OiPr)4 RT CH2Cl2 24 0 12
5 Ti(OtBu)4 RT CH2Cl2 24 5 14
6 Y5O(OiPr)13


[g] �20 CH2Cl2 1 89[d,f]


7 MgnBu2 0 THF 2 68 12
8 ZnEt2 0 THF 24 9 28
9 LiOtBu 0 THF 3 2 22
10 NaOtBu 0 THF 3 0 43 19
11 KOtBu 0 THF 3 0 66 18


[a] Reaction conditions: 1 a (1 equiv), 2a (3 equiv), and M(OR)n or MR2


(10 mol %), respectively, in the given solvent (4 mL per mmol of 1a).
[b] Combined yield of 3a and 3a’, which were isolated as a mixture, the
ratios of regioisomers were not detected unless otherwise noted (entries 1
and 6). [c] Isolated yield of chromatographed and analytically pure com-
pounds. [d] 8% of the syn-isomer of 3a (as a mixture of regioisomers)
were isolated additionally. [e] Ratio 3a/3 a’=11:1. [f] Ratio 3 a/3a’=10:1.
[g] 2 mol % of Y5O(OiPr)13 was used to achieve a 10 mol % level based
on “Y(OR)3”. [h] In the case of MgnBu2 and ZnEt2 (entries 7 and 8), in
situ formation of M(OR)2 through reaction with diacetone alcohol is
assumed.
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after 24 h at room temperature along with small amounts of
the intermediate aldol product 4 (entries 4, 5). Apparently
TiIV alkoxides display diminished Brønstedt basicity as well
as Lewis acidity relative to ZrIV alkoxides and fail to induce
a rapid retro-aldol cleavage of 1 a. Late transition metals
such as ZnII also exhibited poor reactivity in this process, as
one might have expected on the basis of the known stability
of Zn–aldolates in enzymatic as well as chemical process-
es.[20] [Y5O(OiPr)13] (2 mol %) proved to be a very potent
catalyst furnishing 1,3-anti-diol monoester 3 a/3 a’ (10:1 mix-
ture) in 89 % yield after just 1 h at �20 8C . However, in this
particular case we additionally isolated 8 % of the syn dia-
stereomers of 3 a/3 a’ (entry 6). Accordingly, we did not eval-
uate this catalyst further as a promising alternative for Zr
alkoxides.


Alkali metal alkoxides MOtBu (M =Li, Na, K) were able
to catalyze the retro-aldol process, but gave only low to
moderate yields of aldol product 4, along with some aldol
condensation product 5 (entries 9–11). Only LiOtBu yielded
trace amounts of aldol-Tishchenko product 3 a/3 a’. Finally,
Bu2Mg catalyzed our model aldol-Tishchenko reaction and
furnished 3 a/3 a’ in 68 % yield along with 12 % of aldol
product 4, indicating an incomplete Tishchenko reduction
step in this process (entry 7). Thus, among the examined
metal alkoxides Zr(OtBu)4 was identified as the catalyst of
choice in terms of yield and selectivity for our process.


Optimization of the solvent: The effect of solvent on the
yield and the regioisomeric ratio with Zr(OtBu)4 as catalyst
was studied again in our model reaction between diacetone
alcohol (1 a) and isobutyraldehyde (2 a) (Table 2). Dichloro-


methane (84 % yield, 11:1 ratio of regioisomers) proved to
be the solvent of choice (entry 1). Etheral solvents, such as
THF and diethyl ether, gave rise to comparable yields, albeit
in lower regioisomeric selectivities (entries 2, 3). The same
holds true for noncoordinating solvents, such as toluene
(entry 4). Among the polar aprotic solvents, DMF furnished
the product with very good regioisomeric ratio of 14:1 ratio,
but in only moderate yield of 55 % (entry 5). Acetonitrile
apparently facilitated the acyl migration and gave rise to a
1:1 mixture of regioisomers in good yield (entry 6). Chloro-
form was not suitable as solvent, due to deprotonation of


the acidic proton by the highly basic catalyst. Only trace
amounts of product could be isolated in this reaction.


Effect of the temperature : In our effort to suppress the un-
desired acyl migration leading to mixtures of regioisomeric
1,3-anti-diol monoesters 3 a/3 a’, we attempted to gradually
decrease the reaction temperature and hoped for a benefi-
cial effect on the regioisomeric ratio (Table 3). Compared to


our initial experiment at 0 8C (2 h, 84 % yield, regioisomeric
ratio 11:1), the reaction at �20 8C required 4 h for complete
conversion and furnished the product 3 a/3 a’ in comparable
yield and regioisomeric ratio (entry 2). Remarkably, the re-
action also proceeded at �50 8C; however, the rate of the re-
action became so slow that the product was obtained in only
55 % yield after 24 h (entry 3). Still, the regioisomeric ratio
was improved to 16:1. Further decreasing the reaction tem-
peratures to �65 and �78 8C resulted in very slow reactions
and negligible yields (5 % and 0 %, respectively) after pro-
longed reaction times. This indicates a very slow retro-aldol
cleavage at these temperatures (entries 4 and 5). In conclu-
sion, best results were obtained at convenient 0 8C in short
reaction time.


Variation of the ketone aldol structure : In an effort to fur-
ther speed up the retro-aldol cleavage we prepared the
mixed aldol of acetone and benzophenone 1 f[21] and em-
ployed it in the reaction with isobutyraldehyde (2 a) under
otherwise identical conditions. We expected a much faster
retro-aldol reaction of 1 f on the basis of the highly conju-
gated byproduct benzophenone and hence reduced reaction
times. When the reaction of diacetone alcohol (1 a) and 2 a
was stopped after just 70 min at �20 8C, product 3 a was iso-
lated in only 30 % yield. On the other hand, the benzophe-
none-based ketone aldol 1 f was completely consumed in re-
action with 2 a after 70 min at �20 8C, but yielded only 23 %
of product 3 a along with minor amounts of aldol product 4.
Interestingly, the byproduct benzophenone was isolated in
70 % yield instead (Scheme 3). It appears that retro-aldol
cleavage of 1 f is rapid indeed, but this does not give rise to
a productive reaction pathway.


Optimization of the alkoxide ligands : Recently, we reported
the first enantioselective version of the title reaction using
the chiral tartaric acid derived TADDOL 6 (a,a,a’,a’-tetra-


Table 2. Optimization of solvent in reaction 1 a and 2 a.[a]


Entry Solvent Yield[b] 3 a/3a’ [%] Ratio[c] 3 a/3a’


1 CH2Cl2 84 11:1
2 THF 84 5:1
3 Et2O 90 5:1
4 toluene 87 6:1
5 DMF 55 14:1
6 MeCN 84 1:1
7 CHCl3 trace –


[a] Reaction conditions: 1 a (1 equiv), 2 a (3 equiv), and Zr(OtBu)4


(10 mol %) in the given solvent (4 mL per mmol of 1 a), 0 8C, reaction
time 2 h. [b] Combined yield of 3a/3 a’, which were isolated as a mixture.
[c] Determined by 1H NMR spectroscopy.


Table 3. Optimization of temperature in reaction 1a and 2a.[a]


Entry T [8C] t [h] Yield 3 a/3a’ [%][b] Ratio[c] 3 a/3a’


1 0 2 84 11:1
2 �20 4 87 10:1
3 �50 24 55 16:1
4 �65 40 5 –
5 �78 24 0 –


[a] Reaction conditions: 1 a (1 equiv), 2 a (3 equiv), and Zr(OtBu)4


(10 mol %) in CH2Cl2 (4 mL per mmol of 1a). [b] Combined yield of 3 a/
3a’ isolated as a mixture. [c] Determined by 1H NMR spectroscopy.
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phenyl-2,2-dimethyl-1,3-dioxolane-4,5-dimethanol) as ligand
for Zr.[16] In the course of these studies we found much im-
proved regioisomeric ratios with the chiral Zr–TADDO-
Lates as catalysts, indicating that they exerted attenuated
Lewis acidity relative to Zr(OtBu)4 that resulted in suppres-
sion of the undesired acyl migration to a large extent. In-
spired by these results we decided to prepare simple achiral
bulky diols 7 and 8 structurally similar to the TADDOL 6 in
order to study their effect on the regioselectivity of the
aldol-Tishchenko reaction (Scheme 4).


The diols 7[22] and 8[23] were readily available in one step
through Grignard addition of phenyl magnesium bromide to
inexpensive succinic acid dimethyl ester and phthalic acid
dimethyl ester, respectively. In our preliminary studies we
found that the degree of acyl migration was dependent on
the steric bulk of the acyl group of the 1,3-diol monoesters
3/3’, with straight-chain acyl groups being more readily
transferred than a-branched acyl groups. Thus, we chose iso-
butyraldehyde (2 a) as a representative a-branched aldehyde
and n-heptanal (2 b) as a representative straight-chain alde-
hyde, and conducted aldol-Tishchenko reactions of 1 a with
these two aldehydes under two sets of reaction conditions.
In the first set, Zr(OtBu)4 and diol 7 (10 mol % each) were
dissolved in CH2Cl2 at 0 8C and used as catalyst, whereas in
the second set Zr(OtBu)4 and diol 8 (10 mol% each) were
combined analogously and employed as catalyst. Subse-
quently, we compared these results with the Zr(OtBu)4-cata-
lyzed reactions (Table 4).


The Zr(OtBu)4-catalyzed reaction of 1 a and 2 a yielded
1,3-anti-diol monoester 3 a/3 a’ in 84 % yield as a 11:1 mix-
ture of regioisomers as mentioned above, whereas n-hepta-
nal furnished the corresponding product 3 b/3 b’ in 72 %
yield as a 1:1 mixture of regioisomers indicating a very rapid
acyl migration process in this system (entries 1 and 2).
When Zr(OtBu)4 (10 mol %) was stirred with diol 7
(10 mol %) in CH2Cl2 for 30 min at room temperature, a
presumed complex between Zr(OtBu)4 and diol 7 was
formed that gave rise to 3 a/3 a’ within 3 h at 0 8C in low
yield, but excellent regioselectivity of 20:1 (entry 3). An
even more striking example constituted the reaction of 1 a
and 2 b catalyzed by the same catalyst combination yielding
3 b/3 b’ in low yield, but drastically improved regioselectivity
of again 20:1 (by 1H NMR spectroscopy; entry 4). We
assume that the reason for the low reactivity of the complex
formed from Zr(OtBu)4 and diol 7 is the conformational
flexibility of the ligand, which is different from the
TADDOL-type ligands. Accordingly, we switched to the
conformationally more rigid diol 8 and formed the corre-
sponding zirconium complex as described above.


Indeed, aldol-Tishchenko reaction of 1 a and 2 a catalyzed
by Zr(OtBu)4/diol 8 (10 mol % each) gave rise to 3 a/3 a’ in
79 % yield and with an excellent regioisomeric ratio of 20:1
(entry 5). In the more difficult conversion of 1 a with n-hep-
tanal (2 b), this modified catalyst led to formation of 1,3-
anti-diol monoesters 3 b/3 b’ in 91 % yield with an improved
regioisomeric ratio of 5:1 (entry 6). Apparently, the Zr-
(OtBu)4/diol 8 complex retained the high catalytic activity of
the parent Zr(OtBu)4 and still suppressed the undesired acyl
migration almost completely in reaction with a-branched al-
dehydes and largely with straight-chain aldehydes.


Thus, we have established a modified protocol for the Zr
alkoxide-catalyzed aldol-Tishchenko reaction of ketone
aldols, which comprises the use of Zr(OtBu)4 and diol 8 as
catalyst (10 mol % each) in CH2Cl2 as solvent at 0 8C. This
new protocol has now been applied to reactions of different
ketone aldols 1 and aldehydes 2 in the synthesis of a broad
range of 1,3-anti-diol monoesters 3.


Preparation of ketone aldols 1: The ketone aldols 1 b–e
were prepared by enolization of the corresponding methyl
ketones pinacolone, isopropyl methyl ketone, acetophenone


Scheme 3. Variation of ketone aldol structure.


Scheme 4. Optimization of alkoxide ligands.


Table 4. Evaluation of alkoxide ligands.[a]


Entry Ligand R Products Yield[b] [%] Ratio[c] 3/3’


1 none iPr 3 a/3a’ 84 11:1
2 none n-hexyl 3 b/3b’ 72 1:1
3 7 iPr 3 a/3a’ 26 20:1
4 7 n-hexyl 3 b/3b’ 31 20:1
5 8 iPr 3 a/3a’ 79 20:1
6 8 n-hexyl 3 b/3b’ 91 5:1


[a] Reaction conditions: The modified catalyst was prepared by stirring a
solution of ligand (0.10 mmol) and Zr(OtBu)4 (0.10 mmol) in CH2Cl2


(4 mL) for 0.5 h at RT. To this solution 1 a (1.0 mmol) and 2a (3.0 mmol)
were added at 0 8C. [b] Combined yield of 3/3’ isolated as a mixture.
[c] Determined by 1H NMR spectroscopy.
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and (2’-methoxy)acetophenone, respectively, with LDA at
�78 8C and subsequent aldolization with acetone. This pro-
cedure gave rise to the ketone aldols 1 b–e in yields between
60 and 80 % (Scheme 5).


Scope of the aldol-Tishchenko reaction : According to the
optimized reaction conditions discussed above, ketone
aldols 1 were treated with aliphatic aldehydes 2 (3 equiv) in
dichloromethane at 0 8C for 3 h, giving rise to a broad range
of 1,3-anti diol monoesters 3. The results are summarized in
Table 5. Generally good to excellent yields were obtained
ranging between 70 and 94 %. Straight-chain aldehydes like
n-heptanal and 3-methyl butyraldehyde, as well as a-
branched aldehydes (e.g. isobutyraldehyde, 2-ethyl butyral-
dehyde) and cyclic aldehydes (cyclohexane carbaldehyde,
cyclopropane carbaldehyde) were successfully employed in


these transformations. Only pival aldehyde, as a sterically
very hindered aliphatic aldehyde, failed to undergo the
aldol-Tishchenko reaction, and the reaction stopped at the
aldol stage. This same behavior was observed for aromatic
and a,b-unsaturated aldehydes, which all gave the inter-
mediate aldol products as major products. Apparently, they
are not suitable hydrogen donors in our Zr-catalyzed Tish-
chenko reduction, which is in contrast to the SmI2-catalyzed
Tishchenko reduction pioneered by Evans et al. in which
benzaldehyde is routinely employed as reductant.[24] We
found, however, that pinacolone-derived ketone aldol 1 c re-
acted smoothly with benzaldehyde under these conditions,
furnishing 1,3-anti-diol monoester 3 i in 86 % yield (entry 9).


The degree of acyl migration clearly depended on the
steric demand of the acyl group. For a-branched acyl groups
and cyclic acyl groups, respectively, the transesterification
process was slow, furnishing the products 3/3’ in excellent
20:1 ratio in most cases (entries 1, 3, 4, 5, 9, 10, 11). In reac-
tions with n-heptanal as acceptor, the straight-chain acyl
group in the products 3/3’ was transferred more rapidly lead-
ing to regioisomeric mixtures of 5:1 to 15:1 (see entries 2,
12, 14).


Assignment of relative configuration of aldol-Tishchenko
products 3/3’: For the determination of their relative stereo-
chemistry, all products 3/3’ were hydrolyzed with KOH in
methanol to the corresponding diols 9, whose 1H NMR and


13C NMR spectra proved their
diastereomeric purity (�97:3).
Subsequently, diols 9 were
transformed to their corre-
sponding acetonides 10 by acid-
catalyzed transacetalization in
2,2-dimethoxypropane. The
analysis of the 13C NMR spectra
of 10 revealed their 1,3-anti
stereochemistry according to
the method developed by Rych-
novsky[25] (Scheme 6). 1,3-anti-
Diol acetonides adopt twist–
boat conformations, in which
the two methyl groups at the
acetal moiety are in nearly
identical environments and thus
both have 13C NMR chemical
shifts of approximately 25 ppm.
In contrast, 1,3-syn-diol aceto-
nides prefer chair conforma-
tions, in which one of the
methyl groups is axial and the
other is equatorial; thus the
axial methyl group has a chemi-
cal shift of about 20 ppm, while
the equatorial methyl group has
a chemical shift of approxi-
mately 30 ppm.


Scheme 5. Preparation of ketone aldols 1b–e


Table 5. Scope of the Zr alkoxide-catalyzed aldol-Tishchenko reaction for the synthesis of 1,3-anti-diol mono-
esters.[a]


Entry R1 (1) R2 (2) Product Yield 3/3’ [%][b] Ratio 3/3’[c]


1 Me (1a) iPr (2a) 3a 79 20:1
2 Me (1a) n-C6H13 (2b) 3b 91 5:1
3 Me (1a) 2-methylpropyl (2c) 3c 87 20:1
4 Me (1a) 1-ethylpropyl (2 d) 3d 72 20:1
5 Me (1a) c-C6H11 (2e) 3e 86 20:1
6[d] iPr (1 b) iPr (2a) 3 f 94 –
7 iPr (1 b) n-C6H13 (2b) 3g 86 5:1
8 tBu (1c) iPr (2a) 3h 84 7:1
9 tBu (1c) Ph (2 f) 3 i 86 20:1
10 tBu (1c) 1-ethylpropyl (2 d) 3j 86 20:1
11 tBu (1c) c-C6H11 (2e) 3k 75 20:1
12 tBu (1c) n-C6H13 (2b) 3 l 88 15:1
13 tBu (1c) c-C3H5 (2 g) 3m 70 13:1
14 Ph (1d) n-C6H13 (2b) 3n 79 10:1
15 Ph (1d) iPr (2a) 3o 75 14:1
16 2’-MeO-C6H4(1e) iPr (2a) 3p 90 12:1
17 2’-MeO-C6H4 (1e) n-C6H13 (2b) 3q 89 12:1


[a] Reaction conditions: A solution of diol 8 (0.10 mmol) and Zr(OtBu)4 (0.10 mmol) in CH2Cl2 (4 mL) was
stirred for 0.5 h at RT. To this solution 1 (1.0 mmol) and 2 (3.0 mmol) were added at 0 8C. [b] Combined yield
of 3/3’, which were isolated as a mixture except for entries 9, 13, 14, 15, 16, 17, in which cases the regioisomeric
products were separated by flash chromatography. [c] Determined by 1H NMR or 13C NMR spectroscopy,
except for entries 9, 13, 14, 15, 16, 17, in which cases the regioisomeric products were separated by flash chro-
matography. [d] This reaction was run with Zr(OtBu)4 as catalyst.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3010 – 30213014


C. Schneider et al.



www.chemeurj.org





Reaction mechanism : A plausible mechanism for the aldol-
Tishchenko reaction is given in Scheme 7. The zirconium
alkoxide catalyst initiates a retro-aldol reaction of ketone


aldol 1 and generates a zirconium enolate 11 in situ under
liberation of one molecule of acetone. Enolate 11 undergoes
aldolization with the aldehyde under formation of the inter-
mediate zirconium aldolate 12, which in turn forms a hemia-
cetal zirconium alkoxide with a second equivalent of alde-
hyde. The Tishchenko reduction is believed to proceed
through the depicted transition structure 13, in which zirco-
nium atom is chelated by the alkoxide and carbonyl oxygen
atoms. The observed high level of anti diastereoselectivity
may then be explained through intramolecular hydride de-
livery towards a proaxially oriented carbonyl group.


Control experiments indicate that formation of aldolate
12 is reversible, whereas the subsequent Tishchenko reduc-
tion proceeds fast and is irreversible. Thus, when aldol 14
was subjected to Zr(OtBu)4 (10 mol %) and n-heptanal
(2 equiv), the desired Tishchenko product 15 was obtained
without a trace of any scrambling product with exchanged
alkyl groups. That means that once the aldol product forms,
the Tishchenko reduction withdraws it from the aldol equili-
brium (Scheme 8).


Sequential aldol-Tishchenko reaction with two different al-
dehydes : To probe the versatility of this process we attempt-
ed a sequential aldol-Tishchenko reaction with two different
aldehydes. Since the second step, the Tishchenko reduction,
has been shown to be very fast, we were restricted to the
use of an aldehyde as aldol acceptor, which was not success-
ful as a hydride donor. Thus, we employed benzaldehyde as
aldol acceptor and isobutyraldehyde as hydrogen donor.
Stirring diacetone alcohol (1 a) and benzaldehyde (2 f)
(2 equiv) in the presence of Zr(OtBu)4 (10 mol %) for 24 h
in CH2Cl2 at �20 8C led to the formation of cross aldolate
adduct 16, which after addition of isobutyraldehyde (2 a)
(2 equiv) and another Zr(OtBu)4 (10 mol %) was reduced in
situ to 1,3-anti-diol monoester 17 in 48 % overall yield
(Scheme 9).


Conclusion


The aldol-Tishchenko reaction has been steadily improved
in terms of utility and selectivity in recent decades. In the
present investigation ketone aldols such as diacetone alcohol
have been employed as enol equivalents on the basis of
their facile retro-aldolization tendency. Zirconium alkoxides
have been shown to catalyze this retro-aldolization and
yield zirconium enolates in situ that underwent rapid aldol-
Tishchenko reactions with a broad range of aldehydes. Dif-
ferentiated 1,3-anti-diol monoesters were thus obtained in
one step, generally with good yields and excellent anti dia-
stereocontrol. A modified zirconium alkoxide catalyst with
attenuated Lewis acidity has been developed that was capa-
ble of suppressing the undesired acyl migration in the 1,3-
diol monoesters to a large extent, thereby enhancing the re-
gioisomeric ratio of the products. The present methodology
offers a simple yet powerful way to synthesize 1,3-dioxygen-
ated compounds in one step with complete stereocontrol.


Experimental Section


General : All reactions were performed in flame-dried glassware under
an atmosphere of dry nitrogen. The following reaction solvents were dis-
tilled from the indicated drying agents: dichloromethane (CaH2), tetrahy-
drofuran (LiAlH4, triphenylmethane), diethyl ether (Na, benzophenone),
toluene (Na, benzophenone), N,N-dimethylformamide (Acros ACS
grade), acetonitrile (Acros ACS grade), chloroform (Acros ACS grade).
Diethyl ether and pentane for chromatography were technical grade and
distilled from KOH. All reactions were monitored by thin-layer chroma-


Scheme 6. Assignment of relative configuration of aldol-Tishchenko
products 3/3’.


Scheme 7. Proposed mechanism for the aldol-Tishchenko reaction.


Scheme 8. Zr(OtBu)4-catalyzed Tishchenko reduction of aldol product
14.


Scheme 9. Sequential aldol-Tishchenko reaction with two different alde-
hydes. a) 2.0 equiv PhCHO, 10 mol % Zr(OtBu)4, CH2Cl2, �20 8C, 24 h;
b) 2.0 equiv iPrCHO, 10 mol % Zr(OtBu)4, CH2Cl2, 30 min, 48%.
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tography (TLC) on precoated silica gel SIL G/UV254 plates (Machery,
Nagel & Co.); spots were visualized by treatment with a solution of vanil-
lin (0.5 g), conc. acetic acid (10 mL), and conc. H2SO4 (5 mL) in metha-
nol (90 mL). Flash column chromatography was performed by using
Merck silica gel 60 230–400 mesh. Diacetone alcohol (1a) and all alde-
hydes 2 were distilled and kept under N2 until use. Diisopropylamine was
freshly distilled from CaH2 prior to use. Zr(OtBu)4 was purchased from
Strem Chemical Co. as 99.99 % PURATREM quality packed in ampules.
These ampules were opened in an inert atmosphere glove box when the
Zr(OtBu)4 was filled in a septum-sealed flask and kept under Ar until
use. Diols 7[22] and 8,[23] and ketone aldol 1 f[21] were prepared according
to literature procedures. All other chemicals were used as received from
commercial suppliers. 1H and 13C NMR spectra were recorded with
Varian VXR 200 (200 MHz) or Bruker AMX 300 (300 MHz) spectrome-
ters in CDCl3 at 25 8C with TMS as internal standard. IR spectra of de-
posited films were recorded with a Bruker IFS 25 FT-IR instrument. UV
spectra were obtained with a Perkin–Elmer Lambda 9 spectrometer.
Melting points are uncorrected. Mass spectra were measured at 70 eV
(EI) or 200 eV (DCI/NH3) with a Finnigan MAT 95 A spectrometer.
High-resolution mass spectra (HRMS; ESI/Na) were measured with a
Bruker Daltonics APEX II FT-ICR spectrometer. Microanalyses were
carried out at the microanalytical laboratory of the Institut f�r Organi-
sche Chemie der Universit�t Gçttingen.


Preparation of ketone aldols 1 (general procedure 1): A stirred solution
of diisopropylamine (15.5 mL, 110 mmol) in diethyl ether (300 mL) was
cooled to 0 8C before a solution of n-BuLi in hexane (2.5 m, 44 mL,
110 mmol) was added slowly over 5 min. The resulting solution was stir-
red for 30 min at 0 8C prior to cooling to �78 8C. The appropriate methyl
ketone (100 mmol) was then added slowly over 5 min to this solution.
The resulting solution was stirred for 1 h at �78 8C prior to slow addition
of dry acetone (8.82 mL, 120 mmol). Stirring was continued for 3 h at
�78 8C before the reaction was quenched with saturated aqueous ammo-
nium chloride solution. The reaction mixture was allowed to reach room
temperature. The layers were separated and the aqueous layer was ex-
tracted twice with diethyl ether. The combined organic layers were dried
over MgSO4 and filtered, and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography on
silica gel.


5-Hydroxy-2,5-dimethyl-3-hexanone (1 b): Following general procedure 1,
isopropyl methyl ketone (10.7 mL, 100 mmol) was converted to its ace-
tone aldol adduct. Flash chromatography (silica gel, diethyl ether/pen-
tane 1:2) of the crude product afforded 1b as a colorless liquid (10.9 g,
76%). Rf =0.35 (diethyl ether/pentane 1:1); 1H NMR (300 MHz, CDCl3):
d=3.90 (br s, 1H; OH), 2.62 (s, 2 H; CH2), 2.55 (sept, J =7.0 Hz, 1 H;
CH(CH3)2), 1.22 (s, 6 H; C(OH)(CH3)2), 1.08 ppm (d, J=7.0 Hz, 6 H;
CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=217.1, 69.54, 50.42, 41.97,
29.19, 17.77 ppm; IR (film): ñ= 3494, 2973, 2935, 1698, 1467, 1382, 1315,
1153, 1051, 976, 913, 764 cm�1; MS (200 eV, DCI/NH3): m/z (%): 306 (15)
[2M+NH4]


+ , 179 (5) [M+NH3+NH4]
+ , 162 (100) [M+NH4]


+ , 145 (13)
[M+H]+ ; elemental analysis calcd (%) for C8H16O2 (144.21): C 66.63, H
11.18; found: C 66.41, H 10.99.


5-Hydroxy-2,2,5-trimethyl-3-hexanone (1 c): Following general proce-
dure 1, pinacolone (12.5 mL, 100 mmol) was converted to its acetone
aldol adduct. Flash chromatography (silica gel, diethyl ether/pentane 1:2)
of the crude product afforded 1c as a colorless liquid (12.6 g, 80%). Rf =


0.23 (diethyl ether/pentane 1:3); 1H NMR (300 MHz, CDCl3): d=4.40
(br s, 1H; OH), 2.65 (s, 2H; CH2), 1.24 (s, 6 H; CH3), 1.13 ppm (s, 9 H; C-
(CH3)3); 13C NMR (50 MHz, CDCl3): d =218.8, 69.65, 46.74, 44.78, 29.26,
25.95 ppm; IR (film): ñ=3519, 2957, 2930, 2860, 1714, 1467, 1364, 1176,
1101, 1074, 734 cm�1; MS (200 eV, DCI/NH3): m/z (%): 193 (12)
[M+NH3+NH4]


+ , 176 (100) [M+NH4]
+ , 159 (10) [M+H]+ ; HRMS


(ESI): calcd for C18H36NaO4: 339.2506; found: 339.2497 [2M+Na]+ .


1-Phenyl-3-methyl-3-hydroxy-1-butanone (1 d): Following general proce-
dure 1, acetophenone (11.7 mL, 100 mmol) was converted to its acetone
aldol adduct. The reaction mixture was quenched with water instead of
saturated NH4Cl solution. Flash chromatography (silica gel, diethyl
ether/pentane 1:3) of the crude product afforded 1d as a colorless liquid
(10.7 g, 60%). Rf =0.25 (diethyl ether/pentane 1:1); 1H NMR(200 MHz,


CDCl3): d=7.98–7.92 (m, 2 H; ArH), 7.44–7.63 (m, 3H; ArH), 4.16 (br s,
1H; OH), 3.15 (s, 2H; CH2), 1.35 ppm (s, 6H; CH3); 13C NMR (50 MHz,
CDCl3): d=201.8, 137.2, 133.6, 128.7, 128.1, 69.89, 48.55, 29.56 ppm; IR
(film): ñ =3519, 2957, 2930, 2860, 1714, 1467, 1364, 1176, 1074, 734 cm�1;
UV (CH3CN): lmax (lg e)=204.0 (3.870), 242.0 (4.006), 278.0 nm (2.925);
MS (200 eV, DCI/NH3): m/z (%): 213 (9) [M+NH3+NH4]


+ , 196 (90)
[M+NH4]


+ , 179 (20) [M+H]+ , 155 (90), 138 (100) [PhCOCH3+NH4]
+ ;


HRMS (ESI): calcd for C22H28NaO4: 379.1880; found: 379.1877
[2M+Na]+ .


1-(2’-Methoxyphenyl)-3-methyl-3-hydroxy-1-butanone (1 e): Following
general procedure 1, (2’-methoxy)acetophenone (13.8 mL, 100 mmol) was
converted to its acetone aldol adduct. Flash chromatography (silica gel,
diethyl ether/pentane 1:2) of the crude product afforded 1 e as a colorless
liquid (14.6 g, 70%). Rf =0.20 (diethyl ether/pentane 1:1); 1H NMR
(200 MHz, CDCl3): d= 7.68 (dd, J =7.5, 1.5 Hz, 1H; ArH), 7.50 (dt, J=


1.5, 7.5 Hz, 1 H; ArH), 7.03 (t, J =7.5 Hz, 1H; ArH), 6.97 (d, J =7.5 Hz,
1H; ArH), 4.30 (s, 1 H; OH), 3.92 (s, 3H; OCH3), 3.18 (s, 2 H; CH2),
1.32 ppm (s, 6H; CH3); 13C NMR (50 MHz, CDCl3): d=204.5, 158.5,
133.9, 129.9, 128.6, 120.6, 111.5, 70.12, 55.43, 53.68, 28.37 ppm; IR (film):
ñ= 3491 (OH), 2973, 1663, 1598, 1486, 1465, 1377, 1245, 1203, 1023, 975,
910, 758 cm�1; UV (CH3CN): lmax (lg e)=210.0 (4.203), 247.0 (3.863),
303 nm (3.523); MS (70 eV, EI): m/z (%): 208 (5) [M]+ , 193 (10)
[M�CH3]


+ , 150 (7) [M�acetone]+ , 135 (100) [M�acetone�CH3]
+ ; ele-


mental analysis calcd (%) for C12H16O3 (208.26): C 68.93, H 7.53; found:
C 69.23, H 7.75.


Zr(OtBu)4/diol 8-catalyzed aldol-Tishchenko reaction of ketone aldols 1
with aldehydes 2 (general procedure 2): Zr(OtBu)4 (39 mL, 0.10 mmol)
was added at room temperature to a stirred solution of diol 8 (44 mg,
0.10 mmol) in dichloromethane (4 mL) and stirring was continued for
30 min. The resulting solution was cooled to 0 8C and ketone aldol 1
(1.00 mmol) and aldehyde 2 (3.00 mmol) were added simultaneously. The
reaction mixture was stirred for 3 h at 0 8C before addition of 0.5m aque-
ous HCl solution (4 mL). The layers were separated and the aqueous
layer was extracted with diethyl ether (3 � 15 mL). The combined organic
layers were dried over MgSO4 and filtered, and the solvent was removed
under reduced pressure. The crude product was purified by flash chroma-
tography.


1,3-Diol monoester 3a/3a’: Following general procedure 2, compound 1 a
(124 mL, 1.00 mmol) was treated with 2 a (274 mL, 3.00 mmol). Flash chro-
matography (silica gel, diethyl ether/pentane 1:3) of the crude product
yielded 3a/3 a’ as a colorless oil (160 mg, 79%, 20:1 mixture of regioisom-
ers). Data for 3 a : Rf =0.39 (diethyl ether/pentane 1:1); 1H NMR
(200 MHz, CDCl3): d=4.88 (ddd, J =8.5, 5.5, 3.0 Hz, 1H; CHOCOR),
3.58 (m, 1H; CH(OH)), 3.02 (br s, 1 H; OH), 2.61 (sept, J= 7.0 Hz, 1 H;
CH(CH3)2), 1.81 (m, 1 H; CH(CH3)2), 1.45–1.69 (m, 2 H; CH2), 1.22 (d,
J =7.0 Hz, 6 H; CH(CH3)2), 1.19 (d, J =7.0 Hz, 3H; CH3), 0.94 ppm (d,
J =7.0 Hz, 6 H; CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=178.6, 75.49,
63.25, 41.61, 34.39, 32.16, 22.91, 19.23, 19.14, 18.87, 17.61 ppm; IR (film):
ñ= 3452, 2969, 2936, 2878, 1731, 1272, 1202, 1163, 1072 cm�1; MS (200 eV,
DCI/NH3): m/z (%): 422 (1) [2M+NH4]


+ , 237 (7) [M+NH4
++NH3], 220


(100) [M+NH4]
+ , 203 (13) [M+H]+ ; elemental analysis calcd (%) for


C11H22O3 (202.29): C 65.31, H 10.96; found: C 65.22, H 11.02.


1,3-Diol monoester 3 b/3 b’: Following general procedure 2, 1 a (124 mL,
1.00 mmol) was treated with 2b (418 mL 3.00 mmol). Flash chromatogra-
phy (silica gel, diethyl ether/pentane 1:4) of the crude product yielded
3b/3 b’ as a colorless oil (261 mg, 91 %, 5:1 mixture of regioisomers).
Data for 3 b : Rf =0.47 (diethyl ether/pentane 1:1); 1H NMR (200 MHz,
CDCl3): d=5.05 (m, 1H; CHOCOR), 3.65 (m, 1 H; CHOH), 3.13 (br s,
1H; OH), 2.34 (t, J =7.5 Hz, 2H; CH2COOR), 1.22–1.70 (m, 20H; CH2),
1.18 (d, J=6.3 Hz, 3 H; CH3), 0.84–0.95 ppm (m, 6H; CH3); 13C NMR
(50 MHz, CDCl3): d=176.3, 71.63, 63.31, 44.72, 34.89, 34.56, 31.73, 31.46,
29.02, 28.85, 25.49, 25.10, 22.80, 22.57, 22.50, 14.07, 14.03 ppm; IR (film):
ñ= 3453, 2930, 2859, 1733, 1460, 1378, 1176, 1102, 1031, 938 cm�1; MS
(200 eV, DCI/NH3): m/z (%): 590 (2) [2 M+NH4]


+ , 304 (100) [M+NH4]
+ ,


287 (12) [M+H]+ ; elemental analysis calcd (%) for C17H34O3 (286.45): C
71.28, H 11.96; found: C 71.36, H 11.66.


1,3-Diol monoester 3c/3c’: Following general procedure 2 1 a (124 mL,
1.00 mmol) was treated with 2 c (323 mL, 3.00 mmol). Flash chromatogra-
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phy (silica gel, diethyl ether/pentane 1:4) of the crude product yielded
3c/3c’ as a colorless oil (200 mg, 87%, 20:1 mixture of regioisomers).
Data for 3c : Rf =0.46 (diethyl ether/pentane 1:1); 1H NMR (200 MHz,
CDCl3): d=5.16 (m, 1H; CHOCOR), 3.65 (m, 1 H; CHOH), 3.25 (br s,
1H; OH), 2.00–2.28 (m, 3H; COCH2CH(CH3)2, 1.21–1.72 (m, 5 H; CH2,
CH(CH3)2), 1.17 (d, J =6.5 Hz, 3H; CH3), 0.97 (d, J=6.0 Hz, 6 H; CH3),
0.91 (d, J= 6.0 Hz, 3H; CH3), 0.88 ppm (d, J =6.0 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3): d=174.7, 69.90, 63.22, 45.24, 43.96, 43.63,
25.68, 24.66, 23.17, 22.72, 22.44, 22.40, 21.86 ppm; IR (film): ñ =3453,
2961, 2873, 1732, 1468, 1370, 1295, 1195, 1120, 974, 945 cm�1; MS (200 eV,
DCI/NH3): m/z (%): 248 (100) [M+NH4]


+ , 231 (10) [M+H]+ ; elemental
analysis calcd (%) for C13H26O3 (230.35): C 67.79, H 11.38; found: C
67.53, H 11.12.


1,3-Diol monoester 3 d/3 d’: Following general procedure 2, 1 a (124 mL,
1.00 mmol) was treated with 2d (369 mL, 3.00 mmol). Flash chromatogra-
phy (silica gel, diethyl ether/pentane 1:4) of the crude product yielded
3d/3 d’ as a colorless oil (186 mg, 72%, 20:1 mixture of regioisomers).
Data for 3 d : Rf =0.50 (diethyl ether/pentane 1:1); 1H NMR (200 MHz,
CDCl3): d =5.17 (dt, J=11.0, 2.5 Hz, 1H; CHOCOR), 3.64 (ddq, J =4.5,
2.5, 6.0 Hz, 1 H; CHOH), 2.65 (br s, 1 H; OH), 2.24 (tt, J =8.0, 6.0 Hz,
1H; ROOCCH(CH2CH3)2), 1.26–1.76 (m, 11H; CH2, CH), 1.19 (d, J =


6.0 Hz, 3 H; CH3CHOH), 0.98–0.85 ppm (m, 12 H; CH3); 13C NMR
(50 MHz, CDCl3): d=177.7, 72.36, 63.29, 49.26, 45.21, 41.24, 24.90, 22.87,
22.32, 21.97, 11.88, 11.76, 11.73, 11.58 ppm; IR (film): ñ =3460, 2965,
2935, 2878, 1710, 1461, 1384, 1270, 1188, 1149, 1085, 982, 951, 815 cm�1;
MS (200 eV, DCI/NH3): m/z (%): 276 (100) [M+NH4]


+ , 259 (8) [M+H]+;
elemental analysis calcd (%) for C15H30O3 (258.40): C 69.72, H 11.70;
found: C 69.48, H 11.43.


1,3-Diol monoester 3 e/3e’: Following general procedure 2, 1 a (124 mL,
1.00 mmol) was treated with 2e (361 mL, 3.00 mmol). Flash chromatogra-
phy (silica gel, diethyl ether/pentane 1:4) of the crude product yielded
3e/3e’ as a colorless oil (243 mg, 86 %, 20:1 mixture of regioisomers).
Data for 3 e : Rf =0.47 (diethyl ether/pentane 1:1); 1H NMR (200 MHz,
CDCl3): d= 4.87 (ddd, J =9.5, 6.0, 4.0 Hz, 1 H; CHOCOR), 3.66–3.43 (m,
1H; CHOH), 3.22 (br s, 1 H; OH), 2.44–2.26 (m, 1H; CHCOOR, 2.04–
0.88 (m, 23 H; CH2, CH), 1.17 ppm (d, J =6.0 Hz, 3H; CH3); 13C NMR
(50 MHz, CDCl3): d=177.7, 74.82, 63.17, 43.53, 41.90, 41.58, 29.26, 29.24,
29.18, 28.08, 26.33, 26.06, 25.99, 25.69, 25.45, 25.40, 22.79 ppm; IR (film):
ñ= 3445, 2929, 2845, 1729, 1450, 1377, 1175, 1034, 950, 844 cm�1; MS
(200 eV, DCI/NH3): m/z (%): 582 (2) [2M+NH4]


+ , 317 (2)
[M+NH4+NH3]


+ , 300 (100) [M+NH4]
+ , 283 (12) [M+H]+ ; elemental


analysis calcd (%) for C17H30O3 (282.42): C 72.30, H 10.71; found: C
72.49, H 10.37.


1,3-Diol monoester 3 f : Zr(OtBu)4 (39 mL, 0.10 mmol) was added to a so-
lution of ketone aldol 1b (144 mg, 1.00 mmol) and 2a (274 mL,
3.00 mmol) in CH2Cl2 (4 mL) at 0 8C. The solution was stirred for 3 h at
0 8C before addition of 0.5m aqueous HCl solution (4 mL). The layers
were separated and the aqueous layer was extracted with diethyl ether
(3 � 15 mL). The combined organic layers were dried over MgSO4 and fil-
tered, and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (silica gel, diethyl ether/
pentane 1:3) to yield 3 f as a colorless oil (217 mg, 94%). Data for 3 f :
Rf = 0.32 (diethyl ether/pentane 1:2); 1H NMR (200 MHz, CDCl3): d=


4.91 (ddd, J=9.0, 5.5, 3.5 Hz, 1 H; CHOCOR), 3.11 (ddd, J =9.0, 5.5,
3.5 Hz, 1H; CHOH), 2.95 (br s, 1 H; OH), 2.60 (sept, J =7.0 Hz, 1H; CH-
(CH3)2), 1.48–1.90 (m, 4H; CH2, CH(CH3)2), 1.19 (d, J =7.0 Hz, 3H; CH-
(CH3)2), 1.18 (d, J=7.0 Hz, 3H; CH(CH3)2), 0.92 (d, J=7.0 Hz, 6H; CH-
(CH3)2), 0.89 ppm (d, J=7.0 Hz, 6H; CH(CH3)2); 13C NMR (50 MHz,
CDCl3): d =178.5, 75.60, 71.88, 36.50, 34.40, 33.55, 32.32, 19.21, 19.20,
18.94, 18.80, 18.05, 17.64 ppm; IR (film): ñ =3516, 2966, 2877, 1714, 1470,
1388, 1269, 1202, 1163, 1075, 1005, 831 cm�1; MS (200 eV, DCI/NH3): m/z
(%): 248 (100) [M+NH4]


+ , 231 (10) [M+H]+ ; HRMS (ESI): calcd for
C13H26NaO3: 253.1774; found: 253.1775 [M+Na]+ .


1,3-Diol monoester 3 g/3g’: Following general procedure 2, a solution of
ketone aldol 1 b (144 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated
with 2 b (418 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl
ether/pentane 1:7) of the crude product yielded 3 g/3g’ as a colorless oil
(270 mg, 86%, 5:1 mixture of regioisomers). Data for 3 g : Rf =0.42 (di-


ethyl ether/pentane 1:3); 1H NMR (200 MHz, CDCl3): d =5.09 (m, 1 H;
CHOCOR), 3.19 (ddd, J =10.0, 5.5, 3.0 Hz, 1H; CHOH), 2.80 (br s, 1H;
OH), 2.34 (t, J =7.0 Hz, 2H; CH2COOR), 1.21–1.87 (m, 21H; CH2, CH-
(CH3)2), 0.82–0.96 ppm (m, 12H; CH3); 13C NMR (50 MHz, CDCl3): d=


175.1, 71.69, 39.50, 34.96, 34.49, 33.35, 31.62, 31.36, 28.93, 28.73, 25.41,
25.02, 22.45, 22.40, 18.63, 17.84, 13.95, 13.92 ppm; IR (film): ñ =3520,
2958, 2929, 2859, 1715, 1469, 1175, 1103, 1031, 726 cm�1; MS (200 eV,
DCI/NH3): m/z (%): 646 (35) [2 M+NH4]


+ , 332 (100) [M+NH4]
+ , 315


(9) [M+H]+ ; HRMS (ESI): calcd for C38H76NaO6: 651.5533; found:
651.5534 [2 M+Na]+ .


1,3-Diol monoester 3h/3 h’: Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2a (274 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/
pentane 1:5) of the crude product yielded 3h/3 h’ as a colorless oil
(205 mg 84 %, 7:1 mixture of regioisomers). Data for 3h : Rf =0.42 (di-
ethyl ether/pentane 1:3); 1H NMR (200 MHz, CDCl3): d =4.95 (ddd, J=


10.5, 5.0, 2.0 Hz, 1H; CHOCOR), 3.00 (dd, J =10.5, 2.0 Hz, 1 H;
CHOH), 2.61 (sept, J=7.0 Hz, 1 H; CH(CH3)2), 2.50 (br s, 1H; OH),
1.95–1.75 (m, 1 H; CH(CH3)2), 1.65 (ddd, J=14.0, 10.5, 2.0 Hz, 1 H;
CHH), 1.47 (ddd, J =14.0, 10.5, 2.0 Hz, 1H; CHH), 1.20 (d, J =7.0 Hz,
6H; CH(CH3)2), 0.93 (d, J=7.0 Hz, 6 H; CH(CH3)2), 0.89 ppm (s, 9H; C-
(CH3)3); 13C NMR (50 MHz, CDCl3): d =178.4, 75.81, 74.73, 34.42, 34.41,
33.96, 32.37, 25.94, 19.26, 19.20, 18.97, 17.63 ppm; IR (film): ñ =3518,
2967, 2876, 1714, 1389, 1267, 1204, 1163, 1070, 1011 cm�1; MS (200 eV,
DCI/NH3): m/z (%): 279 (2) [M+NH3+NH4]


+ , 262 (100) [M+NH4]
+ ,


245 (5) [M+H]+ ; elemental analysis calcd (%) for C14H28O3 (244.37): C
68.81, H 11.55; found: C 69.08, H 11.29.


1,3-Diol monoester 3 i : Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2 f (304 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/
pentane 1:5) of the crude product yielded pure 3 i (256 mg, 82%) as a
colorless oil; regioisomer 3 i’ (13 mg, 4%) was isolated additionally. Data
for 3 i : Rf =0.24 (diethyl ether/pentane 1:3); 1H NMR (200 MHz, CDCl3):
d=8.05–8.16 (m, 2 H; ArH), 7.27 (m, 8 H; ArH), 6.41 (dd, J =11.0,
2.5 Hz, 1H; CHOCOR), 3.39 (dd, J =11.0, 1.5 Hz, 1H; CHOH), 2.20
(ddd, J=14.5, 11.0, 1.5 Hz, 1H; CHH), 2.05 (br s, 1H; OH), 1.80 (ddd,
J =14.5, 11.0, 2.5 Hz, 1 H; CHH), 0.92 ppm (s, 9H; C(CH3)3); 13C NMR
(50 MHz, CDCl3): d=167.9, 144.0, 133.3, 129.8, 129.8, 128.5, 128.4, 127.3,
125.6, 79.15, 69.73, 40.13, 34.68, 26.14 ppm; IR (film): ñ =3493, 3063,
3031, 2967, 1697, 1602, 1452, 1368, 1314, 1277, 1117, 1026, 711 cm�1; MS
(200 eV, DCI/NH3): m/z (%): 954 (10) [3M+NH4]


+ , 642 (35)
[2M+NH4]


+ , 330 (38) [M+NH4]
+ , 295 (100); elemental analysis calcd


(%) for C20H24O3 (312.41): C 76.89, H 7.74; found: C 77.11, H 7.81. Data
for 3 i’: Rf =0.32 (diethyl ether/pentane; 1:3); 1H NMR (200 MHz,
CDCl3): d=8.18–8.07 (m, 2H; ArH), 7.71–7.16 (m, 8H; ArH), 5.25 (dd,
J =10.5, 3.0 Hz, 1 H; CHOH, 4.57 (dd, J=9.5, 3.5 Hz, 1H; CHOCOPh),
2.10–1.82 (m, 2 H; CH2), 2.11 (br s, 1 H; OH), 1.03 ppm (s, 9H; tBu);
13C NMR (50 MHz, CDCl3): d=166.5, 141.1, 133.2, 130.0, 129.7, 128.6,
128.4, 127.9, 126.1, 75.10, 74.24, 39.84, 34.56, 25.74 ppm; IR (film): ñ=


3508, 3090, 3064, 2961, 2870, 1721, 1394, 1275, 1115 cm�1.


1,3-Diol monoester 3 j/3 j’: Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2d (369 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/
pentane 1:5) of the crude product yielded 3j/3 j’ as a colorless oil (258 mg
86%, 20:1 mixture of regioisomers). Data for 3 j : Rf =0.52 (diethyl ether/
pentane 1:3); 1H NMR (200 MHz, CDCl3): d= 5.23 (m, 1 H; CHOCOR),
3.08 (dd, J=11.0, 2.0 Hz, 1 H; CHOH), 2.54 (br s, 1 H; OH), 2.23 (m, 1H;
CHCOOR), 1.78–1.20 (m, 11H; CH2, CH), 0.98–0.90 (m, 12H; CH3),
0.89 ppm (s, 9 H; C(CH3)3); 13C NMR (50 MHz, CDCl3): d=177.5, 74.76,
72.86, 49.48, 45.52, 34.43, 33.58, 26.96, 25.12, 25.09, 22.04, 22.09, 11.94,
11.93, 11.86, 11.69 ppm; IR (film): ñ=3519, 2964, 2876, 1710, 1462, 1386,
1363, 1271, 1235, 1191, 1148, 1070, 1011, 942, 821 cm�1; MS (200 eV, DCI/
NH3): m/z (%): 618 (1) [2M+NH4]


+ , 318 (100) [M+NH4]
+ , 301 (12)


[M+H]+ ; elemental analysis calcd (%) for C18H36O3 (300.48): C 71.95, H
12.08; found: C 71.74, H 11.79.


1,3-Diol monoester 3k/3 k’: Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2e (361 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/


Chem. Eur. J. 2005, 11, 3010 – 3021 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3017


FULL PAPERAldol-Tishchenko Reaction



www.chemeurj.org





pentane 1:5) of the crude product yielded 3k/3 k’ as a colorless oil
(243 mg, 75 %, 20:1 mixture of regioisomers). Data for 3k : Rf =0.42 (di-
ethyl ether/pentane 1:3); 1H NMR (200 MHz, CDCl3): d =4.94 (ddd, J=


10.5, 5.5, 2.5 Hz, 1H; CHOCOR), 2.99 (dd, J =10.5, 2.0 Hz, 1 H;
CHOH), 2.84 (br s, 1 H; OH), 2.28 (m, 1H; CHCOOR), 0.94–2.00 (m,
23H; CH2, CH), 0.88 ppm (s, 9H; C(CH3)3); 13C NMR (50 MHz, CDCl3):
d=177.3, 75.16, 74.63, 43.59, 42.15, 34.39, 33.92, 29.41, 29.32, 29.21, 28.12,
26.39, 26.13, 26.06, 25.97, 25.74, 25.48, 25.46 ppm; IR (film): ñ =3517,
2931, 2855, 1710, 1451, 1364, 1313, 1249, 1176, 1134, 1073, 1011, 974, 941,
894, 827 cm�1; MS (200 eV, DCI/NH3): m/z (%): 666 (15) [2M+NH4]


+ ,
359 (13) [M+NH3NH4]


+ , 342 (100) [M+NH4]
+ ; elemental analysis calcd


(%) for C20H36O3 (324.50): C 74.03, H 11.18; found: C 74.04, H 10.98.


1,3-Diol monoester 3 l/3 l’: Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2b (418 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/
pentane 1:5) of the crude product yielded 3 l/3 l’ as a colorless oil
(289 mg, 88%, 15:1 mixture of regioisomers). Data for 3 l : Rf =0.53 (di-
ethyl ether/pentane 1:3); 1H NMR (200 MHz, CDCl3): d =5.10 (m, 1 H;
CHOCOR), 3.07 (dd, J =10.5, 2.5 Hz, 1 H; CHOH), 2.63 (br s, 1H; OH),
2.34 (t, J =7.0 Hz, 2 H; CHCOOR), 1.76–1.18 (m, 20H; CH2), 0.97–
0.81 ppm (m, 15H; CH3); 13C NMR (50 MHz, CDCl3): d =175.1, 74.63,
72.09, 37.05, 35.15, 34.63, 34.33, 31.73, 31.48, 29.06, 28.86, 25.89, 25.54,
25.17, 22.57, 22.53, 14.06, 14.03 ppm; IR (film): ñ=3519, 2924, 2360, 1714,
1465, 1364, 1174, 1101, 1010 cm�1; MS (200 eV, DCI/NH3): m/z (%): 674
(100) [2 M+NH4]


+ , 346 (93) [M+NH4]
+ , 329 (9) [M+H]+ ; elemental


analysis calcd (%) for C20H40O3 (328.53): C 73.12, H 12.27; found: C
72.78, H 11.98.


1,3-Diol monoester 3 m/3 m’: Following general procedure 2, a solution of
ketone aldol 1c (158 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated with
2g (224 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl ether/
pentane 1:4) of the crude product yielded pure 3m (156 mg, 65%) as a
colorless oil ; 3 m’ (12 mg, 5%) was isolated additionally. Data for 3m :
Rf = 0.42 (diethyl ether/pentane 1:2); 1H NMR (200 MHz, CDCl3): d=


4.43 (ddd, J =10.0, 9.0, 2.5 Hz, 1H; CHOCOR), 3.08 (dd, J =2.0, 10.5 Hz,
1H; CHOH), 2.62 (br s, 1H; OH), 1.89–1.57 (m, 3H; CH2, CHCOOR),
1.26–0.83 (m, 5 H; 4� cyclopropyl-CHH, cyclopropyl-CH), 0.91 (s, 9 H;
C(CH3)3), 0.64–0.23 ppm (m, 4 H; 4 � cyclopropyl-CHH); 13C NMR
(50 MHz, CDCl3): d=176.0, 76.71, 74.58, 37.17, 34.35, 25.90, 15.74, 13.10,
8.73, 8.54, 3.68, 2.96 ppm; IR (film): ñ=3487, 3081, 2958, 2870, 1703,
1471, 1335, 1205, 821, 744 cm�1; MS (200 eV, DCI/NH3): m/z (%): 498 (1)
[2M+NH4]


+ , 258 (100) [M+NH4]
+ , 241 (5) [M+H]+ ; HRMS (ESI):


calcd for C28H48NaO6: 503.3343; found: 503.3339 [2M+Na]+ . Data for
3m’: Rf =0.25 (diethyl ether/pentane; 1:2); 1H NMR (200 MHz, CDCl3):
d=4.81 (m, 1 H; CHOCOR), 2.90 (br s, 1H; OH), 2.67 (ddd, J=8.0, 5.5,
3.0 Hz, 1H; CHOH), 1.80–1.56 (m, 3 H; CHCH2CH, CHCOOR), 1.03–
0.77 (m, 5H; cyclopropyl-CH, cyclopropyl-CH2), 0.92 (s, 9H; tBu), 0.67–
0.09 ppm (m, 4 H; cyclopropyl-CH2); 13C NMR (50 MHz, CDCl3): d=


176.0, 76.67, 74.54, 37.13, 34.31, 25.86, 15.70, 13.06, 8.69, 8.50, 3.64,
2.92 ppm; MS (200 eV, DCI/NH3): m/z (%): 498 (1) [2 M+NH4]


+, 258
(65) [M+NH4]


+ , 223 (100).


1,3-Diol monoester 3n/3 n’: Following general procedure 2 a solution of
ketone aldol 1 d (178 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated
with 2 b (418 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl
ether/pentane 1:6) of the crude product yielded pure 3n (250 mg, 72%)
as a colorless oil; 3n’(25 mg, 7%) was isolated additionally. Data for 3n :
Rf = 0.58 (diethyl ether/pentane 1:2); 1H NMR (200 MHz, CDCl3): d=


7.40–7.25 (m, 5 H; ArH), 5.19 (m, 1H; CHOCOR), 4.59 (dd, J =8.8,
4.5 Hz, 1H; CHOH), 3.36 (br s, 1 H; OH), 2.36 (t, J =7.5 Hz, 2H;
CH2COOR), 1.88 (m, 2 H; CH2), 1.82–1.14 (m, 18H; CH2), 0.99–
0.78 ppm (m, 6 H; CH3); 13C NMR (50 MHz, CDCl3): d= 175.1, 143.8,
128.3, 127.3, 125.5, 71.53, 69.82, 44.90, 34.79, 34.53, 31.65, 31.42, 28.97,
28.82, 25.32, 25.07, 22.48, 22.45, 14.00 ppm; IR (film): ñ =3455, 3063,
3030, 2930, 2859, 1732, 1455, 1379, 1174, 1060, 758, 700 cm�1; UV
(CH3CN): lmax (lg e) =201.0 (3.993), 204.0 nm (3.948); MS (200 eV, DCI/
NH3): m/z (%): 714 (48) [2M+NH4]


+ , 366 (69) [M+NH4]
+ , 331 (100)


[M�OH]+ ; elemental analysis calcd (%) for C22H36O3 (348.52): C 75.82,
H 10.41; found: C 75.48, H 10.14. Data for 3 n’: Rf =0.37 (diethyl ether/
pentane; 1:2); 1H NMR (200 MHz, CDCl3): d= 7.40–7.31 (m, 5H; ArH),


6.05 (dd, J =10.5, 3.0 Hz, 1 H; CHOCOR), 3.58 (m, 1 H; CHOH), 2.65
(br s, 1H; OH), 2.38 (t, J =8.0 Hz, 2 H; CH2COOR), 1.98 (ddd, J =14.0,
10.5, 3.0 Hz, 1 H; CHCHHCH), 1.77 (ddd, J =14.0, 10.5, 3.0 Hz, 1H;
CHCHHCH), 1.70–1.19 (m, 18 H; (CH2)5, (CH2)4), 0.95–0.80 ppm (m,
6H; CH3); 13C NMR (50 MHz, CDCl3): d =174.1, 140.7, 128.5, 127.8,
126.2, 72.98, 67.54, 45.17, 37.17, 34.53, 31.79, 31.41, 29.27, 28.77, 25.67,
24.97, 22.59, 22.46, 14.05, 13.98 ppm.


1,3-Diol monoester 3o/3 o’: Following general procedure 2, a solution of
ketone aldol 1 d (178 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated
with 2a (274 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl
ether/pentane 1:5) of the crude product yielded pure 3o (185 mg, 70%)
as a colorless oil; 3o’(13 mg, 5%) was isolated additionally. Data for 3o :
Rf = 0.42 (diethyl ether/pentane 1:2); 1H NMR (200 MHz, CDCl3): d=


7.40–7.25 (m, 5H; ArH), 5.05 (dt, J =8.0, 5.5 Hz, 1H; CHOCOR), 4.54
(dd, J=7.5, 5.5 Hz, 1H; CHOH), 3.30 (br s, 1H; OH), 2.65 (sept, 1 H; J=


7.0 Hz, CH(CH3)2), 1.98–1.75 (m, 3 H; CH2, CH(CH3)2), 1.23 (d, J=


7.0 Hz, 6H; CH(CH3)2), 0.94 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.93 ppm (d,
J =7.0 Hz, 3 H; CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=178.5, 144.0,
128.4, 127.3, 125.5, 75.36, 69.82, 42.14, 34.39, 32.16, 19.23, 19.18, 18.72,
17.50 ppm; IR (film): ñ=3489, 3063, 3029, 2968, 2877, 1731, 1470, 1389,
1269, 1201, 1162, 1052, 758, 701 cm�1; MS (200 eV, DCI/NH3): m/z (%):
810 (1) [3M+NH4]


+ , 546 (20) [2 M+NH4]
+ , 282 (50) [M+NH4]


+ , 247
(100) [M�OH]+ . elemental analysis calcd (%) for C16H24O3 (264.36): C
72.69, H 9.15; found: C 72.68, H 8.92. Data for 3 o’: Rf = 0.25 (diethyl
ether/pentane; 1:2); 1H NMR (200 MHz, CDCl3): d =7.39–7.30 (m, 5 H;
ArH), 6.04 (dd, J=11.0, 3.5 Hz, 1H; CHOCOR), 3.60 (m, 1 H; CHOH),
2.62 (sept, J =7.0 Hz, 1H; CH(CH3)2), 2.60 (br s, 1H; OH), 1.84 (m, 1 H;
CH(CH3)2), 1.66–1.46 (m, 2H; CH2), 1.21 (d, J =7.0 Hz, 3 H; CH(CH3)2),
1.19 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.93 ppm (d, J=7.0 Hz, 6H; CH-
(CH3)2); 13C NMR (50 MHz, CDCl3): d =178.6, 141.0, 128.5, 127.7, 126.0,
72.94, 72.16, 42.04, 34.18, 33.56, 19.08, 18.88, 18.56, 17.55 ppm.


1,3-Diol monoester 3p/3 p’: Following general procedure 2, a solution of
ketone aldol 1e (208 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated
with 2a (274 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl
ether/pentane 1:3) of the crude product yielded pure 3p (245 mg, 83%)
as a white solid; 3 p’(20 mg, 7%) was isolated additionally. Data for 3 p :
Rf = 0.47 (diethyl ether/pentane 1:1); m.p.=78 8C; 1H NMR (200 MHz,
CDCl3): d=7.46 (dd, J=8.0, 2.0 Hz, 1 H; ArH), 7.25 (dt, J= 2.0, 8.0 Hz,
1H; ArH), 6.99 (dt, J =2.0, 8.0 Hz, 1 H; ArH), 6.86 (dd, J =8.0, 2.0 Hz,
1H; ArH), 5.06 (ddd, J =9.0, 5.0, 3.0 Hz, 1 H; CHOCOR), 4.86 (dd, J=


9.5, 3.0 Hz, 1 H; CHOH), 3.82 (s, 3H; OCH3), 2.85 (br s, 1 H; OH), 2.63
(sept, J=7.0 Hz, 1 H; CH(CH3)2), 2.00–1.70 (m, 3 H; CH(CH3)2, CH2),
1.23 (d, J =7.0 Hz, 3H; CH(CH3)2), 1.24 (d, J=7.0 Hz, 3 H; CH(CH3)2),
0.93 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.92 ppm (d, J=7.0 Hz, 3H; CH-
(CH3)2); 13C NMR (50 MHz, CDCl3): d =178.2, 155.7, 132.3, 128.1, 126.2,
120.8, 110.2, 75.48, 65.09, 55.22, 40.04, 34.47, 32.07, 19.24, 19.09, 18.66,
17.68 ppm; IR (KBr): ñ= 3497, 3065, 3047, 2974, 2838, 1702, 1600, 1490,
1461, 1392, 1251, 1168, 1056, 956, 834, 759, 520 cm�1; UV (CH3CN): lmax


(lg e)=202.0 (3.941), 217.0 (3.875), 271.0 nm (3.287); MS (70 eV, EI): m/z
(%): 294 (2) [M]+ , 206 (36) [M�OH+], 163 (100) [M�C3H7]


+ , 137 (100),
135 (32) [M�COCH(CH3)2]


+ , 107 (25) [C6H4OCH3]
+ , 77 (13) [C6H5]


+ ,
43 (39) [C3H7]


+ ; elemental analysis calcd (%) for C17H26O3 (294.39): C
69.36, H 8.90; found: C 69.20, H 8.66. Data for 3 p’: Rf = 0.33 (diethyl
ether/pentane; 1:1); 1H NMR (200 MHz, CDCl3): d=7.37 (d, J =8.0 Hz,
1H; ArH), 7.26 (t, J= 8.0 Hz, 1 H; ArH), 6.97 (t, J =8.0 Hz, 1H; 5’-H),
6.87 (d, J =8.0 Hz, 1 H; ArH), 6.46 (dd, J=10.0, 3.0 Hz, 1 H; CHOCOR),
3.88 (s, 3H; OMe), 3.34 (ddd, J =10.0, 6.0, 2.5 Hz, 1 H; CHOH), 2.63 (m,
1H; CH(CH3)2), 2.50 (br s, 1 H; OH), 1.93 (ddd, J=14.0, 10.0, 2.5 Hz,
1H; CHCHHCH), 1.80 (ddd, J= 14.0, 10.0, 3.0 Hz, 1 H; CHCHHCH),
1.68 (m, 1 H; CH(CH3)2), 1.21 (d, J =7.0 Hz, 3 H; CH(CH3)2), 1.19 (d, J =


7.0 Hz, 3H; CH(CH3)2), 0.93 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.90 ppm (d,
J =7.0 Hz, 3 H; CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=177.1, 155.8,
129.3, 128.6, 126.0, 120.5, 110.5, 72.34, 67.74, 55.36, 40.25, 34.13, 33.44,
19.01, 18.91, 18.60, 17.81 ppm.


1,3-Diol monoester 3q/3 q’: Following general procedure 2, a solution of
ketone aldol 1e (208 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) was treated
with 2 b (418 mL, 3.00 mmol). Flash chromatography (silica gel, diethyl
ether/pentane 1:7) of the crude product yielded pure 3q (286 mg, 82%)


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3010 – 30213018


C. Schneider et al.



www.chemeurj.org





as a colorless oil; 3q’(24 mg, 7%) was isolated additionally. Data for 3q :
Rf =0.53 (diethyl ether/pentane 1:1); 1H NMR (200 MHz, CDCl3): d=


7.45 (dd, J =8.0, 1.5 Hz, 1H; ArH), 7.24 (dt, J=1.5, 8.0 Hz, 1H; ArH),
6.98 (dt, J =1.5, 8.0 Hz, 1H; ArH), 6.86 (dd, J=8.0, 1.5 Hz, 1H; ArH),
5.18 (m, 1H; CHOCOR), 4.90 (dd, J =9.0, 3.0 Hz, 1H; CHOH), 3.83 (s,
3H; OCH3), 2.94 (ddd, J =3.0, 9.0, 14.0 Hz, 1H; CHCHHCH), 2.85 (ddd,
J =3.0, 9.0, 14.0 Hz, 1 H; CHCHHCH), 2.55 (br s, 1H; OH), 2.39 (t, J=


7.5 Hz, 2H; CH2COOR), 1.75–1.16 (m, 18 H; CH2), 0.80–0.96 ppm (m,
6H; CH3); 13C NMR (50 MHz, CDCl3): d =174.8, 155.9, 132.1, 128.1,
126.4, 120.8, 110.2, 71.78, 65.57, 55.24, 42.65, 34.78, 34.70, 31.74, 31.51,
29.09, 28.88, 25.34, 25.18, 22.56, 22.50, 14.06 ppm; IR (film): ñ =3506,
3069, 3035, 2930, 2858, 1731, 1602, 1589, 1492, 1464, 1378, 1240, 1049,
754 cm�1; UV (CH3CN): lmax (lg e) =217.0 (3.886), 272.0 nm (3.277); MS
(70 eV, EI): m/z (%): 378 (13) [M]+ , 360 (20) [M�H2O]+ , 248 (100)
[M�C3H7]


+ , 137 (100), 135 (32) [M�COCH(CH3)2]
+ , 107 (25)


[C6H4OCH3]
+ , 77 (13) [C6H5]


+ , 43 (39) [C3H7]
+ ; elemental analysis calcd


(%) for C23H38O4 (378.55): C 72.98, H 10.12; found: C 72.75, H 9.92.
Data for 3q’: Rf =0.36 (diethyl ether/pentane; 1:1); 1H NMR (200 MHz,
CDCl3): d=7.36 (d, J =8.0 Hz, 1 H; ArH), 7.26 (t, J =8.0 Hz, 1 H; ArH),
6.96 (t, J=8.0 Hz, 1 H; ArH), 6.87 (d, J=8.0 Hz, 1H; ArH), 6.43 (dd, J=


10.0, 3.0 Hz, 1H; CHOCOR), 3.83 (s, 3H; OMe), 3.57 (m, 1H; CHOH),
2.90 (br s, 1H; OH), 2.38 (t, J=8.0 Hz, 2 H; CH2COOR), 1.92 (ddd, J=


14.0, 10.5, 3.0 Hz, 1 H; CHCHHCH), 1.81 (ddd, J =14.0, 10.0, 3.5 Hz,
1H; CHCHHCH), 1.17–1.16 (m, 18H; (CH2)5, (CH2)4), 0.98–0.77 ppm
(m, 6 H; CH3); 13C NMR (50 MHz, CDCl3): d= 174.1, 155.8, 129.1, 128.7,
126.2, 120.5, 110.5, 67.71, 67.71, 55.40, 43.42, 37.01, 34.55, 31.80, 31.42,
29.28, 28.79, 25.74, 24.99, 22.57, 22.46, 14.06, 13.98 ppm.


1,3-Diol monoester 17: A solution of 1 a (124 mL, 1.00 mmol) and 2 f
(203 mL, 2.00 mmol) in CH2Cl2 (4 mL) was cooled to �20 8C before Zr-
(OtBu)4 (39 mL, 0.10 mmol) was added. The resulting solution was stirred
for 24 h at �20 8C, then 2 a (182 mL, 2.00 mmol) and Zr(OtBu)4 (39 mL,
0.10 mmol) were added successively. Stirring was continued for 30 min
before addition of 0.5m aqueous HCl solution (4 mL). The mixture was
allowed to reach room temperature. The layers were separated and the
aqueous layer was extracted with diethyl ether (3 � 15 mL). The com-
bined organic layers were dried over MgSO4 and filtered, and the solvent
was removed under reduced pressure. Purification of the crude product
by flash chromatography (silica gel, diethyl ether/pentane 1:5) yielded
compound 17 as a colorless oil (113 mg, 48%). Rf = 0.33 (diethyl ether/
pentane 2:1); 1H NMR (200 MHz, CDCl3): d=7.27–7.40 (m, 5 H; ArH),
6.02 (dd, J =10.5, 3.0 Hz, 1 H; CHOCOR), 3.78 (m, 1 H; CHOH), 2.76
(br s, 1H; OH), 2.63 (sept, J= 7.5 Hz, 1 H; CH(CH3)2), 2.07–1.71 (m, 2 H;
CH2), 1.22 (d, J =7.5 Hz, 6H; CH(CH3)2), 1.18 ppm (d, J =7.5 Hz, 1H;
CH3); 13C NMR (50 MHz, CDCl3): d=177.3, 140.6, 128.5, 127.8, 126.0,
72.85, 63.65, 46.79, 34.25, 23.06, 18.97, 18.86 ppm; IR (film): ñ =3450,
3032, 2931, 2877, 1730, 1458, 1340, 1036, 957, 756 cm�1; UV (CH3CN):
lmax (lg e)=201.0 (3.834), 206 nm (3.819); HRMS (ESI): calcd for
C14H20NaO3: 259.1305; found: 259.1307 [M+Na]+ .


Synthesis of 1,3-anti-diols 9 through hydrolysis of 1,3-anti-diol monoest-
ers 3/3’ (general procedure 3): KOH (224 mg, 4.00 mmol) was added to a
stirred solution of diol monoesters 3/3’ (1.00 mmol) in methanol (5 mL)
at room temperature and stirring was continued for 24 h. The solution
was concentrated under reduced pressure, and the crude product was fil-
tered through a plug of silica gel with diethyl ether to obtain anti-diols 9
in almost quantitative yields and as single stereoisomers. The assignment
of product configuration was accomplished through conversion of a small
sample of the respective diols to the corresponding 1,3-anti-diol aceto-
nides 10 ( dimethoxypropane, cat. PPTS, RT, 24 h), the configuration of
which can be reliably deduced from the 13C NMR data according to the
method of Rychnovsky.[25]


Diol 9 a : Rf =0.31 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=4.16
(m, 1 H; CHOH), 3.68 (ddd, J=3.0, 6.0, 9.0 Hz, 1 H; CHOH), 2.41 (br s,
2H; OH), 180–1.55 (m, 2H; CHCHHCH, CH(CH3)2), 1.55 (ddd, J =14.5,
7.5, 3.0 Hz, 1H; CHCHHCH), 1.26 (d, J =6.0 Hz, 3H; CH3), 0.96 (d, J=


6.5 Hz, 3H; CH(CH3)2), 0.91 ppm (d, J= 6.5 Hz, 3H; CH(CH3)2);
13C NMR (50 MHz, CDCl3): d=73.64, 65.37, 41.15, 33.74, 23.41, 18.64,
18.03 ppm; IR (film): ñ=3361, 2964, 2935, 1465, 1376, 1147, 1120, 1068,
985 cm�1; MS (200 eV, DCI/NH3): m/z (%): 282 (9) [2M+NH4]


+ , 265 (3)


[2M+H]+ , 167 (1) [M+NH3+NH4]
+ , 150 (100), [M+NH4]


+ , 133 (3)
[M+H]+ ; HRMS (ESI): calcd for C7H16NaO2: 155.1043; found: 155.1042
[M+Na]+ . A small portion of diol 9 a was converted to the corresponding
acetonide 10a : 13C NMR (50 MHz, [D6]benzene): d=100.1, 71.56, 62.96,
38.31, 33.31, 25.25, 24.77, 22.04, 18.71, 17.84 ppm.


Diol 9 b : Rf =0.36 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=4.18
(sext, J=6.0 Hz, 1H; CHOH), 3.90–4.00 (m, 1H; CHOH), 2.30 (br s, 2 H;
OH), 1.65–1.58 (m, 2H; CHCH2CH), 1.25 (d, J= 6.0 Hz, 3H; CH3), 1.57–
1.20 (m, 10 H; (CH2)5), 0.94–0.84 ppm (m, 3H; CH3); 13C NMR (50 MHz,
CDCl3): d =69.11, 65.19, 44.17, 37.43, 31.87, 29.39, 25.83, 23.44, 22.65,
14.10 ppm; IR (film): ñ =3384 , 3351, 2958, 2927, 2858, 1460, 1411, 1375,
1120, 1095, 1045 cm�1; MS (200 eV, DCI/NH3): m/z (%): 366 (1)
[2M+NH4]


+ , 192 (100) [M+NH4]
+ , 175 (3) [M+H]+ ; HRMS (ESI):


calcd for C10H22NaO2: 197.1512; found: 197.1513 [M+Na]+ . A small por-
tion of diol 9 b was converted to the corresponding acetonide 10 b :
13C NMR (50 MHz, [D6]benzene): d=100.0, 66.56, 62.76, 40.72, 36.53,
32.25, 29.70, 25.81, 25.29, 25.16, 23.02, 22.05, 14.03 ppm.


Diol 9c : Rf =0.35 (diethyl ether); m.p. 45 8C; 1H NMR (200 MHz,
CDCl3): d =4.26–3.95 (m, 2H; CHOH), 2.90 (br s, 2H; OH), 1.72 (m,
1H; CH(CH3)2), 1.62–1.54 (m, 2H; CH2), 1.49 (ddd, J =14.0, 9.0, 6.0 Hz,
1H; CHCHHCH), 1.23 (ddd, J= 14.0, 9.0, 5.0 Hz, 1H; CHCHHCH),
1.24 (d, J=6.5 Hz. 3H; CH3), 0.92 ppm (d, J =6.5 Hz, 6 H; CH(CH3)2);
13C NMR (50 MHz, CDCl3): d=67.17, 65.31, 46.40, 44.42, 24.53, 23.45,
23.21, 22.19 ppm; IR (KBr): ñ =3356, 2958, 2870, 1468, 1369, 1133, 1047,
954 cm�1; MS (200 eV, DCI/NH3): m/z (%): 164 (100) [M+NH4]


+ , 147
(5) [M+H]+ ; HRMS (ESI): calcd for C8H18NaO2: 169.1199; found:
169.1199 [M+Na]+ . A small portion of diol 9 c was converted to the cor-
responding acetonide 10c : 13C NMR (50 MHz, [D8]toluene): d=101.0,
65.64, 63.76, 46.68, 42.21, 26.20, 26.10, 25.69, 24.59, 23.23, 23.04 ppm.


Diol 9 d : Rf =0.38 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=4.16
(m, 1 H; CHOH), 3.96 (ddd, J=9.5, 5.0, 2.5 Hz, 1 H; CHOH), 2.60 (br s,
2H; OH), 1.75–1.18 (m, 6 H; CH(CH2CH3)2, CHCHHCH), 1.68 (ddd, J =


14.5, 9.5, 3.5 Hz, 1 H; CHCHHCH), 1.25 (d, J=6.5 Hz, 3H; CH3),
0.91 ppm (t, J =7.0 Hz, 6H; CHCH(CH2CH3)2); 13C NMR (50 MHz,
CDCl3): d= 69.89, 65.53, 46.69, 40.89, 23.34, 21.68, 21.31, 11.53,
11.51 ppm; IR (film): ñ=3390, 3357, 2962, 2931, 2873, 1460, 1411, 1377,
1120, 1078, 1028 cm�1; MS (200 eV, DCI/NH3): m/z (%): 178 (100)
[M+NH4]


+ , 161 (5) [M+H]+ ; HRMS (ESI): calcd for C9H20NaO2:
183.1356; found: 183.1354 [M+Na]+ . A small portion of diol 9 d was con-
verted to the corresponding acetonide 10d : 13C NMR (50 MHz, [D8]tolu-
ene): d= 101.1, 68.81, 64.03, 46.97, 39.63, 26.12, 25.71, 23.03, 22.36, 22.16,
12.51, 12.10 ppm.


Diol 9e : Rf =0.26 (diethyl ether/pentane 10:1); 1H NMR (200 MHz,
CDCl3): d=4.16 (m, 1 H; CHOH), 3.68 (ddd, J =9.0, 6.0, 3.0 Hz, 1H;
CHOH), 2.32 (br s, 2H; OH), 1.96–0.86 (m, 13H; cyclohexyl-CH2, cyclo-
hexyl-CH, CHCH2CH), 1.24 ppm (d, J =6.5 Hz, 3H; CH3); 13C NMR
(50 MHz, CDCl3): d=73.20, 65.47, 43.54, 41.03, 28.99, 28.44, 26.46, 26.19,
26.08, 23.44 ppm; IR (film): ñ= 3375, 3350, 2927, 2852, 1448, 1411, 1311,
1118, 1064, 977 cm�1; MS (200 eV, DCI/NH3): m/z (%): 205 (20)
[M+NH3+NH4]


+ , 190 (100) [M+NH4]
+ . 188 (96); HRMS (ESI): calcd


for C10H20NaO2: 195.1356; found: 195.1356 [M+Na]+ . A small portion of
diol 9e was converted to the corresponding acetonide 10e : 13C NMR
(50 MHz, [D6]benzene): d=100.1, 70.57, 62.95, 43.05, 38.43, 29.24, 28.32,
27.05, 26.45, 26.29, 25.13, 24.75, 22.05 ppm.


Diol 9 f : Rf =0.50 (diethyl ether); m.p. 75 8C; 1H NMR (200 MHz,
CDCl3): d=3.65 (dt, J=5.5, 7.0 Hz, 2H; CHOH), 2.00 (br s, 2 H; OH),
1.70 (octet, J =7.0 Hz, 2 H; CH(CH3)2), 1.60 (dd, J =7.0, 5.5 Hz, 2 H;
CH2), 0.96 (d, J =7.0 Hz, 6H; CH(CH3)2), 0.91 ppm (d, J =7.0 Hz, 6H;
CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=74.18, 36.50, 33.72, 18.69,
18.09 ppm; IR (KBr): ñ= 3348, 2961, 2873, 1473, 1329, 1103, 1046, 1005,
898 cm�1; MS (200 eV, DCI/NH3): m/z (%): 178 (100) [M+NH4]


+ ; ele-
mental analysis calcd (%) for C9H20O2 (160.26): C 67.45, H 12.58; found:
C 67.12, H 12.53. A small portion of diol 9 f was converted to the corre-
sponding acetonide 10 f : 13C NMR (50 MHz, CDCl3): d= 100.1, 71.97,
34.46, 33.06, 24.34, 18.90, 17.66 ppm.


Diol 9g : Rf =0.54 (diethyl ether); m.p. 51 8C; 1H NMR (200 MHz,
CDCl3): d=3.93 (m, 1 H; CHOH), 3.68 (ddd, J =9.0, 6.0, 3.0 Hz, 1H;
CHOH), 2.30 (br s, 2H; OH), 1.67 (sept., J =7.0 Hz, 1H; CH(CH3)2),
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1.73–1.20 (m, 12H; (CH2)5, CHCH2CH), 0.95–0.84 (m, 3H; CH2CH3),
0.95 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.90 ppm (d, J=7.0 Hz, 3H; CH-
(CH3)2); 13C NMR (50 MHz, CDCl3): d =73.92, 69.57, 39.32, 37.42, 33.79,
31.84, 29.36, 25.87, 22.63, 18.63, 18.03, 14.10 ppm; IR (KBr): ñ =3322,
2956, 2920, 1468, 1329, 1069, 998, 674 cm�1; MS (200 eV, DCI/NH3): m/z
(%): 220 (100) [M+NH4]


+ , 203 (2) [M+H]+ ; HRMS (ESI): calcd for
C12H26NaO2: 225.1825; found: 225.1825 [M+Na]+ . A small portion of
diol 9g was converted to the corresponding acetonide 10g : 13C NMR
(50 MHz, CDCl3): d=100.0, 71.79, 66.87, 36.78, 36.07, 33.02, 31.87, 29.27,
25.43, 24.67, 24.41, 22.64, 18.86, 17.62, 14.10 ppm.


Diol 9h : Rf = 0.51 (diethyl ether); m.p. 95 8C; 1H NMR (200 MHz,
CDCl3): d=3.60 (ddd, J=8.0, 6.5, 3.0 Hz, 1H; CHOH), 3.59 (dd, J =10.0,
2.5 Hz, 1 H; CHOH), 2.10 (br s, 2 H; OH), 1.74 (octet, J =6.5 Hz, 1H;
CH(CH3)2), 1.61 (ddd, J =14.0, 8.0, 2.5 Hz, 1 H; CHCHHCH), 1.50 (ddd,
J =14.0, 10.0, 3.0 Hz, 1 H; CHCHHCH), 0.98 (d, J= 6.5 Hz, 3 H; CH-
(CH3)2), 0.92 (s, 9 H; tBu), 0.91 ppm (d, J=6.5 Hz, 3H; CH(CH3)2);
13C NMR (50 MHz, CDCl3): d=76.04, 74.45, 34.73, 34.43, 33.48, 25.63,
18.90, 18.27 ppm; IR (KBr): ñ =3346, 2958, 1470, 1401, 1055, 1007,
819 cm�1; MS (200 eV, DCI/NH3): m/z (%): 192 (100) [M+NH4]


+ , 176
(35); elemental analysis calcd (%) for C10H22O2 (174.28): C 68.92, H
12.72; found: C 68.64, H 12.45. A small portion of diol 9h was converted
to the corresponding acetonide 10 h : 13C NMR (50 MHz, [D6]benzene):
d=100.2, 74.01, 72.17, 33.55, 33.43, 31.79, 25.50, 24.55, 24.34, 18.77,
18.02 ppm.


Diol 9 i :[26] Rf = 0.04 (diethyl ether/pentane 1:4); m.p. 99 8C; 1H NMR
(200 MHz, CDCl3): d=7.45–7.20 (m, 5 H; ArH), 5.08 (dd, J =7.5, 4.0 Hz,
1H; CHOH), 3.51 (dd, J =10.0, 2.5 Hz, 1H; CHOH), 2.80 (br s, 1H;
OH), 1.93 (ddd, J=14.0, 7.5, 2.5 Hz, 1 H; CHH), 1.85 (ddd, J=14.0, 10.0,
4.0 Hz, 1H; CHH), 1.62 (br s, 1 H; OH), 0.95 ppm (s, 9 H; tBu); 13C NMR
(50 MHz, CDCl3): d=144.7, 128.4, 127.2, 125.5, 76.22, 71.89, 39.28, 34.66,
25.49 ppm; IR (KBr): ñ= 3443, 3063, 3030, 2955, 1476, 1398, 1075, 1051,
760, 699, 541 cm�1; MS (200 eV, DCI/NH3): m/z (%): 226 (90) [M+NH4]


+,
208 (100), [M-H2O+NH4]


+ , 156 (30), 117 (20). A small portion of diol 9 i
was converted to the corresponding acetonide 10 i : 13C NMR (50 MHz,
[D6]benzene): d=143.0, 128.4, 127.3, 126.0, 100.7, 73.71, 69.17, 35.67,
33.49, 25.23, 25.01, 24.00 ppm.


Diol 9 j : Rf =0.28 (diethyl ether/pentane 1:1); m.p. 91 8C; 1H NMR
(200 MHz, CDCl3): d=3.91 (m, 1H; CHOH), 3.58 (dd, J =10.0, 2.5 Hz,
1H; CHOH), 2.22 (br s, 2H; OH), 1.62 (ddd, J =14.5, 8.5, 2.5 Hz, 1 H;
CHCHHCH), 1.65–1.20 (m, 6H; CHCHHCH, CH(CH2CH3)2), 1.00–0.85
(m, 6H; CH(CH2CH3)2), 0.92 ppm (s, 9H; tBu); 13C NMR (50 MHz,
CDCl3): d =76.20, 70.46, 46.39, 34.80, 34.56, 25.69, 21.77, 21.21, 11.44,
11.35 ppm; IR (KBr): ñ =3417, 2957, 2872, 1467, 1062, 1008, 831 cm�1;
MS (200 eV, DCI/NH3): m/z (%): 220 (88) [M+NH4]


+ , 193 (36), 178
(100); elemental analysis calcd (%) for C12H26O2 (202.34): C 71.23, H
12.95; found: C 71.11, H 12.85. A small portion of diol 9 j was converted
to the corresponding acetonide 10j : 13C NMR (50 MHz, [D6]benzene):
d=100.2, 74.08, 68.40, 46.01, 33.55, 31.89, 25.52, 24.60, 24.38, 21.31, 21.15,
11.48, 11.08 ppm.


Diol 9k : Rf =0.55 (diethyl ether); m.p. 135 8C; 1H NMR (200 MHz,
CDCl3): d=3.61 (dt, J =3.0, 7.5 Hz, 1 H; CHOH), 3.58 (dd, J =10.5,
2.5 Hz, 1 H; CHOH), 2.10 (bs, 2H; OH), 1.98–0.93 (m, 13 H; cyclohexyl-
CH2, cyclohexyl-CH, CHCH2CH), 0.90 ppm (s, 9 H; tBu); 13C NMR
(50 MHz, CDCl3): d=76.16, 73.90, 43.19, 34.76, 34.20, 29.20, 28.74, 26.45,
26.16, 26.06, 25.61 ppm; IR (KBr): ñ =3342, 2933, 2850, 1480, 1362, 1074,
996, 931 cm�1; MS (200 eV, DCI/NH3): m/z (%): 446 (1) [2M+NH4]


+ ,
232 (100) [M+NH4]


+ , 215 (5) [M+H]+ ; elemental analysis calcd (%) for
C13H26O2 (214.35): C 72.85, H 12.23; found: C 73.07, H 11.91. A small
portion of diol 9 k was converted to the corresponding acetonide 10k :
13C NMR (50 MHz, [D6]benzene): d=100.2, 74.03, 71.22, 43.15, 33.57,
31.87, 29.31, 28.46, 27.05, 26.51, 26.32, 25.51, 24.57, 24.32 ppm.


Diol 9 l : Rf =0.56 (diethyl ether); m.p. 77 8C; 1H NMR (200 MHz,
CDCl3): d=3.92 (m, 1H; CHOH), 3.60 (dd, J =8.0, 4.5 Hz, 1H; CHOH),
2.12 (br s, 2H; OH), 1.20–1.68 (m, 12 H; (CH2)5, CHCH2CH), 0.93–0.88
(m, 3H; CH3), 0.91 ppm (s, 9H; tBu); 13C NMR (50 MHz, CDCl3): d=


75.99, 69.79, 37.15, 36.98, 34.64, 31.80, 29.32, 25.96, 25.58, 22.59, 14.06; IR
(KBr): ñ =3345, 2953, 2868, 1467, 1361, 1322, 1250, 1115, 1070, 1011,
672 ppm; MS (200 eV, DCI/NH3): m/z (%):234 (100) [M+NH4]


+ , 216 (5)


[M�H2O+NH4]
+ ; elemental analysis calcd (%) for C13H28O2 (216.36): C


72.17, H 13.04; found: C 72.47, H 12.88. A small portion of diol 9 l was
converted to the corresponding acetonide 10 l : 13C NMR (50 MHz,
[D6]benzene): d=100.2, 73.16, 67.18, 36.61, 34.35, 33.51, 32.25, 29.74,
25.94, 25.48, 24.58, 24.41, 23.03, 14.31 ppm.


Diol 9m : Rf =0.54 (diethyl ether); m.p. 104 8C; 1H NMR (200 MHz,
CDCl3): d =3.68 (dd, J=9.5, 3.5 Hz, 1 H; CHOH), 3.15 (ddd, J =9.5, 6.5,
4.0 Hz, 1 H; CHOH), 2.17 (br s, 2H; OH), 1.73 (ddd, J=15.0, 6.5, 3.5 Hz,
1H; CHCHHCH), 1.67 (ddd, J= 15.0, 9.5, 4.0 Hz, 1H; CHCHHCH),
1.03 (m, 1 H; cyclopropyl-CH), 0.92 (s, 9H; tBu), 0.61–0.48 (m, 2H; cy-
clopropyl-CH2), 0.28–0.16 ppm (m, 2 H; cyclopropyl-CH2); 13C NMR
(50 MHz, CDCl3): d=76.04, 74.79, 36.96, 34.65, 25.66, 17.30, 3.43,
2.34 ppm; IR (KBr): ñ=3327, 2952, 2867, 1473, 1365, 1325, 1080, 976,
918 cm�1; HRMS (ESI): calcd for C10H20NaO2: 195.1356; found: 195.1357
[M+Na]+ . A small portion of diol 9m was converted to the correspond-
ing acetonide 10m : 13C NMR (50 MHz, [D6]benzene): d=100.1, 73.82,
71.50, 33.74, 33.53, 25.44, 24.97, 24.35, 16.31, 3.41, 2.00 ppm.


Diol 9n : Rf =0.45 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=7.39–
7.20 (m, 5H; ArH), 5.03 (dd, J =5.5, 2.0 Hz, 1H; CHOH), 3.84 (m, 1 H;
CHOH), 3.20 (br s, 2H; OH), 1.90 (ddd, J =10.0, 5.0, 2.0 Hz, 1H;
CHCHHCH), 1.80 (ddd, J =10.0, 5.5, 2.5 Hz, 1H; CHCHHCH), 1.65–
1.14 (m, 10 H; (CH2)5), 0.93–0.83 ppm (m, 3H; CH3); 13C NMR (50 MHz,
CDCl3): d =144.5, 128.3, 127.2, 125.5, 71.55, 69.23, 44.48, 37.35, 31.75,
29.24, 25.57, 22.55, 14.04 ppm; IR (film): ñ =3362, 3063, 3030, 2929, 2857,
1709, 1454, 1057, 756, 700 cm�1; UV (CH3CN): lmax (lg e)=197.0 (3.744),
205.0 nm (3.788); MS (200 eV, DCI/NH3): m/z (%): 726 (20) [3M+NH4]


+,
490 (100) [2 M+NH4]


+ , 271 (9) [M +NH3+NH4]
+ , 254 (75) [M+NH4]


+ ,
236 (3) [M-H2O+NH4]


+ ; HRMS (ESI): calcd for C15H24NaO2: 259.1669;
found: 259.1669 [M+Na]+ . A small portion of diol 9 n was converted to
the corresponding acetonide 10 n : 13C NMR (50 MHz, [D6]benzene): d=


142.7, 128.4, 127.3, 126.0, 100.7, 68.59, 66.86, 40.32, 35.99, 31.79, 29.20,
25.29, 25.09, 24.68, 22.58, 14.07 ppm.


Diol 9o : Rf =0.41 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=7.48–
7.20 (m, 5H; ArH), 5.07 (t, J=7.0 Hz, 1H; CHOH), 3.62 (q, J =7.0 Hz,
1H; CHOH), 2.30 (br s, 2 H; OH), 1.88 (t, J =7.0 Hz, 2H; CH2), 1.70
(octet, J=7.0 Hz, 1 H; CH(CH3)2), 0.92 (d, J =7.0 Hz, 3H; CH(CH3)3),
0.88 ppm (d, J =7.0 Hz, 3H; CH(CH3)3); 13C NMR (50 MHz, CDCl3): d=


144.7, 128.4, 127.2, 125.5, 73.80, 71.73, 41.61, 33.73, 18.53, 17.71 ppm; IR
(film): ñ=3435, 3060, 3033, 2953, 2889, 1454, 1401, 1343, 1171, 1073,
1034, 701, 756 cm�1; UV (CH3CN): lmax (lg e)=207.0 (3.712), 210.0
(3.715), 257.0 nm (2.275); MS (70 eV, EI): m/z (%): 194 (15) [M]+ , 176
(23) [M�H2O]+ , 151 (2) [M�C3H7]


+ , 133 (60), 107 (100) [C7H7O]+ , 105
(100) [PhCO]+ , 43 (10) [C3H7]


+ ; HRMS (ESI): calcd for C12H18NaO2:
217.1199; found: 217.1199 [M+Na]+ . A small portion of diol 9 o was con-
verted to the corresponding acetonide 10 o : 13C NMR (50 MHz, [D6]ben-
zene): d =143.8, 128.5, 127.5, 127.2, 100.7, 71.79, 68.87, 38.96, 33.31, 25.15,
24.53, 18.67, 17.76 ppm.


Diol 9 p : Rf =0.68 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=7.45
(dd, J =8.0, 2.0 Hz, 1H; ArH), 7.27 (dt, J= 2.0, 8.0 Hz, 1 H; ArH), 6.98
(dt, J=2.0, 8.0 Hz, 1H; ArH), 6.87 (dd, J= 8.0, 1.5 Hz, 1 H; ArH), 5.28
(dd, J =8.0, 4.0 Hz, 1H; CHOH), 3.84 (s, 3 H; OMe), 3.59 (ddd, J =7.0,
6.0, 3.0 Hz, 1H; CHOH), 2.62 (br s, 2 H; OH), 1.98 (ddd, J =14.0, 8.0, 3.0,
1H; CHH), 1.86 (ddd, J=14.0, 6.0, 4.0, 1 H; CHH), 1.72 (octet, J=


7.0 Hz, 1H; CH(CH3)2), 0.93 (d, J =7.0 Hz, 3 H; CH(CH3)2), 0.90 ppm (d,
J =7.0 Hz, 3 H; CH(CH3)2); 13C NMR (50 MHz, CDCl3): d=155.9, 132.4,
128.1, 126.5, 120.7, 110.2, 74.22, 67.94, 55.18, 39.47, 33.55, 18.55,
17.88 ppm; IR (film): ñ =3379, 3357, 2960, 2837, 1597, 1488, 1392,
754 cm�1; UV (CH3CN): lmax (lg e)=199.0 (0.7373), 202.0 (3.892), 217.0
(3.769), 270.0 nm (3.171); MS (70 eV, EI): m/z (%): 224 (13) [M]+ , 206
(10) [M�H2O]+ , 137 (100), 107 (20) [MeOC6H4]


+, 77 (10) [C6H5]
+ , 43


(5) [C3H7]
+ ; HRMS (ESI): calcd for C13H20NaO3: 247.1305; found:


247.1305 [M+Na]+ . A small portion of diol 9 p was converted to the cor-
responding acetonide 10p : 13C NMR (50 MHz, CDCl3): d =155.8, 131.7,
127.8, 126.2, 120.7, 110.1, 100.6, 71.89, 63.31, 55.26, 37.24, 32.97, 24.91,
24.55, 18.81, 17.58 ppm.


Diol 9 q : Rf =0.71 (diethyl ether); 1H NMR (200 MHz, CDCl3): d=7.44
(dd, J =8.0, 2.0 Hz, 1H; ArH), 7.26 (dt, J= 2.0, 8.0 Hz, 1 H; ArH), 7.00
(dt, J=2.0, 8.0 Hz, 1H; ArH), 6.88 (dd, J= 8.0, 1.5 Hz, 1 H; ArH), 5.29
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(dd, J= 8.0, 4.0 Hz, 1 H; CHOH), 3.85 (m, 1 H; CHOH), 3.84 (s, 3H;
OMe), 2.68 (br s, 2H; OH), 2.00 (ddd, J=14.5, 8.0, 3.0 Hz, 1 H;
CHCHHCH), 1.85 (ddd, J =14.5, 8.0, 4.0 Hz, 1H; CHCHHCH), 1.67–
1.10 (m, 10 H; (CH2)5), 0.94–0.80 ppm (m, 3H; CH3); 13C NMR (50 MHz,
CDCl3): d =155.8, 132.3, 127.9, 126.4, 120.6, 110.1, 69.40, 67.37, 55.07,
42.15, 37.18, 31.75, 29.24, 25.54, 22.51, 13.99 ppm; IR (film): ñ =3364,
3073, 2929, 2857, 1602, 1464, 1240, 1050, 754 cm�1; UV (CH3CN): lmax (lg
e)= 198.0 (0.7510), 219.0 (3.671), 270.0 nm (3.082); MS (200 eV, DCI/
NH3): m/z (%): 532 (10) [2M�H2O+NH4]


+ , 284 (11) [M+NH4]
+ , 266


(100) [M�H2O+NH4]
+ ; HRMS (ESI): calcd for C16H26NaO3: 289.1774;


found: 289.1775 [M+Na]+ . A small portion of diol 9 q was converted to
the corresponding acetonide 10 q : 13C NMR (50 MHz, CDCl3): d=155.8,
131.6, 127.8, 126.2, 120.7, 110.1, 100.5, 66.90, 63.13, 55.24, 39.43, 35.92,
31.81, 29.23, 25.32, 24.94, 24.94, 22.58, 14.05 ppm.
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Mechanism of Anionic Dearomatizing Reactions of Diphenylphosphinamide
Derivatives: A Theoretical and Experimental Study


Antonio Mor�n Ramallal,[b] Ignacio Fern�ndez,[a] Fernando L�pez Ortiz,*[a] and
Javier Gonz�lez*[b]


Introduction


The addition of main-group organometallic reagents to aro-
matic compounds is an efficient method for breaking down
the conjugate p system of an aromatic ring and has been ex-
tensively used for the preparation of functionalised alicyclic
and acyclic compounds.[1] In arenes these dearomatising re-
actions are generally limited to polycyclic systems.[2] On the


other hand, conjugate addition to aromatic hydrocarbons
bearing electron-withdrawing groups (e.g., aldehyde and
ketone,[3] imines,[4] carboxylic acid,[5] carboxylic ester,[6] car-
boxamides,[7] acyl halide,[8] nitriles,[9] oxazolidines,[10] oxazo-
lines,[11] triazenes[12]) has much wider scope as revealed by
the application of this methodology to the synthesis of sev-
eral natural products[13] and non-natural analogues.[14] In N-
benzylcarboxamides,[15] phenyl sulfones,[16] N-benzylsulfon-
amides[17] and N-benzyldiphenylphosphinamides,[18] the dear-
omatisation may take place intramolecularly through an
anionic cyclisation reaction.


We have recently shown in a synthetic[19] and NMR[20]


study that upon treatment of N-benzyl-N-methyldiphenyl-
phosphinamide 1 a (Scheme 1) with sec-butyllithium in tetra-
hydrofuran (THF) at �90 8C the mechanism of the cyclo-
dearomatising reaction involves the formation of a dimeric
precomplex I between the starting phosphinamide and the
base, which evolves by ortho-directed and benzylic lithiation
to give the lithium intermediates II and III, respectively.
The benzylic anion III undergoes a cyclisation through intra-
molecular attack at the ortho position of a P-substituted
phenyl ring leading to the four possible dearomatised dia-
stereoisomers IV–VII. The reaction progresses to yield an
equilibrium mixture of derivatives IV and V, plus the ortho-
lithiated intermediate II. Compounds III to VII have been
identified as monomeric, whereas II has been assigned as di-


Abstract: The mechanism of the anion-
ic dearomatisation of phosphinamide
derivatives has been investigated both
theoretically and experimentally. The
potential-energy surface of model reac-
tions was studied at the Becke3LYP/6-
31+G* level of theory, and according
to this study, a pre-reactive complex is
formed between the alkyllithium and
the phosphinamide. This complex
evolves preferentially through NCa-
metalation of the phosphinamide. The


intramolecular nucleophilic addition of
the carbanion to the ortho position of
the aromatic ring leads to the dearoma-
tised products, in a reaction that has
been shown to be under thermodynam-
ic control. Coordinating co-solvents,


such as hexamethyl phosphoramide
(HMPA) or N,N’-dimethyl-N,N’-propyl-
ene urea (DMPU), appear to influence
the reaction by favouring the formation
of solvent-separated ion pairs. The cyc-
lisation reaction of allylphosphinamide
derivatives was also studied. It was
found that both the a- and g-attack of
the allyl anion can take place, however
the formation of the seven-membered
ring products derived from the g-attack
are clearly favoured.
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meric. In the presence of hexamethyl phosphoramide
(HMPA) or N,N’-dimethyl-N,N’-propylene urea (DMPU),
translocation of the ortho anion II to the benzylic anion III
takes place and the only lithium compounds observed in so-
lution are the dearomatised anions IV and V.


In sharp contrast, the lithiation of 1 a with tert-butyllithi-
um in diethyl ether at �90 8C leads exclusively to the forma-
tion of benzylic anions as a mixture of monomeric and di-
meric species.[21]


Although the solution NMR study allowed us to identify
the reaction intermediates involved in the transformation of
phosphinamide 1 a into the tetrahydrobenzophosphole de-
rivatives VIII, some aspects of the mechanism still require
clarification. Calculation of the energy profile of the process
would be of great interest for understanding some details of
the reaction pathway given in Scheme 1, such as the distri-
bution of ortho and benzylic anions obtained when the met-
alation is carried out in the absence of coordinating solvents,
the translocation mechanism and the stereochemical prefer-
ences of the anionic cyclisation reaction. In addition, the ac-
celerating effect of HMPA and DMPU is poorly under-
stood.


Ortho-directed metalation of an aromatic ring[22] and ben-
zylic lithiation[22g,23] reactions have been the subject of sever-
al theoretical studies. Bailey et al. also investigated theoreti-
cally the anionic cyclisation involving an isolated carbon–
carbon double bond on 2-(2-vinylphenyl)propyllithium.[24] In
a recent communication we have shown that the anionic cy-
clodearomatisation of phosphinamides can be described as a
Michael-type ionic process[25] in contrast to the electrocyclic
ring closure suggested for the analogous reaction of lithiated
N-benzylarylamides.[26] However, to the best of our knowl-
edge, the theoretical grounds of the dearomatising anionic
cyclisation have not been previously explored.


In order to get a deeper insight into the mechanism of the
anionic dearomatisation of phosphinamides, we performed a
study of the potential-energy surface of several model sys-
tems based on the four steps experimentally observed:
1) precomplexation, 2) competing ortho-directed aromatic
metalation and NCa-metalation, 3) anion translocation and
4) intramolecular cyclisation. The influence of solvents on
the reaction course was also analysed. In addition, the differ-
ent cyclisation modes of N-alkyl-N-allyldiphenylphosphin-
amide (1 b) to give the five- or seven-membered systems, 2
and 3 (see Figure 1), respectively, were investigated both
theoretically and experimentally.


Abstract in Spanish: Se ha investigado, te�rica y experimen-
talmente, el mecanismo de la reacci�n de desaromatizaci�n
ani�nica de derivados de fosfinamidas. La superficie de ener-
g�a potencial de reacciones modelo se estudi� al nivel de
teor�a Becke3LYP/6-31+ G*. De acuerdo con este estudio, se
encontr� que el proceso se inicia con la formaci�n de un
complejo pre-reactivo entre el alquil litio y la fosfinamida, a
partir del cual se produce la metalaci�n en la posici�n NCa-
preferentemente respecto a la litiaci�n en posici�n orto. La
adici�n intramolecular del carbani�n a la posici�n orto del
anillo arom�tico conduce a los productos de desaromatiza-
ci�n, en una reacci�n que est� regida por control termodin�-
mico. Los disolventes coordinantes como la HMPA o la
DMPU parecen influir en la reacci�n favoreciendo la forma-
ci�n de pares i�nicos separados por el disolvente. Se estudi�
tambi�n la reacci�n de ciclaci�n de derivados de allilfosfina-
mida, encontr�ndose que la ciclaci�n ani�nica puede tener
lugar tanto por el ataque a trav�s depor las posici�ones a


como de la g del ani�n alilo. No obstante, la formaci�n de
los productos con estructura c�clica de siete eslabones, proce-
dentes del ataque por la posici�n g est� claramente favoreci-
da.


Scheme 1. Metalation and cyclisation reactions of phosphinamide 1a (L=


THF or HMPA).


Figure 1. N-Allylphosphinamide 1b and five- and seven-membered ring
cyclisation products 2 and 3.


Chem. Eur. J. 2005, 11, 3022 – 3031 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3023


FULL PAPER



www.chemeurj.org





Results and Discussion


Computational methods : As a result of the size of the sys-
tems being studied, density functional theory (DFT) meth-
ods were employed because they offer a reasonable balance
between the reliability of the calculation and the computa-
tional cost.[27]


The geometry of each stationary point was fully optimised
at the Becke3LYP/6-31 + G* or Becke3LYP/3-21 + G* level
of theory, and the nature of all the stationary points located
was verified by frequency calculations. All calculations were
carried out with the Gaussian 98 suite of programs.[28]


Potential-energy surface for the lithiation step : To use the
simplest model for studying the two possible competing re-
action pathways for the metalation, we considered the reac-
tion of model phosphinamide 1 c with methyllithium (as a
model of the lithiation reagent) to give the metalated inter-
mediates 4 or 5 (see Figure 2). The organolithium com-
pounds were considered to be monomers.


The stationary points located for the ortho- and a-direct-
ed lithiation reactions of 1 c are shown in Figure 3, and their
relative energies are listed in Table 1.


According to our results, both reactions start with the bar-
rierless formation of complexes 6 and 8, between the phos-
phinamide and MeLi, which are strongly stabilised with re-


spect to the reagents. The formation of very stable com-
plexes between organolithium reagents and substituted ben-
zenes has been widely documented, and its role on the aro-
matic lithiation reaction has been studied.[29, 30] Ortho-
directed deprotonations have alternatively been described
as kinetically controlled transformations.[22b–e] In the pre-re-
active complexes 6 and 8, the methyllithium reagent is coor-
dinated to the P=O bond of the phosphinamide moiety, as


indicated by the increase of the
P=O bond length from 1.502 �
in phosphinamide 1 c to 1.522 �
or 1.517 � in structures 6 and 8,
respectively. The two pre-reac-
tive complexes show a similar
stability and differ only in the
relative orientation of the MeLi
fragment with respect to the ar-
omatic ring: In complex 6,
which leads to the a-lithiated
intermediate, the Me and NMe2


fragments show a relative syn
orientation, while in 8, the
methyl fragment is close to the
ortho hydrogen in the phenyl
ring.


Next in the reaction coordi-
nate two transition structures, 7
and 9, were located. In 7, the
Ca
�Li bond is being formed as


Figure 2. Model phosphinamide 1c and Ca- and ortho-metalated inter-
mediates 4 and 5, respectively.


Figure 3. Stationary points found for the lithiation reaction of model phosphinamide 1 c. Bond lengths in �
and angles in degrees. Colour code of spheres: light blue=hydrogen, small grey=carbon, large grey = lithium,
red=oxygen, dark blue= nitrogen, pink= phosphorus.


Table 1. Relative energies [kcal mol�1] of the stationary points located
for the metalation and translocation reactions.


Reaction Stationary point Relative energy[a]


a-directed 6 �28.3
lithiation of 1c 7 �1.3


4 +CH4 �28.2


ortho-directed 8 �27.9
lithiation of 1c 9 �8.1


5 +CH4 �37.6


ortho-directed 12 27.9
lithiation of 10 14 �8.2


16 a+CH4 �37.7


a-directed 13 �28.2
lithiation of 10 15 �9.9


16 b+CH4 �41.7


a-directed 17 �28.6
lithiation of 11 18 �10.4


19 +CH4 �40.6


anion translocation of 5 5 0.0[b]


20 +41.2
4 +9.3


[a] The relative energies refer to the sum of the energies of neutral phos-
phinamides and methyllithium. [b] In this reaction, the energies are cal-
culated with respect to the ortho-lithiated intermediate.
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the Ca�H bond elongates, lead-
ing to the formation of a meth-
ane molecule and the a-lithiat-
ed intermediate 4. Similarly, in
the transition structure 9, the si-
multaneous abstraction of the
ortho hydrogen and the forma-
tion of the Cortho�Li bond takes
place. The bond between the
hydrogen being abstracted and
the carbon atom is almost com-
pletely broken in the transition
structures, as can be seen from
the values of the corresponding
bond lengths: 1.438 (Ca


�H in 7)
and 1.395 � (Cortho�H in 9).
Also, in both transition struc-
tures the lithium atom remains
bonded to the oxygen atom, so
in intermediates 4 and 5 lithium
is di-coordinated.


From the values of the rela-
tive energies (Table 1), the metalation of model phosphin-
amide 1 c is predicted to take place at the ortho position of
the phenyl ring, as could be expected from the correspond-
ing pKa values of the aromatic and aliphatic hydrogen
atoms. However, the experimental results indicate that the
cyclodearomatising reaction of phosphinamides requires
always the presence of one benzyl or allyl group (see below)
on the phosphinamide nitrogen (see Figure 1). In order to
test the influence of these substituents on the metalation
site, we investigated the ortho- and a-directed metalation
pathways of the model phosphinamides 10 and 11, shown in
Figure 4. In the case of the benzylic metalation, the small
model phosphinamide 11 was used, due to computational
limitations.


The potential-energy surface for the lithiation reaction of
phosphinamides 10 and 11 is qualitatively similar to the one
found for the phosphinamide 1 c (see Figure 5 and Table 1).


The pre-reactive complexes initially formed (12, 13 and
17) are followed by the transition structures corresponding
to the ortho, allylic and benzylic metalation reactions (14, 15


and 18, respectively). However, while the barrier for the
ortho-directed lithiation is almost the same for 1 c and 10
(see data in Table 1), the barrier for the a-directed lithiation
is drastically reduced in the case of the N-allylphosphina-
mide 10 and now the metalation takes place at the allylic
position, the Ca-lithiated intermediate 16 b being predicted
to be both the kinetic and thermodynamic product. The re-
sults of 11 are similar to the allylic derivative 10 (Figure 5
and Table 1): a small barrier was found for the metalation of
the Ca-position.


Anion translocation step : According to the previous results,
the metalation of the phosphinamides bearing carbanion-
stabilizing groups (e.g., benzyl or allyl) at the nitrogen is ex-
pected to take place at the a-carbon atom. In work closely
related to this, Clayden and co-workers proposed that upon
treatment of N-alkyl-N-benzylarylcarboxamides with a lithi-
um base the metalation could initially occur to some extent
at the ortho position of the aromatic ring, and then a trans-
location of the negative charge would lead to the NCa-lithi-
ated anion.[31]


The translocation reaction was studied for the case of
phosphinamide 3, and the transition structure 20 (Figure 6),
corresponding to the transformation of the ortho-lithiated
phosphinamide 5 into the a-anion 4, was located.


In transition structure 20, one of the hydrogen atoms of
the methyl group is being transferred to the ortho position
in the aromatic ring, while the lithium atom remains simul-
taneously bonded to the oxygen and to the aromatic and ali-
phatic carbon atoms. However, this translocation step has a
high activation barrier (see Table 1), so this reaction path-
way can be excluded as being responsible for the formation
of the a-lithiated intermediates in the cyclodearomatisation
of phosphinamides. This result is in agreement with the ex-
perimental observation that ortho-lithiated compound 1 a


Figure 4. N-Allyl- (10) and N-benzyl- (11) model phosphinamides and
lithiated derivatives 16 a, b and 19.


Figure 5. Pre-reactive complexes 12, 13 and 17, and transition structures 14, 15 and 18 located for the lithiation
of model N-allyl- and N-benzyl phosphinamides 10 and 11, respectively. Bond lengths in � and angles in de-
grees. For the colour code see the legend of Figure 3.
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does not evolve into dearomatised products in the absence
of HMPA or DMPU at �90 8C.[19,20]


Potential-energy surface for the cyclisation step : According
to the previously described results, the lithiation of benzyl
or allyl phosphinamides will lead to a benzylic or allylic or-
ganolithium, which will undergo intramolecular cyclisation
by nucleophilic attack of the carbanionic centre at the ortho
position of the aromatic ring. As can be seen in Scheme 2,


four different stereoisomers could be formed in the cyclisa-
tion reaction of the a-metalated intermediate 4, depending
on the face (re or si) of the aromatic ring undergoing the ad-
dition and the relative orientation of the lithium atom with
respect to the phosphorous–oxygen bond.


The geometries and activation and reaction energies of
the transition structures (21–24) are shown in Figure 7. In
the transition structures, the lithium atom is bonded either
to the oxygen and nitrogen atoms, as in 23, or to the aromat-
ic ring in a h6 fashion, as in 21, 22 and 24, and the vibration-
al normal mode associated with the imaginary frequency
corresponds to the stretching of the C�C forming bond.


According to the characteristics of these transition struc-
tures, the cyclisation reaction of lithium phosphinamide 4
can be considered as a Michael-type ionic nucleophilic addi-
tion and not an electrocyclic reaction.[25]


From the energetic data shown in Figure 7, it can be seen
that transition structures 23 and 21, for the cyclisation in-
volving the re and si faces of the aromatic ring, respectively,
differ only in 0.8 kcal mol�1, while the stability of the corre-


sponding products, 27 and 25, is quite different in that 25 is
predicted to be the most stable by 11.5 kcal mol�1. Following
these data, 27 and 25 can be considered as the products of
kinetic and thermodynamic control, respectively. As the bar-
rier for the reversion of the kinetic control isomer 27 is
12.3 kcal mol�1 lower than the reversion barrier for the ther-
modynamic control isomer 25, it could be proposed that
under thermodynamic-control conditions in the cyclodearo-
matising reactions of phosphinamides the major product will
be that corresponding to the si cyclisation mode, 25, in good
agreement with the experimental results.[19] Despite this
agreement, it is important to note that the predicted activa-
tion-barrier results are quite high for reactions that take
place at very low temperatures. This could be an indication
of the limitations of the previous model, as the solvent ef-
fects were not taken into account.


Solvent effects : According to the experimental evidence, co-
ordinating solvents such as HMPA and DMPU strongly in-
fluence the course of the cyclodearomatising reactions, be-
cause in the absence of a co-solvent, the reaction takes
place very slowly.[19,21] The effect of these co-solvents can be
attributed to their ability for coordinating the lithium
cation. In order to evaluate the solvent effect we studied the
potential-energy surface for the model reaction shown in
Scheme 3, corresponding to the cyclisation of the DMPU-
solvated anion 29. In this case, the lithium atom in each sta-
tionary point is coordinated to one molecule of DMPU. Due
to the size of the system, the stationary points were opti-
mised at the Becke3LYP/3-21 + G* level of theory; for com-


Figure 6. Transition structure 20 for the anion translocation. Bond lengths
in �. For the colour code see the legend of Figure 3.


Scheme 2. Stereoisomeric products in the cyclisation reaction of 4.


Figure 7. Transition structures, activation barriers and reaction energies
for the cyclisation reaction of anion 4. Bond lengths in �. For the colour
code see the legend of Figure 3.
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parison with the results obtained on the unsolvated model,
the corresponding stationary points (4, 21 and 25) were also
re-optimised at the same level of theory.


The DMPU-coordinated transition structure for the cycli-
sation reaction of 31 and the relative energies of the two re-
action pathways are shown in Figure 8. It can be seen that in


transition structure 31, corresponding to the si-face cyclisa-
tion, the DMPU molecule is coordinated to the lithium
atom, which is still bonded to the organic fragment. The
basic geometric features of this transition structure are very
close to those found for the reaction without a solvent mole-
cule, but the presence of the DMPU molecule significantly
alters the reaction profile: the activation barrier for the cyc-
lisation is reduced by 8.4 kcal mol�1 and the stability of the
reaction product increases, product 30 being predicted to be
3.8 kcal mol�1 more stable than the starting anion 29.


This result shows that the critical role played by strongly
coordinating co-solvents such as HMPA or DMPU in the cy-
clodearomatising reaction of lithium phosphinamides may
be related to the reduction of the activation barrier upon
complexation of the lithium atom with the strongly coordi-
nating additive. This proposal is in good agreement with the
results reported by Reich and co-workers in the study of the
effect of polar coordinating additives (such as HMPA) on
the structure of different types of organolithium com-
pounds.[32] According to these results, the ion-pair structure
of organolithium reagents in the presence of strongly coordi-


nating ligands will change from a contact ion pair to a sol-
vent-separated ion pair thus making the interaction between
the lithium atom and the organic fragment of the organo-
lithium compound weaker and increasing the anionic reac-
tivity of the counterion.


In order to test this hypothesis in the case of the anionic
cyclodearomatisation of lithium phosphinamides, additional
calculations were carried out by using an anionic system to
model the conditions corresponding to a solvent-separated
ion pair. Thus, the potential-energy surface for the cyclisa-
tion reaction of anion 32 was studied and two transition
structures, 33 and 34, were located (Scheme 4).


The cyclisation of anion 32 takes place through the stereo-
isomeric transition structures 33 and 34, which show a geom-
etry closely resembling one of the transition structures
found in the neutral system (see Figure 7), but with the C�C
forming bond being less formed than in the case of 21 and
23, indicating an earlier transition structure. However, the
potential-energy surface for the cyclisation of anion 32 is
different from that corresponding to the a-metalated phos-
phinamide 4. It is interesting to note that the activation bar-
rier for the cyclodearomatisation reaction of 32 is predicted
to be notably lower than the values found for 4. This result
seems to indicate that the increase of the anionic character
of the species involved in the reaction, for example, by the
effect of the coordinating additives, will cause a significant
reduction of the reaction barrier, in good agreement with
the experimental findings.


Anionic cyclodearomatisation of N-allylphosphinamide (10):
The model reaction shown in Scheme 2 does not allow for a
detailed discussion of the stereochemistry of the cyclisation
reaction due to the lack of substituents on the carbon atom
at the a-position relative to the nitrogen atom. As a more
suitable model, according to the previous discussion, we
studied the cyclodearomatising reaction of anion 37
(Scheme 5), derived from N-allylphosphinamide 10
(Figure 4).


Scheme 3. Model reaction for the cyclisation of DMPU-coordinated
anion 29.


Figure 8. Becke3LYP/3-21+G* optimised DMPU-solvated transition
structure and reaction profiles for the solvated and unsolvated cyclisation
reactions. Bond lengths in �. For the colour code see the legend of
Figure 3.


Scheme 4. Transition structures and reaction profile for the cyclisation of
the anion 32. For the colour code see the legend of Figure 3. Bond
lengths in �.
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In this case, due to the presence of the allyl group, the
cyclisation reaction can occur either at the a-position, to
give the five-membered products, 38 and 39, or at the g-
carbon atom, giving the seven-membered bicyclic systems 40
and 41. In the case of the five-membered products, four pos-
sible stereoisomers may be formed from 38 and 39.


Two transition structures (42 and 43, Figure 9) were locat-
ed for the a-cyclisation of allyl anion 10, leading to the trans
and cis products 38 and 39, respectively. The geometry and
relative energies of the transition structures corresponding


to the cyclisation at the a-position of the allyl anion are
very similar to those found for anion 32 (Scheme 4). In this
case, the trans product 38 is predicted to be formed prefer-
entially in the a-cyclisation reaction, in good agreement
with the experimental evidence indicating that the C�C
bond formation in the anionic cyclodearomatisation is ster-
eoselective, the trans isomer being the major product.


On the other hand, according to the energetic data shown
in Figure 9, the cyclodearomatisation of 37 is predicted to
give the seven-membered ring derivatives 40 and 41 as
major products, corresponding to the g-cyclisation of the
allyl anion via transition structures 44 and 45. In this case,
41 is predicted to be the kinetic product, and 40 the thermo-
dynamic one.


Experimental study of the anionic cyclodearomatisation of
N-allylphosphinamide (1 b): In order to check the validity of


the prediction regarding the favoured formation of a seven-
as opposed to a five-membered ring in the anionic cyclisa-
tion of allylphosphinamides, we prepared phosphinamide 1 b
(Figure 1) following the procedure previously reported for
the synthesis of 1 a and outlined in Scheme 6.[18b]


The dearomatisation of 1 b and
subsequent protonation with 2,6-
di-tert-butyl-4-methylphenol
under the same conditions de-
scribed for the analogous reac-
tion of phosphinamide 1 a (met-
alation: sBuLi (2.5 equiv), THF,
�90 8C in the presence of DMPU
(6 equiv) for 30 min; protona-
tion: 30 min, �90 8C) resulted in
the formation of a mixture of
compounds 2, 3 a and 3 b
(Scheme 6) in a ratio of 10:53:37,
respectively, and in a 62 % yield
(Table 2, entry 1).


In agreement with the previous theoretical calculations,
the formation of the seven-membered rings, 3 a and 3 b, by
g-attack of the allylic anion 46 to one P-substituted phenyl
ring is largely favoured as compared with the anionic cycli-
sation derived from the a-attack (ratio of g-/a-attack of
90:10). In this case, two stereoisomers were formed as two
phenyl rings can experience the nucleophilic attack of the g-
carbanionic centre.


Scheme 5. Cyclisation reaction of allylic anion 37.


Figure 9. Becke3LYP/6-31+G* transition structures and relative energies for the a- and g-cyclisation reactions
of N-allylphosphinamide anion, 10. Bond lengths in �.


Scheme 6. Synthesis of N-allylphosphinamide 1b and subsequent dearo-
matising reaction: i) MeNHCH2CH=CH2, NEt3 (2.5 equiv), toluene,
�78 8C; ii) H2O2 (1 equiv), �30 8C, THF; iii) RLi (2.5 equiv), DMPU
(6 equiv), THF, �90 8C, t1; iv) 2,6-di-tert-butyl-4-methylphenol (5 equiv),
�90 8C, 30 min.


Table 2. Distribution of products in the dearomatisation–protonation of
1b.


RLi t1 Ratio Yield 1 b
[h] 3 a 3 b 2 [%] [%]


sBuLi 0.5 53 37 10 62[a] 12
sBuLi 12 57 34 9 84[a] 7
tBuLi 24 60 32 8 98 –


[a] Recovered Ph2P(O)-sBu (9 %).
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The recovery of 12 % of 1 b suggests that the metalation
time (t1) was too short. This hypothesis was confirmed by
the 84 % yield obtained when t1 was increased to 12 h
(Table 2, entry 2). However, in both cases 9 % of the starting
phosphinamide was transformed into the phosphine oxide
Ph2P(O)-sBu by attack of the base on the phosphorus atom
of 1 b. This competing reaction was completely inhibited by
using bulky tBuLi as the base. Additionally, the metalation
was allowed to take place for 24 h to assure the complete
conversion of 1 b (see Supporting Information). Under these
conditions, 1 b gave a mixture of 3 a/3 b/2 in a ratio of
60:32:8 almost quantitatively (Table 2, entry 3).


Flash column chromatography of the crude reaction mix-
ture afforded mixtures enriched in 3 a and 3 b (see Experi-
mental Section) which allowed us to identify each product
based on the analysis of their NMR spectra. The small
amount of azaphosphole 2 present could not be isolated.
The pattern of the signals observed for this compound in
the proton spectrum of the crude reaction mixture and the
selective experiments performed (1D gTOCSY, 1D
gNOESY) allowed the identification of its structure. Focus-
ing on 3 a, the [1,4] dienic system of the dearomatised ring is
characterised by the large deshielding and coupling to the
phosphorus nucleus shown by the proton at the b-position
relative to the P–O linkage (d= 7.19 ppm, 3JPH =


20.6 Hz).[18b] The g-attack of the allylic anion leading to for-
mation of the seven-membered ring is shown in the
13C NMR spectrum by the appearance of a methylene signal
at d=32.97 ppm and two enamine carbons at d= 113.15
(3JPC =3.6 Hz) and 134.521 ppm (2JPC =1.6 Hz) correspond-
ing to the CH2CH=CHN fragment. The correlations ob-
served in the 2D gHMQC and HMBC spectra confirmed
the assignments. The relative configuration of the stereogen-
ic centres was assigned through a 2D gNOESY experiment.
The syn arrangement of the bridgehead proton and the P-
substituted phenyl substituent was deduced from the corre-
lation observed between that methine proton and the ortho
protons of the P-substituted phenyl ring.


Conclusion


According to the density theory calculations reported, the
anionic cyclodearomatising reaction of phosphinamides is
predicted to occur by a two-step mechanism, involving the
metalation at the benzylic or allylic position and the intra-
molecular, nucleophilic attack of the anionic centre at the
ortho position of the aromatic ring. The formation of the
dearomatised cyclic products is subjected to thermodynamic
control, and the critical role played by the coordinating ad-
ditives seems to be a result of the solvent-separated ion pair
character of the organolithium intermediates involved. The
cyclisation of allylphosphinamide derivatives was shown to
occur preferentially at the g-position of the allyl moiety, in
good agreement with the theoretical calculations.


Experimental Section


General methods : All reactions and manipulations were carried out in a
dry, N2-gas atmosphere using standard procedures. THF was distilled
from sodium/benzophenone immediately prior to use. DMPU was distil-
led from CaH2 under reduced pressure. Commercial reagents were pur-
chased from Sigma-Aldrich Qu�mica, S.A., and were all distilled prior to
use except for sBuLi. Thin-layer chromatography (TLC) was performed
on Merck plates with aluminium backing and silica gel 60 F254: For
column chromatography silica gel 60 (40–63 mm) from Scharlau was used.
Mass spectra were determined by atmospheric pressure ionization elec-
trospray (API-ES) on a Hewlett–Packard 5987 A or 1100 apparatus.
NMR spectra were recorded on a Bruker Avance DPX300 using CDCl3


as solvent. Chemical shifts are referenced to internal tetramethylsilane
for 1H (300.13 MHz) and 13C (75.47 MHz), and to external 85% H3PO4


for 31P (121.47 MHz). 2D NMR correlation spectra (gCOSY, gTOCSY,
gNOESY, gHMQC and gHMBC) and selective 1D gTOCSY and
gNOESY were acquired by using standard Bruker software and process-
ing routines.


N-Allyl-N-methyldiphenylphosphinamide (1 b): N-Allyl-N-benzylamine
(2 mL, 15.03 mmol) was added to a solution of chlorodiphenylphosphine
(2.69 mL, 15.03 mmol) and triethylamine (5.21 mL, 37.6 mmol) in toluene
(100 mL) at �78 8C. The mixture was stirred for 30 min and then H2O2


(30 % v/v; 1.7 mL, 15.03 mmol) was added. Oxidation was completed in
1 h, and then the reaction was poured into ice water and extracted with
ethyl acetate (3 � 15 mL) and washed with 0.1n NaOH (2 � 15 mL). The
organic layers were dried over Na2SO4 and concentrated in vacuo afford-
ing 1b as a pale yellow oil. The purity of the phosphinamide was higher
than 97 % (NMR) and was used without further purification. Yield: 90–
95%; oil; 1H NMR: d=2.61 (d, JPH =10.8 Hz, 3H; H-6), 3.54 (dd, JPH =


7.3, J= 6.2 Hz, 2 H; H-3), 5.21 (dd, J =10.3, 2JHH =2.9 Hz, 1H; H-5), 5.23
(ddd, J=17.2, J=2.9, J=1.4 Hz, 1H; H-5’), 5.80 (ddt, J =17.2, J =10.3,
J =6.2 Hz, 1H; H-4), 7.56–7.41 (m, 6H), 7.88 ppm (m, 4H); 13C NMR:
d=33.54 (d, JPC =3.0 Hz; CH3), 51.94 (d, JPC =3.0 Hz; CH2), 117.73
(H2C= ), 128.51 (d, JPC =12.6 Hz; CAr), 131.71 (d, JPC =3.0 Hz; CAr),
131.78 (d, JPC =129.2 Hz; Cipso), 132.26 (d, JPC =9.0 Hz; CAr), 134.40 ppm
(d, JPC =6.6 Hz; HC = ); 31P NMR: d=31.47; MS (API-ES): m/z (%): 295
[M+H+Na]+, 294 (100) [M+Na]+ ; elemental analysis calcd (%) for
C16H18NOP: C 70.84, H 6.69, N 5.16; found: C 70.86, H 6.52, N 5.22.


Tetrahydrobenzo[c][1,2]-2l5-azaphosphacycloheptenes (3 a and 3b): A
solution of tBuLi (1.08 mL of a 1.7 m solution in cyclohexane, 1.84 �
10�3 mol) at �90 8C was added to a solution of phosphinamide 1b (7.38 �
10�4 mol) and DMPU (0.53 mL, 4.42 � 10�3 mol) in THF (30 mL). After
24 h, 2,6-di-tert-butyl-4-methylphenol (0.16 g, 3.69 � 10�3 mol) dissolved in
4 mL of THF was added using a cannula. The reaction mixture was stir-
red at �90 8C for 30 min. Then the mixture was poured into ice water
and extracted with ethyl acetate (3 � 15 mL). The organic layers were
dried over Na2SO4 and concentrated in vacuo. 1H, 1H{31P} and 31P NMR
spectra of the crude reaction were measured in order to determine the
stereoselectivity of the process. 3a : Yield=52 % (0.114 g) after chroma-
tography (ethyl acetate/hexane 4:1), identified from a mixture 3 a/3b
(92:8); oil ; 1H NMR: d=1.94 (m, J =15.0, 3JHH =6.2 Hz, 1H; H-5), 2.67
(m, J=15.0 Hz, 1 H; H-5’), 2.83 (m, 2H; H-8), 2.90 (d, JPH =7.3 Hz, 3H;
H-10), 3.01 (m, 1 H; H-5a), 5.02 (ddd, JPH =2.9, J=10.3, J =7.0 Hz, 1H;
H-4), 5.57 (dddt, JPH =5.5, J=9.9, J =3.3, J =1.9 Hz, 1H; H-6), 5.72 (m,
J =9.9 Hz, 1 H; H-7), 5.84 (ddd, JPH =9.9, J= 10.3, J =1.5 Hz, 1 H; H-3),
7.19 (m, JPH =20.6, J=3.7 Hz, 1H; H-9), 7.58–7.41 (m, 3 H), 7.80 ppm (m,
2H); 13C NMR: d=27.21 (d, JPC =13.8 Hz; CH2), 32.97 (CH2), 35.46 (d,
JPC =2.4 Hz; CH3), 36.39 (d, JPC =7.8 Hz; CH), 113.15 (d, JPC =3.6 Hz;
HC= ), 123.21 (d, JPC =1.8 Hz; HC= ), 128.59 (d, JPC =12.5 Hz; CAr),
129.30 (d, JPC =9.6 Hz; CAr), 130.63 (d JPC =128.0 Hz; Cipso), 131.20 (d,
JPC =117.7 Hz; C = ), 131.52 (d, JPC =10.3 Hz; CAr), 131.57 (d, JPC =


2.9 Hz; CAr), 134.52 (d, JPC =1.2 Hz; HC= ), 141.40 ppm (d, JPC =6.6 Hz;
HC= ); 31P NMR: d=28.08; LC-MS (API-ES): m/z (%): 272 (100)
[M+1]+ , 271 (22) [M]+ , 256 (12); elemental analysis calcd (%) for
C16H18NOP: C 70.84, H 6.69, N 5.16; found: C 70.79, H 6.77, N 5.15. 3 b :
Yield =22% (0.059 g) after chromatography (ethyl acetate/hexane 4:1),
identified from a mixture 3 b/3 a (74:26); oil ; 1H NMR: d =2.11 (ddd, J=
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13.9, 3JHH =6.6, J =4.3 Hz, 1H; H-5), 2.61 (m, 1 H; H-8,8’), 2.67 (d, J=


7.3 Hz, 3 H; H-10), 3.17 (dt, J= 13.9, J=6.3 Hz, 1H; H-5’), 3.64 (m, 1 H;
H-5a), 5.10 (c, J =8.0 Hz, 1 H; H-4), 5.66 (m, 2 H; H-6,7), 5.85 (m, 2 H;
H-3,9), 7.51 (m, 3H), 7.79 ppm (m, 2H); 13C NMR: d= 26.96 (d, JPC =


15.0 Hz; CH2), 31.77 (d, JPC =1.2 Hz; CH2), 34.73 (d, JPC =4.2 Hz; CH3),
36.26 (d, JPC =6.6 Hz; CH), 113.30 (d, JPC =1.8 Hz; HC = ), 123.13 (d,
JPC =1.8 Hz; HC= ), 128.40 (d, JPC =12.6 Hz; CAr), 129.16 (d, JPC =


128.0 Hz; Cipso), 129.85 (d, JPC =8.4 Hz; HC= ), 131.94 (d, JPC =3.0 Hz;
CAr), 133.23 (d, JPC = 9.0 Hz; CAr), 133.31 (d, JPC =121.3 Hz; C= ),
135.03 (d, JPC =3.0 Hz; HC= ), 139.01 ppm (d, JPC =12.6 Hz; HC= );
31P NMR: d =33.25; LC-MS (API-ES): m/z (%): 272 (100) [M+H]+ , 192
(8); elemental analysis calcd (%) for C16H18NOP: C 70.84, H 6.69, N
5.16; found: C 70.69, H 6.80, N 5.19.
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Synthesis and Evaluation of 5-Thio-l-Fucose-Containing Oligosaccharide


Masayuki Izumi,*[a, d] Osamu Tsuruta,[a] Yasuhiro Kajihara,[b] Shin Yazawa,[c]


Hideya Yuasa,[a] and Hironobu Hashimoto*[a]


Introduction


It has recently become apparent that carbohydrates play
crucial roles in important biological recognition processes,
including: bacterial and viral infections, cell adhesion in in-
flammation and metastasis, differentiation, development,


regulation and other intercellular communication and signal
transduction events.[1] For the study of such recognition
processes, development of biologically stable oligosacchar-
ide ligand is very important. Since natural oligosaccharides
are easily degraded in the blood stream, biologically stable
oligosaccharides are also important for the development of
carbohydrate-based therapeutics and vaccines. In this con-
text, we have been investigating 5-thiosugar-containing oli-
gosaccharides because glycosidic bond of 5-thiosugars are
known to be resistant to enzymatic degradation by glycosi-
dases.[2–5] However, replacing a sugar residue in an oligosac-
charide ligand with a 5-thiosugar would alter its affinity to
its receptor. One of the known effects, which originates di-
rectly from the sulfur atom, is the increase of the affinity by
a stronger hydrophobic interaction compared with the
oxygen atom. This was observed in the binding of 5-thio-l-
fucose to a-l-fucosidase.[6] On the contrary, it could decrease
affinity by destroying hydrogen bond to the ring oxygen,
which was observed in the binding of the 1,6-linked 5-thio-
d-mannose-containing di- and trisaccharide to concanavalin
A.[7] We selected the H-type II trisaccharide 1[8,9] as our
target (Figure 1) because there are a lot of reports not only
on its synthesis but also on its conformation and biological
activity. This trisaccharide was compared with the native oli-
gosaccharide in terms of conformation and affinity with car-
bohydrate binding proteins to evaluate 5-thiosugar-contain-
ing oligosaccharides as molecular probes for biological and
medicinal studies.


Abstract: 5-Thio-l-fucose-containing
trisaccharide H-type II was synthe-
sized. The 3’,4’-O-isopropylidene-2-
azido-2-deoxylactoside derivative,
which was prepared from lactose by
azidonitration of lactal, was used as a
starting material. By regio- and stereo-
selective 5-thio-l-fucosylation of the
6,6’-dibenzoate 5 with 5-thiofucosyl tri-
chloroacetimidate 6 and subsequent
deprotection gave the 5-thio-l-fucose-


containing H-type II 1. Conformational
analysis of the 5-thio-l-fucose-contain-
ing H-type II and the native H-type II
was carried out through NOESY ex-
periments. The observed NOE values
between N-acetylglucosamine and gal-


actose, and galactose and fucose were
same for these two trisaccharides.
However, NOE values between fucose
and N-acetylglucosamine were signifi-
cantly different. Binding of the 5-thio-
l-fucose-containing H-type II to lectins
and antibodies were in some case
stronger and in some case weaker than
those of the native trisaccharide.
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For the synthesis of 5-thiosugar-containing oligosacchar-
ide, glycoside formation is the most important step. This
step has been investigated extensively by using glycosyl tri-
chloroacetimidate of 5-thio-l-fucose[5,10] and 5-thio-d-glu-
cose[11–13] as the donors. In most cases, a 1,2-cis axial glyco-
side was formed predominantly in the presence of an equa-
torial acyloxy group at the 2-position. Glycosylation of the
native (ring oxygen) sugar under similar conditions usually
leads to a formation of a 1,2-trans equatorial glycoside as a
result of the neighboring group participation. Alternative
access to construct 5-thioglycoside is the use of glycosyl-
transferases, although there are only three examples report-
ed to date. Galactosyltransferase could transfer 5-thio-d-gal-
actose[2] and lactose synthetase could transfer N-acetyl-5-
thio-d-galactosamine from their UDP derivatives.[14] Chemo-
enzymatic synthesis of the 5-thio-l-fucose-containing Lewis
X by using GDP-5-thio-l-fucose and a-1,3-fucosyltransfer-
ase has been reported by our group.[15]


Several possible effects are known to have influence on
the conformation of 5-thiosugar-containing oligosaccharide.
The conformational preferences and associated geometrical
variations have been rationalized by anomeric effects.[16] The
puckering distortion of the 5-thiopyranose ring is suggested
as the result of longer C�S bond length (1.78 �, 1.42 � for
C�O) and exact C-S-C bond angle (998, 1148 in C-O-C).[17]


Conformational analysis of the 5-thioglucose-containing dis-
accharide kojibiose[12] and maltose[18] were reported by Pinto
group. Conformations found by grid search supported by nu-
clear Overhauser enhancement (NOE) data coincide well
with their oxygen counterpart. Theoretical study of 5-thio-a-
d-glucopyranosyl-(1!3)-deoxymannojirimycin by Izumi et
al.[19] also suggested good similarity of its three-dimensional
structure with that of its oxygen counterpart. For H-type II
trisaccharide, Barker and co-workers[20] reported the so-
lution conformation using the 13C enriched trisaccharide syn-
thesized by using glycosyltransferases. 3JC,C and 3JC,H cou-
plings of interglycosidic bonds were used to estimate their
torsion angles. The F and Y torsion angles of the most
abundant conformer were estimated to be F’ �558, Y’ �08
(F’=H1’’-C1’’-O2’-C2’, Y’=C1’’-O2’-C2’-H2’) in the
Fuca1!2Gal and F �608 and Y � 158 (F = H1’-C1’-O4-
C4, Y = C1’-O4-C4-H4) in the Galb1!4GlcNAc linkage.
However, this approach requires a 13C enriched compound
and is not generally applicable. NOE data are generally
used for a conformational analysis of oligosaccharides. Bush
and co-workers[21] used NOE data and CD data with confor-
mational energy calculations to estimate the torsion angles
to be F’= 308, Y’=308 and F =608, Y =�108. For a com-


puter simulation of the H-type II trisaccharide, Lemieux
and co-workers[22] used HSEA calculations and predicted
the torsion angles to be F’=558, Y’= 08 and F= 508, Y=


158. Imberty and co-workers[23] restudied 14 histo-blood
group oligosaccharides through a combination of molecular
mechanics (MM3) and conformational search (CICADA)
methods. For H-type II, they reported that 95 % of conform-
ers have the torsion angles of F’ �34–478, Y’ �17–338 and
F �41–538, Y �8–178, and 4 % of them have F’ �16–288,
Y’ ��45 to �448 and F �29–348, Y ��65 to �578.


Several biological activities of 5-thiosugar-containing oli-
gosaccharides have been reported to date. Methyl 5’-thioiso-
maltoside binds to glucoamylase, contrary to methyl isomal-
toside which binds to a different subsite.[4] Methyl 5’-thio-
maltoside also binds to glucoamylase.[3] Four disaccharides
having 5-thio-l-fucose glycosidically linked to 3-, 4- or 6-po-
sition of N-acetylglucosamine or 2-position of galactose
were synthesized and tested as inhibitors of a-1,2-fucosi-
dase.[5] It turned out that only the a(1!2)Gal-linked disac-
charide was a competitive inhibitor and the other three did
not have any inhibitory activity. The 5-thio-d-mannose-con-
taining oligosaccharides were tested as concanavalin A li-
gands.[7] Five of the structures had a decreased affinity. Sev-
eral lectins and antibodies are known to recognize H-type
II, though each protein has a different mode of recognition.
For example, key hydroxyl groups of H-type II involved in
the binding with Ulex europaeus agglutinin-I are H2, 3, 4 of
fucose, whereas those with Galactia tenuiflora lectin are H3,
4 of galactose and H3 of N-acetylglucosamine, and those
with Psophocarpus tetragonolobus lectin II are H3, 4 of gal-
actose and H2 of fucose.[24]


Herein we report the chemical synthesis of the 5-thio-l-
fucose-containing H-type II trisaccharide from a disacchar-
ide 2-azido-2-deoxy-lactose derivative. Conformational anal-
ysis of the 5-thio-l-fucose-containing H-type II trisaccharide
was carried out through NMR experiments, and the result
was discussed with the aid of molecular mechanics confor-
mational search. Inhibition study of antibody and lectin
binding to native saccharides by 5-thio-l-fucose-containing
oligosaccharides is also reported.


Results and Discussion


Synthesis of 5-thio-l-fucose-containing H-type II : We have
previously reported the convergent synthesis of 5-thio-l-
fucose-containing H-type II and Lewis X.[8] H-type II and
Lewis X (Lex) trisaccharide both contains N-acetyllactos-
amine. The difference between them is the fucosylated posi-
tion, which is the 2’-OH group in H-type II, whereas it is 3-
OH in Lex. We used O-(3,4,6-tri-O-acetyl-2-O-levulinoyl-b-
d-galactopyranosyl)-(1!4)-1,6-anhydro-2-azido-3-O-(tert-
butyldimethylsilyl)-2-deoxy-b-d-glucopyranose as a common
intermediate for an efficient synthesis of both trisaccharides.
The reducing end was protected in a 1,6-anhydro ring be-
cause it can easily be converted into the glycosyl donor so
that diverse aglycons can be introduced.


Figure 1. Target 5-thio-l-fucose-containing H-type II 1.
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During our first synthesis, Windm�ller and Schmidt[25] re-
ported the efficient synthesis of lactoneo series oligosacchar-
ides including H-type II and Lex. Their synthetic strategy of
these trisaccharides is based on the regioselective benzoyla-
tion and fucosylation of the 2-azido-2-deoxy-3’,4’-O-isopro-
pylidene-lactose derivative. The lactose derivative was syn-
thesized from disaccharide lactose so that the glycosylation
step was avoided. Since we had some difficulties with the
glycosylation of 1,6-anhydro-2-azido-3-O-(tert-butyldime-
thylsilyl)-2-deoxy-b-d-glucopyranose with 3,4,6-tri-O-acetyl-
2-O-levulinoyl-a-d-galactopyranosyl bromide in our first
synthetic route, we examined their synthetic route for the
syntheses of the 5-thio-fucose-containing H-type II 1.


The synthesis of the H-type II trisaccharide 1 from the
hexaacetyl-2-azido-2-deoxy-a-lactosyl trichloroacetimidate 2
was showed in Scheme 1. Glycosidation of the a-imidate 2
with 8-methoxycarbonyloctanol gave b-lactoside 3 in 33 %
yield. The low yield is due to the difficulty of the separation
of the pure b-glycoside from the complex mixture including
a-glycoside formed in the glycosylation. Deacetylation of 3
with methanolic sodium methoxide followed by treatment in
refluxing acetone in the presence of FeCl3


[26] gave the 3’,4’-
O-isopropylidene derivative 4 in 40 % yield along with the


4’,6’-O-isopropylidene isomer as a byproduct in 18 % yield.
The primary hydroxyl groups of 4 were selectively benzoy-
lated[27] with BzCN in DMF at �40 8C to give the diol 5 in
71 % yield. The glycosylation of the diol 5 with the 5-thiofu-
cosyl trichloroacetimidate 6 in the presence of BF3·OEt2 in
CH2Cl2 at �20 8C proceeded a-selectively and regioselec-
tively to 2’-OH group, yielding the H-type II precursor 7.
The acceptor 5 could not be separated from 7 at this point.
Hydrolysis of isopropylidene group with 50 % TFA in
CH2Cl2 after acetylation of the mixture of 5 and 7, and sub-
sequent deacylation and acetylation gave the pure octaace-
tate 9. The structure of 9 was confirmed at this stage by
comparing its 1H NMR spectrum with the spectrum of our
previously[8] synthesized sample. Then azido group was con-
verted into acetamido group in 95 % yield by treatment with
hydrogen sulfide in aqueous pyridine and subsequent acety-
lation. Finally, O-deacetylation with methanolic sodium
methoxide gave the 5-thio-l-fucose-containing H-type II tri-
saccharide 1 in 62 % yield after purification by solid-phase
extraction with reverse-phase C18 cartridge.


Conformational analysis of 5-thio-l-fucose-containing H-
type II : The chemical shift of every proton of the 5-thio-l-
fucose-containing H-type II 1 was determined by
HOHAHA and HSQC experiments and are summarized in
Table 1, along with the native H-type II 11. Most of the res-
onances of N-acetylglucosamine and galactose of 1 are in
good accordance with those of its oxygen counterpart; only
the resonance of 5-thio-l-fucosylated site (H2 of Gal) has
been shifted about 0.25–0.3 ppm to low field. The conforma-
tional analysis of the 5-thio-l-fucose-containing H-type II 1
and the H-type II 11 was carried out with NMR experi-
ments. The NOESY experiments were carried out with sev-
eral mixing times, and NOESY spectra and observed NOE
values are depicted in Figure 2. NOEs between H1 of galac-
tose and H4 and H6a,b of N-acetylglucosamine, and H2 of
galactose and H1 of fucose were observed in the both com-
pounds. However, we could not determine which proton of
galactose had an NOE with H1 of 5-thiofucose since H2, 3
and 4 of galactose overlapped. A significant difference was
the NOEs between H5 of fucose and H5, 6a of N-acetylglu-
cosamine, which were observed in 11 but were not observed
in 1. ROESY experiments were also carried out for both
compounds and they gave similar results.


Molecular modeling studies of the methyl glycoside of the
5-thio-l-fucose-containing H-type II (5’’S H-type II, 12) and
the native H-type II 13 (Figure 3) were carried out. Monte
Carlo conformational search was performed on MacroMo-
del ver.5.5 software[28] by using AMBER* force field and
GB/SA water model and NOESY data were included as
constraints. After 15 000 Monte Carlo steps, the global mini-
mum structure found for 5’’S H-type II 12 had the intergly-
cosidic torsion angles of F’=49.88, Y’=20.28 (F’=H1’’-
C1’’-O2’-C2’, Y’=C1’’-O2’-C2’-H2’) in the 5SFuca1!2Gal
and F = 50.38, Y = �5.68 (F = H1’-C1’-O4-C4, Y = C1’-
O4-C4-H4) in the Galb1!4GlcNAc linkage. The global
minimum structure of native H-type II (13) had the torsion


Scheme 1. a) HO(CH2)8CO2Me, BF3·OEt2, (CH2Cl)2/hexane, �40 8C
(33 %); b) 1. NaOMe, MeOH, 2. acetone, FeCl3 (40 %); c) BzCN, Et3N,
DMF, �40 8C (71 %); d) BF3·OEt2, MS 4 �, CH2Cl2, �20 8C; e) Ac2O,
pyridine; f) 1. 50%TFA, CH2Cl2, 2. NaOMe, MeOH, 3. Ac2O, pyridine
(24 % from 5); g) 1. H2S, pyridine, H2O, 2. Ac2O, pyridine (95 %);
h) NaOMe, MeOH (62 %).
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angles of F’ = 45.98, Y’ = 20.48 and F = 52.28, Y =


�2.38, which was in good accordance with those values re-
ported previously. The conformation of the global minimum
of 5’’S H-type II (12) is very similar to that of the native tri-
saccharide 13. Further extensive computational studies are
required to explain the difference of the observed NOE be-
tween 1 and 11. CPK models of the global minimum of 12
and 13 are illustrated in Figure 4. It is noteworthy that the
sulfur atom sits in the upper surface of the trisaccharide,
which consists of the b face of the galactose and the fucose
and the a face of the N-acetylglucosamine. The existence of
the sulfur atom at the surface of the molecule may affect its
binding affinity to lectins and antibodies.


Biological activities of 5-thio-l-fucose-containing oligosac-
charides : For the preliminary screening of the affinity of the
5-thio-l-fucose-containing saccharides with variety of
fucose-binding proteins, inhibition studies of hemagglutina-
tion reactions were performed. 5-Thio-l-fucose-containing
H-type II 1, allyl O-(5-thio-a-l-fucopyranosyl)-(1!2)-b-d-
galactopyranoside (14)[5] and 5-thio-l-fucose[29,30] were ex-


amined as inhibitors along with their oxygen counterparts
(Figure 5). Three fucose-binding lectins, that is aleuria aur-
antia (AAL) isolated from a mushroom,[31] Angiulla anguilla
agglutinin (AAA) isolated from an eel,[32] and Ulex euro-
paeus agglutinin I (UEA-I) isolated from a fern, and two
anti-H monoclonal antibodies (MoAb) against H-type II tri-
saccharide and disaccharide (Fuca1!2Gal), were used as
agglutinins. Minimal concentrations required for an inhibi-
tion of hemagglutination reactions are summarized in
Table 2. No inhibition activities of 5-thio-l-fucose deriva-
tives were observed against AAL. Only weak inhibition ac-
tivities were observed against AAA by 5-thio-l-fucose and
the disaccharide 14 but not by the trisaccharide 1. The disac-
charide 14 and trisaccharide 1 showed good inhibition activi-
ties against UEA-I. The trisaccharide 1 showed very strong
inhibition activity against both monoclonal antibodies com-
pared to its oxygen counterpart. The disaccharide 14
showed weak activity against anti-H disaccharide MoAb but
no activity against anti-H trisaccharide MoAb. No inhibition
activities of 5-thio-l-fucose-containing saccharides against
AAL and AAA are presumably because of the involvement


Figure 2. Selected region of NOESY spectrum and observed NOEs of 5’’S-H-type II 1, and native H-type II 11.
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of the ring oxygen in recognition by the hydrogen-bonding
network. It is known that key hydroxyl groups for binding
to UEA-I are the 2,3,4-OH groups of fucose and involve-
ment of 3-OH of galactosyl is also suggested.[24] The fact
that UEA-I recognized the 5-thio-l-fucose-containing di-
and trisaccharide 14 and 1, respectively, suggested that these
oligosaccharides possess those key hydroxyl groups in
proper position, which is consistent with the result of confor-
mational analysis. The inhibition activity of the trisaccharide


1 against antibodies also supports this assumption. Strong in-
hibition activity of the trisaccharide 1 against antibodies
compared with its oxygen counterpart might be the result of
additional hydrophobic interaction of the ring sulfur atom at
the surface of the molecule.


In conclusion, the 5-thio-l-fucose-containing H-type II tri-
saccharide 1 was synthesized from 2-azido-2-deoxy-lactose
that can be derived from lactose by azidonitration of lactal.
The 5-thio-l-fucosylation of the diol 5 proceeded a-selec-
tively and regioselectively to 2’-OH. The resulting fully func-
tionalized trisaccharide was converted to 1 in good yield.
Conformational analysis of the 5-thio-l-fucose-containing
H-type II and the native H-type II was carried out through
NOESY experiments with the aid of molecular modeling
conformation search. The observed NOEs between N-ace-
tylglucosamine and galactose, and galactose and fucose were
same in those two trisaccharides. However, NOEs between
fucose and N-acetylglucosamine were significantly different.
Comparing the inhibition activity of oligosaccharide–protein
binding by the 5-thio-l-fucose-containing oligosaccharides
with their oxygen counterparts suggested that simply replac-
ing one ring oxygen in oligosaccharide to sulfur resulted in
making a compound with the different inhibition activity
spectrum. Taking into consideration that each protein has
the different way of recognition, it is very difficult to predict
the effect of using 5-thiosugar in oligosaccharide to its bio-
logical activity, as has already been pointed out by Yuasa
et al.[33] Still, stability of 5-thiosugar-containing oligosacchar-
ide to degradation enzymes and the cross-reactivity against
antibodies suggest its potential usefulness in carbohydrate-
based therapeutics and vaccines.


Experimental Section


General : Melting points are uncorrected. Optical rotations were mea-
sured with a JASCO DIP-4 polarimeter using 0.5 dm cell. NMR spectra
were recorded on JEOL EX-270 or Varian Unity-400 or Bruker AM-500
instruments. 1H NMR spectra recorded in CDCl3 or in D2O were refer-
enced to tetramethylsilane at d =0 ppm or to acetone at d=2.225 ppm,
respectively. 13C NMR spectra recorded in CDCl3 or in D2O were refer-
enced to the central peak of CDCl3 at d =77.0 ppm or to 1,4-dioxane at
d=67.4 ppm, respectively. Column chromatography was performed with
Kieselgel 60 (E. Merck) or Wakogel C-300 (Wako Pure Chem.). TLC
was carried out on plates precoated with silica gel 60 F254 (E. Merck),
with detection by UV light (254 nm) and/or by charring with 5 % H2SO4


in MeOH or 1 % Ce(SO4)2 and 1.5% (NH4)6Mo7O24·4H2O in 10%
H2SO4. SepPak C18 cartridge was purchased from Waters Inc. Dichloro-
methane was distilled twice from P2O5 and stored over MS4 A. Crushed
molecular sieves were activated by heating at 250 8C overnight and
cooled in vacuo prior to use.


8-Methoxycarbonyloctyl O-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-
(1!4)-3,6-di-O-acetyl-2-azido-deoxy-b-d-glucopyranoside (3): A suspen-
sion of O-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-(1!4)-3,6-di-O-
acetyl-2-azido-2-deoxy-a-d-glucopyranosyl trichloroacetimidate (2,
1.484 g, 1.94 mmol), HO(CH2)8CO2Me (0.549 g, 2.92 mmol) and crushed
activated MS 4 � (0.94 g) in (CH2Cl)2/hexane (1:1 v/v, 16.6 mL) was stir-
red for 1 h under Ar atmosphere. The suspension was cooled to �40 8C,
and to the suspension was added dropwise a solution of BF3·OEt2


(0.13 mL, 1.06 mmol) in (CH2Cl)2/hexane (1:1 v/v, 7.0 mL). After being
stirred for 30 min at �40 8C, the reaction mixture was warmed to room


Table 1. 1H NMR chemical shifts of 5’’S-H-type II 1 and native H-type II
11.


1 11


GlcNAc
H1 4.55 4.54
H2 3.78 3.77
H3 3.71 3.70
H4 3.79 3.81
H5 3.54 3.50
H6a 4.06 4.02
H6b 3.87 3.84
NAc 2.09
Gal
H1 4.57 4.58
H2 3.96 3.71
H3 3.95 3.92
H4 3.95 3.94
H5 3.75 3.74
H6a 3.85 3.83
H6b 3.80 3.77
Fuc
H1 5.21 5.33
H2 4.05 3.86
H3 3.83 3.84
H4 4.10 3.85
H5 3.45 4.27
H6 1.27 1.29


Figure 3. Structures of 12 and 13 used in Monte Carlo conformational
search.


Figure 4. CPK model of the global minimum of (I) 12 and (II) 13.
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temperature and filtered through a pad of Celite. The filtrate was washed
with saturated aqueous NaHCO3, and the organic layer was dried over
MgSO4 and concentrated. The residue was purified on a column of silica
gel (hexane/EtOAc 1:1) to give 3 (0.499 g, 33%) as a syrup. [a]25


D = �6.4
(c= 1.1 in CHCl3); 1H NMR (CDCl3): d=5.35 (dd, 3J(H,H) =0.7, 3.3 Hz,
1H; H4’), 5.09 (dd, 3J(H,H) =7.6, 10.6 Hz, 1 H; H2’), 4.97 (t, 3J(H,H) =


9.6 Hz, 1 H; H3), 4.94 (dd, 3J(H,H) =3.3, 10.6 Hz, 1 H; H3’), 4.46 (dd, 3J-
(H,H) =2.0, 11.9 Hz, 1 H; H6a), 4.45 (d, 3J(H,H) =7.6 Hz, 1 H; H1’), 4.34
(d, 3J(H,H) =8.1 Hz, 1 H; H1), 4.17 (dd, 3J(H,H) =6.6, 11.2 Hz, 1 H;
H6’a), 4.14–4.04 (m, 2H; H6b,6’b), 3.93–3.85 (m, 1H; CH2O), 3.87 (t, 3J-
(H,H) =6.6 Hz, 1H; H5’), 3.70 (t, 3J(H,H) =9.6 Hz, 1H; H4), 3.66 (s, 3 H;
OMe), 3.58–3.50 (m, 2 H; H5, CH2O), 3.38 (dd, 3J(H,H) =7.6, 10.2 Hz,
1H; H2), 2.30 (t, 3J(H,H) =7.4 Hz, 2H; CH2CO), 2.16, 2.12, 2.12, 2.07,
2.03, 1.97 ppm (each s, 6 � 3H; 6 � Ac); elemental analysis calcd (%) for
C34H51N3O18: C 51.71, H 6.51, N 5.32; found: C 51.70, H 6.52, N 4.95.


8-Methoxycarbonyloctyl O-(6-O-benzoyl-3,4-O-isopropylidene-b-d-galac-
topyranosyl)-(1!4)-2-azido-6-O-benzoyl-2-deoxy-b-d-glucopyranoside
(5): A 0.5 m methanolic NaOMe solution (0.27 mL) was added to a so-
lution of 3 (0.499 mg, 0.632 mmol) in MeOH (6.2 mL). After being stir-
red overnight at room temperature, the solution was neutralized with
Dowex 50W-X8 (H+). The resin was filtered off and the filtrate was con-
centrated. FeCl3 (30 mg, 0.11 mmol) was added to a solution of the resi-
due in acetone (132 mL). After being stirred under reflux for 30 min, the
solution was cooled and neutralized with 10 % aqueous K2CO3 (26 mL),
and acetone was evaporated. The aqueous layer was extracted with
EtOAc (132 mL), and the organic layer was dried over MgSO4 and con-
centrated. The residue was purified on a column of silica gel (CHCl3/
MeOH 15:1) to give 4 (146 mg, 40%) and its 4’,6’-O-isopropylidene
isomer (66.5 mg, 18 %) each as a syrup. A solution of BzCN (0.15 mL,
0.13 mmol) and Et3N (0.21 mL) in DMF (1.0 mL) was added under Ar
atmosphere at �40 8C to a solution of 4 (0.283 g, 0.490 mmol) in DMF
(3.9 mL). After being stirred for 1 h at �40 8C, excess of the reagent was
decomposed by adding MeOH and the solution was concentrated. The
residue was dissolved in EtOAc, and washed with brine. The organic
layer was dried over MgSO4 and concentrated. The residue was purified
on a column of silica gel (hexane/EtOAc 6:5) to give a syrup. Recrystalli-


zation from EtOAc/Et2O gave 5
(0.181 g). The mother liquor was con-
centrated and another silica gel chro-
matography (hexane/EtOAc 6:5) gave
further 5 (93.5 mg, 71%). M.p. 125–
126 8C; [a]20


D = ++43.8 (c=0.97 in
CHCl3); 1H NMR (CDCl3): d=8.17–
7.42 (m, 10H; 2� Ph), 4.89–4.84 (m,
2H; H6a,6’a), 4.65 (br s, 1 H; OH3),
4.46–4.37 (m, 2H; H6b,6’b), 4.30 (d, 3J-
(H,H) =8.3 Hz, 1H; H1’), 4.26 (d, 3J-
(H,H) =8.3 Hz, 1 H; H1), 4.23–4.19
(m, 2H; H4’,5’), 4.13 (dd, 3J(H,H) =


5.6, 6.9 Hz, 1H; H3’), 3.93–3.85 (m,
1H; OCH2), 3.72–3.66 (m, 1 H; H2’),
3.66 (s, 3H; OMe), 3.65–3.57 (m, 2H;
H3,5), 3.57–3.49 (m, 1 H; OCH2), 3.39
(dd, 3J(H,H) =8.3, 9.7 Hz, 1 H; H4),
3.28 (dd, 3J(H,H) = 8.3, 9.7 Hz, 1 H;
H2), 2.29 (t, 3J(H,H) =7.4 Hz, 2 H;
COCH2), 1.63–1.25 (m, 12H; (CH2)6),
1.56, 1.37 ppm (each s, 2� 3 H; CMe2);
elemental analysis calcd (%) for
C39H51N3O14: C 59.61, H 6.54, N 5.35;
found: C 59.59, H 6.51, N 5.29.


5-Thio-l-fucose-containing H-type II
1: A mixture of 2,3,4-tri-O-acetyl-5-
thio-l-fucopyranosyl trichloroacetimi-
date 6 (77.1 mg, 0.171 mmol), 5
(133 mg, 0.169 mmol) and crushed acti-
vated MS 4 � (0.53 g) in CH2Cl2


(3.6 mL) was stirred under Ar atmos-
phere for 1 h at room temperature and


cooled to �20 8C. A solution of BF3·OEt2 (7.2 mL, 56 mmol) in CH2Cl2


(1.4 mL) was added dropwise to the cooled mixture, which was stirred
for 30 min. The reaction mixture was neutralized with Et3N and filtered
through a Celite pad. The filtrate was washed with saturated aqueous
NaHCO3, dried over MgSO4 and concentrated. The residue was purified
on a column of silica gel (hexane/EtOAc 12:5) to give a mixture of trisac-
charide 7 and 5 (184 mg) as a syrup. 1H NMR (CDCl3): d =5.29 (s, 3J-
(H,H) =2.6 Hz, 1H; H1’’), 1.15 ppm (d, 3J(H,H) =6.9 Hz, 1H; H6’’). The
mixture was treated with Ac2O and pyridine to give 8. To the solution
was added MeOH and concentrated. The residue was treated with 50 %
TFA (0.5 mL) in CH2Cl2 (15 mL). The solution was concentrated, and
the residue was treated with methanolic sodium methoxide. The solution
was neutralized with Dowex 50W-X8 (H+), and the resin was filtered off.
The filtrate was concentrated, and the residue was purified by silica gel
chromatography (CHCl3/MeOH 4:1) to give a syrup. The syrup was ace-
tylated with Ac2O and pyridine to give octaacetate 9 (42 mg, 24 %) as a
syrup. [a]19


D = �108 (c =1.0 in CHCl3); 1H NMR (CDCl3): d=5.48 (br s,
1H; H4’’), 5.30 (br d, 3J(H,H) =3.3 Hz, 1 H; H4’), 5.23 (dd, 3J(H,H) =2.3,
10.6 Hz, 1H; H2’’), 5.16 (br d, 3J(H,H) = 10.6 Hz, 1H; H3’’), 5.07 (d, 3J-
(H,H) =2.3 Hz, 1 H; H1’’), 5.02 (dd, 3J(H,H) =3.3, 10.2 Hz, 1H; H3’),
4.85 (t, 3J(H,H) =9.9 Hz, 1H; H3), 4.48 (br d, 3J(H,H) =12.2 Hz, 1 H;
H6a), 4.39 (d, 3J(H,H) =7.9 Hz, 1 H; H1’), 4.35 (d, 3J(H,H) =7.9 Hz, 1 H;
H1), 4.28 (dd, 3J(H,H) =5.6, 12.2 Hz, 1H; H6b), 4.18 (dd, 3J(H,H) =6.6,
10.9 Hz, 1 H; H6’a), 4.12–4.04 (m, 2 H; H2’,6’b), 3.92 (m, 1H; OCH2),
3.84 (t, 3J(H,H) =6.6 Hz, 1 H; H5’), 3.79 (t, 3J(H,H) =9.2 Hz, 1 H; H4),
3.66 (s, 3 H; OMe), 3.60–3.54 (m, 2 H; H5’’,OCH2), 3.43 (m, 1 H; H5),
3.23 (dd, 3J(H,H) = 7.9, 9.9 Hz, 1 H; H2), 2.30 (t, 3J(H,H) = 7.3 Hz, 2H;
COCH2), 2.17, 2.14, 2.07, 2.00, 1.97, 1.96 (each s, 3H, 9H, 5� 3 H; 8 � Ac),
1.64–1.26 (m, 12H; (CH2)6), 1.19 ppm (d, 3J(H,H) =6.9 Hz, 3 H; H6’’);
13C NMR (CDCl3): d=170.9, 170.7, 170.5, 170.3, 170.0, 170.0, 169.8,
169.7, 102.2, 100.1, 80.3, 73.7, 73.4, 73.0, 72.6, 71.8, 71.7, 71.3, 70.9, 70.7,
68.5, 67.3, 63.8, 62.3, 61.0, 51.5, 34.2, 34.2, 29.5, 29.1, 29.0, 25.8, 24.9, 20.9,
20.8, 20.7, 20.6, 15.5 ppm.


A solution of 9 (42 mg 41 mmol) in pyridine/water (1:1, 3.5 mL) was satu-
rated with H2S at room temperature. After being stirred overnight at
room temperature, the reaction mixture was concentrated, and the resi-


Figure 5. H-type II derivatives used in hemagglutination inhibition assay.


Table 2. Minimum concentration (mm) required for inhibition of hemagglutination reaction.[a]


1 11 14 15 5SFuc Fuc


AAL >10[a] 1.25 >10[a] n.d. >10[a] 2.5
AAA >10[a] 0.313 5.0 n.d. 5.0 1.25
UEA I 1.25 0.313 0.625 n.d. >10[b] >10[b]


anti-H di 0.625 5.0 5.0 2.5 >10[b] >10[b]


anti-H tri 0.154 1.25 >10[b] 5.0 >10[b] >10[b]


[a] See Figure 5 for structures of inhibitors; AAL: Aleuria aurantia lectin; AAA: Anguilla anguilla agglutinin;
UEA I: Ulex europaeus agglutinin I; anti-H di: anti H disaccharide monoclonal antibody; anti-H tri: anti H-
type II trisaccharide monoclonal antibody; n.d. not determined. [b] No inhibition at 10 mm.
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due was acetylated with Ac2O/pyridine, and purified on a column of
silica gel (hexane/EtOAc 1:2) to give acetamide 10 (40 mg, 95%) as a
syrup. 1H NMR (CDCl3): d=5.69 (d, 3J(H,H) =8.9 Hz, 1 H; NH), 5.50
(br s, 1H; H4’’), 5.30 (br d, 3J(H,H) =2.6 Hz, 1H; H4’), 5.22 (m, 2 H;
H2’’,3’’), 5.11 (t, 3J(H,H) =8.6 Hz, 1 H; H3), 5.09 (d, 3J(H,H) =2.3 Hz,
1H; H1’’), 5.04 (dd, 3J(H,H) =2.6, 10.2 Hz, 1H; H3’), 4.56–4.53 (m, 1 H;
H6a), 4.54 (d, 3J(H,H) = 7.3 Hz, 1 H; H1), 4.44 (d, 3J(H,H) =7.6 Hz, 1 H;
H1’), 4.29 (dd, 3J(H,H) =5.3, 11.5 Hz, 1 H; H6b), 4.19–4.03 (m, 3 H;
H2’,6’a,6’b), 3.99–3.81 (m, 4 H; H2, 4, 5’, OCH2), 3.67–3.61 (m, 5 H; H5,
5’, OMe), 3.47–3.43 (m, 1 H; OCH2), 2.30 (t, 3J(H,H) = 7.3 Hz, 2 H;
COCH2), 2.17, 2.13, 2.13, 2.09, 2.06, 2.00, 1.97, 1.96 (each s, 6 � 3H, 6 H,
3H; 9� Ac), 1.60–1.26 (m, 12 H; (CH2)6), 1.18 ppm (d, 3J(H,H) =6.9 Hz,
3H; H6’’).


To a solution of 10 (40 mg, 38 mmol) in MeOH (3.0 mL) was added a cat-
alytic amount of NaOMe. After being stirred overnight, the solution was
neutralized with Dowex 50W-X8 (H+), and the resin was filtered off. The
filtrate was concentrated, and the residue was dissolved in water and ab-
sorbed to the SepPak C18 cartridge. After wash with water, compound 1
(17.2 mg, 62 %) was eluted with MeOH. 1H NMR see Table 1; 13C NMR
(D2O): d=178.7, 175.2, 101.9, 101.5, 84.8, 77.6, 77.2, 76.1, 76.0, 74.8, 74.5,
73.2, 72.1, 71.5, 71.4, 70.0, 61.9, 61.1, 56.1, 52.9, 37.1, 34.5, 29.3, 29.1, 29.0,
25.8, 25.1, 23.1, 16.4 ppm; HR-MALDI-FTMS: m/z : calcd for
C30H53NO16SNa: 738.2983, found 738.2963 [M+Na]+ .


NMR methods for conformational analysis : The NMR experiments were
run on a Bruker DMX-500 instrument. The temperature was maintained
at 313 K. Two-dimensional 1H–13C HMQC, TOCSY, NOESY, and
ROESY spectra were measured by use of pulse programs in the Bruker
standard library (invbtp, mlevprtp, noesyprtp, and roesyprtp, respective-
ly). During acquisition, GARP decoupling was performed toward 13C
(HMQC). TOCSY spectrum was recorded by using MLEV-17 pulse se-
quence with a total spin locking time for 100 ms. The mixing times in
NOESY pulse sequence were varied from 100 to 1000 ms. Spin locking
time in ROESY were varied from 200 to 300 ms and the carrier frequen-
cy was placed at the left side of the spectrum at 6 ppm in order to mini-
mize HOHAHA type magnetization transfer.


Molecular modeling : All calculations were performed on a Silicon
Graphics O2 workstation using MacroModel ver.5.5 software. Initial
structures of 12 and 13 were built within MacroModel. The Monte Carlo
(MC) approach was used for the global conformation search, and the tor-
sion angles of interglycosidic linkages were randomly modified at each
MC step. MC steps (15 000) were carried out for both compounds and re-
sultant geometry was minimized using gradient conjugate steps with the
AMBER* force field and the GB/SA water model with NOE data as
constraints.


Inhibition studies of hemagglutination reaction : Lectins (AAA, AAL,
UEA-I) and antibodies (anti-H type II antibody, anti-H disaccharide an-
tibody) were diluted to titer 4 with phosphate-buffered saline (PBS). In-
hibitors (1, 14, 15, 16, 5SFuc, Fuc) were diluted serially with PBS starting
from final concentration of 10 mm. Agglutinins were incubated with in-
hibitors, and then human type O erythrocyte in PBS was added to see
the residual hemagglutination activity. The minimum concentration of in-
hibitors that inhibited the hemagglutination reaction completely was de-
termined.
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Introduction


Prebiotic scenarios that might have operated for the forma-
tion of primordial homochiral biopolymers generated from
racemic mixtures of the corresponding activated monomers


(or nonracemic mixtures of low enantiomeric imbalance)
provide an interesting riddle in the field of the origin of
life.[1–9] Two central questions have to be addressed: firstly,
how to design feasible prebiotic synthetic routes for the gen-
eration of racemic mixtures of polymers composed of re-
peating units of the same handedness (isotactic polymers of
homochiral sequence) and secondly, how to generate enan-
tiopure isotactic chains when starting out from nonracemic
mixtures of the corresponding monomers. Polymerization of
racemates in solution in most instances yields (with some
exceptions[10,11]) complex mixtures of atactic polymers. One
way to obtain isotactic polymers comprising homochiral se-
quences when starting from racemates is to perform the re-
action in a crystalline environment. Such reactions in three-
dimensional crystals, however, are rarely lattice-controlled
beyond the formation of dimers and trimers.[12, 13] Apart


Abstract: The formation of diastereoi-
someric libraries of oligopeptides
through the heterogeneous polymeri-
zation of racemic crystals of phenylala-
nine N-carboxyanhydride (PheNCA) is
reported. The diastereoisomeric com-
positions of the oligopeptides formed
on polymerization of (R,S) crystals in-
corporating the deuterium-tagged S
enantiomer were determined by
MALDI-TOF mass spectrometry. The
racemic mixtures of the oligopeptides
longer than pentamers are represented
primarily by diastereoisomers of homo-
chiral sequence and with peptides con-
taining only one heterochiral repeating
unit. A mechanism comprising the fol-
lowing three sequential steps to ac-
count for this unusual observation is
proposed: 1) formation of dimers and


trimers at a partially damaged liquid/
solid interface, 2) chain propagation
that takes place within the bulk of the
crystal through a lattice-controlled
“zipper-like” mechanism between ho-
mochiral molecules arranged in a head-
to-tail motif to yield crystalline antipar-
allel b-sheets of alternating oligopep-
tide chains of homochiral sequence of
opposite handedness, and 3) enantio-
meric cross-inhibition that results in
chain termination. Induced desymmet-
rization of the racemic mixtures of the
formed peptides was achieved by the


polymerization of the mixed quasi-rac-
emic crystals of (R)-PheNCA, ((S)-
PheNCA), and (S)-ThieNCA (3-(2-
thienyl)-alanine N-carboxyanhydride)
of various compositions. These experi-
ments resulted in the formation of non-
racemic libraries of oligopeptides com-
posed of homochiral chains of (R)-Phe
and copolymers of randomly distribut-
ed (S)-Phe and (S)-Thie sequences.
From these findings, we propose a sto-
chastic model for the generation of li-
braries of nonracemic mixtures of oli-
gopeptides from the polymerization of
host (R,S)-PheNCA with racemic mix-
tures of other guest NCA amino acids
dissolved in limited quantities in the
crystal.
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from the 2 p–2 p photopolycycloaddition reactions of diethy-
lenes,[14,15] di- and triacetylenes,[16] butadienes,[17–19] and some
organometallic monomers[20,21] that have been demonstrated
to undergo topochemical reactions, polymerization of most
other monomers yields only atactic polymers. Therefore, the
generation of homochiral polypeptides through heterogene-
ous polymerization reactions in three-dimensional crystals
as a possible reaction pathway was not regarded as a viable
scenario. Recently, though, we reported a possible route for
the generation of peptides of homochiral sequence from
racemates. It comprised two steps: self-assembly of the mon-
omers into two-dimensional crystallites at the air/solution in-
terface, followed by a lattice-controlled reaction.[22–24]


During these studies we noticed that the polymerization of
two-dimensional crystallites of g-stearylglutamic acid N-car-
boxyanhydride took place through an efficient lattice-con-
trolled reaction by a “zipper-like” mechanism between
neighboring molecules arranged in a “head-to-tail” pattern
along a polar direction.[22] After this result, we anticipated
that such a polymerization might also occur through a lat-
tice-controlled process to yield isotactic polypeptides in sim-
ilar or related three-dimensional crystalline motifs. Kanaza-
wa et al.[25–27] have reported extensive crystallographic and
kinetic studies on the solid-state polymerization of N-car-
boxyanhydrides of amino acids. The sequences of the oligo-
peptides generated in the racemic crystals, however, were
not available. More recently, we reported preliminary results


on a stereospecific polymerization of racemic PheNCA in
the crystalline state, yielding oligopeptides and with a high
fraction of them being racemic mixtures of homochiral se-
quence.[28]


Here we propose the operation of a cooperative multi-
step mechanism that might account for the formation of
these isotactic oligopeptides. We also report the synthesis of
libraries of nonracemic homochiral oligopeptides generated
by an efficient induced desymmetrization process.


Results and Discussion


Polymerization of racemic crystals of PheNCA : The crystal-
line motif of racemic PheNCA[26] (a = 9.606, b = 6.378, c
= 30.077 �, space group Pna21 Z = 4) viewed along the a
axis is shown in Figure 1 a. The crystal contains two inde-
pendent, almost identical, molecules per unit cell. The mole-
cules form two-dimensional hydrogen-bonded networks of
four rows that form a bilayer motif arranged perpendicular
to the c axis. Within each row, the molecules are related by
translation in a head-to-tail motif interlinked by C=O···H�N
hydrogen bonds. The two rows composed of homochiral
molecules within the bilayer are not symmetry related and
assume a polar motif along the b axis. The sense of polarity
of the R molecules is opposite to that of the S molecules in
each bilayer (Figure 1 b). The bilayers are separated from
one another by hydrophobic interactions of the phenyl rings
and are related by a twofold screw axis along the c axis.


In a heterogeneous polymerization initiated by n-butyl-
amine,[25] we may anticipate that at the initiation step the
amine will react with a carbonyl group connected to the
chiral carbon atom of either an R or an S monomer mole-
cule at the solid/liquid interface. Consequently, the reaction
within the interior of the crystal should proceed through a
“zipper-like” head-to-tail mechanism, preferentially between


Figure 1. a) Packing arrangement of (R,S)-PheNCA viewed along the a
axis, showing four rows of molecules. b) Pathways of the polymerization
reaction by a “zipper-like” mechanism for a bilayer of S molecules (top),
and R molecules (bottom) yielding the corresponding oligo-S and oligo-R
peptides with homochiral sequences, as modeled on the basis of the mon-
omer crystal lattice. The arrows signify the direction of polymerization
within each bilayer.
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the closest homochiral neighboring molecules, since the
spacing between their closely situated reacting atoms (H�N
to C=O) is shorter (3.90 �) than the corresponding distance
(4.60 �) for two adjacent heterochiral molecules (Fig-
ure 1 a). Polymerization within these layers should yield rac-
emic mixtures of oligopeptides of homochiral sequence, in
which adjacent poly-R chains in each bilayer point in the op-
posite direction to those of the S chains (Figure 1 b).


Complex mixtures of diastereoisomeric oligopeptides of
various lengths, containing up to 27 repeating units, were
obtained by n-butylamine-initiated polymerization of race-
mic PheNCA crystals suspended in hexane, and were ana-
lyzed by MALDI-TOF mass spectrometry. To probe the dia-
stereoisomeric distribution of the oligopeptides, the poly-
merization reactions were performed with crystals composed
of (R)-PheNCA and (S)-PheNCA in which the five hydro-
gen atoms of the phenyl ring of the latter enantiomer were
replaced with deuterium.[10,29,30] The MALDI-TOF mass
spectrum of an overall sample was taken immediately after
the reaction had been completed and the oligopeptides con-
verted into the corresponding soluble N-trifluoroacetamides.
Oligopeptides bearing up to ten to twelve repeating units
could be detected in the mass spectrum with the labeled
samples. The m/z range for penta- to decapeptides is shown
in Figure 2, with expanded spectra of the octamer and non-
amer ranges given in the two insets, and with the number of
R and S repeating units in each oligopeptide labeled.


Since the peaks of the matrix coincided with some of the
peaks of the dimers, trimers, and tetramers, their spectra
could be better assigned after their extraction with THF.
This fraction comprised about 43 % of the entire reacted
sample and contained primarily all the dimers, trimers, and
tetramers, together with small quantities of long atactic
oligomers (Figure 3). The long homochiral oligopeptides are
not soluble in THF.


In our analysis of the relative compositions of the differ-
ent diastereoisomers we assumed that the relative quantities
of oligopeptides of a given length should be proportional to
the intensities of the m/z signals. This assumption is reasona-
ble for oligopeptides of the same length because of the
same ionization yields (similar chemical properties) and de-
tection efficiencies. The compositions of the dimeric diaster-
eoisomers—1:1:1 RR/(RS+SR)/SS (Figure 3 bottom
insert)—as well as of the trimers—1:1.6:1.6:1 (Figure 3
middle insert)—and tetramers—1:1.9:2.0:1.9:1 (Figure 3 top
insert)—are similar to the corresponding distributions ob-
tained from the polymerization experiments performed with
the melted monomer (see Supporting Information). This
similarity implies that the crystalline lattice exerts a very
weak control, if any, over the formation of the short oligo-
peptides at the liquid/solid interface. However, the depar-
ture of the distribution of short oligopeptides from a bino-
mial distribution implies the operation of some degree of di-
astereoisomeric induction in the chain-propagation step of


the reaction. In contrast, the
distribution of the oligopeptides
longer than pentapeptides gen-
erated in the polymerization of
the crystalline monomer
(Figure 2) is very different from
that observed in the polymeri-
zation of the melted monomer
(Figure 4). This difference indi-
cates the operation of strict
control exerted by the crystal-
line lattice on the formation of
the long oligopeptides.


The distribution of the longer
oligopeptides was obtained di-
rectly from analysis of the
whole polymerized sample (see
Figure 2). The abundance of
these peptides decreases with
increasing chain length. The
peaks at the left wings of each
composition in the spectra rep-
resent the untagged isotactic
oligopeptides of R absolute
configuration (n,0) (labeled R8


and R9 for octamers and non-
amers in the insets of Figure 2)
and the peaks at the right wings
the deuterated oligopeptides of
S absolute configurations (0,n)


Figure 2. Positive-ion MALDI-TOF mass spectrum of the oligopeptides (Na cationized) obtained in the poly-
merization of (R,S)-PheNCA at 22 8C, showing the m/z range from penta- to decapeptides. The phenyl ring in
the S enantiomer was deuterated [D5]. The two insets show expanded spectra of the octamer and the nonamer
m/z ranges.
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(S8 and S9), where n is the total number of repeating units in
each oligopeptide chain. The peaks between the wings rep-
resent heterochiral oligopeptides labeled (Rh,Sd) where h is
the number of R repeating units and d the number of S deu-


terated ones. Inspection of
Figure 2 shows that the peaks
of the wings and those of
(n�1,1) and (1,n�1)—R8, S8,
R7S1, and R1S7, for example—
are the most intense for oligo-
peptides for all lengths. The
high degrees of stereospecificity
observed in these reactions, as
opposed to their random distri-
bution, would entail the opera-
tion of an uncommon lattice-
controlled mechanism. The rel-
ative abundances of the homo-
chiral oligopeptides as normal-
ized to the corresponding
values of a binomial distribu-
tion are shown in Figure 5.


To explain this distribution of
the products, we allude again to
the packing arrangement of the
monomer crystal. We propose
that once the dimers Bu-R-R,
Bu-S-S, and (Bu-R-S and Bu-S-
R) are formed at the liquid/
solid interfaces, they subse-
quently propagate towards the
interior of the crystal by a
“zipper-like” head-to-tail mech-


anism. The Bu-R-R and Bu-S-S species yield the homochiral
oligopeptides Bu-(R)n and Bu-(S)n, respectively (Figure 1b).
On the other hand, the heterochiral dimers also undergo a
similar “zipper-like” polymerization in which the second re-
peating unit in Bu-S-R, formed by the reaction of molecule
S1 (green) with molecule R2 (pink) (Figure 6 a), dictates
both the direction of the chain propagation and the absolute
configuration of the new monomers to be added to the
growing chains. Such a reaction pathway might also account
for the formation of oligopeptides Bu-S-(R)n�1 and Bu-R-
(S)n�1 (Figure 2). The modeled conformation of the tetra-
peptide Bu-S-(R)3 is shown in Figure 6 b.


During the chain propagation process, one might expect
that the degree of isotacticity of polymerization should be
reduced as a result of partial destruction of the monomer
crystal at sites of reaction, owing to the release of CO2 and
decrease in density of the growing polymeric phase relative
to that of the monomer. The unusual increase in stereospeci-
ficity of the reaction with increasing chain length in this
system can be interpreted by the assumption that, once
formed, the chiral dimers exert strong diastereoisomeric
control over the addition of fresh monomer units to the
growing chains within the local environment of chain propa-
gation in the monomer crystal. Were a monomer of R abso-
lute configuration—R7 (yellow), for example—to add to a
growing chain composed of all S repeating units—S1-to-S6


(blue), say (Figure 6 a)—such an addition should force the
added R repeating unit to assume an energetically unfavora-


Figure 3. Positive-ion MALDI-TOF mass spectrum of the THF-soluble fraction of the oligopeptides (Na cat-
ionized) obtained from the polymerization of (R,S)-PheNCA at 22 8C, showing the m/z range from di- to octa-
peptides. The phenyl ring in the S enantiomer was deuterated [D5]. The three insets show expanded spectra of
the dimer (bottom), trimer (middle), and tetramer (top).


Figure 4. Positive ion MALDI-TOF mass spectrum of the oligopeptides
(Na cationized species) obtained from polymerization of melted (R,S)-
PheNCA suspended in heptane at 100 8C, showing the m/z ranges of:
a) penta-, b) hexa-, c) hepta-, and d) octapeptides. The arrows in (c) and
(d) indicate the absence of oligopeptides of homochiral sequence.
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ble conformation that would alter the structure of the grow-
ing end of the oligopeptide. Furthermore, were such a group
to be added, it would have to fold the rigid oligopeptide


chain and flip the direction of the propagating chain. The
modeled conformation of the R repeating unit at the grow-
ing end of the chain is shown in Figure 6 c. Consequently,
such addition would presumably result in a chain-termina-
tion step that would block additional growth of the polymer-
ic chains. The operation of this termination step should gen-
erate oligopeptides of sequence (n�1,1) and (1,n�1) from
the growing chains of the homochiral sequence and oligo-
peptides (n�2,2) and (2,n�2) from the growing chains of
Bu-R-(S)n�1 and Bu-S-(R)n�1. From this mechanism, we an-
ticipate that repeating units of opposite absolute configura-
tion should also be found at the N end of the peptide in the
longer oligopeptides of type Bu-(R)n�1-S and Bu-(S)n�1-R,
and that oligopeptides of type (n�2,2) and (2,n�2) formed
in the crystal should contain the sequences Bu-R-(S)n�2-R
and Bu-S-(R)n�2-S, respectively.[31]


From the packing arrangement of the monomer crystal
and the formation of racemic mixtures of oligopeptides of
homochiral sequence as the large fraction, one may predict
that the isotactic chains should be able to self-assemble in
the form of b-sheets composed of alternating oligo-R and
oligo-S chains aligned in antiparallel directions, induced by
the packing arrangement of the monomer crystal, as mod-
eled in Figure 7.


The FTIR spectra (reflection mode) of solid samples im-
mediately after reaction are shown in Figure 8, together
with those of the THF-soluble fractions and of the THF-in-
soluble fractions. The THF-soluble fraction shows a very
broad peak centered at 1650 cm�1, a value close to the
1655–1668 cm�1 region where the amide I (backbone C=O)
band of oligopeptides should occur in the cases either of a
random coil or of an a-helical conformation.[32] On the other
hand, the THF-insoluble fraction displays a very sharp peak
at 1632 cm�1, characteristic of the amide I stretching vibra-
tion of oligopeptides in the b-sheet conformation. Moreover,
the shoulder observed at �1685 cm�1, characteristic of anti-
parallel b-sheet structure, is in agreement with our proposed
reaction pathway.


X-ray powder diffraction analysis of the insoluble fraction
demonstrates the formation of highly crystalline oligopep-
tides. Among the various d spacings, we observed the 9.4 �,


Figure 5. Enhancement of the experimentally observed relative abundan-
ces of the homochiral [(n,0) + (0,n)] oligopeptides normalized to those
calculated for a theoretical random process for molecules of any length
n. Note that deca- and undecapeptides were detected only in some of the
polymerization experiments.


Figure 6. a) Packing arrangement of (R,S)-PheNCA viewed down the c
axis, showing: 1) The proposed mechanism of the initiation and chain
propagation of Bu-S-(R)n oligopeptides as follows. Molecule S1 (green)
reacts with molecule R2 (pink), which further dictates the direction of the
chain propagation with molecules R3, R4, etc. The conformation of such a
Bu-S-(R)3 tetrapeptide modeled on the basis of the monomer crystal is
shown in (b). 2) The proposed chain termination of an (S)6 hexapeptide
formed by the polymerization of molecules S1 to S6 (blue) with molecule
R7 (yellow) to yield oligopeptides of sequence Bu-(S)n�1-R. The unfavor-
able conformation after addition of R7 unit would cause a turn at the
propagating end of the heptapeptide that would further enforce a flip in
the direction of the chain propagation, thus implementing a chain termi-
nation. The modeled conformation of such a Bu-(S)6-R heptapeptide is
shown in (c). The arrows indicate the direction of chain propagation.


Figure 7. Proposed formation of crystalline antiparallel b-sheets of oligo-
R and oligo-S peptides, as modeled on the basis of the crystal lattice of
the (R,S)-PheNCA monomer, as viewed along the c axis. Two unreacted
molecules of the monomer, in its crystal lattice, are shown on the left.
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�6.9 �, and very strong 4.7 � spacings that have been re-
ported in crystalline b-sheet structures.[33] The 4.7 � spacing
corresponds to the inter-strand hydrogen bonding, whereas
the 9.4 � (= 2 � 4.7 �) is, in principle, characteristic of an
antiparallel arrangement.[34] SEM analysis of the insoluble
fraction shows that the oligopeptides organize themselves
primarily in the form of long rods (Figure 9).


Nonracemic libraries of oligopeptides by induced desymmet-
rization : The above results suggest that racemic crystals of
PheNCA might be most appropriate systems for the genera-
tion of nonracemic libraries of isotactic oligopeptides by an
induced “mirror symmetry breaking” process. There are sev-
eral ways to induce departures from the racemic mixtures of
the homochiral oligopeptides. Here we demonstrate a sce-
nario comprising the enantioselective insertion of guest ho-
mochiral N-carboxyanhydrides of amino acids within the
chiral sites of racemic crystals of PheNCA. Were an enantio-
pure guest monomer of S absolute configuration, for exam-
ple, to be occluded in the crystal by occupying sites of (S)-
PheNCA molecules, the lattice-controlled polymerization in
such a mixed crystal should yield nonracemic libraries of oli-
gopeptides composed of monocomponent isotactic peptides
of (R)-Phe repeating units and bi- or multicomponent iso-
tactic copolymers, as illustrated below.


To make the diastereoisomeric mixtures of oligopeptides
amenable to MALDI-TOF mass spectrometric analysis,
crystals composed of (R)-PheNCA/(S)-Phe([D5])NCA con-
taining varying amounts of (S)-ThieNCA were grown after
treatment of the corresponding amino acids with bis-(tri-
chloromethyl)carbonate. Mixed crystals of three composi-
tions were prepared and polymerized under the same condi-
tions as reported above for the corresponding (R,S)-
PheNCA crystals. The following compositions were investi-
gated: 1:1 (R)-Phe/(S)-Thie, 1:0.5:0.5 (R)-Phe/(S)-[D5]Phe/
(S)-Thie, 1:0.9:0.1 (R)-Phe/(S)-[D5]Phe/(S)-Thie, and
1:0.95:0.05 (R)-Phe/(S)-[D5]Phe/(S)-Thie. After polymeri-
zation, a whole reacted sample was transformed into its cor-
responding N-trifluoroacetamides and analyzed by MALDI-
TOF mass spectrometry, as shown in Figure 10, Figure 11,
and Figure 12. The mass spectra obtained from the polymer-
ized quasi-racemic monomer (Figure 10) again indicate the
preferential formation of homochiral oligopeptides of Bu-
((R)-Phe)n (n,0) and Bu-((S)-Thie)n (0,n), together with the


Figure 8. FTIR analysis (in reflection mode) of: a) whole solid sample im-
mediately after polymerization, b) THF-insoluble fraction, and c) THF-
soluble fraction.


Figure 9. Scanning electron microscopy images of the THF-insoluble frac-
tion at magnifications: a) scale bar 50 mm and b) scale bar 10 mm.


Figure 10. Positive-ion MALDI-TOF mass spectrum of the oligopeptides
(Na cationized) obtained from the polymerization of 1:1 (R)-PheNCA/
(S)-ThieNCA, showing the m/z range from pentamer to 13-mer peptides.
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corresponding peaks of Bu-((R)-Phe)n�1-((S)-Thie)1 (n�1,1)
and Bu-((R)-Phe)1((S)-Thie)n�1 (1,n�1).


Figure 11 and Figure 12 show a comparison between the
experimentally obtained MALDI-TOF MS spectra of the
hexamer (Figure 11 a, Figure 12 a) and of the nonamer (Fig-
ure 11 b, Figure 12 b) m/z ranges obtained by polymerization
of monomer compositions of (R)-Phe/(S)-[D5]Phe/(S)-Thie
of 1:0.5:0.5 and 1:0.9:0.1, respectively. For comparison, the
inserts in each of these figures also show simulated spectra
of oligo-(S)-[D5]Phe/(S)-Thie copolymers calculated on the
assumption of a random distribution of the (S)-[D5]Phe and
(S)-Thie repeating units and with allowance made for the
natural isotopes of sulfur and the 98 % deuteration of (S)-
[D5]PheNCA (see Experimental Section). The simulated
spectra coincide with the experimentally observed ones, in
agreement with the proposed random replacement of the
(S)-[D5]PheNCA sites of the host monomer crystal with (S)-
ThieNCA molecules.


As a result of the random distribution of the two repeat-
ing units within the homochiral S copolymers, the degree of
departure from the nonracemic composition varies with
chain length and the starting composition of the monomer
mixture. All oligopeptide chains containing one or more re-
peating unit of the (S)-Thie are enantiopure. On the other
hand the homochiral oligopeptides of (R)-Phe are enantio-
merically enriched. The proportion of the homochiral oligo-


peptides of S configuration for each length and composition,
and consequently the enantiomeric excess for each chain,
can be calculated by applying the binomial theorem (1),
where n!


m!ðn�mÞ! are the binomial coefficients; that is, the


number of ways of picking up unordered outcomes from n
possibilities, and a and b are the fractions of (S)-PheNCA
and (S)-ThieNCA molecules in the mixed crystals of the
monomer.


ðaþ bÞn ¼
Xn


m¼0


n!


m!ðn�mÞ! ambðn�mÞ ð1Þ


From the fractions of the homochiral cooligopeptides of S
configuration, we calculated the enantiomeric excess (ee ; ee
= 100(R�S)/(R+S)) of the homochiral oligo-R peptides of
each chain length. Figure 13 shows the correlation between
the computed ee for homochiral R dimers to R 100-mers for
the three studied compositions. From this analysis we can
note that the ee of the homochiral oligopeptides increase


Figure 11. a) Hexamer and b) nonamer m/z regions of the positive ion
MALDI-TOF mass spectrum of the oligopeptides (Na cationized) ob-
tained from the polymerization of 1:0.5:0.5 (R)-PheNCA/(S)-
[D5]PheNCA/(S)-ThieNCA. The inserts show the calculated isotopic pat-
tern of a random polymerization for 0.5:0.5 (S)-[D5]Phe/(S)-Thie.


Figure 12. a) Hexamer and b) nonamer m/z regions of the positive ion
MALDI-TOF mass spectrum of the oligopeptides (Na cationized) ob-
tained from the polymerization of 1:0.90:0.10 (R)-PheNCA/(S)-
[D5]PheNCA/(S)-ThieNCA. The inserts show the corresponding calculat-
ed isotopic pattern of random distribution of 0.90:0.10 (S)-[D5]Phe/(S)-
Thie.


Chem. Eur. J. 2005, 11, 3039 – 3048 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3045


FULL PAPERHomochiral Lattice-Controlled Polymerization



www.chemeurj.org





with increasing oligopeptide chain length. For example, in
the systems of 1:0.5:0.5 (R)-PheNCA/(S)-[D5]PheNCA/(S)-
ThieNCA composition, the dimers have ee = 60 %, whereas
oligomers such as the decamers or longer are almost enan-
tiopure. On the other hand, in mixtures low in ThieNCA,
such as 0.95:0.05 (S)-[D5]Phe/(S)-Thie, only the oligopep-
tides beyond twenty units will contain at least one repeating
unit of this amino acid.


To provide independent structural information on the po-
sition of the (S)-ThieNCA groups in the mixed crystals, the
crystal structure of the quasi-racemate of (S)-ThieNCA with
(R)-PheNCA was determined: a = 6.308, b = 28.96, c =


9.574 �, b = 90.068, space group P21 Z = 2, four independ-
ent molecules (see Experimental Section). The packing ar-
rangement is isostructural with that of (R,S)-PheNCA, as
shown in Figure 14. There are very small differences in cell
dimensions between the two crystals. The crystal structure
of racemic (R,S)-ThieNCA is also isostructural with that of
(R,S)-PheNCA (a = 9.5530, b = 6.2730, c = 28.721 �,
space group Pca21 Z = 4, two independent molecules (see
Experimental Section).


Conclusion


Polymerization of racemic NCA amino acids suspended in
hexane proceeds through two different routes: a reaction in


disordered regions, presumably at the solid/liquid interface,
to yield short oligopeptides with distributions resembling
that of the polymerization in the melt, and a major enantio-
selective polymerization resulting in the formation of longer
oligopeptides of homochiral sequence. Consequently, the
distribution of the products depends upon the quality of the
crystals.


A cooperative mechanism comprising the formation of
dimers, trimers, and possibly tetramers in noncrystalline re-
gions of the crystal, followed by a “zipper-like” enantiospe-
cific propagation and a cross-enantiomeric inhibition step, is
proposed to explain the unexpected observation of the lat-
tice-controlled polymerization that gives rise to an augmen-
tation of the degree of diastereospecificity with increasing
molecular weight of the oligopeptides.


We have also shown that the packing arrangement of the
(R,S)-PheNCA crystal is most appropriate for the genera-
tion of libraries of nonracemic mixtures of homochiral oligo-
peptides by desymmetrization of the racemic crystals with
optically pure ThieNCA. The polymerization within such
mixed crystals gives rise to the formation of diastereoiso-
meric libraries of nonracemic oligopeptides of homochiral
sequence composed of enantiopure (Phe)n and homochiral
co-oligopeptides of opposite handedness. The ees of the ho-
mochiral oligopeptides are always higher than that of the
starting monomer. The ee values increase with increasing
length of the oligopeptides.


Since each oligopeptidic chain has a C and an N terminus,
each repeating unit within each oligopeptide chain of a ho-
mochiral sequence differs from the others. On the basis of
the mechanism of enantioselective insertion of guest NCA
monomers within the host racemic crystals of PheNCA and
their random distribution within the homochiral sites to
form co-peptides of random distribution of the guests within
the host, one may envisage a plausible scenario for the gen-
eration of libraries of diastereoisomeric mixtures of peptides
by use of racemic mixtures of other NCA amino acids as
guests. Under such circumstances, the S guests will occupy
the sites of the S host crystal whereas the R guests will
occupy the R sites of the host. Under regimes in which the
numbers of the racemic guests were insufficient to populate
all different sites of the chains of the oligopeptides, one
would generate a library of diastereoisomeric mixtures of
oligopeptides rather than the racemic ones. This mechanism
has some features in common with related scenarios pro-
posed recently[35–37] in which a deficient supply of material
that does not suffice for complete population of all the sites
of libraries of diastereoisomeric polymers results in a sto-
chastic symmetry-breaking process. A detailed analysis of
such a process will be presented elsewhere.


In these studies we have used alkanes as suspending sol-
vents; preliminary results indicate that homochiral oligopep-
tides can also be obtained by performing the polymerization
reactions in water, as well as by using other NCA amino
acids.


Finally, these reactions provide only a model system, so
their prebiotic relevance remains as a proof of principle.


Figure 13. Calculated ee values of the R-(Phe)n peptides of each chain
length n for each of the three starting (R)-PheNCA/(S)-[D5]PheNCA/
(S)-ThieNCA compositions of the monomer crystals.


Figure 14. Packing arrangement of the quasi-racemate of (S)-ThieNCA
with (R)-PheNCA, viewed along the a axis and showing four rows of
molecules.
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Experimental Section


Synthesis of racemic N-carboxyanhydrides : NCA monomers were pre-
pared by a reported procedure.[38] (R)-Phe (Aldrich, 1 mmol) and (S)-Phe
(ring D5 98 %, Cambridge Isotope Laboratory, 1 mmol) were suspended
in dry THF and heated to 40 8C under argon. Solid bis-(trichloromethyl)-
carbonate (3.5 mmol) was added gradually for about 1 h until a clear so-
lution was obtained; the reaction was then allowed to proceed for an ad-
ditional 3 h. The reaction mixture was cooled down and about 80% of
the THF was evaporated in vacuum. Hexane was then added to the so-
lution and the NCA crystals were formed overnight at �5 8C. The thin,
platelike (R,S)-PheNCA crystals obtained after filtration were analyzed
by FTIR spectroscopy and X-ray powder diffraction.


Synthesis of quasi-racemic N-carboxyanhydrides : (R)-Phe (1 mmol) and
3-(2-thienyl)-(S)-alanine (Fluka, 1 mmol) were suspended in dry THF
and heated to 40 8C under argon. Solid bis-(trichloromethyl)carbonate
(3.5 mmol) was added gradually for about 1 h until a clear solution was
obtained; the reaction was then allowed to proceed for an additional 3 h.
The reaction mixture was cooled down, about 80% of the THF was
evaporated in vacuum, hexane was then added to the reaction mixture,
and the quasi-racemate (R)-PheNCA/(S)-ThieNCA crystals were formed
overnight at �5 8C. The material was recrystallized from a mixture of di-
chloromethane with hexane (1:1 v/v) avoiding contamination by moisture
and single crystals were analyzed by X-ray diffraction


Racemic (R,S)-ThieNCA crystals were prepared in a similar way and
their structure determined.


CCDC-252855 and CCDC-252856 contain the supplementary crystallo-
graphic data for these structure. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html.


Solid-state polymerization : Solid-state polymerization was performed in
the following way: NCA monomer crystals (20 mg, 0.12 mmol) were sus-
pended in hexane (50 mL), and n-butylamine (60 mL, 0.605 mmol) was
then used as the initiator. The reactions were performed at room temper-
ature with stirring for 72 h. After the completion of the reaction, the
hexane was evaporated, and the solution was dried under high vacuum at
room temperature. The gel-like or sometimes solid products were then
prepared for MALDI-TOF mass spectrometry analysis. Polymerization
of the melted monomer was performed by suspending the crystalline
monomers in heptane previously heated to 100 8C, followed by addition
of n-butylamine. Attempted polymerization of the melted PheNCA in
the absence of the initiator did not yield the oligopeptides.


Dissolution of the oligopeptides : Samples for MALDI-TOF MS analysis
were prepared in the following way: the dried solid products (4 mg) were
weighed into a 1.5 mL Eppendorf and a total of 10 extractions with dry
THF were performed. The resulting extracted part (1.6 mg, 43.5 %) was
analyzed by MALDI-TOF MS as the THF-soluble fraction. The final in-
soluble part (2.4 mg, 56.5 %) was dissolved with a mixture of trifluoroace-
tic anhydride and THF (3:1 v/v) until a clear solution was obtained and
was analyzed by MALDI-TOF MS as the THF-insoluble fraction. The
same mixture of trifluoroacetic anhydride (TFAA) and THF (3:1 v/v)
was used for the analysis of the whole sample.


MALDI-TOF MS analysis—sample and matrix preparation : The matrix
preparation was done in the following way: NaI (17 mg) was dissolved in
THF (1 mL; solution I). Dithranol (6 mg) was dissolved in chloroform
(0.99 mL) and trifluoroacetic acid (TFA, 10 mL; solution II). Solution I
(125 mL) was mixed with solution II (125 mL). The final matrix solution
was vortexed for 10 min at high speed. The best preparation for the
MALDI-TOF MS analysis was achieved by the double deposit proce-
dure: the matrix solution (0.5 mL) was deposited on the target holder,
and the sample solution (0.5 ml) was then deposited on the matrix layer.
The MALDI-TOF MS analysis was performed on a Bruker Reflex II
MALDI-TOF mass spectrometer (Bruker, Bremen, Germany), equipped
with a 337 nm nitrogen laser and with the SCOUT source (delayed ex-
traction and reflector). Each mass spectrum was generated from the
signal average of 500 laser shots.


Characterization of the oligopeptides : The mass spectra of oligopeptides
of a given length n allow study of the relative abundance of each diaster-


eoisomeric oligopeptide, labeled (m,p) for ((R)-Phe, (S)-Phe) and
(m,n,p) for ((R)-Phe, (S)-Phe, (S)-Thie). Indeed, the similar chemical
properties and very close masses of these oligopeptides give similar ioni-
zation yields and detection efficiencies. However, a complex isotope pat-
tern is to be expected due to the possible interference of many species.
In particular, the repeating units (u) of (R)-Phe (147.068 u monoisotop-
ic), (S)-Phe(d5) (152.099 u monoisotopic), and (S)-Thie (153.0245 u mon-
oisotopic), as well as the deuteration yield of (S)-Phe (�98 % estimated
from the dimer mass spectrum) mean that a given peak m/z is composed
of different components, except for the five first isotopes of the lighter
oligopeptide (n,0,0). Thus, a home-made program (Visual Basic 6.0) was
developed to take account of the isotopic pattern of each (m,n,p) oligo-
peptide and its interference with the other oligopeptides for the composi-
tions of the monomers in binary or ternary mixtures. The total mass spec-
trum for a given length can be calculated and compared to the experi-
mentally obtained mass spectrometry data by adjusting the abundance of
each (m,n,p) component. The isotopic pattern of each oligopeptide can
be determined with the Isopro2 (download at http://members.aol.com/
msmssoft) isotopic pattern calculator by direct entry of molecular formu-
la. The home-made program takes into account the deuteration yield, de-
rivatization, and cationization in order to compare directly with experi-
mental data. Typically, for the hexamer, 28 different oligopeptide isotope
patterns, each composed of at least seven isotopes, have to be taken into
account. This program is especially useful for verifying that a random as-
sociation (binomial law) exists between two compounds ((S)-Phe and
(S)-Thie).
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Helicates of Chiragen-Type Ligands and Their Aptitude for Chiral Self-
Recognition


Olimpia Mamula,[a, b] Alex von Zelewsky,*[a] Pierre Brodard,[a] Carl-Wilhelm Schl�pfer,[a]


G�rald Bernardinelli,[c] and Helen Stoeckli-Evans[d]


One of the paradigmatic branches of supramolecular
chemistry is the self-assembly of helicates through the for-
mation of coordinate bonds.[1–3] A large number of various
types of ligands with many different metals as coordination
centers have been shown to form single-, double-, triple-, or
quaternary-stranded, linear-, circular-, or polymeric helices.


One challenge in this field is the design of ligands that form
helicates of a predictable structure with given metal centers,
another is the predetermination of the configuration of
these inherently chiral molecular objects,[4–8] and a third is
the elucidation of the recognition mechanisms governing the
self-assembly processes.


We have shown that ligands of the chiragen family,[9] that
is, molecules where two bipyridine units are connected
through a chiral bridge, are able to form helicates that are
configurationally predetermined. Scheme 1 shows two possi-


ble chiragen-type ligands. The 4,5-chiragens form configura-
tionally predetermined dinuclear triple helicates with octa-
hedral coordination centers,[10] whereas the sterically more
demanding 5,6-chiragens are suitable for helicate formation
with tetrahedral coordination centers, such as AgI.[11]


Abstract: Two (�)-5,6-pinene-bipyri-
dine moieties connected by a para-xy-
lylene bridge (so-called chiragen-type
ligands), (�)-L1, undergo self-assembly
upon reaction with equimolar amounts
of CuI to form enantiopure circular
hexanuclear P-helicates. If both enan-
tiomers of L1 are used, mixtures of P
and M hexanuclear helicates are exclu-
sively obtained through a complete
chiral recognition; that is, no mixing of
the (+) and (�) ligands, respectively,


occurs upon complexation. This was
proven by a) NMR spectroscopy where
identical spectra to those for complexes
with the enantiomerically pure ligands
were obtained and b) circular dichro-
ism (CD) spectroscopy. The reaction is
completely changed by the use of the


corresponding meso-L1. Instead of
well-defined species, oligomeric mix-
tures are observed, a result demon-
strating the crucial role played by
ligand chirality in self-assembly proc-
esses. Structural variations on the
chiral ligand L1, such as a meta-xyly-
lene bridge instead of a para-xylylene
one (in L4) or four pinene groups in-
stead of two (in L5 and L6), favor non-
discrete coordination assembly.


Keywords: chirality · helical struc-
tures · molecular recognition · N li-
gands · supramolecular chemistry
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Supporting information for this article (crystallographic data and pa-
rameters for [Cu6(�)-L16](PF6)6·(CH3CN)3·(C4H10O)1.5·(H2O), (+)-L1,
and (meso)-L1 in the CIF format, as well as ES MS spectra for the
CuI complexes with (�)-L1 and L4, respectively) is available on the
WWW under http://www.chemeurj.org/ or from the author.


Scheme 1. The chiragen family of ligands.
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Ligand (�)-L1 (Scheme 2) forms a single-stranded hexa-
nuclear circular helix[11] with AgI, whereas the slightly differ-
ent molecules L2 and L3 (Scheme 2), in which the bridges
are derived from dimethylnaphthalenes, lead to polymeric
double and monohelices, respectively, in the solid state.[7]


Herein we describe results obtained from an extension of
these investigations to a series of CuI complexes with the li-
gands given in Scheme 2: the two enantiomers (�)-L1 and
(+)-L1, meso-L1 (the related meso form), L4 with an meta-
xylylene bridge, and L5 and L6 with additional pinene
groups annellated to the pyridine rings.


There are two main purposes of the present investiga-
tions: 1) The elucidation of the influence on the self-assem-
bly of relatively small variations, either in the ligand struc-
tures or in the metals (CuI versus AgI) and 2) the study of
chiral recognition properties by using solutions that do not
contain enantiomerically pure ligands.


Results and Discussion


The ligands (�)-L1, (�)-L2, and their AgI complexes have
been described before.[11,12] (+)-L1 is prepared in the same
way as (�)-L1 by starting with (+)-a-pinene. Its X-ray crys-
tal structure (Figure 1 a, Table 1) shows that, as expected,
the bipyridines are in the trans conformation.


The ligand meso-L1 is prepared according to Scheme 3.
The low yield of the intermediate monobromo compound 1
is due to the concomitant formation of (�)-L1. In the solid
state (Figure 1 b, Table 1), besides the common trans disposi-
tion of the nitrogen atoms in the bipyridines, a trans disposi-
tion of the bipyridine moieties and pinene groups with re-


spect to the plane of the bridge is observed. The molecule
possesses a crystallographic inversion center situated in the
aromatic plane of the bridge.


Abstract in Romanian: Douǎ entitǎţi (�)-5,6-pinen-bipiridi-
nǎ conectate printr-o punte p-xiliden constituie ligandul de tip
Chiragen (�)-L1. Acesta formeazǎ, �n reacţie cu o cantitate
echimolarǎ de Cu(i), un helicat circular hexanuclear enantio-
pur de chiralitate P. Dacǎ ambii enantiomeri ai ligandului L1
sunt utilizati �n aceastǎ reacţie un amestec de helicati P si M
este obţinut datorita recunoasterii chirale complete: prin com-
plexare ligandul (+) şi cel (�) nu se amestecǎ. Acest fapt a
fost demonstrat prin a) mǎsurǎtori RMN �n care spectre iden-
tice cu cele obţinute pentru complecşii cu ligandul chiral pur
sunt observate şi b) dicroism circular (DC). Mersul reacţiei
se schimbǎ complet dacǎ ligandul mezo corespunzǎtor
(meso-L1) este folosit. �n locul helicatului bine definit obţinut
�nainte, amestecuri oligomerice sunt observate, dovedind
astfel rolul deosebit de important pe care chiralitatea ligandu-
lui �l poate juca in procesele de auto-asamblare. Variaţii ale
structurii ligandului chiral L1 ca de exemplu inlocuirea
punţii p-xiliden cu una m-xiliden (L4) sau introducerea a
patru grupe pinen (L5, L6) �n loc de douǎ, favorizeazǎ asam-
blajul coordinativ oligomeric.


Scheme 2. Different 5,6-chiragen-type ligands that were synthesized for
this study.


Scheme 3. Synthesis of meso-L1 ligand. LDA = lithium diisopropylamide.
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The synthesis of L5 and L6 was done by starting from L7
and L8[13] and by using the standard procedure for the syn-
thesis of chiragen-type ligands (Scheme 4). It is noteworthy
that the deprotonation of L7 takes place at the pinene locat-
ed in the 5,6-position, probably due to its proximity to the
pyridine nitrogen atom.


Self-assembly with CuI : An equimolar reaction mixture of
[Cu(CH3CN)4]PF6 and (�)-L1 yields a product that in sever-
al respects is very similar to the species obtained with
AgI.[11] In the solid state, X-ray diffraction studies (Figure 2)


show that it is isostructural to the [Ag6(�)-L16](PF6)6 circu-
lar helix described before. Slight differences occur (see
Table 2) due to the larger bite angles observed at the CuI


centers, with the intraannular metal···metal distances of the
hexanucluar complex being larger than those observed for
the isostructural AgI compound.


The red color of the copper complexes is due to the well-
known metal–ligand charge-transfer (MLCT) band (molar
absorption coefficient, e=2000 m


�1 cm�1 for lmax =426 nm
and concentration considered per mol of Cu+). In solution,
similarities between the CuI and the AgI complexes again
occur. The 1H NMR spectra show that all ligands in the


Table 1. X-ray crystallographic data collection and refinement details for
(+)-L1 and meso-L1.


(+)-L1 meso-L1


Formula C42H42N4 C42H42N4


Mw 602.88 602.88
crystal appearance colorless blocks pale-yellow plates
crystal system monoclinic monoclinic
space group P21 P21/n
a [�] 6.6871(4) 9.4765(6)
b [�] 17.1382(16) 14.1914(10)
c [�] 15.4904(10) 12.0662
a [8] 90 90
b [8] 97.392(7) 98.713(9)
g [8] 90 90
volume [�3] 1760(2) 1603.99(19)
Z 2 2
F(000) 644 644
1 [gcm�3] 1.137 1.248
m [mm�1] 0.067 0.073
crystal size [mm] 0.50 � 0.40 � 0.23 0.50 � 0.35 � 0.20
T [K] 293(2) 293(2)
radiation [�] MoKa MoKa


scan type f oscillation f oscillation
q max [8] 2.38<q<25.93 2.23<q<25.98
measured reflections 13 869 12436
independent reflections 6488 3118
observed reflections 3643, I=2s(I) 1547
refinement parameters 420 219
R 0.0338 0.0394
wR2 0.0762 0.0877
R (all data) 0.0589 0.0864
wR2 (all data) 0.0842 0.1000


Figure 1. ORTEP view of the ligands a) (+)-L1 and b) meso-L1 with
50% probability ellipsoids. The numbering in (b) corresponds to that in
(a).


Scheme 4. The final steps in the syntheses of ligands L5 and L6.


Figure 2. ORTEP view parallel to the C6 axis of the cation [Cu6(�)-
L16]


6+ with 30 % probability ellipsoids.
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complexes are equivalent and the C2 symmetry within each
ligand is preserved. The signal of the aromatic protons of
the bridging xylylene moiety is strongly shifted (Dd=


1.56 ppm for the CuI complex and Dd= 1.45 ppm for the AgI


complex; Figure 3). However, whereas the corresponding
signal of the AgI species is broadened, that of the CuI com-


plex is sharp and independent of temperature. It was shown
by a detailed investigation (temperature, concentration,
pressure dependence, and 109Ag NMR spectroscopy)[14] that
an equilibrium between [Ag6(�)-L16]


6+ and [Ag4(�)-L14]
4+


exists in solution, where the preferred “high-temperature”
species is the hexanuclear complex. In the case of the CuI


system, we deduce from the NMR spectra that one single
species is predominant over the whole temperature range
from �40 8C up to 38 8C in acetonitrile at the concentrations
used for the NMR measurements ([Cu+]=5 � 10�3


m).


The MS analysis was first performed by using an API III
triple-quadrupole mass spectrometer equipped with an ion-
spray source (IS MS). At a Cu+ concentration of 5 � 10�4


m,
the most intense signals (see Figure 4 and Table 3) corre-
spond to a pentanuclear compound {[Cu5(�)-L15](PF6)n}


5�n,


but signals of lower intensities assigned to hexa-, tetra-, tri-,
di-, and mononuclear complexes are also present. At lower
concentrations (5� 10�5


m, 5 � 10�6
m), the intensities of the


peaks corresponding to the pentanuclear multicharged com-
plexes decrease and peaks attributed to decomposition
products such as [Cu(�)-L12]


+ become more intense. It is
known that, in general, ES MS reflects qualitatively the spe-
cies present in solution and that the most abundant species
observed in the conditions of the experiment (gas phase)
can be different from the complex formed by crystallization.
Moreover, the resolution of a quadrupole mass analyzer is
not sufficient to resolve multicharged ions. This makes the
assignment of certain multicharged peaks difficult. For ex-
ample, the peak at m/z 1070 can correspond to {[Cu6(�)-
L16](PF6)2}


4+ or {[Cu3(�)-L13](PF6)}2+ . The signal at m/z
1477.9 can be attributed to {[Cu6(�)-L16](PF6)3}


3+ , {[Cu4(�)-
L14](PF6)2}


2+ , or {[Cu2(�)-L12](PF6)}+ . To clarify this aspect,
another series of measurements was performed with a


Table 2. Parameters characterizing the differences between the isostruc-
tural compounds [Ag6(�)-L16](PF6)6 and [Cu6(�)-L16](PF6)6 as deter-
mined by X-ray crystallography.


[M6(�)-L16](PF6)6 M =AgI M=CuI D (CuI�AgI)


M···M intravicinal [�] 10.639(2) 10.750(4) +0.111
M···M intradiagonal [�] 21.278(2) 21.499(3) +0.221
M···M around C3 axis [�] 8.878(2) 9.162(3) +0.284
M···M around C2 axis [�] 9.961(2) 9.913(3) �0.048
bite angles [8] 72.0(4),


72.7(5)
81.3(6),
80.8(7)


+8.7[a]


N-M-N chelate plane angles [8] 66.8(2) 85.1(6) + 18.3


[a] Calculated from mean values.


Figure 3. Aromatic region of the 1H NMR spectra (500 MHz) of the CuI


and AgI complexes with (�)-L1 in CD3CN and of (�)-L1 in CDCl3 (for
solubility reasons; the chemical shifts are identical in CD3CN).


Figure 4. ES MS spectrum of a solution obtained by solubilizing crystals
of [Cu6(�)-L16](PF6)6 in acetonitrile ([Cu+]=5 � 10�4


m).


Table 3. Principal peaks in the ES MS spectrum of [Cu6(�)-L16](PF6)6


and their attributions.


m/z CuI complex species with (�)-L1


665.2 [CuL1]+ , [Cu2L12]
2+


869.0 {[Cu5L15]PF6}
4+


936.6 {[Cu4L14]PF6}
3+


1071.8 {[Cu3L13]PF6}
2+


1207.0 {[Cu5L15](PF6)2}
3+


1267.5 [CuL12]
+


1477.4 {[Cu6L16](PF6)3}
3+ and {[Cu2L12]PF6}


+


1883.0 {[Cu5L15](PF6)3}
2+
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Bruker FTMS 4.7 T BioApex II by using a standard electro-
spray source. Unambiguous assignments have been achieved
in this way (Figure 4, Table 3; see the Supporting Informa-
tion for expansions of the most important peaks).


It is noteworthy to add here that the dinuclear and trinu-
clear complexes observed by MS must have a linear struc-
ture because of the length and rigidity of the bridge. Howev-
er, the tetra- and pentanuclear complexes can adopt circular
structures (Figure 5), which would probably represent a gain


in energy relative to linear structures in which one bipyri-
dine arm of one ligand is free and one tetrahedral CuI metal
center coordinates to only one bipyridine unit of the tetra-
dentate ligand. All coordination sites are thus saturated in
the cyclic form, but not in the linear form.


Chiral recognition : Chiral recognition at the level of inter-
molecular interactions is a phenomenon that has been stud-
ied very thoroughly in many heterogeneous systems, that is,
in complexes of the type [M(bpy)3](PF6)2 where M= RuII,
ZnII, NiII (bpy= 2,2’-bipyriyl).[15–17] If a crystalline phase is
formed from molecules or ions in solution, various types of
chiral recognition can occur.[18] When a crystal is formed
from a racemate in solution, the most frequent occurrence is
the formation of an ordered racemic crystal, that is, each
unit cell contains an equal number of the two enantiomers
of the racemate. Another less frequently encountered possi-
bility is the formation of a racemic conglomerate by sponta-
neous resolution of the racemate or, in more rare cases, the
formation of a solid solution where the two enantiomers are
distributed randomly in the crystal. This latter case shows
that chiral recognition does not always take place upon crys-
tallization.[19]


Crystals are self-assembled architectures, which are “infin-
ite” on the molecular scale. Self-assembly reactions that
yield finite molecular species follow the same principles if
the building blocks of the supramolecular architectures are
chiral species. A particularly interesting problem is the
chiral recognition between so-called “mixtures of instructed
ligands”.[20] This phenomenon is referred to as chiral self-


recognition (or homorecognition, when the same enantio-
mer from a racemic mixture of ligands is present in the final
homochiral architecture) and as chiral self-discrimination
(or heterorecognition, when both enantiomers of the race-
mic mixture are present in the final heterochiral com-
pound).


However, in the field of coordination supramolecular
chemistry, only a few examples have been shown to possess
these intriguing properties. Under complexation with CuI


cations, racemic mixtures of chiral ligands form mono-[21, 22]


or dinuclear[23,24] species with homorecognition related to
the “narcissistic” self-sorting phenomena in (supra)molec-
ular systems.[25,26] Homochiral formation of a) a trinuclear
capsule containing AgI and chiral tris(oxazoline)-type li-
gands[27] and b) a tetrahedral cluster with GaIII and chiral
bis-catecholamide ligands[28] have been also reported.


Heterochiral self-assembly processes lead to the forma-
tion of PdII-containing cages with aromatic macrocyclic li-
gands.[29] Synthesis of mononuclear PtII complexes contain-
ing ligands of opposite chirality selected from an atropoiso-
meric racemic mixture have been also reported.[30] Triden-
tate C2-symmetric bis(oxazolinyl)pyridine ligands have
shown various heterorecognition capabilities in octahedral
CoII complexes as well; this has been explained in terms of
interligand repulsion between substituents.[31] As a conse-
quence, the CuII complexes with the same type of ligand
show nonlinear effects when used as enantioselective cata-
lysts.[32]


A special example of partial homochiral recognition be-
tween racemic anions (of the trisphate type) and racemic
RuII complexes has been published by Lacour and co-work-
ers.[33]


The facile availability of both enantiomers of ligand L1
prompted us to investigate the reaction with CuI in a so-
lution containing an artificial racemic mixture of the two
enantiomeric forms of ligand L1 and a CuI:L1total ratio of
1:1. Examination by CD spectroscopy revealed that the CD
spectrum is completely void of any signals. This is just a con-
firmation that the solution does, indeed, contain a racemic
mixture of the two ligands. The 1H NMR spectra, on the
contrary, are in every respect identical to those obtained
from solutions containing the complex obtained from the
enantiopure ligand. The conclusion is that a racemate of li-
gands yields a racemate of the chiral self-assembled structures
(Figure 6). No mixing of the two enantiomers occurs within
the supramolecular architecture formed in the self-assembly
reaction. This behavior is analogous to the spontaneous res-
olution of the two enantiomers into enantiomorphic crystals.


A supplementary confirmation for the chiral recognition
came from the CD spectra of CuI complexes obtained with
nonracemic mixtures of (�)-L1 and (+)-L1. As an example,
we measured the De values in solutions containing (�)-L1
and (+)-L1 in molar ratio of a) 3:1 or b) 2:1 and a CuI:L1total


molar ratio of 1:1 ([Cu+]=1.5 � 10�4
m, l=316, 269 nm). In


case a, the De value is 50 % of that for a corresponding so-
lution containing only the enantiopure (�)-L1 ligand, a
result meaning that the composition of this solution is 75 %


Figure 5. Molecular models of [Cu4(�)-L14](PF6)4 (left) and [Cu5(�)-
L15](PF6)5 (right) obtained by using Hyperchem software with the bond-
ing parameters observed by X-ray crystallography for [Cu6(�)-L16](PF6)6.
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right-handed helix and 25 % left-handed helix. Therefore,
the resulting CD signals will represent only 50 % excess of
CD activity; this corresponds to a 50 % ee value for the
enantiomeric complex. This is confirmed by case b as well,
where the value of the CD signal represents 25 % ee. At-
tempts to obtain crystals of the solutions containing a mix-
ture of L1 resulted always in solids yielding low-quality dif-
fraction patterns. Unit-cell measurements of these crystals
show identical values to those of the enantiopure material, a
fact indicating conglomerate crystallization.


An attempt was also made to study chiral recognition in
analogous AgI complexes. Yet, all solutions containing Ag+


ions and both enantiomers of L1 showed strong line broad-
ening of the signals in the 1H NMR spectra, concomitantly
with the development of an amorphous precipitate.


Since the chiral ligands have been shown to yield selec-
tively self-recognizing species with CuI, we investigated also
the corresponding meso-L1 ligand, which is composed of
one (S,S)- and one (R,R)-pinene–bipyridine moiety. This
overall achiral ligand (the two chiral centers in the bridge
also have opposite configurations) behaves completely dif-
ferently towards complexation. Addition of this ligand to
solutions of Cu+ or Ag+ in acetonitrile/chloroform yields
precipitates that could not be solubilized (even by heating)
in various solvents, a fact indicating the formation of coordi-
nation polymers. Thus, the chiral ligand seems to control the
stereoselective formation of relatively small supramolecular
assemblies, whereas the meso ligand leads to randomly as-
sembled polymeric species. Enhancement of stereoselectivi-
ty in self-assembly processes by the introduction of chiral li-
gands seems to be a general phenomenon.[34]


The meta-xylylene-bridged ligand[14] L4 (Scheme 2) was
also investigated. At room temperature, broad signals are
observed in the 1H NMR spectrum. At lower temperatures,
a narrow line spectrum is observed (Figure 7) in which, as in
the case of ligand L1, all the ligands are equivalent and the


C2 symmetry through each of them is preserved. All protons
in the bridging group are strongly shifted with respect to the
free ligand. The three different proton signals from the
bridge experience quite different shifts (Dd(H20) =1.48, Dd-
(H23) =0.61, Dd(H24/22) =1.72 ppm). The conclusion from
these observations is that the meta-xylylene-bridged ligand
L4 forms a circular helicate in solution, since only a circular
structure of a polynuclear species is compatible with the
high symmetry indicated by the 1H NMR spectra at low
temperatures. The CD spectrum shows an exciton coupling
of the same sign as in [Cu6(�)-L16]


6+ ; this indicates that the
same absolute local configuration of the metal centers is L.


The ES MS shows a strong predominance of two signals
belonging to one complex species, namely, [Cu3L43]


3+


(100 %) and {[Cu3L43]PF6}
2+ (80 %), but signals with an in-


tensity lower than 10 % have been attributed to penta-,
tetra-, di-, and mononuclear species (see the Supporting In-
formation).


The two ligands having pineno groups annelated to both
rings in one bipyridine moiety, L5 and L6 (Scheme 2), were
also investigated with respect to their complex formation
with CuI. The 1H NMR spectra show a multitude of broad
signals at room temperature that did not sharpen considera-
bly upon cooling to �40 8C. From a 1:1 molar ratio of L6
and Cu+ in acetonitrile, a microcrystalline precipitate is
formed slowly. It is assumed that several different, perhaps
polymeric, associates are formed.


Conclusion


Chiral recognition is a general and essential phenomenon in
chemical biology.[35,36] We have shown before that certain
chiral bipyridine-type ligands form well-defined species
through coordinative self-assembly processes. In this publi-
cation it is proven that these processes can occur in a highly


Figure 6. Complete self-recognition between the enantiomers of L1, with
the formation of left-handed circular helicate M-[Cu6(+)-L16](PF6)6 and
right-handed circular helicate P-[Cu6(�)-L16](PF6)6. The representation
of the view perpendicular to the C6 axis of [Cu6(�)-L16]


6+ was obtained
from X-ray diffraction data, whereas the view of [Cu6(+)-L16]


6+ is the
mirror image of the former.


Figure 7. Aromatic region of the 1H NMR (500 MHz) spectrum of
[CunL4n](PF6)n at �40 8C in CD3CN.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3049 – 30573054


A. von Zelewsky et al.



www.chemeurj.org





controlled manner with respect to chiral self-recognition.
Moreover, as in the natural systems, chirality seems to be es-
sential for the reaction pathway. A ligand that yields a circu-
lar helicate as a chiral isomer produces polymeric species
when the meso form is used. Further studies with ligands
from the same family, but with more important structural
variations (different bridges or binding-site environments),
again show a loss of preference for the formation of well-de-
fined, discrete species. Thus, the design of new self-assem-
bling systems is still a complicated task, which can only be
successfully accomplished through a mixture of knowledge,
intuition, conjecture, and serendipity.


Experimental Section


The starting materials and solvents were of the best available commercial
grade and were used without further purification, except THF, which was
distilled from a mixture of Na/benzophenone. The NMR spectra were re-
corded on a Varian Gemini 300 or Bruker Avance DRX500 spectropho-
tometer by using the residual nondeuterated solvent peak as an internal
reference. Mass spectra were measured on a Hewlett–Packard 5988 A
quadrupole mass spectrometer with an electron-ionization source or on a
Bruker FTMS 4.7 T Bioapex II spectrometer with a standard electrospray
ion source. UV/Vis spectroscopic measurements were recorded by using
a Perkin–Elmer Lambda 40 spectrophotometer. Wavelengths are given in
nm and molar absorption coefficients in m


�1 cm�1. Circular dichroism
spectra were recorded on a Jasco J-715 spectropolarimeter and the results
are given in De (m


�1 cm�1).


1: Dried THF (20 mL) was placed in a three-necked flask, under argon,
and cooled down. When the temperature was stabilized at �20 8C, diiso-
propylamine (5.37 mmol, 0.76 mL) and n-butyllithium (5 mmol, 3.06 mL,
1.6m in hexane) were added successively. The temperature was increased
to 0 8C (ice bath) for 10 min and then the mixture was cooled to �40 8C
(isopropyl alcohol bath). (+)-5,6-pinene bipyridine (1 g, 4 mmol) dis-
solved in THF (10 mL) was added over a period of 40 min and the result-
ing dark-blue solution was stirred at �40 8C for 2 h. This solution was
carefully transferred (20 min) through a canula into a Schlenk flask con-
taining a,a’-dibromo-p-xylene (3.8 mmol, 1 g) dissolved in THF (150 mL)
and kept at �45 8C. The colorless solution obtained was stirred at room
temperature for 1 h. After solvent removal, the white solid that resulted
was purified by column chromatography (SiO2, hexane/EtOAc 7:1).
Yield: 29%; 1H NMR (300 MHz, CDCl3, 25 8C): d= 8.59 (br, 2 H), 8.39
(d, 1 H), 8.29 (d, 1H), 8.09 (d, 1H), 8.00 (d, 1 H), 7.71 (br d, 2 H), 7.25 (m,
2H), 4.44 (s, 2 H), 3.72 (d, 1H,), 3.33 (d, 1H), 2.72–2.62 (m, 2H), 2.5 (d,
1H), 2.31 (br, 1H), 1.33 (s, 3H), 1.23 (d, 1H), 0.55 ppm (s, 3H); MS
(FAB, m-nitrobenzyl alcohol): m/z (%): 433 (15) [L]+ , 249 (50)
[L�C17H17N2]


+ .


meso-L1: By using as starting compounds the ligand (�)-5,6 pinene bipyr-
idine (125.2 mg, 0.5 mmol) and the monobromocompound 1 (0.5 mmol,
216.5 mg), the synthesis was carried out according to the standard proce-
dure used for chiragen-type ligands.[11] The purification was achieved by
column chromatography (SiO2, hexane/EtOAc/triethylamine (TEA)
4:1:0.1, Rf =0.16) and recrystallization from CH3OH/CHCl3. Yield: 70 %;
1H NMR (300 MHz, CDCl3, 25 8C): d=8.65 (ddd, 2H, 3J1,2 =4.8, 4J1,3 =


1.8, 5J1,4 =0.9 Hz; H(1)), 8.47 (d, 2H, 3J4,3 =8.0 Hz; H(4)), 8.13 (d, 2 H,
3J7,8 =7.8 Hz; H(7)), 7.80 (ddd, 2H, 3J3,4 =7.9, 3J3,2 = 7.6, 4J3,1 =1.7 Hz;
H(3)), 7.34 (d, 2 H, 3J8,7 =7.8 Hz; H(8)), 7.26 (s, 4 H, H(20,24)), 7.25 (m,
2H, H(2)), 3.82 (dd, 2 H, 2J18b,18a =13.7, 3J18b,13 =3.8 Hz; H(18b)), 3.38
(ddd, 2H, 3J13,18b =3.5, 3J13,18a =10.8, 3J13,12 =2.7 Hz; H(13)), 2.81 (dd, 2 H,
3J10,15b =5.6, 4J10,12 =5.6 Hz; H(10)), 2.72 (dd, 2H, 2J18a,18b =13.7, 3J18a,13 =


10.8 Hz; H(18a)), 2.58 (ddd, 2H, 3J15b,10 =5.6, 3J15b,12 =5.6, 2J15b,15a =9.8 Hz;
H(15b)), 2.16 (ddd, 2H, 3J12,15b =5.6, 4J12,10 =5.6, 3J12,13 =3 Hz; H(12)), 1.43
(d, 2 H, 2J15a,15b =9.9 Hz; H(15a)), 1.36 (s, 6H, H(17)), 0.62 ppm (s, 6 H,
H(16)); 13C NMR (75.44 MHz, CDCl3, 25 8C): d= 158.9 (q), 156.7 (q),


153.4 (q), 148.8 (C(1)), 142.5 (q), 138.6 (q), 137.0 (C(3)), 133.8 (C(8)),
129.3 (C(20), C(21), C(23), C(24)), 123.2 (C(2)), 121.0 (C(4)), 118.1
(C(7)), 47.0 (C(10)), 46.3 (C(13)), 42.8 (C(12)), 41.2 (q, C(11)), 38.5
(C(18)), 28.4 (C(15)), 26.4 (C(17)), 20.9 ppm (C(16)); MS (FAB, m-nitro-
benzyl alcohol): m/z (%): 603 (40) [M]+ , 249.2 (35) [M�C17H17N2]


+ ,
207.2; UV/Vis (1.08 mg in 15 mL CH2Cl2)): l (e)=255 (4 � 104), 294 (6.9 �
104), 308 nm (4.7 � 104


m
�1 cm�1, sh); elemental analysis: calcd (%) for


C42H42N4·1.5 H2O: C 80.09, H 7.20, N 8.90; found: C 79.98, H 7.32, N
8.84.


L5 : By using as starting compounds L8 and a,a’-dibromo-p-xylene, the
synthesis was carried out according to the standard procedure used for
chiragen-type ligands.[11] The crude product was purified by column chro-
matography (SiO2, hexane/diethyl ether/TEA 5:1:0.1, Rf =0.22). Yield:
40%; 1H NMR (CDCl3, 300 MHz): d=8.10 (d, 2H, 3J7,8 =7.75 Hz; H(7)),
8.05 (d, 2 H, 3J4,3 =7.7 Hz; H(4)), 7.31 (d, 4H, H(8), H(3)), 7.25 (s, 4 H,
H(20), H(24), 3.84 (dd, 2H, 2J18b,18a =13.6, 3J18b,13 =3.7 Hz; H(18b)), 3.39
(d, 2 H, 3J13,18a = 8.1 Hz; H(13)), 3.17 (d, 4 H, 3J13’,12’=2.53 Hz; H(13’)),
2.81–2.52 (10 H, H(15b), H(15b’), H(18a), H(10), H(10’), superposed),
2.38 (ddt, 2 H, 3J12’,15’=5.3, 4J12’,10’=5.3, 3J12’,13’=2.5 Hz; H(12’)), 2.14 (ddt,
2H, 3J12,15 =5.6, 4J12,10 =5.6, 3J12,13 =3.1 Hz; H(12)), 1.44 (d, 2H, 2J15a,15b =


9.7 Hz; H(15a)), 1.40 (s, 6H, H(17’)), 1.40 (s, 6 H, H(17)), 1.30 (d, 2 H,
2J15a’,15b’=9.8 Hz; H(15a’)), 0.65 (s, 6 H, H(16’)), 0.61 ppm (s, 6H, H(16));
13C NMR (75.44 MHz, CDCl3, 25 8C): d =158.7 (q), 156.3 (q), 154.4 (q),
154.0 (q), 141.6 (q), 138.6 (q), 133.8 and 133.7 (C(8) and C(3)), 129.3 (C-
(20, 24)), 117.8 and 117.7 (C(7) and C(4)), 46.9 (C(10’)), 46.5 (C(10)),
46.2 (C(13)), 42.8 (C(12)), 41.3 (q, C(11)), 40.4 (C(12’)), 39.5 (q), 38.5
(C(18)), 36.8 (C(13’)), 32.0 (C(15’)), 28.4 (C(15)), 26.4(C(17)), 26.1-
(C(17’)), 21.3 (C(16’)), 20.9 ppm (C(16)); MS (FAB, m-nitrobenzyl alco-
hol): m/z (%): 791 [M]+ (100), 343 [C24H26N2]


+ (50); UV/Vis (CH2Cl2,
c =1.3� 10�4


m, 0.1 cm): l (e) =257 (2.5 � 104, sh), 263 (2.7 � 104), 302 (5 �
104), 313 nm (3.8 � 104


m
�1 cm�1, sh); elemental analysis: calcd (%) for


C56H62N4·0.5 H2O: C 84.06, H 7.94, N 7.0; found: C 84.20, H 8.19, N 6.83.


L6 : By using as starting compounds L7 and a,a’-dibromo-p-xylene, the
synthesis was carried out according to the standard procedure used for
chiragen-type ligands.[11] The purification was achieved by recrystalliza-
tion from warm ethanol. Yield: 47%; Rf = 0.19 (hexane/EtOAc/TEA
4:1:0.1); 1H NMR (CDCl3, 300 MHz): d=8.38–8.30 (6 H, H(7), H(4),
H(1), superposed), 7.43 (d, 2 H, 3J8,7 = 7.9 Hz; H(8)), 7.29 (s, 4 H, H(20),
H(24)), 3.87 (dd, 2 H, 2J18b,18a =13.7, 3J18b,13 =3.75 Hz; H(18b)), 3.45 (ddd,
2H, 3J13,18b =3.75, 3J13,12 =6.0 Hz; H(13)), 3.17 (d, 4H, 3J13’,12’= 4.9 Hz; H-
(13’)), 2.94 (dd, 2 H, 3J10’,15b’= 5.3, 3J10’,12’=5.3 Hz; H(10’)), 2.84 (dd, 2H,
3J10,15b =5.6, 3J10,12 =5.6 Hz; H(10)), 2.75 (4 H, H(15b’), H(18a), super-
posed), 2.59 (ddd, 2 H, 2J15b,15a =10.2, 3J15b,10 =5.6, 3J15b,12 =5.6 Hz; H(15b)),
2.37 (ddt, 2 H, 3J12’,15b’= 5.6, 3J12’,10’=5.6, 4J12’,13’=2.9 Hz; H(12’)), 2.15 (ddt,
2H, 3J12,15b =6.0, 4J12,10 =5.6, 3J12,13 = 2.7 Hz; H(12)), 1.44 (d, 2 H, 2J15a,15b =


10.2 Hz; H(15a)), 1.45 (s, 6H, H(17’)), 1.37 (s, 6H, H(17)), 1.24 (d, 2 H,
2J15a’,15b’=9.9 Hz; H(15a’)), 0.68 (s, 6 H, H(16’)), 0.63 ppm (s, 6H, H(16));
13C NMR (75.44 MHz, CDCl3, 25 8C): d=159.3 (q), 143.6 (q), 138.3
(C(8)), 134.0 (C(7)), 129.1 (C(20, 24)), 121.4 and 118.9 (C(4) and C(1)),
46.9 (C(10)), 46.0 (C(13)), 44.4 (C(10’)), 42.4 (q), 41.1 (C(12)), 39.7 (q),
39.1 (C(12’)), 38.3 (C(18)), 33.5 (C(13’)), 31.5 (C(15’)), 28.1 (C(15)), 26.2-
(C(17)), 25.6 (C(17’)), 21.3 (C(16’)), 20.8 ppm (C(16)); MS (FAB, m-ni-
trobenzyl alcohol): m/z (%): 791[M]+ (100), 343 [C24H26N2]


+ (50); CD
(CH2Cl2, c=1.6 � 10�4


m, 0.1 cm): l (De)=257 (�2), 301 nm
(�8 m


�1 cm�1); UV/Vis (CH2Cl2, c =1.6� 10�4
m, 0.1 cm): l (e)= 257 (2.6 �


104, sh), 262 (2.8 � 104), 299 (4.6 � 104), 310 nm (3.5 � 104
m
�1 cm�1, sh); ele-


mental analysis: calcd (%) for C56H62N4·1.5 H2O: C 82.21, H 8.01, N 6.85;
found: C 82.3, H 8.01, N 6.67.


[Cu6(�)-L16](PF6)6 : A solution of (�)-L1·H2O (0.1 mmol, 62.1 mg) in
acetonitrile/chloroform (1:1) was added under argon to a solution [Cu-
(CH3CN)]PF6 (0.1 mmol, 37.3 mg) in acetonitrile prepared according to
the literature procedure.[37] The mixture immediately became red. The
solvent was entirely evaporated under reduced pressure and the residue
was taken up in a minimum amount of acetonitrile and precipitated with
diethyl ether. Yield: 96 %; Rf =0.47 (acetonitrile/butanol/water/KNO3


(sat.) 4:1:1:0.1); suitable crystals for X-ray crystal analysis were obtained
by slow diffusion of diethyl ether into an acetonitrile solution of the CuI


complex; 1H NMR (CD3CN, 500 MHz, 25 8C): d=8.31 (d, 2H, 3J4,3 =
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8.2 Hz; H(4)), 8.30 (d, 2 H, 3J7,8 =8.0 Hz; H(7)), 8.17 (d, 2H, 3J1,2 =4.6 Hz;
H(1)), 7.98 (ddd, 3J3,4 =8.2, 3J3,2 =7.8, 4J3,1 =1.6 Hz; H(3)), 7.87 (d, 2 H,
3J8,7 =8.0 Hz; H(8)), 7.40 (ddd, 2H, 3J2,3 =7.8, 3J2,1 = 4.6, 3J2,4 =0.9 Hz;
H(2)), 5.70 (s, 4 H, H(20, 24)), 3.68 (dd, 2 H, 2J18b,18a = 13.0, 3J18b,13 =


3.3 Hz; H(18b)), 3.02 (dd, 2H, 4J10,12 =5.7, 3J10,15b =5.7 Hz; H(10)), 2.69
(d, 2 H, 3J13,18a =11.7 Hz; H(13)), 2.54 (ddd, 2J15b,15a =10.1, 3J15b,12 =5.7,
3J15b,10 =5.7 Hz; H(15b)), 2.27 (dd, 2H, 2J18a,18b =13.0 Hz; H(18a)), 1.59 (d,
2H, 2J15a,15b = 10.1 Hz; H(15a)), 1.33 (ddd, 2H, 3J12,15b = 5.7, 3J12,13 =2.8,
4J12,10 =5.7 Hz; H(12)), 1.12 (s, 6 H, H(17)), 0.02 ppm (s, 6 H, H(16));
13C NMR (CD3CN, 125.75 MHz, 25 8C): d=159.57 (q), 153.26 (q), 152.02
(q), 148.99 (C(1)), 146.79 (q), 139.56 (C(3)), 137.62 (q), 136.66 (C(8)),
129.27 (C(20), C(21), C(23), C(24)), 127.16 (C(2)), 122.65 (C(4)), 121.89
(C(7)), 49.7 (C(13)), 47.33 (C(10)), 43.14 (C(12)), 41.23 (q, C(11)), 36.7
(C(18)), 27.94 (C(15)), 26.45 (C(17)), 22.41 ppm (C(16)); CD (CH3CN,
c =1.2� 10�5


m [CuL1]+): l (De)=316 (14), 269 nm (�4 m
�1 cm�1); UV/


Vis (CH3CN, c= 3.7� 10�5
m [CuL1]+): l (e)=230 (2.93 � 104, sh), 254


(2.51 � 104), 294 (3.5 � 104), 426 (2 � 103), 520 nm (517 m
�1 cm�1, sh); ES


MS (c =5�10�4
m [CuL1]+) (%): 665.27 [CunL1n]


n+ (100), 869.08
{[Cu5L15]PF6}


4+ (40), 936.68 {[Cu4L14]PF6}
3+ (8), 1071.88 {[Cu3L13]PF6}


2+


(9), 1207.08 {[Cu5L15](PF6)2}
3+ (90), 1267.59 [CuL12]


+ (20), 1477.48
{[Cu6L16](PF6)3}


3+ and {[Cu2L12]PF6}
+ (5), 1883.07 {[Cu5L15](PF6)3}


2+


(10); other fragmentations observed had intensities lower than 1 %:
{[Cu6L16]PF6}


5+ , {[Cu6L16](PF6)2}
4+ , {[Cu3L13]PF6}


2+ , {[Cu6L16](PF6)4}
2+ ,


{[Cu3L13](PF6)2}
+ ; elemental analysis: calcd (%) for Cu6C252H252N24P6F36:


C 62.18, H 5.22, N 6.91; found: C 61.95, H 5.40, N 6.77.


[CunL4n](PF6)n : A similar procedure to that used for the synthesis of
[Cu6(�)-L16](PF6)6 was used. The yield was higher than 95%. 1H NMR
(CD3CN, 300 MHz, �40 8C): d=8.5 (d, 2H, 3J1,2 =4.7 Hz; H(1)), 8.1 (m,
4H; H(3), H(4)), 7.75 (d, 2 H, 3J7,8 =8.0 Hz; H(7)), 7.55 (dd, 2H, 3J2,3 =


6.0, 3J2,1 =5.3 Hz; H(2)), 7.35 (d, 2H, 3J8,7 =8.0 Hz; H(8)), 6.62 (dd, 1 H,
3J23,22 =7.6, 3J23,24 =7.6 Hz; H(23)), 5.78 (s, 1 H; H(20)), 5.45 (d, 2H,
3J22(24),23 =7.6 Hz; H(24), H(22)), 3.95 (2 H), 2.8 (m, 4H), 2.3 (2 H), 2.2
(2 H), 1.7 (2 H), 1.2 (m, 8H), 0.5 ppm (6 H); ES MS (c=2 � 10�4


m


[CuL4]+) (%): 665.9 [Cu3L43]
3+ (100), 1071 {[Cu3L43]PF6}


2+ (25); other
fragmentations observed had intensities lower than 10 %: 936
{[Cu4L44]PF6}


3+ ; 1207 {[Cu5L45](PF6)2}
3+ ; 1269 [CuL42]


+ , 1476
{[Cu2L42]PF6}


+ ; UV/Vis (CH3CN, c =2.1 � 10�4
m [CuL]+ , 0.1 cm): l (e)=


260 (2.3 � 104, sh), 273 (2.7 � 104), 299 (2.7 � 104, sh), 306 (2.9 � 104),
419 nm (0.2 � 104


m
�1 cm�1); CD (CH3CN, c=2.1 � 10�4


m, 0.1 cm): l


(De)=234 (+ 9), 264 (�8), 317 nm (+44 m
�1 cm�1).


X-ray crystal structure of [Cu(�)-L1](PF6)6·(CH3CN)3·(C4H10O)1.5·(H2O):
[Cu(C42H42N4)](PF6)6·(CH3CN)3·(C4H10O)1.5·(H2O); Mr =5120; m=


1.39 mm�1, 1calcd =1.143 gcm�3, hexagonal, P6, Z=1, a= 26.894(4), c=


11.876(1) �, V= 7439(3) �3; extremely fragile hexagonal red prism,
0.40 � 0.45 � 0.52 � 0.63 mm, mounted on a quartz fiber with RS3000 oil.
Cell dimensions and intensities were measured at 200 K on a Stoe Stadi4
diffractometer with graphite-monochromated CuKa radiation (l=


1.5418 �), w�2q scans, scan width 1.088+0.35 tg q, and scan speed
0.0758 s�1. Two reference reflections measured every 45 min showed no
variation. 0<h<24; 0<k<24; 0< l<12 and all antireflections of these;
6461 measured reflections, 6093 unique reflections of which 4853 were
observable (jFo j>4s(F0)); Rint for 368 equivalent reflections=0.028.
Data were corrected for Lorentz and polarization effects and for absorp-
tion (Tmin =0.5349, Tmax =0.6236). The compound is isostructural to the
Ag complex.[11] All calculations were performed with the XTAL
system[38] and ORTEP[39] programs. Definition of polar origin: z(Cu) =0.2
applied as a hard constraint. Flack parameter[40] x= 0.10(7). Full-matrix
least-squares refinement based on F by using a weight of
1/(s2(F0)+0.002(F2


0)) gave final values of R=0.078, wR=0.094, and S=


2.33(4) for 580 variables and 4853 contributing reflections. The maximum
shift/error on the last cycle was 0.39 � 10�3. Hydrogen atoms of the com-
plex were placed in calculated positions. The Cu6(�)-L16 complex and
PF6 anion were refined with anisotropic displacement parameters. The
PF6 anion is disordered and twelve fluorine atomic sites have been ob-
served and refined with population parameters of 0.5. The inclusion mol-
ecules of water (located on threefold and sixfold axes), acetonitrile, and
diethyl ether show large disorders and partially occupied atomic sites and
have been refined with isotropic displacement parameters without calcu-
lated hydrogen positions. These important disorders lead to a relatively


poor diffraction, large overall displacement parameters, and high final
values of R and uncertainties. The final difference electron density map
showed a maximum of +0.79 and a minimum of �0.33 e��3. The molec-
ular packing shows compact layers of hexanuclear cationic complexes
separated by layers containing the PF6 anions and solvent molecules, a
structure explaining the easy cleavage of the crystals along the (110)
planes.


X-ray crystal structures of (+)-L1 and meso-L1: Intensity data were col-
lected at 293 K on a Stoe Image Plate Diffraction System equipped with
a f circle, by using MoKa graphite-monochromated radiation (l=


0.71073 �) with a f range of 0–2008, increments of 18, 2q range of 3.3–
52.18, and Dmin�Dmax range of 12.45–0.81 � .The structure was solved by
direct methods by using the program SHELXS-97.[41] The refinement and
all further calculations were carried out by using SHELXL-97.[42] Hydro-
gen atoms were included in calculated positions and treated as riding
atoms by using the SHELXL-97 default parameters (AFIX 137 for the
methyl hydrogen atoms). The non-hydrogen atoms were refined aniso-
tropically by using weighted full-matrix least-squares refinement on F2.
The bond lengths and angles in the molecule are normal within experi-
mental error. Details concerning data collection and refinement details
are given in Table 1.
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High-Electron-Density C6H6 Units: Stable Ten-p-Electron Benzene
Complexes
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Introduction


An “electron-rich” form of benzene with ten p electrons
obeys the famous H�ckel (4n+2) rule for aromaticity. In
this state, interesting properties resulting from the special
electronic structure may arise. In a p–p stack arrangement,
for example, one could think of new forms of organic con-
ductors due to the high p-electron density; aligned in linear
stacks, molecular wires with axial conductance may result.
In its sole molecular state as a tetraionic species C6H6


4�,
however, the four additional electrons suffer from Coulomb
repulsion[1] and must reside in the two antibonding d-type
p* orbitals, thus turning the tetraanionic form of benzene
into an unstable molecule. To transform benzene into a ten-
p-electron species, an electron source is needed that not
only supplies the four additional electrons, but also electron-


ically and thermochemically stabilises the resulting supermo-
lecule.


In a density functional study, Straka has shown that the
nitrogen analogue N6


4� can be transformed into a metasta-
ble species by using thorium as a stabilising agent to give
the C6v-symmetric [ThN6] complex with a planar ten-p-elec-
tron N6 ligand.[2] Similarly, N7


3� may be “trapped” in
[ScN7]


[3] or [CsN7Ba].[4] According to theory, all these sys-
tems are stable singlet species representing local minima on
the potential-energy surface, separated by sizeable barriers
from the global minima, that is, decomposition into N2.
Higher spin multiplicities are energetically unfavourable.
For C6H6


4�complexes, the stability trend is opposite to that
of the N6


4� complexes, for example, high-spin quintet and
triplet [Ti(C6H6)] are both favoured over the singlet electro-
mer,[5] whereas singlet [Ti(N6)] is the overall minimum
among the different spin states.[2] Thus, finding a stable sin-
glet molecule incorporating a ten-p-electron benzene
moiety constitutes a particular challenge.


This article presents theoretical evidence of such a stable
singlet ten-p-electron species, supported by barium atoms as
electron-donating and stabilising agents. Further, a possible
way to conceptually construct a molecular wire with axial
alignment of high-electron-density C6H6 units is suggested.


Abstract: The first stable benzene mol-
ecule with ten p electrons is predicted.
Stability is achieved through barium
atoms acting as an electron-donating
“matrix” to C6H6 in the inverted sand-
wich complex [Ba2(C6H6)]. The bis-
(barium)benzene complex has been
computed at the density functional
level of theory by using the hybrid
functional mPW1PW91. Ab initio cal-


culations were performed by using the
coupled-cluster expansion, CCSD(T).
Nucleus independent chemical shift
(NICS) indices imply distinct aromatic
character in the benzene ring of bis-


(barium)benzene. The D6h-symmetric
structure with a 1A1g electronic ground
state represents a thermochemically
stable, aromatic benzene molecule with
four excess p electrons, stabilised by
two barium ions. A possible molecular
wire, built up from Ba end-capped tho-
rium–benzene “sandwiches”, is dis-
cussed.


Keywords: ab initio calculations ·
aromaticity · barium · benzene ·
molecular wires
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Results and Discussion


To generate a stable benzene molecule with ten p electrons,
a transition-metal centre can be employed. In such a transi-
tion-metal–benzene complex, the metal centre must fulfill
three requirements: 1) the metal centre must supply four va-
lence electrons; 2) the ionisation energies (IE) of the metal
must be low so that the metal centre may act as facile elec-
tron source and 3) the metal centre must supply d or f orbi-
tals of appropriate size, symmetry, and energy that match
the p* orbitals of benzene so as to stabilise the excess p


electrons. Furthermore, the complete molecule must have a
singlet ground state with a planar, C6-symmetric benzene
subunit, such that it is a formal ten-p-electron benzene
moiety.


In this context, thorium appears to be the ultimate candi-
date, which already in Straka�s studies[2] turned out to stabi-
lise N6 best. Thorium has four valence electrons with partic-
ularly low ionisation energies.[6] Furthermore, thorium can
provide d and f orbitals for d-donor interactions from ben-
zene to Th. In a simplistic ionic picture, a formal [Th4+�
C6H6


4�] complex with singlet multiplicity is thus conceivable.
Natural population analysis[7] extracted from density func-
tional calculations of a C6v-symmetric singlet thorium–ben-
zene complex reveals quite a high partial charge of +2.4 e
indicating strong electron transfer and a d-orbital occupa-
tion (6d1.2) indicating Th–benzene d interaction. The data in
Table 1 show, however, that the singlet [Th(C6H6)] species is


the least stable among the three spin multiplicites consid-
ered. Furthermore, the singlet minimum is of C2v symmetry,
and the C6v-symmetric structure
with a planar benzene subunit
represents a higher order
saddle point that is higher in
energy.


Evidently, electron transfer
of all four valence electrons of
a single thorium atom to ben-
zene is unfavourable. Instead of
employing only one electron
donor, two atoms with two va-
lence electrons each, for exam-
ple, alkaline earth metals, could


perhaps serve better. In an “inverted sandwich” complex
with one atom at each face of benzene, the sixfold symmetry
can be retained. Cummins and co-workers found strong d


back-bonding interactions in inverted arene sandwich com-
plexes incorporating uranium(ii) centres, that is, [L2U–
arene–UL2] (L= amide);[8] while in the limit of UIV centres
this would result in a ten-p-arene complex, these systems
are viewed as divalent uranium synthons with a neutral
arene bridge. Gagliardi and Pyykkç suggested that barium
can be regarded as “honorary” d element.[4] This notion im-
plies that barium should be a useful “ligand” to benzene:
barium can supply d orbitals to stabilise the occupied p* or-
bitals of benzene. Further, two barium atoms may supply
four electrons to benzene to give a formal [Ba2+�C6H6


4��
Ba2+] complex with D6h symmetry. In comparison to thori-
um, for which ionisation into the quadruply ionised species


costs
P3


n¼0
IE(Thn+)= 64.9 eV,[6] the energy demand for gener-


ation of two barium dications is substantially lower, that is,


2 �
P1


n¼0
IE(Ban+)=30.4 eV.[9] Thus, barium is one of the most


promising benzene “layers” for this purpose.


According to mPW1PW91 computations, a singlet bis-
(barium)benzene molecule with D6h symmetry indeed repre-
sents the lowest energy structure among the different spin
and symmetry species considered (see Figure 1 and Table 2).


Figure 1. Geometries of bis(barium)benzene complexes, calculated at the
mPW1PW91 level of theory. Left: 1A1g (D6h). Middle: 1A1 (D2v). Right:
3A1g (C2v). Selected distances are given in pm.


Table 1. Absolute and relative energies including zero-point vibrational
energy (ZPE) contributions [given in Hartree and kJ mo1�1, respectively]
for [Th(C6H6)] complexes calculated at the mPW1PW91 density function-
al level of theory. Thorium–benzene distances are given in pm.


Species occ. Eabs Erel dTh�C6H6


[a]


1A1 (C6v) 7s06d05f0/p*4 �267.952972 0.0 197.8
1A1 (C2v) 7s06d05f0/p*4 �267.964102 �29.2 235.8
3E2 (C6v) 7s16d05f0/p*3 �267.970194 �45.2 217.9
3A2 (C2v) 7s16d05f0/p*3 �267.974898 �57.6 219.2
5B1 (C6v) 7s16d05f1/p*2 �267.966461 �35.4 233.4


[a] Distance between the thorium atom and the centroid of the benzene
ring.


Table 2. Absolute and relative energies [given in Hartree and kJ mol�1, respectively] for [Ba2(C6H6)] com-
plexes. mPW1PW91 data include ZPE contributions.


mPW1PW91 CCSD(T)//mPW1PW91 CCSD(T)
Species Eabs Erel Eabs Erel Eabs Erel


bis(h6)Ba�C6H6�Ba
lAlg (D6h) �283.110553 0.0 �282.367118 0.0 �282.367641 0.0
3A2 (C2v) �283.109196 3.6 �282.363943 8.3
3E2u (D6h) �283.109022 4.0 �282.361809 13.9 �282.362370 13.8
5A2u (D6h) �283.104439 16.1 �282.359850 19.1 �282.360820 17.9
bis(h2)Ba�Ba�C6H6
1A1 (C2v) �283.084463 68.5 �282.344317 59.9
mono(h6)Ba�Ba�C6H6
3A1 (C2v) �283.072331 100.4 �282.315839 134.6
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Next to such a D6h symmetric benzene molecule layered by
two barium atoms, there are two other structural isomers
with Ba–Ba contacts that are to be accounted for. They play,
however, only a very minor role. At the CCSD(T)//
mPW1PW91 level, a complex with h2-coordinated barium
atoms lies 60 kJ mol�1 higher in energy with respect to the
overall D6h minimum; the isomer with a quasi-linear Ba�
Ba–benzene alignment in which only one barium atom coor-
dinates to benzene is another 75 kJ mol�1 less favourable.
The discussion therefore focuses on the different spin states
of the low-energy isomer.


In this context, the mPW1PW91 functional predicts the
singlet molecule to be the most stable bis(barium)benzene
species, while a triplet C2v configuration lies within quite
close proximity (Table 2); the D6h-symmetric 3E2u state cor-
responds to a higher order saddle point with two imaginary
frequencies. Based on CCSD(T)//mPW1PW91 data, the en-
ergetic order of spin states is 1A1g (Erel=0.0 kJ mol�1) fol-
lowed by 3A2 (Erel=8.3 kJ mol�1) and 5A2u (Erel=19.1 kJ
mol�1). If the zero-point vibrational energy contributions of
the mPW1PW91 results are included, the separation is even
more definite: 0.0 (1A1g) versus 11.3 (3A2) versus
30.9 kJ mol�1 (5A2u).


The “inverted sandwich” structures have also been opti-
mised in D6h symmetry at the CCSD(T) level of theory. As
is evident from the data in Tables 2 and 3, the density func-


tional approach agrees very well with the CCSD(T) results,
both with respect to geometrical parameters and relative en-
ergies. Although the triplet species is a C2v-symmetric
ground-state molecule, it is reasonable to assume that a
CCSD(T)-optimised C2v structure is close in geometry to the
mPW1PW91 structure (see Table 3) and thus will be higher
in energy by about 8 kJ mol�1 with respect to the singlet D6h


species. Formation of singlet bis(barium)benzene is exother-
mic with respect to the reactants 2 Ba+ C6H6, that is, from
CCSD(T)//mPW1PW91 calculations, bond energies are
De[Ba�(C6H6)Ba]= 162.0 kJ mol�1 and De[Ba�(C6H6)]=


54.9 kJ mol�1. We note that structures involving fragmenta-
tion of the C�C framework are unlikely to be thermochemi-
cally favourable. Expulsion of ethyne from ground-state bis-
(barium)benzene, for example, to form 3A2u (D4h) [Ba2-
(C4H4)] is endothermic by 464 kJ mol�1 according to
CCSD(T)//mPW1PW91 computations. Therefore, it can be
concluded that 1A1g (D6h) bis(barium)benzene represents the


lowest energy minimum on the Ba2C6H6 potential-energy
surface.


In the singlet molecule, the 5d occupation of 0.43 e per
barium atom from the natural population analysis (NPA) of
the mPW1PW91 density is remarkably high and implies con-
siderable Ba–benzene d interaction to stabilise the complex.
The NPA partial charge of +1.54 e per barium atom on the
other hand indicates substantial charge transfer to benzene,
thus pointing towards an electron-transfer limit of 4 e� . The
five highest occupied molecular orbitals (HOMO) in
Figure 2 support this notion. The triplet configuration com-


prises a singly occupied 6s(Ba) type orbital and three elec-
trons in the p*(benzene) type orbitals. In the quintet spe-
cies, both 6s(Ba)-type orbitals ((a1g)


1 and (a2u)
1) are singly


occupied, the other two unpaired electrons reside in the an-
tibonding p*-type orbital of e2u symmetry.


To assess the aromatic character of the benzene fragment
in bis(barium)benzene, nucleus independent chemical shift
(NICS) indices[10] have been calculated. A NICS(d) value is
defined as the (sign-reversed) NMR shielding contribution
at a given point in the molecule, d, above the centroid of
the cyclic fragment. A negative NICS value serves as an in-
dicator for cyclic electron delocalisation (CED), thereby im-
plying aromatic character. At the mPW1PW91 level, ben-
zene has a NICS(0) value of �7.9 ppm, the “naked” tetra-


Table 3. Geometries for D6h-symmetric [Ba2(C6H6)] complexes, calculat-
ed at the mPW1PW91 and CCSD(T) levels of theory. Bond distances are
given in pm.


mPW1 PW91 CCSD(T)
Species dBa�C6H6


[a] dC�C dC�H dBa�C6H6


[a] dC�C dC�H


lAlg (D6h) 227.9 145.8 108.3 226.6 146.6 108.9
3E2u (D6h) 240.1 144.3 108.2 238.2 145.1 108.8
5A2u (D6h) 257.0 142.6 108.2 253.6 143.6 108.8


[a] Distance between the barium atom and the centroid of the benzene
ring.


Figure 2. Illustration of the five highest occupied molecular orbitals in
1A1g (D6h) [Ba2(C6H6)].
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anion C6H6
4� has one of �26.3 ppm. Taking these numbers


as reference for CED, the NICS(0) value of �42.8 ppm in
Ba2(C6H6), which relates to that of the 1,3-dehydro-5,7-ada-
mantanediyl dication (NICS[HF/6-31+G*//MP2/6-31G*]=


�50.1 ppm),[10] clearly indicates aromatic character in the
singlet ground-state molecule. In comparison, the NICS(0)
index for the triplet complex, (D6h)


3E2u, amounts to
+150.3 ppm, that is, exhibiting distinct antiaromatic charac-
ter, which suggests that the aromaticity in the singlet com-
plex is not simply an artefact caused by the high electron
density of the benzene ring in these complexes. Likewise, a
free trianionic benzene fragment, 2Elu (D6h) C6H6


3�, exhibits
a slightly positive NICS(0) index of + 0.5 ppm; this further
demonstrates that the NPA partial charge of 2 �+1.54 e
from Ba to benzene in 1A1g [Ba2(C6H6)] reflects a formal
transfer of four electrons rather than only three. If the latter
were to be assumed and 1A1g bis(barium)benzene were a
nine-p-electron system, a negative NICS(0) value would as
well be expected for C6H6


3�.
NICS is also affected by the local effects of s bonds and


lone pairs. To dissect the total NICS into paratropic compo-
nents arising mainly from C�C s bonds and diatropic com-
ponents that are due to C�C p multiple bonds, the NICS
values can be determined at increasing distances from the
ring centroid.[11] Thereby, the paratropic C-C(s) effects are
faded out and the diatropic ring current is isolated, typically
at a distance of around 100 pm. From the calculated NICS
profile in the region between zero and 100 pm no decrease
of NMR shielding contribution is observed, thereby con-
firming a diatropic ring current. The aromatic character in
the benzene fragment of bis(benzene)barium is thus corro-
borated. For distances beyond 150 pm, the NICS index of
Ba2(C6H6) even suggests an increase in aromatic character.
This is, however, due to shielding by the barium atom and
accordingly decreases after dBa�C6H6


= 228 pm (see Figure 3).
To some extent, there may also be three-dimensional aro-
matic character involved. However, comparison of the
trends in the “naked” two-dimensional systems, C6H6


4� and
C6H6, with those in the 1A1g and 3E2u bis(barium)benzene
complexes implies that this is not predominant. The planar
two-dimensional aromatic systems and the three-dimension-


al 1A1g complex all have negative NICS values, whereas the
three-dimensional 3E2u complex has a highly positive one.
Further, according to the 2(n+1)2 rule of three-dimensional
aromaticity,[12,13] ten p electrons are unfavourable.


To build a molecular wire from ten-p-electron benzene
molecules, a means to align several benzene molecules
along the C6 axis is required. If a metal–benzene unit is used
as a building block such that multidecker compounds
result,[14] there is a simple basic criterion that is to be fulfil-
led (vide supra). The metal centre (M) must be a four-elec-
tron donor. In a multidecker compound, this results in an
(infinite) [M(C6H6)]n chain.[15] In an isolated molecule, how-
ever, defined end points must exist. The simplest molecular
compound of this form is a sandwich-type bis(benzene)
complex with metal end points. Thus, the central metal atom
supplies two electrons to each benzene ring, the other two
electrons are obtained from the end-point metal.


With Ba as the end-point metal one arrives at a doubly
charged ten-p-electron ligand Ba(C6H6)


2�, which is closely
related to the ten-p-electron ligand C8H8


2�, the cyclooctate-
traene (COT) dianion. In analogy to [Th(cot)2], thorium
should be a viable candidate for the central metal. [Th(cot)2]
is a diamagnetic complex with 20 valence electrons. Accord-
ing to MRCI calculations, [Th(C8H8)2] is a D8h-symmetric
singlet molecule that may be viewed in a single-determinant
picture as ThIV compound, that is, a Th4+ closed-shell ion
complexed by two aromatic C8H8


2� ligands.[16] Translated to
this work, the compound suggested is a thorium sandwich-
type singlet complex with barium(benzene) ligands, [Ba-
(C6H6)Th(C6H6)Ba]. Table 4 shows the relative thermo-


chemical stabilities for this complex at the different spin
states, restricted to D6h symmetry. For singlet, triplet and
quintet spin states, these idealised geometries correspond to
transition structures with low imaginary modes for ring rota-
tion about the C6 axis. The lowest-energy minimum was cal-
culated for the singlet structure, and it is of D6 symmetry.
This structure is a mere 0.5 kJ mol�1 lower in electronic
energy with respect to both D6h and D6d symmetries. The
imaginary frequencies of the singlet D6h and D6d structures
amount to 42 i and 44 i cm�1. The region along this coordi-
nate of the potential-energy surface is rather shallow for
these three spin multiplicities. It is thus reasonable to con-
fine the discussion to D6h structures only. The septet species,


Figure 3. NICS(d) indices in the centre of the benzene rings and at a dis-
tance d above the centroid for benzene, C6H6


4� and [Ba2(C6H6)].


Table 4. Absolute and relative electronic energies calculated at the
mPW1PW91 level for [Th{(C6H6)Ba}2] complexes [given in Hartree and
kJ mol�1, respectively]. Energies including zero-point vibrational energy
contributions (E0) are also given. The symmetry of the complexes is re-
stricted to D6h.


Eabs Erel


Species Ee1 E0 Ee1 E0


lAlg (D6h) 551.303865 �551.114662 0.0 0.0
3E2u (D6h) 551.287687 �551.046484 42.5 179.0
5A2u (D6h) 551.278807 �551.078745 65.8 94.3
7E2u (D6h) 551.247180 �551.054409 148.8 158.2
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however, features imaginary asymmetric stretching modes of
Th towards one benzene ring, and it is probably therefore a
C6- or C2-symmetric species. Nevertheless, it is assumed un-
likely that relaxation from D6h or D6d symmetry to the
septet ground-state structure will result in a relative energy
close to that of the singlet species. Indications of bent struc-
tures like those found for plain bis(arene) actinide com-
pounds[17] have not been found.


Density functional theory predicts a singlet structure of
the Ba/Th–benzene “nanowire” (Figure 4) to be clearly fav-
oured over the other multiplicities considered so far. If zero-


point vibrational energy contributions are considered, the
energetically closest species has quintet multiplicity and is
almost 100 kJ mol�1 higher in energy than the overall singlet
minimum. The energetic spreading is more explicit than that
of the bis(benzene)barium case, which is not too astounding
regarding the analogy to the diamagnetic bis(COT)thorium
complex. Preparation of such a singlet wiretype structure
should thus in principle be viable. Actually, very recently,
Hosoya et al. have reported the synthesis of Eu–COT nano-
wires by laser vaporisation techniques.[18] Extension to
longer wires incorporating more Th(C6H6) units is also ex-
pected to result in singlet multiplicity molecules with ten-p-
electron benzene fragments. A molecular wire with an ad-
justable length incorporating high-electron-density C6H6


units is therefore within reach. One crucial point will have
to be addressed in future investigations, that is, the question
of conductance in such molecular wires, as this is one of the
most relevant properties for potential nanowires.


Computational Details


Density functional calculations[19] were performed at the unrestricted
mPW1PW91[20] level of theory as implemented in the Gaussian 03 pro-
gramme package.[21] The mPW1PW91 functional is specifically parametr-
ised to adequately describe weak as well as noncovalent interactions[20]


associated with metal–p complexes,[22] while, according to a theorem by
Lacks and Gordon,[23] retaining accuracy for the description of covalent
bonds. Carbon and hydrogen atoms were described by standard 6-311+


G(2df,p) basis sets,[24, 25] and for barium and thorium the Stuttgart/Kçln-
type relativistic pseudopotentials (ECP46MWB replacing 46 core elec-
trons[26] and ECP78MWB replacing 78 core electrons,[27] respectively)
were employed in conjunction with the corresponding (6s6p5d1f)/
[4s4p2d1f] basis set[26] describing the 5s25p66s2 valence shell of Ba and the


(8s8p6d5f2g)/[5s5p4d3f2g] basis set[28] for the 6s26p66d27s2 valence space
of Th. For molecules containing more than one benzene ring, the smaller
6-31+G(d,p)[29] basis sets were used for C and H for efficiency reasons.
The resulting wavefunctions do not suffer from spin contamination and
were found to be the energetically lowest solutions according to stability
analyses.


Nucleus independent chemical shift (NICS)[10] indices were obtained
from mPW1PW91 NMR calculations based an the GIAO formalism,[30]


using the ECP/6-311+G(2df,p) basis set combination, as already men-
tioned above. Although the calculation of magnetic properties at nuclei
described with a pseudopotential is clearly inappropriate, the employed
ECP/basis set combination works quite well for the purpose at hand. The
indices were calculated at the centroid of the arene ring and at distances
d (in pm) above to give NICS(d) parameters.[11]


ROHF-based coupled cluster (CCSD(T))[31–34] calculations were carried
out with the ab initio programme package Molpro 2002.[35] Here, C and
H were described by Dunning�s aug-cc-pVTZ and cc-pVDZ basis sets,[36]


respectively. All valence electrons, that is, 1s(H), 2s2p(C) and
5s5p6s(Ba), were correlated. Geometries were optimised using the optg
module. The CCSD(T) approach is expected to yield reliable results, as
L�thi has already pointed out for transition-metal sandwich com-
pounds.[37] The T1 diagnostic value,[38] used to measure the contribution of
the singly excited configurations and to serve as an indicator for possible
neardegeneracy effects, was below 0.02 for all closed-shell species and
below 0.025 for all open-shell calculations. For a closed-shell CCSD cal-
culation to be reliable, a T1 diagnostic of <0.02 has been proposed.[38] If
triplet contributions are included, as for example, in a CCSD(T) formal-
ism, a rough estimate of recommendation is T1�0.04.[39] For open-shell
cases, the criterion is somewhat less stringent.[40] According to these esti-
mates, the CCSD(T) calculations are of sufficient quality and reliability.
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Rotational Dynamics Account for pH-Dependent Relaxivities of PAMAM
Dendrimeric, Gd-Based Potential MRI Contrast Agents


Sabrina Laus, Ang�lique Sour, Robert Ruloff, �va T�th, and Andr� E. Merbach*[a]


Introduction


Dendrimers represent an important class of synthetic poly-
meric nanostructures, and have become an important field
of research for biomedical applications.[1] The potential of


dendrimers in this area covers a large spectrum and involves
drug delivery (transfection agents for DNA delivery into
cells, glycocarriers)[2–5] antiviral treatment (naphtyl-sulfo-
nate-loaded dendrimers show anti-HIV activity),[6] antibacte-
rial drugs (dendrimers derivatised with tertiary alkyl ammo-
nium groups are potent antibacterial biocides against Gram-
positive and negative bacteria)[7,8] or antitumor activity
(photosensitisers coupled to dendrimers).[9] The diversity of
possible biomedical applications results from the fact that
the core, the interior and the surface functionalities of a
dendrimer can be all tuned to a desired objective.


Polyamidoamine (PAMAM) dendrimers are highly
branched, water-soluble, spheroidal nanoparticles. They are


Abstract: The EPTPA5� chelate, which
ensures fast water exchange in GdIII


complexes, has been coupled to three
different generations (5, 7, and 9) of
polyamidoamine (PAMAM) dendri-
mers through benzylthiourea linkages
(H5EPTPA =ethylenepropylenetriam-
ine-N,N,N’,N’’,N’’-pentaacetic acid).
The proton relaxivities measured at
pH 7.4 for the dendrimer complexes
G5-(GdEPTPA)111, G7-(GdEPTPA)253


and G9-(GdEPTPA)1157 decrease with
increasing temperature, indicating that,
for the first time for dendrimers, slow
water exchange does not limit relaxivi-
ty. At a given field and temperature,
the relaxivity increases from G5 to G7,
and then slightly decreases for G9 (r1 =


20.5, 28.3 and 27.9 mm
�1 s�1, respective-


ly, at 37 8C, 30 MHz). The relaxivities
show a strong and reversible pH de-
pendency for all three dendrimer com-
plexes. This originates from the pH-de-
pendent rotational dynamics of the
dendrimer skeleton, which was evi-
denced by a combined variable-temper-


ature and multiple-field 17O NMR and
1H relaxivity study performed at
pH 6.0 and 9.9 on G5-(GdEPTPA)111.
The longitudinal 17O and 1H relaxation
rates of the dendrimeric complex are
strongly pH-dependent, whereas they
are not for the [Gd(EPTPA)(H2O)]2�


monomer chelate. The longitudinal 17O
and 1H relaxation rates have been ana-
lysed by the Lipari–Szabo spectral den-
sity functions and correlation times
have been calculated for the global
motion of the entire macromolecule
(tgO) and the local motion of the GdIII


chelates on the surface (tlO), correlated
by means of an order parameter S2.
The dendrimer complex G5-
(GdEPTPA)111 has a considerably
higher tgO under acidic than under
basic conditions (t298


gO = 4040 ps and
2950 ps, respectively), while local mo-


tions are less influenced by pH (t298
lO =


150 and 125 ps). The order parameter,
characterizing the rigidity of the mac-
romolecule, is also higher at pH 6.0
than at pH 9.9 (S2 =0.43 vs 0.36, re-
spectively). The pH dependence of the
global correlation time can be related
to the protonation of the tertiary
amine groups in the PAMAM skeleton,
which leads to an expanded and more
rigid dendrimeric structure at lower
pH. The increase of tgO with decreasing
pH is responsible for the pH depen-
dent proton relaxivities. The water ex-
change rate on G5-(GdEPTPA)111


(k298
ex = 150 �106 s�1) shows no signifi-


cant pH dependency and is similar to
the one measured for the monomer
[Gd(EPTPA)(H2O)]2�. The proton re-
laxivity of G5-(GdEPTPA)111 is mainly
limited by the important flexibility of
the dendrimer structure, and to a small
extent, by a faster than optimal water
exchange rate.
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composed of a core (generally ammonia or aliphatic di-
amine), repeated polyamidoamine units, and different types
of functional groups (e.g., primary amines) on the surface.
They are produced in successive generations with well-de-
fined molecular weight, diameter and number of primary
amino groups on the surface. The pronounced branching
provides the higher generations with an increasingly three-
dimensional structure that is characterised by a growing
number of cavities within the molecule.[10] For intermediate
generations (G4–6), these cavities are accessible, while
higher generations manifest limited surface permeability.[11]


The total number of reactive functional groups on a den-
drimer surface depends on the number of reactive groups in
the core, on the branch cell multiplicity and on the genera-
tion. In the PAMAM dendrimer family, initiated from an
ethylenediamine core, the number of terminal amino groups
is 128, 512 and 2048 for G5, G7 and G9, respectively.[12]


Non-toxicity is of crucial importance; it has been shown on
mice that PAMAM-based dendrimers do not exhibit proper-
ties that would exclude their use in biological applica-
tions.[13]


During the last two decades, medical magnetic resonance
imaging (MRI) has evolved into one of the most efficient di-
agnostic techniques. This progress has been largely assisted
by the successful use of paramagnetic contrast agents, GdIII


complexes in the majority. The design of highly efficient
agents can only be achieved on a rational basis, considering
the relationship between structure, dynamics and the rele-
vant parameters determining relaxation processes. The Solo-
mon–Bloembergen–Morgan theory which correlates the ob-
served paramagnetic relaxation rate enhancement to micro-
scopic properties predicts maximum proton relaxivities for
GdIII complexes when the three most important influencing
factors, rotation, water exchange, and electron-spin relaxa-
tion are simultaneously optimised.[14] Proton relaxivity (r1) is
defined as the increase in longitudinal water proton relaxa-
tion rate per millimolar concentration of GdIII. The relaxivi-
ty can be theoretically increased to over 100 mm


�1 s�1 for
monohydrated chelates instead of r1 =4–5 mm


�1 s�1 for the
current, commercial agents.


With the aim of optimizing proton relaxivity, the tumbling
time of the GdIII complexes has to be increased; this can be
achieved by macromolecular assemblies. In addition, conju-
gation to large macromolecules is an approach to alter bio-
physical and pharmacological properties of the metal che-
late, such as blood retention, tissue perfusion or excretion.[15]


For example, macromolecular agents tend to be retained in
the vascular space by virtue of their size, hence they are
useful for blood-pool imaging by magnetic resonance an-
giography[16–18] or for evaluation of the microvasculature in
tumour tissues.[19,20] The conjugation of low-molecular-
weight chelates to macromolecules can be achieved through
different ways, involving linear polymers,[21–25] dendri-
mers,[26–30] micelles[31–35] or protein-bound complexes.[36–39]


In the past, the non-optimal water exchange rate has been
a critical issue for macromolecular, GdIII-based MRI con-
trast agents, since low exchange rates often limit proton re-


laxivity.[21,30] Nine-coordinate GdIII poly(amino carboxylates)
undergo a dissociative (D) or dissociative interchange (Id)
water exchange process.[14] On the basis of structural consid-
erations, recently we could accelerate the water exchange by
inducing steric compression around the water binding
site.[40,41] This was achieved by elongation of the amine back-
bone of the ligands by one CH2 group, or by substituting
one acetate arm by a propionate moiety. As a result, the
water exchange rate increased remarkably for both linear
and macrocyclic complexes (k298


ex =150 � 106 s�1 and 270 �
106 s�1 for [Gd(EPTPA-bz-NO2)(H2O)]2� and [Gd(TRITA-
bz-NO2)(H2O)]� vs 3.3 � 106 s�1 and 4.1 � 106 s�1 for [Gd-
(DTPA)(H2O)]2� and [Gd(DOTA)(H2O)]� , respectively;
DOTA=1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclo-
dodecane; DTPA =diethylenetriaminepentaacetic acid).


It has been previously demonstrated on various macromo-
lecular systems, like dendrimers,[27,30] micelles[31,32] or poly-
mers[21,22] that the coupling of a GdIII chelate to a macromo-
lecule does not significantly affect the rate and mechanism
of the water exchange. It is also known from previous stud-
ies on dendrimeric GdIII complexes, that slow water ex-
change was a limiting factor in attaining high relaxivity.[27, 30]


Consequently, the covalent linking of GdIII chelates like
[Gd(EPTPA-bz-NO2)(H2O)]2� with fast water exchange to a
macromolecular system, such as a PAMAM dendrimer,
could be an efficient way to increase relaxivity.


The noncomplexed GdIII ion is toxic, thus it is adminis-
tered in the form of metal chelates for contrast agent appli-
cations. In addition to the stability constant of the GdIII


complex under physiological conditions, the selectivity of
the ligand for Gd3+ over endogenous metals, such as Zn2+


or Ca2+ , is a critical issue. In this respect, the EPTPA-bz-
NO2 ligand is preferred over the macrocyclic TRITA)
ligand, since it is much more selective for Gd3+ over Zn2+


(logKGdL = 19.20, logKGdHL =3.40, logKZnL = 16.01,
logKZnHL = 8.99, logKZnH2L =2.53 for EPTPA-bz-NO2


[41] vs
logKGdL =19.17, logKGdHL =3.2; logKZnL = 18.04, logKZnHL =


4.57 for TRITA[42,43]).
Here we report the synthesis of ethylenediamine-core


PAMAM dendrimer[1] ligands of three different generations
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(5, 7 and 9) loaded with EPTPA chelators on the surface.
Their GdIII complexes [PAMAM-G5(N{CS}N-bz-Gd{EPT-
PA}{H2O}2�)111] (G5-(GdEPTPA)111), [PAMAM-
G7(N{CS}N-bz-Gd{EPTPA}{H2O}2�)253] (G7-(GdEPTPA)253)
and [PAMAM-G9(N{CS}N-bz-Gd{EPTPA}{H2O}2�)1157]
(G9-(GdEPTPA)1157) have been characterised with regard to
potential MRI contrast agent applications. Water proton re-
laxivities have been measured for the different dendrimer
generations at various GdIII concentrations, GdIII/chelate
ratios and different ionic strengths. A pH-dependent relaxo-
metric study has been performed on the three generations.
Variable-magnetic-field 17O longitudinal relaxation rates
have been measured for G5-(GdEPTPA)111 and its rotation-
al dynamics (rigidity) has been described under acidic and
basic conditions. In addition, 17O transverse relaxation rates
were used to determine the water exchange rate.


Results and Discussion


Synthesis of the dendrimeric chelates : We have covalently
attached EPTPA chelate ligands through a benzyl-thiourea
linkage to three generations (5, 7 and 9) of PAMAM den-
drimers. These polymeric structures can carry a large
number of chelating units on their surface. The EPTPA-bz-
NCS ligand was prepared from (dl)-p-nitrophenylalanine in
a multistep synthesis with an overall yield of 39 %. In the
last step, EPTPA-bz-NH2


[41,44,45] was reacted with CSCl2 by
using a standard two-phase methodology to give EPTPA-bz-
NCS. The isothiocyanates are known to react very slowly
with water, but are very reactive to amine groups. They
were conjugated to the three amine-terminated PAMAM
dendrimers. Due to the high affinity of the isothiocyanate
toward amines, this type of conjugation is particularly well
adapted for systems in which a large number of terminal
groups have to react. Indeed, the same strategy has already
been applied for the attachment of poly(amino carboxy-
lates) to dendrimers.[26,28,29] Purification of the dendrimer–


polychelates (before Gd incorporation) was achieved by ul-
trafiltration with appropriate molecular-weight cut-off fil-
ters.


The number of chelate groups linked to the dendrimer
surface was assessed by complexometric titrations, elemental
analysis and 1H NMR spectroscopy. In the titration experi-
ments, a solution containing the dendrimer was titrated by
GdCl3 (G5), ZnCl2 (G7) and CaCl2 (G9). This method
allows us to determine the quantity of chelating unit per
mass of dendrimer. The following values were obtained:
nEPTPA =1.077 � 10�3, 7.301 � 10�4 and 8.846 � 10�4 mol g�1 for
G5, G7 and G9, respectively. Based on the data obtained
from the titration and the carbon content of the EPTPA-
loaded dendrimer products determined by elemental analy-
sis, one can calculate the average number of chelates per
dendrimer molecule. (We consider that the carbon percent-
age is the most accurate among all elements (C, H, N, O, S)
measured by elemental analysis; details are presented in the
Supporting Information.) For the three different generations
we obtain: G5-(GdEPTPA)111, G7-(GdEPTPA)253 and G9-
(GdEPTPA)1157 (Table 1). These values are in accordance


with the average number of chelates per dendrimer estimat-
ed by 1H NMR spectroscopy. Integration of the benzyl
versus the alkyl region in the 1H NMR spectrum indicated
about 88 % loading on G5-(NH2)128 and about 53 % on G7-
(NH2)512, while for the ninth-generation dendrimer the inte-
gration did not give reliable values. Elemental analysis and
1H NMR spectroscopy are the two methods usually applied
for the characterisation of poly(amino carboxylate)-loaded
PAMAM dendrimers. The complexometric titration by itself
cannot give the number of chelates per dendrimer molecule;
however, it can be used to precisely determine the number
of chelates per mass of the dendrimer product. In the prepa-
ration of all lanthanide-loaded samples, we used the chelate
concentration determined in this way. In addition, a xylenol
orange test was performed on each sample to check the ab-
sence of free Gd3+ , and the Gd3+ concentration was verified
by ICP-AES measurements in all solutions.


Gel-permeation chromatography on G5-EPTPA111


showed a relatively narrow size distribution. Dynamic light-
scattering measurements allowed us to estimate an average
diameter of 8.0 nm for G5-(GdEPTPA)111 (pH 6.7). This
value compares well with that reported for a fifth-generation
PAMAM dendrimer with an ammonia core and loaded with
DO3A (DO3A =1,4,7-tri(carboxymethyl)-1,4,7,10-tetraaza-
cyclododecane) chelate ligands on the surface (7.8 nm mea-
sured in phosphate-buffered saline).[28]


Table 1. Number of terminal NH2 groups and conjugated GdIII chelates
on the three different generations of dendrimers.


PAMAM
generation


Number of
terminal NH2 groups


Number of
GdIII chelates


% of
coupling


5 128 111 87
7 512 253 49
9 2048 1157 56
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Relaxivity studies


Relaxivity measurements at physiological pH : We have mea-
sured water proton relaxivities as a function of the Larmor
frequency at variable temperatures (5, 25, 37 and 50 8C) for
the three generations of dendrimers, that is, G5-
(GdEPTPA)111, G7-(GdEPTPA)253 and G9-(GdEPTPA)1157,


at physiological pH (7.4 in HEPES buffer; Figure 1;
HEPES = 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid). In all three cases, the slow rotation of the dendrimer
leads to a high-field relaxivity peak, centred at 30–40 MHz,
and typical of macromolecular systems. For all three den-
drimer complexes, the relaxivities increase with decreasing
temperature, and thus show the same temperature depend-
ence as the monomeric [Gd(EPTPA-bz-NO2)(H2O)]2� com-
plex.[41] This temperature dependence is the opposite to
what has been previously reported in the literature for other
dendrimer complexes, based on DOTA- or DTPA-type che-
lators. For instance, in the case of generation 5, 7, 9 and 10
PAMAM dendrimers bearing [Gd(DOTA)(H2O)]� units on
the surface, the relaxivity was found to increase with in-
creasing temperature (for G= 7, r1 = 35 mm


�1 s�1 at 23 8C vs
40 mm


�1 s�1 at 37 8C; 20 MHz).[29] This was accounted for by


the limiting effect of the slow water exchange. On G3,4,5-
[N(CS)-bz-Gd-(DO3A)(H2O)]23,30,52 dendrimers, a variable-
temperature 17O NMR study experimentally proved the
slow water exchange and that this slow exchange indeed
limited the relaxivity gain brought by the slow tumbling.[27]


The temperature dependence of r1 for G5-(GdEPTPA)111,
G7-(GdEPTPA)253 and G9-(GdEPTPA)1157 implies that slow
water exchange does not limit relaxivity.


The proton relaxivities increase from G5-(GdEPTPA)111


to G7-(GdEPTPA)253, and then they slightly decrease for
G9-(GdEPTPA)1157 at a given temperature (Figure 2). The


Solomon–Bloembergen–Morgan theory predicts that after a
certain limit, a further increase of the rotational correlation
time no longer leads to a relaxivity gain. Thus, if the rota-
tional correlation time is long enough on G7, no gain in re-
laxivity will be observed on going to G9. In this case, a
small increase in the local flexibility of the GdIII segments
from G7 to G9 can cause a decrease in relaxivity. The
NMRD (NMRD =nuclear magnetic relaxation dispersion)
profiles of the G7 and G9 dendrimeric complexes have not
been fitted, since clearly the Lipari–Szabo spectral functions,
yielding local and global correlation times, would be needed
for the analysis (see below); however, this analysis is very
difficult and uncertain to perform without additional longi-
tudinal 17O relaxation rates. Consequently, we do not have
exact data for the rotational correlation time on G7 and G9
and we cannot affirm whether the rotational correlation
time is long enough not to influence relaxivity any more.
Clearly, the global rotational correlation time is longer for
G9 than for G7, given the larger molecular weight. The
water exchange rate can be expected to be similar on both
dendrimers. An eventual difference in the electronic relaxa-
tion cannot be excluded, but this point is difficult to judge.
Consequently, it is the local motion of the Gd segments that
can be mainly responsible for the slightly lower relaxivities
of G9 versus G7. These results are in accordance with a var-
iable generation study on G5,7,9,10-[{N(CS)-bz-Gd-
(DOTA)}�]127,479,2041,3727 dendrimers in which the relaxivities
first increased with generation then reached a plateau at
G7.[29]


Figure 1. NMRD profiles of a) G5-(GdEPTPA)111, b) G7-(GdEPTPA)253


and c) G9-(GdEPTPA)1157 at 5 8C (*) 25 8C (&), 37 8C (!) and 50 8C (?),
pH 7.4.


Figure 2. NMRD profiles of [Gd(EPTPA-bz-NO2)(H2O)]2� (pH 6.0; ?),
G5-(GdEPTPA)111 (*), G7-(GdEPTPA)253 (&) and G9-(GdEPTPA)1157


(!) at 25 8C and pH 7.4.
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The relaxivities did not show concentration dependence
for any of the generations (0.1–5 mm Gd3+ for G5-
(GdEPTPA)111 and G7-(GdEPTPA)253; 0.1–1 mm Gd3+ for
G9-(GdEPTPA)1157; 40 MHz, 40 8C); neither were they de-
pendent upon the sodium chloride concentration (0–1 m).
These results point to the absence of aggregates in solution,
which was independently confirmed by dynamic light-scat-
tering measurements. The relaxivities also remained con-
stant on varying the HEPES concentration (for G5-
(GdEPTPA)111, 2–450 equivalents of HEPES per Gd), indi-
cating that the buffer does not interfere.


Dendrimers can have a high number of GdIII chelates on
the surface that can be relatively close to each other.
Dipole–dipole interactions between electron spins of close
GdIII centres have been already observed by EPR or proton
relaxometry for dinuclear[46] and trinuclear complexes,[47] mi-
celles[48] and dendrimer complexes.[30] Such intramolecular
GdIII–GdIII interactions lead to an increase in the electronic
relaxation rate, which is unfavourable for relaxivity. There-
fore one possibility to assess intramolecular dipole–dipole
interactions is to measure the relaxivity as a function of the
GdIII “density” in the molecule. We have measured
1H NMRD profiles for G5-(GdEPTPA)111 and G7-
(GdEPTPA)257 with different Gd/EPTPA-chelating-unit
ratios under physiological pH and 25 8C. As Figure 3 shows,
at low frequencies the experimental relaxivities are different


for Gd/L ratios of 1:1 and 1:4, the relaxivity being higher for
the 1:4 than for the 1:1 sample. Since at low magnetic fields
the contribution of electronic relaxation dominates the re-
laxivities, this difference between the two samples indicates
the presence of intramolecular dipole–dipole electron-spin
interactions, which are evidently more important for the 1:1


than for the 1:4 sample. The intramolecular electron-spin in-
teractions contribute to an increase in the electron-spin re-
laxation rate, and will consequently decrease proton relaxiv-
ity. On the other hand, at higher fields, in which the rota-
tional contribution dominates and the electron-spin relaxa-
tion has practically no more effect on the relaxivity, identical
r1 values are measured for both samples. Similar observa-
tions were reported for micellar systems with variable GdIII


loading.[48]


We have also measured proton relaxivities for the three
generations of dendrimers as a function of pH between
pH 6 and 12 (40 MHz, 40 8C; Figure 4). Below pH 6, the


dendrimer complexes are not soluble, probably due to the
protonation of the amino functions in the skeleton. For all
generations, the relaxivity increases with decreasing pH and
this variation is fully reversible. For solubility reasons, a
more detailed study on the influence of pH was performed
only on the fifth-generation dendrimer, G5-(GdEPTPA)111.


Variable pH studies on G5-(GdEPTPA)115—UV-visible spec-
trophotometry : To learn about the hydration state of G5-


Figure 3. NMRD profiles of a) G5-(GdEPTPA)111 with GdIII/chelating
ligand ratios of 1:1 (*) and 1:4 (!) and b) G7-(GdEPTPA)253 with a ratio
of 1:1 (&) and 1:4 (?); 25 8C, pH 7.4.


Figure 4. The pH-dependent 1H relaxivities for a) G5-(GdEPTPA)111,
b) G7-(GdEPTPA)253 and c) G9-(GdEPTPA)1157 at 40 MHz and 40 8C.
The tendency lines represent a polynomial fit to guide the eyes.
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(LnEPTPA)111 complexes, and particularly its eventual var-
iation with pH, we performed a pH-dependent UV-visible
study on aqueous solutions of the EuIII analogue at 298 K.
The 7F0–


5D0 transition band of EuIII (575.0–585 nm) is very
sensitive to the coordination environment and is often used
to test the presence of differently coordinated species.[49]


The G5-(EuEPTPA)111 complex at both pH 9.9 and 6.4 has
a single absorption band in this region that proves the ab-
sence of a hydration equilibrium in solution. The same
result was found for the corresponding monomer EuEPTPA
complex.[41] Moreover, the maximum of the absorption band
is identical for the acidic and basic samples; this proves the
similarity of the coordination environment at the two differ-
ent pHs. By analogy, we assume that the same hydration
mode (no hydration equilibrium) exists for the correspond-
ing GdIII complex as well.


Variable pH studies on G5-(GdEPTPA)115—
17O NMR and


1H NMRD spectroscopy : As Figure 4 shows, the proton re-
laxivities are strongly dependent on pH; from pH 11 to 6, r1


increases by about 60 % for all the three generations. Such
pH dependence can result from the pH dependence of the
water exchange rate or of the rotational correlation time,
the two main influencing factors for proton relaxivity at
high fields. To gain more insight into the pH behaviour of
these parameters, we performed a variable-temperature 17O
NMR study on G5-(GdEPTPA)111 under both basic and
acidic conditions, at pH 9.9 and 6.0 (the most acidic medium
at which the dendrimer is still soluble). Transverse and lon-
gitudinal 17O relaxation rates were measured at two differ-
ent magnetic fields (4.7 and 9.4 T); multiple fields are indis-
pensable for a detailed descrip-
tion of the rotational dynamics.
The 17O relaxation data are pre-
sented in Figure 5 for the two
different pHs.


In the 17O NMR measure-
ments, a solution of G5-
(YEPTPA)111 was used as exter-
nal reference, at the same con-
centration and pH as the GdIII


sample. Previous studies on
low-molecular-weight GdIII


complexes at pH~5 have
shown that acidified water or
the corresponding YIII complex
can be alternatively used as dia-
magnetic reference (the differ-
ence in the measured T1 and T2


was within the experimental
error). For the dendrimer G5-
(YEPTPA)111 complex, howev-
er, both the longitudinal and
transverse diamagnetic relaxa-
tion rates were found to be con-
siderably lower (~30–50 %)
than for acidified water. There-


fore, in all measurements, the YIII complex was used as dia-
magnetic reference.


The reduced 17O longitudinal relaxation rate of an aque-
ous solution of GdIII is determined by quadrupolar and dipo-
lar relaxation mechanisms, both dependent on the rotation
of the Gd-coordinated water oxygen vector. A comparison
of the ln(1/T1r) values in Figure 5 clearly shows that the pH
has a significant influence on the rotational dynamics. More-
over, the 17O longitudinal relaxation rates at both pHs also
depend on the magnetic field, which is characteristic of
slowly rotating systems. In such a case, the usual Solomon–
Bloembergen spectral density functions cannot describe the
experimental 17O ln(1/T1r) data. Recently, the model-free
Lipari–Szabo approach, commonly used for the description
of motional dynamics of proteins, oligosaccharides, and so
forth,[50,51] was adapted to paramagnetic 17O longitudinal re-
laxation.[21] This approach was successfully used to charac-
terise rotation of different macromolecular GdIII complexes,
like linear polymers,[21,23] micellar systems[32] or dendrim-
ers.[30] In several cases, proton relaxivities were also included
in the analysis and fitted simultaneously with the 17O data.
The spectral density functions applied in the Lipari–Szabo
analysis involve a global rotational correlation time (tg),
which can be attributed to the global movement of the mac-
romolecule, and a local rotational correlation time (tl),
which describes the local movement of the Gd segments
within the macromolecule. The degree of spatial restriction
of the local motion with regard to the global rotation is
given by an additional model free parameter (S2). For a to-
tally free internal motion S2 = 0, while for a local motion
that is exclusively correlated to the global motion, S2 =1.


Figure 5. Top: Variable-temperature, reduced longitudinal and transverse 17O relaxation rates for G5-
(GdEPTPA)111 at pH 6.0 (left) and 9.9 (right) B =9.4 T (ln(1/T1r):&; (ln(1/T2r): ~) and 4.7 T (ln(1/T1r) *; (ln(1/
T2r): !). Bottom: 1H NMRD profiles at 25 8C (*) and 37 8C (&). The lines represent the curves fitted to the ex-
perimental points. The reduced longitudinal and transverse 17O relaxation rates are calculated from the ob-
served rates 1/T1,2 by taking into account the diamagnetic relaxation rates 1/T1,2A and the molar fraction of the
coordinated water, Pm: 1/T1,2r = 1/Pm[(1/T1,2)�(1/T1,2A)].
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The variable-temperature, multiple-field 17O longitudinal
and reduced transverse relaxation rates and the proton re-
laxivities for G5-(GdEPTPA)111 have been fitted simultane-
ously for each sample (pH 6.0 and 9.9). In the fit, we did not
include chemical shifts, which we generally use as a direct
measure of the scalar coupling constant, A/�h. Given the rel-
atively low concentration of the 17O NMR samples, the
shifts could not be obtained with a sufficient precision;
therefore we did not use them in the analysis. Instead, the
value of the coupling constant was fixed in the analysis to
�3.2 � 106 rad s�1, obtained previously for the monomer
[Gd(EPTPA-bz-NO2)(H2O)]2� complex.[41] Although of low
quality, the similar values of the chemical shifts measured at
pH 6.0 and 9.9 also point to a similar hydration state of the
GdIII, as it was evidenced for the EuIII analogue by the UV-
visible study.


The electron-spin relaxation has been described as in the
conventional Solomon–Bloembergen–Morgan (SBM)
theory.[14] It takes into account only the transient zero-field-
splitting (ZFS; modulated by vibration, intramolecular rear-
rangement and collision with water molecules). In the past
years it has become evident that this theory cannot provide
an appropriate description of the electronic relaxation of
GdIII complexes. It has been shown that an additional contri-
bution of static ZFS (modulated by molecular reorientation
of the complex) has also to be considered.[52–54] Moreover,
for macromolecular systems the Redfield relaxation theory
describing the time dependence of the correlation functions
of the spins system components is not valid, thus the theory
developed for low-molecular-weight complexes[53, 54] cannot
be used for macromolecular chelates. Consequently, the
electronic relaxation parameters as obtained in our analysis
(correlation time for the modulation of the ZFS, tv, the
trace of the square of the zero-field-splitting tensor, D2) are
only fitting parameters and should not be interpreted in
terms of real physical meaning. The failure of the SBM
equations to describe electronic relaxation is manifested in
the deviations between calculated and observed proton re-
laxivites around the relaxivity minimum of the NMRD
curve, for which the electronic contribution is significant
(0.8–4 MHz). At higher fields, the relaxivity is dominated by
the rotational correlation time. It is important to note that
the approximation by using the Solomon–Bloembergen–
Morgan approach to describe electronic relaxation will not
lead to incorrect rotational correlation times, since the rota-
tion is essentially determined by the high-field proton relax-
ivities (for which the effect of electronic relaxation is negli-
gible) and by the 17O longitudinal relaxation rates, which are
not influenced by electronic relaxation. In other words, even
if the calculated NMRD profiles do not fit exactly the ex-
perimental data at intermediate fields, the parameters char-
acterising the rotation are well defined.


To gain more insight into electron-spin relaxation, we
have also recorded EPR spectra of G5-(GdEPTPA)111 at X-
and Q-band. However, due to the lack of an appropriate
theory for macromolecular GdIII complexes, these results
have not been included in the fit of the 17O NMR and


NMRD data and are only used to draw qualitative conclu-
sions. The transverse electronic relaxation rates are about
40 % higher for G5-(GdEPTPA)111 than for the monomer
[Gd(EPTPA-bz-NO2)(H2O)]2� at the same temperature and
magnetic field (1/T2e =6.9 � 109 s�1 vs 4.7 � 109 s�1, respective-
ly; at X-band; pH 6.0, 25 8C). This is in accordance with pre-
vious results showing that electronic relaxation rates are
higher on macromolecular chelates than on the correspond-
ing monomers, and they increase with increasing size within
a family of analogous macromolecules.[21] The increase in
the electron-spin relaxation rate can originate from a contri-
bution of the dipole–dipole intramolecular interactions be-
tween close GdIII centres as discussed above, but also from
the static ZFS, which is dependent on the rotational dynam-
ics. Moreover, the peak-to-peak EPR linewidths, DHpp, mea-
sured for the dendrimer complex, change with pH. They are
about 10–15 % larger under acidic than under basic condi-
tions, which means that electronic relaxation is faster at
lower pH.


Given the large number of parameters involved in the
analysis of the 17O NMR and NMRD data, some of them
had to be fixed to common and physically meaningful
values. The diffusion constant, D298


GdH, and its activation
energy, EDGdH, were fixed to 20 �10�10 m2 s�1 and 25 kJ mol�1,
respectively.[55] For the distances we used rGdO =2.5 � (Gd
electron spin and 17O nucleus distance), rGdH =3.1 � (Gd
electron spin and 1H nucleus distance) and aGdH = 3.5 �
(closest approach of the bulk water molecules). The quadru-
polar coupling constant for the bound water oxygen atoms,
c(1+h2/3)1/2, was fixed to 5.2 MHz.[56] The longitudinal 17O
relaxation is related to motions of the Gd-coordinated water
oxygen vector, while the proton relaxation is determined by
motions of the Gd-coordinated water proton vector. For the
ratio of the rotational correlation time of the Gd–Hwater and
Gd–Owater vectors, tRH/tRO, similar values have been found
for various low-molecular-weight monohydrated GdIII com-
plexes, both by experimental studies and MD simulations
(tRH/tRO =0.65�0.2).[56,57] This tRH/tRO ratio, within the
given error, is considered as a general value for the ratio of
the two rotational correlation times. In the simultaneous
analysis of 17O NMR and NMRD data for the dendrimer
complex, we fixed the ratio of the local correlation times of
the Gd-coordinated water proton vector (tlH) and the Gd-
coordinated water oxygen vector (tlO) to 0.65. The global ro-
tational correlation times obtained from oxygen and proton
relaxation are identical (tgO = tgH). In the analysis, we fitted
the rotational correlation times t298


lO and t298
gO characterizing


the motion of the Gd–Owater vector. The experimental 17O
NMR and NMRD data and the fitted curves for G5-
(GdEPTPA)111 at pH 6.0 and 9.9 are presented in Figure 5.
The relevant parameters obtained in the fit are shown in
Table 2. For the electronic relaxation parameters we ob-
tained the following values: t298


v =37 and 30 ps; D2 =0.06 and
0.1 � 1020 s�2 for pH 6.0 and 9.9, respectively; Ev was fixed to
1.0 kJ mol�1. All equations used in the fit are given in the
Supporting Information.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3064 – 30763070


A. E. Merbach et al.



www.chemeurj.org





Water exchange : The water exchange rates calculated for
the two pHs are very close (within 20 %) and are also simi-
lar to that obtained for the corresponding monomer
[Gd(EPTPA-bz-NO2)(H2O)]2�(k298


ex = 150 �106 s�1).[41] Conse-
quently, the gain in accelerating water exchange by steric
crowding around the bound water is not reduced by attach-
ment of the chelate to the macromolecular entity. This is an-
other piece of evidence that adds up to previous observa-
tions showing that covalent coupling of GdIII chelates to
macromolecules does not significantly change the rate and
mechanism of water exchange.[21–23,27,30] The similarity of the
kex values at pH 6.0 and 9.9 indicates that in this pH range
there is no chemical or structural change in the close envi-
ronment of the bound water. Many preceding studies have
shown that water exchange is influenced exclusively by
changes in the inner coordination sphere of the GdIII.


The proton relaxivity is determined by the proton ex-
change rate, which, for the typi-
cal GdIII–poly(amino carboxy-
lates) around physiological pH,
is equal to the water exchange
rate. Proton exchange can be
accelerated by H+ or OH� cat-
alysis. This results in an in-
crease of the proton relaxivities
at high and low pH values. In
the case of the closely related
[Gd(DTPA)(H2O)]2�, the relax-
ivity starts to increase only
above pH~13 as a sign of the
increased proton exchange rate
originating from the OH� catal-
ysis.[58] For the G5-
(GdEPTPA)111 the proton ex-
change rate very likely remains
unchanged between the two
pHs studied (6.0 and 9.9), and
equals the water exchange rate.


Rotation : The ultimate objective of this study was to de-
scribe in detail the rotational dynamics of the dendrimer
complex, and in particular, to determine if the pH depen-
dency of the proton relaxivities can be related to a pH-de-
pendent rotational dynamics. We have seen above that nei-
ther the hydration state of the dendrimer complex, nor the


exchange rate of the coordinated water changes with pH.
Moreover, a complete 17O NMR study (T1 and T2) has also
been performed on [Gd(EPTPA)(H2O)]2�, the monomer
GdIII unit of G5-(GdEPTPA)111 at pH 6.0 and 9.9. The re-
duced longitudinal and transverse 17O relaxation rates
showed no dependence on pH (all data are presented in the
Supporting Information). These results are also in accord-
ance with previous potentiometric titrations, which proved
that above pH 5 only the species [Gd(EPTPA)(H2O)]2� or
[Gd(EPTPA-bz-NO2)(H2O)]2� are present in solution
(below this pH, a protonated GdHL species also exists).[41]


The pH-invariant behaviour of the monomeric complex
clearly indicates that the pH effect observed on the longitu-
dinal proton and 17O relaxation rate of the dendrimer com-
plexes originates from the PAMAM skeleton.


For G5-(GdEPTPA)111 under both acidic and basic condi-
tions, the model-free Lipari–Szabo approach describes rea-
sonably well the experimental 17O and 1H longitudinal relax-
ation rates, the data that are influenced by the rotational dy-
namics (Figure 5). The local correlation times for both sam-
ples are considerably shorter than the global ones; this indi-
cates an important flexibility of the GdIII segments. It clearly
shows that the motion of the GdIII chelates on the surface of
the dendrimer does not take full advantage of the slow rota-
tion of the macromolecular assembly. This flexibility seems
to be more pronounced for PAMAM dendrimers than for
Gadomer 17,[30] in which both the local rotational correla-
tion time and the S2 parameter were found to be greater rel-
ative to G5-(GdEPTPA)111 (Table 3). Gadomer 17 is a poly-


lysine-based dendrimer with a trimesoyltriamide central
core and 24 Gd(DO3 A)-monoamide chelates on the sur-
face. On G5-(GdEPTPA)111 the local motion of the GdIII


segments shows little dependence on pH as demonstrated
by the similar t298


lO values obtained at pH 6.0 and 9.9. In con-
trast to the local motions, the overall tumbling is strongly
pH dependent; the global rotational correlation time of the
dendrimer complex increases remarkably (37 %) from
pH 9.9 to pH 6.0. Moreover, the complex is slightly more


Table 2. Parameters obtained for G5-(GdEPTPA)111 chelates at pH 6.0
and 9.9 from the simultaneous analysis of 17O NMR and NMRD data.


pH 6.0 pH 9.9


k298
ex [106 s�1] 150�30 180�30


DH� [kJ mol�1] 20.0�4 27.9�4
DS� [J mol�1 K�1] �21�12 4�12
t298


gO [ps] 4040�300 2950�250
EgO [kJ mol�1] 25�2 32�3
t298


lO [ps] 150�15 125�13
ElO [kJ mol�1] 31�3 37�3
S2 0.43�0.03 0.36�0.03


Table 3. Comparison of water exchange rates, rotational parameters and relaxivities for various macromolecu-
lar systems analysed with the model-free Lipari-Szabo approach.


k298
ex


[�106 s�1]
t298


g


[ps]
t298


l


[ps]
S2 r1 [mm


�1 s�1]
(20 MHz 37 8C)


Ref.


dendrimers
Gadomer 17 1.0 3050 760 0.50 17.18 [30]
G5-(GdEPTPA)111 (pH 6.0) 150 4040 150 0.43 23.9 this work
G5-(GdEPTPA)111 (pH 9.9) 180 2950 125 0.36 13.7 this work


linear polymers
[Gd(DTPA-BA)(CH2)10(H2O)] 0.66 2900 490 0.35 15.38[a] [21]
[Gd(DTPA-BA)(CH2)12(H2O)] 0.50 4400 480 0.35 19.55[a] [21]
[Gd(EGTA-BA)(CH2)12(H2O)] 2.2 3880 321 0.25 12.60[a] [23]


micelles
[Gd(DOTAC12)(H2O]� 4.8 1600 430 0.23 17.20[b] [32]
[Gd(DOTAC14)(H2O]� 4.8 2220 820 0.17 17.83 [32]
[Gd(DOTASAC18)(H2O]� 4.8 2810 330 0.28 15.63[c] [32]


[a] 35 8C. [b] 25 8C. [c] 18 MHz.
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rigid under acidic conditions, reflected by a higher S2. There-
fore, the higher relaxivity measured in acidic solution can be
related essentially to a higher global rotational correlation
time, tgO, and order parameter, S2.


The Q-band EPR measurements also seem to support the
slower rotation at acidic rather than basic pH. The peak-to-
peak linewidth is larger at lower pH (see above), which can
be attributed to a more important contribution of the static
ZFS, induced by a slower rotation.


The difference in tgO between the two pH values suggests
that the overall size of the dendrimer becomes larger when
the internal amine groups get protonated. This is reasonable,
since the protonation of the amine nitrogen atoms creates
positive charges that will lead to an increasingly important
repulsion inside the dendrimer. The influence of pH on the
structure of dendrimers has been previously investigated by
various techniques. Monte Carlo simulations have demon-
strated that the density profiles of dendrimeric polyelectro-
lytes are tuneable between a dense core at low pH to a
dense shell at high pH.[59,60] Molecular dynamics simulations
of PAMAM dendrimers have been also performed at vary-
ing pH from the second- to sixth-generations.[61] They have
shown globular and loosely compact structures at high pH
(>10), in contrast to highly ordered, and extended struc-
tures at low pH (<4). These results were correlated to the
fraction of protonated tertiary amine groups. For a
PAMAM-G5 dendrimer without any surface substituent
these fractions are 0.99 (pH 5), 0.42 (pH 7), and 0.007
(pH 9).[62] At low pH (<5), the protonation of the tertiary
amine groups fills the whole dendritic interior with cations,
and the strong charge–charge repulsion makes the structure
more expanded.


At the more acidic pH of our study (pH 6.0), a large frac-
tion of the tertiary amine groups is protonated, thus one ob-
serves slower global motions due to the extended dendri-
meric structure. On increasing the pH, the amine groups
gradually deprotonate, the positive charges disappear and
there is no more repulsing force in the interior of the den-
drimer. This leads to shrinkage and continuous decrease of
the global rotational correlation time all along the pH range
at which deprotonation occurs. Due to the presence of a
high number of protonatable tertiary amines, dendrimers
behave like polyelectrolytes, implying that protonation
covers a much larger pH interval than in the case of an indi-
vidual protonation site. Thus the rotational correlation time
and consequently the proton relaxivity is continuously
changing over a wide pH range, as it is indeed observed for
all three generation dendrimer complexes (Figure 4). More-
over, since the number of tertiary amine protonating sites
increases with increasing dendrimer generation, the pH
range in which protonation continuously occurs also be-
comes more and more extended for higher generations. As a
consequence, the relaxivity change brought by the changing
rotational correlation time will also cover a more extended
pH range, as is observed. Figure 4 demonstrates that the re-
laxivity becomes constant above pH~9 for G5-
(GdEPTPA)111, around pH 10 for G7-(GdEPTPA)253, while


it is still strongly decreasing at pH>11 for G9-GdEPT-
PA1157.


The gradual protonation of the internal tertiary amines in
the dendrimer also has an effect on hydrogen-bond forma-
tion, which can in turn influence the rigidity. The S2 parame-
ter is slightly higher for the lower pH sample (pH 6.0) than
for the basic one (pH 9.9); this fact supports the hypothesis
that hydrogen bonding is more important in the acidic
sample.


It has to be noted that the protonation of the internal
amines of the dendrimer skeleton increases the number of
exchangeable protons. This can lead to an additional
(“second sphere”) relaxation effect, thus contributing to an
increased relaxivity. The analysis of the pH-dependent 17O
longitudinal relaxation rates clearly showed that the pH
changes influence the rotational dynamics, and the simulta-
neous fit of the 17O and 1H relaxation rates could well de-
scribe the experimental data, without considering any
second sphere effect. An eventual “second sphere” contribu-
tion to the overall proton relaxivity is very difficult to de-
scribe theoretically, since we have no information of the
number of protons involved, of their distance from the para-
magnetic centre and so forth. Moreover, these protons on
the dendrimer skeleton are relatively far from the GdIII ions
and this minimises the importance of this relaxation effect.
Consequently, we did not include “second sphere” contribu-
tions in our analysis. Taking the good fit of the experimental
data with our model, it appears to be a reasonable assump-
tion.


It is somewhat surprising that relatively low values are ob-
tained for the local rotational correlation times; they are
about the double of the tRO value calculated for the motion
of the Gd-coordinated water oxygen vector of the monomer
GdEPTPA chelate (75 ps). These t298


lO values are particularly
low relative to that reported for Gadomer 17 (Table 3).
However, the structure of Gadomer 17 is considerably dif-
ferent. In particular, the macrocycles are conjugated to the
dendrimer through two, successive amide bonds with a CH2


unit in between. Amide groups are planar and do not allow
for free rotation, so the CH2 linker between the amides is
the single point that brings some degree of freedom in the
local motion of the Gd chelate. As a consequence, Gado-
mer 17 has much more restricted local motions and a re-
markable rigidity as given by the high value of the S2 param-
eter relative to the other macromolecular systems analysed
by the Lipari–Szabo approach.


The t298
l values published for different linear copolymer


chelates were higher as well (Table 3).[21, 23] In these poly-
mers, the chain consists of alternating GdIII poly(amino car-
boxylate) and (CH2)x segments. Here each of the GdIII che-
lates has two points of attachment to the macromolecule
that can contribute to a slower local motion of the Gd-coor-
dinated water oxygen vector. In the case of the PAMAM
dendrimers, there is a single point of attachment, thus the
local motions are less restricted relative to the linear copoly-
mers, manifested by the lower local rotational correlation
times.
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Previously, the Lipari–Szabo spectral density functions
have been also used to analyse the rotational dynamics of
various micellar GdIII complexes.[32] In these systems, the
macrocyclic GdIII complex contained a long hydrocarbon
chain, attached either directly or through a �CH2�amide
function to an acetate arm of the DOTA chelator. The local
rotational correlation times were found to depend on both
the length and the linking mode of the hydrocarbon chain to
the ligand. Namely, the direct attachment of the long chain
to the acetate carbon resulted in considerably longer local
rotational correlation times than the amide coupling. Since
for these micelles the rigidity is given by the hydrophobic in-
teractions between the hydrocarbon chains, it is clear that
an additional amide group inserted between the GdIII com-
plex and the hydrophobic chain will increase the mobility of
the GdIII units. This was the first study that experimentally
proved the importance of the linker structure in ensuring
slow local motions in macromolecular GdIII complexes.


In the case of our dendrimer complexes, the linker con-
sists of a highly flexible CH2 group connected to the aromat-
ic and rigid phenyl group and then the thiocyanate function
binds directly to the dendrimer. Due to the convenient syn-
thesis and the stability, this benzylisothiocyanate linker is
probably the most widely used to couple poly(amino carbox-
ylate) complexes to various macromolecules for radiophar-
maceutical or MRI contrast agent purposes. Unfortunately,
it seems that, with regard to rigidity, it is not the best choice
for the construction of macromolecular MRI contrast
agents, in which it is essential to eliminate all points of flexi-
bility in coupling the GdIII chelate to the macromolecule.


Limiting factors for proton relaxivity of the dendrimer com-
plex : Until now the slow water exchange was a critical issue
for dendrimeric GdIII chelates as potential MRI contrast
agents. When proton relaxivities increase with temperature,
slow water exchange is always a limiting factor. In compari-
son to previously reported dendrimer-based GdIII complexes,
the relaxivities measured for G5-(GdEPTPA)111, G7-
(GdEPTPA)253 or G9-(GdEPTPA)1157 are not spectacularly
higher (Table 4), though the water exchange is much faster.
The optimal range of the water exchange rate to attain max-
imum relaxivities is relatively restricted; moreover it might


also depend on the magnetic field and on the actual value of
the other influencing parameters. It has to be noted that if
the relaxivity is limited by a faster than optimal water ex-
change rate, the temperature dependence will be the same
as for a limitation by fast rotation, that is, the relaxivities in-
crease with decreasing temperature.


The water exchange rate for the dendrimer G5-
(GdEPTPA)111 complex is k298


ex = 150 �106 s�1 (pH 6.0). We
have simulated proton relaxivity profiles by using the pa-
rameters obtained for G5-(GdEPTPA)111, except for the
water exchange rate, which was varied between 5–150 �
106 s�1 (Figure 6a). The maximum relaxivities attained at the
high field peak of the profile show that the actual water ex-
change rate is faster than the optimal value (~35 � 106 s�1),
for which the highest relaxivities are calculated. However,
the gain in relaxivity would not be enormous (15 %) even
with an optimal water exchange rate either, since the relax-


ivity is mainly limited by the
fast local rotation and low ri-
gidity of the dendrimer. This is
nicely demonstrated by Fig-
ure 6b which presents simulated
relaxivity curves for varying
values of the S2 parameter, with
all other parameters kept con-
stant at values calculated for
G5-(GdEPTPA)111. The relaxiv-
ity gain that could be realised
by freezing out the local motion
of the GdIII chelates on the den-


Table 4. Comparison of relaxivities (20 MHz) for different dendrimeric GdIII complexes.


T [8C] r1 [mm
�1 s�1] Ref.


Gadomer[a] 25/37 16.5/17.2 [30]
[G5((N{CS}-bz-Gd-(DOTA)(H2O))�96] 23 30 [29]
[G7((N{CS}-bz-Gd-(DOTA)(H2O))�380] 23 35 [29]
[G9((N{CS}-bz-Gd-(DOTA)(H2O))�1320] 23 36 [29]
[G3((N{CS}-bz-Gd-(DO3A)(H2O))23] 37 14.6 [27]
[G4(N{CS}-bz-Gd-(DO3A)(H2O))30] 37 15.9 [27]
[G5((N{CS}-bz-Gd-(DO3A)(H2O))52] 37 18.7 [27]
[G2((N{CS}-bz-Gd-(DTPA)(H2O))2�


11]
[b] 20 21.3 [26]


[G6((N{CS}-bz-Gd-(DTPA)(H2O))2�
170]


[b] 20 34.0 [26]
G5-(GdEPTPA)111 25/37 25.1/17.1 this work
G7-(GdEPTPA)253 25/37 35.8/25.6 this work
G9-(GdEPTPA)1157 25/37 29.2/24.2 this work


[a] pH 6.0. [b] 25 MHz.


Figure 6. Simulated proton relaxivities as a function a) of the water ex-
change rate, k298


ex and b) of the general order parameter S2 for G5-
(GdEPTPA)111 (pH 6.0; 25 8C).
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drimer surface (S2 = 1) is over 100 %.
In the early development of contrast agents, it seemed


easier to slow down rotation of GdIII chelates by applying
macromolecular systems than to optimise their water/proton
exchange rate. Now it has become clear that the water ex-
change rate can be tuned to a desired value, but it is not evi-
dent which macromolecular systems have sufficiently high
internal rigidity. Rotational dynamics have been character-
ised in detail, usually by the Lipari–Szabo approach, only
for a limited number of macromolecular systems (dendri-
mers, micellar systems and linear polymers). The majority
the common macromolecules evoked in the context of MRI
contrast agents do not have sufficient rigidity. Clearly, new,
innovative systems are needed to make a revolutionary step
in the development of high-relaxivity MRI contrast agents.
We have recently shown that self-assemblies based on heter-
odi- or heterotritopic ligands can present extreme rigidi-
ty.[63,64] Nevertheless, dendrimers will always have a great
potential in targeting or as contrast agents for simultaneous
use in different diagnostic techniques (infrared imaging, lu-
minescence, etc.). They have the advantage of possessing a
very large number of easily derivatisable sites on the surface
that can be loaded with various functions in addition to the
paramagnetic complexes. These functions can be targeting
vectors or reporters in other diagnostic techniques. More-
over, dendrimers can be obtained in a relatively uniform
size, which is always an advantage in biomedical applica-
tions.


Conclusion


Three different generations (5, 7 and 9) of PAMAM den-
drimers have been loaded with EPTPA, a chelate that en-
sures fast water exchange with a GdIII complex. The dendri-
meric GdIII complexes were characterised with regard to
MRI contrast agent applications by proton relaxivity and
17O NMR studies. Their proton relaxivity shows an impor-
tant pH-dependency, which is related to the pH-dependent
rotational dynamics. The rotational dynamics of the G5-
(GdEPTPA)111 dendrimer were described under acidic and
basic conditions by using the Lipari–Szabo spectral density
functions. The correlation time of the global motion remark-
ably increases with decreasing pH. This is a consequence of
the gradual protonation of the tertiary amines inside the
dendrimer which, through the increasing repulsion between
the positively charged nitrogen atoms, leads to an extended
structure and thus a slower global rotation. Hydrogen bond-
ing also becomes more important at lower pH, contributing
to the rigidity of the macromolecule. However, the local mo-
tions of the GdIII segments on the surface are too rapid and
strongly limit the proton relaxivity.


Although this is the first time that such pH-dependency
of the proton relaxivity is reported for dendrimeric GdIII


complexes, it is very likely a general phenomenon for den-
drimers with a PAMAM scaffold.


Experimental Section


All reagents and solvents were commercially available. EPTPA-bz-NH2


was obtained as described in the literature.[41, 45] The ethylenediamine
core PAMAM dendrimers with primary amines on the surface G5-
(NH2)128, G7-(NH2)512 and G9-(NH2)2048 were purchased as aqueous solu-
tions from Dendritech Inc. (Midland, MI). Ultrafiltration membranes
YM10 and YM30 were obtained from Amicon, (Bedford, MA). 1H NMR
spectra were recorded on a Bruker DPX-400 spectrometer in D2O. Ele-
mental analysis was performed by Analytische Laboratorien (Lindlar,
Germany). Gel-permeation chromatography was done by Polymer Stand-
ards Service GmbH (Mainz, Germany).


Synthesis of EPTPA-bz-NCS : HCl (3 m, 13 mL), CCl4 (6 mL) and CSCl2


(3.6 mL, 47 mmol) were added to a flask containing EPTPA-bz-NH2


(1.94 g, 2 mmol). The resulting orange-red biphasic solution was protect-
ed from light and stirred at room temperature for 5 h. The reaction mix-
ture was then evaporated to dryness and dried under vacuum at 40 8C for
4 h to give a pale yellow solid (1.35 g, quantitative). 1H NMR (400 MHz,
D2O [HDO] =4.80 ppm): d=2.20 (m, 2 H), 2.74 (dd, J =7.8 Hz, J=


8.0 Hz, 1H), 3.12 (dd, J =6.5 Hz, J=6.4 Hz, 1 H), 3.56–3.68 (m, 11H),
4.02 (s, 1 H), 4.06 (s, 5H), 7.35 ppm (s, 4 H); MS (ESI): m/z : 555.6
[M+H]+ .


Synthesis of G5-(EPTPA)111: A 20% molar excess (per terminal amine
on the dendrimer) of EPTPA-bz-NCS (1.3 g, 2 mmol) was dissolved in
H2O (25 mL) and the pH adjusted to 7 with 1m LiOH. A G5-(NH2)128


dendrimer solution (7.88 g, 4.77 w/w % in water, 1.67 mmol of NH2


groups) was slowly added. The slightly cloudy solution (pH~8.5) was stir-
red at 30 8C for 5 days and then filtered through a 0.45 mm disposable
filter. The resulting clear yellow solution was evaporated to dryness and
the solid was redissolved in H2O (30 mL). Free chelate was removed by
ultrafiltration using Centriprep YM10 centrifugal filter devices. The re-
tentates were ultrafiltered twice with H2O (20 mL). The final retentates
were combined and evaporated to dryness to give the product as a white
solid (1.27 g).


Synthesis of G7-(EPTPA)253 and G9-(EPTPA)1157: They were obtained in
a similar manner as G5. A slight change in the purification after the first
ultrafiltration was performed; the retentates were washed twice with
0.1m NaCl and twice with H2O.


Assessment of GdIII-loading on the dendrimers : The number of chelate
groups linked to the dendrimer surface was determined by classical com-
plexometric titrations for the three different generations. The dendrimer
solution was titrated by GdCl3 (G5; buffered with urotropin, pH 6.0, xy-
lenol orange indicator), ZnCl2 (G7, NH4


+/NH3 buffer, pH 10.0, erio-
chrome black T and methyl orange as indicator) and CaCl2 (G9; in
NaOH solution pH 12.0, murexide indicator). The formation of the
EPTPA complexes was instantaneous. The titration with Gd3+ could not
be applied for the higher generation dendrimers, since in solutions of G7
and G9, buffered with urotropin and containing xylenol orange, a deep
purple precipitate appeared immediately on addition of the first drop of
Gd3+ . It could be the result of intercalation of the indicator into the den-
drimer; however, we did not investigate the nature of the precipitation.
It has to be noted that no precipitation occurs in the absence of the indi-
cator and urotropin.


For the G5 and G7 dendrimers, the integration of the 1H NMR spectrum
(benzyl region vs. the total alkyl region) also gave an estimation of the
average loading (88 and 53%, respectively). It was also in good agree-
ment with the elemental analysis (C, H, N, S and O).


Sample preparation : The GdIII (for 17O NMR, NMRD and EPR) and
EuIII complexes (for UV/Vis) were prepared by mixing equimolar
amounts of Gd(ClO4)3 or Eu(ClO4)3 and ligand in water. A slight ligand
excess (5 %) was used. Gd(ClO4)3, Eu(ClO4)3 and Y(ClO4)3 stock solu-
tions were made by dissolving Ln2O3 in a slight excess of HClO4 (Merck,
p.a., 60%) in double distilled water, followed by filtration. The pH of the
stock solution was adjusted to 5.5 by addition of Ln2O3 and its concentra-
tion was determined by titration with Na2H2EDTA solution using xylenol
orange as indicator. For the measurements at physiological pH, 0.250 m


HEPES was added to reach a final pH of 7.4 and a concentration of
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0.05 m. For all other solutions (for 17O NMR, NMRD, UV/Vis and EPR),
the pH was adjusted by adding known amounts of HClO4 or NaOH. The
absence of free metal was checked in each sample by a xylenol orange
test at pH around 6. The reference samples (diamagnetic YIII analogues
at pH 6.0 and 9.9) and the GdIII complexes used for the 17O NMR meas-
urements were enriched to 1 % with 17O-enriched water (Isotrade
GmbH) to improve sensitivity. G7 and G9 contain NaCl originating from
the purification; the ionic strength was fixed to 0.1 m NaCl for each
sample of the G5 dendrimer. For each sample, the concentration of the
GdIII ion was checked by ICP-AES.


The composition of the samples was as follows:


G5-(GdEPTPA)111:
17O NMR: 0.02625 mol kg�1, pH 9.9; 0.02608 mol kg�1,


pH 6.0; 1H NMRD: 0.00464 m, pH 7.4 (HEPES 0.050 m) (variable temper-
ature) ; 0.00011 m , pH 7.4 (variable HEPES equivalent study); 0.0028–
0.0031 m, pH 7.4 (HEPES 0.045 m, variable NaCl concentration study);
0.00464 m, pH 7.4 (HEPES 0.050 m, (1 GdIII :1 EPTPA)), 0.00131 m, pH 7.4


(HEPES 0.050 m, (1 GdIII :4EPTPA)); 0.00311 m (variable pH study);
0.00238 m, pH 9.8 and 0.00190 m, pH 5.9. EPR: 0.00505 mol kg�1, pH 6.0
(X-band); 0.02018, pH 6.0 (Q band); 0.02608 mol kg�1, pH 9.8.


G5-(EuEPTPA)115 : UV/Vis: 0.013 m, pH 9.9 and 6.4.


G7-(GdEPTPA)253 : NMRD: 0.00462 m, pH 7.4 (HEPES 0.050 m);


0.00390 m (variable pH study); 0.00462 m, pH 7.4 (HEPES 0.050 m,


(1 GdIII :1 EPTPA)), 0.00153 m, pH 7.4 (HEPES 0.050 m,


(1 GdIII :4 EPTPA)).


G9-(GdEPTPA)1157: NMRD: 0.00592 m, pH 7.4 (HEPES 0.050 m);
0.00108 m (variable pH study).


UV-visible spectroscopy : The absorbance spectra of G5-(EuEPTPA)111


were recorded at 25 8C on a Perkin–Elmer Lambda 19 spectrometer. The
measurements were done using thermostatisable cells with a 1 cm optical
path length at l=575.0–585.0 nm.
17O NMR measurements : Transverse and longitudinal 17O relaxation
rates and chemical shifts were measured for temperatures between 272
and 365 K. The data were recorded on Bruker DPX and ARX 400 (9.4 T,
54.2 MHz) and Bruker AC-200 spectrometers (4.7 T, 27.1 MHz). Bruker
VT 3000 temperature control units were used to maintain a constant tem-
perature, which was measured by a substitution technique. The samples
were sealed in glass spheres, fitting into 10 mm NMR tubes, in order to
eliminate susceptibility corrections to the chemical shifts. Longitudinal
relaxation rates, 1/T1, were obtained by the inversion recovery method
and transverse relaxation rates, 1/T2, were measured by the Carr–Pur-
cell–Meiboom–Gill spin-echo technique. As external references, we used
G5-(YEPTPA)111 at concentrations and pHs identical to those of the
GdIII complexes.


NMRD (nuclear magnetic relaxation dispersion) spectroscopy: The 1/T1


NMRD profiles measurements were performed on a Stelar Spinmaster
FFC fast field cycling relaxometer covering a continuum of magnetic
fields from 2.35 � 10�4 to 0.47 T (corresponding to a proton Larmor fre-
quency range 0.01–20 MHz) equipped with a VTC90 temperature control
unit. The temperature was fixed by a gas flow. At higher fields, the 1H re-
laxivity measurements were performed on Bruker Minispecs mq30
(30 MHz), mq40 (40 MHz) and mq60 (60 MHz) and on Bruker 50 MHz
(1.18 T), 100 MHz (2.35 T) and 200 MHz (4.70 T) cryomagnets connected
to a Bruker AC-200 console. In each case, the temperature was measured
by a substitution technique.


EPR spectroscopy : The spectra were recorded in a conventional Elexsys
spectrometer E500 at X-band (9.4 GHz) and Q-band (34.6 GHz). A con-
trolled nitrogen gas flow was used to maintain a constant temperature,
which was measured by a substitution technique.


Dynamic light scattering : The hydrodynamic diameter of G5-
(GdEPTPA)111 was determined by a light-scattering experiment. A so-
lution of G5-(GdEPTPA)111 (cGd =6 mm, pH 6.7) in water was passed
through a filter of 0.2mm pore-size to remove dust from the sample. Dy-
namic light-scattering measurements were performed at 22.0 8C in a tolu-
ene bath at a scattering angle of 908, using a two-photomultiplier instru-
ment with a light source constituted by a 5 mm He-Ne laser (632.8 nm
emission). The measurements were performed as previously described.[65]


Gel-permeation chromatography : High-performance liquid chromatogra-
phy (HPLC) with a PSS-Novema 10 mm linear column was performed on
solutions of the G5-(GdEPTPA)111 dendrimer. Eluting peaks were detect-
ed by means of UV absorption at 230 nm. The dendrimer was eluted in
aqueous 0.1m NaCl/0.01 m NaOH and the flow rate was 1 mL min�1. Ex-
periments were performed at 23 8C.


Data analysis : The least-squares fits on the 17O NMR and NMRD relaxa-
tion data were performed with the Visualiseur/Optimiseur programs on a
Matlab platform version 5.3.[66, 67]
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Synthesis, Characterization, and Pharmacokinetic Evaluation of a Potential
MRI Contrast Agent Containing Two Paramagnetic Centers with Albumin
Binding Affinity
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Introduction


Magnetic resonance imaging (MRI) is routinely used in vari-
ous diagnostic imaging procedures. Although excellent soft-
tissue images can be obtained by this method, early experi-


ments showed that contrast agents might greatly increase its
diagnostic value. Consequently, the development of MRI
techniques has been accompanied by an increased interest
in developing contrast agents.[1–3] The first MRI contrast
agent approved for use in humans, the gadolinium(iii) com-


Abstract: A dinuclear gadolinium(iii)
complex of an amphiphilic chelating
ligand, containing two diethylenetri-
amine-N,N,N’,N’’,N’’-pentaacetate
(DTPA) moieties bridged by a bisin-
dole derivative with three methoxy
groups, has been synthesized and eval-
uated as a potential magnetic reso-
nance imaging (MRI) contrast agent.
Nuclear magnetic relaxation dispersion
(NMRD) measurements indicate that
at 20 MHz and 37 8C the dinuclear
gadolinium(iii) complex has a much
higher relaxivity than [Gd(DTPA)] (6.8
vs 3.9 s�1 mmol�1). The higher relaxivity
of the dinuclear gadolinium(iii) com-
plex can be related to its reduced
motion and larger rotational correla-
tion time relative to [Gd(DTPA)]. In


the presence of human serum albumin
(HSA) the relaxivity value of the non-
covalently bound dinuclear complex in-
creases to 15.2 s�1 per mmol of Gd3+ ,
due to its relatively strong interaction
with this protein. The fitted value of
the binding constant to HSA (Ka) was
found to be 104


m
�1. Because of its in-


teraction with HSA, the dinuclear com-
plex exhibits a longer elimination half-
life from the plasma, and a better con-
finement to the vascular space com-
pared to the commercially available
[Gd(DTPA)] contrast agent. Transme-


talation of the dinuclear gadolinium(iii)
complex by zinc(ii) has been investigat-
ed. Biodistribution studies suggest that
the complex is excreted by the renal
pathway, and possibly by the hepato-
biliary route. In vivo studies indicated
that half of the normal dose of the
gadolinium(iii) complex enhanced the
contrast in hepatic tissues around 40 %
more effectively than [Gd(DTPA)].
The dinuclear gadolinium(iii) complex
was tested as a potential necrosis avid
contrast agent (NACA), but despite
the binding to HSA, it did not exhibit
necrosis avidity, implying that binding
to albumin is not a key parameter for
necrosis-targeting properties.
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plex of diethylenetriamine-N,N,N,’N’’,N’’-pentaacetate, [Gd-
(DTPA)], is used in clinical MRI under the name Magnev-
ist�. This prototype of the first generation of contrast agents
distributes into the vascular and interstitial space and is clas-
sified as an “unspecific agent” or “extracellular fluid agent”.
In recent years, efforts have been directed towards the de-
velopment of contrast agents that are tissue specific with
higher proton relaxivities.


Higher proton relaxivity can be achieved by slowing the
rotational motion of the contrast agent. Various routes have
been explored to increase correlation time, such as the in-
corporation of the contrast agent into liposomes.[4,5] Al-
though incorporation of paramagnetic compounds into lipo-
somes efficiently increases rotational correlation time, the
application of these particles in vivo has some disadvantag-
es, such as their rapid physiological removal by Kupffer cells
of the liver and spleen, and their relatively slow clearance
rate, which may be harmful to human tissue.[6] An alterna-
tive strategy is the synthesis of macromolecular gadolini-
um(iii) chelates, such as dendrimers,[7] linear polymers,[8–10]


or proteins.[2,11–12] This strategy, however, has proved to be
rather disappointing, as the relaxivity gained by increasing
the molecular size is often much less than expected, because
of the internal flexibility or nonrigid attachment of the che-
late to the macromolecule.[7–14] More recently, an increase in
rotational correlation time was achieved by either incorpo-
rating amphiphilic gadolinium(iii) chelates into mixed mi-
celles,[15,16] or by designing complexes that can self-assemble
to form micelles.[17,18] Due to their reduced particle size
(50 nm or less), these agents are less recognizable by the
Kupffer cells for physiological removal, with the result that
their residence time in blood increases. Consequently, they
could be very promising as potential MRI contrast
agents.[15,19]


The so-called noncovalent binding strategy offers an alter-
native to the macromolecular approach,[20,21] and involves
targeting of a small gadolinium(iii) complex to a particular
protein. Binding to a protein increases the concentration of
the complex around the protein receptor molecule, which
selectively enhances the target relative to the background.
The first example of this type of contrast agent was [MS-
325], a compound designed to image the blood pool by ex-
ploiting its noncovalent binding to the plasma protein
human serum albumin (HSA).[22–24] This biophysical trick
limits the amount of free drug that can extravasate from the
blood pool into the nonvascular space, and provides selec-
tive enhancement of the vascular relaxation rate. In addi-
tion, this noncovalent binding causes a further slowing of
the rotational motion, resulting in a much higher relaxivi-
ty.[14,25] This binding mechanism has also been related to ne-
crosis avidity (i.e., detection of necrotic tissue).[26]


Recently, heteroditopic ligands featuring a DTPA- or
DOTA-like unit for the chelation of gadolinium(iii)
(DOTA= 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid), and a phenanthroline or terpyridine unit able to form
highly stable complexes with iron(ii), have been designed.[27]


The resulting spontaneous formation of high molecular


weight, supramolecular complexes increases the rotational
correlation time, and the presence of multiple paramagnetic
centers results in an increased relaxivity. Complexes contain-
ing multiple gadolinium(iii) chelate units designed as blood-
pool contrast agents have been reported by Martin et al.[28]


More recently, heterocyclic complexones containing two pyr-
azole rings and two iminodiacetic units per molecule have
been shown to bind two gadolinium(iii) ions.[29] Although
the observed relaxivity was improved significantly relative
to [Gd(DTPA)] and [Gd(DOTA)], the thermodynamic sta-
bility of the complexes was low, probably because of only
tetradentate coordination around the gadolinium(iii) ion.


In the search for more efficient and specific contrast
agents, we designed a novel amphiphilic ligand bearing two
DTPA units capable of forming stable octacoordinate com-
plexes with two gadolinium(iii) ions. The two DTPA units
are linked by a 2,3-disubstituted bisindole derivative, and
we anticipated that this type of linker would noncovalently
bind to plasma proteins. By using this approach, relaxivity
was increased not only by the presence of multiple paramag-
netic centers, but also by the reduced rate of molecular tum-
bling.


The dinuclear gadolinium(iii) complex was characterized,
preclinically evaluated, and tested in vivo. Its ability to bind
to albumin was also examined, and because it has been sug-
gested that the albumin binding mechanism may be the
reason for necrosis avidity,[26] the dinuclear gadolinium(iii)
complex was also tested for necrosis-targeting applications.


Results and Discussion


The ligand and complexes : The key difference between our
design of ligand 3 (Scheme 1) and the approach used for
other agents with high albumin affinity (such as [MS-
325]),[22–25] was the use of the lipophilic group, which can
bind two DTPA moieties, as a starting point. A bisindole de-
rivative of trimethoxybenzaldehyde, 1, was chosen as the
basis for the attachment of two DTPA moieties. Hydrazine
was used as a bridging molecule because of its ability to
form two amide bonds. The first amide bond is formed by
reaction of hydrazine with the ethylcarboxylate group of the
ethylindole-2-carboxylate moiety. Compound 2, formed by
this reaction, was further coupled in the presence of the cou-
pling agent o-benzotriazol-1-yl-N,N,N’,N’-tetramethyluroni-
um tetrafluoroborate (TBTU) to two DTPA molecules to
yield ligand 3.


The 1H NMR spectrum of this final product (Figure 1)
was recorded in D2O and its full assignment was achieved
by conducting two-dimensional COSY experiments (see
Supporting Information). The spectrum consists of 16 sig-
nals, which indicate the symmetry of the ligand molecule
(see Scheme 1 for labeling). Electrospray mass spectrometry
(ES-MS) was used to confirm the structure of ligand 3 in so-
lution. The ES-MS spectrum in the positive mode showed a
molecular peak [M+Na]+ at m/z 1301.4, consistent with the
structure shown in Scheme 1.
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Under slightly alkaline conditions, the ligand readily
formed complexes with lanthanide(iii) ions (Ln= La, Gd).
IR spectral data of the ligand showed strong absorptions in


the region 1690–1625 cm�1, cor-
responding to CO stretching
modes. A shift of approximately
50 cm�1 to lower energy was
observed for the carbonyl
stretching frequencies after
complexation, indicating amide
oxygen coordination to the lan-
thanide ion. Positive mode
ES-MS of the lanthanum(iii)
and gadolinium(iii) complexes
showed molecular peaks at m/z
1595 and 1632, respectively, in-
dicating the binding of two
metal ions to the ligand. This
finding was also supported by
elemental analysis data. The so-
lution structure of the dinuclear
complex was investigated by re-
cording the proton NMR spec-
trum of the lanthanum(iii) com-
plex. Complexation of 3 to
lanthanum(iii) causes remark-
able changes in the proton
NMR spectra in the form of
shifts and broadening of the
resonances. Although the
proton resonances of the ligand
are sharp and well separated,
the resonances of the lan-
thanum(iii) complex are very
broad, and multiple peaks were
observed for the protons adja-
cent to the carboxylic groups.
Heating the solution to 368 K
resulted in the severe broaden-
ing of all the resonances (see
Supporting Information). The


spectra are consistent with the occurrence of several inter-
converting isomers; a typical characteristic of lanthanide(iii)
complexes with DTPA ligands.[30] However, based on the
available NMR spectroscopy data, no speculation on the
structures of the isomers present in the solution is possible.
Unfortunately, we were unable to grow crystals of sufficient
quality to allow structure determination by X-ray single
crystal diffraction; however, the IR, ES-MS, and elemental
analysis data are consistent with the formation of a dinu-
clear complex in which two lanthanide(iii) ions are coordi-
nated to two DTPA moieties. From hereon, the dinuclear
gadolinium(iii) complex is denoted [Gd2–3].


Residence time of the coordinated water molecule in [Gd2–
3]: The residence time of the coordinated water molecule
(tM) was obtained by analysis of the temperature depen-
dence of the reduced transverse relaxation rate of the water
17O nucleus in solutions of the gadolinium complex
(Figure 2). The theoretical adjustment of these experimental


Scheme 1. Synthesis of ligand 3. Conditions: i) reflux in EtOH/conc. HCl; ii) MeOH/pyridine, 100 8C;
iii) TBTU/TEA, DMSO.


Figure 1. Proton NMR spectrum of ligand 3 in D2O at 298 K. For the res-
onance assignment, see Scheme 1.
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data was performed as previously described, assuming the
presence of one water molecule in the first coordination
sphere.[31] This procedure allows for the determination of:


1. The hyperfine coupling constant (A/�h) between the
oxygen nucleus of bound water molecules and the
gadolinium(iii) ion.


2. Parameters describing the electronic relaxation times of
Gd3+ , that is, the correlation time modulating the elec-
tronic relaxation (tV), the activation energy (EV) related
to tV, and the mean-square of the zero-field splitting
energy D2.


3. Parameters related to the water exchange, that is, the en-
thalpy (DH�) and entropy (DS�) of activation of the
process.


At 310 K, the water residence time of [Gd2–3] is equal to
599�32 ns (Table 1). This value is greater than that for both
the parent compound [Gd(DTPA)] (t310


M = 132 ns[31b] and


143 ns[31a]) and the albumin-binding [MS-325] (t310
M =


83 ns),[25b] but smaller than that reported for the DTPA–
bisamide derivative [Gd(DTPA–BMA)] (t310


M =1050 ns)[31b]


(DTPA–BMA=1,7-bis[(N-methylcarbamoyl)methyl]-1,4,7-
tris(carboxymethyl)-1,4,7-triazaheptane). The water resi-
dence time is in good agreement with the values reported


for other monoamide derivatives of [Gd(DTPA)], such as
[Gd(DTPA-N-MA)] (t310


M =346 ns),[1b] and with the previous-
ly reported dimeric complexes based on DOTA ligands
[Gd(pip(DO3A)2)] (t310


M =372 ns)[31b] and [Gd(bisoxa-
(DO3A)2)] (t310


M =394 ns)[31b] (DOTA=1,4,7,10-tetrakis(carb-
oxymethyl)-1,4,7,10-tetraazacyclododecane, DO3A=1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid, pip(DO3A)2 =


bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-tris(carb-
oxymethyl)-1-cyclododecyl-1,4-diazacyclohexane, and bis-
oxa(DO3A)2 = bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-
4,7,10-tris(carboxymethyl)-1-cyclododecyl))-1,10-diaza-3,6-di-
oxadecane).


The scalar coupling constant (A/�h) is in good agreement
with those values reported for other gadolinium(iii) poly-
aminocarboxylate complexes that have one inner-sphere
water molecule (typically �3.8 � 106 rad s�1).[31b] Inspection of
the data listed in Table 1 reveals that, except for an entropy
of activation (DS#) somewhat lower than for [Gd(DTPA)]
and [MS-325], all other parameters determined for [Gd2–3]
are within the normal range observed for gadolinium(iii)
chelates.


Nuclear magnetic relaxation dispersion (NMRD) measure-
ments of [Gd2–3]: The [Gd2–3] dinuclear complex was inves-
tigated by recording 1H longitudinal relaxation time meas-
urements in water at 310 K and at magnetic field strengths
ranging from 0.24 mT to 1.4 T. The proton NMRD profile
recorded at 310 K (Figure 3) shows that at high magnetic
fields the proton relaxivity of [Gd2–3], expressed in s�1 per
mmol of Gd3+ per liter, is much larger than that of the
parent [Gd(DTPA)] compound. The data were analyzed by
using the classical inner-sphere[32,33] and outer-sphere[34] the-
ories. Some parameters were fixed during the fitting proce-
dure: the distance (d) of closest approach for the outer-
sphere contribution was set at 0.36 nm, the tM value was ob-
tained by performing 17O NMR spectroscopy as described
above, and the number of water molecules in the first coor-
dination sphere of Gd3+ was set to one, in agreement with


Table 1. Parameters for [Gd2–3] obtained from the theoretical fitting of
the 17O NMR data. Parameters for [Gd(DTPA)] and [MS-325] are shown
for comparison.


Parameter [Gd2–3] [Gd(DTPA)] [MS-325]


t310
M [ns] 599�32 143�25 83�13[a]


DH� [kJ mol�1] 49.4�0.1 51.5�0.3 51.3�0.3[a]


53.0�1.8[b]


DS� [J mol�1 K�1] 33.5�0.2 52.1�0.6 55.8�0.4[a]


A/�h [106 rad s�1] �4.0�0.1 �3.4�0.1 �4.1�0.06[a]


�3.8[b]


D2 [1020 s�2] 0.71�0.06 1.08�0.03 2.18�0.10[a]


0.25�0.06[b]


tV [298 K, ps] 10.0�1.0 12.3�0.3 18.7�0.9[a]


1.7�0.1[b]


[a] From ref. [25a]. [b] From ref. [25c].


Figure 2. Evolution of the reduced 17O transverse relaxation rate
(Rpara


2 *55.55/GdIII concentration) versus the reciprocal of the temperature
for [Gd2–3]. Concentration of [Gd2–3] =12.42 mm.


Figure 3. Proton NMRD profile of [Gd2–3] in water at 310 K (*). The
NMRD profile of [Gd(DTPA)] is added for comparison (&).[31] Concen-
tration of [Gd2–3]=2.38 mm.
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the value reported for other related complexes.[1b] The corre-
lation time modulating the electronic relaxation (tV) and the
electronic relaxation time at zero field (tSO = (12D2tV)�1)
were optimized for the outer-sphere and inner-sphere contri-
butions, simultaneously. The distance (r) between the pro-
tons of the coordinated water molecule and the Gd3+ ion
was set to 0.31 nm. At 20 MHz and 37 8C the relaxivity of
[Gd2–3], expressed in 6.8 s�1 per mmol of Gd3+ , is higher
than that of [Gd(DTPA)] and [MS-325] (3.9 and
5.5 s�1 mmol�1, respectively). Moreover, if the relaxivity of
[Gd2–3] is expressed in s�1 per mmol of the complex, its
value is equal to 13.6 at 37 8C and 0.47 T.


Inspection of the parameters shown in Table 2 reveals
that the higher relaxivity of [Gd2–3] can be related to its
larger rotational correlation time (tR), that is, to its reduced


motion. The rate of molecular tumbling observed for [Gd2–
3] is a third of that of the parent [Gd(DTPA)] complex,
demonstrating the significant effect of increasing the molec-
ular size of the dinuclear complex. The other parameters
(tSO and tV) are in good agreement with those reported for
both [Gd(DTPA)],[31a,b] and [MS-325].[25a]


Binding of [Gd2–3] to serum albumin : Contrast agents can
interact by noncovalently binding to proteins present in
blood plasma. The most important protein in human plasma
is serum albumin (HSA), which constitutes 4 to 4.5 % of
plasma (0.67 mm). This large (67 kDa) globular protein
binds to a variety of molecules, such as drugs, metabolites,
and fatty acids.[35] Noncovalent interactions of MRI contrast
agents with HSA result in the reduction of the molecular
tumbling rate of the contrast agent (i.e. , the value of tR in-
creases), and hence in an increase in its relaxivity. Figure 4
displays the longitudinal proton relaxation rate in a solution
containing 4 % HSA, as a function of [Gd2–3] concentration.
The relaxivity of [Gd2–3] is much greater in a solution of
HSA than in pure water, indicating a noncovalent interac-
tion. Binding to albumin reduces the amount of free drug
that can extravasate from the blood pool into the nonvascu-
lar space and provides the selective enhancement of the vas-
cular relaxation rate. Binding also reduces the fraction of
free chelate available for glomerular filtration by the kid-
neys. This slows the renal excretion rate, which extends the
half-life in the blood and increases the time available for
imaging.


Fitting of the data by means of Equation (1) provides, on
the one hand, an estimation of the association constant Ka,
which characterizes the interaction between HSA and [Gd2–
3], and on the other hand, a value for the relaxivity of the
noncovalently bound complex, rc


1. The relaxivity of the free
contrast agent, rf


1, was determined for the dimeric [Gd2–3]
to be 13.6 s�1 per mmol of [Gd2–3] (or 6.8 s�1 per mmol of
Gd3+), which is larger than the rf


1 value for [MS-325]
(5.5 s�1 mmol�1) at the same field (Bo =0.4 T) and tempera-
ture (T=310 K).[25a]


Rpobs


1 ¼ 1000�
�
ðrf


1� soÞ þ 0:5ðrc
1�rf


1Þ
�
ðN � p0Þ þ s0þ


Ka
�1�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððN � p0Þ þ s0 þKa


�1Þ2�4�N � s0 � p0
p �� ð1Þ


in which p0 and s0 are the initial concentrations of protein
and [Gd2–3], respectively.


To fit the data, the number of equivalent and independent
interactions sites (N) was set to 1. The fitted Ka and rc


1


values are 10 100 m
�1 and 15.2 s�1 per mmol of Gd3+ (30.4 s�1


per mmol of [Gd2–3]), respectively, which implies that the
relaxivity is much higher than the values for the free [Gd2–
3].


This value of rc
1 is lower than those reported for other Gd-


complexes, such as [MS-325] (rc
1�49 s�1 mmol�1 in water at


310 K,[25a] rc
1�42–43 s�1 mmol�1 at pH 7.5 in Hepes buffer at


310 K,[25c]) or [Gd–DTPA(BOM)3] (BOM =benzyloxymeth-
yl) (rc


1�52 s�1 mmol�1 at pH 7.5 in Hepes buffer at
310 K[25c]). This difference can be related to a quenching of
the relaxivity of the bound [Gd2–3] by the long water resi-
dence time. In addition, for both [MS-325] and [Gd–DTPA-
(BOM)3], only one Gd3+ ion is located within the complex,
whereas in [Gd2–3], the two paramagnetic centers are locat-


Table 2. Parameters obtained from fitting of the proton NMRD data, ob-
tained in water at 310 K, for [Gd2–3] compared to the data for [Gd-
(DTPA)] and [MS-325].


Compound t310
M t310


R t310
SO t310


V


[ns] [ps] [ps] [ps]


[Gd2–3] 599 188 82 34
[Gd(DTPA)][a] 143 59 82 23
[MS-325][b] 83 108 93 32


[a] From ref. [25a] [b] From ref. [25c] with a distance r=0.31 nm.


Figure 4. Proton longitudinal paramagnetic relaxation rate in a solution
containing 4 % HSA and increasing amounts of [Gd2–3] (&), at 20 MHz
and 310 K. The relaxation rates in the absence of HSA are represented
by *. The diamagnetic contribution of the albumin solutions was mea-
sured by using the solution of 4% HSA.
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ed quite far from the area of the complex likely to interact
with the protein. Consequently, either both paramagnetic
centers will experience the same slowing of their rotational
motion, or, if one center is protein-bound, this will experi-
ence a larger effect than the other center. However, because
both paramagnetic centers of [Gd2–3] could have different
rotational mobilities, the relaxometric measurement cannot
distinguish between the gadolinium centers. The value calcu-
lated by the fitting procedure is, therefore, an average of
two different rc


1 values.


Transmetalation of [Gd2–3] by zinc(ii): In general, there is
no direct correlation between the thermodynamic stability
constant and the acute toxicity of contrast agents. The con-
ditional stability constants at physiological pH (7.4) are
better indicators of the in vivo degree of chelation of the
cation. Cacheris et al. have argued that, due to possible
transmetalation reactions in the body, the in vivo toxicity for
DTPA derivatives is determined by the selectivity or differ-
ence in stability between a complex of ligand with Gd3+ ,
and a complex of that same ligand with Zn2+ , thermody-
namically expressed as Ksel. These authors have shown that
logKsel at physiological pH correlates with toxicity.[36] Trans-
metalation of the complex by Zn2+ results in the release of
Gd3+ ions, which form an insoluble phosphate complex in
the presence of phosphate ions, and no longer contribute to
the proton paramagnetic relaxation rate of the solution. The
consequent decrease in this rate during the transmetalation
process can be used to monitor quantitatively the evolution
of the system.[37] Figure 5 displays the transmetalation data
for [Gd2–3]. After 5000 min, Rp


1 is decreased to 40 % of its
initial value, showing that significant transmetalation takes
place. These data are less favorable than those for [MS-
325], in which the Rp


1 decreased to about 75 % of its initial
value after 5000 min.[25a] However, the data are comparable
with those of the parent [Gd(DTPA)] complex (decrease to


49 % after 5000 min), and much more favorable than anoth-
er commercially available [Gd(DTPA–BMA)] contrast
agent, for which the Rp


1 decreased to 9 % after 5000 min.
This indicates that [Gd2–3] has a stability comparable to
[Gd(DTPA)], but appears to be much more stable than the
[Gd(DTPA–BMA)] contrast agent towards transmetalation
by zinc(ii).


Pharmacokinetic profile of [Gd2–3]: The pharmacokinetic
profile provides information about both the residence time
of [Gd2–3] in the bloodstream, and its clearance after intra-
venous injection. The profiles of [Gd2–3] in rats with respect
to [Gd(DTPA)] are presented in Figure 6. Pharmacokinetic


parameters were calculated by fitting the curves of blood
concentration as a function of time following a single bolus
in vivo injection, and are presented in Table 3. Except for
the volume of distribution (VDb), which is comparable to
that of [Gd(DTPA)], the other parameters for [Gd2–3] indi-
cate a significantly prolonged vascular residence time. The
delayed blood clearance is probably attributable to the bind-
ing of [Gd2–3] to albumin in the blood. Notably, although
the VDb for [Gd2–3] in rats (0.189 Lkg�1) is similar to the
value for [Gd(DTPA)], it is even smaller than that of other


Figure 5. Time course of the normalized water proton paramagnetic re-
laxation rate at 310 K and 20 MHz in a solution containing 2.5 mm of
Zn2+ and 2.5 mm of [Gd2–3] (*), [Gd(DTPA–BMA)] (&), [Gd(DTPA)]
(~), or [MS-325] (!).


Figure 6. Pharmacokinetic profiles of [Gd2–3] (*, n =4) with respect to
[Gd(DTPA)] (*, n =3) in rats. Data are presented as absolute values of
plasma concentration (top) and percentages of C0 (bottom). The solid
lines represent the fit of the data to a biexponential model. Data points
are presented as averages�SEM.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3077 – 30863082


K. Binnemans et al.



www.chemeurj.org





albumin-binding blood-pool contrast agents, such as [MS-
325] (VDb =0.236 L kg�1).[23] The longer elimination half-life
indicates that the agent has a long vascular residence, and
could have potential as a blood-pool contrast agent.


Biodistribution of [Gd2–3]: The biodistribution studies show
whether the contrast agent accumulates in specific organs.
In good agreement with its slower elimination, the biodistri-
bution of [Gd2–3] in rats 60 min after intravenous adminis-
tration (Figure 7) indicates significantly higher concentra-


tions than [Gd(DTPA)] in all of the organs analyzed. The
Gd3+ concentration measured in kidney suggests that [Gd2–
3] has a renal route of excretion. On the other hand, the rel-
atively high Gd3+ concentration detected in liver (ca.
3.5 times higher than for [Gd(DTPA)], p<0.01) could be re-
lated to its lipophilic properties, leading to a possible hepa-
tobiliary route of excretion. In fact, many albumin-binding
complexes are believed to interact with hepatocytes, and al-
though the mechanism of interaction is not completely un-
derstood, the dissociated chelate is removed from circula-
tion by the hepatobiliary route.


In vivo evaluation of contrast-enhancing properties and ne-
crosis avidity of [Gd2–3]: The liver contrast-enhancing effi-
cacy on T1-weighted MRI in vivo was evaluated by compar-
ing [Gd2–3] at an intravenous dosage of 0.05 mmol kg�1 with
[Gd(DTPA)] at a dose of 0.1 mmol kg�1 in normal rats (n=


6). At only half of the dose of [Gd(DTPA)], [Gd2–3] caused
a signal intensity (SI) of the normal liver that was signifi-
cantly higher over the first 60 min than that measured with
[Gd(DTPA)]. Although the liver SI for [Gd(DTPA)] leveled
off rapidly within 40 min, in the case of [Gd2–3], it only
slowly decreased over 24 h (Figure 8). Such distinctive con-


trasts can be well explained by the different structural prop-
erties of [Gd(DTPA)] and [Gd2–3]; whereas [Gd(DTPA)] is
a hydrophilic, extracellular fluid agent, [Gd2–3] is more lipo-
philic due to the presence of the trimethoxybenzene ring
and two indole moieties, and is, therefore, more likely to be
taken up by the liver.


To evaluate whether [Gd2–3] can act as a potential ne-
crosis avid contrast agent (NACA), we compared it to the
well-known NACA Gadophrin-2 in a rat model with re-per-
fused partial liver infarction. The same dose of [Gd2–3] and
Gadophrin-2 (0.05 mmol kg�1) caused a prompt contrast en-
hancement (CE) in normal liver tissue, rendering the in-
farcted liver lobe easily distinguishable by MRI as a hypoin-
tense zone. Contrary to a reversed contrast between infarct-
ed and normal liver lobes that occurred with Gadophrin-2, a
continuing liver signal intensity attenuation was observed
with [Gd2–3]. The SI of normal and infarcted liver after
[Gd2–3] injection was normalized overnight with no appreci-
able necrosis/normal contrast (contrast ratio, CR�1). The
SI of the infarcted lobe after Gadophrin-2 injection in-
creased further and persisted for up to 24 h, leading to a
positive contrast between necrotic and normal liver (CR=


1.4), consistent with results of previous studies.[38,39]


Despite its high albumin-binding affinity, [Gd2–3] does
not appear to be a necrosis avid contrast reagent, supporting
the suggestion that binding to albumin is probably not re-
sponsible for necrosis avidity. This is not unexpected, as al-
bumin binding is a general feature of many drugs, including
contrast agents, only a few of which have been shown to
have necrosis avidity.[40] However, it is notable that with half


Table 3. Pharmacokinetic parameters of [Gd2–3] and [Gd(DTPA)] in
rats. Td1/2 and Te1/2 are the distribution and elimination half-lives in
plasma, respectively; Cltot is the total clearance; VDb is the distribution
volume in the elimination phase.


Parameter [Gd2–3] [Gd(DTPA)]
(n=4) (n=3)


Td1/2 [min] 1.56�0.025[b] 0.70�0.039
Te1/2 [min] 75.93�12.80[a] 14.94�1.25
Cltot [mL kg�1 min�1] 1.10�0.15[b] 8.66�1.18
VDb [L kg�1] 0.189�0.016 0.180�0.005


[a] p<0.05. [b] p<0.01.


Figure 7. Biodistribution of [Gd2–3] (black bars) and [Gd(DTPA)] (gray
bars) 60 min after administration. The results are presented as averages�
SEM; the Student t-test was calculated for [Gd2–3] versus [Gd(DTPA)]
(*: p<0.05; **: p<0.01).


Figure 8. Comparison of the liver signal intensity of T1-weighted MR
images after intravenous injection of [Gd(DTPA)] at 0.1 mmol kg�1 (gray
bars) and [Gd2–3] at 0.05 mmol kg�1 (black bars). Over the first 60 min
postcontrast, liver contrast enhancement is significantly stronger with
[Gd2–3] than with the commercially available [Gd(DTPA)].
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of the normal dose, [Gd2–3] enhances the contrast in liver
tissues much more effectively than does [Gd(DTPA)].


Conclusion


A new type of contrast agent bearing two DTPA units able
to bind two paramagnetic centers has been synthesized,
characterized, preclinically evaluated, and tested for necrosis
avidity. Data from NMRD analysis proved that the dimeric
complex has a much higher relaxivity than [Gd(DTPA)],
and that the relaxivity increases significantly in a solution of
human serum albumin because of a relatively strong interac-
tion with this blood protein. The interaction with HSA also
results in longer elimination half-lives and a better confine-
ment to the vascular space, as shown by pharmacokinetic
evaluation. The fact that two gadolinium(iii) ions are present
in one molecule of the contrast agent permits the use of
smaller injection volumes. With half the normal dose, the di-
meric complex enhanced the contrast in tissues more effec-
tively than [Gd(DTPA)].


The synthetic approach described here offers the potential
to design high molecular weight contrast agents with defined
structure. The increase in relaxivity achieved is due not only
to the longer rotational correlation times, but also to the in-
teraction of the linker with HSA. Application of this strat-
egy should facilitate the use of many different types of link-
ers with high affinities towards blood proteins.


Experimental Section


Materials : Reagents were obtained from Aldrich Chemical (Bornem,
Belgium), Acros Organics (Beerse, Belgium), and Fluka (Bornem, Bel-
gium), and used without further purification. Gadolinium(iii) chloride
hexahydrate was obtained from GFS chemicals (Powell, Ohio, USA).
Non-defatted human albumin (fraction V) was obtained from Sigma
(Bornem, Belgium).


Syntheses


Preparation of compound 1: Some 3,4,5-trimethoxybenzaldehyde (10.8 g,
55 mmol) was added to a solution of ethylindole-2-carboxylate (18.9 g,
100 mmol) in ethanol (200 mL) under a nitrogen atmosphere, and the
mixture was heated to reflux temperature. Concentrated hydrochloric
acid (3.7 mL) was added, and TLC on silica gel plates with the chloro-
form/hexane (1:1) solvent system was used to monitor the reaction by the
disappearance of the ethylindole-2-carboxylate (Rf =0.7) and the appear-
ance of the reaction product spot (Rf =0.1). After about 1 h, the solution
was left to cool to room temperature and the white product was filtered
off and washed thoroughly with cold ethanol. Yield: 24 g (88 %);
1H NMR (300 MHz, [D6]DMSO): d=1.19 (t, 6H; 2� CH3), 3.46 (s, 6 H;
2� CH3), 3.66 (s, 3 H; 1� CH3), 4.23 (q, 4H; 2 � CH2), 6.43 (s, 2 H; Ph),
6.55 (m, 2H; Ph), 6.69 (m, 2H; 2� Ph), 6.86 (s, 1 H; CH-Ph), 7.12 (m,
2H; Ph), 7.46 (m, 2H; Ph), 11.69 ppm (s, 2 H; 2 � NH); ES-MS (positive
mode): m/z : 557.2 [M+H]+.


Preparation of compound 2 : Hydrazine monohydrate (50 mL) in metha-
nol (50 mL) was added to a solution of product 1 (16.2 g, 30 mmol) in
pyridine (150 mL), and the mixture was heated at 100 8C for 36 h. The re-
action was monitored by conducting reversed phase HPLC; a peak was
detected at 7.3 min (Hypersil BDS 5mm column 4.6 mm � 250 mm (All-
tech, Laarne, Belgium), detection wavelength 254 nm, linear gradient
from 5 to 95 % CH3CN over 20 min, mobile phase 0.05 m NaHCO3 adjust-


ed to pH 7 with 0.1 m HCl, containing 0.5 mm EDTA; flow rate
1 mL min�1). After removal of the solvent, the residue was dissolved in
200 mL of water and the solution was evaporated again. This process was
repeated until no free hydrazine could be detected in the solution by
using I2. The product was then suspended in acetonitrile and filtered.
Yield: 14.1 g (90 %); 1H NMR (300 MHz, [D3]CD3OH): d=3.45 (s, 6 H;
2� CH3), 3.66 (s, 3 H; 1� CH3), 6.43 (s, 2H; Ph), 6.55 (d, 2 H; Ph), 6.69
(m, 2H; Ph), 6.86 (s, 1H; CH-Ph), 7.28 (m, 2H; Ph), 7.45 (m, 2 H; Ph),
11.70 ppm (s, 2H; 2 � NH); ES-MS (positive mode): m/z : 529.2 [M+H]+ .


Preparation of compound 3 : A dispersion of DTPA (61 g, 155 mmol) in a
mixture of DMSO (1800 mL) and triethylamine (TEA, 50 mL; 36 g,
0.36 mol) was sonicated for 15 min. TBTU (25 g, 78 mmol) was added
and the mixture was sonicated again for 15 min. Product 2 (10.44 g,
20 mmol) was added and the mixture was stirred for 1 h. After removal
of the solvent, the residue was dissolved in a concentrated solution of
NaHCO3. The pH was adjusted to 7 with concentrated hydrochloric acid,
followed by sonication for 30 min. The resulting mixture was evaporated
and placed on a C18 reversed-phase column (10 mm � 80 cm), which was
then eluted successively with 5 L of a solution of ammonium acetate in
distilled water (0.1 m) containing 2.5 % methanol, 3 L of a solution con-
taining 5 % methanol, and finally with 3 L of a solution containing 10%
methanol. The product was collected in 200 mL fractions and the purity
was checked by conducting HPLC (conditions as for the preparation of
2, above) and monitoring the peak eluting at 4.4 min. Yield: 13 g (51 %);
1H NMR (300 MHz, D2O, pD= 6.0): d=3.11 (m, 8 H; 2� N-CH2), 3.27
(m, 4 H; 2 � N-CH2), 3.37 (m, 4H; 2 � N-CH2), 3.43 (s, 4H; 2� CH2-
COOH), 3.53 (s, 8 H; 4� CH2-COOH), 3.65 (s, 9 H; 3� OCH3), 3.69 (b,
8H; 2�CH2-COOH, 2� CH2-CO-NH), 6.66 (s, 2H; Ph), 6.75 (m, 2 H;
Ph), 6.79 (m, 2H; Ph), 6.86 (s, 1H; CH-Ph), 7.19 (m, 2H; Ph), 7.45 ppm
(m, 2 H; Ph); IR (KBr): ñ =3406 (N-H), 3008 (C-H, phenyl), 2917 and
2852 (C-H alkyl), 1687 (CO, amide I), 1624 (CO acid), 1591 (COO�


assym. stretch), 1404 cm�1 (COO� sym. stretch); elemental analysis calcd
(%) for NaC56N12O23H65(NH4)4: C 48.66, H 6.39, N 16.33; found: C 49.1,
H 6.0, N 16.36; ES-MS (positive mode): m/z : 1301.4 [M+Na]+ , 662.3
[M+2Na]2+ .


Synthesis of the lanthanide(iii) complexes


The lanthanide(iii) complexes of ligand 3 were synthesized according to a
general procedure as follows: a solution of hydrated LnCl3 salt
(1.1 mmol) in H2O (1 mL) was added to ligand 3 (0.5 mmol) dissolved in
pyridine (30 mL), and the mixture was heated at 70 8C for 3 h. The sol-
vents were evaporated under reduced pressure and the crude product
was then refluxed in ethanol for 1 h. After cooling to room temperature,
the complex was filtered off and dried in a vacuum. The absence of free
gadolinium was verified by using xylenol orange indicator.[41]


Lanthanum(iii) complex [La2–3]: Yield: 95 % (1.51 g); IR (KBr): ñ =3401
(N-H), 3016 (C-H, phenyl), 2922 and 2850 (C-H alkyl), 1630 (CO, amide
I), 1590 (COO� assym. stretch), 1400 cm�1 (COO� sym. stretch); elemen-
tal analysis calcd (%) for La2C56N12O23H62Na2(H2O)4: C 40.51, H 4.75, N
10.04; found: C 40.30, H 4.23, N 10.08; ES-MS (positive mode): m/z :
1595 [M+H]+ , 1613 [M+H+H2O]+ , 1635 [M+Na+H2O]+ , 798
[M+2H]2+ .


Gadolinium(iii) complex [Gd2–3]: Yield: 96% (1.56 g); IR (KBr) ñ=


3406 (N-H), 2915 and 2840 (C-H alkyl), 1637 (CO amide I), 1585 (COO�


assym. stretch), 1404 cm�1 (COO� sym. stretch); elemental analysis calcd
(%) for Gd2C56N12O23H62Na2(H2O)8: C 37.65, H 4.91, N 9.90; found: C
37.87, H 4.43, N 9.47; ES-MS (positive mode): m/z : 1632 [M+H]+ , 1610
[M�Na+2 H]+ , 795 [M�2Na+4H]2+ .


Instruments : Elemental analysis was performed by using a CE Instru-
ments EA-1110 elemental analyzer. 1H NMR spectra were recorded by
using a Bruker Avance 300 (Bruker, Karlsruhe, Germany), operating at
300 MHz. IR spectra were measured by using an FTIR spectrometer
Bruker IFS66, using the KBr pellet method. Mass spectra were obtained
by using a Q-tof 2 (Micromass, Manchester, UK). Samples for the mass
spectrometry were prepared by dissolving the complex (2 mg) in metha-
nol (1 mL), then adding 200 mL of this solution to a water/methanol mix-
ture (50:50, 800 mL). The resulting solution was injected at a flow rate of
5 mLmin�1.
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17O NMR measurements : Samples of solutions (2 mL) contained in NMR
tubes (OD 10 mm) were analyzed by using an AMX-300 spectrometer
(Bruker, Karlsruhe, Germany). The temperature was regulated by air or
nitrogen flow controlled by a BVT 2000 unit (Bruker, Karlsruhe, Germa-
ny). No field frequency lock was used. All 17O NMR spectra were proton
decoupled. The 17O transverse relaxation times of distilled water were
measured by using a CPMG (Car–Purcell Meiboom Gill) sequence and a
subsequent two-parameters-fit of the data points. The 90 and 1808 pulse
lengths were 25 and 50 ms, respectively. The 17O T2 of the complex in
aqueous solution was obtained from line width measurement. The con-
centration of the samples was less than 25 mm.


T1 measurements : Proton nuclear magnetic relaxation dispersion
(NMRD) profiles were recorded between 0.24 mT and 0.24 T by using
Field Cycling Relaxometers (Field Cycling Systems, Oradell, New Jersey,
USA and Stelar Spinmaster FFC-2000, Stelar SRL, Mede, Italy) with
0.6 mL solutions contained in 10 mm OD tubes. Proton relaxation rates
were also measured at 0.47 T and 1.4 T by using Minispec PC-120 and
mq-60, respectively (Bruker, Karlsruhe, Germany). The temperature was
maintained at 310 K. 1H NMRD data were fitted according to the theo-
retical inner-sphere model described by Solomon[32] and Bloembergen,[33]


and to the outer-sphere contribution described by Freed.[34] Calculations
were performed by using a previously described software package.[42–43]


Transmetalation : Transmetalation by zinc(ii) ions was evaluated by the
decrease in the water longitudinal relaxation rate at 310 K and 20 MHz
(Bruker Minispec PC-120) of buffered phosphate solutions (pH 7,
[KH2PO4] =26 mm, [Na2HPO4]=41 mm) containing 2.5 mm of the
gadolinium(iii) complex and 2.5 mm of Zn2+ .[37]


Interaction with HSA : The binding constant and relaxivity value of
[Gd2–3] in a 4% solution of HSA was determined by measuring the
proton longitudinal relaxation rate at 20 MHz and 310 K as a function of
the [Gd2—3] concentration.


In vivo characterization : All of the animal experiments were performed
according to recommendations of the ethical commission of K.U.Leuven
and the University of Mons-Hainaut.


Pharamacokinetic characterization : The animals were anesthetized by
the intraperitoneal injection of pentobarbital (Nembutal�, Sanofi Sante
Animale, Brussels, Belgium) at a dose of 60 mg kg�1. Wistar rats (n=3 or
4/group, 269 g�6 g, Harlan, The Netherlands) were tracheotomized and
the left carotide was catheterized (Becton Dickinson Angiocath, 0.7�
19 mm) for blood collection. The agent was administered as a bolus in
the femoral vein at a dose of 0.025 mmol kg�1 (0.05 mmol of gadolinium
per kg). [Gd(DTPA)], used as a control, was injected at a dose of
0.1 mmol kg�1. Blood samples (~0.3 mL) were collected 1, 2.5, 5, 15, 30,
45, 60, 90, and 120 min after injection. The concentration of gadolinium
in the blood samples was determined by conducting relaxometry at 37 8C
and 60 MHz with a Bruker Minispec mq60 (Bruker, Karlsruhe, Germa-
ny).[45] A two-compartment distribution model was used to calculate the
distribution (Td1/2) and elimination (Te1/2) half-lives, the apparent volume
of distribution (VDb), the total clearance (Cltot), and the initial blood
concentration C0.


[23] The gadolinium concentrations in blood were con-
verted to plasma concentrations by assuming a hematocrit value of
0.53.[44]


Biodistribution : Adult Wistar rats (n=3/group, 273 g�9 g, Harlan, The
Netherlands) were anesthetized and injected with the contrast agents, as
described above. Sixty minutes after injection, the animals were sacrificed
and samples of liver, kidneys, heart, lungs, and spleen were collected for
evaluation of the gadolinium content. The samples were weighed, dried
overnight at 60 8C, and subsequently digested (up to 0.4 g each sample)
in acidic conditions (3 mL HNO3 65%, 1 mL H2O2 33 %) by microwaves
(Milestone MSL-1200, Sorisole, Italy). The gadolinium content was deter-
mined by performing inductively coupled plasma atomic emission spec-
troscopy (ICP-AES, Jobin Yvon JY70+ , Longjumeau, France). The ga-
dolinium concentration was expressed as a percentage of the injected
dose per gram of tissue.


In vivo evaluation for liver contrast enhancement : Six normal rats and a
rat with re-perfused hepatic infarction induced under laparotomy with
temporary obstruction (3 h) of the blood supply to the right liver lobes
[38, 39] were included in MRI studies. Two reference contrast agents were


commercially available; [Gd(DTPA)], and the well-known NACA bis-
Gd-mesoporphyrin or Gadophrin-2 (supplied by the Institut f�r Diagnos-
tikforschung Berlin, Germany).[47]


MR imaging and quantification : The rat under anesthesia was placed su-
pinely into a plastic holder. A tail vein of the rat was cannulated with a
G27 infusion set connected to a 1 mL tuberculin syringe loaded with a
contrast agent. MR imaging was performed using a 1.5 T Siemens Sonata
scanner (Erlangen, Germany) with a commercially available four-channel
phased-array wrist coil. A T1-weighted (TR/TE =600 ms/15 ms) spin-echo
2D-imaging sequence, with 2 mm slice thickness (without gap), a field of
view of 4.6 cm � 8.0 cm, a 240 � 512 matrix, and four averaged acquisi-
tions, resulting in about 3 min of measurement, was recorded to study the
contrast agents for in vivo contrast enhancement. The SI was measured
for a region of interest on five consecutive liver slices on MR images and
averaged for precontrast and serial postcontrast phases. The conspicuity
of the necrotic lobe was expressed as the contrast ratio (CR) between
the necrotic and the normal liver, and was calculated as CR =SInecrosis/
SInormal.
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Introduction


High-nuclearity, discrete molecular transition-metal com-
plexes are of current interest for their possible utility in
modeling the multimetal active sites of metalloproteins,[1–4]


in molecular magnetism, with a special emphasis on single-
molecule magnets (SMM),[5,6] and for devising nanometer-
sized materials for potential use in nanoscience.[7,8] We have
been interested in developing the chemistry of high-nuclear-
ity copper(ii) complexes due to their magnetostructural
properties, which are not only relevant to the active-site
properties of multinuclear copper oxidases,[5b, 9,10] but also in
the field of molecular magnetism. We have successfully syn-
thesized copper(ii) complexes of different nuclearities, vary-
ing from three to twelve, by using mono- and binuclear


Abstract: Three cubane copper(ii) clus-
ters, namely [Cu4(HL’)4] (1),
[Cu4L2(OH)2] (2), and [Cu4L2(OMe)2]
(3), of two pentadentate Schiff-base li-
gands N,N’-(2-hydroxypropane-1,3-
diyl)bis(acetylacetoneimine) (H3L’)
and N,N’-(2-hydroxypropane-1,3-diyl)-
bis(salicylaldimine) (H3L), are pre-
pared, structurally characterized by X-
ray crystallography, and their variable-
temperature magnetic properties stud-
ied. Complex 1 has a metal-to-ligand
stoichiometry of 1:1 and it crystallizes
in the cubic space group P4̄3n with a
structure that consists of a tetranuclear
core with metal centers linked by a m3-
alkoxo oxygen atom to form a cubic ar-
rangement of the metal and oxygen
atoms. Each ligand displays a triden-


tate binding mode which means that a
total of eight pendant binding sites
remain per cubane molecule. Com-
plexes [Cu4L2(OH)2] (2) and [Cu4L2-
(OMe)2] (3) crystallize in the ortho-
rhombic space group Pccn and have a
cubane structure that is formed by the
self-assembly of two {Cu2L}+ units. The
variable-temperature magnetic suscept-
ibility data in the range 300–18 K show
ferromagnetic exchange interactions in
the complexes. Along with the ferro-
magnetic exchange pathway, there is


also a weak antiferromagnetic ex-
change between the copper centers.
The theoretical fitting of the magnetic
data gives the following parameters:
J1 =38.5 and J2 =�18 cm�1 for 1 with a
triplet (S=1) ground state and quintet
(S=2) lowest excited state; J1 = 14.7
and J2 =�18.4 cm�1 for 2 with a triplet
ground state and singlet (S=0) lowest
excited state; and J1 = 33.3 and J2 =


�15.6 cm�1 for 3 with a triplet ground
state and quintet lowest excited state,
where J1 and J2 are two different ex-
change pathways in the cubane {Cu4O4}
core. The crystal structures of 2·6 H2O
and 3·2 H2O·THF show the presence of
channels containing the lattice solvent
molecules.
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copper(ii) complexes as building blocks by a self-assembly
process.[11–15]


The present work stems from our interest in exploring
this chemistry further by using the multidentate Schiff-base
ligands N,N’-(2-hydroxypropane-1,3-diyl)bis(salicylaldimine)
(H3L) and N,N’-(2-hydroxypropane-1,3-diyl)bis(acetylace-
toneimine) (H3L’). Under different reaction conditions we
have been able to isolate two different types of copper(ii)
cubane complexes (see Scheme 1). Copper(ii) cubanes are
of interest for their magnetic properties, which are tunable
by making small variations in the structural parameters.[16–34]


Owing to flexibility in the coordination geometry around
copper(ii) centers, with varied distortions due to a pseudo-
Jahn–Teller effect, copper(ii) cubanes can show ferro- as
well as antiferromagnetic exchange interactions depending
on the Cu�O�Cu bridging angles and the planar/pyramidal
nature of the bridging oxygen in the Cu4O4 core. Among
several copper(ii) cubanes reported to date, a couple of
them only show a magnetic ground state.[16–23] Herein, we
report the synthesis, crystal structure, and magnetic proper-
ties of three copper(ii) cubanes [Cu4(HL’)4]·4H2O (1·4 H2O),
[Cu4L2(OH)2]·6 H2O (2·6 H2O), and [Cu4L2-
(OMe)2]·2H2O·C4H8O (3·2 H2O·THF). Their magnetic data
were theoretically fitted to obtain the exchange-parameter
values and the energy-level diagram for determining the
ground state. A preliminary report on the structural aspects
of [Cu4(HL’)4]·4 H2O (1·4 H2O) has been published.[23]


Results and Discussion


Synthesis and general aspects : Complexes 1–3 were synthe-
sized in good yields by two different synthetic procedures
(Scheme 1). Complex 1 was prepared from the reaction of
copper(ii) perchlorate hexahydrate with the potentially pen-
tadentate Schiff base N,N’-(2-hydroxypropane-1,3-diyl)bis(a-
cetylacetoneimine) (H3L’) in CH2Cl2/MeOH to form the dis-


crete tetranuclear copper(ii) cubane cluster [CuII
4(HL’)4] (1),


which has a metal-to-ligand molar ratio of 1:1 [Eq. (1)].


4 ½CuðH2OÞ6�ðClO4Þ2 þ 4 H3L0 þ 8 NEt3 !
½Cu4ðHL0Þ4� þ 8 Et3NHClO4 þ 24 H2O


ð1Þ


2 ½Cu2LBr� þ 2 KOH! ½Cu4L2ðOHÞ2� þ 2 KBr ð2Þ


2 ½Cu2LBr� þ 2 NEt3 þ 2 MeOH!
½Cu4L2ðOMeÞ2� þ 2 Et3NHBr


ð3Þ


Complexes 2 [Eq. (2)] and 3 [Eq. (3)] were synthesized by
using a different synthetic procedure in which the dimeric
precursor [Cu2LBr] self-assembles in the presence of KOH
or NEt3, respectively, in MeOH/EtOH solvent to form the
cubane clusters with a metal-to-ligand molar ratio of 2:1.
The complexes were characterized from their analytical and
spectral data. Complex 1 displays a d–d band at 630 nm in
MeOH, whereas in complexes 2 and 3 this band appears at
about 640 nm.


Crystal structures : [Cu4(HL’)4] (1) crystallizes in the cubic
space group P4̄3n with one copper, one dianionic ligand
(HL’), and one lattice water in the crystallographic asym-
metric unit (Figure 1). Selected bond lengths and angles for
1·4 H2O are given in Table 1. The structure consists of a tet-
ranuclear copper(ii) core with the metal centers linked by a
m3-alkoxo-oxygen atom of the Schiff base to give a cubic
Cu4O4 arrangement of the metal and oxygen atoms. There
are six molecules in the unit cell and the 3D packing has
vacant space due to the presence of the pendant arm of the
ligand, which causes a low density (1.180 g mL�1) of the crys-
tal. The potentially pentadentate ligand (H3L’) binds in a tri-
dentate form through one imine nitrogen, one enolized
oxygen as the terminal, and the anionic alkoxo-oxygen atom


Scheme 1. Synthetic routes to complex 1 (A) and complexes 2 and 3 (B).


Figure 1. Molecular structure of [Cu4(HL’)4]·4H2O (1·4 H2O) (ORTEP
view; 50 % probability thermal ellipsoids).
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as the bridging site (A). The alkoxo-oxygen atom that be-
longs to the amine part of the ligand links two copper(ii)
centers in an axial–equatorial fashion. The copper centers
are in an essentially square-pyramidal (4+1) geometry with
one bridging Cu�O bond as the axial ligand [distance,
2.437(5) �]. The elongation of the Cu�O axial bond is due
to a pseudo-Jahn–Teller distortion of the d9 Cu center. The
metal atom in the structure shows a deviation of about
0.05 � from the NO3 basal plane. The dihedral angle be-
tween the two coordination planes containing the Cu1 and
Cu1(#2) atoms is approximately 318. The dihedral angle be-
tween the planes containing the Cu1 and Cu1(#1) atoms is
about 868. The Cu1···Cu1(#1) distance is 3.124(2) �. The
axial–equatorial alkoxo oxygen atom bridges the Cu1 and
Cu1(#2) atoms with a separation of 3.438(1) �. The O2
bridging atom in 1, which shows a pyramidal geometry with
the sum of the angles C7�O2�Cu1, C7�O2�Cu1(#1), and
Cu1�O2�Cu1(#1) of about 3378, is likely to reduce the mag-
nitude of the antiferromagnetic coupling between the
copper centers.[20, 21] This complex has a 1:1 ratio of copper
and the ligand. As the potentially pentadentate ligand only
binds to the metal in a tridentate mode in 1, this means that
two free donor sites are available per ligand, making eight
in total per cubane cluster, for further metal binding. As a
consequence, this complex is reactive and behaves like a
“molecular octopus” with eight pendant binding sites suita-
ble for cluster expansion through a metal-driven, self-assem-
bly process, as observed in the isolation of a metallomacro-
bicyclic octanuclear copper(ii) and a mixed valent tetradeca-
nuclear CuII


12CuI
2 cluster with a prismatic structure from com-


plex 1 (Scheme 2).[15,23] In an alcoholic KOH medium, the
complex reacts with copper(ii) perchlorate, in the absence of
any additional H3L’, to form four binuclear units that are
linked by one m2-OH and two m3-OH ligands to form the oc-
tanuclear core. Addition of H3L’ in a similar reaction in the


presence of piperidine, however, gives a mixed-valent tetra-
decanuclear core in which the steric restrictions lead to the
reduction of two copper(ii) ions to copper(i).


The cubane complex 2 with the formula [Cu4-
L2(OH)2]·6 H2O (2·6 H2O) belongs in the orthorhombic
space group Pccn and contains six water molecules per tet-
ramer. The complex [Cu4L2(OMe)2] (3) also crystallizes in
the same space group but with one THF and two H2O lattice
molecules per cluster unit. The ORTEP views of complexes
2 and 3 are shown in Figure 2 and Figure 3, respectively. Se-
lected bond lengths and angles are given in Table 2. The
complexes have a Cu4O4 cubane core in which the bridging
oxygen atoms come from two Schiff bases, each of which
provides one alkoxo-oxygen atom; the remaining two
oxygen atoms come from hydroxo groups for 2 and methoxy
groups for 3. The copper(ii) atoms are in a square-pyramidal
environment with NO4 coordination. Both structures can be
viewed as two {Cu2L}+ units self-assembled to form the


Table 1. Selected bond lengths [�] and angles [8] for 1·4H2O.[a]


Cu1···Cu1(#1) 3.124(2) O(1)�Cu(1)�N(1) 94.9(3)
Cu1···Cu1(#2) 3.438(1) O(1)�Cu(1)�O(2) 179.6(3)
Cu1�O1 1.905(6) O(2)-Cu(1)-N(1) 85.0(3)
Cu1�O2(#1) 1.971(5) O(1)-Cu(1)-O(2)#2 102.3(2)
Cu1�O2 1.974(5) O(1)-Cu(1)-O(2)#1 92.7(2)
Cu1�O2(#2) 2.437(5) O(2)#1-Cu(1)-N(1) 170.4(3)
Cu1�N1 1.927(7) O(2)#2-Cu(1)-N(1) 108.5(2)
Cu1-O2-Cu1(#1) 104.7(2) O(2)-Cu(1)-O(2)#1 87.4(2)
Cu1-O2(#1)-Cu1(#1) 89.6(2) O(2)-Cu(1)-O(2)#2 78.0(2)
Cu1-O2-Cu1(#2) 101.9(2) O(2)#1-Cu(1)-O(2)#2 75.5(2)


[a] Symmetry codes: #1; �x+3/2, �y +1/2, z�1/2; #2: x, �y, �z +1


Scheme 2. Reaction pathways involved in the self-assembly processes
forming the octa- and tetradecanuclear copper cores from complex 1
(0.16 mm): a) [Cu(H2O)6](ClO4)2 (0.64 mm) and KOH (0.94 mm) in EtOH
(15 mL); b) [Cu(H2O)6](ClO4)2 (1.6 mm), H3L’ (0.64 mm) and piperidine
(1.5 mm) in CH2Cl2/MeOH (20 mL, 1:1 v/v).


Figure 2. Molecular structure of [Cu4L2(OH)2]·6H2O (2·6 H2O) displaying
(ORTEP view; 50% probability thermal ellipsoids).
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cubane core in the presence of two m3-OH or m3-OMe li-
gands. The trianionic ligand shows a pentadentate mode of
coordination in 2 and 3 (B).


Complex 2 has an average equatorial Cu�O bond length
of 1.97 � and an average axial Cu�O bond length of 2.43 �.
The Cu1···Cu2 and Cu1(#1)···Cu2 distances in 2 involving
copper atoms linked by equatorial alkoxo oxygen atoms are
3.103(2) and 3.107(2) �, respectively. The Cu1···Cu1(#1) and
Cu2···Cu2(#1) distances for axial–equatorial bridged cop-
per(ii) atoms are 3.433(2) and 3.458(2) �, respectively. The
Cu-O-Cu angles for the equatorially bridged copper atoms
are 105.8(5)8 and 104.3(4)8. The other Cu-O-Cu angles for
the copper atoms bridged in an axial–equatorial fashion are
in the range 103.5(3)–88.8(3)8. The dihedral angle between
the planes containing the Cu1 and Cu2 atoms is 87.6(3)8 and
that for the planes containing the Cu1 and Cu2A atoms is
82.7(3)8. The equatorial–equatorial and equatorial–axial di-
bridged coordination planes of the pairs of copper atoms
Cu1(#1),Cu2 and Cu1(#1),Cu(#2) make angles of 63.2(2)8
and 74.0(2)8, respectively, between themselves. The dihedral
angles between the copper atoms having only axial–equato-
rial-type bridges are less than those having both equatorial–
equatorial or axial–equatorial bridges. The geometry of the
bridging alkoxo and hydroxo oxygen atoms O2 and O4
varies between pyramidal (~3238) and nearly planar (~3478)
conformations.


The structural features of complex 3 are essentially the
same as those of 2. The average Cu�O distance in the
square plane is 1.97 �. The axial bonds show a distance of
2.476(3) � for Cu1�O4(#1) and 2.318(2) � for Cu2�O2.
The Cu-O-Cu angles are in the range 104.0(1)–88.3(1)8. The
distances for the equatorially oxygen-bridged copper atoms
Cu1,Cu2 and Cu1,Cu2(#1) are 3.077(1) and 3.116(1) �, re-
spectively. The Cu-O-Cu angles involving these pairs of
copper atoms are 104.0(1)8 and 103.8(1)8, respectively. The
planes containing oxygen-bridged copper atoms with short


Cu�O distances are nearly perpendicular to each other,
whereas the planes containing the Cu1 and Cu2 atoms lie at
a dihedral angle of 88.9(1)8. The dihedral angle between the
planes containing the Cu1 and Cu2(#1) atoms is 83.2(1)8.
The dihedral angles between the axial–equatorial-bound
copper planes of Cu1,Cu1(#1) and Cu2,Cu2(#1) are 37.5(1)8
and 24.7(1)8, respectively. The geometry of the bridging
oxygen atoms O2 and O4 in 3 is similar to that in complex
2.


The crystal structures of 1–3 exhibit chemically significant
hydrogen-bonding interactions between the complexes and
the lattice solvent molecules (see Figure S1–S3 in the Sup-
porting Information). In complex 1, the solvent water mole-
cule is involved in hydrogen-bonding interactions with the
pendant group of the Schiff base (2.61(2) �; O3�H31···O4
angle of 145.9(9)8). The O5···O5(#4) distance of 2.73(4) �
indicates strong intermolecular hydrogen-bonding interac-


Table 2. Selected bond lengths [�] and angles [8] for complexes
2·6H2O


[a] and 3·2H2O·THF.[b]


2·6H2O 3·2H2O·THF


Cu1···Cu2 3.103(2) 3.077(1)
Cu1···Cu2(#1) 3.108(2) 3.116(1)
Cu1···Cu1(#1) 3.433(2) 3.419(1)
Cu2···Cu2(#1) 3.458(3) 3.384(1)
Cu1�O1 1.897(8) 1.885(2)
Cu1�O2 1.966(8) 1.961(2)
Cu1�O4 1.926(10) 1.948(2)
Cu1�O4(#1) 2.451(8) 2.476(3)
Cu1�N1 1.921(12) 1.937(3)
Cu2�O2 2.418(8) 2.318(2)
Cu2�O4 1.964(9) 1.961(2)
Cu2�O2(#1) 1.969(8) 1.992(2)
Cu2�O3 1.910(9) 1.888(3)
Cu2�N2 1.914(10) 1.938(3)
Cu1-O2-Cu2 89.5(3) 91.6(1)
Cu1-O4-Cu2 105.8(5) 103.8(1)
Cu1-O2-Cu2(#1) 104.3(4) 104.0(1)
Cu1(#1)-O4-Cu2 88.8(3) 88.3(1)
Cu2-O2-Cu2(#1) 103.5(3) 103.2(1)
Cu1-O4-Cu1(#1) 102.7(3) 100.4(1)
O1-Cu1-O2 178.2(4) 177.2(1)
O1-Cu1-O4 94.6(4) 96.9(1)
O1-Cu1-O4(#1) 105.4(4) 104.9(1)
O1-Cu1-N1 95.1(4) 94.0(1)
O2-Cu1-O4 87.1(4) 85.9(1)
O2-Cu1-O4(#1) 75.4(3) 75.9(1)
O2-Cu1-N1 83.2(4) 83.2(1)
O4-Cu1-O4(#1) 77.3(4) 79.5(1)
O4-Cu1-N1 166.3(4) 164.2(1)
O4(#1)-Cu1-N1 109.3(4) 108.7(1)
O4-Cu2-O2(#1) 87.8(4) 88.4(1)
O2-Cu2-O2(#1) 76.4(3) 76.9(1)
O2-Cu2-O3 104.3(4) 104.3(1)
O2-Cu2-O4 74.6(4) 76.5(1)
O2(#1)-Cu2-O3 177.2(4) 177.2(1)
O2(#1)-Cu2-N2 83.3(4) 83.4(1)
O2-Cu2-N2 119.1(4) 117.9(1)
O3-Cu2-O4 95.0(4) 94.3(1)
O3-Cu2-N2 94.0(4) 93.9(1)
O4-Cu2-N2 161.0(4) 160.9(1)


[a] Symmetry code: #1; �x+1/2, �y +1/2, +z. [b] Symmetry code: #1;
�x+3/2, �y +1/2, z.


Figure 3. Molecular structure of [Cu4L2(OMe)2]·2H2O·THF
(3·2H2O·THF) (ORTEP view; 50% probability thermal ellipsoids).
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tions between the water molecules (symmetry code #4: �x+


1, + y, �z+1). The hydroxo oxygen atom O4 of 2 lies at a
distance of 3.07(2) � from the disordered solvent water mol-
ecule O5 (O4�H···O5 angle: ~1608). The positionally disor-
dered water molecules showing intermolecular distances of
2.6–2.9 � among themselves are located within the nearly
strawberry-shaped channel with a cross-section of around
8 � 6 � along the crystallographic a axis. The water mole-
cules are also present in the zigzag channel that propagates
along the crystallographic b axis. The lattice solvent mole-
cules in 3 are tetrahydrofuran and water. They are located
in the channel possessing a similar area of cross-section to
that of 2 along the crystallographic a axis. The water mole-
cules of complex 3 show significant hydrogen-bonding inter-
actions (O5···O6: 2.689(7) �). The water molecule O6 ex-
hibits possible intermolecular hydrogen-bonding interactions
with the phenoxo oxygens O1(#5) and O1(#6) of the penta-
dentate Schiff-base ligand, with an O6···O1 distance of
2.790(4) � and O1(#5)···O6···O1(#6) angle of about 1028.


Magnetic properties : The temperature dependence of the
magnetic susceptibility of cubane cluster 1 is shown as a cMT
versus T plot in Figure 4. The value of cMT remains nearly


constant from 300 K to about 120 K (�1.55 cm3 mol�1 K)
and thereafter gradually increases to a value of
2.67 cm3 mol�1 K (at 18 K) as the temperature is lowered
steadily. The meff value is 3.51 mB at 300 K and 4.63 mB at
18 K, which is marginally smaller than the magnetic
moment of 4.90 mB for a molecule in the ground state with a
total spin of 2 (spin-only value, assuming that the g factor is
2). The magnetic data show that the effective exchange in-
teractions between the copper(ii) spins in cubane 1 are fer-
romagnetic.


To determine the nature of the individual exchange inter-
actions, we noted that the copper(ii) ions occupy alternate
cube corners in these systems. Thus, there are six exchange
interactions between the four magnetic ions in the mole-
cules (Scheme 3). The symmetry of cubane 1 (Figure 1) fur-
ther reduces these to two unique exchange constants, with
four of the six exchange constants having one unique value
(J1) and the remaining two exchange constants the other


(J2). The Cu�O�Cu bond angles for the exchange pathway
involving J1 are nearly 908 while the Cu�O�Cu bond angles
for the exchange pathway involving J2 are above 1008 (ca.
101.98). This implies that J1 is ferromagnetic while J2 could
be antiferromagnetic. Furthermore, the Cu�O and Cu···Cu
distances for the different pathways are consistent with jJ1 j
> jJ2 j . The oxygen atoms involved in the superexchange in-
teraction are arranged in a pyramidal geometry around the
copper ions, the sum of the bond angles around the copper
ion being about 3378. It is empirically known that such a
pyramidal arrangement of ligand atoms leads to an increase
in the strength of ferromagnetic interactions and a decrease
in the strength of antiferromagnetic interactions.[20,21, 35]


Based on these structural and magnetic data, we modeled
the magnetic interactions in cubane 1 using the Hamiltonian
in Equation (4), where a positive sign of J corresponds to a
ferromagnetic interaction and a negative sign of J to an anti-
ferromagnetic interaction. All the spin operators (S) corre-
spond to spin-1/2 objects. The last term in the Hamiltonian
takes into account intermolecular interactions within the
mean-field approximation. This is necessary since high-spin
molecules experience intermolecular dipolar interactions,
which can be represented by a weakly ferromagnetic or anti-
ferromagnetic exchange term. Thus, jJ’ j! { jJ1 j , jJ2 j } and
the strength of the effective interaction depends upon the
number of nearest neighbor molecules, z, which in the case
of cubane 1 is six, while for cubanes 2 and 3 it is four.


H ¼ �J1ðŜ1Ŝ2 þ Ŝ1Ŝ20 þ Ŝ10 Ŝ20 þ Ŝ10 Ŝ2Þ


�J2ðŜ1Ŝ10 þ Ŝ2Ŝ20 Þ þ gmBH
X


i Ŝi
z�zJ0 < Sz


tot >
X


iŜi
z
ð4Þ


Using the above model we can compute the square of the
magnetization, M2(T), as a function of temperature as given
in Equation (5), where the eigenvalues E(S,Ms) of H are
given by E(S,Ms)= Eo(S,Ms)+ Ms(gbH�zJ’<Sz> ), with Eo-
(S,Ms) being the eigenvalues of the exchange Hamiltonian
in the absence of external magnetic field and intermolecular
interactions.


Figure 4. A plot of cMT versus T for a polycrystalline sample of [Cu4-
(HL’)4] (1). The solid line is the theoretical fit to the experimental data.


Scheme 3. Magnetic exchange pathways for the cubane core in complexes
1–3 with the short Cu�O bonds shown by thick lines.


Chem. Eur. J. 2005, 11, 3087 – 3096 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3091


FULL PAPERFerromagnetically Coupled Copper(ii) Cubanes



www.chemeurj.org





M2ðTÞ ¼


P
S


PS


Ms¼�S
MS


2expð�EðS,MSÞ=kBTÞ


P
S


PS


Ms¼�S
expð�EðS,MSÞ=kBTÞ


ð5Þ


The temperature-dependent magnetic susceptibility, cM(T)
is then given by Equation (6), where g is the gyromagnetic
ratio.


cMðTÞ ¼ g2 M2ðTÞ=½T�zJ0M2ðTÞ� ð6Þ


To account for trace amounts of paramagnetic impurity
present in the analytically pure sample, an additional Curie-
like contribution to the magnetic susceptibility was assumed
and the total magnetic susceptibility is then given by Equa-
tion (7), where C is the Curie constant.


ctotðTÞ ¼ cMðTÞ þ C=T ð7Þ


The error in the fit (R) was calculated from expression
(8), where cobs(Ti) and ccal(Ti) are the observed and calculat-
ed magnetic susceptibilities at temperature Ti, respectively.


R ¼
X


i ½fcobsðT iÞ�ccalðT iÞg2=cobsðT iÞ2� ð8Þ


The best fit J1, J2, and J’ values for cubane 1 are 38.4,
�18.0, and 0.14 cm�1 respectively. In all these calculations a
g value of 2.01 was used. The Curie constant obtained from
the fit corresponds to an impurity concentration of 0.03
free-spins per cubane cluster. The error (R) found for the fit
is 1.22 �10�4.


Interestingly, the intermolecular exchange interaction de-
termined from the fit is ferromagnetic in 1. The energy
levels computed by using the above intramolecular exchange
parameters for an isolated cubane molecule yield a triplet
ground state (Figure 5). The fact that the ground state is nei-
ther the high-spin quintet state nor the low-spin singlet
state, but an intermediate spin-one state, is an outcome of
the presence of both ferro- and antiferromagnetic exchange
interactions. The lowest excited state is a quintet state, with
a singlet state lying above the quintet. The triplet–quintet
gap is 7.88 cm�1 and the triplet–singlet gap is 38.43 cm�1. It


appears that the internal magnetic field due to ferromagnet-
ic intermolecular interactions lowers the quintet state
energy and brings it closer to the triplet ground state. This
explains the increase in the mB value close to S=2 at low
temperatures.


Cubane 2 has a meff value of 2.98 mB at 300 K and 3.64 mB


at 18 K. The temperature dependence of the magnetic sus-
ceptibility is shown as a cMT versus T plot in Figure 6. The


change of the magnetic susceptibility with temperature is
similar to that of cubane 1 over the entire range of tempera-
ture. The Cu-O-Cu bond angles and also the Cu�O and
Cu···Cu bond lengths of cubane 2 are similar to those of
cubane 1 except that the axial bonds which involve the ex-
change parameter J2 are elongated (above 2.4 �) due to a
pseudo-Jahn–Teller distortion. Hence, a weaker exchange
constant is expected for J2. The oxygen atoms involved in
the superexchange interaction are nearly planar to pyrami-
dal, with the sum of the bond angles around the copper(ii)
ion varying between 3258 and 3548. The best-fit values for
J1, J2, and J’ are 14.7, �18.4, and 0.43 cm�1, respectively,
with g=2.04 and R=5.5 � 10�5; the paramagnetic impurity
concentration is of 0.01 free-spins per cubane cluster.


The intermolecular exchange interaction in cubane 2 is
also ferromagnetic. The ground state of cubane 2 is also a
triplet due to the presence of both ferro- and antiferromag-
netic exchange interactions in the system. However, unlike
cubane 1, the lowest excited state is a singlet with a quintet
state lying above it (Figure 5). The triplet–singlet gap is
14.70 cm�1 and the triplet–quintet gap is 20.34 cm�1. Indeed,
it is well known that it is difficult to predict, a priori, either
the ground state spin or the ordering of the excited states in
spin systems.


Cubane 3 has a meff value of 3.11 mB at 300 K and 4.02 mB


at 18 K. The temperature dependence of the magnetic sus-
ceptibility is shown as a cMT versus T plot in Figure 6. The
plot shows the magnetic behavior of the complex, which is
similar to those of cubanes 1 and 2. The Cu-O-Cu bond
angles are comparable to those of cubane 2. As in cubane 2,
the axial bonds are elongated (2.32 � and 2.48 �) due to a
pseudo-Jahn–Teller distortion. Moreover, the cubane cluster


Figure 5. The energy-level diagrams of complexes 1–3 with a degeneracy
of (2S+1) for each spin state. The spin of each state is indicated to the
right.


Figure 6. Plots of cMT versus T for the polycrystalline samples of 2 (&)
and 3 (O) with solid lines showing the theoretical fit to the experimental
data.
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3 involves all the alkoxo-oxygen atoms as bridging groups,
whereas in cubane 2 there are two alkoxo and two hydroxo
groups. It is well known from the literature that the critical
angle for having a ferromagnetic exchange pathway is
higher for alkoxo-oxygen atoms.[36] Since cubane 3 has only
alkoxo groups, the ferromagnetic exchange coupling for
cubane 3 is expected to be higher than for cubane 2. The
value of the exchange constant obtained using the model
discussed earlier for the ferromagnetic pathway is J1 =


33.3 cm�1 and that for the antiferromagnetic pathway is J2 =


�15.6 cm�1. The intermolecular interaction parameter ob-
tained was J’=0.25 cm�1, which is indeed ferromagnetic.
The error, R, in the fit is 1.02 � 10�5, with a g value of 2.02
and a paramagnetic impurity concentration of 0.04 free-
spins per cubane cluster. The calculated energy-level dia-
gram using the J1 and J2 values yields a spin triplet ground
state with a quintet excited state at 6.76 cm�1 and a singlet
excited state at 33.3 cm�1 (Figure 5).


Magnetostructural correlations : Cubane copper(ii) clusters
with a magnetic ground state are of importance as new mag-
netic systems; such cubane clusters are listed in Table 3 for
comparison of their magnetostructural properties.[16–23] Ito
and co-workers have reported a copper(ii) cubane [Cu4-
(hase)4]·2H2O·4MeCN which shows ferro- and antiferro-
magnetic exchange interactions with exchange parameter
values of 72.2(2) and �35.2(2) cm�1, respectively. This com-
plex, which displays a channel structure with the solvent
molecules located within the channel, has average Cu�O
distances of 1.95 and 2.51 � for the equatorial and axial


bonds respectively.[20] The Cu-O-Cu angles are 105.58 and
95.48. Nakano and co-workers have designed an open,
cubane-like Cu4O4 complex of formula [Cu4(hpda)4]-
(ClO4)4·H2O (Hhpda: N-(2-hydroxyethyl)-1,3-propanedia-
mine) that shows ferromagnetic interactions.[21] The square
planes of the copper atoms in this complex have dihedral
angles of 82.588 and 96.578, which suggests that the dx2�y2


magnetic orbitals of the metal centers are nearly perpendic-
ular to each other thereby promoting a ferromagnetic inter-
action (2J=89.8 cm�1). Complexes 1–3 also show dihedral
angles between the copper(ii) planes of about 908. Such a
structural feature is in accordance with the ferromagnetic
behavior of these complexes. Complex 1 has significant
structural differences from its analogues, which make it
more ferromagnetic than 2 and 3.


Conclusion


Complexes 1–3 are the first structurally characterized cop-
per(ii) cubanes with a magnetic triplet (S= 1) ground state.
The nature of the magnetic coupling in 1–3 is significantly
different from the majority of the reported copper(ii) cu-
banes,[24–34] which are antiferromagnetic in nature, but re-
sembles those having a quintet ground state.[16,19] The intra-
molecular ferromagnetic interaction could be due to the or-
thogonality of the magnetic orbitals for at least one ex-
change pathway in each copper pair. Complexes 2 and 3 are
formed from a dimeric precursor with a hydroxo or alkoxo
group, which facilitates the self-assembly process. Cubane 1


has eight pendant binding sites
that are suitable for a cluster-
expansion process in the pres-
ence of additional metal ions. It
is a potential precursor for the
synthesis of discrete, high-nu-
clearity clusters of nanometer
size.


Experimental Section


Materials and measurements : All re-
agents and chemicals were purchased
form commercial sources and used
without further purification. The Schiff
bases N,N’-(2-hydroxypropane-1,3-
diyl)bis(salicylaldimine) (H3L) and
N,N’-(2-hydroxypropane-1,3-diyl)bis(a-
cetylacetoneimine) (H3L’) were pre-
pared by literature methods.[37] The
precursor complex [Cu2LBr] was syn-
thesized from H3L and CuBr2·H2O by
following a procedure similar to that
reported for an analogous dinuclear
copper(ii) complex of the Schiff-base
ligand N,N’-(2-hydroxypentane-1,5-
diyl)bis(salicylaldimine).[38] The ele-
mental analyses were performed with
a Heraeus CHN-O Rapid instrument.


Table 3. Structurally characterized cubane copper(ii) clusters with a magnetic ground state.


No. Complexes Cu�Oeq [�] Cu�O�Cu [8] J [cm�1] Ref.
Cu�Oax [�]


1 [Cu4Br4(CH2CH2NEt2)4]·4CCl4 1.92–1.98 104.1; 108.8; �9.0(3); 80.0(3) [16b]


2.52 88.8
2 [Cu4(MeCOCHCMe=NCH2CH2O)4] 1.92–1.97 109.8–87.3 �19.8(6.0); 41.0(6.0) [17]


2.33–2.69
3 [Cu4(L1)4]·9 MeOH[a] 1.96–2.00 104.4; 99.0; 88.8 57(4); �14(4) [18]


2.48
4 [Cu4(L2)4]·8 EtOH[b] 1.94–1.99 112.0; 94.4; 86.1 0; 34.8 [18]


2.75
5 [Cu4(bpy)4(OH)4](PF6)4


[c] 1.95–1.96 105.0–90.8 15.1; 0.16 [19]


2.49
6 [Cu4(hsae)4]·2 H2O·4 MeCN[d] 1.93–2.0 106.1–85.8 �35.2(2); 72(2) [20]


2.56
7 [Cu4(hpda)4](ClO4)4·H2O


[e] 1.92–1.99 110.0; �32.6; 89.8 [21]


108.9, 108.0, 110.1
8 [Cu4(L3)4]


[f] 1.90–1.97 107.7–88.8 �9.4(4); 15.2(4) [22]


2.41–2.51
9 [Cu4(HL’)4]·4 H2O 1.91–1.97 104.7; 101.9; 89.6 38.5; �18 this work


2.44
10 [Cu4L2(OH)2]·6 H2O 1.93–1.97 105.8–88.8 14.7; �18.4 this work


2.42–2.45
11 [Cu4L2(OMe)2]·2 H2O·THF 1.95–1.99 104.0–88.3 33.3; �15.6 this work


2.32 �2.48


[a] H2L
1: Schiff base of pyridoxal and 2-amino-1-phenylpropan-1-ol. [b] H2L


2: Schiff base of pyridoxal and 2-
amino-1-phenylethanol. [c] bpy: 2,2’-bipyridine. [d] H2hsae: 2-(4-hydroxysalicylidineamino)ethanol. [e] Hhpda:
N-(2-hydroxyethyl)-1,3-propanediamine. [f] H2L


3: ethyl-2-[N-(2-hydroxycyclohexyl)aminomethylene]-3-oxobu-
tanoate.
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The electronic and IR spectral data were obtained with Perkin Elmer
Lambda 35 and Bruker Equinox 55 spectrometers, respectively. The vari-
able-temperature magnetic susceptibility measurements were performed
with a Model 300 Lewis-coil-force magnetometer (George Associates
Inc., Berkeley, CA) equipped with a closed-cycle cryostat (Air products)
and a Cahn balance. Hg[Co(NCS)4] was used as a standard. Experimental
susceptibility data were corrected for diamagnetic contributions (cdia =


�95.3 � 10�6 cm3
m
�1 per copper atom). The magnetic moments at various


temperatures were calculated in mB unit [mB�9.274 � 10�24 J T�1].


Synthesis of [Cu4(HL’)4] (1): Triethylamine (3.9 mL, 28.03 mmol) was
added to a solution of H3L’ (3.79 g, 14.9 mmol) in dichloromethane
(20 mL) with magnetic stirring. After 10 min a solution of [Cu(H2O)6]-
(ClO4)2 (2.96 g, 8.0 mmol) in MeOH (20 mL) was added dropwise. The
mixture was then heated to reflux for 30 min. The solution was cooled to
ambient temperature and its volume was reduced to half on a rotary
evaporator. A dark-blue, crystalline solid of 1 (2.2 g, yield ~87 %) sepa-
rated on standing overnight. This solid was isolated, washed with a cold
methanol/diethyl ether solvent mixture (1:1, v/v), and finally dried in
vacuum over fused CaCl2. Elemental analysis (%) calcd for 1
(C52H40Cu4N8O12 (1263.4)): C 49.44, H 6.38, N 8.87; found: C 49.21, H
6.54, N 9.02; IR (KBr phase): ñ=3403w, 2987w, 2950w, 2921w, 2866w,
2822w, 1615s, 1564s, 1500s, 1462w, 1439m, 1407s, 1351w, 1300m, 1281m,
1212w, 1102w, 1034w, 1044w, 945w, 737m, 617m, 437w cm�1; UV/Vis
(MeOH): lmax (e)=233 (22 500), 310 (43 000), 630 nm (280 m


�1 cm�1).


Synthesis of [Cu4L2(OH)2] (2): A 1.0 m ethanolic solution of KOH was
added dropwise to a solution of [Cu2LBr] (0.45 g, 0.89 mmol) in methanol
(20 mL) until the solution turned dark green. The resulting solution was
heated in a water bath for 30 min. It was then cooled to room tempera-
ture and filtered to remove any solid present in the solution. The green
filtrate gave dark green, crystalline 2 on standing overnight. This solid
was isolated, washed with cold methanol, and dried in vacuum over
P4O10 [Yield: 0.47 g (59 %)]. Elemental analysis (%) calcd for 2
(C34H32Cu4N4O8 (878.9)): C 46.47, H 3.67, N 6.37; found: C 45.16, H 3.72,
N 6.43; IR (KBr phase): ñ =3392br,
3191br, 3050w, 2911w, 2886w, 2833w,
1640s, 1602m, 1582m, 1540s, 1468m,
1453s, 1395s, 1345m, 1314s, 1199m,
1178m, 1156m, 1130m, 1069w, 1049w,
1033w, 986w, 971w, 553w, 464m cm�1;
UV/Vis (MeOH): lmax (e)=242
(49 500), 269 (32 200), 362 (11 500),
639 nm (360 m


�1 cm�1).


Synthesis of [Cu4L2(OMe)2] (3): Tri-
ethylamine (0.15 mL, ~1.0 mmol) was
added slowly to a methanolic solution
(25 mL) of [Cu2LBr] (0.5 g,
0.99 mmol). After stirring for 8 h the
solution was filtered to remove any in-
soluble material. The filtrate was con-
centrated on a rotary evaporator and
the solid thus obtained was isolated
and washed with cold methanol. The
crude product was then crystallized
from a tetrahydrofuran/methanol mix-
ture (1:2, v/v). The solid obtained was
dried in vacuum over P4O10 for analyt-
ical studies. Yield: 0.45 g (~55%). Ele-
mental analysis (%) calcd for 3
(C36H36Cu4N4O8 (906.8)): C 47.63, H
4.00, N 6.17; found: C 46.21, H 3.95, N
6.24; IR (KBr phase): ñ =3356br,
2918w, 2872w, 2808w, 1640s, 1602m,
1539m, 1448s, 1395m, 1345m, 1312s,
1199m, 1148m, 1125m, 1044m, 1027m,
977w, 893m, 861m, 759s, 717w, 563m
cm�1; UV/Vis (MeOH): lmax (e)=245
(51 000), 273 (32 800), 368 (12 000),
642 nm (380 m


�1 cm�1).


X-ray crystallographic studies : Single crystals of 1 were obtained by slow
evaporation of a solution of the complex. A crystal of approximate size
0.27 � 0.18 � 0.15 mm3 was mounted on a glass fiber using epoxy cement.
The X-ray diffraction data were measured in frames with increasing w


(width of 0.38 per frame) at a scan speed of 6 s/frame using a Bruker
SMART APEX CCD diffractometer, equipped with a fine-focus, sealed-
tube X-ray source. The SMART software was used for data acquisition
and the SAINT software for data extraction.[39a] Empirical absorption
corrections were made on the intensity data.[39b] The structure was solved
by the heavy atom method and refined by full-matrix least-squares with
the SHELX system of programs.[40] All non-hydrogen atoms of the com-
plex, except those of the solvent water molecules, were refined anisotrop-
ically. All the hydrogen atoms were generated, assigned isotropic thermal
parameters, and refined using a riding model. The hydrogen atoms were
used for the structure factor calculation only. The positionally disordered
oxygen atoms O4 and O5 of the solvent water molecules in the asymmet-
ric unit were refined with a site occupancy factor of 0.5. The structure re-
finement gave a goodness-of-fit (GoF) value of 1.077 with a maximum
shift/esd value of 0.001.


Single crystals of 2 were obtained by slow concentration of a methanolic
solution of the complex. A green crystal of 2·6 H2O of size 0.25 � 0.2�
0.1 mm3 was mounted on a glass fiber with epoxy cement and all geomet-
ric and intensity data were collected with an automated Enraf-Nonius
CAD4 diffractometer fitted with MoKa radiation. Intensity data, collected
using the w-scan technique for 3711 reflections in the range 1.6�q�
25.08, were corrected for Lorentz-polarization effects and for absorp-
tion.[41] Of 2545 unique data, 1617 with I�2s(I) were used for structure
determination involving 252 parameters, which gave a goodness-of-fit
value of 1.053 and highest shift/esd value of 0.0. All non-hydrogen atoms
except the solvent oxygen atoms were refined anisotropically. The hydro-
gen atom attached to the oxygen atom O4 was located from the differ-
ence Fourier map and refined isotropically using geometrical restraints
available within the SHELX program, while those attached to the carbon


Table 4. Crystallographic data for the complexes [Cu4(HL’)4]·4 H2O (1·4H2O), [Cu4L2(OH)2]·6 H2O (2·6H2O)
and [Cu4L2(OMe)2]·2H2O·THF (3·2H2O·THF).


1·4 H2O 2·6 H2O 3·2H2O·THF


chemical formula C52H88Cu4N8O16 C34H44Cu4N4O14 C40H48Cu4N4O11


Mr 1335.46 986.89 1014.98
crystal system cubic orthorhombic orthorhombic
space group P4̄3n Pccn Pccn
unit cell dimensions
a [�] 22.421 9.292(3) 8.9080(10)
b [�] 22.421 18.066(4) 18.026(2)
c [�] 22.421 25.134(5) 25.942(5)
a [8] 90 90 90
b [8] 90 90 90
g [8] 90 90 90
V [�3] 11 272(3) 4219.2(19) 4165.7(10)
Z 6 4 4
crystal size [mm3] 0.27 � 0.18 � 0.15 0.25 � 0.2� 0.1 0.24 � 0.15 � 0.1
min/max trans. 0.63/0.83 0.49/0.72 0.57/0.79
1calcd [gcm�3] 1.180 1.554 1.618
m (MoKa) [cm�1] 11.74 20.55 20.79
T [K] 293(2) 293(2) 293(2)
reflections collected 2960 3711 29852
unique reflections 2960 3711 4086
variables 180 252 348
R(int) 0.1554 0.0 0.1282
reflections used for refinement [Fo


2>2s(Fo
2)] 2244 1617 2996


R1[a] 0.0693 0.0889 0.0371
wR2[b] 0.1805 0.2078 0.0918
D1max [e��3] 0.704 0.835 0.484
D1min [e��3] �0.405 �0.449 �0.350


[a] R=� j jFo j� jFc j j /� jFo j . [b] wR= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2. w =1/[s2(F2


o)+ (AP)2 +BP] where P=


[max(F2
o,0)+2F2


c]/3. The A values are 0.1200, 0.1127, and 0.0565 for 1–3, respectively, with a B value of 0.0 for
all of them.
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atoms were generated and refined using a riding model with fixed ther-
mal parameters. Among the solvent molecules the oxygen atom O6 of
water was located in a special position and refined with a site occupancy
factor of 0.5. The other positionally disordered solvent water molecules
O5 and O7–O10 were assigned site occupancy factors of 0.7, 0.7, 0.5, 0.3,
and 0.3 respectively, with SHELX. All the oxygen atoms of the solvent
molecules were refined isotropically and blocked during the last few
cycles of refinement to lower the shift/esd value.


Single crystals of complex 3 were obtained by slow concentration of a so-
lution of the complex in a THF/MeOH mixture (1:1, v/v) at room tem-
perature. A crystal of dimensions 0.24 � 0.15 � 0.10 mm3 was mounted on
a glass fiber with epoxy cement and the diffraction data were obtained
with a Bruker SMART APEX CCD diffractometer at 293(2) K using a
scan speed of 10 s per frame with increasing w (width of 0.38 per frame).
Empirical absorption corrections on the intensity data were made.[39] The
structure of 3 was determined in a similar way as described above for 1.
All non-hydrogen atoms of the complex were refined anisotropically. The
hydrogen atoms attached to the carbon atoms were located from the dif-
ference Fourier map and refined isotropically; they were blocked during
the last few cycles of refinement to lower the shift/esd value. The oxygen
atoms O5 and O6 of solvent water molecules were located at special po-
sitions. Other than the solvent water molecule, there is also half a THF
molecule in the asymmetric unit. The goodness-of-fit (GoF) and the max-
imum shift/esd values were 1.018 and 0.0, respectively. Selected crystallo-
graphic data are presented in Table 4. Perspective views of the molecules
were produced with ORTEP.[42]


CCDC-214522 (1), CCDC-252448 (2), and CCDC-252449 (3) 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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Anion-Induced Urea Deprotonation
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Introduction


There exists a large interest on the development of artificial
neutral receptors for anions.[1–3] Such molecules should be
able to behave as hydrogen-bond donors towards the envis-
aged anion, giving rise to a complex that is stable in so-
lution. One of the most frequently employed fragments is
urea. In fact, urea can donate two hydrogen bonds in a par-
allel fashion, and so it is complementary to Y-shaped oxoan-
ions such as carboxylates. One of the first examples of anion
complexation by urea-based receptors was reported by
Wilcox, who characterised the receptor–analyte interaction
through 1H NMR experiments and determined the associa-
tion constant of the complex by spectrophotometric titra-
tions.[4] A variety of receptors containing one or more urea
subunits have been designed and tested for anion recogni-
tion and sensing over the past years.[5–12] A major element of
selectivity is given by the energy of the receptor–anion inter-
action: in fact, the strongest hydrogen-bond interactions are
established with anions that contain the most electronega-


tive atoms, for example, F (fluoride) and O (carboxylates,
inorganic oxoanions), and that display the most pronounced
basic tendencies in the chosen solvent. On the other hand,
in most cases electron-withdrawing substituents have been
appended to the urea framework in order to polarise the N�
H bonds and to increase its hydrogen-bond donor tenden-
cies. Therefore, the strongest interactions are expected to
occur between highly basic anions and highly acidic urea
fragments; this opens the way to the potential occurrence of
an acid–base process, with neat proton release from urea to
the anion. Very interestingly, the hydrogen-bonding interac-
tion has been recently defined as an “incipient” and
“frozen” proton-transfer process.[13] On this basis, we were
interested to verify whether urea, in presence of suitable
anions, may undergo deprotonation in solution.


In this context, we studied the interaction of the urea de-
rivative 1 (1-(7-nitrobenzo[1,2,5]oxadiazol-4-yl)-3-(4-nitro-
phenyl)urea), with some commonly investigated anions (hal-
ides, carboxylates, phosphate). In addition, two electron-
withdrawing substituents, 4-nitrophenyl and nitrobenzofura-
zan, were appended to the 1- and 3-positions of the urea


Abstract: The urea-based receptor 1
(1-(7-nitrobenzo[1,2,5]oxadiazol-4-yl)-
3-(4-nitrophenyl)urea, L�H), interacts
with X� ions in MeCN, according to
two consecutive steps: 1) formation of
a hydrogen-bond complex [L�H···X]� ;
2) deprotonation of L�H to give L�


and [HX2]
� , as shown by spectrophoto-


metric and 1H NMR titration experi-


ments. Step 2) takes place with more
basic anions (fluoride, carboxylates, di-
hydrogenphosphate), while less basic
anions (Cl� , NO2


� , NO3
�) do not


induce proton transfer. On crystallisa-
tion from a solution containing L�H
and excess Bu4NF, the tetrabutylammo-
nium salt of the deprotonated urea de-
rivative (Bu4N[L]) was isolated and its
crystal and molecular structure deter-
mined.
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subunit, in order to enhance both hydrogen-bond donor ten-
dencies and acidity of the receptor. Moreover, nitrobenzo-
furazan is a classical chromogenic fragment,[14, 15] and its
colour and absorption spectrum is expected to change, fol-
lowing the interaction with the analyte. Noticeably, append-
ing a chromophore (typically exhibiting electron-withdraw-
ing properties) to the urea subunit is a normal practice for
generating colorimetric anion sensors, as the occurrence of
the hydrogen-bond interaction may alter the intensity of the
chromophore dipole and modify its absorption spec-
trum.[16,17] The interaction of 1 with anions was investigated
through UV-visible spectrophotometric and 1H NMR spec-
troscopic titrations in MeCN. Such an aprotic medium was
chosen in order to preclude the competition of the solvent
as a hydrogen-bond donor.


Results and Discussion


The interaction with halides : On addition of F� , the pale
yellow solution of 1 (=L�H) in MeCN took an intense red
colour.


Figure 1 shows the spectra recorded in the course of the
titration. In particular, Figure 1 (top) displays the spectra
taken during the addition of the first equivalent of fluoride:
the band at 428 nm decreases and disappears, while a new
band develops at 540 nm, to stop after addition of one
equivalent. A definite isosbestic point at 452 nm is observed.
On addition of the second equivalent of F� , a new band de-
velops at 382 nm, as shown in Figure 1 (bottom). We suggest
that a first equilibrium is established [see Eq. (1)], leading
to the formation of the hydrogen-bond complex [L�H···F]� ,
to which the band at 540 nm corresponds. Then, a second
equilibrium takes place, which is tentatively represented
through Equation (2), in which a further F� ion abstracts a
proton from [L�H···F]� , with formation of L� and HF2


� . In
particular, the band at 382 nm should correspond to the de-
protonated receptor L� .


L�HþX� Ð ½L�H ���X�� ð1Þ


½L�H ���X�� þX� Ð L� þHX2
� ð2Þ


Nonlinear least-squares treatment of spectral data gave
the following values for stepwise equilibrium logK1>6,
logK2 =4.2�0.2. Most interestingly, on slow evaporation of
a solution of 1 and excess of [Bu4N]F in MeCN, red crystals
of a salt of formula [Bu4N]L, suitable for X-ray diffraction
studies, were obtained. The corresponding ORTEP diagram
is shown in Figure 2. It is observed that a proton has been
abstracted from the �NH group close to the more electron-
withdrawing nitrobenzofurazan moiety.


Deprotonation induces significant structural modifications
in the urea derivative 1. In fact, previously reported struc-
tural evidence showed that 1,3-diphenyl-substituted urea
molecules are completely flat, the two phenyl rings and the
�HN(CO)NH� fragment lying on the same plane, in ab-


Figure 1. Family of spectra taken in the course of the titration of a so-
lution of 1 in MeCN (4.11 � 10�5


m) with a standard solution of [Bu4N]F,
at 25 8C. Top: Addition of F� up to 1.0 equiv; inset: titration profile of
the band at 540 nm, which corresponds to the hydrogen-bond complex
[1·F]� . Bottom: Addition of F� from 1.0 to 5.0 equiv.


Figure 2. An ORTEP view of the [Bu4N]L salt: thermal ellipsoids are
drawn at the 30 % probability level, only the hydrogen atom bonded to
the N(5) atom is shown. Selected bond lengths (�) and angles (8) involv-
ing the ureate group: C(1)�O(1) 1.210(3), C(1)�N(1) 1.387(3), C(1)�
N(5) 1.373(3), N(1)�C(2) 1.317(3), N(5)�C(8) 1.393(3); N(1)-C(1)-O(1)
126.7(2), N(5)-C(1)-O(1) 122.9(2), N(1)-C(1)-N(5) 110.2(2), C(1)-N(1)-
C(2) 119.9(2), C(1)-N(5)-C(8) 128.7(2).
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sence of steric effects between adjacent molecules.[18] On the
other hand, in the L� ion, the benzofurazan group forms a
dihedral angle of 42.4(1)8 with the plane containing the ni-
trophenyl urea subunit. Moreover, the N(1)�C(2) distance
(1.317(3) �) is significantly shorter than the N(5)�C(8) dis-
tance (1.393(3) �), and also than that observed in other di-
arylureas (varying over the range 1.340–1.377 �).[18] This
suggests the occurrence of a partial delocalisation of the
negative charge of the nitrogen atom towards the nitroben-
zofurazan group, which is described by the resonance repre-
sentation reported in Scheme 1 (structures a and b).


In particular, on deprotonation, the phenyl ring of the fur-
azan subunit partially loses its aromaticity, being so exclud-
ed from the extended p-system responsible for diphenylurea
coplanarity. The nitrobenzofurazan fragment is then free to
rotate, probably in order to minimise steric repulsions with
the carbonyl oxygen atom.


Quite interestingly, each ureate ion establishes weak hy-
drogen-bond interactions with another close ureate ion, to
give the dimer shown in Figure 3, in which each nitrobenzo-


furazan moiety faces the same subunit belonging to the
other anion. In particular, hydrogen-bond interactions form
between each �N�H fragment and the oxygen atom of the
nitro group of the other ureate ion; such an atom has as-
sumed an especially high partial negative charge due to the
p-delocalisation that follows deprotonation (as emphasized
by the limiting formula b in the resonance representation in
Scheme 1).


The X-ray structural characterisation unambiguously dem-
onstrates the fluoride-induced deprotonation of the urea
fragment, and the occurrence of the stepwise equilibria
given in Equations (1) and (2) has been fully corroborated


by 1H NMR titration experiments. Figure 4 displays the
spectra recorded when a 3.00 � 10�3


m CD3CN solution of 1
was titrated with [Bu4N]F.


Two effects are expected to originate on C�H protons,
following the hydrogen-bond formation between the urea
subunit and the anion: 1) the increase of electron density in
the phenyl rings, with a through-bond propagation—this
causes a shielding effect and should promote an upfield
shift; 2) the polarisation of the C�H bonds, induced by a
through-space effect, electrostatic in origin—the partial posi-
tive charge created onto the proton causes a de-shielding
effect and promotes a downfield shift. In fact, on addition of
the first equivalent of F� , Ha and Hb undergo upfield shift,
which reflects the increase of electron density due to a
through-bond effect. This supports the hypothesis that the
F� ion preferably interacts with the �NH group linked to
the nitrobenzofurazan substituent. The Hc proton is, there-
fore, subject to a dominant electrostatic effect that induces
deshielding and causes downfield shift. On the other hand,
urea deprotonation, obtained on further addition of F� , in-


Scheme 1. A resonance representation of the deprotonated form of 1.


Figure 3. An ORTEP view of the ureate dimer (dashed lines show the
weak N�H···O interactions and atomic labels are reported only for the
atoms involved in these interactions). Features of the N�H···O interac-
tion: N(5)�H(5N) 0.89(2) �, H(5N)···O(3)’ 2.252(25) �, N(5)···O(3)’
3.111(3) �, N(5)-H(5N)···O(3)’ 162.7(23)8, symmetry code (’) =�x +1,
�y, �z+2.


Figure 4. 1H NMR spectra obtained in the course of the titration of a so-
lution of 1 in CD3CN (3.00 � 10�3


m) with F� .
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duces a moderate upfield of the Ha and Hb protons (in-
creased through-bond charge delocalisation) and has no
effect on the Hc protons. In fact, the polarisation effect is no
longer present, since the anion does not remain in close
proximity to the receptor. It should be noted that the signals
pertinent to the N�H groups of 1 are observed neither in
the absence nor in the presence of fluoride. This may be as-
cribed to the occurrence of a fast proton exchange with
water molecules that are present in solution as impurities. A
similar behaviour has been observed in DMSO. Moreover,
attempts were carried out to follow the formation of the
[HF2]


� complex through 19F NMR spectroscopy. In particu-
lar, receptor 1 was added to a Bu4NF solution in CD3CN.
On titrant addition, the rather broad signal at �150 ppm un-
derwent further broadening and disappearance. This may be
due to the occurrence of a rather fast exchange equilibrium.


Hydrogen bonding has been defined as an incipient
proton-transfer process from the hydrogen-bond donor to
the acceptor.[13] The strong interaction, documented by the
high value of logK1, indicates that the proton transfer has
been “frozen” in a rather advanced state. Most interestingly,
the addition of a second equivalent of acceptor induces a
neat and definitive proton transfer, with formation of HF2


� .
This is due to the very high stability of the HF2


� ion, which,
among 1:1 hydrogen-bond complexes, shows the highest for-
mation energy in the gas phase (39 kcal mol�1).[19]


At this stage, we will try to explain the spectrophotomet-
ric behaviour observed in the course of the titration of 1
with fluoride. The nitrobenzofurazan chromophore typically
presents two main absorption bands: one band centred at
300–350 nm, assigned to a p-p* transition of the aromatic
group, and another band at higher wavelength, to be ascri-
bed to the charge-transfer transition, which takes place from
the linked donor group to the nitro acceptor group in the
phenyl ring.[14] When the donor group is poorly donating
(e.g., an amide group), the band is located between 400 and
450 nm (in MeCN). These two bands are observed in the
spectrum of 1 in MeCN.


On addition of the first equivalent of fluoride, the [1···F]�


complex forms, in which the F� ion interacts with the N�H
fragment close to the benzofurazan ring. Due to the strong
hydrogen-bond interaction, the negative charge on the
donor group is substantially increased, which explains the
remarkable bathochromic shift to 540 nm. On addition of
the second equivalent of F� , the proton is released from the
N�H group. Apparently, this does not induce any further in-
crease of negative charge on the donor group and does not
alter the intensity of the dipole: the CT band remains un-
modified. On the other hand, still on addition of the second
equivalent of F� , the band at 330 nm (assigned to a p–p*
transition, in the phenyl ring of the benzofurazan moiety)
undergoes a bathochromic shift to 380 nm. The molecular
structure of the ureate anion L� has shown that N�H depro-
tonation induces drastic structural and electronic changes to
the receptor. In particular, p delocalisation onto the benzo-
furazan moiety provokes a loss of the aromatic character of
the phenyl ring, which moves towards a quinoid electronic


arrangement (see the limiting formula b in Scheme 1). This
alters the energy of p orbitals and ultimately leads to a red-
shift in the optical transition. It should be noted that the
spectrophotometric pattern is complicated by the presence
of the nitrobenzene substituent at the other side of the urea
subunit, whose optical properties may be affected, even if to
a lesser extent, by complexation and deprotonation.


In a recent paper,[20] the stepwise interaction of a cyclic di-
amide with fluoride (anion complexation and deprotona-
tion) was investigated through NMR studies. In particular,
both complexation and deprotonation equilibria took place
in the timescale of several minutes, as demonstrated by the
simultaneous appearance of distinct signals for each species
present at the equilibrium. Sluggishness has to be ascribed
to the occurrence of conformational rearrangements of the
constrained cyclic framework of the receptor. In the present
study, the anion–receptor interaction was too fast, relative
to the timescale of the NMR experiment, to allow the ap-
pearance of distinct signals for species at the equilibrium.
This indicates the kinetically uncomplicated nature of the
process.


When receptor 1 was titrated with chloride, different spec-
troscopic patterns were obtained. Figure 5 displays the
family of UV-visible spectra recorded in the course of the ti-
tration of a 4.11 � 10�5


m solution of 1 in MeCN. Decrease
of the band at 428 nm and development of the band at
540 nm were observed, as found for the previously investi-
gated anions. However, no band development at 382 nm was
detected, even after the addition of a large excess of chlo-
ride. This suggests that 1) only the equilibrium in Equa-
tion (1) takes place and 2) the hydrogen-bond complex that
forms, [L�H···X]� , is stable with respect to the proton ab-
straction from the urea subunit. The logK value for the asso-
ciation equilibrium, as determined through nonlinear least-
squares fitting of the smooth titration profile, is 4.05�
0.01.


Figure 5. Family of spectra taken in the course of the titration of a so-
lution of 1 in MeCN (4.11 � 10�5


m) with a standard solution of
[Bz(Et)3N]Cl, at 25 8C; inset: titration profile of the band at 540 nm,
which corresponds to the hydrogen-bond complex [1·Cl]� .
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The formation of a hydrogen-bond complex of 1:1 stoichi-
ometry has been confirmed by 1H NMR titration experi-
ments; recorded spectra are shown in Figure 6. Even on


excess addition of [BzEt3N]Cl, only a very moderate upfield
of Hb, which reflects a weak hydrogen-bond interaction and
a small through-bond effect, and a moderate downfield shift
of Hc, which indicates a not too pronounced polarisation,
were observed. The above behaviour has to be ascribed to
the much lower basicity and hydrogen-bond acceptor prop-
erties of Cl� with respect to F� . In particular, Cl� in unable
to form a stable HX2


� complex.


The interaction with oxoanions : On titration of a solution of
1 in MeCN with [Bu4N]CH3COO, [Bu4N]C6H5COO and
[Bu4N]H2PO4, a behaviour similar to that of fluoride was
observed:


1) UV-visible spectra : bathochromic shift of the band at
428 nm (due to the stabilisation of the charge transfer


excited state, following the formation of a 1:1 hydrogen-
bond complex); development of the band at 382 nm, on
addition of the second equivalent of X� , pertinent to the
deprotonated receptor.


2) 1H NMR spectra : marked upfield shift of Ha and Hb pro-
tons and downfield shift of Hc protons on addition of the
first equivalent of anion; moderate upfield shift of Ha


and Hb protons on further addition.


Figure 7 shows the absorption spectra taken during the ti-
tration with [Bu4N]CH3COO of a 4.11 �10�5


m solution of 1.
Figure 8 displays the family of 1H NMR spectra obtained on
titrating with acetate a 5.00 � 10�3


m solution of 1 in CD3CN.


Figure 6. 1H NMR spectra obtained in the course of the titration of a so-
lution of 1 in CD3CN (3.00 � 10�3


m) with Cl� . Further addition of Cl�


after 1.5 equiv did not cause any further spectral change.


Figure 7. Family of spectra taken in the course of the titration of a so-
lution of 1 in MeCN (4.11 � 10�5


m) with a standard solution of
[Bu4N]CH3COO, at 25 8C. Top: Addition of CH3COO� up to 1.0 equiv;
inset: titration profile of the band at 540 nm, which corresponds to the
hydrogen-bond complex [1·CH3COO]� . Bottom: Addition of CH3COO�


from 1.0 to 5 equiv.
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The above evidence indicates that the interaction of re-
ceptor 1 with acetate, benzoate and dihydrogenphosphate
proceeds according to the stepwise equilibria [Eqs. (1) and
(2)], that is, formation of two directional N�H···O hydrogen
bonds and deprotonation of the urea subunit, which leads to
the formation of the hydrogen-bond complex involving the
anion and its conjugated acid: CH3COO�···CH3COOH,
C6H5COO�···C6H5COOH and H2PO4


�···H3PO4. The hypoth-
esised geometrical arrangement of the acetic acid/acetate
complex is sketched below.


In fact, it has been stated that the most stable hydrogen-
bond complexes result from the combination of fragments
exhibiting similar pKA values.[13] In particular, the most fa-
vourable case is that represented by complexes of formula
[HX2]


� , interfacing the X� ion and its conjugate acid HX
(DpKA = 0), as those investigated in this work (X=F,
CH3COO, C6H5COO, H2PO4).


The constants of equilibria given in Equations (1) and (2)
involving the investigated anions are reported in Table 1.


On the other hand, on titration of 1 with NO3
� and NO2


� ,
patterns similar to that observed for chloride were obtained.
Figure 9 shows the family of UV-visible spectra obtained on
titration of 1 with [Bu4N]NO2: simultaneous disappearance
of the band at 428 nm and development of a band at 540 nm
were observed, with formation of a clear isosbestic point,
even after addition of a large excess of anion.


This indicates the occurrence of the simple equilibrium
[Eq. (1)] with formation of the hydrogen-bond complex [L�
H···X]� . Association constants for the NO2


� and NO3
� hy-


drogen-bond complexes are reported in Table 1.
The obtained results can be summarised as follows: all


the investigated anions give a hydrogen-bond complex with
receptor 1, whose stability decreases along the series:
CH3COO��C6H5O


��F�>H2PO4
�>Cl�>NO2


�>NO3
�


(see logK1 values in Table 1). Such a sequence seems to par-
allel the hydrogen-bond acceptor tendencies of the anion. In
particular, for the three oxoanions, for which the logK1


Figure 8. 1H NMR spectra obtained in the course of the titration of a so-
lution of 1 in CD3CN (5.00 � 10�3


m) with CH3COO� .


Table 1. Constants for the equilibria given in Equations (1) and (2). The
standard deviation on the last figure is given in parentheses. LogK values
were calculated through nonlinear least-squares treatment of spectropho-
tometric titration data.


X� logK1 logK2


F >6 4.2 (2)
CH3COO� >6 3.8 (1)
C6H5COO� >6 4.0 (1)
H2PO4


� 5.40 (2) 3.83 (5)
Cl� 4.05 (1) –
NO2


� 3.82 (1) –
NO3


� 1.99 (3) –


Figure 9. Family of spectra taken in the course of the titration of a so-
lution of 1 in MeCN (4.11 � 10�5


m) with a standard solution of
[Bu4N]NO2, at 25 8C; inset: titration profiles of the bands at 540 and
350 nm, which correspond to the hydrogen-bond complex [1·NO2]


� .
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value could be exactly determined (H2PO4
� , NO2


� , NO3
�),


a linear relationship was found between logK1 and the aver-
age negative charge on each oxygen atom, calculated
through an ab initio method: the higher the negative charge,
the higher the hydrogen-bond acceptor tendencies of the
anion (see Figure 10). The existence of such a relationship


indicates the purely electrostatic nature of the receptor–oxo-
anion interaction and leaves out any geometrical effect on
the formation of the hydrogen-bond complex (e.g., matching
of the distance of the N atoms of the urea subunit and the
distance of the O atoms of the oxoanion). On the basis of
the linear relationship, values of logK1 for acetate (7.80,
from a partial charge of 0.799) and for benzoate (7.55, from
a partial charge of 0.790) could be extrapolated from the
least-squares straight line (see open triangles in Figure 10).
Then, on addition of an excess of X� , for the more basic
anions (fluoride, carboxylates, dihydrogenphosphate), a fur-
ther process takes place, which involves urea deprotonation
and formation of the [HX2]


� complex. It may be surprising
that proton release takes place in the most stable hydrogen-
bond complexes. However, such an endoergonic term is
more than compensated by the especially exoergonic term
associated to the formation [HX2]


� , whose stability is strictly
related to the basicity of X� . Whether addition of excess X�


induces deprotonation or not depends both on the intrinsic
acidity of the urea-containing receptor and on the stability
of the [HX2]


� complex. Discrimination between the two be-
haviours is expressed in Figure 10 by the horizontal dashed
line. Anions above the line promote deprotonation and
[HX2]


� formation, anions below do not. In principle, one
can control the behaviour of the receptor, moving the hori-
zontal line up and down at will, by varying the acidity of the


urea subunit. Such a goal can be achieved by appending to
the urea subunit substituents of different electron-withdraw-
ing tendencies.


Conclusion


This work has elucidated the details of the urea–anion inter-
action: 1) on addition of the first anion equivalent, a hydro-
gen-bond 1:1 complex forms, the stability of which is related
to the basicity of the anion (which, for oxoanions, can be ex-
pressed by the partial negative charge lying on oxygen
atoms); 2) on addition of a second anion equivalent, a
proton may be released by an N�H group, with formation
of the [HX2]


� hydrogen-bond complex. The occurrence of
the second step depends upon the intrinsic acidity of the
urea subunit. Thus, when designing a urea-based receptor,
one faces a paradoxical situation: the receptor�s hydrogen-
bond donor tendencies can be enhanced by linking electron-
withdrawing groups to its framework; however, this also in-
creases its acidity and may lead to a neutralisation process,
which brings the anion out of the control of the receptor.
Therefore, selectivity has to be achieved by incorporating
urea fragments within a concave receptor (e.g., tripod or
cage), whose shape and size match the geometrical features
of the anion. However, the employed urea subunits should
not be too acidic, in order to avoid �N�H deprotonation
and escaping of the anion from the receptor�s cavity to the
solution (i.e. , from the realm of supramolecular chemistry to
the classic domain of Brønsted acid–base equilibria).


Experimental Section


4-Amino-7-nitro-2,1,3-benzoxadiazole : 4-Chloro-7-nitro-2,1,3-benzoxadia-
zole (0.023 g, 0.1632 mmol) was disolved in methanol (10 mL). After the
addition of ammonia (0.7 mL), the mixture was stirred for 12 h. The reac-
tion mixture was evaporated to dryness under reduced pressure and the
residue was subjected to chromatography on silica gel with AcOEt/
hexane (3:2) to afford (0.111 g, 62 %) an air-stable brown powder.
1H NMR (CDCl3): d=8.46 (d, J =8.0 Hz, 1H), 6.41 ppm (d, J =8.0 Hz,
1H); ESI-MS: m/z : 181 [M+H]+ .


1-(7-Nitrobenzo[1,2,5]oxadiazol-4-yl)-3-(4-nitrophenyl)urea (1): 4-Nitro-
phenylisocyanate (0.027 g, 0.1638 mmol) was added into an argon-filled
reactor containing 4-amino-7-nitro-2,1,3-benzoxadiazole (0.030 g,
0.164 mmol) in dry dioxane (10 mL). The mixture was heated at 60 8C
under magnetic stirring for 1 h and then left under magnetic stirring for
12 h. During the reaction, a light orange precipitate appeared, which was
collected by filtration, washed with water and dried under vacuum. The
product (0.020 g, 36%) is air-stable in the solid state and soluble in all
common organic solvents. 1H NMR (CD3CN): d= 8.78 (br, 2 H; NH),
8.65 (d, J =8.0 Hz, 1 H; Hb), 8.29 (d, J =8.0 Hz, 2 H; Ha), 8.25 (d, J=


8.1 Hz, 2H; Hd), 7.77 ppm (d, J =8.1 Hz, 2H; Hc); IR (nujol mull): ñ=


1736 (C=O), 1558 (nas(NO2)), 1310, 1282 (ns(NO2)), 3382, 3325 (nas,ns(N�
H)), 1446, 1202 (das,ds(N�H)).


General procedures and materials : All reagents were purchased by Al-
drich/Fluka and used without further purification. UV/Vis spectra were
recorded on a Varian CARY 100 spectrophotometer, with a quartz cu-
vette (path length: 1 cm). NMR spectra were recorded on a Bruker
Avance 400 spectrometer, operating at 9.37 T. Spectrophotometric titra-
tions were performed at 25 8C on 10�4 and 10�5


m solutions of 1 in MeCN.


Figure 10. A linear relationship between the logK1 value for the complex-
ation equilibrium: 1 +X�Q[1·X]� in MeCN and the average negative
charge on the oxygen atom of the oxoanion X� (H2PO4


� , NO2
� , NO3


� ,
gray triangles). Partial charges were calculated through an ab initio
method. LogK1 values for CH3COO� and C6H5COO� (white triangles)
have been obtained from the least-squares straight line. The dashed hori-
zontal line discriminates the effect of excess addition of X� : anions
above the line induce deprotonation of 1, anions below do not and form
only the hydrogen-bond complex.
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Typically, aliquots of freshly prepared Bu4NX standard solutions were
added and the UV/Vis spectra of the samples were recorded. All spectro-
photometric titration curves were fitted with the HYPERQUAD pro-
gram.[21] 1H NMR titrations were carried out in CD3CN.


X-ray crystallographic studies : Single crystals of [Bu4N]L, suitable for X-
ray crystallography, were grown by slow diffusion of diethyl ether into a
solution of 1 in THF in the presence of excess [Bu4N]F. Crystal data for
[Bu4N]L salt: C29H43N7O6, Mr = 585.70, T= 293 K, crystal dimensions
0.55 � 0.10 � 0.10 mm3, monoclinic, P21/n (No. 14), a=9.8165(6), b=


16.1456(10), c=20.2528(13) �, b=102.466(2), V=3134.3(3) �3, Z=4,
1calcd =1.241 gcm�3, F(000) =1256, m=0.088 mm�1, MoKa X-radiation (l=


0.7107 �), 2qmax =608, 27066 measured reflections, 9173 independent re-
flections (Rint =0.061), 3765 strong reflections [Io>2s(Io)], 386 refined
parameters, R1=0.0658 (strong data) and 0.1720 (all data), wR2 =0.1496
(strong data) and 0.2007 (all data), GOF=0.966, 0.25/�0.24 max/min re-
sidual electron density. Diffraction data were collected at ambient tem-
perature on a Bruker-Axs Smart-Apex CCD-based diffractometer.
Omega rotation frames (scan width 0.38, scan time 30 s, sample-to-detec-
tor distance 5 cm) were processed with the SAINT software (Bruker-
Axs) and intensities were corrected for Lorentz and polarisation effects.
Absorption effects were analytically evaluated by the SADABS soft-
ware,[22] and correction was applied to the data (0.96/0.99 min/max trans-
mission factor). The structure was solved by direct methods (SIR-97),[23]


and refined by full-matrix least-square procedures on F2 using all reflec-
tions (SHELXL-97).[24] Calculations were performed with the WinGX
package.[25] All non-hydrogen atoms were refined with anisotropic tem-
perature factors. Hydrogen atoms bonded to carbon atoms were placed
by using the appropriate AFIX instructions, the hydrogen atom bonded
to the N(5) amine was located in the DF map and refined without con-
straint on the atomic coordinate. CCDC 244867 contains the supplemen-
tary 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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Photoinduced Electron Transfer Reactions by SmI2 in THF: Luminescence
Quenching Studies and Mechanistic Investigations


Edamana Prasad,[a] Brian W. Knettle,[b] and Robert A. Flowers II*[a]


Introduction


Applications of SmI2 to organic chemistry have been signifi-
cantly advanced since its first discovery by Kagan and co-
workers in 1980.[1] Since then, this reagent has become a
useful and essential component in the reduction and reduc-
tive coupling of many organic functional groups.[2] In partic-
ular, the reduction of ketones to alcohols and the reductive
coupling of carbonyl compounds with olefins provides a
wide range of strategies for the synthesis of natural products
including (� )-muscone, upial, paeoniflorigenin, (�)-gray-
anotoxin and (�)-steganone.[3] Another notable feature of
SmI2-mediated reductions is the high degree of diastereo-
selectivity further extending its utility in organic synthesis.[4]


A number of SmI2-based reactions such as the reduction
of dialkyl ketones, imines, and bromoalkanes by SmI2 are
slow and the presence of additives such as hexamethylphos-
phoramide (HMPA), transition metal catalysts and inorganic
acids or bases is necessary for successful reaction out-
comes.[5] The most utilized additive in reactions of SmI2 is
HMPA since it not only enhances the rate but also the dia-
stereoselectivity of many reactions.[2,5a,6] Other basic cosol-
vents capable of acting as ligands have been utilized in reac-
tions of SmI2 and these include 1,3-dimethyl-3,4,5,6-tetrahy-
dro-2(1H)-pyrimidinone (DMPU)[7a] and nitrogen donor sol-
vents.[7b] Although all of these additives have found applica-
tions in a number of reactions, none provide the general
utility of HMPA. Since HMPA is a suspected human carci-
nogen, its utilization should be limited whenever possible.


Alternative means of enhancing the rate of SmII-mediated
reduction reactions is of paramount importance and several
protocols have been suggested to attain this target.[8,9]


Photo-excitation of SmII complex is one among them. In
1997, Ogawa et al. reported that upon irradiation with visi-
ble light, SmI2 was able to reduce chloroalkanes.[9] In a dif-
ferent study, Molander and co-workers described a number
of sequential reactions and intramolecular ketone–nitrile re-
ductive coupling reactions promoted by photo-excited sa-
marium(ii) iodide.[10] Although there are several studies de-


Abstract: Photoluminescence quench-
ing studies of SmI2 in dry THF were
carried out in the presence of five dif-
ferent classes of compounds: ketone,
alkyl chloride, nitrile, alkene and
imine. The free energy change (DG 0)
of the photoinduced electron transfer
(PET) reactions was calculated from
the redox potentials of the donor
(SmI2) and acceptors. The bimolecular
quenching constants (kq) derived from
the Stern–Volmer experiments parallel
the free energy changes of the PET
processes. The observed quenching


constants were compared with the the-
oretically derived electron transfer rate
constants (ket) from Marcus theory and
found to be in good agreement when a
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was used for the reorganization energy
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the excited state dynamics of SmII in
the solid state to the results obtained
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scribing the mechanistic pathways of SmI2 and SmI2/HMPA
reduction of substrates, there exist very few studies about
the mechanistic investigations of excited SmI2 chemistry in
solution. A relatively recent laser flash photolysis study by
Skene et al. revealed that SmI2 in THF reduced alkyl and
aryl halides through electron transfer from the excited
SmI2.


[11] While these elegant studies dealt with the enhanced
reactivity of excited SmI2, they did not describe the excited
state dynamics of SmI2. The few previous studies which deal
with the excited state SmII species described the solid state
chemistry of SmII embedded in inorganic crystal lattices.[12]


The aim of the present study is to understand the mechanis-
tic details of the excited SmI2 in THF and utilize this knowl-
edge to carry out novel organic reactions mediated by SmI2.
Luminescence quenching studies of SmI2 in THF have been
carried out in the presence of a ketone, alkyl chloride, ni-
trile, alkene and an aryl imine. The quencher concentrations
were minimized to avoid any type of ground state interac-
tion between Sm and substrates. The bimolecular quenching
constants obtained from these studies were compared with
the theoretical values of electron transfer rate constants.
The dynamics of the excited state reactions of SmI2 in THF
are discussed based on comparison of the solid state chemis-
try of SmII to the results obtained in solution.


Results and Discussion


In the present study, the probe molecule was SmI2 and
quenchers were 2-butanone, 1-chlorobutane, 4-tolunitrile,
styrene and the benzyl-(1-phenyl-ethylidene)-amine
(Figure 1). These quenchers were selected for three reasons:
a) First, they do not react with SmI2 in the ground state. Re-
duction of 1-chlorobutane, styrene, 4-tolunitrile and the
benzyl-(1-phenyl-ethylidene)-amine by SmI2 in the ground
state does not occur and reduction of 2-butanone is very
slow (7�3�10�4


m
�1 s�1).[13] b) Second, none of these


quenchers except 2-butanone are expected to complex with
SmI2 in the ground state. For 2-butanone, the concentration
of the quencher was kept below the point where the Stern–
Volmer plot deviates from linearity to avoid any complex
formation with the probe. c) Finally, these quenchers are
known to be reduced by the SmI2/HMPA combination
through an electron transfer mechanism.[14] The UV/Vis
spectra of SmI2 in presence of these quenchers were exam-
ined at the experimental concentrations and the spectra
appear as the superposition of the spectra of the individual
components indicating that charge transfer formation and
static quenching is avoided under our experimental condi-
tions.


The absorption spectrum of SmI2 in THF at 25 8C is
shown in Figure 2. In the solid state, these absorption bands
are attributed to transitions from the 4f6 state (7F0) of the
metal to the 4f55d1 states.[15–18] Yanase has developed an ap-
proximate, analytical description of the energy levels for the
4f55d1 configuration of the SmII in the SrF2 crystals.[15] The
5d1 electron experiences a large crystal field splitting com-


pared with the 4f electrons, which results in splitting the 5d
orbital into eg and t2g components. The elegant study of
Payne et al. shows that the two lowest energy levels (6H and
6F) arising from 4f5 metal core, couple to the eg and t2g orbi-
tal components of the 5d1 electron to form four discrete
energy levels, described by term symbols as 6Heg,


6Feg,
6Ht2g


and 6Ft2g.
[16] The main absorption peaks observed in the


solid-state UV/Vis spectra of SmI2 were attributed to the
electronic transitions to these four different fd excited
states. The energy for these transitions calculated from their
reported wavelengths are 16.5 � 103 cm�1 (590 nm), 24 �
103 cm�1 (417 nm), 31 � 103 cm�1 (322 nm), and 40 �103 cm�1


(250 nm) for 6Heg,
6Feg,


6Ht2g and 6Ft2g, respectively.[16] Com-
parison of the UV spectrum of SmI2 in THF shows a close
similarity in the transition energies (except that, the peaks
at low energy region appear as two broad bands) implying
identical electronic transitions in both solid SrF2 crystals and
in THF.


The spin of the 5d1 electron can be oriented either paral-
lel or antiparallel to the total spin of the 4f5 state and is con-
trolled by the exchange interaction between the d and f
states. For SmII, excited state 5d electron prefers to be in the
opposite spin state due to the exchange interaction.[17] Upon
photoexcitation, the electron in SmII is excited to the fd
states of the same multiplicity (an allowed transition) and
relaxed to the lowest excited state through a spin inversion.
Emission of the electron takes place from this lowest 4f


Figure 1. Probe, quenchers, and their redox potentials used in this study.
The redox potentials are all referenced to SCE.
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electronic state, designated as 5D0, to the ground state,
which is 7F0. Extensive studies on the solid-state chemistry
of SmII by Payne,[16] Dorenbos,[17] McClure and Kiss,[18] have
revealed that the emission process in SmII is in-between the
5D0 and 7F0 levels. While these studies were carried out in
the solid state, care should be taken to compare these re-
sults to the solution phase. To account for the role of solvent
dynamics in THF, the first excited state energy (E00) of SmII


was determined in THF and compared with the reported
value in solid state. The value, E00, was calculated from the
point of intersection of the absorption and emission spectra
in THF (Figure 3). The value obtained was 14 516 cm�1,
which closely matches the energy of 5D0–


7F0 emission line
obtained by Payne et al. (14 616 cm�1).[16] This leaves us with
the following two possibilities: a) The emission process in
SmII involves the same energy levels (5D to 7F) in both the
solid state and in THF solution or b) the emission process in
SmI2 in THF is from the lowest fd state, which is placed
near to the 5D0 state due to THF solvation.


Luminescence lifetime study is one of the best ways to
characterize the excited states of a species in solution. The
reported value for the lifetime of SmI2 in THF at room tem-
perature is 125 ns.[11] After carefully removing all the impuri-
ties in THF by using an Innovative Technologies solvent pu-
rification system and carefully degassing it, an increase in
the lifetime of SmI2 in THF to 240�10 ns at 25 8C was ob-
served. A careful literature survey was carried out to com-
pare the lifetime values for the strongest emission line of
SmII in the solid state. In CaF2 crystal the value is 2 � 10�6 s
at 77 K and a much longer lifetime value (2 �10�2 s) was
found in SrF2 at 20 K; this suggests that temperature also
has a tremendous effect on the lifetime of SmII.[12b] The re-
ported values imply that the emission from the excited state
of SmII is a slow process and more likely to be a result of
the intersystem crossing of the excited electron upon emis-
sion. The longer lifetime observed in solution is presumably
either due to the thermal population of the closely spaced
fd states (4f55d1) from the lowest excited state (5D0) at room
temperature, or to a “heavy atom effect”, caused by the
presence of iodine in SmI2. The thermal population of the fd
states at room temperature makes the emission a quantum
mechanically allowed transition.[19] On the other hand, a
heavy atom effect due to the presence of iodine facilitates
the spin inversion of the electron resulting faster intersystem
crossing.[20]


It is interesting to note that there are striking similarities
between the results obtained from the spectroscopic investi-
gation of SmII embedded in a crystal lattice (SrF2) and SmI2


in THF. The SmII ion in the SrF2 crystal is surrounded by a
cube of F� ions.[18] The crystal structure published by Evans
and co-workers showed that SmI2 crystallized from THF is
surrounded by five THF molecules and two iodine atoms.[21]


Since the absorption process involves an electronic transi-
tion from the f to the d orbitals of the metal, it is reasonable
to assume that the ligands around Sm could interact with
the much spatially oriented d orbital, resulting in similar
perturbations of the excited fd states. Also, the emission
spectra in the solid state and in THF exhibit similar features.
It is worth mentioning here that SmII in SrCl2 gives a broad
emission spectrum at room temperature (the onset of the
emission is 650 nm and ends at 770 nm) very similar to that
obtained in THF.[12c] If the emission process in SmI2 involves
only f orbitals (between 5D0 and 7F0), why should it be a
broad emission spectrum rather than a line spectrum? In-
vestigation of the solid-state chemistry of SmII embedded in
crystal lattices of SrF2 and SrCl2 show that at very low
temperature(4.2 K),[12b] the emission loses the broad feature
and consists of individual lines. This implies that at elevated
temperature, the fd states are thermally populated and the
emission process involves 4f5d to 4f transition, which ex-
plains both the broadness of the spectrum and the increased
radiative lifetime. To test this hypothesis, a pilot experiment
was carried out in which the decay of the excited SmI2 in
THF was compared at two different temperatures (see
Figure S12 in the Supporting Information). The results indi-
cate that the excited state lifetime of SmI2 increased consid-


Figure 2. Absorption spectrum of SmI2 (2.5 mm) in THF.


Figure 3. Absorption spectrum and emission spectrum of SmI2 (2.5 mm)
in THF. The wavelength at absorption and emission spectra overlap is
697 nm.
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erably when the temperature was reduced from 25 to 0 8C
suggesting that thermal population of fd states plays a role
in the excited state lifetime of SmI2 in THF. Based on the
scenarios described above, the excited state dynamics of
SmI2 in THF are summarized in Figure 4.


The excitation spectrum of SmI2 was taken in THF at dif-
ferent concentrations and is shown in Figure 5. The lumines-
cence intensities were collected at 760 nm and the excitation
scan was run from 200 to 750 nm. The excitation spectrum
of SmI2 in THF resembles the absorption spectrum closely
except that the intensity of the peaks is altered, resulting in
more intense peaks in the visible region. This suggests that
the excited electron has efficiently undergone intersystem
crossing only when excited in the visible wavelength. At
higher concentrations of SmI2, the intensity of UV bands in
the excitation spectrum is further reduced (see Supporting
Information). The comparatively high extinction coefficient
of the UV peaks of SmI2 to that in the visible region may
lead to a self-quenching of the excited state on blue wave-
length excitation at the experimental concentrations (for ex-
ample, molar extinction coefficients for SmI2 peaks at 351
and 618 nm are 1323�3 and 584�22 mol�1 cm�1, respective-
ly).[22] Regardless of the complexities of the intersystem
crossing process, this experimental result explains the obser-
vation by Ogawa et al. that efficient photoreaction by SmI2


occurred only when excited at > 500 nm.[9a]


The SmI2 luminescence appears as a broad band between
650 and 850 nm with a maximum at 760 nm. The bimolecu-
lar quenching constant for each system was obtained from
the Stern–Volmer Equation (1).


I0


I
¼ 1 þ Ksv ½Q� ð1Þ


where I0 and I are the intensities of the SmI2 luminescence
in the presence and absence of quencher, respectively, Ksv is
the Stern–Volmer constant and [Q] is the quencher concen-
tration. The natural lifetime, t0, of SmI2 in THF was deter-
mined to be 240�10 ns. The bimolecular quenching con-
stant (kq) for different systems was then calculated by using
Equation (2).


kq ¼
Ksv


t0
ð2Þ


Figure 6 shows the luminescence quenching spectra of SmI2


by the 1-chlorobutane in THF at 258C. The corresponding
Stern–Volmer plot is shown in Figure 7. The bimolecular
quenching constants obtained from the experiment are
given in Table 1.


Next, the reduction potential of the quenchers was deter-
mined in DMF versus the Ag/AgNO3 reference electrode.
The reduction potential could not be determined in THF
since the values are outside the potential window of this sol-
vent. The Ered values are shown in Figure 1. The free energy
for the electron transfer in THF was calculated by using
Equation (3), where E00 is the first excited state energy of
SmII, Eox is the oxidation potential of the donor, Ered is the
reduction potential of the acceptor, e is the dielectric con-
stant of THF, rP and rQ are the radii for the probe and
quencher molecules, respectively, and d is the distance sepa-
rating the probe and quencher.[23]


Figure 4. Schematic representation of excited state dynamics of SmI2 in
THF. Excitation of a single electron from 7F state provides the excited fd
states with S =3. The 6H and 6F states arising from the 4f5 core couple to
the eg and t2g orbital components of the 5d electron to form the four
states drawn in the left side of the scheme. The exchange interaction flips
the spin of the excited electron and results in an intersystem crossing to
the 5D0 state. The fd states with S =2 are thermally populated at room
temperature from which the emission takes place to the ground state. In
solution, the lowest fd state with S =2 is placed near to 5D0 levels (not
shown in the scheme) due to the solvation effect of THF. The energy
levels are assumed to be similar to that in solid state SmII.


Figure 5. Excitation spectrum of SmI2 (2.5 mm) in THF. The luminescence
intensity was collected at 760 nm and the excitation scan was run from
200 to 750 nm.
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DG 0 ¼ Eox�Ered�E00�
e2


2


�
1
rp
þ 1


rQ


��
1


37
þ 1


e


�
� e2


ed
ð3Þ


The value of rP was taken as 5.6 �.[24] The values of rQ were
taken from the molecular model of each quencher by using
Spartan Essential software. The separation distance d was
taken as the sum of the radii of the donor and acceptor. The
redox potentials of the probe and the quenchers are given in
Figure 1 and the calculated DG 0 values are presented in
Table 1. The thermodynamic redox potentials of the imine
and styrene were evaluated by using the approach described
by Parker.[25] The redox potentials of the other substrates
were obtained from literature sources.[26] We are aware that
neglect of kinetic shifts of peak potentials (in the case of the
redox potentials obtained from literature sources) can lead
to errors in derived thermochemical quantities. The fact that
the experimental quenching constants (kq) for reduction of
substrates parallel their redox potentials suggests that the


redox potentials are thermodynamically significant. Further-
more, inspection of the values in Table 1 shows that the lu-
minescence quenching rate constants parallel the free
energy change of the PET reaction.


According to Marcus theory, the electron transfer rate
constant between a donor and an acceptor is given by Equa-
tion (4)[27]


ket ¼
kd


½1þ0:25 expfðlþ DG 0Þ2=4lRTg� ð4Þ


where kd is the diffusion controlled rate constant, l is the re-
organization energy and DG 0 is the free energy change of
the PET reaction. The diffusion controlled rate constant in
THF was determined by the Stokes–Einstein–Smoluchowski
equation and the value was found to be 1.4 � 1010


m
�1 s�1.[28]


Reorganization energy is the sum of the energies required
to reorganize the molecular structure of the reactants (lis =


inner sphere contribution) and the surrounding solvent mol-
ecules (los = outer sphere contribution) to the configuration
compatible with electron transfer and was estimated to be
approximately 167 kJ mol�1 from a fit to the Marcus equa-
tion and the experimental data. While different structural
features of the quenchers are expected to have an effect on
lis, we reasoned taking a single value of l for the entire
donor–acceptor series by the fact that in moderately polar
solvents los will have a predominant contribution towards
total reorganization energy.[29]


The elegant work of Daasbjerg and co-workers provides a
value ~293 kJ mol�1 for self-exchange reorganization energy
of Sm3+/Sm2+ system in THF.[30] Since the self-reorganiza-
tion energies of alkyl chlorides fall in the range of 234–
377 kJ mol�1[31] one would expect an average value for the
total reorganization energy of the system to be closer to
293 kJ mol�1. When a value of 293 kJ mol�1 for total l for
the present system is used, the fit deviated substantially
from the experimental points (Figure 8).


This can be interpreted in one of two ways: 1) The l


value is approximately 167 kJ mol�1 and photoexcited SmI2


is initiating electron transfer through a predominantly outer-
sphere pathway, or 2) the l value is higher (closer to
293 kJ mol�1) and the experimental rate constants are larger
than predicted by Marcus theory, suggesting that photoexcit-
ed SmI2 initiates electron transfer through a pathway con-
taining a higher degree of inner-sphere ET.


Figure 6. Luminescence quenching of SmI2 (5 mm) in presence of 1-chlor-
obutane in THF. The concentrations of 1-chlorobutane are a) 0 m,
b) 0.02 m, c) 0.04 m, d) 0.06 m, e) 0.08 m, and f) 0.10 m. The excitation wave-
length was 500 nm.


Figure 7. Stern–Volmer plot obtained from the luminescence quenching
studies of SmI2/1-chlorobutane system.


Table 1. Free energy change, bimolecular quenching constants (kq) and
theoretically derived electron transfer rate constants (ket) in SmI2 mediat-
ed PET reactions (l =167 kJ mol�1). The calculated values for ket with l=


293 kJ mol�1 are shown in parentheses.


Quencher DG 0


[kJ mol�1]
kq [m�1 s�1] ket [m�1 s�1]


2-butanone �65.7 2.0�0.1� 107 1.4 � 108 (1.3 � 103)
1-chlorobutane �71.5 1.0�0.1� 108 2.7 � 108 (3.3 � 103)
4-tolunitrile �78.7 13.0�0.2� 108 6.0 � 108 (9.5 � 103)
styrene �80.8 1.2�0.1� 108 7.1 � 108 (1.3 � 104)
benzyl(1-phenyl-
ethylidene)amine


�105.0 2�1�109 4.5 � 109 (3.7 � 105)
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Inner-sphere ET is characterized by a substantial degree
of bonding interaction between donor–acceptor pairs along
the reaction coordinate that is, in the ground state or ap-
proaching the transition state. Spectroscopic experiments
have shown that under the conditions of the experiments re-
ported herein, the presence of a large excess of substrate
shows no perturbation of the UV/Vis spectrum of SmI2 in
THF. While this finding is consistent with little interaction
between SmI2 and substrates in the ground state, Stern–
Volmer experiments show that only collisional quenching is
occurring in these experiments as well. Static quenching
(through coordination between SmI2 and substrates) is evi-
dent when the Stern–Volmer plots deviate from linearity.
Under the conditions of these experiments, this deviation
was not observed. The classic work of Eberson shows that
the l values for a wide variety of single electron transfer re-
agents in their reactions with a range of alkyl halides are in
the 167–209 kJ mol�1 range.[31] Furthermore, earlier work of
Moore suggests that the presence of large polarizable li-
gands on metals (such as I�) results in lower l values for
metal complexes.[32] Based on this analysis, a l value of ap-
proximately 167 kJ mol�1 best represents the system under
study in this report. The theoretical values obtained are pre-
sented in Table 1.


Regardless of the discrete mechanistic details of ET from
photoexcited SmI2, the data clearly show that light induced
electron transfer provides an alternative pathway for rate
enhancement of SmI2 mediated reduction reactions for a
wide variety of substrates. Furthermore, these results show
that even olefins can be reduced. To verify the photochemi-
cal initiated olefin reduction, the reaction of SmI2 and sty-
rene was examined on a preparative scale. A tungsten halo-
gen lamp (100 W) placed at 100 cm away from the reaction
mixture was used as the light source. Irradiation of a so-
lution of styrene in THF in the presence of four equivalents
of SmI2 for a few minutes resulted in the formation of ethyl-
benzene. A blank experiment was performed in which sty-


rene was mixed with four equivalents of SmI2 in THF and
kept for 10 h without irradiation to give the starting material
intact. This clearly shows the high reactivity of photo-excit-
ed SmI2.


To obtain a better understanding of the underlying param-
eters that control the photoinduced electron transfer reac-
tions of SmI2, a temperature dependent study of the lumi-
nescence quenching of SmI2 in the presence of 1-chlorobu-
tane was initiated as a representative sample. The quencher
concentration was varied in a Stern–Volmer fashion and the
steady-state luminescence quenching constants for SmI2/1-
chlorobutane system were measured over a range of temper-
ature from 5 to 45 8C. The activation parameters obtained
from the temperature dependent study are shown in
Table 2. The Eyring plot for the system is shown in Figure 9.


Inspection of the values in Table 2 indicates that the activa-
tion of enthalpy of the PET reaction is very low suggesting
considerable bond reorganization between the metal and
the substrate in the transition state. The free energy of acti-
vation is consistent with a fast electron transfer step. A less
negative value of the entropy is not uncommon in many
PET reactions; especially in biradical PET reactions.[33] In
general PET reactions involve more polarized transition
states leading to large solvent reorganization, before and
after the electron transfer, making the transition state less
ordered than ground state reactions. These PET reactions


Figure 8. Comparison of experimental data with the Marcus curve by
using two different l values. The solid line is for l=167 kJ mol�1 and the
squares are for l =293 kJ mol�1. The experimental points are shown as
circles.


Table 2. Activation parameters obtained from the temperature depend-
ent luminescence quenching studies of SmI2/1-chlorobutane system in
THF.


System DS �[a] DH �[a] DG �[b]


[J mol�1 K�1] [kJ mol�1] [kJ mol�1]


SmI2/1-chlorobutane �29�4 19.3�0.4 27.6�0.4


[a] Eyring activation parameters were obtained from ln(kobsh/kT) =


�DH �/RT + DS �/R. [b] Calculated from DG � =DH � � TDS �.


Figure 9. Eyring plot obtained from the luminescence quenching studies
of SmI2/1-chlorobutane system.
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are less temperature sensitive, suggesting that reaction is en-
thalpically rather than entropically driven.


Conclusion


Photoluminescence quenching experiments of SmI2 conduct-
ed in dry THF with 2-butanone, 1-chlorobutane, styrene, 4-
tolunitrile and benzyl-(1-phenyl-ethylidene)-amine clearly
show that SmI2 acts as a better reductant in the excited state
and provides an alternative pathway for rate enhancement
in SmI2-mediated reduction reactions, a finding in agree-
ment with previous studies. In fact, photoirradiation of SmI2


in THF reduced styrene to ethylbenzene, while ground state
SmI2 failed to react at all. Clearly, photoexcited SmI2 is
highly reactive and presumably can accelerate or promote
reactions not accessible by the combination of SmI2-HMPA.
The observed quenching constants were in good agreement
with the theoretically derived electron transfer rate con-
stants (ket) from Marcus theory when a l value of
167 kJ mol�1 was used. Further study of the excited state dy-
namics of SmI2 and other SmII-based reductants using transi-
ent absorption techniques, lifetime studies and the explora-
tion of novel photoinduced reactions are currently under in-
vestigation in our laboratory.


Experimental Section


Methods : UV/Vis experiments were performed on a Shimadzu UV-1601
UV-Visible Spectrophotometer controlled by UV Probe (version 1.11)
software. Cyclic voltammetry experiments were performed on a BAS
100B/W MF-9063 Electrochemical Workstation. Solutions of quenchers
(1 � 10�3


m) in DMF containing 0.1 m tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte were thoroughly degassed before
use. A glassy carbon electrode was used as the working electrode and a
platinum wire was used as the counter electrode. The reduction potential
values for 2-butanone, 1-chlorobutane, and 4-tolunitrile were taken from
literature.[26] Luminescence experiments were performed on a Photon
Technology International fluorimeter utilizing a XenoFlash power supply
and MD-5020 motor driver. This equipment was controlled by the
FeliX32 Analysis Version 1.0 (build 44) software package. Temperature
dependent luminescence quenching studies were carried out using a
Varian Cary Eclipse model Fluorescence spectrophotometer. Lumines-
cence lifetime studies were carried out by exciting the sample in THF by
a Nd/YAG nanosecond laser at 480 nm. Spartan Essential software (ver-
sion 1,0,2) by Wavefunction was utilized for the determination of molecu-
lar diameters of reagents involved in dynamic quenching experiments.
For the luminescence studies, the concentrations of SmI2 were kept as
5 mm and quencher concentrations were in the average range of 10–
50 mm.


Material and general procedures : THF was distilled from sodium/benzo-
phenone, under nitrogen atmosphere. Dried solvents were stored in an
Innovative Technology drybox containing a nitrogen atmosphere and a
platinum catalyst for drying. The SmI2 was prepared according to a re-
ported procedure.[34] The concentration of the SmI2 was determined by
iodometric titration.[35] 2-Butanone, 1-chlorobutane, styrene and 4-tolu-
nitrile were purchased from Aldrich and distilled before use. Benzyl-(1-
phenylethylidene)amine was synthesized according to a reported proce-
dure.[36]
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Organolanthanide-Mediated Ring-Opening Ziegler Polymerization (ROZP)
of Methylenecycloalkanes: A Theoretical Mechanistic Investigation of
Alternative Mechanisms for Chain Initiation of the Samarocene-Promoted
ROZP of 2-Phenyl-1-methylenecyclopropane


Sven Tobisch*[a]


Introduction


Carbon–carbon bond-forming and bond-breaking processes
involving methylenecycloalkanes are important synthetic
transformations in organic chemistry.[1] The two smallest of
these, methylenecyclopropane and methylenecyclobutane,
although highly strained,[2] are remarkably stable and readily
accessible compounds that display diverse reactivity pat-
terns.[3,4] The release of ring strain by cleavage of the cyclo-


alkane ring is the driving force in numerous organic trans-
formations.[1,3,4]


Increasing attention has been paid to transition-metal-
supported reactions of methylenecyclopropanes (MCPs),[5]


and efforts have been made to explore viable synthetic
routes leading to products with unique properties. In this
regard, ring-opening Ziegler polymerization (ROZP) of
MCPs is a notable and attractive example, since it affords a
novel type of functionalized polyolefins with backbone exo-
methylene groups [Eq. (1)]. Marks et al. used organolantha-
nide catalysts in the ring-opening polymerization of MCPs,[6]


which has been recently expanded to mono- and disubstitut-


Abstract: A detailed theoretical inves-
tigation of alternative mechanisms for
chain initiation of the organolantha-
nide-promoted ring-opening polymeri-
zation of 2-phenyl-1-methylenecyclo-
propane (PhMCP) with an archetypical
[Cp2SmH] model catalyst is presented.
Several conceivable pathways for im-
portant elementary steps, which also in-
cluded ring-opening isomerization of
PhMCP to phenylbutadienes, were crit-
ically scrutinized for a tentative course
of the catalytic reaction. The operative
mechanism starts with the first exo-
methylene C=C insertion into the Sm�
H bond in a 1,2 fashion and is followed
by shift-based b-alkyl eliminative cyclo-
propyl ring opening by cleavage of a
proximal bond, while the alternative


mechanism that commences with 2,1-
insertion and subsequent ring opening
by distal bond scission is revealed to be
almost entirely precluded. The facile
and irreversible insertion process is not
found to occur in a regioselective fash-
ion. The ring-opening process is ana-
lyzed as the critical step that discrimi-
nates between the two conceivable
mechanisms. Opening of the cycloprop-
yl ring is kinetically easy and proceeds
readily for the 1,2-insertion species,
while a prohibitively large barrier must


be overcome for ring opening of 2,1-in-
sertion species. The isomerization of
PhMCP in a ring-opened fashion,
which would afford phenylbutadienes
as possible products, is predicted to be
a less likely process, owing to both ki-
netic and thermodynamic factors. The
phenyl functionality has been demon-
strated to distinguish between the re-
gioisomeric ring-opening pathways,
both kinetically and thermodynamical-
ly, thereby rendering this process selec-
tive with regard to the regiochemistry.
Overall, chain initiation of the samaro-
cene-mediated ring-opening polymeri-
zation of PhMCP is predicted to be a
smooth, kinetically facile process.


Keywords: density functional calcu-
lations · lanthanides · reaction
mechanisms · regioselectivity ·
ring-opening polymerization


[a] Priv.-Doz. Dr. S. Tobisch
Institut f�r Anorganische Chemie
der Martin-Luther-Universit�t Halle-Wittenberg
Fachbereich Chemie, Kurt-Mothes-Strasse 2
06210 Halle (Germany)
E-mail : tobisch@chemie.uni-halle.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2005, 11, 3113 – 3126 DOI: 10.1002/chem.200401102 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3113


FULL PAPER







ed derivatives.[7] Furthermore, complexes of late transition
metals were shown by Osakada et al. to effect polymeri-
zation of MCP (and copolymerization with ethylene or CO)
in a ring-opened fashion.[8]


Organolanthanide complexes of the type [{Cp*
2 LnH}2]


(Cp*=h5-Me5C5; Ln=La, Sm, Lu) have been surveyed with
regard to their catalytic capabilities in ring-opening poly-
merization of methylenecycloalkanes.[6,7] Although only the
lutetiocene derivative has been shown to actively promote
the homopolymerization of MCP[6b,d] (but, for instance, not
of the monosubstituted derivative 2-phenyl-1-methylene-cy-
clopropane (PhMCP)[7b]), these complexes have been dem-
onstrated to be versatile single-active-site catalysts for co-
polymerization of both unsubstituted and substituted meth-
ylenecycloalkanes with ethylene to afford ring-opened poly-
mers with exo-methylene groups.[6,7] Experiments showed
that ring-opening polymerization of methylenecycloalkanes
is first-order in both substrate and catalyst concentrations,[6d]


and proceeds equally well in benzene, toluene, pentane, and
related solvents, that is, noncoordinating solvents do not sig-
nificantly affect the reaction.[6,7] Characterization of homo-
polymers and ethylene copolymers by NMR spectroscopy
and gel-permeation chromatography (GPC) revealed a
clean enchainment of MCP and PhMCP in a ring-opened
fashion to afford products bearing exo-methylene units.
These observations, combined with further mechanistic data,
strongly argue that polymer growth proceeds through a re-
peated sequence of 1,2-insertion and ring-opening
events.[6b,d,7b]


Scheme 1 displays a general catalytic reaction course for
chain initiation of organolanthanide-supported ring-opening
MCP polymerization by [Cp*


2 LnH] catalyst 1 comprising the
first monomer insertion into the Ln�H bond, subsequent
ring opening, and also b-H elimination, which would afford
butadiene, that is, the ring-opened MCP isomer, as a possi-
ble product. With regard to the regiochemistry, insertion of
the olefinic subunit of MCP into the Ln�H bond of 1 can in
principle afford two different regioisomers 2 and 3 as a
result of respective 1,2- and 2,1-addition. The following ring
opening occurs most reasonably via a shift-based b-alkyl
eliminative mechanism, which has precedence in b-alkyl
elimination as the major chain termination path in organo-
lanthanide, Group 3, and Group 4 metallocence-assisted a-
olefin polymerization.[9] This mechanism is further support-
ed by 13C-labeling copolymerization experiments.[6d] Follow-
ing the 1,2-insertion path, ensuing b-alkyl eliminative cyclo-
propane ring opening of 2, which most likely involves cleav-
age of a proximal (i.e., C2�C3 or C2�C4) bond of the cyclo-
propyl ring, affords the ring-opened species 4, which can
easily rearrange into 4’. Ring opening through distal (i.e. ,
C3�C4) bond scission [Eq. (2)] can formally be envisioned as
an alternative path. However, this would require an addi-
tional transfer of an H atom (i.e., C2!C4), which indicates
this path to be less likely. Compounds 4, 4’ represent the
final points of chain initiation by mechanistic cycle I that
starts with 1,2-insertion, at which point the process can
branch in different directions. First, growth of the polymer
chain can occur in a ring-opened fashion by the repeated


Scheme 1. General catalytic reaction course for chain initiation of organolanthanide-mediated ring-opening Ziegler polymerization of methylenecyclo-
propane, based on experimental studies of Marks et al.[6,7] The alternative mechanistic cycle II for chain initiation starting with 2,1-insertion, although
not consistent with experimental mechanistic data,[6b,d, 7b] is also included to illustrate the mechanistic diversity.
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1,2-insertion of MCP into the Ln�C bond, or 4, 4’ can un-
dergo b-H elimination, as one of the imaginable paths for
chain transfer, giving rise to the 1,3-butadiene–hydride–Ln
species 6. Incoming MCP might displace butadiene from 6
to afford this ring-opened MCP isomer as a side product,
thereby initiating a new polymer chain following the 1+


MCP!4 sequence of steps. As mentioned above, mechanis-
tic cycle I, involving sequential 1,2-insertion (into the Ln�H
and Ln�C bonds, respectively, for chain initiation and
growth) and b-eliminative shift-based ring-opening events, is
operative for the organolanthanide-mediated reaction.


The alternative mechanistic cycle II for chain initiation
starting with 2,1-insertion, which has been argued to be ef-
fective for the reaction assisted by late transition metals,[8] is
also included in Scheme 1 to illustrate the mechanistic diver-
sity. In contrast to 2!4 ring opening, the b-alkyl elimination
at the cyclopropyl ring in 3 is most likely to take place
through distal bond (i.e. , C3�C4) cleavage, as revealed from
labeling experiments and NMR spectroscopic analysis of the
polymer product for the Pd-catalyzed process.[8a] This gives
rise to a newly formed allylic group in the ring-opened prod-
uct, which adopts an h1-s (5) or h3-p (5’) mode of allyl–Ln
coordination.[10] Other conceivable paths by proximal bond
(i.e., C2�C3 or C2�C4) scission [Eqs. (3) and (4)] would make
additional H-transfer steps necessary and would lead to ter-
minal groups that are not detected experimentally;[8] hence,
these paths are less likely.


For the asymmetrically substituted PhMCP, the course of
the polymerization reaction displays greater diversity than
for MCP, since in this case alternative pathways are imagina-
ble for each of the elementary steps of the two mechanistic
cycles shown in Scheme 1, which are distinguished by the
relative orientation of the phenyl group towards the active
metal center (vide infra). The arene functionality, through
its ability to interact electronically with the electrophilic lan-
thanide center, might be considered to be a crucial factor in
controlling the structure of the polymer product. However,
to use this handle efficiently in the process of rational cata-


lyst design, a detailed understanding of its role in the se-
quence of participating elementary steps is a prerequisite.


Here we present a computational investigation of the sali-
ent mechanistic features of the chain-initiation process asso-
ciated with the ring-opening polymerization of PhMCP
mediated by [{Cp*


2 LnH}2] compounds, for which the mono-
meric species Cp2SmH was adopted as a realistic catalyst
model. This consists of the comprehensive exploration of al-
ternative pathways for the crucial steps of the different
mechanisms shown in Scheme 1 and is aimed at extending
the mechanistic understanding of the organolanthanide-
mediated ring-opening polymerization of MCPs by elucidat-
ing the following aspects: 1) Which mechanism is operative
for chain initiation in the organolanthanide-mediated ring-
opening polymerization of PhMCP? 2) Which factors deter-
mine the regioselectivity of the insertion, ring-opening, and
b-H elimination steps? 3) Does the weakly Lewis basic aryl
substituent stabilize electronically the electrophilic Lewis
acidic lanthanide center, how does this interaction affect the
energy profile of alternative pathways of the various steps,
and can it force these processes to selectively traverse only
one of them? 4) Which of the various steps is effective in
discriminating between the possible regioisomers of the
ring-opened product?


The present computational study is, to the best of our
knowledge, the first detailed theoretical mechanistic investi-
gation of the sequence of steps involved in chain initiation
associated with ring-opening PhMCP polymerization medi-
ated by the samarocene hydride complex, which is consid-
ered to be a prototypical organolanthanide catalyst. The in-
sertion and ring-opening steps for MCP catalyzed by the re-
lated Cp2LaH and Cp2LuH catalysts has been the subject of
recent computational studies.[11a,b] The results and mechanis-
tic conclusions presented here are in sharp contrast to these
studies, but this cannot be attributed to the slightly different
catalysts and substrates examined.[11c]


Computational Details


All calculations were performed with the program package Turbomole[12]


using density functional theory (DFT). The local exchange-correlation
potential by Slater[13a,b] and Vosko et al.[13c] was augmented with gradient-
corrected functionals for electron exchange according to Becke[13d] and
correlation according to Perdew[13e] in a self-consistent fashion. This gra-
dient-corrected density functional is usually termed BP86 in the literature
and was shown to be able to describe both energetic and structural as-
pects of organolanthanide compounds reliably.[14] The suitability of the
BP86 functional for the reliable determination of the energy profiles for
the various elementary processes in the organolanthanide-supported
ROZP of methylenecycloalkanes has been substantiated (see Supporting
Information), and this allows mechanistic conclusions having substantial
predictive value to be drawn. Since all species investigated in this study
show a large HOMO–LUMO gap, a spin-restricted formalism was used
for all calculations.


For Sm we used the Stuttgart–Dresden quasirelativistic effective core po-
tential (SDD) with the associated (7s6p5d)/[5s4p3d] valence basis set
contracted according to a (31111/3111/311) scheme.[15] This ECP treats
[Kr]4d104f5 as a fixed core, whereas 5s25p66s25d16p0 shells are taken into
account explicitly. All other elements were represented by Ahlrichs�
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split-valence SV(P) basis set[16a] with polarization functions on heavy
main group atoms, but not on hydrogen; that is, for carbon a 7s/4p/1d set
contracted to (511/31/1) and for hydrogen a 4s set contracted to (31). The
geometry optimization and the saddle-point search were carried out by
utilizing analytical/numerical gradients/Hessians according to standard al-
gorithms. No symmetry constraints were imposed in any case. This level
of basis-set quality has been identified as a reliable tool for the assess-
ment of structural parameters and vibrational frequencies.[17] The station-
ary points were identified exactly by the curvature of the potential-
energy surface at these points corresponding to the eigenvalues of the
Hessian. All reported transition states have exactly one negative Hessian
eigenvalue, while all other stationary points exhibit exclusively positive
eigenvalues. Each transition state was further confirmed by following its
imaginary vibrational mode downhill on both sides to yield the reactant
and product minima presented on the reaction profile for the individual
steps. The many isomers that are possible for each of the investigated
species were carefully explored. The reaction and activation enthalpies
and free energies (DH, DH� and DG, DG� at 298 K and 1 atm) were
evaluated according to standard textbook procedures[18] using computed
harmonic frequencies. To obtain more accurate energy profiles, all key
species were fully located by employing a more accurate basis set consist-
ing of the aforementioned basis set for Sm and Ahlrichs� valence triple-z
TZVP basis set[16b] with polarization functions on all other atoms, that is,
for carbon a 11s/6p/1d set contracted to (62111/411/1) and for hydrogen a
5s/1p set contracted to (311/1).


To study the influence of nonspecific solute–solvent interactions[19] on the
energy profile of individual elementary steps, the solvent was described
as a homogeneous, isotropic, linear dielectric medium within the conduc-
torlike screening model (COSMO) due to Klamt and Sch��rmann[20] as
implemented in Turbomole.[21] Environment effects were estimated for
toluene (dielectric constant e =2.378 at 298 K),[22] one of the experimen-
tally used solvents.[7c] Nonelectrostatic contributions to solvation were
not considered. The solvation effects were included self-consistently in
the calculations, and all key species were fully optimized with inclusion
of solvation at the BP86/SDD-TZVP level. The optimized atomic
COSMO radii (rH =1.3 �, rC =2.0 �)[23] were used in combination with
the unoptimized radius of 2.22 � for Sm. For each of the investigated ele-
mentary processes, both the structural and the energetic aspects were re-
produced in great similarity by the gas-phase and COSMO approaches at
the BP86/SDD-TZVP level, so that both computational methods (as well
as the B3-LYP/SDD-TZVP method) can be considered as being equally
competent for the investigation of the fine mechanistic details of the title
reaction (see Supporting Information for more details).


Energetics (BP86/SDD-TZVP) on the DH(298 K) surface were reported
as DE plus zero-point energy correction at 0 K plus thermal-motion cor-
rections at 298 K plus solvation correction. The Gibbs free energies were
obtained as DG298 =DH298�TDS at 298 K and 1 atm. The TDS contribu-
tion of about 11–13 kcal mol�1 (under standard conditions) calculated for
PhMCP coordination in the gas phase certainly does not reflect the real
entropic cost for substrate association and dissociation under actual cata-
lytic conditions.[7c] The difference in the reaction entropy for the
Cp2LnR +PhMCP!PhMCP-Cp2LnR substrate uptake process taking
place in the gas phase and condensed phase is mainly due to substrate
solvation, since the solvation entropies of the Cp2LnR starting material
and the PhMCP-Cp2LnR adduct can be regarded as being similar. The
solvation entropy of ethylene, as a prototypic olefin, is about 16 eu in
typical aromatic hydrocarbon solvents,[24] which can reasonably be adopt-
ed for methylenecycloalkanes as well. This reduces the entropic cost for
substrate complexation by about 4.8 kcal mol�1 (298.15 K), that is, about
two-thirds of the gas-phase value. This estimation agrees reasonably well
with the findings of a recent theoretical study, which showed that for
polar solvents the entropies in solution decrease to nearly half of the gas-
phase value.[25] Therefore, the solvation entropy for substrate association
and dissociation was approximated as being two-thirds of its gas-phase
value, which the author considers to be a reliable estimate of the entropy
contribution in the condensed phase. All the drawings were prepared by
employing the program Struked.[26]


Results and Discussion


The theoretical mechanistic investigation of the chain-initia-
tion process starts with a careful step-by-step exploration of
the elementary processes outlined in Scheme 1. This exami-
nation is aimed at elucidating the crucial features of each of
the individual steps and at proposing the most feasible of
the various conceivable pathways. From the detailed insight
obtained for the critical elementary steps, a free-energy pro-
file comprised of thermodynamic and kinetic aspects for the
respective favorable pathways is presented and the implica-
tions regarding the operative mechanism and the regioselec-
tivity of the process are elucidated.


Exploration of crucial elementary steps


Insertion of the exo-methylene group into the Sm�H bond
of 1: As mentioned in the introduction, for the insertion of
the exo-methylene group of PhMCP into the Sm�H bond of
1 in 1,2 or 2,1 fashion, two different pathways are conceiva-
ble in each case. They are distinguished by the relative ar-
rangement of the phenyl group towards the metal center,
with the Sm�H and secondary C3�Ph bonds in syn and anti
orientation, respectively (Scheme 2). For systems that are
moderately encumbered sterically, the species involved
along the syn pathway can be envisioned to benefit from an
effective phenyl–Sm interaction, as indicated in Scheme 2,[27]


as opposed to the anti pathway, where this cannot be accom-
plished.


The key species participating along the two alternative
pathways are labeled by an additional a and s for the anti
and syn pathways, respectively, and are shown in Figure 1
for the 1,2-insertion process, while the 2,1-insertion ana-
logues are included in the Supporting Information (see Fig-
ure S1). The complete energetics are collected in Table 1.
As revealed by Figure 1 (S1), uptake of the substrate in 1
leads first to the encounter complex 1-PhMCP, in which
PhMCP is coordinated in such a way that the C=C bond
and the cyclopropane ring are coplanar and perpendicular,
respectively, to the Sm�H bond. Accordingly no further re-
organizations are required for exo-methylene C=C insertion
into the Sm�H bond to occur. A four-membered transition-
state structure with a square-planar cis arrangement of the
Sm�H bond and the exocyclic C=C bond is encountered
along the minimum-energy pathway for both the 1,2- and
2,1-insertion steps and occurs at a distance of about 2.2–
2.5 � of the newly formed C�H bond. Decay of the TS
gives rise first to product species (2 a, 2 s and 3 a, 3 s for 1,2-
and 2,1-insertion, respectively) with a perpendicularly ori-
ented cyclopropyl ring, which afterwards relax readily into
thermodynamically more favorable isomers with an in-
plane-rotated ring (e.g., the 2 a’, 2 a’’, 2 s’, 2 s’’ 1,2-insertion
species; see below).


However, the minimum-energy pathway reported here,
which bears great similarity to olefin insertion into M�C
and M�H bonds,[28] is in sharp contrast to that found in a
previous computational investigation of MCP insertion into
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the Ln�H bond of Cp2LnH complexes (Ln= La, Lu).[11a,b] A
tetrahedral transition-state structure that is associated with a
huge barrier of 31.9 and 39.9 kcal mol�1 (DE�), respectively,
was reported.[11b] The rather uncommon TS geometry and
the predicted unfavorable kinetics, which contradict our
findings (vide infra), may argue against the adequate repre-
sentation of both structural and energetic aspects in these
studies.[11c]


Inspection of the syn 1,2-insertion pathway does not pro-
vide any indication of effective phenyl–Sm coordination
until the process reaches 2 s (see Figure 1), owing to unfav-
orable steric interactions of the phenyl group with the
Cp2Sm backbone and/or the cis Sm�H bond. Therefore, the
aryl substituent is not likely to accelerate the process kineti-
cally through a stabilizing interaction with the electrophilic
metal center, but it affects the thermodynamics. The subse-
quent relaxation to thermodynamically more stable isomers
through facile rotation of the cyclopropyl ring from a per-
pendicular (e.g., as in 2 s) to an in-plane orientation can
occur in two directions to give rise to species in which the
phenyl group points away (denoted by a single prime, for
example, 2 s’) or towards (denoted by a double prime, for
example, 2 s’’) the metal center. Species 2 s’’, 2 a’’ are stabi-
lized relative to 2 s’, 2 a’, respectively, by effective h2 coordi-
nation of the phenyl group that is of comparable strength in
both 2 s’’ and 2 a’’. The alternative 2,1-insertion step exhibits
a similar characteristic. Due to the absence of interactions
with the Sm�H moiety in this case, the phenyl group dis-
plays a larger tendency for interaction with the lanthanide
along the syn pathway in both the encounter complex and


the TS compared to the ana-
logues of the syn 1,2-pathway.
The intensified phenyl–Sm coor-
dination, however, comes at the
expense of the methylene–Sm
bond strength (see Figure S1 in
the Supporting Information),
which acts as a counterbalanc-
ing factor. Of the two kinetic
product species 3 a and 3 s,
which do not undergo further
rotations of the cyclopropyl
moiety, 3 s is clearly seen to be
stabilized substantially by a
close phenyl–Sm interaction.
Overall, the kinetics of the in-
sertion step, proceeding either
in 1,2 or in 2,1 fashion, is indi-
cated to not benefit from stabi-
lizing coordinative interactions
between the arene ring and the
electrophilic lanthanide center.


The energy profile summar-
ized in Table 1 reveals that both
the 1,2- and 2,1-insertion steps
are facile and irreversible proc-
esses which are driven by a


strong thermodynamic force exceeding �16 kcal mol�1 (DG).
The readily formed encounter complex (i.e., in a barrierless
process) and also the transition states for the various path-
ways all lie below the energy of the entrance channel of the
1+PhMCP process at the enthalpic surface. The entropic
contributions associated with this bimolecular step shift the
free-energy profile above the entrance channel and result in
small activation free energies of only 6.2–7.2 kcal mol�1 for
the favorable anti pathways for 1,2- and 2,1-insertion (see
Table 1).


The structural aspects of the individual pathways analyzed
before are paralleled in the computed energetics. Consider-
ing the 1,2-insertion step first, the anti pathway is predicted
to be preferred kinetically relative to the syn pathway by a
barrier that is 3.5 kcal mol�1 (DDG�) lower, because unfav-
orable steric interaction between the arene ring and the cat-
alyst backbone are not present along the anti pathway. The
syn pathway is driven by a slightly larger thermodynamic
force, which, however, is of little relevance for the strongly
exergonic and thus irreversible insertion step. The insertion
proceeding in 2,1 fashion exhibits similar energetics, with ki-
netics almost identical to the 1,2-insertion step. In analogy
to the aforementioned argumentation, the anti pathway is
most feasible kinetically (DDG� = 2.1 kcal mol�1), while the
extra stabilization of 3 s by h2-phenyl coordination results in
a larger heat of reaction for the syn pathway.


Overall, the phenyl substituent discriminates between the
two alternative pathways for insertion to proceed in either
1,2 or 2,1 fashion. In both cases the anti pathway is predict-
ed as being favorable kinetically, owing to the absence of


Scheme 2. The two alternative pathways for insertion of the exocyclic C=C bond of PhMCP into the Sm�H
bond of 1 in 1,2- or 2,1-fashion.
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unfavorable steric interactions between the phenyl group
and the catalyst backbone.


b-Alkyl shift-based ring opening : Decomposition of the cy-
clopropyl ring in the insertion products is the step that is en-
countered next in the course of the reaction (see Scheme 1);
its complete energetics are compiled in Table 2. The mini-
mum-energy path for ring opening in mechanistic cycle I
(Scheme 1), proceeding by cleavage of either of the two
proximal bonds, is characterized by precursor species in


which the cyclopropyl ring is in coplanar orientation (rela-
tive to the Sm-C1-C2 moiety), and the respective bond to be
broken is cis-arranged, pointing towards the metal atom.
Thus, the thermodynamically prevalent isomers of the inser-
tion product represent the direct precursor for cycle degra-
dation. Species 2 a’, 2 s’ are the precursors for the pathway
involving proximal-bond cleavage (i.e., C2�C4 bond scission)
where the phenyl group is remote from the metal center,
while the alternative pathway (i.e., C2�C3 bond scission)
with an adjacent phenyl group starts from 2 a’’ and 2 s’’


Figure 1. Selected geometric parameters [�] of the optimized structures of key species for the alternative anti and syn pathways for 1,2-insertion of the
exocyclic C=C bond of PhMCP into the Sm�H bond of 1. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.
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(Scheme 3). This affords ring-opened product species 4 r, 4 r’
and 4 j, 4 j’, respectively, (labeled by an additional r or j to
indicate the remote or adjacent phenyl substituent) of differ-
ent regiochemistry. The two routes (e.g., 2 a’!4 r and 2 s’!
4 r) for each of the pathways are characterized by structural
and energetic features that are almost identical. Thus, the
key species are presented for only one of the routes for
each pathway (Figure 2), while the analogues are included
in the Supporting Information (Figure S2).


Following the minimum-energy path commencing from
2 a’/2 s’ and 2 a’’/2 s’’ does not reveal further reorganizations
to be necessary until the transition state is reached. Thus,


ring opening takes place in a smooth fashion through elon-
gation of the proximal C2�C4 and C2�C3 bonds, respectively
(see Figure 2). By contrast to the insertion step, the adjacent
phenyl group clearly acts to support ring opening along 2 a’’/
2 s’’!4 j (C2�C3 bond cleavage) through a stabilizing interac-
tion with the electrophilic Sm center, which is maintained
during the whole process. The assistance provided by the
phenyl group is also reflected in the located transition-state
structures for the two pathways. The precursor-like transi-
tion state bears an h2-phenyl moiety and has a length of the
vanishing C2�C3 bond of 1.68 � (only 0.02 � longer than in
the precursor species, Figure 2) is encountered along the
2 a’’/2 s’’!4 j pathway, that is, a highly facile transformation.
On the other hand, the transition state for the 2 a’/2 s’!4 r
pathway occurs at a distance of 1.92 � for the C2�C4 bond
to be cleaved, which can be regarded as being product-like.
The transition states decay first into the h2,h1-alkenyl Sm
species 4 r and 4 j for the processes that starts from 2 a’/2 s’
and 2 a’’/2 s’’, respectively. Species 4 j clearly benefits from
h3-benzylic coordination of the phenyl group,[29] that is, the


2 a’’/2 s’’!4 j pathway is also fa-
vored kinetically by a larger
thermodynamic force when
compared to the alternative
2 a’/2 s’!4 r pathway, which is
not assisted by the coordinating
phenyl group. The initially
formed ring-opened species 4 r
and 4 j readily undergo transfor-
mation into isomers 4 r’ and 4 j’
by displacing the double bond
from the metal center though a
kinetically facile rotation
around the C3�C4 bond, which
comes to the advantage of a
weak phenyl–Sm interaction
and an amplified h3-benzylic in-
teraction, respectively
(Figure 2).


The reaction path for ring
opening of the MCP 1,2-inser-
tion product reported previous-
ly[11a,b] is distinctly different
from the smooth process de-
scribed thus far. This process


was found to be kinetically expensive (DE� =28.4 and
32.6 kcal mol�1 for the La- and Lu-mediated reactions, re-
spectively),[11b] which is in sharp contrast to our results (vide
infra) and is connected with a transition state that consti-
tutes ring opening with simultaneous switching of an H
atom between the C2 and C4 carbon atoms. The located
transition-state structure is certainly not likely to be encoun-
tered along the minimum-energy path of the process, which
does not require the shift of an H atom. This amplifies the
doubts about the reliability of the previous studies,[11a, b] as
already argued above. Accordingly, this leads us to conclude
that the mechanistic conclusions drawn there,[11a,b] which are


Table 1. Enthalpies and free energies of activation and reaction for inser-
tion of the exocyclic C=C bond of PhMCP into the Sm�H bond of cata-
lyst 1 proceeding in 1,2- (1+PhMCP!2 a/2s) or 2,1-fashion (1 +


PhMCP!3a/3 s).[a–c]


PhMCP insertion pathway
PhMCP
insertion path


PhMCP p complex TS product[d]


1,2-insertion
anti pathway �4.5/4.0 1-PhMCP-2 a �2.8/6.2 �23.2/�14.1 2a


�27.1/�17.8 2a’
�29.2/�19.6 2a’’


syn pathway �2.3/6.2 1-PhMCP-2 s 0.7/9.7 �23.9/�14.9 2s
�29.3/�20.1 2s’
�30.7/�21.2 2s’’


2,1-insertion
anti pathway �3.0/5.5 1-PhMCP-3 a �0.9/7.2 �24.8/�15.9 3a
syn pathway �0.8/7.9 1-PhMCP-3 s �0.7/9.3 �30.0/�21.0 3 s


[a] This process is classified according to the kind of PhMCP insertion in-
volved (see Scheme 2). [b] Total barriers and reaction energies are rela-
tive to 1 +PhMCP. [c] Activation enthalpies and free energies (DH�/
DG�) and reaction enthalpies and free energies (DH/DG) are given in
kilocalories per mole; numbers in italic type are the Gibbs free energies.
[d] See text for description of the various isomers.


Table 2. Enthalpies and free energies of activation and reaction for b-alkyl shift-based ring opening occurring
in the mechanistic cycles I (2 a’/2s’!4r’ and 2a’’/2s’’!4j’) and II (3a!5a’ and 3 s!5 s’).[a–c]


Ring-opening pathway
PhMCP insertion path precursor[d] TS product


1,2-insertion proximal C2�C4 bond
anti pathway 3.6/3.4 2a’ 6.2/6.3 2.8/1.5 4r//1.3/0.0 4r’
syn pathway 1.4/1.1 2s’ 4.4/4.5 �1.1/-2.4 4r//1.1/�0.2 4 r’


1,2-insertion proximal C2�C3 bond
anti pathway 1.5/1.6 2a’’ 1.6/1.7 �9.1/�9.5 4 j//�8.7/�10.3 4j’
syn pathway 0.0/0.0 2s’’ 0.3/0.5 �8.7/�9.0 4 j//�8.8/�10.3 4j’


2,1-insertion distal C3�C4 bond[e]


anti pathway 0.0/0.0 3a 35.7/35.3 h1(C3)-allylic �20.2/�20.5 5 a
30.7/30.9 h3-allylic �28.2/�28.1 5 a’


syn pathway 0.0/0.0 3 s 27.2/27.3 h1(C3)-allylic �15.0/�15.5 5 s
27.9/28.5 h3-allylic �23.0/�23.1 5 s’


[a] This process is classified according to the type of bond cleaved in the cyclopropyl ring. The relationship to
the prior insertion step is explicitly given. [b] Total barriers and reaction energies are relative to the prevalent
insertion product isomers of the 1,2-initiated (i.e., 2s’’) and relative to 3 a and 3 s for 2,1-initiated cycles.
[c] Activation enthalpies and free energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are
given in kilocalories per mole; numbers in italic type are Gibbs free energies. [d] See text for description of
the various isomers. [e] Two different types of located transition state having an h1(C3)- or h3-allylic structure
are reported.
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based on located transition-state structures that seem entire-
ly implausible, do not have any relevance.[11c]


Ring opening by cleavage of one of the proximal bonds is
predicted to be highly facile kinetically (see Table 2). In par-
allel to the above discussed structural features, the 2 a’’/
2 s’’!4 j pathway is the preferred one among the two regio-
isomeric pathways, on both kinetic and thermodynamic
grounds, owing to stabilizing coordinative phenyl–Sm inter-
actions. An activation free energy of only about 0.5–
1.7 kcal mol�1 must be overcome along this pathway, which
yields 4 j and 4 j’, respectively, in an exergonic process that is
driven by a thermodynamic force of �(9–10) kcal mol�1.
This indicates that ring opening along the favorable 2 a’’/
2 s’’!4 j pathway is an irreversible process that occurs in-
stantaneously. The ring-opened regioisomers 4 r, 4 r’ are, on
the other hand, formed in an essentially thermoneutral, re-
versible process that has a barrier of 4.5–6.3 kcal mol�1


(DG�). Thus, similar to the findings for the insertion step


(see above), the phenyl group discriminates between the
two possible pathways for b-alkyl shift-based ring opening
(see Scheme 3). In contrast to the insertion step, however,
decomposition of the cyclopropyl ring is distinctly facilitated
kinetically and also thermodynamically by the coordinative
interaction of the electrophilic lanthanide center with the p


system of the adjacent phenyl ring.[27]


In cycle II (Scheme 1) regioisomeric products 3 a and 3 s
are precursors for the subsequent ring-opening process. The
most feasible route for degradation of the cyclopropyl ring
proceeds through cleavage of the distal C3�C4 bond. The
two possible pathways, in which the phenyl group has an
anti (3 a!5 a/5 a’) or a syn (3 s!5 s/5 s’) disposition with
regard to the Sm�C2 bond, lead to 1-phenyl,2-methallyl–Sm
product isomers[10] having identical regiochemistry
(Scheme 4), which is in contrast to the situation for mecha-
nistic cycle I (vide supra).


Scheme 3. The two alternative pathways for b-alkyl shift-based ring opening by cleavage of a proximal bond of the cyclopropyl ring along cycle I.


Figure 2. Selected geometric parameters [�] of the optimized structures of key species for ring opening of the 1,2-insertion product (cycle I) by cleavage
of a proximal bond of the cyclopropyl ring occurring through alternative pathways with the phenyl substituent located remote from (top) or adjacent to
(bottom) the metal center. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.
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A detailed survey of several
conceivable ways to generate
the allyl–Sm product species re-
vealed that this can occur
through transition states with
an elongated C3�C4 bond that
are characterized by an already
preformed allylic moiety adopt-
ing h1(C3)-s (TS[3 a-5 a] and TS-
[3 s-5 s]) or h3-p modes (TS[3 a-
5 a’] and TS[3 s-5 s’]) of allyl co-
ordination to Sm. The corre-
sponding key species for the
two pathways with anti- and
syn-disposed phenyl group (see


Figure 3. Selected geometric parameters [�] of the optimized structures of key species for ring opening of the 2,1-insertion product (cycle II) by cleavage
of the distal cyclopropyl bond occurring through alternative pathways with the phenyl substituent in an anti or a syn disposition with respect to the Sm�
C2 bond. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.


Scheme 4. The two alternative pathways for b-alkyl shift-based ring opening by cleavage of the distal bond of
the cyclopropyl ring along cycle II.
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Scheme 4) are displayed in Figure 3, which shows that the
3 s!5 s/5 s’ pathway takes advantage of the attainable
phenyl–Sm interaction. This is most pronounced for TS[3 s-
5 s] (and 5 s), in which the phenyl substituent compensates
the partial coordinative unsaturation caused by the h1(C3)-s-
allylic moiety through effective h3-benzylic coordination, but
is also seen in TS[3 s-5 s’] with a preformed h3-allylic moiety.
The absence of this stabilizing interaction along 3 a!5 a/5 a’
renders this pathway distinctly more difficult kinetically
(vide infra). Focusing on the more feasible of the two path-
ways, TS[3 s-5 s] emerges at a distance of 2.1 � for the van-
ishing C3�C4 distal bond and decay into the h1(C3)-s-allylic
product species 5 s, while TS[3 s-5 s’] appears somewhat earli-
er (1.97 �) and leads to the syn-h3-allyl form 5 s’. Intercon-
version between the 5 s and 5 s’ forms, with the latter ther-
modynamically prevalent (see Table 2), is likely to be a
facile process.[30]


Similar to the findings for cyclopropyl ring opening of 1,2-
insertion products, the 3 s!5 s/5 s’ pathway, which benefits
from the phenyl–Sm interaction, is predicted to be kinetical-
ly more feasible than the 3 a!5 a/5 a’ pathway. Both of these
afford products of identical regiochemistry in an irreversible
process that is driven by a strong thermodynamic force with
an exergonicity of �23.1 kcal mol�1 (Table 2). Interestingly,
the phenyl substituent compensates the coordinative defi-
ciencies in TS[3 s-5 s] efficiently, so that very similar activa-
tion barriers of 27.3–28.5 kcal mol�1 (DG�) are associated
with the ring-opening process passing through TS[3 s-5 s] and
TS[3 s-5 s’]. Higher barriers are predicted for the 3 a!5 a/5 a’
pathway with a remote phenyl group, and TS[3 a-5 a] was
found to be exceptionally high in energy (DG� = 35.3 kcal
mol�1) due to the lack of coordinative stabilization.


Overall, cleavage of the distal bond of the cyclopropyl
ring is predicted to be significantly more difficult kinetically
than proximal bond scission occurring along cycle I, which
starts with 1,2 insertion (see below)


b-H elimination to afford the ring-opened phenyl-1,3-buta-
diene isomers : After completion of chain initiation in cycle
I with formation of 4 r/4 r’ and 4 j/4 j’, respectively, the reac-
tion can proceed further by PhMCP enchainment in a ring-
opened fashion or, as a conceivable alternative, by b-H elim-


ination to afford phenyl-1,3-butadienes as ring-opened
PhMCP isomers. Among the various routes that have been
surveyed computationally, the most feasible starts from 4 r’
and 4 j’. The process with 4 r and 4 j as precursor is accompa-
nied by displacement of the olefinic subunit from the imme-
diate proximity of the metal center and thus approaches the
corresponding 4 r’ and 4 j’ isomers in the vicinity of the tran-
sition state. b-H elimination along the alternative pathways
commencing from the 4 r’ and 4 j’ regioisomers, in which the
phenyl substituent is located remote from or adjacent to the
metal center, gives rise to the 2-phenyl- and 1-phenyl-1,3-bu-
tadiene hydride Sm species 6 r and 6 j, respectively
(Scheme 5).


The transition state TS[4 r’-6 r] shows, not unexpectedly,
great similarity to the transition state for 2,1-insertion (see
above). It exhibits a hydrido–Sm bond that seems to be al-
ready almost fully established, a substantially elongated C3�
H bond, and a preformed h2-coordinated butadiene moiety
(Figure 4). The phenyl group that is weakly coordinated in
4 r’ becomes displaced from the metal center during the
elimination process. The decay of the productlike TS[4 r’-6 r]
leads to the h2-(2-phenylbutadiene)–Sm hydride product 6 r,
which resembles the PhMCP encounter complex for the 2,1-
insertion step. The formal resemblance between the 4 r’!6 r
and 1+ PhMCP!3 a processes is also paralleled in the ener-
getics (Table 3). The b-H elimination is an endergonic proc-
ess (DG= 8.7 kcal mol�1) that is associated with an activation
barrier of 14.3 kcal mol�1 (DG�) and is thus nearly the in-
verse of the insertion step.


The process occurring along the alternative 4 j’!6 j path-
way is also accompanied by the displacement of the phenyl
group from the immediate proximity of the metal atom
(Figure 4). Commencing from the precursor with an h3-ben-
zylic substituent, TS[4 j’-6 j] is characterized by a significant-
ly diminished phenyl–Sm interaction and has structural fea-
tures that are comparable with those of TS[4 r’-6 r]. A simi-
lar, but slightly higher, barrier (DG� =16.4 kcal mol�1, see
Table 3) must be overcome along 4 j’!6 j to give rise to the
h2-(1-phenylbutadiene)–Sm hydride product in a process
that has a larger endergonicity (DG =14.0 kcal mol�1) than
the 4 r’!6 r pathway. This increased thermodynamic disfavor
is understandable from the aforementioned fact that the re-


Scheme 5. The two alternative pathways for b-H elimination to afford phenylbutadienes as ring-opened PhMCP isomers along cycle I.
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organization of phenyl–Sm coordination is more pro-
nounced here.


The very similar kinetics (DDG� =2.1 kcal mol�1, Table 3)
predicted for the two alternative pathways indicates that the
two 1-phenyl- and 2-phenylbutadiene regioisomers should
be generated in comparable amounts as possible products of
Sm-mediated PhMCP ring-opening polymerization, provid-
ed that the corresponding precursor species 4 r’ and 4 j’
occur in appreciable concentrations (see below). The phe-
nylbutadienes are liberated from 6 r and 6 j through a subse-
quent substitution with PhMCP in slightly endergonic and


exergonic processes (DG= 0.4 and �2.4 kcal mol�1, respec-
tively) which regenerate the encounter complex 1-PhMCP.


Catalytic reaction course of the chain-initiating process


Gibbs free-energy profile : On the basis of the careful com-
putational exploration of the crucial elementary steps of the
tentative course of the catalytic reaction (Scheme 1) report-
ed above, the Gibbs free-energy profile (Scheme 6) is pre-
sented. It comprises thermodynamic and kinetic aspects of
the two mechanistic cycles for [{Cp*


2 SmH}2]-catalyzed chain
initiation of ROZP of PhMCP. With this profile in hand, we
can now elucidate the factors that are effective in discrimi-
nating between the alternative mechanisms and between the
product regioisomers of chain initiation and substrate iso-
merization reactions, both occurring in a ring-opened fash-
ion.


Factors governing the operative mechanism and the regio-
selectivity : The first insertion step is a facile and irreversible
process that is driven by a strong thermodynamic force. For
both the regioisomeric 1,2- and 2,1-insertion routes the anti
pathway, in which the phenyl substituent is in remote loca-
tion, is predicted to be kinetically favorable relative to the
syn pathway (DDG� =3.5 and 2.1 kcal mol�1 for 1,2- and 2,1-
insertion, respectively), owing to steric factors. Almost iden-
tical activation free energies are associated with the most
feasible anti pathway for insertion proceeding in 1,2-
(DG� = 6.2 kcal mol�1) and 2,1-fashion (DG� =


7.2 kcal mol�1),[31] and this indicates comparable probability


Figure 4. Selected geometric parameters [�] of optimized structures of key species for b-H elimination in the ring-opened species along cycle I occurring
through alternative pathways with the phenyl substituent located remote from (top) or adjacent to (bottom) the metal center. The cutoff for drawing
Ln�C bonds was arbitrarily set to 3.1 �.


Table 3. Enthalpies and free energies of activation and reaction for b-H
elimination along 4r’!6r and 4 j’!6 j to afford phenylbutadienes as ring-
opened PhMCP isomers.[a–c]


b-H elimination pathway
PhMCP insertion path precursor TS product


1,2-insertion 2-phenyl-butadiene 6r
anti pathway 0.2/0.2 4r’ 14.2/14.5 9.9/8.9
syn pathway 0.0/0.0 4r’ 14.3/14.6 9.9/8.9


1,2-insertion 1-phenyl-butadiene 6j
anti pathway 0.1/0.0 4j’ 15.6/16.4 14.5/14.0
syn pathway 0.0/0.0 4j’ 15.6/16.5 14.5/14.0


[a] This process is classified according to the stereoisomer of the precur-
sor involved (see Scheme 5). The relationship to the prior insertion step
is explicitly given. [b] Total barriers and reaction energies are relative to
the precursors 4 r’ and 4 j’, respectively. [c] Activation enthalpies and free
energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG)
are given in kilocalories per mole; numbers in italic type are Gibbs free
energies.
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for both processes. This leads to the conclusion that inser-
tion of the exocyclic C=C bond into the Sm�H bond does
not proceed regioselectively. Accordingly, the first insertion
step does not discriminate between the two conceivable
mechanisms (see cycles I, II in Scheme 1) for chain initia-
tion. Species 2 a’, 2 a’’, and 3 a are the predominantly formed
products of the two regioisomeric insertion routes. The pre-
dicted low barriers, which indicate the kinetically disfavored
syn pathways (DG� = 9.3–9.7 kcal mol�1) to be viable as well,
suggest that these pathways may also be accessible under
catalytic reaction conditions,[7c] giving rise to 2 s, 2 s’’, and 3 s,
respectively, as possible products, albeit with distinctly
smaller populations. Note that this scenario does not affect
the further mechanistic conclusions.


The prevalent 1,2-insertion product species 2 a’, 2 a’’, both
of which are in equilibrium (see above), readily undergo
subsequent ring opening (DG�


tot =0.1–4.7 kcal mol�1 relative
to the most stable species 2 a’’). By contrast, opening of the
cyclopropyl ring commencing from 3 a is associated with a
prohibitively large barrier of 30.9 kcal mol�1 (DG�), which is
of similar magnitude but slightly smaller (DG� = 27.3 kcal
mol�1) for the 3 s!5 s’ pathway. As a consequence 1) the
mechanistic cycle that starts with 1,2-insertion (see cycle I in


Scheme 1) is almost exclusively entered and is thus opera-
tive in the chain-initiation process of [{Cp*


2 SmH}2]-mediated
PhMCP ring-opening polymerization, while the alternative
mechanism (see cycle II in Scheme 1) is entirely precluded,
which is consistent with mechanistic data derived from ex-
perimental studies (see Introduction), and 2) not the inser-
tion but the ring-opening step discriminates between the
two conceivable mechanisms.


Among the two regioisomeric pathways for ring opening
by cleavage of a proximal cyclopropyl bond, the 2 a’’!4 j’
pathway that is facilitated by a coordinating interaction of
the electrophilic Sm atom with the p system of the adjacent
phenyl ring is kinetically most easy (DG�


tot =0.1 kcal mol�1),
while generation of 4 r’ must overcome a barrier that is
4.6 kcal mol�1 higher (DDG�


tot). The weakly Lewis basic
phenyl substituent acts, by its ability to stabilize electronical-
ly the electrophilic Lewis acidic lanthanide center (which
can be counterbalanced by steric factors for catalysts that
are sterically congested), to control the regioselectivity of
the ring-opening step, and thereby to determine the out-
come of the chain-initiation process. The computed kinetic
gap (DDG�


tot =4.6 kcal mol�1) argues that 4 j’ is the ring-
opened regioisomer that is almost exclusively formed in the


Scheme 6. Condensed Gibbs free-energy profile [kcal mol�1] of ring-opened chain initiation and substrate isomerization in the organolanthanide-mediat-
ed polymerization of 2-PhMCP by model catalyst [Cp2SmH]. The most feasible pathways for both mechanisms are represented by solid lines, and alter-
native pathways by dashed lines.
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chain-initiation process; its generation is furthermore ther-
modynamically favored as well. Marks et al. reported for
Sm-mediated PhMCP/ethylene copolymerization a ratio of
about 60:30 for entering the alternative pathways (in favor
of the pathway that is related to 2 a’’!4 j) and further dem-
onstrated that this ratio is highly sensitive to steric factors.[7b]


Thus, these experimental observations in combination with
the present theoretical mechanistic study strongly argue that
for the [{Cp*


2 SmH}2]-catalyzed PhMCP (co)polymerization,
ring opening exhibits a preference for the pathway that is
assisted by the phenyl substituent for both chain initiation
and polymer growth. The kinetic balance between the two
alternative pathways is of course also affected by steric fac-
tors. The unfavorable steric interactions of the growing poly-
mer chain with the Cp*


2 Sm backbone, which are accounted
for to only a certain extent by the employed model catalyst
and, furthermore, are likely to be amplified during polymer
growth, might lead to a diminished or even inverted DDG�


tot


gap and thereby modulate the regioselective outcome of the
polymerization process.


The b-H elimination commencing from the ring-opened
products is predicted to be distinctly more expensive kineti-
cally than the facile insertion and ring-opening processes.
Formation of the two possible 1-phenyl- and 2-phenylbuta-
diene regioisomers is an endergonic process that exhibits
very similar kinetics (DG� =14.3–16.4 kcal mol�1). This indi-
cates that ring-opening isomerization is a less likely process
for both kinetic and thermodynamic reasons. In agreement
with this conclusion, NMR spectroscopic characterization of
the PhMCP/ethylene copolymer did not reveal any indica-
tions for formation of 1,3-diene units.[7b] The higher thermo-
dynamic population of the precursor 4 j’ suggests that iso-
merization, if occurring at all, would give rise to 1-phenylbu-
tadiene as the predominantly formed ring-opened PhMCP
isomer.


Conclusion


Herein is presented, to the best of my knowledge, the first
detailed theoretical mechanistic investigation of alternative
mechanisms for chain initiation of organolanthanide-mediat-
ed ring-opening polymerization of 2-phenyl-1-methylenecy-
clopropane with an archetypical [Cp2SmH] model catalyst.
Several conceivable pathways for the crucial elementary
processes, including ring-opening isomerization of PhMCP
to phenylbutadienes, were critically scrutinized for a tenta-
tive course of the catalytic reaction (Scheme 1) by means of
a gradient-corrected DFT method. The present computa-
tional study provides, for the first time, detailed insight into
the intimate aspects of the process, in terms of located key
structures and the free-energy profile for individual elemen-
tary steps.


The mechanism found to be operative starts with the first
1,2-insertion of the exocyclic C=C bond into the Sm�H
bond and is followed by ring opening through cleavage of a
proximal cyclopropyl bond (see cycle I in Scheme 1), while


the alternative mechanism that commences with 2,1-inser-
tion (see cycle II in Scheme 1) is almost entirely precluded
kinetically. This is consistent with mechanistic data derived
from experimental studies on the chain-growth process. Not
the facile and irreversible insertion step, which does not pro-
ceed in a regioselective fashion, but the subsequent ring-
opening process discriminates between the alternative mech-
anisms for chain initiation. Opening of the cyclopropyl ring
in the 1,2-insertion product species is kinetically easy and
occurs readily in an exergonic process, while a prohibitively
large barrier is associated with ring opening of the 2,1-prod-
ucts. The ring-opened species generated along the operative
mechanistic cycle can undergo further b-H elimination to
afford phenylbutadienes as ring-opened isomers of PhMCP.
The ring-opening isomerization, however, is predicted to be
a less likely process for both kinetic and thermodynamic
reasons. Among the two regioisomers, this process, if it
occurs at all, would give rise to 1-phenylbutadiene.


The phenyl group was shown to discriminate between al-
ternative pathways conceivable for each of the elementary
steps. Steric factors are effective for the insertion step occur-
ring in either 1,2- or 2,1-fashion, and thus the anti pathway,
with the phenyl substituent in remote location, is kinetically
preferred. The ring-opening process, however, is assisted by
a stabilizing electronic interaction of the arene p system
with the electrophilic lanthanide center. Consequently, the
pathway with the phenyl group adjacent to the metal center
becomes facilitated among the two regioisomeric pathways,
both kinetically and thermodynamically, and hence cyclo-
propyl ring opening proceeds regioselectively.


The present study represents the first part of a systematic
computational exploration of crucial structure–reactivity re-
lationships in organolanthanide-assisted ROZP of methyle-
necycloalkanes. Overall, chain initiation of the samarocene-
mediated ring-opening polymerization of PhMCP is predict-
ed to be a smooth, kinetically facile process. On the other
hand, experiments have not succeeded thus far in accom-
plishing PhMCP homopolymerization with this catalyst,[7b]


and this suggests that the sequential insertion and ring-open-
ing processes along the course for chain growth are energeti-
cally more expensive. The fine mechanistic details of
PhMCP enchainment will be addressed in forthcoming in-
vestigations.
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Chromium-Catalyzed Pinacol-Type Cross-Coupling: Studies on
Stereoselectivity**


Ulrich Groth,* Marc Jung, and Till Vogel[a]


Introduction


The construction of 1,2-diols plays an important role in nat-
ural-product synthesis, with many pharmacologically active
substances containing the pinacol structural motif. 1,2-Diols
can be generated in general by bishydroxylation of olefinic
double bonds[1] or by reductive coupling of carbonyl com-
pounds.[2] The latter method plays an important role in the
synthesis of HIV-protease inhibitors[3] and of natural prod-
ucts[4] such as taxol[5] and cotylenol[6] and their derivatives.
For their synthesis this reaction has to be performed in a di-
astereoselective fashion.


For economic and ecological reasons, the pinacol coupling
reaction should be performed in a catalytic fashion with use
of low-valent metals. Many catalytic systems are known in
the literature.[7] Hirao was the first to use zinc as reductive
agent and chlorotrimethylsilane as scavenger in a low-valent
vanadium-catalyzed pinacol coupling reaction,[7e] while
Boland reported pinacol coupling reactions of aromatic car-
bonyl compounds through the use of chromium chloride,
zinc or manganese, and chlorotrimethylsilane.[7f] Unfortu-


nately both processes were limited to homocoupling reac-
tions.


However, cross-coupling reactions are of greater interest
than homocoupling reactions as a tool for convergent syn-
thesis strategy. Only a few examples of pinacol cross-cou-
pling reactions have so far been reported in the literature.


Boeckmann[8] reported coupling reactions between acetals
of acrolein or methacrolein and aldehydes in the presence
of chlorotrimethylsilane and sodium iodide. The reactions
were catalyzed by chromium chloride with stoichiometric
amounts of manganese as reducing agent, by a protocol
originally developed by F�rstner for a catalytic Nozaki–
Hiyama reaction.[9,10] In this catalytic version of a method
reported by Takai,[11] only acrolein or methacrolein acetals
could be coupled to provide the corresponding pinacol
monoethers, so the scope of this reaction is limited. Recent-
ly Takai reported pinacol-type cross-coupling reactions be-
tween a number of vinyl ketones and aldehydes through the
use of a large excess of chromium chloride and chlorotri-
methylsilane as a scavenger.[12,13]


We recently reported a chromium-catalyzed pinacol cross-
coupling reaction of a,b-unsaturated carbonyl compounds
and aldehydes to form 1,2-diols diastereoselectively,[14] and
were able to reduce the amount of chromium used to
10 mol %. Various vinyl ketones were coupled with alde-
hydes in good yields and with high diastereoselectivities. We
extended the method to the chromium-catalyzed cross-cou-
pling of sterically demanding acroleins and a variety of alde-
hydes to afford highly substituted pinacols with almost no
steric limitations for R1 and R2 (cf. Scheme 1).


Abstract: A chromium-catalyzed pina-
col-type cross-coupling reaction be-
tween a,b-unsaturated carbonyl com-
pounds and aldehydes is reported.
Even sterically demanding substrates
could be coupled to afford the corre-
sponding pinacols in good yields. Sys-
tematic studies concerning the origin of
the diastereoselectivities led to the pro-


posal of a mechanism for this syntheti-
cally useful reaction. Acroleins with a-
branched alkyl side chains were cou-
pled to give the corresponding syn pi-


nacols, while on the other hand, acro-
leins with less bulky substituents fur-
nished the anti derivatives. The effects
of both the substrates and the reagents
on the diastereo- and enantioselectivi-
ties were investigated. An unexpected
catalytic formation of cyclopropanols
was found.
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Trombini et al. reported an alternative procedure afford-
ing the same structural motif as our method by treatment of
3-halopropenyl carboxylates under conditions similar to
those of F�stner�s procedure.[15] The products obtained by
this method generally have an
unsubstituted pattern at the re-
sulting w-standing olefin (R1 =


H; cf. Scheme 1).
Here we report our work on


the diastereoselectivity out-
come of this cross-coupling re-
action between substituted ac-
roleins and aldehydes, which
has led to a better understand-
ing of the origin of the diaste-
reoselectivities and of the reac-
tion mechanism. We also report
some studies geared towards an
enantioselective reaction by use
of chiral chromium complexes
as catalysts, together with the
unexpected catalytic formation
of cyclopropanols. An intramo-
lecular version of the described
chromium-catalyzed pinacol
cross-coupling reaction serving as a method for the forma-
tion of small and mid-sized rings has been reported by us re-
cently.[16]


Results and Discussion


We found that the cross-coupling reaction of substituted ac-
roleins with aliphatic aldehydes in the presence of 10 mol %
of chromium(ii) chloride led to pinacols in good yields and
with diastereoselectivities of up to >95 % de (Scheme 1).
For successful coupling the acroleins were added slowly to
the reaction mixture containing the catalyst, the aliphatic al-
dehyde, manganese powder, and chlorotrimethylsilane in
DMF.


A postulated mechanism based on F�rstner�s and Takai�s
work is shown in Scheme 2. It should be noted that this re-
action does not proceed through ketyl radicals. Instead, a


nucleophilic attack of a chromium allyl species onto an alde-
hyde takes place, so this does not represent a “classical” pi-
nacol coupling reaction. The chromium allyl species is
formed as a mixture of the E and Z forms, leading to a mix-
ture of the corresponding syn and anti pinacols.


Instead of the hygroscopic CrII chloride, the easier to
handle and cheaper CrIII chloride could be used as catalyst
without any significant changes in yields or diastereoselec-
tivities.


As mentioned above, similar procedures so far described
in the literature are limited to acrolein acetals or methacro-
lein acetals. Since we intended this method to be a tool for
natural-product total synthesis, more bulky substituents
should be tolerated. We therefore studied coupling reactions
with 2-tert-butylacrolein as a sterically demanding coupling
component and then investigated coupling reactions be-
tween different acroleins and pivalaldehyde. Other combina-
tions of acroleins and aldehydes led to a more detailed tran-
sition-state model. Some representative results of the cou-
pling reactions are summarized in Table 1.


Of interest is the successful coupling of sterically demand-
ing 2-tert-butylacrolein and the bulky pivalaldehyde
(Table 1, compound 1) in an acceptable yield of 61 % and


Abstract in German: Eine Chrom-katalysierte Pinakol
Kreuz-Kupplung zwischen a,b-unges�ttigten Carbonylverbin-
dungen und Aldehyden wird vorgestellt. Sogar sterisch an-
spruchsvolle Substrate kçnnen in hohen Ausbeuten zu den
entsprechenden Pinakolen umgesetzt werden. Durch system-
atische Untersuchungen hinsichtlich der Diastereoselektivit�t
konnte ein Mechanismus f�r diese synthetisch wertvolle Re-
aktion postuliert werden. Acroleine die in a-Position verz-
weigte Alkylketten tragen, ergaben bevorzugt syn-Pinakole,
wohingegen sterisch weniger anspruchsvolle Substituenten
bevorzugt anti-Derivate lieferten. Es wurden Substrat- und
Reagenzeffekte im Hinblick auf die erhaltenen Diastereo-
und Enantioselektivit�ten untersucht. Dabei wurde �berra-
schenderweise eine diastereoselektive Bildung von Cyclopro-
panolen gefunden.


Scheme 1. Chromium-catalyzed pinacol cross-coupling reaction: a) 2.0
equiv TMSCl, 2.0 equiv Mn, 0.1 equiv CrCl2, DMF; b) 2.0 equiv TBAF,
THF.


Scheme 2. Postulated mechanism of the CrII-catalyzed pinacol cross-coupling reaction. R1 =R2 =alkyl.
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with an excellent diastereoselectivity of >95 % de. As the
steric demand of the aldehyde decreases, the yields increase
(Table 1, compounds 2 and 3), but the diastereoselectivities
deteriorate. The diastereoselectivity is dominated mainly by
the influence of the acrolein substituent R1. A comparison
of the coupling reaction results of pivalaldehyde with differ-
ent acroleins shows that the syn diastereoselectivity increas-
es as the substituent at the acrolein becomes bulkier. a-
Branched alkyl side chains in the acroleins favor syn prod-
ucts (Table 1, compounds 1–4, 8), while unbranched alkyl
chains lead predominantly to the anti pinacols (Table 1,
compounds 6, 7).


Two different chromium allyl species (E and Z) resulting
from the initial two single-electron transfer (SET) steps are
possible, leading to different transition states (Scheme 3).
Similar transition states have been described by Takai for
chromium-mediated coupling reactions of vinyl ketones with


aldehydes[12] and by Nozaki and Hiyama for smaller R2 resi-
dues.[17]


Compound (Z)-9 should form transition state 10, while
(E)-9 should lead to transition state 11. Both diastereomeric
pinacols (syn and anti) can be obtained from either transi-
tion state, depending on the orientation of the aldehyde.
There most likely exists a selectivity for the alkyl chain of
the aldehyde R2 to be arranged in the equatorial position
(R2e = alkyl; R2a =H), which results in a selectivity of transi-
tion state 10 (and (Z)-9) to form mainly syn pinacols while
transition state 11 (and (E)-9) predominantly forms anti pi-
nacols. This selectivity should be higher for larger R2 resi-
dues.


If R2 is sterically demanding, like tert-butyl, skew-boat-
like transition states 10 b and 11 b could result instead of the
chair-like transition states, similar to what is described in the
literature for the Nozaki–Hiyama reaction (Scheme 4).[17]


The shape of the transition state, whether it is chair-like
(10 or 11) or skew-boat/twist-boat-like (10 b or 11 b), does
not change the results qualitatively. In every case the ener-
getically preferred position for the (large) alkyl residue, R2,
of the aldehyde should be in the (pseudo)equatorial position
(R2e = alkyl; R2a =H).


Takai described fast equilibration of (Z)- and (E)-9 under
noncatalytic reaction conditions.[12] Our results are best in-
terpreted by assuming that the equilibration is slow relative
to the coupling reaction. As a good working model we as-
sumed that the diastereomeric ratio obtained in coupling ex-
periments with pivalaldehyde (Table 1, compounds 1, 4–6)
represents the ratio of (Z)- to (E)-9. The high steric demand


Table 1. Chromium-catalyzed coupling reactions of acroleins with ali-
phatic aldehydes.


Compound R1 R2 Yield [%] dr (syn/anti) de [%]


1 tBu tBu 61 >97.5:2.5 >95 (syn)
2 tBu Et 69 93:7 86 (syn)
3 tBu Ph(CH2)2 73 86:14 72 (syn)
4 iPr tBu 68 92:8 84 (syn)
5 Et tBu 75 <52.5:47.5 <5
6 Me tBu 54 28:72 44 (anti)
7 Et Et 58 24:76 52 (anti)
8 iPr iPr 81 65:35 30 (syn)


Scheme 3. Different transition states resulting from (Z)- or (E)-chromium allyl species. TMS= trimethylsilyl.
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of the tert-butyl group R2 (cf. Scheme 4, R2e = tBu; R2a = H)
should lead to highly selective formation of the syn pinacol
from 10 b and the anti pinacol from 11 b.


In the case of tert-butylacrolein, (Z)-9 is formed exclusive-
ly. With pivalaldehyde, compound 1 is formed with
>95 % de via 10 b because of the bulky tert-butyl substituent
R2. Compound 10 b represents an analogue of the transition
state proposed previously by Nozaki and Hiyama for piva-
laldehyde.[17] When the steric demand of R2 is decreased, 10
will possibly give rise to a slight decrease in diastereoselec-
tivity (Table 1, compounds 1–3).


In view of the above assumptions, an explanation of the
increase in the anti diastereoselectivity with decreasing
steric demand of the aldehyde R2 group from tert-butyl to
ethyl (Table 1, compounds 5 and 7) can be explained in
terms of the transition states 10 or 10 b giving diastereose-
lectivities different from those of 11 or 11 b (Scheme 4). The
main difference between the transition states 10 and 11 is
the axially located OSiMe3 group in 10, which is forced into
its position by the stereochemistry of the chromium allyl
compound (Z)-9. To explain the difference in the syn/anti
ratios of compounds 5 and 7 by the above model it is neces-
sary to assume a higher selectivity for the orientation of the
aldehyde in transition state 11 than in transition state 10.


Alternatively it could be assumed that only one chromium
allyl species is formed exclusively. In this case the diastereo-
selectivities for the reactions with pivalaldehyde could still
be easily explained in terms of the selectivity of orientation
of the aldehyde in only one transition state, 10 b or 11 b, but
an increase in diastereoselectivity with lower steric demand
of the aldehyde—comparing 5 and 7, for example—is not
easy to understand in this way.


However, it should be noted that we so far have no evi-
dence other than relative diastereoselectivities in different
coupling experiments for our postulated transition-state
model.


Unexpected formation of cyclopropanols : It is known that,
in similar reactions, DMF disturbs the six-membered transi-
tion state by strong complexation of the metal cation.[17, 18]


We therefore tried to use solvents other than DMF in order
to increase diastereoselectivities, which are generally highly
substrate dependent.


As chromium chlorides show almost no solubility in non-
polar solvents, we focused on polar aprotic solvents
(Table 2).


Coupling between isopropylacrolein and 3-phenylpropion-
aldehyde was chosen as the test system because of its rela-
tively low diastereoselectivity in favor of the syn diaster-
eoisomer in DMF (Table 2, entry 1).


As shown in Table 2, a change from DMF to less strongly
donating solvents such as THF or acetonitrile (entries 2 and
7, respectively) results in a noticeable increase in diastereo-
selectivity, although the yields decrease dramatically be-
cause of the poor solubilities of chromium chlorides in these
solvents. In order to compensate for this problem we tried
mixtures of THF and DMF. Increasing amounts of DMF
showed a positive effect on the yields, but the diastereose-
lectivities decreased (entry 3). N-Methylpyrrolidone
(entry 5), being structurally related to DMF, also led to low
diastereoselectivities. Although chromium dichloride readily
dissolves in DMSO, the solvent reacted with chlorotri-
methylsilane, leading to decomposition, and could not be
used as solvent.


Since variation of the solvent did not improve the cou-
pling reaction, we investigated different chromium com-
plexes with higher solubility in THF or acetonitrile.


As reported by F�rstner,[10] chromocene and its deriva-
tives serve as potent catalysts in the Nozaki–Hiyama reac-
tion. We prepared CpCrCl2·THF (13) from chromocene and
used it as catalyst. As another half-sandwich derivative, di-
chloro-(h5-1-(ethylenediphenylphosphane)cyclopentadienyl)-
chrome·toluene (14) was used.


With use of THF as a solvent, not only was the desired pi-
nacol 12 obtained but also, surprisingly, the formation of cy-
clopropanol 15 as one single diastereoisomer was observed
(Table 3).


Scheme 4. Skew-boat-like transitions states with pivalaldehyde, analogous
to Nozaki�s and Hiyama�s, described in the literature.[17]


Table 2. Coupling reactions of 2-isopropylacrolein and 3-phenylpropion-
aldehyde with CrCl2 in different solvents.[a]


Entry Solvent Yield [%] dr (syn/anti) de [%]


1 DMF 79 61.5:38.5 23 (syn)
2 THF <5 69.5:30.5 39 (syn)
3 THF/DMF <10 62.5:37.5 25 (syn)
4 dioxane <10 [b]


5 N-methylpyrrolidone 12 62.5:37.5 25 (syn)
6 glyme 0 –
7 CH3CN 10[c] 74:26 48 (syn)


[a] Reaction conditions: 10 mol % CrCl2, Mn, TMSCl, solvent. [b] Not
determined. [c] CrCl3 as catalyst, in situ reduction by manganese.
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While the pinacol coupling reaction proceeded in DMF in
high yields but with low diastereoselectivity, in other sol-
vents the desired product could be isolated only in low
yields of <15 %. In THF the reaction was dramatically
changed, with the cyclopropanol 15 being formed diastereo-
selectively as the main product. The relative stereochemistry
of 15 was elucidated by transformation of the diol into the
corresponding acetonide, monitored by NOE spectroscopy.
The cyclopropanol formation is even more surprising in
view of the fact that Takai reported a stoichiometric variant
that produced cyclopropanols exclusively when he did not
use chlorotrimethylsilane and
carried out the reaction in
DMF as solvent.[19] Without ad-
dition of chlorotrimethylsilane,
F�rstner�s catalytic cycle cannot
be maintained, due to the for-
mation of chromium alkoxides.
We conclude that transmetalla-
tion from chromium to silicon
in THF is relatively slow. This
assumption leads to the follow-
ing catalytic cycle, taking
former studies by Takai into ac-
count (Scheme 5).[19]


Reaction conditions for the
formation of cyclopropanols


have not yet been optimized; at present we are investigating
the extendability of this reaction to develop a general
method for the synthesis of substituted cyclopropanols.[20]


As neither variation of the solvent nor the use of chromo-
cenes had led to higher diastereoselectivities with acceptable
yields of pinacols, we tried other ligands while keeping


DMF as solvent.


The use of chiral ligands for
enantioselective pinacol cou-
pling reactions : It has been
shown by Cozzi and Umani-
Ronchi et al. that chromium
complexes of chiral Schiff bases
can serve as catalysts in the
asymmetric Nozaki–Hiyama re-
action, forming allylation prod-
ucts of aromatic aldehydes in
good yields and with reasonable
enantioselectivities.[21] Only a
few other examples of enantio-
selective catalytic Nozaki–
Hiyama reactions have been re-
ported,[22–24] and so we tried dif-
ferent complexes of ligands 16–
19, prepared either in situ or
separately from the ligand,
chromium(ii) chloride, and tri-
ethylamine.


Some results of the coupling
reaction of 2-isopropylacrolein and 2-methylpropionalde-
hyde to give pinacol 8 are given in Table 4.


In contrast with the catalytic Nozaki–Hiyama reaction,[21]


in acetonitrile (Table 4, entry 1) we did not observe any pi-
nacol formation with use of the chromium complex of
(R,R)-17. It should be noted here that Trombini reported an
enantioselective addition of 3-chloropropenyl pivaloate to
different aldehydes when using the same catalyst in acetoni-
trile, obtaining 1,2-unsubstituted alk-1-ene-3,4-diols in good
yields and with both good diastereo- and enantioselectivi-
ties.[25] We did not observe any pinacol formation either with


Table 3. Chromocene derivatives as catalysts: formation of cyclopropanols.[a]


Pinacol (12) Cyclopropanol (15)
Entry Catalyst Solvent Yield de [%][b] Yield


[%] (syn) [%]


1 CrCl2 DMF 79 23 0
2 Cp2Cr DMF 83 22 0
3 Cp2Cr THF 5 47 25
4 13 DMF 87 22 0
5 13 THF 5 55 35
6[c] 13 THF 10 73 47
7 14 DMF 82 23 0
8 14 THF 6 80 52
9 14 CH3CN 12 60 0
10 14 dioxane 7 60 0
11 14 glyme 7 50 0


[a] Reaction conditions: 10 mol % CrCl2, Mn, TMSCl, solvent. [b] Diastereoselectivities were determined by
HPLC. [c] Both coupling components added at once.


Scheme 5. Postulated catalytic cycle for the formation of cyclopropanols.
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in situ formation of the catalyst or with a chromium(iii)
complex prepared by a procedure reported by Jacobsen.[26]


As solid (SALEN)CrIIICl contains water, addition of molec-
ular sieves to the catalyst solution and stirring for at least
one hour was necessary before chlorotrimethylsilane and
the coupling components were added to the reaction mix-
ture. In DMF (entry 2) the pinacol 15 was produced in low
yield but with a significantly higher diastereoselectivity than
observed with chromium chloride in DMF. Enantioselectivi-
ties were low for both diastereoisomers. The high steric
demand of 17 is likely to be the reason for the low yield, so
we tried the less bulky ligand 16 and isolated the pinacol in
an 88 % yield but with a diastereoselectivity of only 23 %de
(entry 3). The ligands 18 and 19 served as a mimic for the
upper half of 17. As expected, yields increased to about
80 % while both diastereo- and enantioselectivities de-
creased. There seems to be a sensitive balance between
steric demand, yield, and diastereo- and enantioselectivities,
which will have to be investigated in further studies.


(�)-Sparteine as a bidentate chiral ligand did not have
any influence and is probably displaced by DMF under the
reaction conditions (entry 6). In additional experiments we
found that diamine and triamine ligands had only a weak
effect on the outcome of the coupling reaction with regard
to diastereoselectivity, but that the reaction could be inhibit-
ed completely if the amines were added in a greater than
twofold excess relative to the amount of chromium chloride
being used.


Conclusion


Chromium-catalyzed pinacol
cross-coupling reactions could
prove to be a powerful tool for
convergent natural-product syn-
theses. Studies on the origin of
the diastereoselectivity have led
to a transition-state model that
describes the stereochemical
outcome of the coupling reac-
tion in an appropriate way.
While a-branched acroleins
lead predominantly to syn diols,
anti diols are preferred with
linear alkyl side chains. In at-
tempts to improve the sub-
strate-dependent diastereose-
lectivities we found a remarka-
ble formation of cyclopropa-
nols, which was originally
thought to occur only in the ab-
sence of chlorotrimethylsilane,
which would make a catalytic
reaction impossible. We found
that silylation of the intermedi-
ate chromium alkoxide in THF
(as compared to DMF) was


slow enough to allow catalytic cyclopropanol formation
when THF-soluble chromocenes were used as catalysts. Fi-
nally, we showed that chiral induction in the chromium-cata-
lyzed pinacol coupling reaction, through the use of chiral
Schiff base ligands, is possible.


Improvements to the enantioselective chromium-cata-
lyzed pinacol cross-coupling reactions, as well as to the chro-
mium-catalyzed cyclopropanol formation, and their applica-
tion to natural-product syntheses are currently under inves-
tigation.


Experimental Section


General remarks : With the exception of the trimethylsilyl (TMS) ether
cleavage with tetrabutyl ammonium fluoride (TBAF), all reactions were
carried out under argon by use of Schlenk techniques. Chromium cata-
lysts and the manganese powder were stored in a glove box under a ni-
trogen atmosphere.


NMR spectra were recorded with a JEOL 400 GX JNM spectrometer.
Chemical shifts (d) are given in parts per million relative to tetramethyl-
silane for 1H (0 ppm) and the CDCl3 triplet for 13C NMR (77 ppm) as in-
ternal standards.


Typical procedure : DMF (8 mL) and TMSCl (0.51 mL, 4 mmol) were
added to Mn powder (220 mg, 4 mmol) and CrCl2 (25 mg, 0.2 mmol) in a
Schlenk tube. The resulting suspension was stirred at room temperature
for 15 min, and the aldehyde (2 mmol) was added in one portion. The
acrolein (2 mL of a 0.5m DMF solution, 1 mmol) was added slowly by sy-
ringe pump over a period of 40 or 15 h. Ether (20 mL) and water
(20 mL) were added. After separation of the organic layer, the aqueous
layer was extracted with ether (3 � 20 mL), and the combined organic


Table 4. Schiff-base chromium complexes as catalysts.


Entry Ligand Solvent Yield of 8 de [%][a] ee [%][b]


[%] (syn) syn anti


1 (R,R)-17 CH3CN 0 – – –
2 (R,R)-17 DMF 21 49 25 17
3 16 DMF 88 23 –
4 (1R,2S)-18 DMF 81 30 15 10
5 (1R,2S)-19 DMF 79 32 21 13
6 (�)-sparteine DMF 80 30 <5 <5


[a] Diastereoselectivities were determined by HPLC. [b] Enantioselectivities were determined by chiral
HPLC.
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layers were dried over MgSO4 and concentrated in vacuo. THF (10 mL)
and TBAF (1.4 g, 4 mmol) were added to the residue, and the mixture
was stirred for 45 min at room temperature. After addition of water
(10 mL) and ether (20 mL), the aqueous layer was extracted with ether
(4 � 20 mL), and the combined organic layers were dried over MgSO4 and
concentrated in vacuo. The residue was purified by flash chromatography
on 25 g of silica gel (petroleum ether/ethyl acetate 9:1).


Other catalysts or solvents were used as indicated above.


In situ formation of different chromium complexes: The ligand was
added to chromium chloride and manganese powder in DMF (8 mL). In
the case of Schiff base ligands, a stoichiometric amount of triethylamine
(relative to the number of hydroxy groups) was added. The resulting mix-
ture was kept in an ultrasonic bath for 15 min, TMSCl was added, and
the reaction was carried out by using the typical procedure.


Determination of the relative stereochemistry : The pinacols were con-
verted into the corresponding acetonides by treatment with 2,2-dime-
thoxypropane in acetone, with catalysis by pyridinium para-toluenesulfo-
nate at room temperature and TLC monitoring, followed by column
chromatography on silica gel. The relative stereochemistry of the result-
ing acetonide was determined by measurement of the difference in the
chemical shifts of the introduced methyl groups, as well as by NOE spec-
troscopy.[27]


Preparation of ligands and chromium complexes: Chromocene,[28, 29] and
its derivatives CpCrCl2·THF (13)[30] and dichloro-(h5-1-(ethylenediphenyl-
phosphane)cyclopentadienyl)chromium·toluene (14),[31] as well as the li-
gands 16,[32] 17,[26] 18,[33, 34] and 19,[33, 34] and the chromium(iii) complex[26]


of 16 were prepared by procedures described in the literature.


Dry CrCl3·3THF, which is needed for the preparation of 14, was pre-
pared by dissolving CrCl3·6 H2O in THF and dropwise addition of thionyl
chloride. CrCl3·3THF precipitated as a purple powder, which was collect-
ed on a glass filter under a nitrogen atmosphere, washed several times
with dry THF, and then dried in vacuo.


2,2,6,6-Tetramethyl-3-methyleneheptane-4,5-diol (1) and 2,2-dimethyl-3-
methyleneheptane-4,5-diol (2): Spectroscopic data were as reported
before.[14]


2,2-Dimethyl-3-methylene-7-phenylheptane-4,5-diol (3): (Diastereoiso-
mers not separable by column chromatography.)


Compound syn-3 : 1H NMR (400 MHz, CDCl3): d=7.27 (m, 5 H; Ph),
5.14 and 5.05 (2 � s, 2 H; C=CH2), 4.03 (d, J=6.6 Hz, 1H; H2C=CHOH),
3.69 (m, 1H; BnCH2CHOH), 2.94 and 2.74 (2 � m, 2 H; PhCH2), 2.63
(br s, 2 H; 2� OH), 1.77 (m, 2H; BnCH2), 1.12 ppm (s, 9 H; (CH3)3); 13C
NMR (100 MHz, CDCl3): d=158.5 (C=CH2), 141.8 (quart.; Ph), 128.4
and 128.3 (o-, m-Ph), 125.7 (p-Ph), 109.7 (C=CH2), 73.7 (H2C=CHOH),
72.7 (BnCH2CHOH), 35.7 (CMe3), 34.4 (BnCH2), 32.2 (PhCH2),
29.0 ppm ((CH3)3); IR (film, NaCl; syn/anti mixture): ñ=3387, 2954,
1636, 1454, 1374, 1040, 912, 747, 699 cm�1; MS (EI, 70 eV; syn/anti mix-
ture): m/z (%): 230 (1) [M�H2O]+ , 215 (4) [M�H2O�Me]+ , 134 (30)
[Ph(CH2)2CHO]+ , 114 (25) [M�Ph(CH2)2CHO]+ , 99 (80)
[M�Ph(CH2)2CHO�Me]+ , 91 (100) [C7H7]


+ ; elemental analysis calcd
(%) for C16H24O2 (248.18; syn/anti mixture): C 77.38, H 9.74; found: C
77.40, H 9.81.


Compound anti-3 : 1H NMR (400 MHz, CDCl3): d= 7.25 (m, 5 H; Ph),
5.23 and 5.18 (2 � s, 2 H; C=CH2), 4.15 (d, J=5.8 Hz, 1H; H2C=CHOH),
3.70 (m, 1 H; BnCH2CHOH), 2.91 and 2.70 (m, 2H; PhCH2), 2.31 (br s,
2H; 2� OH), 2.08 (m, 2H; BnCH2), 1.07 ppm (s, 9 H; (CH3)3); 13C NMR
(100 MHz, CDCl3): d=158.3 (C=CH2), 142.2 (quart.; Ph), 128.4 and
128.3 (o-, m-Ph), 125.7 (p-Ph), 109.8 (C=CH2), 73.2 (H2C=CHOH), 72.8
(BnCH2CHOH), 35.6 (CMe3), 33.0 (BnCH2), 32.1 (PhCH2), 29.0 ppm
((CH3)3).


2,2,6-Trimethyl-5-methyleneheptane-3,4-diol (4): (Diastereoisomers not
separable by column chromatography.)


Compound syn-4 : 1H NMR (400 MHz, CDCl3): d =5.35 and 5.11 (2 � s,
2H; C=CH2), 4.25 (s, 1H; H2C=CHOH), 3.15 (s, 1H; tBuCHOH), 2.42
(br s, 2 H; 2 � OH), 2.15 (sept, J =7.0 Hz, 1 H; Me2CH), 1.11 and 1.07 (2 �
d, J=6.6 Hz, 6H; CH(CH3)2), 0.99 ppm (s, 9H; (CH3)3); 13C NMR
(100 MHz, CDCl3): d =158.2 (C=CH2), 106.8 (C=CH2), 80.2 (tBuCHOH),
70.7 (H2C=CCHOH), 35.0 (CMe3), 30.6 (CHMe2), 26.5 ((CH3)3), 23.2


and 21.9 ppm (CH(CH3)2); IR (KBr; syn/anti mixture): ñ=3293, 2960,
1653, 1395, 1364, 1085, 1017, 899, 747 cm�1; MS (EI, 70 eV; syn/anti mix-
ture): m/z (%): 168 (2) [M�H2O]+ , 151 (10) [M�H2O�Me]+ , 111 (37)
[M�H2O�tBu]+ , 85 (73) [tBuCO]+ , 69 (57) [C5H9]


+ , 57 (100) [C-
(CH3)3]


+ ; elemental analysis calcd (%) for C11H22O2 (186.16; syn/anti
mixture): C 70.92, H 11.90; found: C 71.07, H 11.81.


Compound anti-4 : 1H NMR (400 MHz, CDCl3): d=5.15 and 5.09 (2 � s,
2H; C=CH2), 4.14 (d, J =7.0 Hz, 1H; H2C=CHOH), 3.29 (d, J =7.0 Hz,
1H; tBuCHOH), 2.42, (sept, J =6.6 Hz, over br s, 3 H; Me2CH and 2�
OH), 1.10 (m, 6H; CH(CH3)2), 1.01 ppm (s, 9H; (CH3)3); 13C NMR
(100 MHz, CDCl3): d =145.2 (C=CH2), 110.4 (C=CH2), 80.2 (tBuCHOH),
75.8 (H2C=CCHOH), 34.5 (CMe3), 29.4 (CHMe2), 26.5 ((CH3)3), 22.8
and 22.7 ppm (CH(CH3)2).


2,2-Dimethyl-5-methyleneheptane-3,4-diol (5): (Diastereoisomers not
separable by column chromatography.)


Mixture of syn-5 and anti-5 : 1H NMR (400 MHz, CDCl3): d=5.08 and
5.00/4.93 (2 � s, 2H; C=CH2), 4.20 (s, 1H)/4.16 (d, J =6.6 Hz, 1H; H2C=


CCHOH), 3.32 (d, J=6.6 Hz, 1H)/3.19 (s, 1H; tBuCHOH), 2.16 (m, 4 H;
MeCH2 and 2� OH), 1.08/1.09 (t, 3H; CH3CH2), 0.99/0.98 ppm (s, 9 H;
(CH3)3); 13C NMR (100 MHz, CDCl3): d=153.0/152.8 (C=CH2), 112.0/
108.5 (C=CH2), 79.7, 77.9, 77.2, 71.9 (H2C=CCHOH and tBuCHOH),
34.9/34.5 (CMe3), 26.3/26.2 ((CH3)3), 25.0/23.9 (MeCH2), 12.0/11.9 ppm
(CH3CH2); IR (KBr; syn/anti mixture): ñ =3314, 2961, 1652, 1457, 1363,
1098, 1017, 896, 743 cm�1; MS (EI, 70 eV; syn/anti mixture): m/z (%): 154
(2) [M�H2O]+ , 97 (29) [M�H2O�tBu]+ , 86 (43) [M�tBuCHO]+ , 71
(36) [M�tBuCHO�Me]+ , 57 (100) [C(CH3)3]


+ ; elemental analysis calcd
(%) for C10H20O2 (172.15): C 69.72, H 11.70; found: C 69.51, H 11.27.


Because of the low diastereomeric excess, the spectra of syn-5 and anti-5
were not divided.


2,5,5-Trimethylhex-1-ene-3,4-diol (6): (Diastereoisomers not separable by
column chromatography.)


Compound anti-6 : 1H NMR (400 MHz, CDCl3): d=4.99 and 4.97 (2 � s,
2H; C=CH2), 4.14 (d, J=6.2 Hz, 1H; H2C=CCHOH), 3.34 (d, J =6.2 Hz,
1H; tBuCHOH), 2.15 (br s, 2H; 2� OH), 1.83 (s, 3H; H3CC=CH2),
1.00 ppm (s, 9 H; (CH3)3); 13C NMR (100 MHz, CDCl3): d= 146.7 (C=


CH2), 114.8 (C=CH2), 79.5 (tBuCHOH), 77.0 (H2C=CCHOH), 34.4
(CMe3), 26.3 ((CH3)3), 17.9 ppm (H3CC=CH2); IR (film, NaCl; syn/anti
mixture): ñ=3417, 2955, 1645, 1456, 1363, 1092, 1005, 900, 776 cm�1; MS
(EI, 70 eV; syn/anti mixture): m/z (%): 140 (1) [M�H2O]+ , 83 (17)
[M�H2O�tBu]+ , 72 (49) [M�tBuCHO]+ , 57 (100) [C(CH3)3]


+ ; elemen-
tal analysis calcd (%) for C9H18O2 (158.13; syn/anti mixture): C 68.31, H
11.47; found: C 68.37, H 11.28.


Compound syn-6 : 1H NMR (400 MHz, CDCl3): d=5.02 and 4.91 (2 � s,
2H; C=CH2), 4.16 (d, J=2.0 Hz, 1H; H2C=CCHOH), 3.21 (d, J =2.0 Hz,
1H; tBuCHOH), 2.15 (br s, 2H; 2� OH), 1.75 (s, 3H; H3CC=CH2),
0.98 ppm (s, 9 H; (CH3)3); 13C NMR (100 MHz, CDCl3): d= 147.1 (C=


CH2), 111.1 (C=CH2), 77.8 (tBuCHOH), 72.7 (H2C=CCHOH), 34.9
(CMe3), 26.2 ((CH3)3), 18.9 ppm (H3CC=CH2).


5-Methyleneheptane-3,4-diol (7): (Diastereoisomers not separable by
column chromatography.)


Compound anti-7: 1H NMR (400 MHz, CDCl3): d =5.11 and 4.97 (2 � s,
2H; C=CH2), 4.12 (d, J =4.7 Hz, 1H; H2C=CCHOH), 3.60 (m, 1 H;
EtCHOH), 2.70 (br s, 2 H; 2 � OH), 2.07 (m, 2 H; MeCH2C=CH2), 1.54
and 1.40 (2 � m, 2H; MeCH2CHOH), 1.08 (t, J=6.6 Hz, 3H; CH3CH2C=


CH2), 0.98 ppm (t, J =7.4 Hz, 3 H; CH3CH2CHOH); 13C NMR (100 MHz,
CDCl3): d=150.2 (C=CH2), 110.1 (C=CH2), 77.7 (H2C=CCHOH), 74.2
(EtCHOH), 24.9 and 23.8 (both MeCH2), 12.0 and 10.3 ppm (both CH3);
IR (film, NaCl; syn/anti mixture): ñ=3387, 2965, 1643, 1453, 1310, 1238,
1104, 1037, 973, 902, 848 cm�1; MS (EI, 70 eV; syn/anti mixture): m/z
(%): 126 (1) [M�H2O]+ , 97 (11) [M�H2O�Et]+ , 86 (73) [M�EtCHO]+ ,
71 (100) [M�EtCHO�Me]+ , 59 (47) [C3H7O]+ , 57 (46) [C3H5O]+ , 55
(45) [C4H7]


+ .


Compound syn-7: 1H NMR (400 MHz, CDCl3): d=5.08 and 4.97 (2 � s,
2H; C=CH2), 3.90 (d, J =5.5 Hz, 1H; H2C=CCHOH), 3.52 (m, 1 H;
EtCHOH), 2.70 (br s, 2 H; 2 � OH), 2.07 (m, 2 H; MeCH2C=CH2), 1.54
and 1.40 (2 � m, 2H; MeCH2CHOH), 1.08 (t, J=6.6 Hz, 3H; CH3CH2C=


CH2), 0.98 ppm (t, J =7.4 Hz, 3 H; CH3CH2CHOH); 13C NMR (100 MHz,
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CDCl3): d=150.6 (C=CH2), 110.8 (C=CH2), 78.0 (H2C=CCHOH), 73.9
(EtCHOH), 25.8 and 24.4 (both MeCH2), 12.0 and 10.0 ppm (both CH3).


2,6-Dimethyl-5-methyleneheptane-3,4-diol (8): (Diastereoisomers not
separable by column chromatography.)


Compound syn-8 : 1H NMR (400 MHz, CDCl3): d =5.13 and 5.06 (2 � s,
2H; C=CH2), 4.14 (d, J =3.5 Hz, 1H; H2C=CCHOH), 3.26 (m, 1 H;
iPrCHOH), 2.45 (br s, 2 H; 2� OH), 2.20 (m, 1H; (H3C)2CHC=CH2), 1.82
(m, 1H; (H3C)2CHCHOH), 1.10 and 1.07 (2 � d, J= 6.2 Hz, 6 H;
(H3C)2CHCHOH), 1.05 and 0.97 ppm (2 � d, J=2.3 Hz, 6H;
(H3C)2CHC=CH2); 13C NMR (100 MHz, CDCl3): d=156.6 (C=CH2),
108.7 (C=CH2), 76.9 (H2C=CCHOH), 73.7 (iPrCHOH), 30.4
((H3C)2CHC=CH2), 29.8 ((H3C)2CHCHOH), 23.2 and 22.2
((H3C)2CHCHOH), 19.6 and 17.9 ppm ((H3C)2CHC=CH2); IR (film,
NaCl; syn/anti mixture): ñ=3624, 3577, 2963, 2930, 2872, 2359, 2335,
1710, 1467, 1386, 1366, 1025 cm�1; MS (EI, 70 eV; syn/anti mixture): m/z
(%): 154 (2) [M�H2O]+ , 111 (9) [M�H2O�iPr]+ , 85 (100) [C5H9O]+ , 73
(19) [C4H9O]+ , 55 (47) [C3H3O]+ ; elemental analysis calcd (%) for
C10H20O2 (172.26; syn/anti mixture): C 69.72, H 11.70; found: C 69.27, H
11.40.


Compound anti-8 : 1H NMR (400 MHz, CDCl3): d=5.16 and 5.09 (2 � s,
2H; C=CH2), 4.12 (d, J =6.2 Hz, 1H; H2C=CCHOH), 3.48 (m, 1 H;
iPrCHOH), 2.37 (m, 1 H; (H3C)2CHC=CH2), 2.30 (br s, 2H; 2� OH), 1.94
(m, 1H; (H3C)2CHCHOH), 1.11 and 1.08 (2 � d, J= 4.7 Hz, 6 H;
(H3C)2CHCHOH), 1.00 and 0.95 ppm (2 � d, J=7.0 Hz, 6H;
(H3C)2CHC=CH2); 13C NMR (100 MHz, CDCl3): d=157.0 (C=CH2),
110.1 (C=CH2), 77.1 (H2C=CCHOH), 75.6 (iPrCHOH), 30.6
((H3C)2CHC=CH2), 28.8 ((H3C)2CHCHOH), 23.2 and 22.7
((H3C)2CHCHOH), 20.3 and 15.9 ppm (H3C)2CHC=CH2).


6-Methyl-5-methylene-1-phenylheptane-3,4-diol (12): (Diastereoisomers
not separable by column chromatography.)


Compound syn-12 : 1H NMR (400 MHz, CDCl3): d=7.25 (m, 5H; Ph),
5.05 and 5.01 (2 � s, 2 H; C=CH2), 3.91 (d, J=5.4 Hz, 1H; H2C=


CCHOH), 3.65 (m, 1H; BnCH2CHOH), 2.86 and 2.71 (2 � m, 2 H;
PhCH2), 2.35 (br s, 2 H; 2� OH), 2.16 (m, 1 H; Me2CH), 1.88 and 1.81 (2 �
m, 2 H; BnCH2), 1.06 and 1.00 ppm (2 � d, J=6.6 and 7.0 Hz, 6 H; CH-
(CH3)2); 13C NMR (100 MHz, CDCl3): d=156.0 (C=CH2), 141.8 (quart. ;
Ph), 128.4 and 128.3 (o-, m-Ph), 125.8 (p-Ph), 109.6 (C=CH2), 77.3 (H2C=


CCHOH), 72.2 (BnCH2CHOH), 34.5 (BnCH2), 32.0 (PhCH2), 30.7
(Me2CH), 23.0 and 22.3 ppm (CH(CH3)2); IR (film, NaCl; syn/anti mix-
ture): ñ=3373, 2959, 1644, 1603, 1496, 1454, 1043, 906, 748, 700 cm�1; MS
(EI, 70 eV; syn/anti mixture): m/z (%): 216 (2) [M�H2O]+ , 117 (8)
[PhC3H4]


+ , 100 (35) [M�Ph(CH2)2CHO]+ , 91 (100) [C7H7]
+ , 85 (65)


[M�Ph(CH2)2CHO�Me]+ ; elemental analysis calcd (%) for C15H22O2


(234.16; syn/anti mixture): C 76.88, H 9.46; found: C 76.62, H 9.33.


Compound anti-12 : 1H NMR (400 MHz, CDCl3): d=7.25 (m, 5 H; Ph),
5.14 and 5.02 (2 � s, 2H; C=CH2), 4.16 (d, J =4.3 Hz, 1H; H2C=


CCHOH), 3.60 (m, 1H; BnCH2CHOH), 2.86 and 2.71 (2 � m, 2 H;
PhCH2), 2.35 (br s, 2 H; 2� OH), 2.10 (m, 1 H; Me2CH), 1.87 and 1.80 (2 �
m, 2 H; BnCH2), 1.03 and 1.01 ppm (2 � d, J=6.6 and 5.8 Hz, 6 H; CH-
(CH3)2); 13C NMR (100 MHz, CDCl3): d=155.5 (C=CH2), 142.0 (quart. ;
Ph), 128.4 and 128.3 (o-, m-Ph), 125.8 (p-Ph), 108.8 (C=CH2), 77.1 (H2C=


CCHOH), 72.1 (BnCH2CHOH), 34.1 (BnCH2), 32.3 (PhCH2), 30.8
(Me2CH), 23.2 and 21.9 ppm (CH(CH3)2).


2-(1-Hydroxy-3-phenylpropyl)-2-isopropylcyclopropanol (15): 1H NMR
(400 MHz, CDCl3): d=7.25 (m, 5 H; Ph), 3.68 (dd, J =4.5 and 8.6 Hz,
1H; BnCH2CHOH), 3.44 (dd, J =3.3 and 6.7 Hz, 1H; cyclopropane-
CHOH), 2.86 and 2.67 (2 � m over br s, 4 H; PhCH2 and 2 � OH), 1.99 (m,
2H; BnCH2), 1.92 (m, 1H; Me2CH), 0.86 and 0.73 (2 � d, J =6.9 Hz for
both, 6H; CH(CH3)), 0.63 and 0.54 ppm (2 � m, 2 H; cyclopropane-CH2);
13C NMR (100 MHz, CDCl3): d=142.2 (quart. ; Ph), 128.3 and 128.2 (o-,
m-Ph), 125.7 (p-Ph), 74.8 (BnCH2CHOH), 53.6 (cyclopropane-CHOH),
36.0 (BnCH2), 33.4 (C-iPr), 33.2 (PhCH2), 26.2 (Me2CH), 20.6 and 20.4
(CH(CH3)2), 16.1 ppm (cyclopropane-CH2); IR (film, NaCl): ñ =3383,
2870, 1456, 1153, 1046, 909, 819, 747, 699 cm�1; MS (EI, 70 eV): m/z (%):
216 (1) [M�H2O]+ , 198 (10) [M�2H2O]+ , 183 (3) [M�2 H2O�Me]+ , 107
(24) [M�2H2O�C7H7]


+ , 91 (100) [C7H7]
+ ; elemental analysis calcd (%)


for C15H22O2 (234.16): C 76.88, H 9.46; found: C 76.53, H 9.29.
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Design and Self-Assembly of Ditopic and Tetratopic Cavitand Complexes


Edoardo Menozzi,[a] Marco Busi,[a] Romina Ramingo,[a] Mara Campagnolo,[b]


Silvano Geremia,[b] and Enrico Dalcanale*[a]


Introduction


This work reports a detailed study of the self-assembly of
open ditopic and tetratopic cavitand complexes, with the
aim of providing reliable synthetic protocols for the forma-
tion of multitopic molecular receptors.


While the design and formation of self-assembled molecu-
lar containers, such as calixarene-based capsules[1] and cavi-
tand-based coordination cages,[2] have received much atten-
tion, the corresponding self-assembly of open multitopic re-
ceptors has been neglected so far. One reason is related to
the need for partially derivatized precursors, which are syn-
thetically more demanding than the corresponding fully de-
rivatized ones. Thus far, research activity has been focused
on the formation of covalently linked ditopic calixarene[3]


and cavitand[4] receptors, with the purposes of enlarging the
cavity space and achieving cooperativity in the bonding of
complementary guests. The typical approach requires two
calixarene or cavitand receptors connected in a face-to-face
manner through a linker molecule. In the case of a single
linker molecule, flexible structures are obtained, while inser-
tion of a second linker molecule leads to conformationally
fixed, clamshell-type structures (Figure 1).


Our approach to the self-assembly of multitopic cavitand
complexes is based on metal–ligand interactions. The major
advantages of using transition metals for self-assembly are:
1) the great directionality offered by metal–ligand coordina-
tive bonds relative to weak electrostatic and p–p-stacking
interactions or even hydrogen bonding; and 2) the possibili-
ty of fine-tuning the kinetic stability of coordinative bonds
by the appropriate choice of metal precursors and ligands.[5]


The final shape of the self-assembled entity is not only de-
fined by the coordination geometry of the metal-complex,
but also by the orientation of the ligand interaction sites.
The most common building blocks are decorated with nitro-
gen- and phosphorus-based ligands. Within this context, the
following steps have been devised for the preparation of di-
topic and tetratopic cavitand receptors: 1) the synthesis of
monofunctionalized cavitands bearing a pyridine ligand at
the upper rim, and 2) the exploration of the coordination
chemistry of these cavitand ligands to find synthetic proto-
cols leading to the formation of both thermodynamically


Abstract: The self-assembly of open di-
topic and tetratopic cavitand com-
plexes has been investigated by using
monofunctionalized cavitand ligands
and suitable metal precursors. In the
case of ditopic complexes, self-assem-
bly protocols, leading exclusively to the
formation of both thermodynamically
stable cis-Pt square-planar complexes 8
and 9 and the kinetically inert fac-Re
octahedral complex 14, have been ela-
borated. The use of cis-[Pt-


(CH3CN)2Cl2] as metal precursor led to
the formation of monotopic trans-10
and ditopic trans-11 cavitand com-
plexes, while cis-[Pt(dmso)2Cl2] afford-
ed both cis-13 and trans-11 isomers.
The self-assembly of tetratopic cavi-
tand complexes has been achieved by


using mononuclear [Pd(CH3CN)4-
(BF4)2] and dinuclear [M2(tppb)(OTf)4]
(19 : M=Pt; 20 : M=Pd) metal precur-
sors. Only the tetratopic dinuclear
complexes 21 and 22 were stable. The
ligand configuration with two phospho-
rus and two cavitand ligands at the
metal centers is the most appropriate
to build tetratopic cavitand complexes
with sufficient kinetic stability.
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and kinetically stable complexes presenting concave surfaces
of molecular dimensions.


Results and Discussion


Synthesis of monofunctionalized cavitand ligands : Four re-
lated cavitand ligands of general structure A and B were de-
signed and prepared. They have in common three methylene
bridges, which do not interfere with metal–ligand coordina-
tion. The fourth bridge has a pyridyl substituent in the case
of A and a larger 4-phenylpyridyl one in B, both in the de-
sired outward configuration. Two different alkyl chain sub-
stituents, positioned at the lower rim, were chosen to im-
prove the solubility of the ligands in apolar solvents (R:
C11H23) or to favor the formation of single crystals for X-ray
structure determination (R: C2H5).


The three methylene bridges were introduced in the resor-
cinarene building blocks by using dibromomethane as bridg-


ing reagent in a 2.2:1 molar ratio with respect to the
resorcinarene. Working with a stoichiometric defect of
CH2Br2 for short reaction times reduced the amount of un-
desired tetramethylene-bridged cavitand. The final bridging
reaction was performed by adding an excess of 4-(a,a’-di-
bromomethyl)pyridine or 4-(a,a’-dibromotolyl)pyridine to a
solution of partially bridged resorcinarenes 1 and 2 in DMA
in the presence of K2CO3 as base (Scheme 1).


The stereochemical outcome of the two reactions was dif-
ferent: the reaction with 4-(a,a’-dibromomethyl)pyridine led
to the formation of both “out” (i.e., outward configuration)
and “in” (i.e., inward configuration) isomers, 4 and 5, re-
spectively, in a 1:2 ratio (in the case of 3, the corresponding
“in” isomer was not purified). This behavior was in contrast
to the complete stereoselectivity toward the “out” isomer
observed in the case of the bridging reaction with benzal
bromide.[6] More recently, the absence of stereochemical
control has also been reported with a related pyridyl bridg-
ing group.[7] However, here, complete stereoselectivity
toward the “out” isomer was obtained by using 4-(a,a’-di-
bromotolyl)pyridine as a bridging reagent, which cannot be
easily accommodated within the cavity in the inward config-
uration (cavitands 6 and 7).


The self-assembly driven by metal coordination required
cavitands with the pyridine ligands in a diverging spatial ori-
entation with respect to the cavity. Therefore, only the
“out” isomers were useful for the purpose.


Figure 1. Cartoon representation of covalently linked ditopic receptors.
Above: flexible structures obtained by using a single linker molecule.
Below: conformationally fixed, clamshell-type structures resulting from
the insertion of a second linker molecule.


Scheme 1. Synthesis of monofunctionalized cavitand ligands 3–7.
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Self-assembly of ditopic complexes : Metal-connected ditopic
cavitands were obtained by following the typical cage self-
assembly protocol.[8] The exclusive formation of the desired
cis ditopic complex was assured by the presence of the bi-
dentate dppp ligand, which left only the cis positions accessi-
ble to ligand exchange. The procedure for self-assembly of
ditopic complexes is shown in Scheme 2: by mixing the cavi-
tand (either 4 or 6) with [Pt(dppp)(CF3SO3)2] (2:1 molar
ratio) at room temperature in solvents such as CHCl3 or
CH2Cl2, ditopic structures 8 and 9, respectively, were ob-
tained in quantitative yields.


In the case of 8, the self-assembly was monitored by
means of 1H NMR spectroscopy (see Supporting Informa-
tion): By adding [Pt(dppp)(OTf)2] (0.5 equivalents) to a so-
lution of cavitand 4 in CD2Cl2 (4:1 ratio), the only species
present in solution were the free cavitand and the ditopic
complex, with no evidence of partial-complexation products.
After the addition of more metal precursor (0.5 equivalents,
giving a 2:1 ligand/metal complex final ratio), only the di-
topic cavitand complex 8 was present in solution. Addition
of an excess of metal precursor left the self-assembled ditop-
ic structure unchanged. The first coordinated cavitand facili-


tates the ligand entrance of the second, driving the reaction
directly to the thermodynamically favored final product.
Further evidence of the formation of self-assembled ditopic
structures was obtained by means of electrospray ionization
mass spectrometry (ESI-MS), which, in most cases, recorded
prominent peaks at m/z= [M�X]+ and [M�2 X]2+ .


Crystals of 9 were grown by slow diffusion of absolute
ethanol (EtOH) into a solution of 9 in CH2Cl2. The X-ray
analysis clearly showed the presence of a dppp-chelated Pt
center connecting two cavitands by coordination of the phe-
nylpyridyl units in the cis position. The N-Pt-N bond angle
was 86.98, while the P-Pt-P angle was 91.18, indicating a
slight distortion of the square-planar geometry of the Pt
center (Figure 2). In the solid state, the complex assumed a
conformation with an approximate Cs symmetry. The two
cavitands, almost related by a symmetry plane, were mutual-
ly rotated in such a way as to form an angle of about 908 be-
tween the two pseudo-fourfold axes passing through the cav-
ities. The 19.3 � distance between the centroids of the cavi-
ties (defined as the barycenter of the four Ar-CH-Ar me-
thynic carbon atoms) evidenced the large dimensions of this
class of ditopic complex. Each of the two cavities was filled


with one ethanol molecule. In
addition, two triflate counter-
ions were located outside the
cavity, one of these weakly co-
ordinated to the metal by an
oxygen atom (O�M=4.0 �). In
the trans position to this triflate,
a water molecule completes the
very elongated octahedral ar-
rangement of the metal ion
(O�M= 4.0 �).


Formation of kinetically inert,
molecular ditopic complexes :
The self-assembly protocol pre-
sented above leads to cavitand
ditopic complexes with limited
kinetic stability, due to the con-
tinuous formation/dissociation
of these types of complexes in
solution.[9] Due to the high
trans effect of phosphine li-
gands, a different metal precur-
sor must be employed when
truly kinetically inert, ditopic
cavitand complexes are desired.
A possible solution relies on
the use of PtII complexes that
have ligands with a lower trans
effect.


Our starting choice for the
preparation of kinetically inert,
ditopic complexes was to use
the metal precursor cis-[Pt-
(CH3CN)2Cl2].[10] The proce-Scheme 2. Self-assembly of ditopic cavitands 8 and 9.
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dure followed is shown in Scheme 3. In this case, under the
reported conditions, both mono (10) and ditopic (11) com-
plexes were obtained. However, it should be noted that
starting with a metal precursor that has ligands with a low
trans effect, the reaction rate significantly decreases with re-
spect to the phosphine complexes. In fact, while the only
products obtained in quantitative yields at room tempera-
ture from [Pt(dppp)(OTf)2] were the ditopic complexes, the
exchange of the second CH3CN ligand in cis-[Pt-
(CH3CN)2Cl2] was quite slow, and even after heating at
80 8C for several days 20 % of the monotopic derivative was
still present. Both of the products, mono and ditopic com-
plexes, were kinetically inert and were purified by silica-gel
chromatography. 1H NMR spectra showed the typical low-
field shift of the pyridine hydrogen atoms indicative of coor-
dination to the Pt center; these shifts were higher for the di-
topic complexes than for the monotopic ones.


The stereochemistry of complexes 10 and 11 was deter-
mined by solving their crystal structures. Both complexes
have the cis–trans isomerization of the chlorine ligands, with
trans geometry formation of the cavitand ligands in the di-
topic derivative 11.


The crystal structure of 10 (Figure 3) shows that the
monotopic complex forms a supramolecular dimer in the
solid state, in which each methyl group of the residual aceto-
nitrile ligand is inserted into the electron-rich cavity of the
other cavitand complex. The crystal structure of trans-11
(Figure 4) clearly shows that the two cavitand units are in a
trans geometry. The two cavities are oriented in the opposite
directions with one molecule of ethanol included in each
cavity. The distance between the centroids of the cavities is
31.3 �, quantifying the large size of this trans ditopic com-
plex. An interesting feature of this crystal structure is the
accentuated bow conformation of the complex as shown in
Figure 4. This deviation from planarity reflects the flexibility
of the phenylpyridyl moiety of the cavitand ligand.


The stereochemistry of the products can be explained by
considering a cis-to-trans isomerization of the monofunc-
tionalized cavitand complex (Scheme 3), as in the majority


Figure 2. Crystal structure of ditopic cavitand complex 9.


Scheme 3. Synthesis of mono and ditopic, respectively, phenylpyridyl cav-
itand complexes trans-10 and trans-11, by using [Pt(CH3CN)2Cl2] as
metal precursor.


Figure 3. Crystal structure of monotopic cavitand complex trans-10.
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of reactions substitution at the
PtII atom appears to proceed
with retention of configuration.
This equilibrium is totally shift-
ed to the trans structure be-
cause no cis monotopic isomer
is detected. The formation of
dimeric species with mutual
host–guest interactions, as sug-
gested by the crystal structure,
could be crucial in the stabiliza-
tion of the trans isomer. Once
the complex has changed its ge-
ometry, the second cavitand
substitutes the remaining
CH3CN (in the trans position
with respect to the previous
one) quite slowly, as the pyridyl
ligand has a low trans effect.[11]


To exclude the possibility of
isomerization of the precursor
itself by warming,[10] and to test
if the cis–trans isomerization of
the monotopic complex was fa-
vored by the temperature con-
ditions of the reaction (80 8C),
the experiment was repeated at
room temperature. The same
two products were obtained,
with the only difference being
the ratio between monotopic
(10) and ditopic (11) complexes.
At room temperature the mon-
otopic product was obtained in


higher yield than the ditopic one; while at 80 8C the result
was completely reversed (see Experimental Section). There-
fore, either the cis–trans isomerization of the monotopic
complex is very fast and cannot be controlled under these
experimental conditions, or the presence of specific host–
guest interactions between acetonitrile PtII complexes and
cavitands can protect the axial positions at the metal center,
and the mechanism of substitution is no longer stereoreten-
tive.


To avoid the cis–trans isomerization process and still have
ditopic cavitand complexes that are kinetically inert, we re-
sorted to a different Pt metal precursor, namely, cis-[Pt-
(dmso)2Cl2], which is known to give exclusively cis supra-
molecular structures with pyridyl-substituted porphyrins.[12]


The cis-[Pt(dmso)2Cl2] complex was reacted with monophe-
nylpyridyl cavitand 6. The different reactivities of the two
DMSO ligands allowed the reaction, at room temperature
in CH2Cl2 for 4 h, to stop at the monosubstitution level. The
product was isolated in quantitative yield (Scheme 4).


Despite the mild reaction conditions, both the cis and
trans isomers were detected in solution by means of 1H
NMR spectroscopy. The spectrum showed two signals for
the DMSO molecule: at 3.52 and 3.47 ppm, belonging to the


Figure 4. Crystal structure of ditopic cavitand complex trans-11, obtained
by the [Pt(CH3CN)2Cl2] route.


Scheme 4. Synthesis of monotopic cis- and trans-12 and ditopic cis-13 and trans-11 phenylpyridyl cavitand com-
plexes, by using [Pt(dmso)2Cl2] as metal precursor. R=C2H5 for cis-13 and trans-11.
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cis and trans isomers, respectively.[13] The two isomers could
not be separated by using standard silica-gel chromatogra-
phy, therefore, we decided to proceed further in the com-
plexation experiment towards the generation of ditopic com-
plexes and isolate the two isomers at the final step. The cis/
trans ratio was estimated by integration of the two DMSO
peaks: a slight predominance of the cis isomer (1.2:1) was
observed.


X-ray quality crystals of trans-12 were obtained by dis-
solving the cis–trans mixture in CH2Cl2/EtOH (Figure 5).
The crystal structure clearly shows that the remaining


DMSO ligand is coordinated to the Pt atom by the sulphur
atom. Treatment of a cis/trans mixture of 12 with a second
equivalent of cavitand 6 in refluxing C2H2Cl4 resulted in the
formation of both cis-13 and trans-11 ditopic cavitand com-
plexes (Scheme 4). The two isomers were separated by
silica-gel column chromatography. The 13/11 ratio remained
the same as the starting cis/trans monotopic mixture ratio.


The attribution of the two isomers is based on the com-
parison of the spectral data of 13 with that of the trans-11
isomer obtained with [Pt(CH3CN)2Cl2], determined from its
crystal structure (Figure 4). 1H NMR spectra indicated par-
ticular diagnostic signal differences in the aromatic pattern
of the phenylpyridyl groups: d(PyHo)= 9.3 ppm and d-
(PyHm)= 7.70 ppm in 13, versus 8.98 and 7.54 ppm, respec-
tively, in 11. The absence of visible satellites arising from
the coupling with 195Pt [3J (195Pt, 1HPyHo)] is due to chemical
anisotropy relaxation, which makes them broad and less in-
tense in high-field NMR instruments.[14] The attribution of
13 was further confirmed by MALDI-TOF analyses of 13
and 11, in which the two complexes showed the same
[M+K]+ and [M+Na]+ molecular ions.


X-ray-quality crystals were obtained by slow diffusion of
absolute ethanol into a solution of 13 in CH2Cl2. Once
more, the crystal structure (trans-11-bis) evidences that the
two cavitand ligands are in a trans geometry in the complex
(Figure 6). This surprising and unexpected result is ex-


plained by the presence of a slow cis–trans equilibrium in
solution. Crystallization shifts the equilibrium towards the
formation of the less soluble trans-11 isomer. The 1H NMR
spectrum of the mother solution showed the presence of
both isomers.


The use of [Pt(dmso)2Cl2] in place of [Pt(CH3CN)2Cl2] al-
lowed the formation of the desired molecular ditopic com-
plex cis-13. However, this synthetic procedure is not yet
fully satisfactory because of the partial cis–trans isomeriza-
tion in solution.


Self-assembly of a fac-Re ditopic complex : At this point we
decided to change the coordinating metal, by changing to
[Re(CO)5Br] as metal precursor. [Re(CO)5Br] is one of the
few octahedral complexes that undergoes cis ligand ex-
change exclusively, due to the remarkable trans effect of car-
bonyl ligands. Typically, nitrogen ligands replace two equa-
torial cis-CO units of [Re(CO)5Br] to give neutral fac-
[Re(CO)3L2Br] complexes.[15]


Ditopic complex 14 was prepared by refluxing
[Re(CO)5Br] and cavitand 6 in a 1:2.1 molar ratio
(Scheme 5). A single product was isolated after purification
by column chromatography. The 1H NMR spectrum of this
product was highly symmetric, showing the typical down-
field shift of the pyridyl protons due to metal coordination.
The [M�Br]+ ion at m/z=1874 was detected as molecular
ion of complex 14 in the MALDI-TOF spectrum.


The stereochemistry of complex 14 was determined by
monitoring the characteristic IR band maxima in the CO
stretching region. The three-band pattern at 2029, 1928, and
1892 cm�1 was consistent with the facial arrangement of the
three CO units in the coordination sphere.[16] The 13C NMR
spectrum was also consistent with the formation of the fac-
14 isomer; the spectrum showed the presence of a resonance
at 191.9 ppm, typical of an axial CO unit.


Figure 5. Crystal structure of monotopic cavitand complex trans-12.


Figure 6. Crystal structure of ditopic complex trans-11, obtained by the
[Pt(dmso)2Cl2] route. The cis–trans equilibrium present in solution led to
the exclusive formation of the trans isomer in the solid state.
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Based on the above results, the best protocol for the gen-
eration of kinetically inert, ditopic receptors was found to
be this last one.


Self-assembly of tetratopic cavitand complexes : The forma-
tion of tetratopic cavitand complexes was a logical extension
of the self-assembly procedure used for the ditopic ones. As
a metal precursor, we selected a Pd complex in which all
four ligands could be displaced by monopyridyl cavitands.
[Pd(CH3CN)4(BF4)2] was chosen, because its four labile
CH3CN groups can be easily replaced by pyridine ligands.
The self-assembly process led to the quantitative formation
of tetratopic cavitand complexes 15 and 16, in which four
cavitands are coordinated to the same metal center
(Scheme 6). Both complexes were fully characterized by 1H
NMR spectroscopy and ESI-MS. They exhibited diagnostic
downfield shifts of the protons in the a and b positions of
the pyridine group upon coordination to Pd (see Supporting
Information).


Complexes 15 and 16 were stable only in their mother so-
lution. Removal of the solvent led to the formation of parti-
ally substituted complexes, in sharp contrast to the behavior
of the corresponding ditopic complexes 8 and 9. The insta-
bility of this class of tetratopic complex seems to be related
to the presence of four, unconnected pyridyl ligands on the
same metal,[11] and not to the bulkiness of the cavitand
moiety: 16 behaved in the same way as 15, despite the pres-
ence between the pyridyl and cavitand units of an aryl


Scheme 5. Self-assembly of fac-Re ditopic cavitand complex 14.


Scheme 6. Self-assembly of tetratopic cavitand complexes 15 and 16.
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spacer, which should reduce the steric congestion around
the metal center. Stable Pd-tetrapyridine supramolecular
complexes are known,[17] but only with chelating dipyridyl
units. The different behavior found here led us to conclude
that chelating ligands, such as dppp, are pivotal in providing
chemical stability to square-planar PtII and PdII complexes.
In this respect, a possible ligand for the metal precursor for
the formation of tetratopic cavitand complexes is 1,2,4,5-tet-
rakis(diphenylphosphino)benzene (tppb).[18] This tetraden-
tate chelating ligand can coordinate two metal ions, forming
two equivalent square-planar complexes connected by a
rigid phenyl spacer.


Metal precursors 19 and 20 were prepared by ligand ex-
change of cis-[Pt(CH3CN)2Cl2] and [Pd(CH3CN)2Cl2], re-
spectively, with tppb, followed by reaction with AgCF3SO3


to introduce labile counterions.[19] These new dinuclear com-
plexes were then tested in the self-assembly of tetratopic
cavitand complexes. The first structure was obtained by
mixing monopyridyl cavitand 3 and platinum complex 19 in
a 4:1 ratio (Scheme 7). The reaction proceeded smoothly to
give the desired complex 21 as the only product. The stabili-
ty of the complex, both in solution and in the solid state,
was excellent. The same protocol was applied to build the
larger palladium complex 22 : monophenylpyridyl cavitand 6
and palladium spacer 20 were used as building blocks.


Therefore, the ligand configuration at the metal centers,
with two phosphorus and two cavitand ligands, was the most
appropriate to build tetratopic cavitand complexes with suf-
ficient kinetic stability.


Conclusions


In this work two different approaches to the preparation of
ditopic cavitand complexes have been explored by using
monodentate cavitand ligands as building blocks:


1) Self-assembly of ditopic complexes 8 and 9. The desired
ditopic complexes were obtained in quantitative yields
by mixing the cavitand precursors with [Pt(dppp)(OTf)2]
in a 1:2 ratio, following the well-established, cage self-as-
sembly protocol.[8] The structural features of complex 9
were determined by means of X-ray crystallographic
analysis of its crystals. The desired cis arrangement of
the two cavitands was dictated by the chelating dppp
ligand.


2) Formation of kinetically inert, molecular ditopic cavitand
complexes by ligand-substitution reaction of appropriate
neutral complexes. In this case three different routes
were investigated: i) The use of cis-[Pt(CH3CN)2Cl2]


Scheme 7. Self-assembly of dinuclear tetratopic cavitand complexes 21 and 22.
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metal precursor led to the exclusive formation of mono
trans-10 and ditopic trans-11 cavitand complexes. A com-
plete cis-to-trans isomerization was observed after the
coordination of the first cavitand ligand. ii) The use of
cis-[Pt(dmso)2Cl2] metal precursor led to partial cis-to-
trans isomerization during the first ligand substitution. In
this case, stepwise ligand substitution was made possible
by the different reactivity of DMSO ligands. The desired
cis-13 ditopic complex was obtained, but it slowly iso-
merized to the corresponding trans-11 one in solution.
iii) The use of [Re(CO)5Br] metal precursor emerged as
the best choice. The trans effect exerted by the equatori-
al CO ligands in the complex led to the desired substitu-
tion pathway. In this case the kinetically inert, fac-14
complex with the cis arrangement of the two cavitand li-
gands was obtained as the single product.


As a result of this investigation, two different synthetic
protocols for the preparation of ditopic cavitand complexes
have been worked out. They have in common the exclusive
formation of the desired complexes in the correct cis geome-
try, necessary for cooperative binding of ditopic guests. With
these two procedures available, the next step will be to turn
the cavitands into effective ligand receptors by replacing the
three methylene bridges with appropriate moieties. The dif-
ferent kinetic stabilities of complexes 9 and 14 can be ex-
ploited under different working conditions: kinetically inert,
neutral Re complexes can be used for complexation studies
in solution, and the thermodynamic control over the forma-
tion of charged Pt complexes can be exploited in molecular
recognition at the solid–liquid and solid-gas interfaces,[20] at
which clean self-assembly on surfaces[21] is a necessary pre-
condition.


The extension of the self-assembly protocol from ditopic
complexes to tetratopic structures has been studied. Several
different final structures have been envisaged, and their for-
mation was tested in solution. The tetratopic mononuclear
cavitand complexes 15 and 16 formed quantitatively under
standard self-assembly conditions, but they were stable only
in their mother solution. The use of dinuclear metal precur-
sors 19 and 20 led to the self-assembly of tetratopic dinu-
clear cavitand complexes 21 and 22, which were stable both
in solution and in the solid state. The tppb ligands are there-
fore the spacers of choice for the generation of complex mo-
lecular architectures. The self-assembly behavior of mono-
dentate cavitand ligands with different metal complexes is
now fully predictable.


Experimental Section


General methods: All commercial reagents were ACS grade and used as
received. All solvents were dried over 3 and 4 � molecular sieves. 1H
NMR spectra were recorded on Bruker AC300 (300 MHz), Avance
(300 MHz), and AMX400 (400 MHz) spectrometers and all chemical
shifts (d) were reported in parts per million (ppm) relative to the proton
resonances resulting from incomplete deuteration of the NMR solvents.
13C NMR spectra were recorded on a Brucker Avance (75 MHz) spec-


trometer. Melting points were obtained with an electrothermal capillary
melting-point apparatus and were not corrected. Microanalyses were per-
formed by using the facilities at Parma University. Mass spectra of the or-
ganic compounds were measured with a Finnigan MAT SSQ 710 spec-
trometer, using the CI (chemical ionization) technique. Electrospray ioni-
zation mass spectrometry (ESI-MS) experiments were performed on a
Waters ZMD spectrometer equipped with an electrospray interface.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were obtained on a PerSpective Biosystems Voyager DE-
RP spectrometer equipped with delayed extraction. Column chromatog-
raphy was performed by using silica gel 60 (Merck 70–230 mesh).


Resorcinarenes (R: C2H5; C11H23),[22] 4-(a,a’-dibromomethyl)pyridine,[8a]


4,4’-(a,a’-dibromo)tolylpyridine,[21b] cis-[Pt(dmso)2Cl2],[23] and 1,2,4,5-tet-
rakis(diphenylphosphino)benzene (tppb)[18] were prepared according to
literature procedures.


Ethyl-footed trimethylene-bridged resorcinarene (1): K2CO3 (5.53 g,
40 mmol) and CH2Br2 (0.77 mL, 11.0 mmol) were added, under nitrogen,
to a solution of resorcinarene (R: C2H5) (3.0 g, 5.0 mmol) in dry DMSO
(10 mL). The purple mixture was stirred in a sealed tube at 90 8C for 3 h.
The reaction was quenched by the addition of HClaq (10 %), and the re-
sulting mixture was extracted with CH2Cl2. The organic layer was washed
with water (3 � 15 mL), dried on Na2SO4, and evaporated. The crude
product was purified by column chromatography on silica gel by using
CH2Cl2/ethyl acetate (7:3 v/v) as eluant to give resorcinarene 1 as a pale
yellow solid (0.95 g, 1.15 mmol, 30 %). Rf =0.6; m.p. 260–265 8C; 1H
NMR (300 MHz, CDCl3): d=0.98 (m, 9H; CH3), 1.26 (t, 3J=7.1 Hz, 3 H;
CH3), 2.26 (m, 8H; CHCH2CH3), 4.22 (t, 3J =7.9 Hz, 1H; CHAr2), 4.37
(d, 2J=7.2 Hz, 1H; CHin), 4.48 (d, 2J =7.1 Hz, 2H; CHin), 4.60 (t, 3J =


8.2 Hz, 1H; CHAr2), 4.64 (t, 3J =8.2 Hz, 2 H; CHAr2), 5.72 (d, 2J=


7.2 Hz, 1H; CHout), 6.75 (d, 2J =7.1 Hz, 2H; CHout), 6.38 (s, 2H; ArH),
6.49 (s, 2H; ArH), 7.03 (br s, 2 H; OH), 7.09 (s, 2 H; ArH), 7.16 ppm (s,
2H; ArH); MS (CI): m/z (%): 637 (100) [M+H]+ .


Undecyl-footed trimethylene-bridged resorcinarene (2): K2CO3 (3.76 g,
27.2 mmol) and CH2Br2 (0.41 mL, 6.0 mmol) were added, under nitrogen,
to a solution of resorcinarene (R: C11H23) (3.0 g, 2.72 mmol) in dry
DMSO (10 mL). The purple mixture was stirred in a sealed tube at 90 8C
for 3 h. The reaction was quenched by the addition of HClaq (10 %), and
the resulting mixture was extracted with CH2Cl2. The organic layer was
washed with water (3 � 15 mL), dried on Na2SO4, and evaporated. The
crude product was purified by column chromatography on silica gel by
using CH2Cl2/ethyl acetate (9:1 v/v) as eluant to give resorcinarene 2 as a
pale yellow solid (1.1 g, 1.06 mmol, 39 %). Rf =0.62; m.p. 280–285 8C; 1H
NMR (300 MHz, CDCl3): d=0.88 (t, 3J=6.4 Hz, 12 H; CH3), 1.27–1.40
(m, 72H; (CH2)9), 2.22 (m, 8H; CH(CH2)R), 4.29 (t, 3J=8.1 Hz, 1H;
CHAr2), 4.37 (d, 2J =7.2 Hz, 1 H; CHin), 4.47 (d, 2J =7.2 Hz, 2H; CHin),
4.68 (t, 3J =8.3 Hz, 1H; CHAr2), 4.72 (t, 3J=8.3 Hz, 1 H; CHAr2), 5.71
(d, 2J =7.2 Hz, 1 H; CHout), 5.74 (d, 2J =7.2 Hz, 2H; CHout), 6.38 (s, 2 H;
ArH), 6.48 (s, 2H; ArH), 7.09 (s, 2H; ArH), 7.26 (s, 2 H; ArH), 7.56 ppm
(br s, 2 H; OH); MS (CI): m/z (%): 1043 (100) [M+H]+ .


Ethyl-footed cavitand (3) (“out” isomer): 4-(a,a’-Dibromomethyl)pyri-
dine (0.13 g, 0.39 mmol) and K2CO3 (0.9 g, 0.63 mmol) were added, under
nitrogen, to a solution of resorcinarene 1 (0.1 g, 0.16 mmol) in dry DMA
(15 mL). The mixture was stirred in a sealed tube at 80 8C for 16 h. The
reaction was quenched by addition of water (10 mL), and the resulting
mixture was extracted with CH2Cl2 (15 mL). The organic layer was
washed with water (3 � 15 mL), dried on Na2CO3, and evaporated. The
crude product was purified by column chromatography on silica gel by
using CH2Cl2/hexane (7:3 v/v) as eluant to give compound 3 (“out”
isomer) as a yellow solid (30 mg, 0.041 mmol, 26 %). The corresponding
“in” isomer was not purified. Rf =0.35; m.p. 230 8C; 1H NMR (300 MHz,
CDCl3): d=1.00–1.06 (m, 12 H; CH3), 2.24–2.35 (m, 8 H; CH2-CH3), 4.41
(d, 2J =7.3 Hz, 1H; CHin), 4.45 (d, 2J =7.2 Hz, 2H; CHin), 4.62–4.79 (m,
4H; CHAr2), 5.42 (s, 1H; CHPy), 5.75 (d, 2J =7.3 Hz, 1 H; CHout), 5.76
(d, 2J =7.2 Hz, 2H; CHout), 6.50 (s, 2H; ArH), 6.61 (s, 2 H; ArH), 7.14 (s,
2H; ArH), 7.18 (s, 2H; ArH), 7.61 (m, (AA’ part of a AA’XX� system),
2H; PyHm), 8.73 ppm (m, (XX’ part of a AA’XX� system), 2H; PyHo);
MS (CI): m/z (%): 725 (100) [M+H]+ .
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Undecyl-footed cavitands (4) (“out” isomer) and (5) (“in” isomer): 4-
(a,a’-Dibromomethyl)pyridine (0.15 g, 0.6 mmol) and K2CO3 (0.27 g,
1.93 mmol) were added, under nitrogen, to a solution of resorcinarene 2
(0.275 g, 0.24 mmol) in dry DMA (15 mL). The mixture was stirred in a
sealed tube at 80 8C for 16 h. The reaction was quenched by addition of
water (10 mL), and the resulting mixture was extracted with CH2Cl2


(15 mL). The organic layer was washed with water (3 � 15 mL), dried on
Na2CO3, and evaporated. The crude product was purified by column
chromatography on silica gel by using CH2Cl2/ethyl acetate (8:2 v/v) as
eluant to give compound 4 (“out” isomer) as a yellow solid (90 mg,
0.073 mmol, 30%) and compound 5 (“in” isomer) as a pale yellow solid
(42 mg, 0.034 mmol, 14%).


Data for 4 (“out” isomer): Rf =0.56; m.p. 220 8C; 1H NMR (300 MHz,
CDCl3): d =0.87 (t, 3J=6.3 Hz, 12H; CH3), 1.23–1.57 (m, 72H; (CH2)9),
2.24–2.29 (m, 8 H; CHCH2R), 4.40 (d, 2J =7.2 Hz, 1 H; CHin), 4.44 (d, 2J =


7.2 Hz, 2 H; CHin), 4.75 (m, 3H; CHAr2), 4.84 (t, 3J =8.0 Hz, 1 H;
CHAr2), 5.41 (s, 1H; CHPy), 5.74 (d, 2J =7.2 Hz, 3 H; CHout), 5.75 (d,
2J=7.2 Hz, 2H; CHout), 6.48 (s, 2 H; ArH), 6.60 (s, 2 H; ArH), 7.13 (s,
2H; ArH), 7.17 (s, 2H; ArH), 7.60 (m, (AA’ part of a AA’XX� system),
2H; PyHm), 8.71 ppm (m, (XX’ part of a AA’XX� system), 2H; PyHo);
1H NMR (300 MHz, CD2Cl2): d =0.85 (t, 3J=6.4 Hz, 12H; CH3), 1.25–
1.38 (m, 72H; (CH2)9), 2.25 (m, 8 H; CHCH2R), 4.30 (d, 2J =7.2 Hz, 1 H;
CHin), 4.35 (d, 2J=7.2 Hz, 2H; CHin), 4.74 (m, 3 H; CHAr2), 4.84 (t, 3J=


7.8 Hz, 1H; CHAr2), 5.32 (s, 1H; CHPy), 5.71 (m, 2 H; CHout), 5.75 (d,
2J=7.2 Hz, 2H; CHout), 6.49 (s, 2 H; ArH), 6.62 (s, 2 H; ArH), 7.20 (s,
2H; ArH), 7.24 (s, 2H; ArH), 7.62 (m, (AA’ part of a AA’XX� system),
2H; PyHm), 8.70 ppm (m, (XX’ part of a AA’XX� system), 2H; PyHo);
MS (CI): m/z (%): 1230 (100) [M+H]+ .


Data for 5 (“in” isomer): Rf =0.43; 1H NMR (300 MHz, CDCl3): d=0.83
(t, 3J= 6.4 Hz, 12H; CH3), 1.10–1.42 (m, 12H; (CH2)9), 2.16–2.40 (m, 8H;
CHCH2R), 3.76 (d, 2J =7.3 Hz, 2H; CHin), 4.30 (d, 2J=7.3 Hz, 1H;
CHin), 4.75 (m, 4H; CHAr2), 5.53 (d, 2J=7.3 Hz, 2H; CHout), 5.80 (s, 2 H;
ArH), 5.81 (d, 2J=7.3 Hz, 1 H; CHout), 6.48 (s, 2H; ArH), 6.60 (s, 1H;
CHPy), 7.14 (m, (AA’ part of a AA’XX� system), 2 H; PyHm), 7.20 (s,
2H; ArH), 7.21 (s, 2 H; ArH), 7.51 ppm (br s, (XX’ part of a AA’XX�
system), 2H; PyHo); MS (CI): m/z (%): 1230 (100) [M+H]+ .


Ethyl-footed cavitand (6) (“out” isomer): 4,4’-(a,a’-Dibromo)tolylpyri-
dine (0.23 g, 0.69 mmol) and K2CO3 (0.35 g, 2.56 mmol) were added,
under nitrogen, to a solution of resorcinarene 1 (0.22 g, 0.35 mmol) in dry
DMA (10 mL). The mixture was stirred in a sealed tube at 80 8C for 16 h.
The reaction was quenched by addition of water (10 mL), and the result-
ing mixture was extracted with CH2Cl2 (15 mL). The organic layer was
washed with water (3 � 15 mL), dried on Na2CO3, and evaporated. The
crude product was purified by column chromatography on silica gel by
using CH2Cl2/ethyl acetate (6:4 v/v) as eluant to give compound 6 (“out”
isomer) as a white solid (0.13 g, 0.16 mmol, 46%). Rf =0.45; m.p. 220 8C;
1H NMR (300 MHz, CDCl3): d=1.01–1.07 (m, 12 H; CH3), 2.25–2.36 (m,
8H; CH2-CH3), 4.42 (d, 2J =7.2 Hz, 1 H; CHin) 4.46 (d, 2J =7.2 Hz, 2 H;
CHin), 4.64–4.81 (m, 4H; CHAr2), 5.52 (s, 1 H; CHPhPy), 5.76 (d, 2J=


7.2 Hz, 1H; CHout), 5.77 (d, 2J =7.2 Hz, 2H; CHout), 6.50 (s, 2H; ArH),
6.62 (s, 2 H; ArH), 7.14 (s, 2 H; ArH), 7.21 (s, 2 H; ArH), 7.52 (d, 3J=


5.8 Hz, (AA’ part of a AA’XX’ system), 2 H; PyHm), 7.71 (d, Jo =6.5 Hz,
Jm = 2.1 Hz, (AA’ part of a AA’XX’ system), 2 H; PyPhH), 7.82 (d, Jo =


6.5 Hz, Jm =2.1 Hz, (XX’ part of a AA’XX’ system), 2H; PyPhH),
8.69 ppm (d, 3J =5.8 Hz, (XX’ part of a AA’XX’ system), 2 H; PyHo); 1H
NMR (300 MHz, CD2Cl2): d= 0.98–1.04 (m, 12 H; CH3), 2.23–2.35 (m,
8H; CH2-CH3), 4.33 (d, 2J =7.2 Hz, 1 H; CHin) 4.38 (d, 2J =7.2 Hz, 2 H;
CHin), 4.64(m, 3H; CHAr2), 4.80 (t, 3J =8.0 Hz, 1 H; CHAr2), 5.44 (s,
1H; CHPhPy), 5.73 (d, 2J= 7.2 Hz, 1H; CHout), 5.75 (d, 2J=7.2 Hz, 2 H;
CHout), 6.50 (s, 2H; ArH), 6.66 (s, 2 H; ArH), 7.24 (s, 2H; ArH), 7.20 (s,
2H; ArH), 7.57 (d, 3J=6.0 Hz, (AA’ part of a AA’XX’ system), 2 H;
PyHm), 7.76 (d, Jo =6.5 Hz, Jm =2.1 Hz, (AA’ part of a AA’XX’ system),
2H; PyPhH), 7.85 (d, Jo =6.5 Hz, Jm =2.1 Hz, (XX’ part of a AA’XX’
system), 2H; PyPhH), 8.67 ppm (d, J =5.8 Hz, (XX’ part of a AA’XX’
system), 2H; PyHo); MS (CI): m/z (%): 802 (100) [M+H]+ .


Undecyl-footed cavitand (7) (“out” isomer): 4,4’-(a,a’-Dibromo)tolylpyr-
idine (0.46 g, 1.4 mmol) and K2CO3 (0.62 g, 4.5 mmol) were added, under
nitrogen, to a solution of resorcinarene 2 (0.64 g 0.56 mmol) in dry DMA


(15 mL). The mixture was stirred in a sealed tube at 80 8C for 16 h. The
reaction was quenched by addition of water (10 mL), and the resulting
mixture was extracted with CH2Cl2 (15 mL). The organic layer was
washed with water (3 � 15 mL), dried on Na2CO3, and evaporated. The
crude product was purified by column chromatography on silica gel using
CH2Cl2/ethyl acetate (3:7 v/v) as eluant to give compound 7 (“out”
isomer) as a pale yellow solid (0.40 g, 0.30 mmol, 54%). Rf =0.57; m.p.
225 8C; 1H NMR (300 MHz, CDCl3): d=0.87 (t, 3J =6.4 Hz, 12H; CH3),
1.22–1.41 (m, 72 H; (CH2)9), 2.26 (m, 8H; CHCH2R), 4.43 (d, 2J =7.3 Hz,
1H; CHin), 4.47 (d, 2J=7.2 Hz, 2H; CHin), 4.75 (m, 2 H; CHAr2), 4.90 (t,
3J=8.1 Hz, 1H; CHAr2), 5.50 (s, 1H; CHPhPy), 5.75 (d, 2J =7.3 Hz, 1 H;
CHout), 5.76 (d, 2J= 7.2 Hz, 2 H; CHout), 6.50 (s, 2 H; ArH), 6.63 (s, 2H;
ArH), 7.14 (s, 2H; ArH), 7.18 (s, 2 H; ArH), 7.53 (d, 3J =5.9 Hz, (AA’
part of a AA’XX’ system), 2 H; PyHm), 7.72 (d, 3J= 8.3 Hz, (AA’ part of
a AA’XX’ system), 2 H; PyPhH), 7.81 (d, 3J=8.3 Hz, (XX’ part of a
AA’XX’ system), 2 H; PyPhH), 8.68 ppm (d, J =5.7 Hz, (XX’ part of a
AA’XX’ system), 2 H; PyHo); MS (CI): m/z (%): 1308 (100) [M+H]+ .


General procedure for the self-assembly of cis-ditopic cavitand com-
plexes (8, 9): Ditopic complexes 8 and 9 were assembled by simply
mixing, respectively, cavitands 4 or 6 with [Pt(dppp)(OTf)2] in a 2:1
molar ratio at room temperature in solvents such as CH2Cl2 or CHCl3. In
all cases, removal of the solvent under vacuum gave the desired complex
as the only product in quantitative yields.


Data for 8 : 1H NMR (300 MHz, CD2Cl2): d =0.87 (m, 24 H; CH3), 1.23–
1.57 (m, 144 H; (CH2)9), 2.16–2.26 (m, 2 H; PCH2CH2CH2), 2.24–2.29 [m,
16H; CHCH2R], 3.36 (br m, 4 H; PCH2CH2), 4.25 (d, 2J =7.4 Hz, 2 H;
CHin), 4.29 (d, 2J= 7.3 Hz, 4H; CHin), 4.71 (m, 8H; CHAr2), 5.07 (s, 2 H;
CHPy), 5.70 (d, 2J= 7.3 Hz, 4H; CHout), 5.72 (d, 2J= 7.4 Hz, 2 H; CHout),
6.41 (s, 4H; ArH), 6.46 (s, 4H; ArH), 7.15 (s, 4H; ArH), 7.18 (s, 4 H;
ArH), 7.37 (m, 40 H; Ph), 7.71 (br s, (AA’ part of a AA’XX’ system), 4 H;
PyHm), 9.14 ppm (d, 3J=5.2 Hz, (XX’ part of a AA’XX’ system), 4H;
PyHo); ESI-MS: m/z (%): calcd for C191H256F6N2O22P2PtS2 (3367.3 amu)
[M�CF3SO3]


+ : 3218.1; found: 3218 (10); calcd [M�2CF3SO3]
2+ : 1534.5;


found: 1534 (100).


Data for 9 : 1H NMR (300 MHz, CD2Cl2): d =1.03 (m, 24 H; CH3), 2.27–
2.37 (m, 16H; CH2-CH3), 3.34 (br m, 16H; PCH2CH2), 4.31 (d, 2J =


7.4 Hz, 2 H; CHin), 4.34 (d, 2J =7.3 Hz, 4 H; CHin), 4.64 (m, 6H; CHAr2),
4.76 (t, 3J =8.0 Hz, 2 H; ArH), 5.38 (s, 2H; CHinPhPy), 5.73 (d, 2J=


7.3 Hz, 6H; CHout), 6.49 (s, 4 H; ArH), 6.62 (s, 4 H; ArH), 7.19 (s, 4 H;
ArH), 7.23 (s, 4 H; ArH), 7.34 (d, 3J= 6.1 Hz, (AA’ part of a AA’XX’
system), 4H; PyPhH), 7.37 (m, 40H; PPh), 7.52 (d, 3J= 8.2 Hz, (AA’ part
of a AA’XX’ system), 4H; PyPhH), 7.74–7.80 (br s, (AA’ part of a
AA’XX’ system), 4H; PyHm), 9.08 ppm (br d, (XX’ part of a AA’XX’
system), 4 H; PyHo); ESI-MS: m/z (%): calcd for C131H120F6N2O22P2PtS2


(2509.5 amu) [M�CF3SO3]
+ : 2360.5; found: 2361 (30); calcd


[M�2CF3SO3]
2+ : 1105.7; found: 1106 (100).


Mono (trans-10) and ditopic (trans-11) cavitand complexes : Ditopic
trans-PtCl2 cavitand complex 11 was prepared by mixing a solution of
cavitand 6 in C2H2Cl4 with cis-[Pt(CH3CN)2Cl2] in CH3CN (2:1 molar
ratio). The mixture was stirred at 80 8C for 3 days. After solvent evapora-
tion, the crude yellow product was purified by column chromatography
on silica gel using CH2Cl2/ethanol (98:2 v/v) as eluant to give the ditopic
cavitand complex trans-11 (50 %) and the monofunctionalized PtCl2 cavi-
tand complex trans-10 (20 %). The same reaction carried out at room
temperature gave 10 and 11 in 75 % and 17 % yields, respectively.


Data for 10 : 1H NMR (300 MHz, CDCl3): d=1.01 (m, 12H; CH3), 2.17
(s, 3H; CH3CN), 2.29 (m, 8H; CH2-CH3), 4.42 (d, 2J= 7.1 Hz, 1H; CHin)
4.46 (d, 2J =7.2 Hz, 2 H; CHin), 4.66, 4.81 (m, 4H; CHAr2), 5.50 (s, 1 H;
CHPhPy), 5.75 (d, 2J =7.1 Hz, 3H; CHout), 6.50 (s, 2H; ArH), 6.61 (s,
2H; ArH), 7.14 (s, 2H; ArH), 7.18 (s, 2 H; ArH), 7.55 (d, 3J =6.0 Hz,
(AA’ part of a AA’XX’ system), 2H; PyHm), 7.69 (d, 3J =8.2 Hz, (AA’
part of a AA’XX’ system), 2 H; PyPhH), 7.83 (d, 3J=8.2 Hz, (XX’ part of
a AA’XX’ system), 2 H; PyPhH), 8.84 ppm (d, 3J=6.0 Hz, (XX’ part of a
AA’XX’ system), 2H; PyHo); MALDI-TOF MS: m/z (%): calcd for
C53H50Cl2O8N2Pt (1108.9 amu) [M+H]+ : 1109.9; found: 1110 (60); calcd
[M+Na]+ : 1131.9; found: 1133 (100).


Data for 11: 1H NMR (300 MHz, CDCl3): d=1.03 (m, 24 H; CH3), 2.29
(m, 16H; CH2-CH3), 4.42 (d, 2J= 7.1 Hz, 2H; CHin) 4.46 (d, 2J =7.2 Hz,


Chem. Eur. J. 2005, 11, 3136 – 3148 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3145


FULL PAPERCavitand Complexes



www.chemeurj.org





4H; CHin), 4.66, 4.81 (m, 8 H; CHAr2), 5.51 (s, 2H; CHPhPy), 5.76 (d,
2J=7.1 Hz, 6H; CHout), 6.50 (s, 4 H; ArH), 6.61 (s, 4 H; ArH), 7.15 (s,
4H; ArH), 7.19 (s, 4 H; ArH), 7.54 (d, 3J =6.6 Hz, (AA’ part of a
AA’XX’ system), 4 H; PyHm), 7.72 (d, 3J=8.0 Hz, (AA’ part of a
AA’XX’ system), 4H; PyPhH), 7.84 (d, 3J =8.0 Hz, (XX’ part of a
AA’XX’ system), 4 H; PyPhH), 8.97 ppm (d, 3J=6.6 Hz, (XX’ part of a
AA’XX’ system), 4H; PyHo); MALDI-TOF MS: m/z (%): calcd for
C102H94Cl2N2O16Pt (1869.9 amu) [M+Na]+ : 1892.8; found: 1892 (80);
calcd [M+K]+: 1909.0; found 1908.6 (20).


Monotopic cavitand complexes (cis+ trans-12): A solution of cavitand 6
(110 mg, 0.137 mmol) and cis-[Pt(dmso)2Cl2] (58 mg, 0.137 mmol) in
CH2Cl2 (10 mL) was stirred at room temperature in the dark for 4 h. The
solvent was removed under vacuum to give monotopic cis+ trans-12 com-
plex in quantitative yield. The two isomers could not be separated chro-
matographically. The experimental cis/trans ratio was 1.2:1, obtained by
integration of the 3.52 and 3.47 ppm DMSO singlets. cis+ trans-12 : 1H
NMR (300 MHz, CDCl3): d= 1.03 (m, 12H; CH3), 2.30 (m, 8 H;
CH2CH3), 3.47 (s, 6H; trans-DMSO), 3.52 (s, 6H; cis-DMSO), 4.42 (d,
2J=7.2 Hz, 1 H; CHin) 4.47 (d, 2J =7.2 Hz, 2H; CHin), 4.66 (m, 3 H;
CHAr2), 4.79 (t, 3J =8.1 Hz, 1 H; CHAr2), 5.50 (s, 1H; CHPhPy), 5.73 (d,
2J=7.2 Hz, 1H; CHout), 5.75 (d, 2J= 7.2 Hz, 2H; CHout), 6.50 (s, 2 H;
ArH), 6.62 (s, 2 H; ArH), 7.13 (s, 2 H; ArH), 7.18 (s, 2 H; ArH), 7.63 (d,
3J=6.8 Hz, (AA’ part of a AA’XX’ system), 2H; PyHm), 7.71 (d, 3J=


8.4 Hz, (AA’ part of a AA’XX’ system), 2H; PyPhH), 7.83 (d, 3J=


8.4 Hz, (XX’ part of a AA’XX’ system), 2 H; PyPhH), 8.78 ppm (d, 3J =


6.8 Hz, (XX’ part of a AA’XX’ system), 2H; PyHo); MALDI-TOF MS:
m/z (%): calcd for C53H53Cl2NO9PtS (1146.0 amu) [M+Na]+ : 1169.0;
found: 1169 (70); calcd [M+K]+ : 1185.1; found: 1185 (100).


cis-PtCl2 ditopic complex (13): Cavitand 6 (45 mg, 0.056 mmol) was
added to a C2H2Cl4 solution of cis+ trans-12 complexes (77 mg,
0.056 mmol). The solution was heated to reflux for 36 h. The solvent was
removed under vacuum, and the crude mixture was purified by column
chromatography on silica gel using CHCl3/ethyl acetate (95:5 v/v) as
eluant to give 13 (38 mg, 0.02 mmol, 36%) and 11 (31 mg, 0.17 mmol,
30%).


Data for 13 : 1H NMR (300 MHz, CDCl3): d=1.04 (m, 24H; CH3), 2.32
(m, 16H; CH2CH3), 4.44 (d, 2J =7.1 Hz, 2 H; CHin), 4.48 (d, 2J =7.1 Hz,
4H; CHin), 4.68 (m, 6 H; CHAr2), 4.80 (t, 3J =8.1 Hz, 2 H; CHAr2), 5.52
(s, 2 H; CHPhPy), 5.76 (m, 6H; CHout), 6.51 (s, 4 H; ArH), 6.64 (s, 4H;
ArH), 7.15 (s, 4H; ArH), 7.20 (s, 4 H; ArH), 7.70 (d, 3J =7.1 Hz, (AA’
part of a AA’XX’ system), 2 H; PyHm), 7.77 (d, 3J= 8.5 Hz, (AA’ part of
a AA’XX’ system), 4H; PyPhHm), 7.90 (d, 3J =8.3 Hz, (XX’ part of a
AA’XX’ system), 4 H; PyPhH), 9.29 ppm (d, 3J=7.1 Hz, (XX’ part of a
AA’XX’ system), 4H; PyHo); MALDI-TOF MS : m/z (%): calcd for
C102H94Cl2N2O16Pt (1869.9 amu) [M+Na]+ : 1892.8; found: 1892 (20);
calcd [M+K]+: 1909.0; found: 1911 (100).


fac-Re ditopic cavitand complex (14): Cavitand 6 (48.1 mg, 0.06 mmol)
was added to a CHCl3 solution of [Re(CO)5Br] (12.2 mg, 0.03 mmol) and
heated to reflux for 24 h. After solvent evaporation, the crude product
was purified by column chromatography on silica gel using CH2Cl2/etha-
nol (99:1 v/v) as eluant to give the ditopic cavitand complex fac-14
(24.0 mg, 0.012 mmol, 41 %). 1H NMR (300 MHz, CDCl3): d=0.88 (m,
24H; CH3), 2.30 (m, 16H; CH2-CH3), 4.41 (d, 2J =7.2 Hz, 2H; CHin) 4.45
(d, 2J=7.2 Hz, 4 H; CHin), 4.64 (m, 6 H; CHAr2), 4.78 (t, 3J=8.1 Hz, 2 H;
CHAr2), 5.50 (s, 2 H; CHPhPy), 5.74 (d, 2J=7.2 Hz, 6 H; CHout), 6.49 (s,
4H; ArH), 6.61 (s, 4 H; ArH), 7.13 (s, 4 H; ArH), 7.18 (s, 4 H; ArH), 7.59
(d, 3J =6.6 Hz, (AA’ part of a AA’XX’ system), 4 H; PyHm), 7.70 (d, 3J =


8.3 Hz, (AA’ part of a AA’XX’ system), 4H; PyPhH), 7.84 (d, 3J=


8.3 Hz, (XX’ part of a AA’XX’ system), 4 H; PyPhH), 8.90 ppm (d, 3J =


6.6 Hz, (XX’ part of a AA’XX’ system), 4 H; PyHo); 13C NMR (75 MHz,
CDCl3): d=12.2 (CH3), 29.6 (CH2), 38.2 (CH), 99.5 (OCH2O), 106.8
(CHPhPy), 116.4 (CH), 120.6 (CH), 120.8 (CH), 123.2 (CH), 127.1 (CH),
127.4 (CH), 136.6 (Cq), 138.2 (Cq), 138.9 (Cq), 140.6 (Cq), 150 (Cq),
153.8 (CH), 154.8 (CH), 191.9 (COax), 195 ppm (COeq); FTIR: nCO =


2029, 1929, 1892 cm�1; MALDI-TOF MS: m/z (%): calcd for
C105H94BrN2O19Re (1954.0 amu) [M�Br]+ : 1874.1; found: 1874 (100).


General procedure for the self-assembly of mononuclear tetratopic cavi-
tand complexes (15, 16): The tetratopic mononuclear cavitand complexes


15 and 16 were assembled by mixing cavitands 4 and 7, respectively, with
[Pd(CH3CN)4(BF4)2] in a 4:1 molar ratio at room temperature in a mix-
ture of CHCl3/CH3CN (8:2). The complexes were stable only in the
mother solution. All attempts to obtain them in the solid state, either by
evaporation of the solvent or by precipitation, failed.


Data for 15 : 1H NMR (400 MHz, CDCl3/CD3CN): d= 1.16 (m, 48 H;
CH3), 2.25 (m, 32H; CHCH2CH3), 4.35 (d, 2J =7.2 Hz, 12H; CHin), 4.61
(m, 16H; CHAr2), 5.35 (s, 4H; CHPy), 5.69 (m, 12H; CHout), 6.46 (s,
8H; ArH), 6.52 (s, 8 H; ArH), 7.10 (s, 8 H; ArH), 7.15 (s, 8 H; ArH), 7.80
(d, 3J= 6.2 Hz, (AA’ part of a AA’XX’ system), 8 H; PyHm), 9.45 ppm (d,
3J=6.2 Hz (XX’ part of a AA’XX’ system), 8 H; PyHo); ESI-MS: m/z
(%): calcd for C180H172B2F8N4O32Pd (3183.6 amu) [M�BF4]


+: 3096.8;
found: 3095 (10);, calcd [M�2BF4]


2+: 1505.0; found: 1504 (100).


Data for 16 : 1H NMR (400 MHz, CDCl3/CD3CN): d= 0.87 (m, 48 H;
CH3), 1.28–1.44 [m, 288 H; (CH2)9], 2.26 (m, 32H; CHCH2R), 4.36 (m,
12H; CHin), 4.70 (m, 12 H; CHAr2), 4.81 (t, 3J= 7.8 Hz, 4H; CHAr2),
5.40 (s, 4 H; CHPhPy), 5.69 (d, 2J=7.3 Hz, 12H; CHout), 6.46 (s, 8H;
ArH), 6.56 (s, 8 H; ArH), 7.13 (s, 8 H; ArH), 7.17 (s, 8 H; ArH), 7.63 (d,
3J=8.3 Hz, (AA’ part of a AA’XX’ system), 8 H; PyPhH), 7.71 (d, 3J =


5.8 Hz, (AA’ part of a AA’XX’ system), 8H; PyHm), 7.76 (d, 3J =8.3 Hz,
(XX’ part of a AA’XX’ system), 8H; PyPhH), 9.37 ppm (d, 3J =5.8 Hz,
(XX’ part of a AA’XX’ system), 8 H; PyHo); ESI-MS: m/z (%): calcd for
C348H476B2F8N4O32Pd (5507.8 amu) [M�2BF4]


2+ : 2667.1; found: 2668
(80).


[Pt2(tppb)Cl4] (17): cis-[Pt(CH3CN)2Cl2] (219.1 mg, 0.63 mmol) was
added, under nitrogen, to a solution of tppb (256 mg, 0.31 mmol) in dry
CH3CN (15 mL) and dry CH2Cl2 (15 mL). The white solution was stirred
at room temperature in the dark overnight. The solvent was removed
under reduced pressure and the complex 17 (350 mg, 0.26 mmol, 82%)
was purified by crystallization from ethyl ether. 1H NMR (400 MHz,
[D6]DMSO): d=7.51 (m, 16 H; PPhHo), 7.59 (t, 3J=6.0 Hz, 8 H; PPhHp),
7.72 (m, 16H; PPhHm), 8.01 ppm (br s, 2 H; ArH); MALDI-TOF MS:
m/z (%): calcd for C54H42Cl4P4Pt2 (1346.8 amu) [M�Cl]+ : 1311.3; found:
1310 (100); calcd [M+Na]+ : 1369.8; found: 1369 (20); elemental analysis
calcd (%) for C54H42Cl4P4Pt2: C 48.14, H 3.12; found: C 47.91, H 3.12.


[Pd2(tppb)Cl4] (18): [Pd(CH3CN)2Cl2] (72.6 mg, 0.28 mmol) was added,
under nitrogen, to a solution of tppb (114.1 mg, 0.14 mmol) in dry
CH3CN (15 mL) and dry CH2Cl2 (15 mL). The yellow solution was stirred
at room temperature in the dark overnight. The solvent was evaporated
under vacuum and complex 18 (130 mg, 0.11 mmol, 80%) was purified
by crystallization from ethyl ether. 1H NMR (400 MHz, [D6]DMSO): d=


7.52 (d, 3J= 6.4 Hz, 16 H; PPhHo), 7.62 (t, 3J= 6.9 Hz, 8 H; PPhHp), 7.76
(m, 16 H; PPhHm), 8.02 ppm (br s, 2H; ArH); MALDI-TOF MS: m/z
(%): calcd for C54H42Cl4P4Pd2 (1169.4 amu) [M�Cl]+ : 1134.0; found:
1134 (70); calcd [M+K]+ : 1208.5; found: 1208 (20); elemental analysis
calcd (%) for C54H42Cl4P4Pd2: C 55.41, H 3.59; found: C 55.11, H 3.65.


[Pt2(tppb)(CF3SO3)4] (19): AgCF3SO3 (36 mg, 0.14 mmol) was added,
under nitrogen, to a solution of compound 17 (48 mg, 0.035 mmol) in dry
CH3CN (10 mL) and dry CH2Cl2 (10 mL). The solution was stirred at
35 8C in the dark overnight; the white precipitate of AgCl formed was re-
moved by filtration and the white solution was evaporated under reduced
pressure. Complex 19 (33 mg, 0.018 mmol, 52 %) was crystallized from
ethyl ether. 1H NMR (400 MHz, CD3CN): d =7.55 (m, 16 H; PPhHo),
7.59–7.72 (m, 24H; PPhHp +PPhHm), 8.10 ppm (br s, 2 H; ArH); ESI-
MS: m/z (%): calcd for C58H42F12O12P4Pt2S4 (1801.2 amu) [M�CF3SO3]


+ :
1652.2; found: 1652 (30); calcd [M�2 CF3SO3]


2+ : 751.6; found: 752 (100);
calcd [M�3 CF3SO3]


3+ : 451.4; found: 452 (100).


[Pd2(tppb)(CF3SO3)4] (20): AgCF3SO3 (37 mg, 0.14 mmol) was added,
under nitrogen, to a solution of compound 18 (42 mg, 0.036 mmol) in dry
CH3CN (10 mL) and dry CH2Cl2 (10 mL). The solution was stirred at
room temperature in the dark overnight; the white precipitate of AgCl
formed was removed by filtration and the yellow solution was evaporated
under reduced pressure. The product was crystallized from ethyl ether to
give complex 20 (36 mg, 0.022 mmol, 62 %). 1H NMR (400 MHz,
CD3NO3): d=7.60 (m, 16H; PPhHo), 7.74–7.81 (m, 24H; PPhHp +


PPhHm), 8.32 ppm (br s, 2 H; ArH); ESI-MS: m/z (%): calcd for
C58H42F12O12P4Pd2S4 (1623.9 amu) [M�CF3SO3]


+ : 1474.9; found: 1475
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(20); calcd [M�2CF3SO3]
2+ : 662.9; found: 663 (20); calcd


[M�3CF3SO3]
3+ : 392.2; found: 392 (100).


General procedure for the self-assembly of dinuclear tetratopic cavitand
complexes (21, 22): Dinuclear tetratopic cavitand complexes 21 and 22
were assembled by mixing cavitand 3 with complex 19, and cavitand 6
with complex 20, respectively, in a 4:1 molar ratio at room temperature
in a CHCl3/CH3NO2/CH3CN 7:2:1 mixture. After stirring for 15 min, the
desired complexes 21 and 22 were obtained in quantitative yields after
removal of the solvent under vacuum.


Data for 21: (M= Pt): 1H NMR (400 MHz, CDCl3): d=1.04 (m, 48 H;
CH3), 2.21 (m, 32H; CH2-CH3), 4.29 (m, 12H; ArCHin), 4.47–4.57 (m,
16H; CHAr2), 5.17 (s, 4 H; CHPy), 5.63 (m, 12H; CHout), 6.42 (s, 8H;
ArH), 6.43 (s, 8H; ArH), 7.09 (s, 8 H; ArH), 7.13 (s, 8 H; ArH), 7.41–7.54
[m, 32H; PPhHo +PPhHp +PyHm], 8.12 (br s, 2H; ArH), 8.93 ppm (m,
(XX’ part of a AA’XX� system), 8 H; PyHo); ESI-MS: m/z (%): calcd for
C238H214F12N4O44P4Pt2S4 (4704.8 amu) [M�2CF3SO3]


2+ : 2203.3; found:
2204 (10); calcd [M�3CF3SO3]


3+ : 1419.2; found: 1419 (100).


Data for 22 : (M= Pd): 1H NMR (400 MHz, CDCl3): d= 1.06 (m, 48 H;
CH3), 2.21 (m, 32 H; CH2-CH3), 4.26 (m, 12 H; CHin), 4.54 (m, 12 H;
CHAr2), 4.65 (t, 3J =8.0 Hz, 4H; CHAr2), 5.29 (s, 4H; CHPhPy), 5.61
(m, 12 H; CHout), 6.42 (s, 8H; ArH), 6.51 (s, 8 H; ArH), 7.12 (s, 8 H;
ArH), 7.17 (s, 8 H; ArH), 7.38–7.68 (m, 48H; PPhHo +PPhHp +PyHm +


PyPhHo +PyPhHm), 8.17 (br s, 2 H; ArH), 8.75 ppm (br s, 8 H; PyHo);
ESI-MS: m/z (%): calcd for C262H230F12N4O44P4Pd2S4 (4831.8 amu)
[M�2CF3SO3]


2+ : 2266.8; found: 2266 (30); calcd [M�2CF3SO3–1 cavi-
tand]2+ : 1865.8; found: 1865 (100).


Crystal structures : Crystals of compounds 9, 10, 11, and trans-12, suitable
for X-ray analysis, were obtained by slow diffusion of absolute ethanol
into solutions of the compounds in CH2Cl2. Data collection was per-
formed at the X-ray diffraction beamline facility (monochromatic wave-
length l=1.0000 �) of Elettra Synchrotron, Trieste (Italy), with a Mar
CCD detector and by means of the rotating-crystal method. The crystals
were soaked with an aqueous solution of PEG 1500 (50 %, w/v) prior to
mounting in loops and flash-cooling in a stream of nitrogen gas at 100 K.
The diffraction data was indexed and integrated using MOSFLM[24] and
scaled with SCALECCP4. The structures were solved by using the Pat-
terson method (SHELXS)[25] and Fourier analyses, and refined by the


full-matrix least-squares method based on F2 (SHELXL-97).[26] The elec-
tron density maps showed one crystallographic-independent supramolec-
ular complex in each structure, some dichloromethane and ethanol mole-
cules of the crystallization solvent, and some water molecules coming
from the cryoprotectant solution. In particular, the asymmetric units con-
tained in 9 : 2 triflate counterions, 4.5 ethanol molecules, and 5 water mol-
ecules; in 10 : 1 dichloromethane molecule, 2 ethanol molecules, and 2
water molecules; in 11: 2.5 dichloromethane molecules, 1 ethanol mole-
cule, and 1.5 water molecules; in trans-12 : 3.5 ethanol molecules and 2
water molecules. In the final refinement, all non-hydrogen atoms (except
those of disordered solvent molecules) were treated anisotropically, and
the hydrogen atoms were included at calculated positions with isotropic
U factors=1.2 Ueq of the carbon atom to which they were bonded. For 10
and 11, the anisotropic thermal factors were restrained to an approximate
isotropic behavior by using the card ISOR_* 0.5, because of the low ob-
servable/parameter ratios of these structures. Geometrical restraints were
introduced for a few disordered solvent molecules. Crystal and refine-
ment data are reported in Table 1.


A preliminary diffraction dataset from a crystal of the ditopic complex
trans-11-bis, obtained from the [Pt(dmso)2Cl2] route, was collected in-
house (Bruker rotating anode generator and Kappa CCD2000) at room
temperature by using monochromatic wavelength l=1.5140 �. Crystals
were monoclinic, P21/n, with unit cell parameters a =10.85(4), b=


15.13(5), c=39.93(9) �, b=95.24(8)8 ; V=6345(8) �3; Z=2; 1calcd =


1.399 gcm�3. Even if this dataset was of poor quality and the refinement
not completely satisfactory (R1= 0.231, GOF=1.533), analysis clearly
confirmed that the structure of the trans-11-bis (Figure 6) was very simi-
lar to that of trans-11. The trans ditopic complexes were positioned on
the crystallographic inversion centers located on the Pd ions with the
chlorine ligands disordered over two positions.


CCDC-252894, -252895, -252896, and -252897 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.


Table 1. Crystal data and structure refinement for 9, trans-10, trans-11, and trans-12.


Compound 9 trans-10 trans-11 trans-12


formula (C129H119N2O16P2Pt) 2(CF3O3S)
4.5 (C2H6O)5 (H2O)


(C53H47Cl2N2O8Pt) 2(C2H6O) 2-
(H2O) 1 (CH2Cl2)


(C102H94Cl2N2O16Pt) 2.5 (CH2Cl2)
1(C2H6O) 1.5 (H2O)


(C53H43Cl2NO9PtS) 3.5 -
(C2H6O) 2 (H2O)


Mr 2800.78 1316.99 2155.19 1336.23
crystal system,
space group


triclinic, P1̄ triclinic, P1̄ monoclinic, P21/c monoclinic, P21/n


a [�] 12.32 10.85 10.86 10.85
b [�] 23.17 15.34 28.10 15.13
c [�] 25.85 19.40 35.18 38.93
a [8] 72.6 108.0 90 90
b [8] 83.6 92.4 91.1 96.9
g [8] 87.1 106.4 90 90
V [�3] 6995 2916 10737 6345
Z 2 2 4 4
1calcd [gcm�3] 1.330 1.500 1.333 1.399
m [mm�1] 1.62 4.124 2.49 3.669
F(000) 2902 1334 4424 2728
l/2 sinqmax [�] 0.95 1.00 0.985 1
unique reflns 15 292 3809 10355 6610
reflns [I>2s(I)] 12 057 3415 7862 5782
parameters 1676 656 1212 701
restraints 38 396 786 6
GOF 1.247 1.057 1.533 1.049
R [I>2s(I)] R1= 0.111 R1 =0.070 R1=0.134 R1=0.081


wR2=0.285 wR2 =0.191 wR2=0.349 wR2 =0.231
R (all data) R1= 0.127 R1 =0.075 R1=0.150 R1=0.087


wR2=0.307 wR2 =0.197 wR2=0.370 wR2 =0.240
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Near-Room-Temperature Production of Diameter-Tunable ZnO Nanorod
Arrays through Natural Oxidation of Zinc Metal


Zhongping Zhang,[a] Haidong Yu,[b] Xiaoqiong Shao,[b] and Mingyong Han*[a, b]


Introduction


Nanostructured zinc oxide (ZnO) with diverse morpholo-
gies, such as nanowires, nanorods, nanobelts, nanotubes, and
nanorings, has been extensively studied due to its unique
physical properties, including its wide band gap and large
excitonic binding energy at room temperature; such proper-
ties suggest promising applications in short-wavelength op-
toelectronic devices, solar energy conversion, transparent
conducting coating materials, and sensors.[1–11] The recent
demonstration of room-temperature ultraviolet lasing from
well-oriented ZnO nanowire or nanorod arrays (nanoarrays)
has further stimulated substantial efforts to develop method-
ologies for the synthesis of one-dimensional ZnO nanostruc-
tures to be used for constructing electronic and optoelec-
tronic devices.[1] Among the various techniques reported in
the literature, two vapor-phase-deposition techniques are
the most popular for high-temperature growth of high-quali-
ty ZnO nanoarrays, but are also energy-consuming. Simple
physical vapor deposition generally requires an economical-


ly prohibitive high temperature (>800 8C),[12–15] and complex
chemical vapor deposition involves expensive substrates, so-
phisticated equipment, and rigorous experimental condi-
tions, although the organometallic zinc precursors used can
reduce the reaction temperature to 400 8C.[16–19] Recently,
low-temperature (90–95 8C) preparation of homogeneous
and dense ZnO nanoarrays has also been achieved through
a two-step, wet-chemical process, which includes the coating
of a substrate with ZnO seed particles and the thermal de-
composition of Zn-amide complexes in a mixed zinc salt/
amide aqueous solution.[4,20–22] However, it is still a challenge
to develop a simple, mild, and practical strategy for the low-
cost and large-area fabrication of high-quality ZnO nanoar-
rays; such a strategy is in great demand for use in promising
applications.


Here, we report the near-room-temperature production of
highly oriented and densely packed ZnO nanoarrays by
using the very simple, natural oxidation of zinc metal in a
mixture of formamide and water; the process is based on
heterogeneous nucleation and subsequent crystal growth of
1D nanostructures on the zinc substrate. This direct, one-
step approach allows the well-controlled growth of high-
quality, well-aligned ZnO nanoarrays with large-area homo-
geneity and consisting of nanowires or nanorods with pre-
dictable morphologies, such as identical lengths and tunable
diameters. Such diameter-tunable 1D ZnO nanostructures,
ranging from tens to hundreds of nanometers, can be ach-
ieved by systematically adjusting the volume content of for-
mamide in water, by which the controlled supply rate of
zinc reactants can be continuously adjusted.


Abstract: A simple, low-temperature
strategy has been developed for the
low-cost and large-area fabrication of
ZnO nanoarrays on a zinc substrate by
the natural oxidation of zinc metal in
formamide/water mixtures. The one-
step, wet-chemical approach has exhib-
ited well-controlled growth of highly
oriented and densely packed ZnO


nanoarrays with large-area homogenei-
ty and consisting of nanorods or nano-
wires with predictable morphologies,
such as tunable diameters and identical


lengths. The chemical-liquid-deposition
process, an analogue to the widely used
chemical-vapor-deposition technique,
has been used for the near-room-tem-
perature production of ZnO nanoar-
rays through continuous supply, trans-
port, and thermal decomposition of
zinc complexes in a liquid phase.


Keywords: nanorods · nanostruc-
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oxide
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This newly developed chemical-liquid-deposition process
for the fabrication of ZnO nanoarrays through the continu-
ous supply, transport, and thermal decomposition of organo-
metallic zinc precursors in the liquid-phase is similar to the
widely used chemical-vapor-deposition technique. The
simple, self-seeding growth of ZnO nanoarrays not only has
an attractive low temperature, but also avoids the use of
exotic metals or metal oxides as catalysts or seed particles,
respectively. Like chemical vapor deposition, highly pure
zinc metal is used as the zinc source, which can also avoid
introducing impurities, such as counterions, from Zn salts
that are often involved in other wet-chemical approaches.
The exclusion of exotic metal catalysts and counterions is
very important for fabricating reliable devices, because even
very low concentrations of impurity could cause dopant spe-
cies to be incorporated in semiconductor nanorods, and thus
generate unintentional defect levels and significantly affect
the device properties. In addition to the production of large
areas of ZnO nanoarrays with diameter-tunable nanorods,
this simple strategy can also be developed for the fabrica-
tion of nanostructures of other transition-metal oxides.


Results and Discussion


When the zinc substrate is simply immersed into a forma-
mide/water mixture for 24 h at temperatures as low as 45 8C,
the spontaneous chemical liquid deposition and growth of
ZnO nanorods on it is sparse, because foreign seed particles
were not introduced onto the substrate. However, at an opti-
mized temperature of 65 8C high-quality ZnO nanoarrays
can be produced readily by this simple approach. Figure 1
shows the well-aligned nanorod array with large-area homo-
geneity that was grown on a zinc substrate in 5 % forma-
mide/water at 65 8C for 24 h. The uniform nanorods, with an
average diameter of ~140 nm, were densely packed on the
substrate. The flat-surface appearance of the nanorod array
indicates the uniform length of the nanorods. The well-facet-


ed end and side surfaces of the hexagonal nanorods is also
shown clearly in Figure 1 (inset image).


The presence of wurtzite ZnO was identified by analysis
of the X-ray diffraction (XRD) pattern of the nanorod array
(Figure 2A). In addition to the diffraction peaks from the
zinc metal, there is only one very strong (002) diffraction
peak from the ZnO nanorods, whereas other ZnO peaks are
either very weak or not detected. The predominant (002) re-
flection, with a narrow full width at half maximum of ~0.78,


Figure 1. Scanning electron microscopy (SEM) image of a ZnO nanorod
array grown on a zinc substrate immersed in formamide/water (5 % v/v)
at 65 8C for 24 h.


Figure 2. Structural investigation of ZnO nanorods grown on a zinc sub-
strate immersed in a 5 % formamide/water mixture. A) X-ray diffraction
pattern of a highly oriented array of ZnO nanorods (&: hexagonal ZnO,
*: Zn substrate), B) TEM image of nanorod morphology and SAED
pattern of the selected nanorod, and C) high-resolution TEM image of
an isolated nanorod, indicated in (B).
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indicates the highly preferential growth of the nanorods per-
pendicular to the zinc substrate and the highly oriented c-
axis alignment of the nanorods over a large substrate area.
Figure 2B shows the transmission electron microscopy
(TEM) image of single nanorods carefully removed from
the Zn substrate. Each nanorod, ~1.6 mm in length, has a
uniform diameter along its entire length. The selected-area
electron diffraction (SAED) pattern of a single nanorod
(inset of Figure 2B) demonstrates the single-crystal nature
of nanorods grown along the [0001] direction. Figure 2C
shows the high-resolution TEM image of the single nanorod
circled in Figure 2B. The lattice spacing of 0.52 nm corre-
sponds to the d spacing of the (0001) crystal planes, further
confirming h0001i to be the preferential growth direction.
The anisotropic growth of the ZnO crystal along the [0001]
direction may be caused by the inherent polar properties
along the c axis. The velocities of crystal growth in different
crystallographic planes were reported to be Vh011̄0i>Vh011̄1i>


Vh0001̄i=Vh0001i.
[23,24] A strong room-temperature photolumi-


nescence spectrum of the resulting ZnO nanoarrays can ex-
hibit near-band-edge emission by using a He–Cd laser as the
excitation source.


It is known that the oxidation of zinc metal by naturally
dissolved oxygen is very slow in water due to the passive
surface layer of oxide. However, in the presence of forma-
mide the spontaneous natural oxidation process can be dras-
tically accelerated at room temperature, releasing zinc ions
into the reaction solution (Figure 3, ~) through the forma-
tion of zinc-formamide complexes (Equation 1).


ZnþH2Oþ 1=2O2 ! ½ZnðformamideÞn�2þ þ 2 OH� ð1Þ


As shown by the data taken at 65 8C in Figure 3, more
zinc-formamide complexes can be supplied and accumulated


continuously by zinc oxidation at an elevated temperature
for 24 h. To understand the formation mechanism of ZnO
nanorods on the substrate at elevated temperatures, the ki-
netic process of crystal growth was studied carefully in a
5 % formamide/water mixture. In the temporal evolution of
zinc oxidation over 24 h at 65 8C (Figure 3, !) the zinc con-
centration increased proportionally with reaction time, due
to the continuous release of zinc ions into the reaction
liquid, and up to 0.23 mm of Zn complexes were accumulat-
ed gradually after 24 h in the formamide/water mixture. As
shown too by Figure 3 (!), the oxidation of the zinc metal
in the beginning was very slow, and the resulting low zinc
concentration can induce heterogeneous nucleation prefer-
entially on the zinc substrate. By prolonging the reaction
time, freshly produced Zn species can be continuously sup-
plied for subsequent crystal growth on the heterogeneous
nuclei, by means of thermal decomposition of the resulting
Zn-formamide complexes. Figure 4 shows an SEM image of


a ZnO crystal at an intermediate stage of growth (5 % for-
mamide/water after 5 h). An approximate monolayer of uni-
form ZnO seed particles, ~120 nm in size, can be seen to
have grown on the substrate at this stage. With a further in-
crease in reaction time, these short seed nanoparticles can
continuously grow to eventually form ZnO nanorods.


The diameter-tunable growth of ZnO nanorods is demon-
strated in Figure 5. Well-oriented ZnO nanorods with differ-
ent diameters were chemically synthesized on substrates im-
mersed in 2, 5, and 10 % formamide/water mixtures. With
this increasing formamide content, the average nanorod di-
ameter gradually increased from 50, to 140, to 320 nm, re-
spectively (Figure 5A–C). The average ZnO nanorod diame-
ter is plotted in Figure 6 as a function of formamide content
(2, 3, 5, 6, 8, or 10 %). The average diameter increased pro-
portionally with the increase in formamide content. This
linear relationship demonstrates that the nanorod diameter
can be controlled and predicted by simply adjusting the pre-
determined content of formamide.


Figure 3. Temporal evolution of zinc concentration in a 5% formamide/
water mixture at room temperature (~). Temporal evolutions of zinc con-
centrations in 5 (!), 10 (^), and 20 % (*) formamide/water mixtures at
65 8C.


Figure 4. SEM image of ZnO particle seeds grown on a substrate im-
mersed in a 5% formamide/water mixture, after 5 h at 65 8C.
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The time-dependent evolution of zinc concentration in
the reaction solution for different formamide contents was
monitored by inductively coupled plasma atomic emission
spectrometry (ICP-AES, Figure 3). With an increase of for-
mamide content from 2, 5, 10, 20, to 40 %, the zinc concen-
tration increased dramatically after 24 h crystal growth
(from 0.12, 0.23, 0.37, 0.86, to 1.49 mm, respectively). This
clearly shows that the zinc concentration can be continuous-
ly tuned from low to high level by increasing the formamide
content in the formamide/water mixture, which enhances


the oxidation rate of the zinc metal. The increased supply
rate of zinc-formamide complexes with increasing forma-
mide content may be the main reason for the formation of
thicker nanorods. It was observed that, within the range of
2–10 % formamide, ZnO nanorods or nanowires could be
grown on the zinc substrate exclusively. When the forma-
mide content was increased twofold, from 10 to 20 %, the
concentration level of zinc complexes accumulated was
much higher, leading to the overgrowth of irregular crystal
nanorods on the substrate. It was also noted that the ZnO
nanowires produced in a 2 % formamide/water mixture had
a 50 nm diameter, regular-shaped edges, and a single-crystal
wurtzite structure, which grew preferentially along the c
axis, as shown in the TEM and SAED images of Figure 5A.


When the preparation of ZnO nanorods is carried out at
65 8C, the continuous heterogeneous growth of ZnO nano-
rods on the Zn substrate can gradually block the dissolution
process of the Zn metal. After 24 h, the growth rate is re-
duced considerably, resulting in the very flat surface of the
ZnO nanorod array. On increasing the reaction temperature
to 95 8C, the supply rate of zinc precursor can be increased,
and a homogeneous nucleation process can occur in so-
lution. The ZnO nanorods obtained at this temperature
were not very uniform and the top surface of the nanoarray
was also covered with precipitated ZnO aggregates. With in-
creasing reaction time, the Zn substrate was completely con-
verted to ZnO crystals, leading to homogeneous nucleation
and growth of nanoparticles in solution.


In the growth mechanism of oriented nanorod arrays, het-
erogeneous nucleation at the initial stage is crucial for the
perpendicular and in-plane alignment of the nanorods.
Given that foreign seed particles were not introduced for
the growth of ZnO nanorods in the present work, the heter-
ogeneous nucleation may occur at any sites on the substrate
for catalyst-free crystal growth. As both Zn and ZnO crys-
tals have hexagonal structures with lattice constants of a=


0.2665, c=0.4947 nm and a=0.3249, c=0.5206 nm, respec-
tively, ZnO particles tend to have an epitaxial orientation of
lattice planes with the zinc metal base. As shown in
Figure 4, the epitaxial heterogeneous nucleation can result
in a uniform distribution of ZnO particle seeds on the sub-


Figure 5. SEM images of ZnO nanorod arrays prepared within 24 h from
A) 2, B) 5, and C) 10% formamide/water mixtures. A) Inset shows TEM
and SAED images of one single-crystal ZnO nanowire.


Figure 6. Linear relationship of ZnO nanorod diameter to formamide
content.
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strate at the early stage of crystal growth; with their further
growth, these seeds can subsequently lead to a uniform dis-
tribution of ZnO nanorods on the substrate (Figure 1).


It is generally known that the oriented growth of 1D
nanostructures on bare substrates results from the epitaxial
relationship between the lattice planes of the nanorods and
substrate.[18] It has also been reported that oriented ZnO
nanorods can epitaxially grow on Al2O3, with 17 % lattice
mismatch between nanorod and substrate.[25] Similarly, it is
believed that ZnO particle seeds nucleate and grow epitax-
ially on a zinc metal substrate, resulting in the perpendicular
growth (relative to substrate plane) of nanorods with prefer-
ential c-axis orientation, because both Zn and ZnO crystals
have the same hexagonal structure, with a relatively small
lattice mismatch of 4.9 and 18.0 % along the c and a axes,
respectively. As shown in Figures 1 and 5, nearly all the
nanorods grow perpendicularly from the substrate. For
those nanorods that do not grow perpendicularly, their
growth may become physically limited as they begin to im-
pinge on neighboring, non-misaligned nanorod crystals, ulti-
mately giving rise to the preferentially oriented nanorod
array.


Conclusion


In summary, we report a chemical-liquid-deposition process,
as an analogue to the widely used chemical-vapor-deposition
technique, for the near-room-temperature growth of ZnO
nanoarrays by means of the continuous supply, transport,
and thermal decomposition of zinc-formamide complexes.
This simple, low-temperature strategy has been developed
for the low-cost and large-area fabrication of ZnO nanoar-
rays, by using the natural oxidation of zinc metal in forma-
mide/water mixtures. This one-step, wet-chemical approach
exhibits well-controlled growth of highly oriented and
densely packed ZnO nanoarrays, displaying large-area ho-
mogeneity and consisting of nanorods or nanowires with
predictable morphologies, such as tunable diameters and
identical lengths. It is noted that these diameter-tunable
ZnO nanowires or nanorods, ranging from tens to hundreds
of nanometers, have been achieved by systematically adjust-
ing the volume content of formamide in the formamide/
water mixture; this adjustment can continuously alter the
supply rate of zinc reactants and control the self-seeding
growth of nanoarrays. Room-temperature photolumines-
cence spectra of ZnO nanoarrays exhibit near-band-edge
emission and deep-trap emission. In addition to the large-
area production of diameter-tunable ZnO nanoarrays, vari-
ous nanostructures of transition-metal oxide materials, such
as dendritic scaffolds, have been produced by this simple
strategy.[26] In particular, the anisotropic growth of ZnO
nanoarrays on arbitrary substrates can be achieved by using
evaporated ZnO thin films as buffer layers, which reduce
the mismatch between the ZnO nanostructure and sub-
strate.


Experimental Section


Formamide (99.8 %, Merck) was used without further purification. Zinc
foils (99.9 %, Aldrich), 0.127 mm thick, were ultrasonically washed in ab-
solute ethanol before use.


The oxidation of zinc metal and the subsequent growth of ZnO nanorod
arrays in formamide/water were carried out in a 4-mL glass vial under at-
mospheric conditions. In a typical procedure, a piece of zinc foil (7.0 �
7.0 mm) was immersed in water (1.5 mL) containing formamide, the
volume content of which ranged from 2 to 10% (v/v). The reaction
system was then heated in a drying oven to a constant temperature of
65 8C for 24 h. The Zn substrate surface was tarnished gradually due to
the formation of a thin layer of white ZnO crystals. The zinc foil was
taken out, washed with alcohol and deionized water, and dried at room
temperature before characterization.


The size and morphology of the ZnO nanorods were examined by using
a JEOL JSM-6700 field-emission scanning electron microscope. X-ray
diffraction patterns of nanorod arrays were recorded by using a Bruker
AXS GADDS X-ray diffractometer. The nanorod crystalline structure
was analyzed by means of a JEOL 3010 transmission electron microscope.
The TEM samples were prepared by removing ZnO nanorods from the
zinc substrate and dispersing them on a TEM copper grid. The nanorod
growth mechanism was studied by monitoring the temporal evolution of
Zn concentration in the reaction solution during the 24-h growth period.
Zinc concentrations were measured by using inductively coupled plasma
atomic emission spectrometry (Optima3000 Perkin–Elmer). Photolumi-
nescence spectra of ZnO nanorod arrays were recorded by using a Bio-
Rad 2045 rapid photoluminescence mapping system with a He–Cd laser
(325 nm) as the excitation source.
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Intramolecular Hydroarylation of Alkynes Catalyzed by Platinum or Gold:
Mechanism and endo Selectivity


Cristina Nevado[b] and Antonio M. Echavarren*[a, b]


Introduction


The hydroarylation of alkynes (also known as alkenylation
of arenes) catalyzed by electrophilic transition-metal com-
plexes has received much attention as a valuable synthetic
alternative to the Heck and cross-coupling processes for the
synthesis of alkenyl arenes.[1] Fujiwara et al. have reported
the hydroarylation of a wide range of alkynes catalyzed by
cationic complexes of PdII and PtII.[2] Heteroaromatic com-
pounds, such as pyrroles, indoles, and furans, also react with
alkynoates in the presence of Pd(OAc)2.


[3] s-Aryl or s-heter-
oaryl-Pd species were proposed as intermediates in this re-
action.[2,3] Reetz and Sommer have found that AuIII and AuI


complexes also catalyze the hydroarylation of alkynes.[4] Re-
lated results were reported by He with AuIII.[5] In addition,
metal trifluoromethanesulfonates (M(OTf)n ; M = Sc, Zr,
In) catalyze the alkenylation of arenes with internal alkynes


to give 1,1-diarylalkenes, probably via alkenyl cation inter-
mediates.[6]


Similarly, aryl-alkynoates and alkynanilides cyclize in the
presence of Pd(OAc)2 in trifluoroacetic acid to give coumar-
ins and quinolin-2(1H)-ones, respectively.[7] Trost and Toste
developed an apparently similar palladium-catalyzed alkeny-
lation of phenols with alkynoates that affords coumarins.[8]


However, this reaction is mechanistically different because
it is assumed to be catalyzed by Pd0 and proceeds via Pd�H
intermediates.[9]


Murai, Chatani and co-workers reported the cyclization of
electron-rich aromatic rings with alkynes and RuII and PtII


as catalysts.[10] The scope of this reaction was later extended
to substrates in which the arene moiety does not possess
strong electron-donating groups by the use of GaCl3 as a
catalyst.[11] exo-dig Cyclization is preferred when three or
four carbon atoms separate the alkyne and the arene. How-
ever, the endo-dig cyclization mode was observed in sub-
strates with two carbon atoms in the tether. F�rstner et al.
reported a similar reaction for the synthesis of phenan-
threnes that is catalyzed by PtCl2 or other metal halides,
such as AuCl3, GaCl3, and InCl3.


[12] Sames et al. developed a
PtCl4-catalyzed intramolecular hydroarylation under mild
conditions for the synthesis of chromenes, 1,2-dihydroquino-
lines, and coumarins.[13] Cycloisomerization of w-aryl-1-al-
kynes has been performed by Nishizawa et al. at room tem-
perature with HgII as the catalyst.[14,15]


Substrates of type 1 usually give 2 by a 6-endo-dig path-
way, instead of 3, the product of a 5-exo-dig cyclization.[16]


The simplified mechanism of Scheme 1 shows intermediates
representative of those usually proposed[10–14] based on a


Abstract: The cyclization of differently
substituted aryl alkynes with PtII or AuI


catalysts proceeds by endo-dig path-
ways. When AgI was used to generate
reactive cationic AuI catalysts, 2H-
chromenes dimerize to form cyclobu-
tane derivatives by a AgI-catalyzed
process. A DFT study on the cycliza-


tion mechanism shows a kinetic and
thermodynamic preference for 6-endo-
dig versus 5-exo-dig cyclizations in PtII-


catalyzed processes. Calculations indi-
cate that although Friedel–Crafts and
the cyclopropanation processes via
metal cyclopropyl carbenes show very
similar activation energies, platinum
cyclopropyl carbenes are the stationary
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Friedel–Crafts alkenylation reaction.[17] Thus, h2-coordina-
tion of MXn to 1 affords 4, which undergoes an electrophilic
aromatic substitution to give the Wheland-type intermediate
5. Intermediate 5 would then give 2 by a formal 1,3-H shift
or alternative pathways.[10] In accordance with this mecha-
nism, electron-donating substituents X facilitate the hydro-
arylation process. However, the fact that 6 is not formed
from 4 remains unsolved when
the exo cyclization of enynes is
the most common pathway fol-
lowed by substrates bearing ter-
minal alkynes.[18] In fact, it has
been pointed out that the slip-
page of MXn towards C2 of the
alkyne in the transformation of
4 to 5 is unlikely because this
would result in a rather unsta-
ble primary alkenyl cation
(anti-Markovnikov process).[14]


Importantly, metal vinylidene
intermediates[19, 20] are not in-
volved in these cyclizations, as
shown by deuteration experi-
ments[21] and by the fact that in-
ternal alkynes are also cyclized
with electrophilic metal com-
plexes.[12]


Although the mechanistic hy-
pothesis shown in Scheme 1 is plausible and is inspired by a
fundamental mechanism in organic chemistry, an alternative
explanation based on the formation of metal cyclopropyl
carbenes could also account for the experimental results.
Indeed, we have shown that the PtII-catalyzed reaction of
furans with alkynes proceeds via metal cyclopropyl car-
benes,[21,22, 23] similar to those involved in the alkoxycycliza-
tion and skeletal rearrangement of enynes.[18,24, 25]


We have reported that PtCl2 catalyzes the cyclization of
arenes with alkynes for the synthesis of 1,2-dihydroquino-
lines and chromenes.[21] In all cases, substrates of type 1 re-
acted by the 6-endo-dig pathway. We set out to test whether


this behavior is followed when different catalysts are used.
Herein we present different AuI catalysts[26] for the cycliza-
tion of aryl alkynes. The use of AgI to generate the reactive
cationic AuI catalyst led to an unexpected dimerization of
2H-chromenes promoted by AgI. We also report computa-
tional work on the mechanism of the cyclization of two
model systems with PtCl2 that shows a kinetic and thermo-
dynamic preference for 6-endo-dig versus 5-exo-dig cycliza-
tions. Significantly, our results suggest that metal cycloprop-
yl carbenes are probable intermediates in this electrophilic
aromatic substitution reaction.


Results and Discussion


Cyclization of arylalkynes with PtII or AuI catalysts : The
cyclization of N-propargyl-N-tosyl anilines 7 a–c to form N-
tosyl-1,2-dihydroquinolines 8 a–c with PtCl2 as catalyst pro-
ceeded in toluene under reflux with low-to-moderate
yields.[21] The use of a cationic AuI catalyst formed in situ
from [Au(PPh3)Me] and HBF4, which presumably forms
[Au(PPh3)]BF4, gave 8 a–c in good yields at 23–50 8C
(Table 1, entries 1, 4, and 6).[26] The yields of these reactions
were higher in toluene, and an excess of protic acid was re-


quired to efficiently generate the cationic AuI species. We
have also found that catalysts formed from [Au(PPh3)Cl]
(3 mol%) and a silver salt (3 mol %) allowed these cycliza-
tions to be performed under protic acid-free conditions in
CH2Cl2 as the solvent. Generally, the best conversions were
obtained with AgSbF6 (Table 1, entries 2, 5, and 7), although
in the case of the most reactive substrate, 7 c, AgBF4 also
gave satisfactory results (Table 1, entry 8).


The reaction of phenol 9 with the [Au(PPh3)Cl]/AgSbF6


catalytic system led only to depropargylated derivative 11.[27]


However, PtCl2 as the catalyst gave 2,3-dihydro-1H-benzo-
[c]azepine (10) in 60 % yield (73 % based on 82 % conver-


Scheme 1. Proposed Friedel–Crafts mechanism for the metal-catalyzed 6-
endo-dig cyclization of 4-aryl-1-alkynes.


Table 1. Cyclization of N-propargyl-N-tosyl anilines 7a–c catalyzed by cationic AuI complexes.


Entry Substrate Catalyst (mol %) Solvent T [8C] t [h] Product Yield [%]


1 7 a [Au(PPh3)Me] (3), HBF4 (6) toluene 23 4 8a 71
2 7 a [Au(PPh3)Cl] (3), AgSbF6 (3) CH2Cl2 40 2 8a 72
3 7 a [Au(PPh3)Cl] (3), AgBF4 (3) CH2Cl2 40 17 8a 45[a]


4 7 b [Au(PPh3)Me] (3), HBF4 (6) toluene 23 4 8b 71
5 7 b [Au(PPh3)Cl] (3), AgSbF6 (3) CH2Cl2 23 2 8b 80
6 7 c [Au(PPh3)Me] (3), HBF4 (6) toluene 23 4 8c 92
7 7 c [Au(PPh3)Cl] (3), AgSbF6 (3) CH2Cl2 23 2 8c 76
8 7 c [Au(PPh3)Cl] (3), AgBF4 (3) CH2Cl2 23 2 8c 82 (96)[b]


[a] Determined by 1H NMR spectroscopy. [b] Based on 85% conversion.
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sion) (Scheme 2) by an unusual 7-endo-dig cyclization of 9.
The 6-exo-dig cyclization product 12 was not observed, de-
spite its higher stability (stability: Z-12>E-12>10 ; PM3
calculations). Interestingly, the monopropargyl ether of
2,3,5,6-tetramethylhydroquinone (13) reacts in the presence
of PtCl2 to give spiro derivative 14 in a moderate yield as
well as duroquinone (15) (Scheme 2). In this case, 14 is
formed by attack of the more electron-rich ipso-carbon
atom by a 5-endo-dig process. Quinone 15 arises by depro-
pargylation of 13 to form 2,3,5,6-tetramethylhydroquinone,
followed by air oxidation.


The regioselectivity in the cyclization of resorcinol prop-
argyl derivatives 16 and 17 was studied with different cata-
lysts and under different conditions (Table 2). Reaction of
16 with PtCl2 led to a mixture of 18 and 19, in addition to
isomerized 4H-chromene 20 (Table 2, entry 1). This isomeri-


zation was suppressed when the reaction was carried out in
wet toluene (Table 2, entry 2). 2H-Chromene 18 was isolated
as the exclusive cyclization product with [Au(PPh3)Me] and
HBF4 (Table 2, entry 3), which allowed us to perform the re-
action at room temperature. On the other hand, a 2:1 mix-
ture of 18 and 19 was obtained with [Au(PPh3)Cl] and
AgSbF6 (Table 2, entry 4). The reversed regioselectivity was
observed in the PtCl2-catalyzed reaction of 17 (Table 2,
entry 5).


Sesamol propargyl ether (23) reacts with a PtII catalyst to
afford 6H-[1,3]dioxolo[4,5-g]chromene (24) in excellent
yield.[21] Surprisingly, when cationic AuI catalysts generated
in the presence of AgI were used, in addition to 2H-chro-
mene 24, symmetrical dimer 25 was obtained (Scheme 3).
The structure of 25 was confirmed by X-ray diffraction. Sub-
strate 26 reacted with PtCl2 as catalyst to give a 1:1 mixture
6,7-dimethoxy-2H-chromene (27) and 6,7-dimethoxy-4H-
chromene (28) in moderate yields (Scheme 3). In contrast,
[Au(PPh3)Me] and HBF4 gave 27 selectively. With [Au-
(PPh3)Cl] and AgSbF6, 26 gave a mixture of 27 and dimer
29.


The [2+2] cycloaddition of cinnamic acids to form truxillic
or truxinic acids is not promoted by Ag2O.[28, 29] However,
the dimerization of 2H-chromenes is catalyzed by AgI. Thus,
heating 2H-chromene 27 with AgSbF6 in CH2Cl2 led to 29 in
40 % yield (Scheme 4). This reaction takes place in the dark,
which excludes a photocycloaddition similar to that cata-
lyzed by CuI.[30] A greater yield (58 %) was obtained from
[Au(PPh3)Cl] and AgSbF6 (3 mol% each) in CH2Cl2 at
35 8C for 4 h. However, 27 was recovered unchanged after
being heated with [Au(PPh3)Cl] in CH2Cl2 at 23–40 8C, in
the presence or absence of sunlight.


Mechanism for the electrophilic aromatic substitution with
(h2-alkyne)metal complexes : We decided to carry out a
computational study of the arene cyclizations with alkynes
by means of density functional calculations (DFT) on the 5-
exo-dig and 6-endo-dig cyclizations of 4-(butyn-3-yl)phenol


and 3-(butyn-3-yl)phenol as
model compounds with PtCl2.
We have previously reported
that qualitatively similar results
are obtained with PtII, AuI, or
AuIII in the calculations per-
formed for the cyclization of
enynes.[26,31]


The first step involves coordi-
nation of the alkyne to the
metal to form 30 and 31, re-
spectively (Scheme 5). A 5-exo-
dig cyclization from 30 would
give platinum cyclopropyl car-
bene 32. Alternatively, 33 could
be involved as an intermediate
in this reaction by a simple
electrophilic aromatic substitu-
tion. Similarly, in the 6-endo-dig


Scheme 2.


Table 2. Cyclization of resorcinol derivatives 16 and 17 catalyzed by PtII or cationic AuI complexes.


Entry Substrate Catalyst (mol %) Solvent T [8C] t [h] Yield [%] Product ratio


1 16 PtCl2 (5) toluene 100 17 63 18 + 19 + 20
(3:3:2)


2 16 PtCl2 (5) 10:1 toluene-
H2O


100 15 72 18 + 19 (2:1)


3 16 [Au(PPh3)Me] (3), HBF4


(6)
toluene 23 5 56 18


4 16 [Au(PPh3)Cl] (3), AgSbF6


(3)
CH2Cl2 23 2 40 18 + 19 (2:1)


5[a] 17 PtCl2 (5) toluene 100 15 76 21 + 22 (1:2)


[a] Yields after hydrogenation (H2, Pd/C) of the crude reaction mixture.
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cyclization pathway, platinum cyclopropyl carbenes 34 and
35 or Friedel–Crafts intermediates 36 and 37 were consid-
ered.


A minimum structure for 32 could not be obtained. The
only minimum located in the 5-exo-dig cyclization of 30 was
the zwitterionic intermediate 33. However, formation of 33
from 30 is a highly endothermic process (+21.7 kcal mol�1).
The transition state (TS1) lies 22.3 kcal mol�1 above 30.
These calculations are in agreement with the experimental
results, which show that 5-exo-dig cyclization products are
not formed in the cyclization of 4-aryl-1-ynes. (Figure 1).


The structure of transition state TS1 is shown in Figure 2a,
in which the closest interaction between the electrophilic
part of the molecule and the arene ring occurs with C6 (C2�
C6 distance of 1.956 �). The C2�C5 distance is considerably
longer (2.139 �). Intermediate 33 (Figure 2b) shows a highly
distorted structure, in which the angles around C6 are very
far from the tetrahedral bond angles of sp3-hybridized
carbon atoms. This strain may explain the high energy of
this intermediate and, in consequence, the improbability of
the 5-exo-dig pathway.


Scheme 3.


Scheme 4.


Scheme 5. Starting complexes 30 and 31 and hypothetical intermediates
for the 5-exo-dig and 6-endo-dig cyclization.


Figure 1. Reaction coordinate for the 5-exo-dig cyclization of 4-(butyn-3-
yl)phenol. Calculations at the B3LYP/6-31G(d) level (ZPE-corrected en-
ergies are given in kcal mol�1).


Figure 2. a) Structure of transition state TS1 showing the closest interac-
tion between the electrophile and the arene ring. The C2�C5 distance is
2.139 �. b) A view of intermediate 33 showing the highly distorted struc-
ture around C6, with very different C2-C6-C5 angles (82.68) and C2-C6-
C7 (118.58).
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In the 6-endo-dig cyclization pathway, the formation of
the platinum cyclopropyl carbene 34 is an almost thermo-
neutral process: 14.7 kcal mol�1 are required to reach the
corresponding transition state (TS2) (Figure 3). Interestingly,


a Friedel–Crafts mechanism is also possible. Another transi-
tion state (TS3), which lies 16.2 kcal mol�1 above the corre-
sponding metal-coordinated aryl-alkyne, was found. Surpris-
ingly, analysis of the energy gradient profile showed a re-
markable and rapid decrease from TS3 that finally led to 34
as the unique minimum structure. Zwitterionic intermediate
36 could only be found when solvent effects were consid-
ered.[32]


Formation of platinum cyclopropyl carbene 34 from 30 is
an asynchronous process. Although TS2 and TS3 are very
similar in energy, they show remarkable structural differen-
ces (Figure 4). In TS2, formation of the C1�C5 bond pre-
cedes that of the C1�C6 bond
owing to the donor effect of the
hydroxy group. The C�C dis-
tances to the forming cyclopro-
pane ring are 2.188 � (C1�C5)
and 2.565 � (C1�C6), respec-
tively. On the other hand, the
closest distance in TS3 is C1�C6
(2.050 �), whereas the C1�C5
distance is 2.478 �.


In the case of PtII complex of
3-(butyn-3-yl)phenol (31), for-
mation of 35 is almost thermo-
neutral with an activation
energy of 14.7 kcal mol�1 via
TS4 (Figure 5). A Friedel–
Crafts mechanism is also possi-
ble in the cyclization of 31. This
transformation is kinetically


slightly more facile: transition state TS5 lies 13.2 kcal mol�1


above 31. However, formation of zwitterionic intermediates
37 is more endothermic (4.9 versus 0.4 kcal mol�1). In con-
trast to TS2, the closest C�C bond lengths in TS4 between
the electrophile and the arene occurs with C6 (2.214 �), the
position para to the donor hydroxyl group (Figure 6). In
TS5, the C1�C6 distance is even shorter (2.179 �).


Intermediates 36 and 37 show structures resembling the
Wheland cations that have been characterized structurally
in typical electrophilic aromatic substitution reactions
(Figure 7).[33] In contrast to 33 (Figure 2), which shows very
different C2-C6-C5 angles (82.68) and C2-C6-C7 (118.58),
the angles around C6 in 36 and 37 are closer to sp3 hybridi-
zation. In 36, the C2-C6-C5 angle is 100.38, while the C2-C6-
C7 angle is 106.48. In intermediate 37 these angles are
103.68 and 106.38, respectively. The Pt�C bond lengths of
1.960–1.965 � are longer that those found for the carbene
complexes (see Figure 7).[34]


Figure 3. Reaction coordinates for the 6-endo-dig cyclization of 4-(butyn-
3-yl)phenol with PtCl2. Calculations at the B3LYP/6-31G(d) level (ZPE-
corrected energies are given in kcal mol�1). Values in parentheses take
solvent effects into consideration.


Figure 4. Structures of transitions states TS2 and TS3 that highlight the
closest interaction between the electrophile and the arene ring. The C1�
C6 distance in TS2 is 2.565 � and for TS3 the C1�C5 distance is 2.478 �.


Figure 5. Reaction coordinates for the 6-endo-dig cyclization of 3-(butyn-3-yl)phenol with PtCl2. Calculations
at the B3LYP/6-31G(d) level (ZPE-corrected energies are given in kcal mol�1).
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The opening of the C1�C5 cyclopropane bond in inter-
mediate 35 to form Wheland intermediate 37, proceeds via
TS6 (Figure 5 and Figure 8). This late transition state resem-
bles intermediate 37 and shows an almost fully cleaved C1�
C5 bond. In the transformation of 35 to 37, the C1�C2 bond
shortens and the carbene C2�Pt bond lengthens to become
an alkenyl–Pt bond.


Platinum cyclopropyl carbenes 34 and 35 show structures
similar to that of endo-carbene 39, derived by 6-endo-dig
cyclization of (E)-2-octen-1-yne (Figure 9). Remarkably, the


Pt=C bond length is identical in the three complexes. The
lengths of the cyclopropane bonds conjugated with the plati-
num carbene (C1�C5 and C1�C6) in 34 and 35 are distinct,
being shorter than the cyclopropane bonds para to the hy-
droxyl (C1�C5 in 34 and C1�C6 in 35). A very similar struc-
ture was found for 34 when solvents effects were considered.
Interestingly, platinum carbenes 34 and 35 resemble the
products of intramolecular Buchner additions of diazoke-
tones to aryl rings.[35]


Although DFT calculations support the involvement of
cyclopropyl metal carbenes as intermediates in, at least,
some intramolecular reactions of arenes with alkynes, a
more definitive answer to this issue would be provided by
the trapping of these intermediates. This has already been
demonstrated in the reaction of furans with alkynes.[21, 22] In
this case, DFT calculations indicated that 40 cyclizes exo-
thermically to form platinum cyclopropyl carbene 41, which
evolves to form 42, and finally phenols of type 43
(Scheme 6). Isolation of a,b-unsaturated carbonyl com-
pounds, such as 4, strongly supports the involvement of in-
termediates 42, and, consequently, a cyclopropanation path-
way for that process.


Conclusion


The cyclization of differently substituted substrates with PtII


or AuI catalysts proceeds by endo-dig pathways. When AgI


was used to generate reactive cationic AuI catalysts, 2H-


Figure 6. Structures of transition states TS4 and TS5 that highlight the
closest interactions between the electrophile and the arene ring. The C1�
C5 distance in TS5 is 2.638 �.


Figure 7. Structures of Friedel–Crafts intermediates 36 and 37 that show
the angles between the ipso-carbon atom, the plane of the cyclohexadien-
yl ring, and the electrophile (a) or H6 (b).


Figure 8. Opening of the cyclopropane in intermediate 35 to form 37 via
TS6 (computed at the B3LYP/6-31G(d) level).


Figure 9. Structure of the cyclopropyl platinum carbenes 34 and 35 com-
pared to 39, intermediate in the 6-endo-dig cyclization of (E)-2-octen-1-
yne (computed at the B3LYP/6-31G(d) level).[31]
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chromenes were shown to dimerize. This is a AgI-catalyzed
process.


A computational study of the cyclization mechanism of
two model systems with PtCl2 shows a kinetic and thermo-
dynamic preference for 6-endo-dig versus 5-exo-dig cycliza-
tions. For the 5-exo-dig pathway, the two atoms tethering
the arene and the alkyne are not sufficient to allow the for-
mation of a low-energy Wheland intermediate.


Our results suggest that metal cyclopropyl carbenes are
probable intermediates in the 6-endo-dig cyclization. Thus,
in the cyclization of 30, with an electron-releasing substitu-
ent at the meta position with respect to the new C�C bond,
both transition states TS2 and TS3 converge to give platinum
cyclopropyl carbene 34 as the first intermediate in the proc-
ess. This pathway corresponds to an electrophilic aromatic
substitution reaction proceeding by initial formation of two
bonds between the electrophile and the arene. This mecha-
nistic picture differs from the generally accepted two-step
electrophilic aromatic substitution reaction,[36] in that, in-
stead of the loosely bonded p-complex intermediate, the
metal cyclopropyl carbene appears as a well-defined energy
minimum in the reaction coordinate very similar to those
found in the cyclizations of 1,6-enynes.[25] In the case of sub-
strate 31, with the electron-releasing substituent at the para
position with respect the formed C�C bond, a less clear-cut
mechanistic picture arises. The Friedel–Crafts and the cyclo-
propanation processes showed very similar activation ener-


gies, although platinum cyclopropyl carbene 35 is the sta-
tionary point with the lowest energy.


Experimental Section


Unless otherwise stated, all reactions were carried out under Ar in dry,
freshly distilled solvents under anhydrous conditions. THF was dried by
means of 4 � molecular sieves. Toluene and DMF were distilled from
sodium/benzophenone and CaH2, respectively, and were stored over 4 �
molecular sieves. Chromatography purifications were carried out on flash
grade silica gel (SDS Chromatogel 60ACC, 40–60 mm) with distilled sol-
vents. NMR spectra were recorded at 23 8C on a Bruker AC-300
(300 MHz for 1H, and 75 MHz for 13C) and Bruker AMX-500 (500 MHz
for 1H, and 125 MHz for 13C). EI-MS were obtained with a probe temper-
ature of 300 8C, ion source at 300 8C, and 70 eV electron energy. The
FAB-MS spectra were obtained with m-nitrobenzyl alcohol as the matrix.
Both MS (FAB, EI) were recorded on a HP1100 mSD spectrometer. Ele-
mental analyses were performed on a LECO CHNS 932 micro-analyzer.
Melting points were determined with a Gallenkamp melting point appa-
ratus.


Compounds 7 a–c,[21] 8 a–c,[21] 16,[37] 17,[38] 18,[39] 23,[21] and 24[21] have been
previously described.


General procedure for the alkylation of amines and phenols : A solution
containing NaH (1.2 equiv, 60% in mineral oil) in dried DMF (volume of
DMF necessary to make the concentration of NaH 1.0m) was cooled to
0 8C. A solution of the corresponding amine or phenol (1.0 equiv) in
DMF (volume of DMF necessary to make the concentration 1.0 m) was
added dropwise. The mixture was warmed to room temperature, stirred
for 20 min, and the alkylating agent (1.0 equiv) was added. The reaction
mixture was stirred at room temperature for 4 h, quenched with 10 %
aqueous HCl, and diluted with Et2O. The organic layer was washed sever-
al times with water and then dried over MgSO4. The solvent was evapo-
rated and the residue was purified by chromatography (hexane/EtOAc
mixtures) to give the corresponding alkylated products.


Five-step synthesis of 9 (see Scheme 7):


3-[(2-(Trimethylsilyl)ethoxy)methoxy]benzonitrile : To a suspension of
NaH (60 % in mineral oil, 880 mg, 22.00 mmol) in THF (10 mL) at 0 8C,
was added a solution of 3-hydroxybenzonitrile (2.50 g, 21.0 mmol) in
THF (5 mL), followed by trimethylsilylethoxymethyl chloride (SEMCl,
3.9 mL, 22.0 mmol). The mixture was stirred for 2 h at 23 8C and then
quenched with H2O. After extractive workup (Et2O) and chromatogra-
phy (hexane/EtOAc 9:1), the title compound was obtained (3.70 g, 70 %)
as a pale yellow oil. 1H NMR (300 MHz, CDCl3): d = 7.44–7.28 (m, 4 H),
5.27 (d, J = 0.8 Hz, 2H), 3.81–3.75 (m, 2 H), 0.99 (ddd, J = 8.1, 8.1,
0.8 Hz, 2H), 0.04 ppm (s, 9 H); 13C NMR (75 MHz, CDCl3, DEPT): d =


158.23 (C), 130.94 (CH), 125.99 (CH), 121.79 (CH), 120.16 (CH), 119.27
(CH2), 113.87 (CH2), 93.56 (CH2), 67.28 (CH2), 18.65 (CH2), �0.82 ppm
(CH3); FAB-HRMS: [M+1]+ : calcd for C13H20NO2Si: 250.1263; found:
250.1269.


Scheme 6.


Scheme 7. Synthesis of 9.
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[3-((2-(Trimethylsilyl)ethoxy)methoxy)phenyl]methanamine : A solution
of 3-[(2-(trimethylsilyl)ethoxy)methoxy]benzonitrile (3.70 g, 14.80 mmol)
in THF (10 mL) was added to a suspension of LiAlH4 (850 mg,
22.40 mmol) in THF (10 mL). The mixture was stirred at 35 8C for 4 h,
cooled to 0 8C, and quenched with H2O (1.6 mL, 88.89 mmol). The mix-
ture was diluted with EtOAc and Na2SO4 was added. After stirring for
1 h, the reaction mixture was filtered through Celite and dried over
MgSO4. The solvent was evaporated to give the crude amine (3.37 g,
90%) as a pale yellow oil. The amine was used without further purifica-
tion in the following tosylation step. 1H NMR (300 MHz, CDCl3): d =


7.23 (t, J = 7.8 Hz, 1 H), 7.01–6.89 (m, 3H), 5.20 (s, 2 H), 3.80 (s, 2H),
3.76–3.56 (m, 2H), 2.37 (s, 2 H), 0.98–0.89 (m, 2 H), �0.02 ppm (s, 9 H).


[3-((2-(Trimethylsilyl)ethoxy)methoxy)phenyl]-N-tosylmethanamine : To a
solution of the corresponding amine (3.40 g, 13.50 mmol) in CH2Cl2, was
added NEt3 (2.1 mL, 14.00 mmol) at 0 8C. Then a solution of TsCl (2.50 g,
13.50 mmol) in CH2Cl2 was added and the reaction mixture was stirred at
23 8C. The crude mixture was washed with a solution of HCl (10 %) and
brine. After drying with Na2SO4, and evaporation of the solvent, the resi-
due was chromatographed (hexane/EtOAc 10:1) to give the title com-
pound (1.75 g, 32 %) as a colorless oil. 1H NMR (300 MHz, CDCl3): d =


7.75 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.17 (t, J = 8.0 Hz,
1H), 6.91 (ddd, J = 8.0, 2.4, 1.0 Hz, 1 H), 6.85–6.81 (m, 2 H), 5.15 (br s,
2H), 4.08 (d, J = 6.3 Hz, 2H), 3.75–3.69 (m, 2H), 2.43 (s, 3 H), 0.96–0.91
(m, 2 H), �0.02 ppm (s, 9H) (the NH signal was not observed); 13C NMR
(75 MHz, CDCl3): d = 158.30, 144.12, 138.46, 137.55, 130.37, 127.88,
127.86, 121.70, 116.34, 116.24, 93.41, 66.94, 47.80, 22.17, 18.67,
�0.78 ppm; FAB-HRMS: calcd for C20H30NO4SiS: 408.1665; found:
408.1679.


N-[3-((2-(Trimethylsilyl)ethoxy)methoxy)benzyl]-N-tosylbut-2-yn-1-
amine : This compound was obtained following the general procedure for
the propargylation after chromatography (hexane/EtOAc 10:1) as a col-
orless oil (721 mg, 64%). 1H NMR (300 MHz, CDCl3): d = 7.79 (d, J =


8.3 Hz, 2 H), 7.32 (d, J = 8.3 Hz, 2 H), 7.22 (d, J = 8.1 Hz, 1 H), 7.00–
6.94 (m, 3H), 5.20 (s, 2H), 4.28 (s, 2H), 3.92–3.87 (m, 2H), 3.79–3.70 (m,
2H), 2.44 (s, 3 H), 1.53 (t, J = 2.4 Hz, 3H), 0.99–0.91 (m, 2H),
�0.01 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 158.37, 144.26,
137.12, 136.67, 130.37, 130.16, 128.51, 122.62, 117.30, 116.44, 93.50, 82.52,
76.92, 74.77, 66.92, 50.34, 36.24, 22.20, 18.68, �0.77 ppm; FAB-HRMS:
[M+1]+ : calcd for C24H34NO4SiS: 460.1978; found: 460.1985.


N-[(3-Hydroxy)benzyl]-N-tosylbut-2-yn-1-amine (9): TBAF (3.1 mL,
3.12 mmol; 1.0m in THF) was added to N-[3-((2-(trimethylsilyl)ethoxy)-
methoxy)benzyl]-N-tosylbut-2-yn-1-amine (721 mg, 1.56 mmol) in HMPA
(5 mL) and the mixture was stirred at 90 8C for 17 h. The reaction was di-
luted with EtOAc, washed with brine and water, and the organic phase
was dried over Na2SO4. The solvent was evaporated and the residue
chromatographed (hexane/EtOAc 3.5:1). The product was further puri-
fied by trituration with CH2Cl2/hexane to give 9 (298 mg, 58%) as a
white solid. M.p. 113–114 8C; 1H NMR (300 MHz, CDCl3): d = 7.79 (d, J
= 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2 H), 7.19 (t, J = 7.8 Hz, 1H), 6.90–
6.86 (m, 2 H), 6.77 (ddd, J = 7.8, 2.4, 0.8 Hz, 1 H), 4.26 (s, 2 H), 3.90 (d, J
= 2.4 Hz, 2H), 2.44 (s, 3 H), 1.54 ppm (t, J = 2.4 Hz, 3H) (the OH signal
not observed); 13C NMR (75 MHz, CDCl3): d = 156.57, 143.98, 137.87,
136.84, 130.48, 129.94, 128.60, 121.67, 116.02, 115.68, 82.54, 72.09, 50.25,
36.89, 22.15, 3.86 ppm; EI-HRMS: calcd for C18H19NO3S: 329.1086;
found: 329.1073.


2,3,5,6-Tetramethylhydroquinone : To a suspension of duroquinone (1.0 g,
6.10 mmol) in THF (4 mL) and MeOH (2 mL), was slowly added NaBH4


(300 mg, 8.0 mmol). The reaction mixture was stirred at 23 8C for 30 min
and then cooled to 0 8C. Additional MeOH was slowly added until no
more gas evolution was observed. A small amount of water was added
and a solid precipitated. The solid was filtered off and washed with Et2O
to yield the title compound (1.02 g, quantitative) as a white solid, which
was used without further purification in the following propargylation
step. 1H NMR (300 MHz, CDCl3): d = 2.18 (s, 6 H), 1.58 ppm (br s, 2 H).


2,3,5,6-Tetramethyl-4-(prop-2-ynyloxy)phenol (13): This compound was
obtained following the general procedure for the propargylation from
2,3,5,6-tetramethylhydroquinone and propargyl bromide after chromatog-
raphy (hexane/EtOAc 20:1 to 8:1) as a pale yellow solid (31 %). M.p.


107–108 8C; 1H NMR (300 MHz, CDCl3): d = 4.50 (s, 1 H), 4.41 (d, J =


2.4 Hz, 2H), 2.54 (t, J = 2.4 Hz, 1 H), 2.28 (s, 6 H), 2.19 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d = 149.45, 149.00, 128.19 (2 C), 120.75
(2 C), 80.20, 75.26, 61.09, 13.82 (2 C), 12.80 ppm (2 C); elemental analysis
calcd (%) for C13H16O2: C 76.44, H 7.90; found: C 76.11, H 7.72.


1,2-Dimethoxy-4-(prop-2-ynyloxy)benzene (26): This compound was ob-
tained following the general procedure for the propargylation from 3,4-
dimethoxyphenol and propargyl bromide after chromatography (hexane/
EtOAc 5:1) as a colorless oil. (2.22 g, 60%). 1H NMR (300 MHz,
CDCl3): d = 6.79 (d, J = 8.7 Hz, 1 H), 6.60 (d, J = 2.8 Hz, 1H), 6.49
(dd, J = 8.7, 2.8 Hz, 1 H), 4.65 (d, J = 2.4 Hz, 2H), 3.86 (s, 3 H), 3.84 (s,
3H), 2.52 ppm (t, J = 2.4 H, 1H); 13C NMR (75 MHz, CDCl3, DEPT): d


= 152.07 (C), 149.81 (C), 144.11 (C), 111.56 (CH), 104.39 (CH), 101.36
(CH), 78.75 (C), 75.29 (CH), 56.40 (CH2), 56.31 (CH3), 55.78 ppm (CH3);
EI-HRMS: calcd for C11H12O3: 192.0786; found: 192.0787.


General procedure for the cyclization of arylalkynes with PtCl2 : A so-
lution of the 4-aryl-1-alkyne (0.1 mmol) and PtCl2 (0.005 mmol) in tolu-
ene (1.5 mL) was stirred at 100 8C for the stated times. The resulting mix-
ture was filtered through a short path of Celite, and the solvent was
evaporated. Column chromatography (hexane/EtOAc mixtures) gave the
corresponding cyclic compounds.


General procedure for the cyclization of 4-aryl-1-alkynes with [Au-
(PPh3)Me] and HBF4 : A mixture of 4-aryl-1-alkyne (0.1 mmol) and [Au-
(PPh3)Me] (0.003 mmol) was dissolved in toluene (1.5 mL). HBF4 (1 mL,
0.006 mmol) was added and the reaction mixture was stirred at 23 8C for
the stated times. The mixture was diluted with Et2O, washed with 5%
aqueous NaHCO3, and the organic phases were dried over MgSO4. The
solvent was evaporated and the residue was purified by column chroma-
tography (hexane/EtOAc mixtures) to give the corresponding cyclic com-
pounds.


General procedure for the cyclization of 4-aryl-1-alkynes with [Au-
(PPh3)Cl] and AgX (X = SbF6, BF4): A mixture of [Au(PPh3)Cl]
(0.003 mmol) and AgX (0.003 mmol) was dissolved in toluene (1.5 mL).
4-Aryl-1-alkyne (0.1 mmol) was added and the reaction mixture was stir-
red at room temperature for the stated times. The mixture was filtered
through a short path of Celite, and solvent was evaporated. The residue
was purified by column chromatography (hexane/EtOAc mixtures) to
yield the corresponding cyclic compounds.


(Z)-2,3-Dihydro-5-methyl-2-tosyl-1H-benzo[c]azepin-8-ol (10): Colorless
oil; 1H NMR (300 MHz, CDCl3): d = 7.74 (d, J = 8.3 Hz, 2 H), 7.32 (d,
J = 8.3 Hz, 2H), 7.18 (d, J = 8.4 Hz, 1 H), 6.83 (dd, J = 8.4, 2.7 Hz,
1H), 6.71 (d, J = 2.7 Hz, 1H), 5.67 (td, J = 7.0, 1.5 Hz, 1H), 4.96 (s, 1 H,
-OH), 4.14 (s, 2 H), 3.60 (d, J = 7.0 Hz, 2H), 2.46 (s, 3 H), 2.06 ppm (s,
3H); 13C NMR (75 MHz, CDCl3, DEPT): d = 154.99 (C), 143.32 (C),
141.56 (C), 136.12 (C), 135.08 (C), 133.48 (C), 129.62 (CH), 127.67 (CH),
127.52 (CH), 119.30 (CH), 116.62 (CH), 115.12 (CH), 49.75 (CH2), 44.18
(CH2), 22.29 (CH3), 21.54 ppm (CH3); FAB-HRMS: [M+1]+ : calcd for
C18H20NO3S: 330.1164; found: 330.1165.


14 : Yellow oil; 1H NMR (300 MHz, CDCl3): d = 6.25 (dt, J = 3.2,
1.6 Hz, 1H), 5.30 (dt, J = 6.1, 2.4 Hz, 1 H), 4.96 (dd, J = 2.4, 1.6 Hz,
2H), 1.92 (dd, J = 2.0, 1.2 Hz, 6 H), 1.88 ppm (dd, J = 2.0, 1.2 Hz, 6H);
13C NMR (75 MHz, CDCl3, DEPT): d = 185.63 (C), 152.68 (2 C), 132.02
(CH), 131.17 (2 C), 129.87 (CH), 91.50 (C), 78.96 (CH2), 15.14 (2 CH3),
12.17 ppm (2 CH3); EI-HRMS: calcd for C13H16O2: 204.1150; found:
204.1156.


2H-Chromen-7-ol (19): Pale yellow oil; 1H NMR (300 MHz, CDCl3): d =


6.82 (d, J = 8.1 Hz, 1H), 6.38–6.27 (m, 3H), 5.62 (dt, J = 9.7, 3.4 Hz,
1H), 5.62 (dt, J = 9.7, 3.4 Hz, 1H), 4.79 ppm (dd, J = 3.4, 1.6 Hz, 2 H);
13C NMR (75 MHz, CDCl3): d = 155.24, 151.35, 127.50, 124.23, 118.84,
111.26, 108.17, 103.28, 65.63 ppm; EI: m/z : 147.1 [M�1]+ .


4H-Chromen-5-ol (20): Pale yellow oil; 1H NMR (300 MHz, CDCl3): d =


6.82 (d, J = 8.1 Hz, 1H), 6.38–6.27 (m, 3H), 5.62 (dt, J = 9.7, 3.4 Hz,
1H), 5.62 (dt, J = 9.7, 3.4 Hz, 1H), 4.79 ppm (dd, J = 3.4, 1.6 Hz, 2 H);
13C NMR (75 MHz, CDCl3): d = 155.24, 151.35, 127.50, 124.23, 118.84,
111.26, 108.17, 103.28, 65.63 ppm.


5-Methoxy-2H-chromene (21) and 7-methoxy-2H-chromene (22): These
compounds were hydrogenated in situ (toluene solution) with Pd/C
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(10 %) at room temperature for 2 h to give a 1:2 mixture of 3,4-dihydro-
5-methoxy-2H-chromene (21’) and 3,4-dihydro-7-methoxy-2H-chromene
(22’): 1H NMR (300 MHz, CDCl3): d = 7.09 (t, J = 8.5 Hz, 1 H, 21’),
6.97 (ddd, J = 8.5, 1.2, 0.8 Hz, 1H, 22’), 6.53–6.44 (m, 2H 21’, 1H 22’),
6.40 (d, J = 2.8 Hz, 1 H, 22’), 4.23–4.17 (m, 2H 21’, 2 H 22’), 3.86 (s, 3H,
21’), 3.80 (s, 3H, 22’), 2.76 (t, J = 6.5 Hz, 2H, 22’), 2.70 (t, J = 6.5 Hz,
2H, 21’), 2.07–1.98 ppm (m, 4H, 2H 22’, 2 H 21’); 13C NMR (75 MHz,
CDCl3): d = 159.63, 158.65, 156.38, 156.20, 130.86, 127.41, 115.00, 112.00,
110.18, 107.65, 102.35, 102.17, 67.16, 66.71, 56.07, 55.93, 24.82, 23.16,
22.50, 19.85 ppm; EI-HRMS: calcd for C10H12O2: 164.0837; found:
164.0830.


25 : White solid; 1H NMR (300 MHz, CDCl3): d = 6.56 (s, 1 H), 6.51 (s,
1H), 5.91 (m, 2 H), 4.09 (d, J = 11.6 Hz, 1H), 3.73 (d, J = 11.6 Hz, 1H),
3.01–2.91 ppm (m, 2 H); 13C NMR (75 MHz, CDCl3; DEPT): d = 149.61
(C), 146.50 (C), 142.51 (C), 118.73 (C), 107.76 (CH), 100.91 (CH2), 99.58
(CH), 66.29 (CH2), 41.06 (CH), 33.38 ppm (CH). The structure was con-
firmed by NOESY, COSY, HMBC, HMQC experiments and X-ray dif-
fraction.


6,7-Dimethoxy-2H-chromene (27): Yellow oil; 1H NMR (300 MHz,
CDCl3): d = 6.52 (s, 1 H), 6.41 (s, 1 H), 6.35 (dt, J = 9.4, 1.0 Hz, 1H),
5.65 (dt, J = 9.4, 3.7 Hz, 1H), 4.74 (dd, J = 3.7, 1.0 Hz, 2H), 3.84 (s,
3H), 3.83 ppm (s, 3H); 13C NMR (75 MHz, CDCl3, DEPT): d = 149.52
(C), 148.49 (C), 143.48 (C), 124.38 (CH), 119.19 (CH), 114.34 (C), 109.95
(CH), 100.54 (CH), 65.36 (CH2), 55.48 (CH3), 55.92 ppm (CH3); EI-
HRMS: calcd for C11H12O3: 192.0786; found: 192.0787.


6,7-Dimethoxy-4H-chromene (28): Yellow oil; 1H NMR (300 MHz,
CDCl3): d = 6.47 (s, 1 H), 6.45 (dt, J = 6.4, 2.0 Hz, 1 H), 4.90 (dt, J =


6.4, 3.5 Hz, 1H), 3.83 (s, 3 H), 3.82 (s, 3 H), 3.32 ppm (m, 2 H); 13C NMR
(75 MHz, CDCl3, DEPT): d = 149.08 (C), 147.54 (C), 143.67 (C), 140.50
(C), 111.42 (CH), 100.64 (CH), 99.82 (CH), 56.24 (CH3), 55.90 (CH3),
22.79 ppm (CH2) (one C signal is missing owing to overlapping); EI-
HRMS: calcd for C11H12O3: 192.0786; found: 192.0789.


29 : White solid; 1H NMR (300 MHz, CDCl3): d = 6.69 (s, 1 H), 6.68 (s,
1H), 3.80 (d, J = 11.4 Hz, 1 H), 3.55 (s, 3 H), 3.50 (d, J = 11.4 Hz, 1H),
3.38 (s, 3 H), 3.00 (d, J = 8.0 Hz, 1H), 2.73 ppm (d, J = 8.0 Hz, 1H);
13C NMR (75 MHz, CDCl3, DEPT): d = 149.87 (C), 149.62 (C), 145.37
(C), 117.89 (C), 114.02 (CH), 102.75 (CH), 65.72 (CH2), 56.66 (CH3),
55.19 (CH3), 40.75 (CH), 33.69 ppm (CH); EI-HRMS: calcd for
C22H24O6: 384.1573; found: 384.1578. The structure was confirmed by
NOESY, COSY, HMBC, HMQC experiments.


Computational methods : Calculations were performed with the GAUS-
SIAN 98 series of programs.[40] The geometries of all complexes were op-
timized at the DFT level with the B3LYP hybrid functional.[41] The stan-
dard 6-31G(d) basis set was used for C, H, O, and Cl and the LANL2DZ
relativistic pseudopotential was used for Pt. Harmonic frequencies were
calculated at the same level of theory to characterize the stationary
points and to determine the zero-point energies (ZPE). Intrinsic reaction
coordinate calculations (IRC) were performed to ensure that the transi-
tion states actually connect the proposed reagents and products.
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Introduction


Since the early 1990s, metallocenes of the lanthanides have
been well established as catalysts for the polymerization of
polar monomers such as acrylates, lactones, lactides, isocya-
nates, and oxiranes.[1] Thus, for the polymerization of methyl
methacrylate Yasuda et al. used the catalyst [{(h5-
C5Me5)2SmH}2] and established the mechanism of this cata-
lytic process. Monodisperse, high molecular weight polymers


with extremely narrow polydispersities were obtained.[2] In
the established mechanism, the carbonyl group of the mono-
mer is activated by coordination to the Lewis acidic lantha-
nide center. A comparable bimetallic mechanism was estab-
lished for the polymerization of e-caprolactone and methyl
methacrylate starting from the divalent lanthanide precata-
lyst [(h5-C5Me5)2Sm(thf)2].[3] Today this mechanism has also
been established for other monomers and other metallo-
cenes of the lanthanides.[4] For the cyclic esters e-caprolac-
tone and d-valerolactone, a diversity of lanthanide catalysts,
such as metallocenes[5] and alkoxide complexes, were estab-
lished.[6] The role of the ancillary ligand set, which remains
bound to the metal center during the whole process, is to
limit the number of active polymerization sites on the metal
atom and to modify the reactivity of the metal throughout
the polymerization.[5d]


Recently, in lanthanide chemistry there have been signifi-
cant research efforts to establish amides as ancillary ligands.
One approach is the use of P,N compounds such as phosphin-
imides (R2PNR’),[7] phosphoraneiminato (R3PN),[8] phos-


Abstract: Yttrium and lanthanide com-
plexes with different P,N ligands in the
coordination sphere have been synthe-
sized. First the chloride complexes
[{CH(PPh2NSiMe3)2}Ln{(Ph2P)2N}Cl]
(Ln=Y (1 a), La (1 b), Nd (1 c), Yb
(1 d)) having the bulky
[CH(PPh2NSiMe3)2]


� and the flexible
[(Ph2P)2N]� ligands in the same mole-
cule were prepared by three different
synthetic pathways. Compounds 1 a–d
can be obtained by reaction of
[{[CH(PPh2NSiMe3)2]LnCl2}2] with [K-
(thf)nN(PPh2)2] (n=1.25, 1.5) or by
treatment of [{(Ph2P)2N}LnCl2(thf)3]
with K[CH(PPh2NSiMe3)2]. Further-


more, a one-pot reaction of
K[CH(PPh2NSiMe3)2] with LnCl3 and
[K(thf)nN(PPh2)2] leads to the same
products. Single-crystal X-ray struc-
tures of 1 a–d show that the conforma-
tion of the six-membered metallacycle
(N1-P1-C1-P2-N2-Ln) which is formed
by chelation of the
[CH(PPh2NSiMe3)2]


� ligand to the lan-
thanide atom is influenced by the ionic
radius of the central metal atom. In so-


lution dynamic behavior of the
[(Ph2P)2N]� ligand is observed, which is
caused by rapid exchange of the two
different phosphorus atoms. Further re-
action of 1 b with KNPh2 resulted in
[{(Me3SiNPPh2)2CH}La{N(PPh2)2}-
(NPh2)] (2). Compounds 1 a–d and 2
are active in the ring-opening polymer-
ization of e-caprolactone and the poly-
merization of methyl methacrylate. In
some cases high molecular weight poly-
mers with good conversions and
narrow polydispersities were obtained.
In both polymerizations the catalytic
activity depends on the ionic radius of
the metal center.


Keywords: chelates · lanthanides ·
N,P ligands · polymerization ·
yttrium
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phiniminomethanides ((RNPR’2)CH),[9,10] phosphiniminome-
thanediides ((RNPR’2)C),[11] and diiminophosphinates
((R2P(NR’))[12] as ligands. Current work on these ligands has
shown that some lanthanides
complexes having P,N ligands in
the coordination sphere[8] may
not only exhibit unusual coordi-
nation modes, but also can be
used as catalysts for e-caprolac-
tone polymerization.[13] Lately,
the homoleptic diphosphinoa-
mide complexes [Ln{N-
(PPh2)2}3] (Ln=Y, La, Nd, Er)
were synthesized by us.[14] The
complexes show h2 coordination
of the [(Ph2P)2N]� ligand in the
solid state and dynamic behav-
ior in solution. [Ln{N(PPh2)2}3]
was also used as an efficient
catalyst for the polymerization
of e-caprolactone.[14]


Currently, we are investigat-
ing the reactions of lanthanides
with the very bulky bis(phos-
phinimino)methanide ligand
[CH(PPh2NSiMe3)2]


� . We pre-
viously reported the synthesis of a series of yttrium and lan-
thanide bis(phosphinimino)methanide dichloride complexes
[{[CH(PPh2NSiMe3)2]LnCl2}2] (Ln=Y, Sm, Dy, Er, Yb,
Lu)[9] by reaction of K[CH(PPh2NSiMe3)2]


[15] with the corre-
sponding metal trichlorides. Furthermore, we reported reac-
tions of [{[CH(PPh2NSiMe3)2]LnCl2}2] leading to the corre-
sponding amido complexes [{CH(PPh2NSiMe3)2}Ln(NPh2)2]
(Ln=Y, Sm),[9] cyclopentadienyl complexes,
[{CH(PPh2NSiMe3)2}Ln(h5-C5H5)2] (Ln = Y, Sm, Er),[10] and
cyclooctatetraene bis(phosphinimino)methanide complexes
[{CH(PPh2NSiMe3)2}Ln(h8-C8H8)] (Ln= Y, Sm, Er, Yb,
Lu).[16] . The latter can act as catalysts for the hydroamina-
tion/cyclization reaction. The very bulky
[CH(PPh2NSiMe3)2]


� ligand can be used to direct the substi-
tution pattern on the lanthanide atom just by the steric
demand of the ancillary ligands.


Here we report on the combination of the bulky
[CH(PPh2NSiMe3)2]


� ligand and the flexible [(Ph2P)2N]�


ligand in one complex. In addition to the syntheses and
solid-state structures of the complexes obtained, we were in-
terested in studying the influence of both P,N systems as
spectator ligands in the polymerization of polar monomers.


Results and Discussion


Chloro complexes : The chloro complexes
[{CH(PPh2NSiMe3)2}Ln{(Ph2P)2N}Cl] (Ln =Y (1 a), La (1 b),
Nd (1 c), Yb (1 d)) can be obtained by three different syn-
thetic approaches. All synthetic approaches were established
for the yttrium complex 1 a, whereas the other complexes


were obtained only by one or two approaches (Scheme 1).[17]


The first approach starts from the well-established lantha-
nide dichloride compound [{[CH(PPh2NSiMe3)2]LnCl2}2],


which was treated with [K(thf)nN(PPh2)2] (n=1.25, 1.5) in a
1:2 molar ratio in THF to afford the corresponding bis(phos-
phinimino)methanide complexes (Scheme 1).[17] This route
does not yield 1 b, as the bis(phosphinimino)methanide lan-
thanide dichloride complexes could not be obtained for
metal centers larger than samarium. Compound 1 is also ac-
cessible by reaction of [{(Ph2P)2N}LnCl2(thf)3]


[18] with
K[CH(PPh2NSiMe3)2] in a 1:1.1 molar ratio in THF at room
temperature (Scheme 1). However, the most convenient ap-
proach to 1 a–d is a one-pot reaction in which the potassium
methanide K[CH(PPh2NSiMe3)2] is treated with anhydrous
yttrium or lanthanide trichlorides and [K(thf)nN(PPh2)2] in a
1:1:1 molar ratio in THF (Scheme 1). The new complexes
were characterized by standard analytical/spectroscopic
techniques, and the solid-state structures of all four com-
pounds were established by single-crystal X-ray diffraction
(Figure 1).


The influence of the ionic radius of the lanthanides can be
seen in the single-crystal X-ray structures. Compounds with
lanthanides having a smaller ionic radius (1 a and 1 d) are
isostructural and crystallize in the triclinic space group P1̄.
Compound 1 b crystallizes in the monoclinic space group
P21/c and has four molecules of 1 b and four molecules of
THF in the unit cell. Compound 1 c crystallizes in the triclin-
ic space group P1̄ with one toluene molecule in the unit cell.
The influence of the central metal atom is not only seen in
the different metrics of the unit cell but also in the geometry
of the molecule. Particularly the conformation of the six-
membered metallacycle (N1-P1-C1-P2-N2-Ln) which is
formed by chelation of two trimethlysilylimine groups to the
lanthanide atom is influenced by the ionic radius of the cen-


Scheme 1. Synthesis of 1a–d.
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tral metal atom. The ring adopts a twist-boat conformation
in which the central carbon atom and the lanthanide atom
are displaced from the N2P2 least-squares plane. The dis-
placement depends on the metal center and on the packing
in the solid state. Whereas in compound 1 b the La atom is
displaced only by 23.3 pm and thus is almost within the N2P2


least-squares plane, in 1 d the ytterbium atom is 136.2 pm
out of plane. In contrast the methine carbon atoms (C1) are
displaced in both cases out of the plane (61.7 pm in 1 b and
78.4 pm in 1 d ; Figure 2). The difference in metallacycle ge-


ometry of 1 b compared to 1 a, 1 c, and 1 d is also seen in the
P1-C1-P2 angle, which is significantly larger in 1 b
(138.1(2)8) than in the other compounds (123.8(2)8 (1 a),
127.7(2)8 (1 c), 122.8(2)8 (1 d)). The Ln�C1 distances
(262.7(4) (1 b) to 280.2(4) pm (1 d)) are longer than
usual.[9,10, 16,19] However, the folding of the six-membered
ring towards the lanthanide atom is caused by a weak inter-
action. The Ln�C1 bond lengths increase with increasing
ionic radius of the metal center. The resultant tridentate co-
ordination of the ligand was observed earlier.[9,10,16, 20] The
Ln�N bond length strongly depends on the location of the
[(Ph2P)2N]� ligand in the molecule. In 1 b, the [(Ph2P)2N]�


ligand is almost symmetrically located between N1 and N2,
and the La�N1 (250.2(4) pm) and La�N2 (249.7(3) pm)
bond lengths are almost identical. In contrast, in 1 a, 1 c, and
1 d the [(Ph2P)2N]� ligand is twisted out of its symmetrical
position. As a result of the steric repulsion of the phenyl
rings in both ligands, the Ln�N1 (232.2(4) (1 a), 247.8(3)
(1 c), 229.1(4) pm (1 d)) and Ln�N2 distances (238.5(3) (1 a),
243.3(3) (1 c), 235.8(4) pm (1 d)) differ. The geometry within
the [CH(PPh2NSiMe3)2]


� ligand is as expected. The P�N
and P�C bond lengths vary only slightly in the series 1 a–d.


As observed in the mono-substituted diphosphanylamide
complexes [{(Ph2P)2N}LnCl2(thf)3] the diphosphanylamide
ligands in 1 a–d are h2-coordinated through the nitrogen
atom and one phosphorus atom. Thus, one of the phospho-
rus atoms of the ligand binds to the lanthanide center, and
the other phosphorus atom is bent away. The Ln�N3 and
Ln�P3 bond lengths are 231.6(4) and 287.8(2) pm (1 a),
244.8(3) and 305.33(12) pm (1 b), 234.3(3) and
287.54(11) pm (1 c), and 226.8(4) and 284.0(2) pm (1 d), re-
spectively. The electron lone pair of the nonbonded phos-
phorus atom points away from the lanthanide center. In the
ligand the P�N bond length varies slightly. The phosphorus
atom which binds to the lanthanide atom is located slightly
closer to the nitrogen atom (N3�P3 168.6(3) (1 a), 167.3(4)
(1 b), 166.8(3) (1 c), 169.6(4) pm (1 d); N3�P4 171.4(3) (1 a),
171.8(4) (1 b), 171.4(3) (1 c), 172.1(4) pm (1 d)).


The NMR spectra of diamagnetic compounds 1 a and 1 b
were investigated. They are in agreement with the solid-
state structures. The 1H NMR spectra of 1 a and 1 b show
characteristic sharp singlets for the Me3Si groups and triplets
for the methine protons. The methine signal of 1 a (d=


1.63 ppm) shows an upfield shift compared to
[{[CH(PPh2NSiMe3)2]YCl2}2] (d=1.93 ppm). In both 1 a and
1 b the signals of the methine protons are broadened. The
phenyl region in the 1H NMR spectra is as expected. More
characteristic are the 31P{1H} NMR spectra. Complexes 1 a
and 1 b each show two sharp signals in the 31P{1H} NMR
spectrum (d=20.6, 41.2 (1 a); 19.3, 41.3 ppm (1 b)), that is,
the phosphorus atoms of each ligand are chemically equiva-
lent in solution at room temperature. Dynamic behavior of
the [(Ph2P)2N]� ligand was also observed in all other lantha-
nide complexes reported so far.[14, 18,21] In the 31P{1H} NMR
spectrum of the yttrium complex 1 a a 2J(P,Y) coupling of
7.7 Hz is observed for both signals.


Figure 1. Solid-state structure of 1a showing the atom labeling scheme
and omitting hydrogen atoms. Selected bond lengths [pm] and angles [8]
(also given for isostructural 1b–1d): 1a : Y�C1 265.5(4), Y�N1 232.2(4),
Y�N2 238.5(3), Y�N3 231.6(4), Y�P3 287.8(2), Y�Cl 256.6(2), P1�C1
174.7(4), P2�C1 175.1(4), N1�P1 160.7(3), N2�P2 160.6(3), N3�P3
168.6(3), N3�P4 171.4(3); N3-Y-N1 121.67(12), N3-Y-N2 129.24(12), N1-
Y-N2 97.68(12), N3-Y-Cl 103.07(9), N1-Y-Cl 92.25(10), N2-Y-Cl
106.22(10), N3-Y-C1 102.27(12), Cl-Y-C1 152.74(9). 1 b : La�C1 280.2(4),
La�N1 250.2(4), La�N2 249.7(3), La�N3 244.8(3), La�P3 305.33(12),
La�Cl 274.40(13), P1�C1 173.1(4), P2�C1 172.2(4), N1�P1 160.2(4), N2�
P2 159.9(4), N3�P3 167.3(4), N3�P4 171.8(4); N3-La�N1 110.15(11), N3-
La�N2 114.66(12), N1-La�N2 117.32(11), N3-La-Cl 127.05(9), N1-La-Cl
92.59(9), N2-La-Cl 93.39(10), N3-La-C1 118.79(12), Cl-La-C1 114.07(9).
1c : Nd�C1 285.0(4), Nd�N1 247.8(3), Nd�N2 243.3(3), Nd�N3 234.3(3),
Nd�P3 287.54(11), Nd�Cl 265.67(11), P1�C1 173.0(4), P2�C1 174.6(4),
N1�P1 159.1(3), N2�P2 159.6(3), N3�P3 166.8(3), N3�P4 171.4(3); N3-
Nd-N1 116.04(11), N3-Nd-N2 128.48(11), N1-Nd-N2 93.72(11), N3-Nd-Cl
97.00(8), N1-Nd-Cl 127.22(8), N2-Nd-Cl 96.21(8), N3-Nd-C1 96.04(11),
Cl-Nd-C1 158.28(8). 1 d : Yb�C1 262.7(4), Yb�N1 229.1(4), Yb�N2
235.8(4), Yb�N3 226.8(4), Yb�P3 284.0(2), Yb�Cl 252.6(2), P1�C1
175.8(4), P2�C1 175.8(4), N1�P1 161.0(4), N2�P2 159.8(4), N3�P3
169.6(4), N3�P4 172.1(4); N3-Yb-N1 121.35(13), N3-Yb-N2 129.77(13),
N1-Yb-N2 98.42(13), N3-Yb-Cl 102.91(11), N1-Yb-Cl 92.07(11), N2-Yb-
Cl 105.08(11), N3-Yb-C1 101.81(14), Cl-Yb-C1 153.57(10).


Figure 2. Solid-state structures of 1b (left) and 1d (right) showing the
atom labeling scheme and omitting the phenyl rings, the Me3Si groups,
and the hydrogen atoms. The different conformations of the six-mem-
bered metallacycle (N1-P1-C1-P2-N2-Ln) depend on the ionic radius of
the central metal atom and the packing in the solid state.
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Diphenylamido complexes : To learn more about the reactiv-
ity of complexes 1 a–d and especially to have a different
leaving group than chloride in the catalytic reactions, we
were interested in synthesizing a amido derivatives of 1 a–d.
Reaction of KNPh2 with 1 b in a 1:1 molar ratio in toluene
at room temperature afforded the corresponding diphenyl-
amido complex [{(Me3SiNPPh2)2CH}La{N(PPh2)2}(NPh2)]
(2) (Scheme 2).[17] The complex was characterized by 1H,


13C{1H}, 29Si, and 31P{1H} NMR spectroscopy and elemental
analysis. In the 1H NMR spectrum of 2, the phenyl region is
very crowded. More characteristic is the signal of the me-
thine proton of the [CH(PPh2NSiMe3)2]


� ligand, which in
the 1H NMR and the 13C{1H} NMR spectra is well resolved
into a triplet (1H: d=1.94 ppm, 3J(H,P)= 5.1 Hz; 13C{1H}:
d= 16.3 ppm, 2J(C,P)=110 Hz). The remaining signals are
not significantly shifted compared to the starting material
1 b. In the 31P{1H} NMR spectrum of 2 the expected two
peaks (d=19.9, 43.1 ppm) of the [CH(PPh2NSiMe3)2]


� and
[(Ph2P)2N]� ligands are observed.


The solid-state structure of 2 was established by single
crystal X-ray diffraction (Figure 3). Compound 2 crystallizes
in the monoclinic space group P21/n with four molecules in
the unit cell. It can be clearly seen that the [NPh2]


� ligand
fits well into the remaining pocket between the
[CH(PPh2NSiMe3)2]


� and [(Ph2P)2N]� moieties. As observed
for 1 a–d, a six-membered ring (N1-P1-C1-P2-N2-La) which


adopts a twist-boat conformation is formed by the
[CH(PPh2NSiMe3)2]


� ligand and the lanthanum atom. The
lanthanum atom in 2 shows a significantly larger displace-
ment from the N2P2 least-squares plane (111.8 pm) than in
1 b. Thus, the conformation of the metallacycle in 2 is closer
to that of neodymium complex 1 c than to that of starting
material 1 b. Clearly, the different conformation of the six-
membered metallacycle of 1 b compared to 1 a, 1 c, and 1 d is


not only caused by the larger
ionic radius of the lanthanum
atom but also by the crystal
packing. The distance between
the central carbon atom C1 and
the lanthanum atom
(284.5(2) pm) is slightly longer
than in 1 b (280.2(4) pm). The
La�N bond lengths are in the
expected ranges (La�N1
253.06(14), La�N2 251.22(15),
La�N3 250.30(15), La�N4
243.29(15) pm). As a result of
the asymmetric location of the


[(Ph2P)2N]� ligand with respect to the [CH(PPh2NSiMe3)2]
�


ligand, there is a small difference between the La�N1 and
La�N2 bond lengths.


Evidently, ligands of different steric demand can be at-
tached to the metal center in high yields by using the right
reaction order. Whereas the [NPh2]


� and the [(Ph2P)2N]� li-
gands can be coordinated several times onto a lanthanide
atom, the [CH(PPh2NSiMe3)2]


� ligand could so far only be
attached once to a trivalent lanthanide center. Thus, by at-
taching the [CH(PPh2NSiMe3)2]


� ligand in the first reaction
step or by starting from [{(Ph2P)2N}LnCl2(thf)3], a multiple
coordination of the second largest ligand [(Ph2P)2N]� is not
possible. In contrast, it was shown previously that two
equivalents of the small [NPh2]


� ligand could fit around
the metal center, and thus complexes of composition
[{CH(PPh2NSiMe3)2}Ln(NPh2)2] (Ln=Y, Sm) were isolat-
ed.[9] To obtain all reaction products in high yields it is es-
sential to attach the [NPh2]


� ligand in the last step. Thus, the
whole reaction sequence shown in this paper is based on the
steric demand of the ligands.


Polymerization catalysis : The efficiency of complexes 1 a–d
and 2 as precatalysts for polymerization reactions was as-
sayed with e-caprolactone (CL) and methyl methacrylate
(MMA). Complexes 1 and 2 showed high activity in poly-
merization of CL at room temperature (Table 1). Molar
monomer/initiator ratios of 240–440/1 afforded polycapro-
lactone in good yields within a short time. The catalytic ac-
tivity of 1 a–d depends on the ionic radius of the metal
center. The lanthanum and neodymium compounds 1 b and
1 c gave high conversions within 5 min without any cocata-
lyst. Longer reaction times increased the yield only for 1 b
and 1 d. After CL was added to the initiator solution, the re-
action mixture becomes a solid gel within seconds. We be-
lieve the high viscosity of the reaction mixture prevents


Scheme 2. Synthesis of 2.


Figure 3. Solid-state structure of 2 showing the atom labeling scheme and
omitting hydrogen atoms. Selected bond lengths [pm] and angles [8]: La�
C1 284.5(2), La�N1 253.06(14), La�N2 251.22(15), La�N3 250.30(15),
La�N4 243.29(15), La�P3 297.44(6), P1�C1 174.2(2), P2�C1 173.04(2),
N1�P1 159.81(14), N2�P2 159.98(15), N3�P3 167.80(15), N3�P4
171.86(14); N4-La-N3 114.39(5), N4-La1-N2 102.51(5), N4-La�N1
90.76(5), N3-La�N2 115.88(5), N3-La�N1 123.83(5), N2-La1-N1
105.05(5).
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higher conversions. A comparison between the lanthanum
compounds 1 b and 2 shows that complex 2 is slightly less
active.


The resulting polycaprolactones have polydispersities be-
tween 1.8 and 4.4 regardless of the used initiator. For poor
conversions (Table 1, entries 1, 9, and 10) the resulting mo-
lecular masses are up to three times higher than the theoret-
ical values, whereas for high conversions Mn is significantly
smaller. This deviation corresponds with particularly high
polydispersities. Based on these results we suggest that one
initiator molecule may successively start several polymer
chains.


Polymerization of MMA was performed under a range of
conditions (Table 2). The reactions were investigated at dif-


ferent temperatures with and without Me3Al or Et3Al as co-
catalyst. All complexes are efficient catalysts, and the high-
est activity was found for 1 b. The activity and the selectivity
are strongly dependent on the nature of the metal center.
Furthermore, the activities are solvent-dependent; for exam-
ple, yttrium complex 1 a does not show activity in toluene,
but a moderate yield is obtained when THF is used as sol-
vent (Table 2, entry 5). The obtained polymer shows a broad
molecular mass distribution and rather high syndiotacticity.
In contrast, the corresponding lanthanum compound 1 b is
much more active. Polymerization starts without any cocata-
lyst, but small amounts of Et3Al increase the yield signifi-
cantly. Polymers produced without Et3Al or at higher tem-
perature were insoluble and chromatographically not acces-


Table 1. Polymerization of e-caprolactone using 1 a–d and 2 as catalyst.[a]


Entry Cat. CL/Cat.[b] Time Yield[c] Mn (calcd)[d] Mn (exptl)[e] D Mn (corr)[f] Mn (corr)/
[min] [%] [gmol�1] [g mol�1] [gmol�1] [g mol�1] Mn (calcd)


1 1 a 388 5 5 2200 12 700 1.75 7100 3.23
2 1 a 289 120 94 30900 48 700 2.1 27 300 0.88
3 1 b 423 5 100 48300 19 600 3.58 11 000 0.23
4 1 b 330 120 94 35400 38 000 1.97 21 280 0.6
5 2 422 5 81 39000 31 600 1.98 17 700 0.45
6 2 338 120 84 32400 8900 2.48 5000 0.15
7 1 c 307 5 81 28400 17 600 4.4 9900 0.35
8 1 c 238 120 93 25300 27 200 1.87 15 200 0.6
9 1 d 436 5 12 6000 30 200 1.77 16 900 2.82


10 1 d 294 120 58 19500 50 000 2.29 28 000 1.44


[a] Reaction conditions: room temperature, toluene. [b] Initial molar CL/catalyst ratio. [c] Determined gravimetrically. [d] Calculated from
Mmonomer·[M]/[I]·yield. [e] Measured by GPC. [f] Values obtained from GPC multiplied by 0.56.[25]


Table 2. Polymerization of MMA with 1 a–d and 2 as catalyst.[a]


Entry Cat. Cocat. Cat./Cocat./ T Time Yield[c] Mn (calcd)[d] Mn (exptl)[e] D Tacticity[f]


MMA[b] [8C] [h] [%] [gmol�1] [gmol�1] mm mr rr


1 1a – 1/0/386 23 2 4 1500 n.d.[g]


2 1a – 1/0/372 �78 2 3 1100 n.d.
3 1a Me3Al 1/6/304 23 2 1 300 n.d.
4 1a Me3Al 1/7/346 �78 2 1 300 n.d.
5[a] 1a Me3Al 1/9/401 �78 2 61 24 500 35200 2.58 5 18 77
6 1b – 1/0/420 25 2 4 1700 insoluble
7 1b Et3Al 1/9/420 25 2 62 26 100 insoluble
8 1b – 1/0/420 �78 2 27 11 400 insoluble
9 1b Et3Al 1/9/420 �78 2 96 40 400 31200 1.32 4 20 76
10 1b Et3Al 1/8/940 �78 2 97 91 100 63900 1.22 4 27 70
11 1b Et3Al 1/8/1900 �78 2 74 139 000 99600 1.46 2 18 80
12 2 – 1/0/318 60 2 11 3500 n.d.
13 2 – 1/0/318 23 2 29 9200 35000 2.15 21 47 32
14 2 – 1/0/287 �78 2 15 4300 3200 1.97
15 2 Me3Al 1/7/327 �78 2 78 25 500 56900 1.84 3 33 64
16 2 Me3Al 1/30/2866 �78 16 16 45 900 63400 1.76 7 25 69
17 1c – 1/0/426 50 1 0
18 1c – 1/0/266 25 1 0
19 1c – 1/0/426 78 1 0
20 1c Me3Al 1/8/355 25 72 11 3900 60800 2.14 5 33 62
21 1c Me3Al 1/9/427 �78 2 33 14 100 11000 1.31 9 29 62
22 1c Et3Al 1/9/428 �78 2 100 43 100 27100 1.38 6 24 70
23 1d – 1/0/349 23 2 9 3200 n.d.
24 1d – 1/0/401 �78 2 9 3600 n.d.
25 1d Me3Al 1/6/271 23 2 63 17 100 27000 1.54 4 35 61
26 1d Me3Al 1/6/271 �78 2 100 27 100 26800 1.39 5 24 71


[a] In toluene, except entry 5 in THF. [b] Initial molar catalyst/cocatalyst/monomer ratio. [c] Determined gravimetrically. [d] Calculated from
Mmonomer·[M]/[I]·yield. [e] Measured by GPC. [f] Triad tacticity determined by 1H NMR analysis. [g] Not determined because of too little polymeric prod-
uct.
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sible (Table 2, entries 6–8). Attempts to scale up the reac-
tion by increasing the monomer/initiator ratio were success-
ful (Table 2, entries 10 and 11). The molar monomer/initia-
tor ratio was increased up to 1900/1 to afford the corre-
sponding polymer with good yield (Table 2, entry 11). The
MMA polymerization initiated by compound 1 b is sensitive
to high temperature. The highest yields (almost quantita-
tive) are obtained at reaction temperatures of �78 8C. The
GPC analyses of the resulting basically syndiotactic poly-
mers reveal narrow polydispersities and high molar masses.
The latter are smaller than the calculated masses by factor
of 0.7. The exchange of the chloro ligand for the [NPh2]


�


ligand as a potential leaving group in compound 2 does not
increase initiator activity. Alternatively, using compound 2
as the catalyst results in a larger fraction of atactic PMMA
(Table 2, entry 13).


The activities of the neodymium and ytterbium complexes
1 c and 1 d are lower than those of the lanthanum com-
pounds. Neither 1 c nor 1 d initiates MMA polymerization
without the addition of a cocatalyst (Table 2, entries 17–19,
23, and 24). With 1 c as catalyst the polymer yield can be in-
creased by decreasing the temperature, and it is even quan-
titative when Et3Al is used instead of Me3Al as cocatalyst
(Table 2, entry 22). On addition of monomer the light blue
color of the catalyst solution turns yellow and an exothermic
reaction takes place. At low temperature the molecular
mass of the polymer obtained is lower than expected and
the polydispersity index and the tacticity are moderate,
whereas at room temperature the obtained molecular
masses exceed the calculated values enormously. In contrast,
with 1 d as catalyst at low temperatures the obtained poly-
mer shows a molar mass that corresponds well to the ex-
pected value (Table 2, entries 25 and 26) and a good tacticity
is observed.


Conclusion


In summary, a series of lanthanide complexes having the
bulky [CH(PPh2NSiMe3)2]


� and the flexible [(Ph2P)2N]�


ligand in the same molecule were prepared by three differ-
ent reaction pathways. The single-crystal X-ray structures of
the resulting complexes [{CH(PPh2NSiMe3)2}Ln-
{(Ph2P)2N}Cl] (Ln =Y, La, Nd, Yb) show that the conforma-
tion of the six-membered metallacycle (N1-P1-C1-P2-N2-
Ln) which is formed by chelation of the
[CH(PPh2NSiMe3)2]


� ligand to the lanthanide atom is influ-
enced by the ionic radius of the metal center. In solution dy-
namic behavior of the [(Ph2P)2N]� ligand is observed, which
is caused by the rapid exchange of the two different phos-
phorus atoms. Further reaction of [{CH(PPh2NSiMe3)2}La-
{(Ph2P)2N}Cl] with KNPh2 resulted in the heteroleptic
amido complex [{(Me3SiNPPh2)2CH}La{N(PPh2)2}(NPh2)].
To isolate all reaction products in high yields it is necessary
to attach the [NPh2]


� ligand in the last step. Thus, the whole
reaction sequence shown here is based on the steric demand
of the ligands. Both kinds of complexes, 1 a–d and 2, are


active for the ring-opening polymerization of e-caprolactone
and the polymerization of methyl methacrylate. In both
cases the catalytic activity strongly depends on the ionic
radius of the metal center. By using the lanthanum and neo-
dymium compounds 1 b and 1 c, high conversions were ach-
ieved within a short time. The heteroleptic amido complex 2
shows in comparison to 1 b slightly lower activity. By using
1 b in MMA polymerization, high molecular weight poly-
mers with good conversions and narrow polydispersities
were obtained.


Experimental Section


General : All manipulations of air-sensitive materials were performed
with the rigorous exclusion of oxygen and moisture in flame-dried
Schlenk-type glassware on a dual-manifold Schlenk line, interfaced to a
high-vacuum (10�4 Torr) line, or in an argon-filled M. Braun glove box.
Ether solvents (THF and diethyl ether) were predried over Na wire and
distilled under nitrogen from K (THF) or Na wire (ethyl ether) as well as
benzophenone ketyl prior to use. Hydrocarbon solvents (toluene and n-
pentane) were distilled under nitrogen from LiAlH4. All solvents for
vacuum-line manipulations were stored in vacuo over LiAlH4 in reseala-
ble flasks. Deuterated solvents were obtained from Chemotrade Chemie-
handelsgesellschaft mbH (all �99 atom % D) and were degassed, dried,
and stored in vacuo over Na/K alloy in resealable flasks. NMR spectra
were recorded on a Bruker AC 250 or JNM-LA 400 FT-NMR spectrome-
ter. Chemical shifts are referenced to internal solvent resonances and are
reported relative to tetramethylsilane (1H, 13C NMR) and 85 % phospho-
ric acid (31P NMR). IR spectra were obtained on a Shimadzu FTIR-
8400s. Elemental analyses were carried out with an Elementar vario EL.


Polymer molecular masses and molecular mass distributions were mea-
sured by gel permeation chromatography (GPC) at 25 8C, a flow rate of
1.0 mL min�1, and THF as eluent on a Waters 150 C instrument equipped
with an interferometric refractometer (Wyatt, Optilab DSP). The PLgel
Mixed-C column was calibrated against narrowly distributed PMMA
standards or PS standards in the case of polycaprolactones. Chromato-
grams were processed with PSS WinGPC software. 1H NMR spectra for
analysis of the tacticity were recorded in CDCl3 on a Bruker ARX 200.


LnCl3,
[22] K[CH(PPh2NSiMe3)2],[15] [{[CH(PPh2NSiMe3)2]LnCl2}2],[9]


[{(Ph2P)2N}LnCl2(thf)3],[18] and [K(THF)nN(PPh2)2] (n= 1.25, 1.5)[14] were
prepared according to literature procedures.


[{(Me3SiNPPh2)2CH}Ln{N(PPh2)2}Cl] (Ln=Y (1 a), La (1 b), Nd (1 c),
Yb (1 d)): Route A : THF (20 mL) was condensed at �196 8C onto a mix-
ture of [{[CH(PPh2NSiMe3)2]LnCl2}2] (0.25 mmol) and of [K(thf)nN-
(PPh2)2] (250 mg, 0.5 mmol) and the mixture was stirred for 18 h at room
temperature. The solvent was then evaporated in vacuo and toluene
(20 mL) was condensed onto the mixture. The mixture was filtered and
the solvent was removed in vacuo. The product was recrystallized from
hot toluene.


Route B : THF (20 mL) was condensed at �196 8C onto a mixture of
K[(Me3SiNPPh2)2CH] (328 mg, 0.55 mmol) and [{(Ph2P)2N}LnCl2(thf)3]
(0.5 mmol) and the mixture was stirred for 18 h at room temperature.
The solvent was then evaporated in vacuo and toluene was condensed
onto the mixture. The mixture was briely refluxed and then filtered and
the solvent was removed in vacuo. The product was crystallized from
THF/n-pentane (1/2).


Route C : THF (20 mL) was condensed at �196 8C onto a mixture of
K[(Me3SiNPPh2)2CH] (300 mg, 0.5 mmol), LnCl3 (0.5 mmol), and [K-
(thf)nN(PPh2)2] (250 mg, 0.5 mmol). The mixture was stirred for 18 h at
room temperature. The suspension was filtered and the solvent was re-
moved in vacuo. The product was crystallized from THF/n-pentane (1/2)
or hot toluene.


1a (Ln=Y, Routes A, B, and C): Yield 169 mg (32 %, Route A), color-
less crystals. 1H NMR ([D8]THF, 250 MHz, 25 8C): d =0.00 (s, 18H;
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SiMe3), 1.62–1.64 (m, 1H; CH), 6.94–7.61 ppm (m, 40 H; Ph); 13C{1H}
NMR ([D8]THF, 62.9 MHz, 25 8C): d =4.2 (SiMe3), 17.1 (t, CH, 1J(C,P)=


93 Hz), 128.0–129.1 (m, Ph), 131.2 (Ph), 131.9–134.1 (m, Ph), 135.1 (Ph),
136.6 (Ph), 142.8–143.0 ppm (m, Ph); 29Si NMR ([D8]THF, 49.7 MHz,
25 8C): d=�1.2 ppm; 31P{1H} NMR ([D8]THF, 101.3 MHz, 25 8C): d=


20.6 (d, 2J(P,Y) =7.7 Hz, PCP), 41.2 ppm (d, 2J(P,Y) =7.7 Hz, PNP); ele-
mental analysis calcd (%) for C55H59ClN3P4Si2Y (1066.47): C 61.94, H
5.58, N 3.94; found: C 61.65, H 5.66, N 3.78.


1b (Ln =La, Routes B and C): Yield 460 mg (78 %, Route B), colorless
crystals. 1H NMR ([D8]THF, 400 MHz, 25 8C): d =0.01 (s, 18 H; SiMe3),
1.74–1.79 (m, 4 H; THF), 1.87–1.89 (m, 1H; CH), 3.58–3.63 (m, 4 H;
THF), 6.85–7.74 ppm (m, 40H; Ph); 29Si{1H} NMR ([D8]THF, 79.3 MHz,
25 8C): d=�3.0 ppm; 31P{1H} NMR ([D8]THF, 161.7 MHz, 25 8C): d=


19.3 (PCP), 41.3 ppm (PNP); IR (KBr): ñ= 3051 (m, n(C=CH)), 2947 (m,
n(CH)), 1478 (w), 1435 (s), 1122 (m), 1095 (m), 923 (m), 917 (m), 897
(m), 833 (s), 739 (s), 693 cm�1 (vs); elemental analysis calcd (%) for
C59H67ClLaN3OP4Si2 (1 b·THF, 1188.58): C 59.62, H 5.68, N 3.54; found:
C 59.78, H 5.66, N 3.45.


1c (Ln=Nd, Route C): Yield 399 mg (66 %, Route C), blue violet crys-
tals. IR (KBr): ñ =3067 (m, n(C=CH)), 3050 (m, n(C=CH)), 2947 (w,
n(CH)), 1478 (m), 1435 (s), 1247 (m), 1124 (s), 1095 (s), 1085 (s), 1061
(m), 912 (m), 897 (s), 835 (s), 739 (s), 706 (s), 693 cm�1 (s); elemental
analysis calcd (%) for C62H67ClN3NdP4Si2 (1 c·toluene, 1213.94): C 61.34,
H 5.56, N 3.46; found: C 60.97, H 5.44, N 3.29.


1d (Ln=Yb, Routes A and C): Yield 408 mg (71 %, Route B), yellow-
orange crystals. IR (KBr): ñ =3052 (m, n(C=CH)), 2947 (w, n(CH)), 1478
(m), 1433 (s), 1148 (m), 1117 (s), 1088 (s), 1061 (m), 920 (m), 897 (s), 838
(s), 740 (s), 715 (s), 692 cm�1 (s); elemental analysis calcd (%) for
C55H59ClN3P4Si2Yb (1150.60): C 57.41, H 5.17, N 3.65; found: C 57.59, H
5.23, N 3.35.


[{(Me3SiNPPh2)2CH}La{N(PPh2)2}(NPh2)] (2): Toluene (20 mL) was con-
densed at �196 8C onto a mixture of 1b (594 mg 0.5 mmol) and K[Ph2N]
(104 mg, 0.5 mmol) and the mixture was stirred for 18 h at room temper-
ature. The mixture was filtered, and the solvent was removed in vacuo.
The product was recrystallized from THF/n-pentane (1/2). Yield: 558 mg
(89 %), colorless crystalline rods. 1H NMR ([D8]THF, 400 MHz, 25 8C):
d=�0.50 (s, 18H; SiMe3), 1.94 (t, 1 H; CH, 2J(H,P) = 5.1 Hz), 6.61–6.67
(m, 2 H; Ph), 6.95–7.45 (m, 44H; Ph), 7.60–7.67 ppm (m, 4 H; Ph);
13C{1H} NMR ([D8]THF, 100.4 MHz, 25 8C): d=3.3 (SiMe3), 16.3 (t, CH,
1J(C,P)=110 Hz), 118.5 (Ph), 120.8 (Ph), 128.4–129.0 (m, Ph), 130.5 (Ph),
131.3–133.7 (m, Ph), 143.9–144.2 (m, Ph), 154.3 ppm (Ph); 31P{1H} NMR
([D8]THF, 161.7 MHz, 25 8C): d=19.9 (PCP), 43.1 ppm (PNP); elemental
analysis calcd (%) for C67H69LaN4P4Si2 (1249.23): calcd: C 64.42, H 5.57,
N 4.48; found: C 64.28, H 5.49, N 4.33.


Polymerization experiments : All polymerization experiments were car-
ried out by standard Schlenk techniques under a nitrogen atmosphere.
Methyl methacrylate (MMA) and e-caprolactone (CL) were dried over
CaH2 and distilled prior to use. In a typical procedure a Schlenk flask
was charged with 30 mg of catalyst complex. The complex was dissolved
in dry toluene (5 mL) and mixed with 1 mL of a 0.2 m solution of AlEt3


in toluene, and 1 mL of monomer was added by syringe. After 2 h the
polymerization was quenched by adding 5 mL of acidified methanol. The
quenched mixture was precipitated into 100 mL of methanol, stirred, fil-
tered, washed with methanol, and dried at room temperature at
10�2 mbar.


X-ray crystallographic studies on 1a–d and 2 : Crystals of 1a–d were
grown from THF/n-pentane (1/2) or from hot toluene. Crystals of 2 were
obtained from THF/n-pentane (1/2). A suitable crystal was covered in
mineral oil (Aldrich) and mounted onto a glass fiber. The crystal was
transferred directly to the �73 8C or �100 8C N2 cold stream of a Stoe
IPDS II or a Brucker Smart 1000 CCD diffractometer. Subsequent com-
putations were carried out on an Intel Pentium III PC.


All structures were solved by the Patterson method (SHELXS-97[23]).
The remaining non-hydrogen atoms were located from successive differ-
ence Fourier map calculations. The refinements were carried out by using
full-matrix least-squares techniques on F, minimizing the function
(Fo�Fc)


2, where the weight is defined as 4 F2
o/2(F2


o) and Fo and Fc are the
observed and calculated structure factor amplitudes, using the program


SHELXL-97.[24] Carbon-bound hydrogen atom positions were calculated
and allowed to ride on the carbon atom to which they are bonded by as-
suming a C�H bond length of 0.95 �. The hydrogen atom contributions
were calculated but not refined. The locations of the largest peaks in the
final difference Fourier map and the magnitude of the residual electron
densities in each case were of no chemical significance. Positional param-
eters, hydrogen atom parameters, thermal parameters, bond lengths and
angles have been deposited as Supporting Information. CCDC-251953–
CCDC-251957 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.


1a : C55H59ClN3P4Si2Y, triclinic, P1̄ (no. 2); a=1009.6(8), b=1351.6(11),
c =2123.8(15) pm, a =90.47(6), b=101.10(6), g=109.63(5)8 ; V=


2670(4)� 106 pm3, Z=2; m(MoKa) =1.346 mm�1; qmax =258 ; 8844 (Rint =


0.0453) independent reflections measured, of which 6494 were considered
observed with I>2s(I); max./min. residual electron density 0.584/
�0.990 e A�3; 601 parameters, R1 =0.0457 (I>2s(I)); wR2=0.1121 (all
data).


1b·THF: C59H67ClLaN3OP4Si2, monoclinic, P21/n (no. 14); a=1060.0(2),
b=2772.9(6), c =2057.1(4) pm, b=99.66(3)8 ; V=5960(2)� 106 pm3, Z=4;
m(MoKa) =0.950 mm�1; qmax = 30.58; 18281 (Rint =0.0625) independent re-
flections measured, of which 13734 were considered observed with I>
2s(I); max./min. residual electron density 4.644/�1.476 eA�3 ; 621 param-
eters, R1= 0.0702 (I>2 s(I)); wR2= 0.1815 (all data).


1c·toluene: C62H67ClN3NdP4Si2, triclinic, P1̄ (no. 2); a=1189.90(2), b=


1310.1(2), c =1973.4(3) pm, a=79.567(3), b=83.876(3), g= 89.249(3)8 ;
V=3008.0(7) � 106 pm3, Z= 2; m(MoKa) =1.094 mm�1; qmax =30.58; 18170
(Rint =0.0463) independent reflections measured, of which 11558 were
considered observed with I>2s(I); max./min. residual electron density
1.920/�1.031 e A�3; 470 parameters, R1=0.0526 (I>2s(I)); wR2 =0.1319
(all data).


1d : C55H59ClN3P4Si2Yb, triclinic, P1̄ (no. 2); a=1007.5(4), b=1346.1(7),
c =2123.4(7) pm, a=90.07(3), b=100.82(3), g= 109.44(3)8 ; V=2661(2)�
106 pm3, Z= 2; m(MoKa)=2.012 mm�1; qmax =25.00; 8801 (Rint = 0.0461) in-
dependent reflections measured, of which 8105 were considered observed
with I>2 s(I); max./min. residual electron density 1.888 and
�2.581 e A�3; 601 parameters, R1 =0.0445 (I>2s(I)); wR2=0.1219 (all
data).


2 : C67H69LaN4P4Si2, monoclinic, P21/n (no. 14); a=1358.8(2), b=


2266.8(4), c= 2124.5(4) pm, b =106.590(4)8 ; V =6271(2) 106 pm3, Z =4;
m(MoKa) =0.864 mm�1; qmax = 33.42; 22772 (Rint =0.0315) independent re-
flections measured, of which 16795 were considered observed with I>
2s(I); max./min. residual electron density 2.934/�0.613 eA�3 ; 709 param-
eters, R1= 0.0326 (I>2 s(I)); wR2= 0.0827 (all data).
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