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… on the TiO2 (anatase) surface
and their formation were modeled
on the basis of EPR and IR spec-
tra. In their Full Paper on
page 1402 ff., B. C. Gates et al.
ACHTUNGTRENNUNGdescribe how the sites incorporate
Ti3+ with O2


� and O� and are
marked by their OH groups. They
were investigated with a novel
probe molecule, [Re3(CO)12H3],
which reacts preferentially with
Ti3+ defect sites, becoming depro-
tonated, removing most of the
oxygen radicals, and healing the
defects.
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Protein-Surface Targeting
In their Full Paper on page 1392 ff. , J. Ohkanda and co-
workers describe how bivalent inhibitors based on geranyl-
geranyltransferase I were designed by a module-assembly
strategy for protein exterior surface recognition.


Chirality Counts
In their Full Paper on page 1472 ff. , R. W. Saalfrank, A.
Scheurer et al. describe how starting from enantiomerically
pure ligands H2L


(S,S), the efficient synthesis of three differ-
ent types of polynuclear complexes through diastereoselec-
tive self-organization is achieved.


Nanodiamond Materials
In the Concept article on page 1382 ff. , A. Krueger
describes new developments in the chemistry and applica-
tions of nanodiamond materials. It can be obtained in bulk
scale and can easily be purified. It possesses a variety of sur-
face functionalities that can be used to adsorb or graft func-
tional groups or much more complex moieties, for example,
proteins or DNA, onto the diamond surface.
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Room-Temperature Phosphorescence
and Energy Transfer in Luminescent
Multinuclear Platinum(II) Complexes
of Branched Alkynyls
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In the paper by Yam et al., there is a mistake in Table 2 that concerns the photo-
physical data of one of the platinum(II) alkynyl complexes. The solid-state emis-
sion data of complex 9 at room temperature was wrongly entered as non-emissive.
The correct emission data is 547 nm with a luminescence lifetime of 0.3 ms. The au-
thors apologize for any inconvenience caused by this error.


Chem. Eur. J. 2008, 14, 1368 – 1377 / 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1377


CONTENTS



www.chemeurj.org






CORRIGENDA


B. Sarkar, M. S. Ray, Y.-Z. Li, Y. Song,
A. Figuerola,* E. Ruiz, J. Cirera,
J. Cano, A. Ghosh* . . . . . . . . . . 9297–9309


Ferromagnetic Coupling in Trinuclear,
Partial Cubane CuII Complexes with a
m3-OH Core: Magnetostructural
Correlations


Chem. Eur. J. , 2007, 13


DOI: 10.1002/chem.200700628


In the paper by Ghosh et al., the country name in the address of the co-authors
Yi-Zhi Li and You Song is given as “Republic of China”. However, the correct
name of the country should be “People2s Republic of China”.


Chem. Eur. J. 2008, 14, 1368 – 1377 3 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1377


CONTENTS



www.chemeurj.org






New Carbon Materials: Biological Applications of Functionalized
Nanodiamond Materials


Anke Krueger*[a]


� 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1382 – 13901382


DOI: 10.1002/chem.200700987







Introduction


In recent years diamond has become a widely investigated
material for its remarkable properties, for example, hard-
ness, thermal conductivity, dopability or optical transparency
over a wide spectral range, to name only a few.[1] Diamond
films, in particular, have become a focus of interest. Their
production by chemical vapour deposition (CVD)[2] has
evolved into a commercially available technique that is able
to produce industrial amounts of surface coatings and free-
standing films for a broad range of applications, such as
electronic and electrochemical devices, sensors, protective
coatings and optical windows.[3]


However, the family of diamond materials (Figure 1) in-
cludes additional members, such as the so-called diamond-


like carbon (DLC),[4] sintered diamond phases[5] and dia-
mond micro- and nanoparticles.[6] Closely related to dia-
mond is a group of organic molecules, the diamondoids.[7]


Although they are not real diamond materials (their proper-
ties differ significantly from those of true crystalline dia-
mond due to their small size and electronic structure), they


have interesting properties, which could eventually lead to
new insights into the behaviour of nanoscale diamond mate-
rials. Especially their chemical properties are closely related
to the surface chemistry of all kinds of diamond materials.[8]


In particular, the surface chemistry of nanoscale diamond
particles should show close resemblance. This form of dia-
mond carbon has recently come into the focus as a new po-
tential material in quantum engineering, biological and elec-
tronic applications, as well as in composite materials.[9] Al-
though considered as a “new” carbon material the produc-
tion of nanodiamonds was invented decades ago. Besides
the shock-wave transformation of graphite into sintered
nanodiamond[10] nanoscale diamond can be obtained (even
on an industrial scale!) by the detonation of certain explo-
sives, for example, TNT–hexogene mixtures, in a closed con-
tainer.[11] Due to the lack of oxygen the combustion of the
explosive (which serves as source of energy and carbon) is
incomplete and the resulting soot contains up to 80% dia-
mond. This so-called detonation diamond consists of tiny di-
amond crystallites of about 5 nm in size.[12] They are covered
with some graphitic and amorphous carbon and intercon-
nected by soot-like structures.[13] In the present paper we
discuss the properties and surface chemistry of this rediscov-
ered material.


The Surface Structure of Nanodiamond


The structure of nanodiamond depends strongly on its pro-
duction conditions. Nanoscale diamond particles that have
been obtained by the destruction of bigger (natural or artifi-
cial) diamond crystals exhibit mainly the same surface fea-
tures as their bulk-scale counterparts, whereas detonation
diamond possesses significantly different features. Especially
the extreme environment during the detonation produces a
variety of surface functional groups on the particle surface.
Usually a cooling gas (CO2, H2O or inert gases) has to be
applied during the detonation in order to prevent the regra-
phitisation of the diamond crystallites as well as extensive
soot formation.[12] Therefore, the reaction of dangling bonds
with the surrounding medium causes the abundant function-
alisation of the particle surface.[14] Additionally, the high
temperature in the reactor persists even after the passing of
the detonation wave, which results in at least partial graphi-
tisation of the surface. Further modification occurs during
the subsequent acid treatment. Usually, nitric acid and other
oxidising acids are applied for this purpose.[15]


The resulting surface structure has extensively been stud-
ied by different techniques such as photoelectron,[16] IR[17]


and NMR spectroscopy,[18] as well as by thermodesorp-
tion.[19] The most characteristic surface groups include car-
boxyl, hydroxyl and keto functions as well as anhydrides
and lactones. Figure 2 shows a model of detonation diamond
structure, in which the presence of surface groups and
graphitic material open the way for various modifications of


Abstract: Nanoscale diamond particles have become an
interesting material. Due to their inertness, small size
and surface structure, they are well-suited for biological
applications, such as labelling and drug delivery. Here
we discuss the surface structure and functionalisation of
diamond nanoparticles. Non-covalent as well as cova-
lent grafting of bioactive moieties is possible, and first
applications of fluorescent diamond nanoparticles are
described.
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Figure 1. Different diamond materials: a) gem quality diamond, b)
single-crystalline diamond film with microlens structures, c) polycrystal-
line diamond film, d) detonation diamond powder, e) triamantane, a
ACHTUNGTRENNUNGdiamondoid molecule.
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the materials properties. Surprisingly, the concentration of
nitrogen-containing surface groups seems to be rather low
although the starting materials usually are nitrogen-rich
(vide supra) and the elemental analysis of pristine detona-
tion diamond shows a nitrogen content of about 2%.[13,20]


Apparently, most of this nitrogen is incorporated in the dia-
mond particles, but not necessarily at lattice positions. The
concentration of nitrogen defects is rather low.[21]


Functionalisation of the Diamond Surface


One of the most important and promising ways for materials
modification is the surface functionalisation of the particles
as it gives the opportunity to graft different functional moi-
eties, for example, bioactive structures, polymerisable mono-
mers or radical initiators, to name but a few. Two ways for
the initial grafting have to be distinguished: the covalent
and the non-covalent attachment of organic structures on
the diamond surface. In the following chapters these two op-
tions will be discussed with regard to potential biological ap-
plications of the resulting materials.


Non-covalent Surface
Modification


The bare diamond surface has
proven to be very reactive to-
wards adsorption of various
kinds of small and larger mole-
cules. For example, water
forms a continuous layer on
the diamond surface yielding
interesting electronic surface
properties described by the
term “surface band bend-
ing”.[22] Moreover, larger or-
ganic molecules and biological
structures such as proteins can
be immobilised on the dia-
mond surface. The binding
strength depends strongly on
the surface termination of the
considered diamond material.
Due to the lack of polar inter-


actions, for example, hydrogen bonding, hydrogen-terminat-
ed surfaces are much less likely to adsorb proteins and other
biological items.[23]


Therefore, they do not show non-specific adsorption of
bioactive molecules. On the other hand, oxidised diamond
surfaces are prone to these interactions as the oxygen-con-
taining surface groups participate in hydrogen bonds and
other polar interactions with the adsorbed species.[24] There
have been numerous reports on the non-covalent interaction
between biomolecules and diamond surfaces. Among others,
Bondar et al. showed the adsorption of apoobelin and luci-
ferase,[25] Huang et al. reported on the immobilisation of
ACHTUNGTRENNUNGcytochrome c[26] and Chung et al. on the application of pro-
tein lysozyme for the non-covalent surface modification of
diamond nanoparticles.[27] The resulting materials were sub-
mitted to different tests of their applicability in biological
systems. It was shown that these conjugates largely conserve
the activity of the adsorbed biomolecules and that further
functionalisation is possible on existing functional groups. In
this way, Huang and Chang utilised the free amino groups
of adsorbed poly-l-lysine to further modify their diamond–
protein conjugate by covalently immobilising fluorescent
dyes on the poly-l-lysine coating layer (Figure 3).[26] The re-
sulting particles can be applied for labelling experiments
(vide infra).


Covalent Functionalisation


The covalent surface modification of diamond films has re-
cently developed into an active field of research. Different
strategies for the covalent grafting of complex structures as


Figure 2. Cluster structure of detonation diamond and surface functional
groups.


Figure 3. Non-covalent surface modification of nanodiamond particles. a) After the noncovalent coating with
poly-l-lysine, the diamond particles are labelled with a fluorescent dye; b) fluorescence image of nanodia-
monds labelled with Alexa Fluor 488. Reproduced with permission from Langmuir 2004, 20, 5879–5884. Copy-
right 2004 American Chemical Society.
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well as for the tuning of hydrophobicity have been report-
ed.[28] One method includes the photochemical reaction of
hydrogen-terminated diamond films with organic com-
pounds possessing a terminal vinyl group leading to stable
C�C bonds at the diamond surface (Figure 4).[29] When bi-
functional molecules are used, further functionalisation
leads to ever more complex conjugates.


Hydrogen-terminated diamond films can also be modified
using electrochemical and radical reactions. In this way di-
azonium salts and azo-perfluoroalkyl compounds, respec-
tively, can be grafted.[30] On the other hand, oxidised dia-
mond films can be functionalised utilizing the existing sur-
face groups. In the case of hydroxylated films, Delabouglise
et al. reported on the covalent grafting of biotin.[31] Carboxyl
groups on diamond films can be transformed into the corre-
sponding acyl chlorides and are used for the covalent cou-
pling with bioactive moieties. Ando et al. reported on the at-
tachment of thymidine and the subsequent grafting of DNA
strands (Figure 4).[32]


On the other hand, the covalent surface modification of
nanoscale diamond particles has proven to be a challenging
task. Although the surface is covered with a variety of initial
surface groups (from production and purification treat-
ment), there have not been too many reports on the selec-
tive grafting of bigger entities. One major obstacle is the sur-
face inhomogeneity of the initial material.[33] It contains a
variety of metal impurities as well as non-diamond carbon,
which can nevertheless be removed to a great extent by acid
and oxidative treatment.[34] Additionally, it is desirable to
first chemically homogenise the surface. This can be done in


a variety of ways: One option consists in the high-tempera-
ture treatment with oxidising mineral acids.[35] The diamond
surface is then covered with carboxyl, keto and anhydride
groups, with a majority of carboxyl groups. The further func-
tionalisation of these surface groups has not been explored
extensively yet.


The reaction of detonation diamond with different reac-
tive gases has been studied (Figure 5). Spitsyn et al. reported
on the surface modification with hydrogen, ammonia, chlor-
ine and carbon tetrachloride.[36] This treatment not only lead
to an improvement of sample purity, but also at least partial-
ly established the respective surface structures, namely NH2,
C�H and Cl. Chlorinated nanodiamond has also been ob-
tained by Korolkov et al. They subjected these samples to
reactions with different nucleophiles, for example, cya-
nide.[37] Sotowa et al. reported on the hydrogenation of sub-
micron diamond powder followed by chlorination and ami-
nation using gaseous chlorine and ammonia.[38] The reaction
with fluorine was studied by Khabashesku et al.[39] They
found that the surface of detonation nanodiamond readily
reacts with gaseous fluorine in the presence of hydrogen.
The resulting fluorinated samples had a fluorine content of
up to 8.6 at% and could be further functionalised by substi-
tution with amines, amino acids and lithium organyls.


Another method to obtain more homogeneous nanodia-
mond surfaces is the reduction of surface carbonyl groups.
Krueger et al. reported on the reaction with borane leading
to hydroxylated diamond samples.[40] The resulting material
can be modified in a variety of ways. Especially the grafting
of trialkoxysilanes easily yields functionalised nanodiamond


particles. The reaction can be
carried out with different si-
lanes, for example, trimethoxy
and triethoxy 3-amino-propyl-
silane. Depending on the
choice of alkoxy groups, the
surface loading can be tuned
between �0.3 and
1.5 mmolg�1.[41] The materialMs
amino groups are accessible
for further surface modifica-
tion. Besides the build-up of a
short model peptide on the di-
amond solid phase,[40] biotin
was covalently immobilised on
the particle surface by cou-
pling it to the amino groups of
the silane (Figure 6).[42] Its ac-
tivity concerning the binding
to streptavidin was demon-
strated, making it a model for
a bioactive moiety covalently
grafted onto the diamond sur-
face.


Other functionalisation tech-
niques for diamond particles
include the radical reaction


Figure 4. Surface functionalisation of diamond films: a) photochemical reaction of hydrogen-terminated films
with vinyl compounds; b) reaction of oxidised diamond films with thymidine and subsequent grafting of DNA
oligonucleotides; c) cycloaddition reactions on thermally annealed and reconstructed diamond surfaces; the
2+2 reaction is thermally allowed due to its stepwise character.
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with acyloyl peroxides such as benzoyl and lauroyl peroxide
(Figure 7b). Tsubota et al. reported on the covalent grafting
of alkyl and aryl residues as well as on the formation of
ACHTUNGTRENNUNGnitrile groups by the reaction of radical species on the dia-
mond surface generated by these reagents.[43] Another reac-
tion of radicals with the surface of diamond sub-micron par-
ticles was published by Nakamura et al. They used photo-
chemically generated perfluoroalkyl radicals to modify the
diamond surface (Figure 7c).[44] The material possesses a sig-
nificantly increased hydrophobicity.


Stability of Functionalised
Diamond Nanoparticles in


Solution/Dispersion


One important issue for the
applicability of nanoparticles
in biological systems is the sol-
ubility or dispersibility of these
objects in aqueous systems in-
cluding buffer solutions. How-
ever, nanodiamond (especially
the material from detonation
synthesis) exists in the form of
strongly bound agglomerates,
due to the harsh conditions in
the reaction chamber.[45] The
particles are not only linked by
the usual electrostatic interac-
tions, but also through covalent
bonds between surface func-


tional groups as well as by soot structures surrounding each
primary particle (Figure 2). Therefore, the production of col-
loidal solutions of primary particles of detonation diamond
remains a challenging task.[13]


There have been only a few publications on the deag-
glomeration of this material. Chiganova reported on the
production of nanodiamond hydrosols.[46] In that work first
results regarding the influence of surface functional groups
on the agglomerate stability have been described. Neverthe-
less, it remained unclear whether the investigated system
contained true primary particles or small residual agglomer-


Figure 5. a) Production and purification of detonation diamond. b) Initial surface functionalisation by oxidative treatment or solid-phase reaction with
gaseous reactants.


Figure 6. Covalent surface functionalisation using silanes and further modification on their terminal amino
groups. Biotinylation and the build-up of a short peptide serve as a model for further more complex surface
functionalisation with bioactive substances.
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ates. Another approach using
sodium oleate as a detergent
has been taken by Xu et al.[47]


The same authors reported on
the mechanical dispersion of
diamond particles yielding sus-
pensions stabilised with deter-
gents or inorganic salts.[48]


ACHTUNGTRENNUNGBesides that, there have been
accounts on surface graphitisa-
tion followed by surface oxida-
tion as a means for the disper-
sion of detonation diamond
leading to small agglomerates
of about 50 nm.[49] In summary,
most of the obtained suspen-
sions contain at least a major
fraction of remaining agglom-
erates.


For the production of solu-
tions of the primary diamond
nanoparticles we have devel-
oped several techniques for ef-
ficient deagglomeration. The
first is related to attrition mill-
ing (Figure 8a),[13] and uses
small (30–50 mm) zirconia mill-
ing beads, which are stirred at
very high speed. The diamond
suspension is circulated
through this stirred media bed,
in which shear forces destroy
the agglomerates. The resulting
colloidal solutions contain iso-
lated primary particles of deto-


nation diamond (Figure 8c).
Stable colloidal systems can be
obtained in polar, protic sol-
vents, for example, water,
DMSO, methanol and mixtures
thereof. The concentration of
the diamond particles in solu-
tion can reach up to more than
10 wt% yielding highly viscous
systems.


The second method, the so-
called BASD technique (bead-
assisted sonic disintegration)
combines the shear force in-
duced by the zirconia beads
with the cavitation produced
by ultrasound and proved very
efficient for the deagglomera-
tion (Figure 8b,d) and in situ
functionalisation of small
quantities of detonation dia-
mond.[50] As for the milled-


Figure 7. Further surface functionalisation techniques for diamond nanoparticles.


Figure 8. Deagglomeration of detonation diamond. a),c) Setup and particle size distribution for attrition mill-
ing; b),d) setup and particle size distribution for beads-assisted sonic disintegration (BASD); e) aqueous sus-
pension before and colloidal solution of detonation nanodiamond after beads milling; f) HRTEM image of
deagglomerated detonation nanodiamond deposited on single-walled carbon nanotubes (adapted from Fig-
ures 2 and 3 in reference [41]).
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bead samples, the stability of the colloidal solutions from
BASD is depending on the polarity and hydrogen bonding
ability of the solvent with best results obtained for DMSO
and water. Aqueous colloids exhibit a zeta potential of
�+35 mV and are stable within a pH range between 3 and
7. The positive surface charge most likely originates from
positively charged surface groups, whose nature remains un-
clear so far, though hydroxyl groups could be a potential
candidate.


Biological Applications of Functionalised
Nanodiamond Materials


Recently nanoscale diamond particles were applied for a va-
riety of biological applications. The newly developed pro-
duction, purification and functionalisation techniques enable
the material to be used in numerous ways. Additionally, the
apparent low cytotoxicity (vide infra) makes it an attractive
alternative to other widely used nanoparticles such as cad-
mium-containing quantum dots. There have been several re-
ports on the use of nanodiamond as an adsorbent for large
biomolecules, for example, proteins. This can be useful for
the detection of these substances in dilute solutions by
MALDI-TOF mass spectrometry.[51] The adsorption strength
on nanodiamond due to hydrophilic and hydrophobic inter-
actions is so high that a very efficient capture of proteins
such as cytochrome c, myoglobin and albumin occurs. After
coating with poly-l-lysine, nanodiamond particles can also
serve for the detection of DNA oligonucleotides by the
same method.[52] The adsorption on the nanodiamond sur-
face can also be used for the efficient separation and purifi-
cation of proteins, as Bondar et al. have shown for apoobe-
lin and luciferase.[25] The adsorption of biomolecules has
also been used for the immobilisation of antibodies for
sensor applications. Huang et al. have described a system for
the detection of Salmonella typhimurium and Staphylococ-
cus aureus.[53] The construction of a biochip with a coating of
nanodiamond particles carrying immobilised bacterial luci-
ferase has also been reported (Figure 9).[54] There have also
been activities towards the application of nanodiamond for


gene and drug delivery into living cells. In a first example
Kossovsky et al. used cellobiose-coated diamond nanoparti-
cles for the immobilisation of mussel adhesive protein
(MAP) to generate antibodies in rabbits.[55]


Another very attractive opportunity for the application of
nanodiamond particles in biological systems is their ability
to be doped with different elements. The resulting point de-
fects exhibit interesting luminescence properties. In the case
of nitrogen doping and the generation of negatively charged
N-V centres by irradiation and annealing, the fluorescence
wavelength is located in the far-red (�700 nm) with an ab-
sorption at �560 nm.[56] Therefore it is possible to observe
the luminescing nanoparticles by fluorescence microscopy.
Yu et al. have reported on the use of proton-irradiated and
annealed, nitrogen-containing nanodiamonds in kidney
cells.[57] Besides the strong red luminescence in the cells,
they did not observe any photobleaching nor cytotoxicity.
This makes the material a valuable alternative for other
fluorescence labels. The applicability was demonstrated with
poly-l-lysine-coated nanodiamond particles that are able to
directly interact with DNA.[58] In the same work the authors
described the tracking of a single fluorescent diamond parti-
cle within a live HeLa cell. These recent advances add a
new class of carbon nanoparticles to the range of those sp2-
hybridised carbon dots that have been recently used for la-
belling purposes and drug delivery.[59] Compared to these
materials the diamond particles exhibit valuable properties
like crystallinity, chemical and physical inertness of the core,
no porosity, low toxicity (vide infra), dopability and so
forth; therefore they represent progress in the quest for
carbon materials for biological applications.


Toxicity of Diamond Materials


The toxicity of a material is a very important issue when it
comes to biological applications. Especially for nanoparti-
cles, adverse effects on cells or body tissues have to be in-
vestigated very thoroughly. Two aspects have to be consid-
ered. On the one hand, the pristine material contains a con-
siderable amount of potentially toxic impurities,[60] which
can be removed by an appropriate purification procedure
(vide supra). On the other hand the inherent cytotoxicity of
the diamond nanoparticles has to be investigated. The work
of Bakowicz and Mitura shows that nanocrystalline diamond
has close to no adverse effect in living species such as
rats.[61] Also their investigation of the in vitro biocompatibil-
ity of nanodiamond showed that the material does not cause
cytotoxic effects. Similar results were obtained by Schrand
et al.[62] A comprehensive discussion can be found in refer-
ence [63]. In summary, to the best of the available knowl-
edge, nanocrystalline diamond is not cytotoxic and thus a
promising candidate material for biological applications.


Figure 9. Luminescent biochip with nanodiamond–recombinant bacterial
luciferase conjugate (with permission of Springer Business Media group;
FMNH2: reduced form of flavin mononucleotide).[54]
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Future Challenges and Developments


The research on biological applications of nanocrystalline
diamond has begun only recently, raising many unanswered
questions. One of the most challenging issues is the stabilisa-
tion of biofunctionalised primary particles of single-digit
nanometric size in physiological media. Efforts to control
the surface charge and the agglomeration ability have to be
made. On the other hand, grafting techniques that improve
the hydrolytic stability of the conjugates are highly desira-
ble. Hence, the direct C�C coupling of the diamond surface
with a linker molecule is of great interest. Experiments to
use photochemical and cycloaddition reactions to achieve
this goal are under way. The selective grafting of just one
functional unit per diamond particle is also of importance.
So far, the particles are usually functionalised statistically
with a bigger number of moieties. For certain applications
that rely on quantitative analysis, it is absolutely necessary
to obtain 1:1 conjugates.


In conclusion, nanodiamond is a material that can be ob-
tained in bulk scale and can easily be purified. It possesses a
variety of surface functionalities that can be used to adsorb
or graft functional groups or much more complex moieties,
for example, proteins or DNA, onto the diamond surface. It
can be solubilised in aqueous or other polar media and
forms stable colloids. To the best of the available knowledge
nanodiamond is biocompatible and not cytotoxic and can be
used in a variety of biological applications. These include
adsorptive separation, purification and analysis of proteins;
vehicles for drugs, genes and antibodies; and the fluores-
cence labelling with luminescent diamond nanocrystals. In
the future, functionalised diamond materials will most likely
become one of the widely used substrates for bio-applica-
tions.
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Introduction


Protein–protein interactions play a central role in numerous
biological processes, including programmed cell death, pro-
liferation and differentiation, and aging. In humans, roughly
40000 to 200000 protein interactions are estimated to
exist.[1] Low-molecular-weight compounds that modulate
such interactions in a selective manner are useful as probes
to elucidate biological functions as well as drug leads for
new therapeutic agents to target specific protein interfaces.
Much effort has recently focused on the rational design of
inhibitors based on proteomimetic strategies[2,3] to modulate
protein–protein interactions, and a number of studies have
been reported with success in this field.[4–6] For example, a
general solution called “protein grafting” has been devel-
oped for transferring the functional epitope into a rigid min-
iature protein scaffold.[7,8] Similar approaches in combina-
tion with phase-display technique have also recently been
developed with b-sheet templates[9,10] and b-hairpin cyclic
peptidomimetics.[11]


Hamilton and co-workers used an elegant approach to
create synthetic mimics of the antibody complementarity de-
termining region (CDR) with nonpeptidic scaffolds, such as
calixarenes[12,13] and porphyrins,[14–16] that accumulate multi-
ple functional groups for targeting protein surfaces. These
large synthetic antibody mimics were shown to require a
large molecular surface for strong binding to the target. This
approach demonstrated that the functionality of natural an-
tibodies can be possibly mimicked by rationally designed
synthetic molecules. However, in these examples, the molec-
ular weight of the synthetic scaffold was still large. Increas-
ing the binding affinity while decreasing the size of the mol-
ecule that is necessary for selective targeting is a challenging
problem. To overcome this problem, we propose a strategy
for protein-surface recognition that involves anchoring an
exterior surface-binding module to an interior surface-bind-
ing module. The resulting bivalent compounds are expected
to show increased affinity towards the target protein while
leading to a decrease in the size of the protein-surface rec-
ognition scaffold required owing to a synergetic effect. One
approach to test this hypothesis is the case of enzyme-inhibi-
tor design in which a substrate mimic with high binding af-
finity and selectivity to the enzyme active site is linked to an
exterior binding module that targets the appropriate sites on
the protein surface. The resulting bivalent compounds are
predicted to increase binding affinity (taking advantage of
DG), and therefore the size of exterior binding module
should decrease compared with that required for binding to
the target by itself.


Strategies for bivalent or bisubstrate receptors have been
utilized in recent chemical-biology studies, such as protein
dimerization,[17,18] lead identification,[19] protein modifica-
tions,[20] and enzyme inhibitors.[21–30] Srivastava, Mallik, and
co-workers have developed an efficient strategy to target
the surface-exposed histidine side chains by using an imino-


Abstract: Synthetic chemical probes
designed to simultaneously targeting
multiple sites of protein surfaces are of
interest owing to their potential appli-
cation as site specific modulators of
protein–protein interactions. A new ap-
proach toward bivalent inhibitors of
mammalian type I geranylgeranyltrans-
ferase (GGTase I) based on module as-
sembly for simultaneous recognition of
both interior and exterior protein sur-
faces is reported. The inhibitors synthe-
sized in this study consist of two mod-
ules linked by an alkyl spacer; one is
the tetrapeptide CVIL module for
binding to the interior protein surface
(active pocket) and the other is a 3,4,5-
alkoxy substituted benzoyl motif that


contains three aminoalkyl groups de-
signed to bind to the negatively
charged protein exterior surface near
the active site. The compounds were
screened by two distinct enzyme inhibi-
tion assays based on fluorescence spec-
troscopy and incorporation of a [3H]-la-
beled prenyl group onto a protein sub-
strate. The bivalent inhibitors block
GGTase I enzymatic activity with Ki


values in the submicromolar range and
are approximately one order of magni-
tude and more than 150 times more ef-


fective than the tetrapeptide CVIL and
the methyl benzoate derivatives, re-
spectively. The bivalent compounds 6
and 8 were shown to be competitive in-
hibitors, suggesting that the CVIL
module anchors the whole molecule to
the GGTase I active site and delivers
the other module to the targeting pro-
tein surface. Thus, our module-assem-
bly approach resulted in simultaneous
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sequence, synergetic inhibition of
GGTase I activity, thereby providing a
new approach in designing protein-sur-
face-directed inhibitors for targeting
protein–protein interactions.
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diacetate copper(II) complex.[24,31] In these examples, how-
ever, the motifs for the protein surface were designed for
pinpoint binding of one or two amino acid side chains in-
stead of targeting the large (�1600 L2) surface areas that
are typically involved in protein–protein interactions.[2–4] For
modulating protein-surface functions, the anchoring strategy
of a relatively large exterior binding motif with a smaller in-
terior binding motif would provide a new approach for de-
signing site-specific protein-surface receptors. As far as we
are aware, there are no examples of nonpeptidic bivalent
enzyme inhibitors that target the large protein surface areas
that are involved in native protein–protein interactions.


Type I geranylgeranyltransferase (GGTase I)[32] is a heter-
odimeric zinc metalloenzyme and a member of the protein
prenyltransferase family. This family of enzymes catalyzes
the first step in a lipid post-translational modification that
affects nearly 0.5% of cellular proteins.[33] Mammalian
GGTase I is responsible for transferring a C20 geranylgeran-
yl group from geranylgeranyl pyrophosphate (GGPP) to a
cysteine residue of the carboxy-terminus CAAX tetrapep-
tide of a target substrate protein; where C is cysteine, AA is
an aliphatic dipeptide, and, in most cases, X is leucine or
phenylalanine.[34] During the last decade, protein prenylation
has become a major focus in anticancer research, and the
major effort in developing prenyltransferase inhibitors fo-
cused on a related enzyme called farnesyltransferase
(FTase). The aim was the specific inhibition of malignant
transformation caused by mutated Ras and other farnesylat-
ed proteins.[35–37] The preclinical evaluation of FTase inhibi-
tors was successful, with little toxicity, and several com-
pounds are currently in clinical trials.[38]


Recently, GGTase I has been gaining much attention[39,40]


owing to its potential to be a new target, not only for anti-
cancer drugs,[41–45] but also for other diseases such as smooth
muscle hyperplasia[46] and hepatitis C.[47] Its substrate pro-
teins, such as RhoA,[48] RhoC,[49] Rac1,[50] Cdc42,[51] and
RalA,[52] have been found to be implicated in promoting tu-
morigenesis and cancer metastasis. Very recently, a study
using a GGTase I deficient mouse model has shown that
GGTase I deficiency apparently improves the percentage of
survival in mice with K-Ras-induced lung cancer, supporting
the potential of GGTase I to be a clinical target.[44] A further
significant observation that has been reported is that K-
Ras4B, the most frequently mutated form of Ras in human
tumors, becomes a substrate for GGTase I when FTase is
blocked, and retains full biological activity.[53–55] As at least
5–10 times more proteins are geranylgeranylated than are
farnesylated and the complex signaling pathways involving
geranylgeranylated proteins have not been fully character-
ized, the development of potent and selective GGTase I in-
hibitors would provide useful tools for protein prenylation
studies.


Mammalian GGTase I consists of a 48-kDa a subunit and
a 43-kDa b subunit, which possesses the hydrophobic active
pocket. The crystal structures of the ternary complex of
GGTase I bound to the peptide and a GGPP analogue have
revealed that there is a characteristic acidic region on the a-


subunit protein surface near the entrance to the active
pocket.[56–58] A number of studies have demonstrated that an
unusual polylysine region near the carboxyl terminus of K-
Ras4B is a critical determinant for geranylgeranylation cata-
lyzed by GGTase I when FTase is inhibited.[59–62] Therefore,
it is most likely that when the enzyme binds to K-Ras4B,
the electrostatic attraction triggers the protein–protein inter-
action at the protein surface of GGTase I. In other words,
GGTase I can be regarded as an enzyme that utilizes two
distinct protein surfaces for substrate recognition in its
native task, one is the interior surface of the substrate-bind-
ing cavity and the other is the protein exterior surface near
the active site.


We therefore applied the concept of bivalent inhibitor
design for simultaneous targeting of both surfaces of GGTa-
se I (Figure 1). The interior surface-binding module


(Figure 1, blue) should bind into the active pocket in a se-
lective manner and should anchor the whole molecule near
the pocket, whereas the exterior surface-binding module
(Figure 1, red) requires relatively divergent structural fea-
tures and multiple positively charged groups for the electro-
static interaction with the GGTase I surface. To explore the
minimal and favorable distance in between the modules, we
used different length spacers (Figure 1, green).


Herein, we describe the rational design of GGTase I biva-
lent inhibitors for simultaneous targeting of interior and ex-
terior protein surfaces based on the module assembly strat-
egy described in Figure 1.


Results and Discussion


Inhibitor design and chemistry: According to the GGTase I
crystal structure, the substrate-binding pocket opens into the
extensive a–b subunit interface and extends into the hydro-
phobic funnel-shaped cavity of the b subunit with an ap-
proximate inner diameter of 15 L and a depth of 14 L.[63]


Near the entrance of the binding pocket, there is a charac-
teristic cluster of acidic amino acid residues on the a-subunit
protein surface where Glu125a, Glu160a, Glu161a,
Glu187a, Asp191a, Glu229a, and Asp230a are located on


Figure 1. A schematic representation of the inhibitor design for simulta-
neous targeting of interior and exterior protein surfaces. Bivalent hybrid
compound consist of an exterior surface-binding module (red) derived
from a methyl gallate, an alkyl spacer (green), and an interior surface-
binding module, Cys-Val-Ile-Leu-OH tetrapeptide.
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the edge of the pocket lip. The compounds prepared on the
basis of the design strategy are summarized in Scheme 1.
For the interior surface binding module, Cys-Val-Ile-Leu-
OH tetrapeptide (1), the CAAX sequence that is seen in
GGTase I substrate proteins Rap-2b, and several others,[64]


became our first choice because of its affinity to GGTase I
with selectivity (IC50/GGTase I=2.3 mm ; IC50/FTase=


11 mm).[65] The size of the acidic surface of GGTase I is ap-
proximately 90 L2 and contains the seven acidic amino acid
residues as well as several hydrophobic or neutral residues,
such as Leu156a, Ala157a, Gln195a, and Asn194a. A mo-
lecular-modeling study showed that the methyl-3,4,5-trial-
koxy-substituted benzoate derived from b-homophenylala-
nine derivative (3) possibly provides a complementary size
ACHTUNGTRENNUNG(�84 L2). In a further attempt to reduce the size of the exte-
rior surface-binding module, n-propyl amine substituted de-
rivative (4), in which three benzyl groups in 3 were re-
moved, was also designed. These compounds were readily
synthesized by alkylation of methyl gallate with the corre-
sponding N-protected amino alkyl bromides, followed by de-
protection (see the Supporting Information). These exterior
surface-binding modules were attached to the N terminal of
1 by spacers of different lengths to give the bivalent hybrid
compounds 5–9.


To check whether the bivalent molecular sizes and shapes
are relevant for the simultaneous two-site recognition, a su-
perimposed model structure of 5 and GGTase I was built
based on the previously reported X-ray crystal structure of
the ternary complex of GGTase I[58] bound to a GGPP ana-
logue and KKKSKTKCVIL. Within the complex, the por-
tion of KKKSKTK was removed and the structure of 5 with-


out the CVIL moiety was installed. The resulting model
showed that the trisubstituted benzoyl part provides an ap-
propriate shape to bind the targeted acidic region of GGTa-
se I (Figure 2).


Scheme 1. Modules and hybridized compounds synthesized in this study.


Figure 2. A superimposed model of 5 (yellow, CPK) and GGTase I crystal
structure (PDB: 1N4Q). The catalytic Zn ion (green, CPK), GGPP ana-
logue (stick); The bright area (right) and shadowed portions are the a


and b subunits, respectively. Negatively charged and positively charged
surfaces are shown in red and blue, respectively. DS Viewer 6.0.
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Initial screening for inhibition activity by fluorescent
enzyme assay : To examine whether the module-assembly
approach results in bivalent inhibitors with better potency
towards GGTase I, the compounds were initially screened at
5 mm for their ability to inhibit GGTase I in a fluorescent
assay[66] by using geranylgeranyl pyrophosphate (GGPP;
5.0 mm) and the environmentally sensitive fluorogenic sub-
strate, N-dansyl-Gly-Cys-Val-Ile-Leu-OH (DansGCVIL;
1.0 mm, Km= (0.28�0.04) mm ; dansyl= 5-(dimethylamino)-
naphthalene-1-sulfonyl; see Scheme S21 in the Supporting
Information) in Tris-HCl buffer solution (Tris= tris(hydroxy-
methyl)aminomethane). This substrate increases the fluores-
cent intensity upon geranylgeranylation at the cysteine thiol
group. Recombinant mammalian GGTase I was expressed
and purified by a method previously reported.[67] The fluo-
rescent increase was monitored for 5 min and the percent-
age of inhibition was calculated by comparison with the
standard slope, which was taken from the reaction in the ab-
sence of inhibitors (see the inset in Figure 3A). The percent-
age of inhibition of GGTase I at a compound concentration
of 5 mm is shown in Figure 3A. As expected, the various
modules of the bivalent compounds were weak GGTase I in-
hibitors on their own. For example, CVIL (1), which has
been shown to be a competitive inhibitor for GGTase I,[65]


inhibited 42% of the enzyme activity (see the inset of Fig-
ure 3A); and compounds 2–4 inhibited the enzyme by 2–
26%. However, the bivalent compound 6, in which the mod-
ules 1 and 3 were hybridized, and compound 8, in which
modules 1 and 4 were linked, were both found to be more
effective than either module alone and showed more than
87% inhibition. Concentration–response studies showed
that the compound 6 inhibition curve is sigmoidal with an
IC50 value of 1.0 mm and a Ki of (0.22�0.04) mm, both of
which were calculated by using the Cheng–Prusoff equation
(Figure 3B).[68] In contrast, the curves for the modules 1, 2,
and 3 were apparently shifted to the higher concentration
region. For example, the concentration required for 50% in-
hibition in the case of the tetrapeptide CVIL (1) was 6.9 mm,
which was approximately seven times higher than that of 6.


Concentration–response curves of the bivalent compounds
(5–7) containing spacers of different lengths are summarized
in Figure 4A. The results show that the spacer length affects
the inhibitory activity of the bivalent compounds. Com-
pound 7 (n=3), which consists of a shorter spacer for the
C2 unit than 6 (n=5), was slightly less active than 6 (Ki=


(0.48�0.11) mm). On the other hand, compound 5 (n=11),
with a spacer length twice as long as that of 6 was less
potent. This suggests that for compounds with the b-homo-
phenylalanine type module, the longer spacers diminish the
binding affinity to GGTase I owing to the entropical disad-
vantage.[69] However, as shown in Figure 4B, compound 8,
which has an equal length of spacer to that of 5 and a much
simpler exterior module, restores the activity with a Ki value
of (0.42�0.09) mm. Elimination of the three benzyl groups
from the exterior binding module in 5 should result in in-
creased flexibility as well as decreased hydrophobicity
around the three amino side chains of the benzoyl moiety in


8 (calculated log P values: �0.9 for 3, 5.08 for 4).[70] There-
fore, a possible explanation for the significant difference in
the activity might be 1) with the long spacer (n=11), the
three 1-amino-1-benzyl-propyloxy groups in 5 do not take a
suitable conformation for binding to the targeted surface
owing to rigidity, whereas 1-amino-propyloxy groups are
more flexible, thus the spacer length (n=11) was able to de-
liver the moiety to the targeted site; or 2) the high hydro-
phobicity of 5 might result in random binding or possible ag-
gregation. This observation prompted us to synthesize com-
pound 9 in which the better aminopropyl module and the


Figure 3. Fluorescent GGTase I inhibition assays were carried out by
using GGPP (5 mM) and the fluorogenic substrate, DansGCVIL (1 mM)
in 50 mm Tris-HCl, pH 7.5 at 30 8C. A) The results of primary screening
of the % inhibition of GGTase I in the presence of 5 mm of module com-
pounds (1–4) and the bivalent compounds (6 and 8). Inset: the time
course fluorescence change at 520 nm (ex: 340 nm) in the absence of
(blue) or in the presence of 5 mm of inhibitors (1, blue; 6, red). The
slopes were used for the calculations of percentage of inhibition. B) Con-
centration–response curves of the modules (1, 2, and 3) and the corre-
sponding hybridized compound 6 plotted the % inhibition against the in-
hibitor concentrations. The IC50 values were then used to calculate the in-
hibitory constants, Ki, by the Cheng–Prusoff equation (see refer-
ence [68]). The standard deviation is given for n=3. dIf=change in fluo-
rescence intensity.
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optimal length of spacer (n=5) were combined. As shown
in Figure 4B, 9 indeed showed improved activity compared
with 8 with an IC50 value of 0.62 mm and a Ki of (0.14�
0.03) mm, which has a similar activity to 6 and with a reduced
molecular weight of 270. This suggests that the molecular
size can be tuned by choosing 1) the minimal critical func-
tional groups for the exterior binding module and 2) the
most appropriate spacer length for the combination of mod-
ules. Notably, compound 4 showed no apparent inhibitory
activity by itself (Figure 4B). The weak activity of modules
1 and 4, and the synergistic effect seen with the bivalent in-
hibitor 9, validates our module assembly approach that tar-
gets two critical sites on GGTase I.


Selectivity in GGTase I inhibition : To confirm the observa-
tion seen in the fluorescent assay and to evaluate the selec-
tivity of our bivalent inhibitor for GGTase I over the related
enzyme, FTase, we further tested the compounds (1–8) by a


more widely used method, which measures the incorpora-
tion of [3H]GGPP and [3H]FPP (farnesylpyrophosphate)
into the protein substrates, H-Ras-CVLL and H-Ras-CVLS,
respectively, by using previously described methods.[71] The
moderate inhibition activities against GGTase I of the tetra-
peptides 1 and 2 were confirmed as shown in Table 1. No in-


hibition activity against FTase was detected with 1 or 2,
which is in agreement with the fact that CVIL is a selective
inhibitor for GGTase I over FTase.[65] Neither benzoate de-
rivative 3 nor 4 showed any activity. All the bivalent com-
pounds (5–8) were confirmed to be potent for GGTase I
with IC50 values in the submicromolar range (Table 1) and
most importantly, no inhibition was detected against FTase
(IC50: GGTase I/FTase>167 in the case of 8). The selectivity
observed here clearly indicates that the CVIL module in
each bivalent compound recognizes and binds to the GGTa-
se I active pocket but not to the FTase pocket. These results
demonstrate that specificity is not compromised by our
design strategy.


The spacer-length effect was also observed in this assay,
showing that compounds 6 and 7 (n=5 and 3, respectively)
were more potent (IC50=0.64 and 0.66 mm, respectively)
than compound 5 (n=11, IC50=0.98 mm). It is noteworthy
that compound 8, a with smaller and less hydrophobic exte-
rior binding module than 6, was found to be equally effec-
tive with an IC50 value of 0.60 mm, which was an improve-
ment of eight times and greater than 167 times those of the
corresponding modules, 1 and 4, respectively. Again, these
results confirmed that the molecular size of the hybrid in-
hibitors can be optimized by appropriately combining the
modules.


Mode of inhibition : We next wanted to confirm that the in-
hibition mode of the bivalent inhibitor and the CVIL tetra-
peptide was identical. To this end, Lineweaver–Burk analy-
sis was carried out for peptide 1 and the bivalent com-
pounds 6 and 8. The data were analyzed by using equations
for competitive, noncompetitive, and uncompetitive inhibi-
tion models. The data set for 1 clearly fit the competitive
model (Figure 5A; Ki= (0.97�0.19) mm). As shown in Fig-
ure 5B for 6, these data also showed the best fit to the com-
petitive model with an intersection point on the y axis (Ki=


Figure 4. A) Dose–response curves for A) the bivalent compounds (5, 7)
with different a different spacer length than 6 and B) the methyl gallate
derivative (4) compared with bivalent compound 8 and 9, which consist
of the methyl gallate as the exterior surface-binding module. The data set
for 6 (A) and 5 (B) are shown for comparison (dashed line). The stan-
dard deviation values are given for n=3.


Table 1. IC50 values for inhibition of GGTase I and FTase in vitro by
modules (1–4) and bivalent inhibitors (5–8).


IC50 [mm][a]


Cmpd GGTase I FTase


1 4.8�1.7 >100
2 1.4�0.5 >100
3 >100 >100
4 >100 >100
5 0.98�0.45 >100
6 0.64�0.06 >100
7 0.66�0.05 >100
8 0.60�0.03 >100


[a] Where the standard deviation is given for n=3, or n=1.
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(0.15�0.01) mm for 6 and (0.21�0.03) mm for 8 ; see Fig-
ure S2 in the Supporting Information for 8).


As we used the native substrate peptide sequence for the
interior surface binder, we wanted to clarify whether gera-
nylgeranylation occurred on the thiol group of the bivalent
compounds. The HPLC analysis showed that in the absence
of inhibitor, the conversion of DansGCVIL to
DansGC(GG)VIL was completed within 5 minutes (see Fig-
ure S3A in the Supporting Information), whereas under the
same conditions but in the presence of 20 mm 6, the geranyl-
geranylation of DansGCVIL was completely suppressed
(see Figure S3B in the Supporting Information). Moreover,
no change in the peak area of 6 nor new-product peak gen-
eration was detected for up to 50 minutes incubation with 6,
indicating that geranylgeranylation did not occur on the
thiol group of 6 (see Figure S3C in the Supporting Informa-
tion). This is consistent with previous work with FTase in
which some CAAX tetrapeptide mimetic inhibitors are not
farnesylated. The crystal structural study has revealed that
these FTase inhibitors bind in a distinct conformation from
the substrate,[72] suggesting that the conformation in the


active-site-bound form is essential to dictate whether S-far-
nesylation occurs. Assuming that this is also the case in
GGTase I, which is likely owing to its functional similarity,
the binding of the exterior module to the protein surface
may trigger structural changes of the interior binding
module CVIL to avoid S-geranylgeranylation.


Conclusion


We have developed a new series of bivalent inhibitors for
GGTase I based on a module assembly strategy for simulta-
neous targeting of interior and exterior protein surfaces.
Coupling of CVIL tetrapeptide and a 3,4,5-trisubstituted
benzoate derivative provided compounds 6 and 8 (Ki=0.15
and 0.21 mm, respectively) and improved the inhibitory abili-
ty by approximately one order of magnitude and more than
150-fold compared with the corresponding modules. An ex-
planation for the moderate additivity effect observed with
the bivalent compounds compared with tetrapeptide 1 might
be due to the remarkably weak affinity of the exterior bind-
ing modules 3 and 4. All bivalent compounds were found to
be highly selective for GGTase I over FTase (>167 times).
The spacer length was found to affect the potency, and very
long spacers (n=11) diminished the activity as seen in the
case of 5, which is consistent with a previous report.[69]


Simply changing the exterior binder in 5 to one with less hy-
drophobic and more flexible side chains restored the activi-
ty, as seen in 8. Thus, bivalent inhibitors targeting the exteri-
or and the interior surfaces can be minimized by choosing
the most appropriate modules and the spacer lengths. Inter-
estingly, geranylgeranylation was not detected, at least in
the case of 6, suggesting that the exterior surface binding
module may alter the CVIL conformation in the active
pocket. Although it remains moderate, the synergetic inhibi-
tory activity observed in this study strongly suggests that the
exterior binding modules were specifically delivered to the
targeted protein surface. Thus, we believe that the module-
assembly strategy for designing bivalent protein inhibitors
described herein provides a general strategy for specific tar-
geting of the protein surface, which can be extended to
other enzyme families for increased selectivity or for modu-
lating protein–protein interactions.


We are currently extending this strategy to isozyme selec-
tive inhibitors and to dual inhibitors targeting characteristi-
cally distinct and identical protein-surface structures.


Experimental Section


Materials and instruments : Reagents and solvents were obtained from
commercial sources without further purification unless otherwise noted.
For the fluorescent enzyme assay, RF-5300PC equipped with a SA-100
temperature controller (Sansyo) was used. HPLC data were obtained
from PU-2086 and a UV-2075 detector (JASCO) with Inertsil (C18-re-
verse phase column) column (GL Science). 1H and 13C NMR spectra
were recorded on a JEOL JNM-LA 400 spectrometer. Low- and high-
resolution mass spectra were collected by a JEOL JMS-T100 LC mass


Figure 5. Kinetic analysis of the inhibition of GGTase I by CVIL tetra-
peptide 1 and bivalent inhibitor 6. GGTase I was treated with varying
concentrations of A) the tetrapeptide 1 (0.1, 1, and 5 mm) and B) the bi-
valent compound 6 (0.5, 1, and 3 mm) with the substrate concentration in-
creasing from 0.1 to 1 mm. [GGPP]=5 mm, T=293 K.
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spectrometer. Elemental analyses were performed on 2400CHN (Perkin
Elmer).


Synthesis of 3,4,5-tris(3-amino-4-phenyl-1-butoxy)benzoic acid methyl
ester trifluoroacetate (3): A solution of methyl gallate (101 mg,
0.549 mmol), [(1S)-3-bromo-1-(phenylmethyl)propyl]carbamic acid tert-
butyl ester (31; 700 mg, 2.15 mmol; see the Supporting Information), po-
tassium carbonate (444 mg, 3.21 mmol) in N,N-dimethylformamide
(DMF; 20 mL) was stirred at 40 8C for 24 h. After removal of DMF, the
product was extracted with 10% CHCl3 in AcOEt (600 mL) and 10%
citric acid, and the organic layer was dried over Na2SO4. The crude prod-
uct was purified by SiO2 column chromatography (gradient from CHCl3
alone, to CHCl3:AcOEt=1:1, and then to CHCl3:MeOH=50:1) to give
3,4,5-tris ACHTUNGTRENNUNG(3-N-(tert-butoxy)amino-4-phenyl-1-butoxy)benzoic acid methyl
ester (32 ; see the Supporting Information) as a white solid (464 mg,
91%). m.p.: 167–168 8C; 1H NMR (400 MHz, CDCl3): d=1.38 (m, 27H,
BocQ3 (Boc= tert-butyloxycarbonyl), 1.82–2.10 (m, 6H, 3-, 4-, and 5-
OCH2CH2), 2.77–2.87 (m, 6H, 3,4, 5-CH2Ph), 3.88 (s, 3H, -OCH3), 4.07–
4.12 (m, 9H, 3,4,5-OCH2CH2CH), 4.69 (br s, 2H, 3- and 5-NH), 5.28 (br
s, 1H, 4-NH) and 7.17–7.28 ppm (m, 17H, aryl H); HRMS–FAB (m/z):
[M++H] calcd for C53H72N3O11, 926.5167; found, 926.5152. Trifluoroacetic
acid (TFA; 500 mL) in CH2Cl2 (500 mL) was added to a solution of 32
(25 mg, 27.0 mmol) and the mixture was stirred at 0 8C for 1 h. After
evaporation, Et2O was added to the residue and the resulting white pre-
cipitate was collected by centrifugation to give compound 3 (30 mg,
100%). HPLC purity, 99%; 1H NMR (400 MHz, CDCl3): d=2.11–2.15
(m, 6H), 2.86 (m, 3H), 3.18 (m, 3H), 3.67 (m, 3H), 3.88 (s, 3H, OCH3),
3.95 (s, 1H), 4.10 (s, 1H), 4.20 (s, 2H), 4.34 (s, 2H), 7.15–7.34 (m, 17H),
8.07–8.15 ppm (br s, 9H, NH3); HRMS–FAB (m/z): [M++H] calcd for
C38H48N3O5, 626.3594; found, 626.3605.


Synthesis of N-[6-(3,4,5-tris(3-amino-4-phenyl-1-butoxy)benzolyamino)-
hexylcarbonyl]-l-cisteinyl-l-valyl-l-isoleucyl-l-leucine trifluoroacetate
(6): 1m KOH (1.3 mL, 1.3 mmol) was added to a solution of 32 (43 mg,
46.4 mmol) in CH2Cl2 (4 mL) and MeOH (8 mL) and the mixture was re-
fluxed for 15.5 h. Evaporation, extraction with CHCl3 (60 mLQ3) and
10% citric acid (25 mL), and concentration gave the corresponding car-
boxylic acid (33, see the Supporting Information) as a white solid (43 mg,
100%). m.p.: 141–144 8C; 1H NMR (400 MHz, CDCl3): d=1.38 (m, 27H,
BocQ3), 1.82–2.05 (m, 6H, 3-, 4-, and 5-OCH2CH2), 2.80–2.87 (m, 6H, 3-,
4-, and 5-CH2Ph), 4.09–4.13 (m, 9H, 3-, 4-, and 5-OCH2CH2CH), 4.69
(br s, 2H, 3 and 5-NH), 5.28 (br, 1H, 4-NH) and 7.17–7.28 ppm (m, 17H,
aryl H); HRMS–FAB (m/z): [M++H] calcd for C52H7N3O11, 912.5010;
found, 912.4990. Benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexa-
fluorophosphate (PyBop; 67 mg, 0.13 mmol) in CH2Cl2 (1 mL)was added
to a solution of 33 (90 mg, 98.7 mmol), 6-aminohexanoic acid methyl ester
hydrochloride (19 mg, 0.10 mmol), N-hydroxy-benzotriazole (HOBt;
31 mg, 0.20 mmol), and N,N-diisopropylethylamine (DIEA; 34 mL,
0.20 mmol) in DMF (5 mL) at 0 8C and the mixture was stirred at RT for
13 h. After concentration, the product was extracted with CHCl3
(200 mL), 10% citric acid, 5% NaHCO3, and brine. The crude product
was purified by SiO2 column chromatography (CHCl3/MeOH=20:1) to
afford the desired product (35 ; see the Supporting Information) as a
white solid (101 mg, 98%). m.p.: 190–195 8C; 1H NMR (400 MHz,
[D6]DMSO): d=1.13–1.29 (m, 29H, 3-, 4-, and 5-Boc and
-CH2CH2CH2CO2CH3), 1.45–1.58 (m, 10H, -CH2CH2CO2CH3,
-CONHCH2CH2 and 3-, 4-, 5-OCH2CH2), 1.77–1.90 (m, 6H, -OCH2CH2),
2.29 (t, J=7.3 Hz, 2H, -CH2CO2CH3), 2.66–2.78 (m, 6H, 3,4,5-CH2Ph),
3.18–3.23 (m, 2H, -CONHCH2), 3.56 (s, 3H, -CO2CH3), 3.83–3.99 (m,
9H, 3-, 4-, and 5-OCH2CH2CH), 6.55 (d, J=8.3 Hz 1H, 4-NHBoc), 5.30
(d, J=8.4 Hz, 2H, 3 and 5-NHBoc), 7.08 (s, 2H, benzoyl) 7.16–7.25 (m,
15H, 3-, 4-, and 5-Ph) and 8.33 ppm (m, 1H, NH); LRMS (ESI) [M+


+Na] calcd for C65H82N4O12Na, 1061; found, 1061; elemental analysis
calcd (%) for C59H82N4O12: C 68.18, H 7.95, N 5.39; found: C 67.99, H
7.90, N 5.30.


Compound 35 (85 mg, 82 mmol) was hydrolyzed in a similar manner as
described above by using KOH to give the corresponding carboxylic acid
38 (see the Supporting Information) as a pale yellow amorphous solid
(87 mg, 100%). m.p.: 168–172 8C; 1H NMR (400 MHz, [D6]DMSO): d=


1.14–1.30 (s, 29H, 3-, 4-, and 5-Boc and CH2CH2CH2CO2CH3), 1.46–1.55


(m, 4H, -CH2CH2CO2CH3 and -CONHCH2CH2), 1.76–1.91 (m, 6H, 3-, 4-,
and 5-OCH2CH2), 2.20 (t, J=7.1 Hz, 2H, -CH2CO2CH3), 2.67–2.73 (m,
6H, 3-, 4-, and 5-PhCH2), 3.18–3.23 (m, 2H, -CONHCH2), 3.84–3.99 (m,
9H, 3-, 4-, 5-OCH2CH2CH), 6.59 (d, J=8.8 Hz, 1H, 4-NHBoc), 6.81 (d,
J=8.5 Hz, 1H, 3- and 5-NHBoc), 7.09–7.26 (m, 17H, 3,4,5-Ph and benzo-
yl) and 8.34 (m, 1H, benzoyl-CONH) and 11.9 ppm (br s, 1H, -CO2H);
HRMS–FAB (m/z): [M++H] calcd for C58H81N4O12 [M


++H]: 1025.5851;
found: 1025.5835.


PyBop (50 mg, 96 mmol) in CH2Cl2 (1 mL) was added to a solution of the
free acid 38 (72 mg, 70 mmol), H-Cys ACHTUNGTRENNUNG(Trt)-Val-Ile-Leu-OtBu (Trt= trityl ;
66 mg, 89 mmol), HOBt (25 mg, 0.16 mmol), and DIEA (25 mL,
015 mmol) in DMF (6 mL) at 0 8C. After stirring at room temperature
for 17 h, concentration, extraction with CHCl3, and purification by size-
exclusion column chromatography (Sephadex LH-20, CHCl3/MeOH=


1:1) gave the fully protected product (41; see the Supporting Informa-
tion) as a white solid (86 mg, 70%). m.p.: 179–181 8C; 1H NMR
(400 MHz, CDCl3): d =0.68–0.86 (m, 18H, g-CH3 Val, g-CH3 Ile, d-CH3


Ile, and 2d-CH3 Leu), 0.97–1.04 (m, 1H, g-CH Leu), 1.13–1.86 (m, 54H,
g-CH2 Ile and b-CH2 Leu, b-CH Ile, b-CH Val, 3-, 4-, and 5-OCH2CH2,
-CONHCH2ACHTUNGTRENNUNG(CH2)3, OtBu and 3-, 4-, 5-Boc), 2.08 (m, 2H, b-CH2, Cys),
2.33 (m, 2H, -CH2CONH), 2.67–2.73 (m, 6H, 3-, 4-, and 5-CH2Ph), 3.17
(m, 2H, -CONHCH2), 3.84–3.98 (m, 9H, 3-, 4-, and 5-OCH2CH2CH),
4.12–4.27 (m, 4H, a-CH Cys, Val, Ieu, and Leu), 6.55 (d, J=8.4 Hz, 4-
NHBoc), 6.78 (d, J=8.8 Hz, 2H, 3- and 5-NHBoc), 7.09–7.33 (m, 32H,
aryl-H), 7.50 (d, J=8.9 Hz, 1H, NH), 7.88 (d, J=8.8 Hz, 1H, NH), 8.09
(d, J=8.3 Hz, 1H, NH) 8.16 (d, J=7.9 Hz, 1H, NH), 8.31 ppm (m, 1H,
CONH); elemental analysis calcd (%) C101H138N8O16S·1.0H2O: C 68.52,
H 7.97, N 6.33; found: C 68.57, H 7.87, N 6.22; HRMS–FAB (m/z): [M+


+H] calcd for C101H139N8O16S1, 1752.003; found, 1752.0000.


This compound was deprotected by treatment with 50% TFA in CH2Cl2
in the presence of 5% triethylsilane at 0 8C for 1 h. After concentration,
the residue was suspended in Et2O, sonicated, and centrifuged to collect
the resulting white solid, which was washed with Et2O several times, and
dried to give 6, a colorless white powder (21 mg, 100%). m.p.: 154–
162 8C; 1H NMR (400 MHz, CDCl3): d=0.78–0.86 (m, 18H, 2g-CH3 Val,
g-, d-CH3 Ile, and 2d-CH3 Leu), 1.02–1.11 (m, 1H, g-CH Leu), 1.24–1.96
(m, 18H, 3,4,5-OCH2CH2, -CONHCH2ACHTUNGTRENNUNG(CH2)3, b-CH Val, b-CH and g-
CH2 Ile, and b-CH2 Leu), 2.13–2.18 (m, 2H, -CH2CONH), 2.62–2.78 (m,
2H, b-CH2 Cys), 2.83–2.97 (m, 6H, 3,4,5-PhCH2), 3.90–3.93 (m, 2H, a-
CHQ2), 4.09–4.20 (m, 7H, 3-, 4-, and 5-OCH2 and a-CH), 4.40–4.45 (m,
1H, a-CH), 7.19–7.34 (m, 17H, 3-, 4-, and 5-Ph and benzoyl), 7.79–7.86
(m, 2H, -NHCH), 8.06–8.14 (m, 2H, -NHCH), 8.36–8.39 ppm (m, 1H,
PhCONH); HRMS–FAB (m/z): [M++H] calcd for C69H104N8O10S1,
1153.6735; found, 1153.6702.


Protein expression and purification : The plasmids, GGTase I a subunit in
pAlter-Ex2 (pAlter-Ex2-GGTa) and b subunit in pET28a (pET28a-
GGTb) were kindly provided by Prof. Casey from Duke University. The
protein was expressed and purified as previously reported.[42,67] Briefly,
the plasmids were successively transformed into BL21 (DE3) E. coli cells
(Novagen), which grew until the optical density reached 0.6. GGTase I
expression was induced by the addition of isopropyl-b-d-thiogalactoside
(0.4 mm) and ZnSO4 (0.5 mm), and the cells were harvested after 4 h and
lysed. The soluble fraction of the cell lysate was bound to nickel agarose
resin (Qiagen) by incubation for 1 h at 4 8C in a buffer solution contain-
ing Tris-HCl (20 mm, pH 7.7), NaCl (300 mm), imidazole (5 mm), dithio-
threitol (DTT; 1 mm), and protease inhibitor mix. The proteins were
eluted with increasing concentrations of imidazole, and the appropriate
fractions were immediately dialyzed and concentrated. The purity of the
protein solution was checked by SDS-PAGE gels (>90%).


General conditions for fluorescent enzyme assay : The inhibition activities
of the synthetic compounds against GGTase I were measured by a kinetic
assay by using the fluorogenic substrate, dansyl-Gly-Cys-Val-Ile-Leu
(DansGCVIL), which was prepared by solid-phase peptide synthesis (see
Figures S21 and S22 in the Supporting Information). The peptide buffer
solution (53 mm Tris-HCl, pH 7.5, 0.1 mm ethylenediaminetetraacetate
(EDTA), 0.020% n-dodecyl-b-d-maltoside, 5.0 mm DTT) was used for
preparation of DansGCVIL stock solution, and the assay buffer solution
(50 mm Tris-HCl, pH 7.50, 1.2 mm MgCl2, 1.2 mM ZnCl2, 0.023% n-dode-
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cyl-b-d-maltoside, 5 mm DTT) was used for enzyme dilution and for run-
ning the kinetic assay. Commercially purchased GGPP ammonium salt
methanol solution from Sigma–Aldrich was diluted with 25 mm


NH4HCO3 to 500 mm and stored at �80 8C in aliquots and further diluted
to 110 mm before use (methanol content less than 5%). The peptide sub-
strate, DansGCVIL, was dissolved in the peptide buffer solution (approx-
imately 500 mm), and the concentration was determined from a standard
curve of A340 versus the concentration of dansylglycine in the same buffer
solution. Inhibitors were first dissolved in DMSO solution (1 or 30 mm)
and further diluted with peptide buffer solution to various concentrations
(1.1 mm to 2.2 mm), which were then used for the assay. The GGTase I so-
lution (125 mM) was freshly diluted with the assay buffer solution prior to
use (685 nm). The assays were performed at 30 8C by using a thermostat-
ed curvette holder. Solutions of DansGCVIL (10 mL), GGPP (10 mL),
and inhibitor (10 mL) were added to the assay buffer solution (180 mL) in
a 500-mL tube, which was incubated in a 30 8C water bath for 5 min. The
GGTase I solution (10 mL) was added to this solution; the mixture was
vortexed, quickly transferred to the cuvette, and the fluorescent intensity
change at 520 nm (ex: 340 nm) was monitored for 5 min. The final con-
centrations of each component were; [DansGCVIL]=1 mm, [GGPP]=


5 mm, [GGTase I]=31 nm, [Inhibitors]=0–100 mm (the content of DMSO
in the final solution was less than 2%). The experiments for each concen-
tration of inhibitor were repeated at least three times.


The raw data points were fit linearly and the resulting slopes were used
to calculate IC50 values, which were determined by plotting the data as
percent inhibition versus the log of the concentration of the inhibitors
used. The data were fit to the sigmoidal Equation (1) by using SigmaPlot
(version 10, Systat software, Inc.).


y ¼ aþ ðb�aÞ
1þ 10ðc�xÞd


ð1Þ


In Equation (1), a and b are the minimal and maximal values of percent-
age of inhibition, x is the logarithm of the inhibitor concentration, c is
the IC50 value, and d is the Hill slope. The IC50 values were further con-
verted to the inhibition constant Ki values by using the Cheng–Prusoff
equation (Equation (2)).[68]


Ki ¼
IC50


1þ
�
½S	
Km


�
ð2Þ


As shown in Equation (2), [S] is the substrate concentration and Km


((0.28�0.04) mm) is the Michaelis constant of the substrate for the
enzyme obtained from a Micahelis–Menten plot (see Figure S1 in the
Supporting Information).


The Lineweaver–Burk analysis was carried out by using different sub-
strate and inhibitor concentrations with a range of 0.1–1 mm and 0.1–
5.0 mm, respectively. In all the cases, the GGPP concentration was fixed
to 5 mm for the saturated condition. The Lineweaver–Burk plot of 1/v
versus 1/[S] was analyzed by competitive, noncompetitive, and uncompe-
titive models with SigmaPlot and the best fit was obtained by a competi-
tive model in which the initial velocity v is given by Equation (3).


n ¼ Vmax


1þ
�


Km


½S	


��
1þ ½I	


Ki


�
ð3Þ


In Equation (3), v is arbitrary fluorescence units per second, Vmax is the
maximum velocity of the reaction, and [I] is the inhibitor concentration.


In vitro GGTase I and FTase activity assays with [3H]-labeled substrates :
In vitro inhibition assays of mammalian FTase and GGTase I were per-
formed by measuring the incorporation of [3H] FPP (GE Healthcare, Pis-
cataway, NJ) and [3H] GGPP (Perkin-Elmer Life Sciences, Boston, MA)
into wild-type H-Ras (FTase) and H-Ras-CVLL (GGTase I), respectively,
as previously described.[71] Briefly, approximately 20mg of 60000Qg post-
microsomal supernatant from SF-9 cells expressing human GGTase I or
FTase was incubated in the presence of an increasing concentration of


compound, 10 mg H-Ras or H-Ras-CVLL substrate, and 0.5 mCi/sample
of either [3H] FPP or [3H] GGPP. Samples were precipitated by using tri-
carboxylic acid (TCA) and then filtered onto glass-fiber filters; unbound
[3H] FPP or [3H] GGPP was washed through the filters. Samples were
counted in a scintillation counter and the activity was compared with ve-
hicle controls to obtain IC50 values.
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Introduction


Since the discovery of photocatalytic water splitting by tita-
nia electrodes,[1] the surface chemistry of titania has been in-
vestigated extensively, often with the goals of improved
properties for photocatalytic reactions,[2,3] sensor applica-
tions, and applications as a support for catalytic groups.[4–6]


Numerous investigations of titania surfaces have been car-


ried out with single crystals under ultrahigh vacuum condi-
tions, typically with samples lacking hydroxyl groups; some
investigations have focused on the defect sites.[7] Henrich
and Kurtz[8] showed that the dominant defect sites on the
rutile (110) surface are oxygen vacancies (Ti3+ sites). Yama-
zaki et al. ,[9] Park et al. ,[10] and some of us[11] reported that
an increase of the density of these surface defects can en-
hance the photoactivity by photoelectron trapping. Surface
defects have also been inferred to play a significant role en-
hancing the dispersion of metals on high-area porous
TiO2.


[4,5]


Surface defects can be created by treatment of rutile
(110) (or anatase) under vacuum,[12–14] in H2,


[15] by ion bom-
bardment,[16] or exposure to electron beams.[17] Electron-
beam exposure can exclusively produce Ti3+ sites and less
severe surface damage than results from ion bombard-
ment,[17] which gives a variety of defects Tin+ (n=0–3) and
can produce high densities of defects. Vacuum treatment
can also produce almost exclusively Ti3+ sites, which may be
structurally more uniform than those produced by the other
methods.[18] The vacuum treatment also does less structural
damage to the titania surface than H2 treatment or ion bom-
bardment.[19]


Abstract: Samples of the anatase phase
of titania were treated under vacuum
to create Ti3+ surface-defect sites and
surface O� and O2


� species (indicated
by electron paramagnetic resonance
(EPR) spectra), accompanied by the
disappearance of bridging surface OH
groups and the formation of terminal
Ti3+�OH groups (indicated by IR spec-
tra). EPR spectra showed that the
probe molecule [Re3(CO)12H3] reacted
preferentially with the Ti3+ sites, form-
ing Ti4+ sites with OH groups as the
[Re3(CO)12H3] was adsorbed. Extended
X-ray absorption fine structure


(EXAFS) spectra showed that these
clusters were deprotonated upon ad-
sorption, with the triangular metal
frame remaining intact; EPR spectra
demonstrated the simultaneous remov-
al of surface O� and O2


� species. The
data determined by the three comple-
mentary techniques form the basis of a
schematic representation of the surface
chemistry. According to this picture,


during evacuation at 773 K, defect sites
are formed on hydroxylated titania as a
bridging OH group is removed, form-
ing two neighboring Ti3+ sites, or,
when a Ti4+�O bond is cleaved, form-
ing a Ti3+ site and an O� species, with
the Ti4+�OH group being converted
into a Ti3+�OH group. When the
probe molecule [Re3(CO)12H3] is ad-
sorbed on a titania surface with Ti3+


defect sites, it reacts preferentially with
these sites, becoming deprotonated, re-
moving most of the oxygen radicals,
and healing the defect sites.
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Titania surfaces incorporating Ti3+ sites can be monitored
with techniques such as X-ray photoelectron spectroscopy,[20]


ultraviolet photoelectron spectroscopy,[21] and electron para-
magnetic resonance (EPR) spectroscopy.[22] Molecular
probes have also been used to characterize defect sites on
rutile (110) by thermal desorption (temperature-program-
med desorption), with the probe molecules being O2, which
is photodesorbed,[12] and CO2 and CO, which are thermally
desorbed.[13,23] These methods distinguish Ti3+ from Ti4+


sites, for example.
The probe molecules O2, CO and CO2 that have been


used to characterize rutile (110) are weakly bound to the
defect sites, being desorbed at temperatures well below am-
bient. Although anatase is known to be more reactive and
have higher surface areas than rutile for several photocata-
lytic applications,[2,3,9–11] there are still no reports of investi-
gations of anatase surface defects with probe molecules. Our
goal was to characterize the surface sites of anatase (pre-
pared in a high-area porous form with surface hydroxyl
groups) by a probe molecule of another class, one that
would be rather strongly bound and offer spectroscopic sig-
natures to help elucidate its interactions with the surface.


Thus, we chose a metal carbonyl with a relatively high
molecular weight, [Re3(CO)12H3], because it offers the fol-
lowing potential advantages, assessed in the research de-
scribed here:


* The nCO spectra are sensitive indicators of the bonding of
[Re3(CO)12H3] to the surface.


* As [Re3(CO)12H3] is a proton donor, its reactions can
provide evidence of the basic character of the surface
sites on which it adsorbs.


* Extended X-ray absorption fine structure (EXAFS) spec-
tra can be used to determine the bond lengths in the ad-
sorbed probe molecule, giving evidence of its interaction
with the surface.


Complementing the characterization methods listed in
this paragraph, we also used infrared (IR) and EPR spec-
troscopies to characterize the surface species.


Results


X-ray diffraction characterization of titania before and after
treatment : Hydroxylated, high-area porous powder titania
(anatase) samples were prepared by a sol–gel method. Sur-
face defect sites in titania samples were created as samples
were treated at 723 K for 4 h in flowing O2 (giving the
sample referred to as TiO2ox) or at 723 K for 4 h under
vacuum (referred to as TiO2vac).


X-ray diffraction (XRD) was used to characterize the as-
prepared titania sample (designated simply as TiO2) and the
treated samples TiO2ox and TiO2vac. The XRD pattern of
each sample (Figure 1) includes strong, sharp peaks at 25,
38, 48, 54, 55, 63, 69, 70, and 758, matching that of anatase
(JCPDS No. 21–1272).[24] The relative intensities of the vari-


ous XRD peaks increased slightly as a result of the treat-
ments, and each treatment gave essentially the same XRD
pattern. Thus, we infer that 1) the small observed changes
depend on the time of the treatment and not the atmos-
phere, 2) the bulk anatase structure was maintained in both
treatments,[25] and 3) any significant changes resulting from
the treatments were in the surface structure of the titania
rather than the bulk.


EPR evidence of radical species on titania before and after
treatment : The EPR spectra of TiO2, TiO2ox, and TiO2vac are
shown in Figure 2. The spectrum of TiO2 (Figure 2A) is in
agreement with literature data[26–30] and essentially matches


Figure 1. XRD patterns of titania samples: A) TiO2, B) TiO2ox, and C)
TiO2vac.


Figure 2. EPR spectra of titania samples: A) TiO2 (offset for clarity), B)
TiO2ox, C) TiO2vac, and D) another spectrum of TiO2vac obtained by using
a lower modulation amplitude and sweep width than were used to obtain
spectrum C). Data for A)–C) were collected with frequency (nMW)=


9.68 GHz, modulation amplitude=10 G, power=2.00 mW, center field=


3400 G, sweep width=1000 G, conversion time=40.96 ms, time con-
stant=20.48 ms, and resolution=2048 pts. Data for spectrum D) were
collected with nMW=9.68 GHz, modulation amplitude=0.5 G, power=


2.00 mW, center field=3400 G, sweep width=450 G, conversion time=


80.48 ms, time constant=40.96 ms, and resolution=2048 pts, with an ex-
pected error in the g value of �6K10� 4.
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that of TiO2ox (Figure 2B). These spectra include signals in
three groups, designated a, b, and g, which are considered
separately below and summarized in Table 1: a : g1=1.989,
g2=1.935; b : g1=2.025, g2=2.009, g3=2.004; g : g1=2.013,
g2=2.007.


In contrast, the signals in the spectrum of the evacuated
sample TiO2vac are more intense (Figure 2C), as expect-
ed.[18,31,32] The strong features are classified into the same
groups mentioned above (Table 1): a : g1=1.989, g2=1.935;
and b : g1=2.025, g2=2.009, g3=2.004. The signal at g=


2.009 (Figure 2C) is clipped because of saturation of the de-
tector diode under the collection conditions; thus, additional
measurements were also made with a lower modulation am-
plitude and sweep width with greater values of the conver-
sion time and time constant (Figure 2D), also allowing reso-
lution of the flanking g2=2.013 and g3=2.007 about g=


2.009 (Table 1). These resolved signals match those observed
in the spectrum of TiO2 prior to the vacuum treatment (Fig-
ure 2A).


The EPR results agree well with literature reports, as
summarized in Table 1; typical errors in the g values are es-
timated to be �10�3 (unless stated otherwise). Thus, the sig-
nals in group a observed for all three samples (g1=1.989,
g2=1.935) match within error those characterizing commer-
cially available TiO2 (P-25, Degussa, which consists of ap-
proximately 75% anatase and 25% rutile)[33] after H2 treat-
ment at 773 K.[28] These signals have been ascribed to Ti3+


surface-defect sites formed by removal of lattice oxygen.[28]


They are also close to the signals attributed to Ti3+ sites
that were observed for anatase treated under vacuum or in
O2 and characterized by EPR spectroscopy during UV irra-
diation.[26,27]


The signals of group b present in the spectra of each of
the three samples (g1=2.025, g2=2.009, g3=2.004) agree
well with those found to represent O2


� species on the ana-
tase surface (Table 1).[26,29] The signals in group g character-
istic of each of the three samples (g1=2.013, g2=2.007) are


very close to those found to represent O� species on titania
surfaces (Table 1).[29,30]


In summary, the EPR results agree well with the literature
and show strong increases in the number of Ti3+ surface de-
fects as well as O2


� and O� species as a result of the treat-
ment under vacuum at
723 K.[31,32]


OH groups on titania before
and after treatment : The IR
spectra of TiO2, TiO2ox, and
TiO2vac are shown in Figure 3.
The spectrum of TiO2 essential-
ly matches that of TiO2ox (Figur-
e 3A,B), including two strong
peaks, at 3673 and 3716 cm�1,
and two shoulders, at 3640 and
3687 cm�1. On the basis of the
literature results summarized in
Table 2, the peaks at 3673 and
3716 cm�1 are assigned to OH
groups bonded to Ti4+ and to
Ti3+ , respectively.[34–36] The


shoulder at 3640 cm�1 is attributed to a bridging OH group
(Ti4+)2�OH.[36,37] The shoulder at 3687 cm�1 has been as-
signed to OH groups terminally bonded to Ti4+ ,[35] but we
regard this assignment as less than firmly established.


The IR spectrum of TiO2vac (Figure 3C) includes two
strong peaks, at 3671 and 3716 cm�1. To compare the areas
of these bands, the spectra characterizing TiO2vac and TiO2ox


were fitted by using a sum of Voigt-type lineshapes; relative
areas and peak positions for each of the spectra are shown
in Table 3 (plots of the fits are given in the Supporting Infor-
mation). A comparison of the relative areas of the peaks at


Table 1. Results of EPR spectroscopy and comparison with literature: g values characterizing radicals formed
on anatase surface.


Sample Treatment Environment[a] Radical/ g value Ref.
species g1 g2 g3


anatase vacuum, 298 K UV irradiation Ti3+ (surface) 1.990 1.960 [26]


anatase O2, 973 K UV irradiation Ti3+ (surface) 1.990 1.957 [27]


Degussa P-25[b] H2, 773 K – Ti3+ (surface) 1.980 1.930 [28]


anatase O2, 723 K vacuum Ti3+ (surface) 1.989 1.935 this work
anatase vacuum, 723 K vacuum Ti3+ (surface) 1.989 1.935 this work
anatase hydration vacuum O2


� (surface)[c] 2.025 2.009 2.003 [29]


anatase – O2 O2
� (surface) 2.024 2.009 2.003 [27]


anatase O2, 723 K vacuum O2
� (surface) 2.025 2.009 2.004 this work


anatase vacuum, 723 K vacuum O2
� (surface) 2.025 2.009 2.004 this work


anatase hydration UV irradiation O� (surface) 2.016 2.012 2.002 [29]


TiO2 colloid – water O� (surface) 2.014 2.007 [30]


anatase O2, 723 K vacuum O� (surface) 2.013 2.007 this work
anatase vacuum, 723 K vacuum O� (surface) 2.013 2.007 this work


[a] During EPR measurement. [b] Mixture of anatase (75%) and rutile (25%). [c] From surface, not from O2.


Figure 3. Normalized IR spectra in the nOH region characterizing titania
samples: A) TiO2, B) TiO2ox, and C) TiO2vac. Normalization was done by
matching the heights of the peaks at approximately 3673 cm�1.
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3671 and 3716 cm�1 shows that the treatment under vacuum
led to a strong increase in relative area of the band at
3716 cm�1 relative to that at 3671 cm�1, indicating a strong
increase in the number of Ti3+�OH groups relative to Ti4+�
OH groups. This treatment also led to the removal of bridg-
ing OH groups, indicated by the strong decrease in intensity
of the peak at 3640 cm�1 (Figure 3C) as well as a strong in-
crease in intensity of the EPR signals characterizing Ti3+


surface-defect sites (Figure 2).


Rhenium carbonyls formed from [Re3(CO)12H3] on treated
titania : [Re3(CO)12H3] in solution with n-pentane was al-
lowed to react with samples of the treated titania powder
(TiO2ox and TiO2vac). After removal of the solvent, two of
these samples contained 1.00�0.04 wt% Re loading, and a
sample made similarly from
TiO2vac was brought in contact
with a smaller amount of
[Re3(CO)12H3], giving a sample
with a 0.10�0.04 wt% loading
of Re.


IR spectra characterizing the
nCO region of 1) [Re3(CO)12H3]
in CH2Cl2, and samples formed
from [Re3(CO)12H3] containing
2) 1 wt% Re on TiO2ox,
3) 1 wt% Re on TiO2vac, and
4) 0.1 wt% Re on TiO2vac are


shown in Figure 4A–D, respec-
tively. The nCO IR spectrum
characterizing [Re3(CO)12H3] in
CH2Cl2 (Figure 4A) includes
strong peaks at 2095, 2031,
2007, and 1977 cm�1, represent-
ing carbonyl groups bonded to
the triangular rhenium
frame.[38,39] The spectra charac-
terizing the species formed
from [Re3(CO)12H3] on TiO2ox


and TiO2vac are similar, but with
broadened and shifted nCO


peaks, consistent with the re-
sults of Kirlin et al.[39] for spe-
cies formed from


[Re3(CO)12H3] adsorbed on g-Al2O3 and on MgO. The peak
broadening is attributed to the intrinsic nonuniformity of
the surfaces and the consequent variations in adsorbate
structure.[40] A summary of the IR absorption bands of rhe-
nium carbonyls on various supports is given in Table 4.


Table 2. Infrared bands in the OH stretching region characterizing TiO2.


Sample Sample
treatment


Environment[a] nOH [cm�1] Species Ref.


Degussa P-25[b] UV irradiation vacuum 3716 Ti3+�OH� [34]


Degussa P-25[b] partial deuteration O2 3716 Ti3+�OH� [34]


anatase O2, 723 K vacuum 3716 Ti3+�OH� this work
anatase vacuum, 723 K vacuum 3716 Ti3+�OH� this work
Degussa P-25[b] UV irradiation vacuum approximately 3670 Ti4+�OH [34]


Degussa P-25[b] partial deuteration O2 approximately 3670 Ti4+�OH [34]


anatase NH3, 373–873 K – 3685–3700 Ti4+�OH [35]


anatase – – 3670 Ti4+�OH [36]


anatase O2, 723 K vacuum 3687, 3673 Ti4+�OH this work
anatase vacuum, 723 K vacuum 3687, 3671 Ti4+�OH this work
anatase – – 3640 ACHTUNGTRENNUNG(Ti4+)2�OH [36]


Degussa P-25[b] – pyridine 3640 ACHTUNGTRENNUNG(Ti4+)2�OH [37]


anatase O2, 723 K vacuum 3640 ACHTUNGTRENNUNG(Ti4+)2�OH this work
anatase vacuum, 723 K vacuum 3640 ACHTUNGTRENNUNG(Ti4+)2�OH this work


[a] During IR measurement. [b] Mixture of anatase (75%) and rutile (25%).


Table 3. Relative peak areas determined by integration from fitting of
IR spectra characterizing TiO2vac and TiO2ox samples.[a]


Sample Peak
at 3671 cm�1


Peak
at 3716 cm�1


Peak
at 3640 cm�1


Peak
at 3687 cm�1


TiO2vac 1 2.59 0.08 0.06
TiO2ox 1 0.81 0.74[b] 0.49[c]


[a] Voigt line shapes were used to fit all the spectra. [b] Position of this
peak (3646 cm�1) is not reliable because of low integrated area (<2% of
the total area). [c] Position of this peak (3687 cm�1) not reliable because
of low integrated area (<2% of the total area).


Figure 4. Normalized IR spectra in the nCO region characterizing: A)
[Re3(CO)12H3] in CH2Cl2, B) sample containing 1 wt% Re on TiO2ox


formed from [Re3(CO)12H3]; C) sample containing 1 wt% Re on TiO2vac


formed from [Re3(CO)12H3]; and D) sample containing 0.1 wt% Re on
TiO2vac formed from [Re3(CO)12H3]. Normalization was done by match-
ing the heights of the peak at approximately 2031 cm�1.


Table 4. CO stretching frequencies of adsorbed rhenium carbonyls formed from [Re3(CO)12H3] and various
supports.


Loading [wt%][a] Surface/treatment nCO bands[b] [cm�1] Ref.


1 TiO2/O2 at 723 K 2096 (s), 2039 (m), 2012 (m), 1971 (mw) this work
1 TiO2/vacuum at 723 K 2096 (s), 2039 (m), 2012 (m), 1970 (mw) this work
0.1 TiO2/vacuum at 723 K 2095 (s), 2030 (m), 2010 (m), 1967 (mw) this work
1.3 g-Al2O3 2098 (m), 2032 (b), 2013 (b), 1966 (sh) [39]


2.2 MgO 2096 (s), 2000 (s), 1978 (s), 1872(s) [39]


[a] Loading of the Re in the sample. [b] The nCO bands characterizing [Re3(CO)12H3] in a dichloromethane so-
lution are 2095 (s), 2031 (s), 2007 (s), and 1977 (sm), which agree well with those reported,[38] namely, 2096 (s),
2035 (s), 2012 (s), and 1979 (s). The symbols (s), (m), (mw), (b), and (sh) stand for strong, medium, weak,
broad, and shoulder, respectively.
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The nCO IR spectra characterizing the TiO2vac samples in-
corporating [Re3(CO)12H3] with 1 and 0.1 wt% Re loadings
(Figure 4C,D) show the same IR features.[41]


OH groups on treated titania with adsorbed rhenium car-
bonyls : There was no influence of remnants of the n-pen-
tane used in the sample preparation on the IR spectra char-
acterizing either of the treated titania samples, TiO2ox and
TiO2vac (Supporting Information), but adsorption of rhenium
carbonyls led to changes in the IR spectra of the titania.


The nOH IR spectrum characterizing the TiO2ox incorporat-
ing adsorbed rhenium carbonyls with a 1 wt% Re loading
(Figure 5A) shows the same features as the sample with


clusters adsorbed on TiO2vac at the same surface concentra-
tion (Figure 5B). Adsorption of [Re3(CO)12H3] caused the
peak at 3716 cm�1 to decrease strongly in intensity relative
to that at 3673 cm�1, accompanied by an increase in intensity
of the shoulder at 3640 cm�1. These results indicate that ad-
sorption of [Re3(CO)12H3] led to the removal of terminally
bonded OH groups at Ti3+ sites and the formation of bridg-
ing OH groups.


When [Re3(CO)12H3] was adsorbed on TiO2vac at a loading
of 1 wt% Re, a new IR peak was observed at 3610 cm�1


(Figure 5).[42]


To test the inference that the decrease in the number of
OH groups bonded to Ti3+ was associated with the increase
in the number of bridging OH groups, the surface concen-
tration of rhenium carbonyls on TiO2vac was varied; the
same behavior regarding the changes in these bands was ob-
served at several different Re loadings (Figure 6).


EPR evidence of radical species on treated titania with ad-
sorbed rhenium carbonyls : There was no influence of n-pen-
tane on the EPR signals characterizing either of the treated


titania samples, TiO2ox and TiO2vac (Supporting Information),
but adsorption of rhenium carbonyls led to changes in the
EPR spectra. Adsorption of [Re3(CO)12H3] on the sample
treated in O2 (TiO2ox) (1 wt% Re) led to the disappearance
of the EPR signals characterizing Ti3+ , O2


�, and O� (Fig-
ure 7A). A comparison with the spectrum of the sample
prior to adsorption of the rhenium carbonyl (Figure 7B)
shows that the [Re3(CO)12H3] saturated (quenched) the Ti3+


surface-defect sites.
The integrated area of the EPR spectrum of the TiO2vac


sample and that of the TiO2vac sample containing 1 wt% Re


Figure 5. Normalized IR spectra in the nOH region of the samples formed
by adsorption of [Re3(CO)12H3] (1 wt% Re) on A) TiO2ox and B) TiO2vac.
Normalization was done by matching the heights of the peaks at approxi-
mately 3671 cm�1.


Figure 6. Normalized IR spectra in the nOH region characterizing samples
formed by adsorption of [Re3(CO)12H3] on TiO2vac with various Re con-
tents (wt%): A) 0, B) 0.1, C) 0.3, D) 0.6, and E) 1. Normalization was
done by matching the heights of the peak at approximately 3673 cm�1.


Figure 7. EPR spectra of titania and samples formed by adsorption of
[Re3(CO)12H3] on titania: A) 1 wt% Re on TiO2ox, B) TiO2ox (spectrum
multiplied by a factor of 10 for clarity), C) 1 wt% Re on TiO2vac, D)
TiO2vac, and E) 0.1 wt% Re on TiO2vac. Data were collected with frequen-
cy (nMW)=9.68 GHz, modulation amplitude=10 G, power=2.02 mW,
center field=3450 G, sweep width=1200 G, conversion time=40.96 ms,
time constant=20.48 ms, and resolution=2048 pts.
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(Figure 7C) were used for a rough comparison of the
amounts of Ti3+ initially present and that present after ad-
sorption of the rhenium carbonyl. The adsorption led to a
reduction of the signals at g=1.989 and 1.935 to roughly 8
and 2%, respectively, of that characteristic of TiO2vac, al-
though the latter value is not distinguishable from 0 within
the error in the data. Thus, we infer that the adsorbed spe-
cies completely removed all or almost all of the Ti3+ sites
on TiO2vac; this behavior matches that observed with TiO2ox.
A comparison of the spectrum with that of TiO2vac without
adsorbed rhenium carbonyls (Figure 7D) shows that the sig-
nals at g=2.004 and 2.009 had been significantly reduced in
intensity as a result of the adsorption and that the signal at
g=2.024 was completely removed. A comparison of the
total area of the peaks before and after adsorption of the
rhenium carbonyls showed that this area was reduced to
about 30% of that of TiO2vac. Taken together, these results
imply that the removal of the O2


� and O� species from
TiO2vac was incomplete at a Re loading of 1 wt%, in contrast
to the observations with the TiO2ox sample containing
1 wt% Re.


Figure 7E,C shows the EPR spectra of the TiO2vac sample
incorporating the lower and higher loadings of rhenium car-
bonyls (0.1 and 1 wt% Re, respectively). A comparison of
the integrated area of former spectrum with that of TiO2vac


without rhenium (Figure 7D) shows the peaks at g=1.935
and 1.989 were reduced to 37 and 32% of those characteris-
tic of TiO2vac, respectively. Thus, the data show that the Ti3+


surface-defect sites reacted with—but were not saturated
by—the rhenium carbonyls at the lower surface concentra-
tion. Correspondingly, the EPR signals indicating oxygen
radical species were also observed for the sample containing
0.1 wt% Re (Figure 7E).


EXAFS data characterizing rhenium carbonyls on treated ti-
tania : In the EXAFS analysis, it was found that two models
gave good fits to the experimental results characterizing
each of the samples incorporating adsorbed rhenium car-
bonyls, and much better fits than any other that made physi-
cal sense. Each successful fit included the following contri-
butions: Re�Re, Re�C, and Re�O, the last being character-
ized by multiple scattering. The two fits differ in that one in-
cludes a Re�O contribution at a longer-than-bonding
length, whereas the other includes a Re�Ti contribution in-
stead. We proceed with these two fits.


The results corresponding to the best fit for each sample
according to each model are summarized in Tables 5–7, to-
gether with errors (precisions, not accuracies) estimated
with XDAP.[47] Representative plots of the data and the fits
in k- and R-space for the sample containing 1 wt% Re on
TiO2vac according to the model including a Re�O contribu-
tion at a longer-than-bonding length are shown in Figure 8;
plots for the other samples and models are given in Support-
ing Information.


Sample incorporating 1 wt% Re on TiO2ox ACHTUNGTRENNUNG(Table 5): The
model representing the sample containing 1 wt% Re on


TiO2ox includes a Re�Re contribution with a coordination
number of nearly two at distances of 2.98 N for one model
(designated model A) and 2.97 N for another (designated
model B). The coordination number indicates that the tri-
ACHTUNGTRENNUNGrhenium frame remained essentially intact upon adsorption


Figure 8. EXAFS data characterizing sample formed from [Re3(CO)12H3]
and TiO2vac containing 1 wt% Re. Experimental results, continuous line;
fit (model) including Re�O contribution at R=2.57 N, broken line. A)
k0-weighted EXAFS function in k-space, B) imaginary part and magni-
tude of k1-weighted EXAFS function in R-space, and C) imaginary part
and magnitude of k3-weighted EXAFS function in R-space.
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of the clusters. The Re–Re distance in the adsorbed clusters
is significantly shorter than that in crystalline [Re3(CO)12H3]
(3.28 N) and closer to those in the anion [Re3(CO)12H]2�


(3.02 and 3.13 N[48]). The comparison suggests that the rheni-
um carbonyls were deprotonated upon adsorption on TiO2ox,
consistent with the basicity of the surface.[49]


The Re�C and Re�O contributions in each model are
characterized by multiple scattering (as expected for linear
Re�C�O moieties), with Re�C and Re�O distances of 1.93
and 3.10 N, respectively, consistent with carbonyl ligands
bonded to rhenium.[50] The Re�C and Re�O coordination
number found for each model (approximately 4) corre-
sponds to the Re:CO ratio of the precursor [Re3(CO)12H3]
and indicates the lack of decarbonylation of the clusters
upon adsorption, consistent with the nCO spectra.


The key difference between the two models is that model
A includes a Re�Ti contribution, and Model B instead in-
cludes a Re�O contribution other than the Re–carbonyl-
oxygen contribution; the respective Re�Ti and Re�O dis-
tances are 2.66 and at 2.59 N, and the respective coordina-
tion numbers are 0.5 and 1.5. The coordination number and
length of the Re�O contribution in the latter model are in
agreement with other observations;[51] they would be expect-
ed to depend on the surface-site geometry and possible dis-
tortion of the carbonyl ligands on the cluster. The parame-
ters characterizing the Re�Ti contribution in the former
model are also plausible. The goodness of fit is better for
the model containing the Re�O contribution-and the value
of (Dc)2 is smaller, and thus we prefer this model.


Sample incorporating 1 wt% Re on TiO2vac ACHTUNGTRENNUNG(Table 6): As for
the sample containing 1% Re on TiO2ox, the two models


representing the EXAFS data characterizing the sample
that had been treated in vacuum each incorporate a Re�Re
contribution with a coordination number of two, within
error, at a distance of 2.93 N for model A and 2.94 N for
model B; these are significantly shorter than the distance
observed for [Re3(CO)12H3] (3.24 N).[50] As for the sample
prepared from TiO2ox, this distance agrees better with a
Re�Re distance characteristic of deprotonated clusters than
of [Re3(CO)12H3].


[50]


Again, as for the sample containing 1 wt% Re on TiO2ox,
the EXAFS data indicate the presence of carbonyl ligands
(a Re�C and a Re�O contribution characterized by multiple
scattering) with a coordination number of approximately
four, at distances of 1.95 and 3.09 N for model A and 1.95
and 3.13 N for model B, respectively, consistent with the in-
ference that the rhenium clusters were not substantially de-
carbonylated upon adsorption, and in agreement with obser-
vations of adsorption of [Re3(CO)12H3] on other metal
oxides.[39]


The distances of the Re�Ti and Re�O contributions in
the two models are 2.62 and 2.57 N, and the respective coor-
dination numbers are 0.4 and 1.4. These parameters match
those observed for the sample containing 1 wt% Re on
TiO2ox, and the model including the Re�O contribution gave
a far better fit than the one with a Re�Ti contribution, as
judged by the goodness of fit and the value of (Dc)2 (which
are 33 and 48% lower, respectively, for the model with the
Re�O contribution than for the other).


Sample incorporating 0.1 wt% Re on TiO2vac ACHTUNGTRENNUNG(Table 7): The
quality of the EXAFS data characterizing the sample with
the low Re content (0.1 wt%) on TiO2vac is lower than that
of the other samples, but of sufficient quality for a satisfac-
tory data analysis. The goodness of fit and (Dc)2 criteria do
not provide a basis for distinguishing between the two
models (Table 7). We tentatively prefer the model incorpo-
rating the Re�O rather than the Re�Ti contribution on the
basis of an assumed analogy with the samples with the
higher rhenium loading.


Table 5. EXAFS results characterizing sample containing 1 wt% Re on
TiO2ox.


[a]


Absorber–
backscatterer pair


N R [N] Ds2K103 [N2] DE0 [eV]


Model A: goodness of fit=46 (Dc)2=97
Re�C 3.9�0.0 1.93�0.00 3.2�0.1 �3.7�0.0
Re�O[b] 4.3�0.0 3.10�0.00 4.1�0.2 �0.7�0.0
Re�Re 2.5�0.1 2.98�0.01 7.4�0.8 �4.7�0.2
Re�Ti 0.5�0.0 2.66�0.01 3.9�0.9 �8.3�0.4
Model B: goodness of fit=42 (Dc)2=75
Re�C 4.1�0.0 1.93�0.00 3.5�0.2 �3.6�0.1
Re�O[b] 4.2�0.0 3.10�0.00 4.1�0.3 0.4�0.1
Re�Re 2.4�0.1 2.97�0.01 7.3�0.6 �4.5�0.3
Re�O 1.5�0.0 2.59�0.01 4.7�1.0 �9.8�0.3


[a] Notation: N, coordination number; R, distance between absorber and
backscatterer atoms; Ds2, Debye–Waller factor relative to reference ma-
terial; and DE0, inner potential correction. The mean free path was taken
as 6 N. The k- and R-ranges were 2.71–11.74 N�1 and 0.5–4.0 N, respec-
tively. The number of independent points for the calculation with the Ny-
quist theorem was 22. All intervals reported in this table correspond to
precisions associated with the fit. The accuracies associated with the
model parameters are, for the metal-metal shell : N : �10%, R : �0.02 N,
Ds2: �20%, DE0: �20%; and for the metal-light scatterer shells : N :
�20%; R : �0.02 N; Ds2 : �20%; DE0 : �20%. [b] The Re�O contribu-
tion is characterized by co-linear multiple scattering in the group
Re-C-O.


Table 6. EXAFS results characterizing sample containing 1 wt% Re on
TiO2vac.


[a]


Absorber–
backscatterer pair


N R [N] Ds2K103 [N2] DE0 [eV]


Model A: goodness of fit=34 (Dc)2=42
Re�C 3.6�0.0 1.95�0.00 3.2�0.1 �4.8�0.0
Re�O[b] 4.5�0.0 3.09�0.00 4.9�0.1 0.0�0.0
Re�Re 1.7�0.1 2.93�0.00 3.0�0.3 11.1�0.5
Re�Ti 0.4�0.0 2.62�0.01 5.9�1.0 1.3�0.6
Model B: goodness of fit=20 (Dc)2=22
Re�C 3.7�0.0 1.95�0.00 3.2�0.1 �4.7�0.0
Re�O[b] 4.3�0.0 3.13�0.00 6.4�0.1 �0.8�0.0
Re�Re 2.3�0.1 2.94�0.00 5.0�0.4 �3.8�0.2
Re�O 1.4�0.0 2.57�0.00 7.5�0.6 �8.2�0.1


[a] See Footnote [a] in Table 5. The k and R ranges were 2.72–11.74 N�1


and 0.5–4.0 N�1, respectively. The number of independent points was 22.
[b] The Re�O contribution was characterized by co-linear multiple scat-
tering in the group Re-C-O.
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As for the samples containing 1 wt% Re, both of the
models providing a good fit include a Re�Re contribution
with a coordination number of nearly two. However, the
models apparently differ slightly from each other in that the
Re�Re distances are 2.86 and 2.90 N for the models includ-
ing the Re�O and Re�Ti contributions, respectively (but we
emphasize that the calculated differences are within the un-
certainty of the Re�Re distances).


According to the model including the Re�O contribution,
this distance is significantly shorter than that observed for
the samples containing 1% Re on either TiO2vac or TiO2ox.
This result suggests that the Re�Re bond was strengthened
upon adsorption of the cluster at the low loading (at the
Ti3+ defect site). In the model with the Re�Ti contribution,
the differences between the parameters and those character-
izing the sample incorporating 1 wt% Re are too small to
resolve.


In both models of the sample containing 0.1 wt% Re,
Re�C and Re�O contributions characterized by multiple
scattering were observed, with a coordination number of
four for each shell, and distances of 3.11 and 3.13 N for
models A and B, respectively, for the Re�O contribution,
matching that observed for the samples containing 1 wt%
Re. In contrast, a Re�C distance of 1.81 N was observed for
both models characterizing the sample containing only
0.1% Re on TiO2vac ; this distance is more than 0.12 N short-
er than that found for the samples containing 1 wt% Re on
either titania sample. This comparison suggests that the
Re�C bonds were stronger in the former sample than in the
latter. Furthermore, this distance is closer to that ob-
served[48] for [Re3(CO)12H]2�, which suggests that a greater
degree of cluster deprotonation was achieved in this sample,
in which the clusters were bonded at Ti3+ defect sites.


According to the fit for the model including a Re�Ti con-
tribution, this contribution is characterized by a coordina-
tion number of 0.7 at a distance of 2.60 N. These values
match, within error, those determined for the two samples
containing 1 wt% Re for the same model.


According to the fit for the model including a Re�O con-
tribution, this contribution is characterized by a coordina-


tion number of 1.4 at a distance of 2.49 N. The latter value
is significantly shorter than that observed for the two sam-
ples containing 1 wt% Re and therefore indicates a stronger
interaction of the metal clusters with the support in the
sample with the low rhenium loading than in the samples
with the high rhenium loading.


In summary, according to either model, a strong interac-
tion of the clusters with the support is indicated, and in the
model with the Re�O and not the Re�Ti contribution the
data distinguish a stronger cluster-support interaction than
for the samples containing 1 wt% Re.


Discussion


Formation of defect sites on titania : The data reported here
are consistent with the literature[18,31,32] in demonstrating
that treatment of titania under vacuum at 723 K leads to the
formation of defects identified as Ti3+ at oxygen vacancy
sites on the surface (Figures 2 and 3). Formation of a sur-
face-defect site has been explained as the result of removing
a lattice oxygen atom and one electron during the treat-
ment, with one electron being left in the d orbital of the
neighboring surface Ti site,[12, 13,26] resulting in the reduction
of Ti4+ to Ti3+ .


The IR spectra show that surface Ti3+�OH groups were
formed as bridging OH groups were removed (Figure 3),
generating surface-defect sites and oxygen radical species
(as demonstrated by EPR spectroscopy, Figure 2). These re-
sults are the first demonstration that formation of defect
sites and oxygen radicals on titania is accompanied by the
disappearance of bridging OH groups and the formation of
OH groups associated with the defect sites.


The increase in the number of surface-defect sites during
the vacuum treatment (as evidenced by the IR and EPR
spectra)—but not during the O2 treatment—implies that re-
sidual oxygen in the system or readsorption of oxygen were
not responsible for the formation of the defect sites and the
radical species associated with them.


Thus, the results show how EPR and IR spectroscopy
complement each other as methods for characterization of
titania surface chemistry. The use of a metal carbonyl as a
surface probe also goes beyond what has been reported, as
discussed below.


There are two types of lattice oxygen on the most stable
(110) single-crystal rutile surface, that is, bridging and in-
plane lattice oxygen.[12,53] STM images show that the two-
fold-coordinated bridging lattice oxygen is removed more
easily than the threefold-coordinated in-plane lattice
oxygen,[54] and removal of the former can even eliminate
entire rows of rutile oxygen atoms during treatment under
vacuum.[55]


There is a lack of such information for anatase, but, on
the basis of the aforementioned STM results and the fact
that the predominant face of anatase is the (101)[56–59]


[which is similar to the (110) face of rutile-having the same
five- and sixfold coordinated Ti atoms and the same two-


Table 7. EXAFS results characterizing 0.1% Re on TiO2vac.
[a]


Absorber–
backscatterer pair


N R [N] Ds2K103 [N2] DE0 [eV]


Model A: goodness of fit=11 (Dc)2=29
Re�C 3.9�0.0 1.81�0.00 7.8�0.0 0.6�0.1
Re�O[b] 4.2�0.0 3.11�0.00 11.0�0.3 �1.1�0.0
Re�Re 2.3�0.1 2.90�0.00 4.2�0.6 0.8�0.3
Re�Ti 0.7�0.0 2.60�0.01 5.9�1.0 �8.8�0.4
Model B: goodness of fit=11
(Dc)2=30
Re�C 4.0�0.0 1.81�0.00 8.1�0.2 1.1�0.1
Re�O[b] 3.9�0.0 3.13�0.00 11.5�0.3 �1.6�0.1
Re�Re 2.2�0.1 2.86�0.00 2.2�0.5 9.6�0.3
Re�O 1.4�0.0 2.49�0.00 7.3�0.9 �1.1�0.2


[a] See Footnote [a] in Table 5. The k- and R-ranges were 2.68–10.42 N
and 0.5–4.0 N, respectively. The number of independent points was 19.
[b] The Re-O contribution was characterized by co-linear multiple scat-
tering of the group Re-C-O.
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and threefold coordinated oxygen atoms, but at different
angles], we suggest that the formation of surface-defect sites
(Ti3+) on our TiO2vac (anatase) sample likely resulted from
the removal of bridging lattice oxygen atoms. This sugges-
tion is consistent with both IR spectra, showing the removal
of bridging OH groups as defect sites are formed, and theo-
retical results,[58, 60] showing how water adsorbs on the (101)
face of anatase after removal of bridging oxygen atoms.


The EPR data show that, after removal of lattice oxygen,
some oxygen remained on the titania surface in the form of
either O2


� or O� (Figure 2). Because no increase in the in-
tensity of the EPR peaks indicative of O2


� and O� was ob-
served when the sample was treated in O2 (to prepare
TiO2ox), we infer that these radical species did not form
from O2, but instead from lattice oxygen, as has been sug-
gested by Howe et al.[29]


Carter et al.[61] published results dealing with EPR charac-
terization of the O2


� radicals on the anatase phase of Degus-
sa P-25; samples were treated under oxygen (resulting in
samples with no EPR signals), and then under vacuum at
573 and at 723 K. The EPR spectra characterizing these
samples contain only signals representing Ti3+ species. Ex-
posure to oxygen led to the removal of such signals and the
appearance of O2


� signals. These results are significantly dif-
ferent from what is reported in this paper, whereas the ap-
pearance of Ti3+ species (evident in the EPR and IR spec-
tra) and O2


� radicals (observed by EPR spectroscopy) was
observed in a vacuum-treated sample without exposure to
oxygen. Furthermore, we observed evidence of the presence
of Ti3+ sites (by IR and EPR spectroscopy) and O2


� radicals
in samples treated under oxygen at 723 K, treatments that
Carter et al. claim to yield no EPR signal. Moreover, the
fact that all the EPR signals (both for Ti3+ and oxygen radi-
cals) characterizing TiO2vac samples were substantially more
intense than those characterizing the TiO2ox sample suggests
that O2 is not required for the creation of the radical spe-
cies.


Schematic representation of formation of defects on titania
surface : On the basis of the EPR and IR results, we propose
a simplified representation (Figure 9) to explain the changes
in the anatase surface resulting from treatment under
vacuum. This model is proposed for the predominant ana-
tase (101) surface.


As shown in Figure 9, the surface of untreated titania in-
corporates relatively few Ti3+ sites and O2


� and O� species-
as shown by the relatively low-intensity EPR signals. This
surface also incorporates a low density of Ti3+�OH groups
(nOH=3716 cm�1) and a relatively high density of bridging
OH groups (nOH=3643 cm�1) (Figure 3).


Treatment of this sample under vacuum (giving TiO2vac)
led to an increase in the number of Ti3+ sites (g=1.989 and
1.935, Figure 2C) and O� species (g=2.013 and 2.007, Fig-
ure 2C) and a simultaneous increase in the number of Ti3+�
OH groups (nOH=3716 cm�1, Figure 3C). We postulate that
these changes are initiated on Ti4+ sites incorporating OH
groups (as the bond between a bridging lattice oxygen and a


Ti4+ ion is broken), an O� species is formed, leading to the
reduction of a Ti4+ to a Ti3+ site and correspondingly of
Ti4+�OH into Ti3+�OH groups (Figure 9A).


Treatment of titania under vacuum also led to a decrease
in the number of bridging OH groups (nOH=3640 cm�1) and
a simultaneous increase in the number of Ti3+�OH groups
(nOH=3716 cm�1) (Figure 3). We postulate that these
changes resulted from removal of bridging OH groups and
the simultaneous conversion of Ti4+�OH into Ti3+�OH
groups (Figure 9B). We also infer that formation of O2


� spe-
cies characterized by EPR spectroscopy (Figure 2C, g=


2.025, 2.009, and 2.004) resulted from removal of bridging
lattice oxygen atoms (Figure 9C), but the mechanism of this
reaction remains unclear.[62]


In summary, the simplified representation shown in
Figure 9 is consistent with both the EPR and IR data and
explains the formation of surface Ti3+ defect sites; it is
broadly consistent with the literature and specifically with
the more restricted representation of Tilocca and Selloni,[60]


which however does not involve OH groups in the forma-
tion of defect sites. Their representation instead accounts
for OH groups resulting from the dissociation of water on


Figure 9. Representation of the hydroxylated anatase (101) surface
before and after treatments, as characterized by EPR and IR spectrosco-
py. A) Bridging oxygen group that upon treatment becomes a Ti4+�O�
species and leaves a Ti3+ site; B) bridging hydroxyl group that is re-
moved upon treatment, leaving behind two Ti3+ sites; and C) bridging
oxygen that is removed upon treatment, leaving behind two Ti3+ sites.
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the defect sites-and experimental evidence of such OH
group formation has been presented by Henderson.[49]


Probing titania defect sites with rhenium carbonyl clusters :
Both TiO2vac and TiO2ox lost Ti3+ surface-defect sites (g=


1.989 and 1.935) when the rhenium carbonyl was adsorbed,
as demonstrated by the EPR spectra (Figure 7). This change
was accompanied by a decrease in the density of Ti3+�OH
groups (3716 cm�1, Figure 5). These results might be ex-
plained by either of two mechanisms: 1) rhenium carbonyl
clusters became bonded to Ti3+ sites and accepted lone-pair
electrons from d orbitals of Ti3+ , leading to the formation of
Re�Ti bonds or 2) rhenium carbonyl clusters healed the sur-
face defects (Ti3+) at oxygen vacancy sites, oxidizing Ti3+ to
Ti4+ sites.


The IR results (Figure 5) show that, after adsorption of
[Re3(CO)12H3], especially on TiO2vac, the bridging OH
groups became evident and the density of the Ti3+�OH
groups and surface-defect sites (Ti3+) decreased (Figure 6),
consistent with the suggestion of a process of healing of the
defect sites by the rhenium carbonyls. Thus, the data show
how the rhenium carbonyl is an informative probe of the
chemistry of the Ti3+ surface-defect sites.


The IR and EPR spectra are both sensitive to the loading
of rhenium carbonyls on the surface (Figures 6 and 7).
When the loading of Re on the surface was only 0.1 wt%,
the EPR signal characteristic of Ti3+ was not fully
quenched, which implies that the defect sites were not satu-
rated at this concentration. Consistent with this result, the
IR spectra (Figure 6B) show that the OH band associated
with the Ti3+ sites was not completely removed. Thus, we
work from the hypothesis that all the rhenium on the sur-
face at this low concentration was present at defect sites and
infer that, with more precise and systematic experimenta-
tion, it would be possible to refine the methods to count the
number of defect sites by titrating them with [Re3(CO)12H3].
We caution that EPR, IR, and EXAFS data in combination
would be required to distinguish the rhenium carbonyls at
the defect sites from those present at other sites.


Thus, the EXAFS data characterizing the rhenium car-
bonyls at the lower loading are different from those charac-
terizing the rhenium carbonyls at the higher loading. Specifi-
cally, the former are characterized by a shorter Re�O dis-
tance, indicating a stronger interaction of the clusters with
the support than in the case of the higher rhenium loading.
Furthermore, the Re�C and C�O distances characterizing
the clusters present at the lower loading are close to those
reported for [Re3(CO)12H]2� (Table 8), and the values are
markedly different from those characterizing the rhenium
carbonyls at the higher loading, which correspond to less de-
protonated clusters (Table 8).[48, 50]


In summary, the data show the rhenium clusters present
at the lower loading of 0.1 wt% Re on the surface interact
more strongly with the surface than those present at the
higher loading, and further that the former are present at
Ti3+ surface-defect sites, in which they are more highly de-
protonated than the clusters on other sites. The stronger


bonding of the rhenium carbonyls located at the Ti3+ defect
sites is consistent with the greater electron density available
for bonding to the carbonyl ligands in the deprotonated
clusters.


We propose a connection between the deprotonation of
the rhenium carbonyls and the process of healing of the tita-
nia defect (Ti3+) sites to which they are bound, as shown in
Figure 10. Adsorption of [Re3(CO)12H3] on TiO2vac, which
had a relatively high density of surface-defect sites, led to
the following: 1) a decrease in the number of Ti3+�OH
groups; 2) a decrease in the number of Ti3+ sites; 3) a de-
crease in the number of O� radical species; and 4) an in-
crease in the number of bridging OH groups.


These observations, made during the process of adsorp-
tion and deprotonation of [Re3(CO)12H3], are all explained
by the representation shown in Figure 10 (but we do not
rule out other possibilities).


We hypothesize that the changes take place at the oxygen
vacancy sites located between Ti3+ sites incorporating OH
groups and neighboring Ti4+ sites incorporating O� radical
species. When [Re3(CO)12H3] is adsorbed at the Ti3+ site
and donates a proton to it, the proton interacts with the Ti4+


�O� species, resulting in the formation of an OH group,
which then becomes bonded to the Ti3+ site, thereby healing
it and forming a bridging OH group as an O� radical species
is removed and the Ti3+ is converted to a Ti4+ site. Thus,
the change involves the transformation of a Ti3+�OH to a
Ti4+�OH group.


A limitation of this representation is that it accounts only
for the reactions on single Ti3+ defect sites on titania, and it
is known that other types of defect sites can exist, such as
pairs of neighboring Ti3+ sites without O� species. Our data
do not distinguish such sites from the ones that we have at-
tempted to model.


Conclusion


The IR, EPR, and EXAFS data reported here form the
basis for a schematic representation of the surface chemistry
of hydroxylated anatase. According to this picture, during
evacuation at 723 K, defect sites are formed on hydroxylat-
ed titania as either 1) a bridging OH group is removed,


Table 8. Comparison of Re�C and C�O bond lengths in
[Re3(CO)12Hx]


x�3 (x=1–3) and in the supported rhenium carbonyls.


Sample/characterization Bond length [N] Ref.
method Re-C C-O


ACHTUNGTRENNUNG[Re3(CO)12H3] /EXAFS spectroscopy 1.98 1.13 [50]


ACHTUNGTRENNUNG[Re3(CO)12H2]
� /EXAFS spectroscopy 1.92 1.18 [50]


ACHTUNGTRENNUNG[Re3(CO)12H]2� /XRD 1.83 1.24 [48]


1% Re on TiO2ox formed from [Re3(CO)12H3]
ACHTUNGTRENNUNG(model B)/EXAFS spectroscopy


1.93 1.17 this
work


1% Re on TiO2vac formed from [Re3(CO)12H3]
ACHTUNGTRENNUNG(model B)/EXAFS spectroscopy


1.95 1.18 this
work


0.1% Re on TiO2vac formed from [Re3(CO)12H3]
ACHTUNGTRENNUNG(model B)/EXAFS spectroscopy


1.81 1.32 this
work
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forming two neighboring Ti3+ sites, or 2) when a Ti4+�O
bond is cleaved, forming a Ti3+ site and an O� species, with
the Ti4+�OH group being converted into a Ti3+�OH group.
When the probe molecule [Re3(CO)12H3] is adsorbed on a
titania surface incorporating Ti3+ defect sites, it reacts pref-
erentially with these sites, becoming deprotonated, removing
most of the oxygen radicals, and healing the defect sites.


Experimental Section


Materials : The following compounds were used in the synthesis of
[Re3(CO)12H3]: Re2(CO)10 (Pressure chemicals), NaBH4 (+98%, Acros),
tetrahydrofuran (THF, +99%, Sigma-Aldrich), phosphoric acid (85%,
Sigma-Aldrich), and cyclohexane (99%, EM Science); n-pentane solvent
(Fisher, 99%) was dried and purified by refluxing over sodium benzophe-
none ketyl and deoxygenated by sparging of N2 (99.997%, Airgas). Tita-


nium tetraisopropoxide (TiACHTUNGTRENNUNG(OiPr)4, 99.999%) and anhydrous ethanol
used in the synthesis of titania were supplied by Aldrich. The O2 (99.7%)
used for the treatment of the titania samples was supplied by Airgas.


Synthesis of titania : Anatase was synthesized by a sol–gel method with a
water:alkoxide solvent mixture used in a molar ratio of 165:1.[64] Ti-
ACHTUNGTRENNUNG(OiPr)4 was added to anhydrous ethanol, and the solution was added
dropwise into a 50 vol% solution of ethanol in water. The resultant solu-
tion was then stirred at room temperature for 2 h; a precipitate formed,
which was separated from the mother liquor by centrifugation and
washed five times in ethanol (to minimize particle agglomeration) and
dried overnight at room temperature. The resultant anatase powder was
calcined for 4 h in flowing O2 at 723 K.[65] The anatase crystal structure
was confirmed by powder XRD.


TiO2 samples were treated either in O2 or under vacuum (<10� 3 mbar)
at 723 K for 4 h. They were evacuated at room temperature and stored
under N2 in a glove box prior to characterization.


Synthesis of [Re3(CO)12H3]: [Re3(CO)12H3] was synthesized from
Re2(CO)10 by the method of Andrews et al.[66] All handling was done in a
glove box or by using standard Schlenk techniques to minimize exposure
to O2 and moisture. [Re3(CO)12H3] was isolated by precipitation from a
hot cyclohexane solution and washed with dry n-pentane and then stored
in an N2-filled glove box. The identity of the precursor in a CH2Cl2 was
confirmed by IR spectra matching the literature spectrum.[38]


Preparation of titania incorporating rhenium carbonyls : The preparations
and sample transfers were performed by using standard Schlenk tech-
niques and an N2-filled glove box. [Re3(CO)12H3] was adsorbed on each
of the treated titania samples (TiO2ox and TiO2vac) by slurrying in n-pen-
tane; each slurry was stirred at room temperature for 24 h and then evac-
uated at the same temperature for 24 h to remove the solvent. The resul-
tant samples were stored under N2 in a glove box until further use.


Methods


Powder X-ray diffraction : The anatase samples were transferred from the
glove box and pressed into the sample holder in air. XRD patterns of the
samples were collected with a Scintag XDS-2000 X-ray powder diffrac-
tometer by using filtered CuKa radiation (l =1.541 N). Each reported pat-
tern was obtained in the range of 10 to 808 with 0.028 scanning steps.


IR spectroscopy : Each powder sample was pressed between two KBr
windows in the glove box and mounted into a sealed cell. IR spectra
were collected for samples under vacuum with a Bruker IFS 66v spec-
trometer operated with a resolution of 2 cm�1. Each reported spectrum is
the average of 64 scans.


EPR spectroscopy : Samples were loaded into EPR tubes in the glove box
and then evacuated overnight and flame sealed. Data were collected at
the calEPR Center at the University of California, Davis, on a Bruker
ECS 106 X-band spectrometer equipped with a Bruker ER4116DM
cavity operating in the TE102 mode. Samples were cooled with liquid
helium, and the temperature was controlled at 5 K with an Oxford
ESR900 liquid helium cryostat equipped with an Oxford ITC503 temper-
ature controller.


X-ray absorption spectroscopy : The powder samples formed by adsorp-
tion of [Re3(CO)12H3] on titania were characterized by X-ray absorption
spectroscopy at the Re LIII edge (10535 eV). Data were collected in fluo-
rescence mode at beamline X-18B of the National Synchrotron Light
Source (NSLS) and at beam line 2–3 of the Stanford Synchrotron Radia-
tion Laboratory (SSRL). Si ACHTUNGTRENNUNG(111) and Si ACHTUNGTRENNUNG(220) double-crystal monochro-
mators were used at the respective synchrotrons, with respective spectral
resolutions of 1 and 0.5 eV.


Samples in an argon-filled glove box were packed into a sample holder
and sealed with Kapton tape. The measurements were done at room tem-
perature with a N2-filled ion chamber used to measure the incoming X-
rays and a 13-element germanium detector used for the fluorescence; the
germanium detector window was set for the La lines (8652 and 8586 eV).
The monochromator was detuned 25% to suppress higher harmonics in
the beam. The data in the EXAFS region were collected with an even
grid of 0.07k (k is the wave vector) and with a constant integration time.
Some samples contained 1 wt% Re, and each of these was scanned at


Figure 10. Representation of the anatase (101) surface upon adsorption
of [Re3(CO)12H3].
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least four times. One sample contained only 0.1 wt% Re, and it was
scanned 10 times. The average collection time per scan was 30 min.


Analysis of IR spectra : Baseline removal was done with the software
package OPUS by using a spline function. Data fitting was achieved by
using a sum of Voigt-type functions. Convolution of the Voigt functions
was done numerically by using SimpsonOs rule for integration. NewtonOs
method was used for the least-squares optimizations. Initial guesses of
peak positions were estimated directly form the spectra, and these were
optimized in the fitting.


Analysis of EXAFS spectra : Data reduction and analysis were carried
out with the average of all the scans taken for each sample, by use of the
software XDAP.[47] The data were fitted to multiple-shell models with a
difference file technique, with fitting done in both R- (distance) and k-
space.[67] The objective function used for the least-squares fitting of the
data is reported elsewhere.[67] Both the magnitude and the imaginary part
of the Fourier transformed data were fitted with k1, k2, and k3 weightings
of the data until the fit was optimized. The software FEFF7[68] was used
to determine amplitude- and phase-shift functions by theoretical calcula-
tions for reference materials with known crystal structures, except that
experimental EXAFS results were used as a reference for Re�O contri-
butions characterized by multiple scattering. The reference compounds
used for each EXAFS contribution are summarized in Supporting Infor-
mation.


The presence of low-Z scatterers at distances of approximately 3.0 N
from Re is an indication of carbonyl oxygen atoms (which are character-
ized by collinear multiple scattering with the carbonyl carbon atom). To
distinguish such contributions from single-scattering contributions, phase-
and amplitude-correction was used.[67] The identities of the other contri-
butions were also confirmed by using phase and amplitude correction.


To estimate the value of the amplitude reduction factor in the EXAFS
equation, S2


0,
[67] the EXAFS spectra characterizing the precursor


[Re3(CO)12H3] were analyzed by fixing the values of interatomic distan-
ces and coordination numbers to those determined by crystallography[69]


and allowing the values of S2
0 to vary. The values of the inner potential


correction, DE0, and the Debye–Waller factor, Ds2, with respect to the
reference material were also allowed to vary for each contribution in the
determination of the value of S2


0. A satisfactory value of S2
0 of 0.91 was


obtained.[70]


The number of fitted parameters for each model was justified statistically
according to the criterion of the Nyquist theorem (Tables 5–7).[73] To esti-
mate the statistical error associated with the c(k) values for each data set
(used in the estimation of precisions), the averaged data were Fourier fil-
tered by using a k-window larger than that used for the data fitting and
an R-range of 0–10 N. The filtered data were then subtracted from the
raw data to obtain an estimate of the error at each point. The root mean
square error was calculated and used for calculation of precisions and the
goodness of fit.


The precisions reported for each of the parameters in the EXAFS
models were calculated on the basis of the objective function of the fit-
ting routine.[67] The values of goodness of fit and of the (Dc)2 function
(recommended by the International XAFS Society[74]) were included with
each fit.
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Introduction


The controlled growth of hybrid superstructures follows the
considerable progress made on the study of molecular self-
assembly processes that are aided by various noncovalent in-
teractions. The design and growth of such hybrid structures
involves the complex interplay of both intermolecular and
molecule–substrate interactions that, in turn, exert substan-
tial influence and control over surface-templated growth.
Such hybrid structures not only afford a variety of supra-
molecular ensembles, but may also be tuned to mimic the
functions and properties of natural biomolecules.[1]


Peptides and proteins support the formation of supra-
molecular architectures by the participation of a variety of
noncovalent intermolecular interactions, such as backbone
hydrogen bonding, salt bridges, side-chain interactions, and
stereochemical predispositions.[2,3] For example, the interac-
tions that arise from the chemical diversity of amino acid
side chains are crucial for amyloid organization through side


chain–side chain and backbone–side chain interactions.[3c,e]


Thus, it is possible to use noncovalent interactions to con-
struct interesting architectures on pre-existing templates.
Herein, we describe the use of peptide vesicular platforms
for the templated growth of fibrillar structures to create
hybrid structures that retain the overall gross morphological
features of two discreet self-assembling systems.


Results and Discussion


Synthesis, sample preparation, and molecular structure :
Peptides A, B, and C (Figure 1) were prepared by using a
routine solution-phase method. Recently, we presented the
formation of homogeneous spherical vesicular structures
from a synthetic triskelion peptide conjugate (A ; Figure 1a),
in which three Trp–Trp dipeptides are arranged around a
tris(2-aminoethyl)amine (tren) scaffold.[4] This facile process,
in which the occurrence of spherical aggregates was ob-
served within the first 5 seconds of the incubation period,
was ascribed to stacking of the tryptophan indole rings,
which plays an intriguing role in the self-assembly process.
In another study, we demonstrated the propensity of conju-
gate B (Figure 1b) to form linear fibers in a time-dependent
fashion.[5] With these two model systems that have distinct
self-assembly patterns to hand, this study was designed to
explore whether rapidly forming vesicular structures would
support the surface-assisted growth of peptide fibers.


Abstract: This study describes the use
of peptide vesicular platforms for the
templated growth of fibrillar structures
to craft hybrids that retain the gross
morphological features of two discreet
self-assembled peptides. A synthetic
triskelion peptide, which results in the
rapid emergence of self-assembled
spherical structures, was employed as a
template. Addition of either one of two
different peptides, both of which form


long filamentous structures when co-in-
cubated with the triskelion solution, af-
fords hybrids that retain the gross mor-
phology of both the spherical and fila-
mentous structures. It is surmised that
this process is aided by hydrogen bond-
ing and the interdigitation of aromatic


residues, which leads to the growth of
hybrid structures. We believe that ob-
servations concerning the surface-as-
sisted growth of peptide fibrils and tub-
ular structures from vesicular platforms
may have ramifications for the design
and development of peptide-based
hybrid materials with controlled hier-
archical structures.Keywords: fibers · fluorescence ·


peptides · pi interactions · vesicles
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Ultrastructural details by microscopic studies : A freshly pre-
pared solution of B (0.33 mm) in 60% methanol/water was
added to a solution of A (1 mm ; 37 8C) that had been pre-in-
cubated for 6 h, followed by incubation for up to 30 d. The
phased growth of peptide fibers arising from the vesicular
platform was followed by scanning electron microscopy
(SEM). Observation of three-day-old solutions indicated
that peptide fibers grow from the vesicular surfaces, and the
length of these fibers increased with prolonged incubation
(Figure 2a–d). After further incubation, growth and branch-
ing of new fibers from the surface was observed (Figure 2e
and f). As spherical vesicles form rapidly upon dissolution,
it was interesting to note that the preformed peptide surface
provided a platform for fiber growth.
To provide further proof for this surface-assisted phenom-


enon, we decided to investigate the growth of tubular struc-
tures of Phe–Phe dipeptide C from a spherical platform. Di-
peptide C (Figure 1c) forms robust tubular structures upon
incubation and its use in other nanobiotechnological appli-
cations has been described.[6] Once again, growth of nano-
tubular structures from the vesicular surface was observed
(Figure 3). We were able to capture snap-shots of the
phased growth of hybrid structures after 3, 10, and 30 d. In
the three-day-old solution (Figure 3a), the outgrowth of a


nascent fiber from the surface was observed, which suggests
that sequential growth, elongation, and consequently, dense
fibrillation from the vesicular surface occurred (Figure 3b–
d).
Environmental scanning electron microscopy (E-SEM)


was used to follow the growth of these hybrid structures
under moist conditions. Images obtained in this near-native
state further confirmed the occurrence of fibrous growth
from the vesicular platforms (Figure 4a), thereby suggesting
that these observations reflect true surface-assisted growth
rather than artifacts from drying. Transmission electron mi-
croscopy (TEM) images of seven-day-old samples revealed
that two or more vesicles were interconnected by fibers and
a micrograph of a 15-day-old sample displayed extensive
fibril formation from the vesicular surfaces and dense inter-
connections between multiple vesicles (Figure 4b–d).
These observations were reconfirmed with results from


atomic force microscopy (AFM) studies on seven-day-old
samples. The initial phase of fibrous growth from the vesicle


Figure 1. Molecular structures of a) triskelion peptide conjugate A,
b) PHGGG-Cap-PHGGG B (Cap=6-aminocaproic acid), and c) Phe–
Phe dipeptide C.


Figure 2. SEM images of the growth of fibers of B from the vesicle sur-
face after different periods of incubation. a,b) After 3 d, c,d) after 7 d,
and e,f) after 15 d.


Figure 3. SEM images of the growth of fibers of C from the vesicle sur-
face after different periods of incubation. a) After 3 d (arrowhead indi-
cates nascent growth of fibers), b) after 10 d, and c,d) after 30 d.
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surface culminated in extensive fibrillation after 30 d (Fig-
ure 5a and b). Rhodamine B stained peptide solution (de-
tected by fluorescence microscopy) also duplicated our ob-
servations (Figure 5c and d).


Fluorescence studies : Aromatic p–p stacking interactions
between histidine and phenylalanine side chains and the
indole ring of tryptophan have been reported,[7] and it is as-
sumed that these interactions are primarily responsible for
the templated growth of hybrid structures. In a preliminary
experiment, we found that the intrinsic tryptophan fluores-
cence of A decreased upon the incremental addition of B,
and also when the solution was incubated for seven days,
which suggested a change in the tryptophan indole environ-
ment (Figures 6 and 7). In another control experiment, nei-
ther the addition of indole to B nor the addition of imida-


zole to A resulted in the formation of hybrid structures, thus
implying the importance of peptide–peptide interactions
(see the Supporting Information). Interfacial hydrophobicity
and hydrophilicity have also been described as playing a
role in certain self-assembling peptides and the structures
they form.[8]


Similar morphological observations have been made with
an insulin–amyloid system, in which the growth of insulin
fibers on preformed synthetic amyloid plaques was used to
study the template-directed self-assembly process. It was
found that template-driven fibril formation occurred at a
highly accelerated rate, which resulted in thinner fibrils. This
effect was attributed to limited nucleation sites on the tem-
plate surface and lack of lateral twisting between fibrils.[9]


Figure 4. E-SEM and TEM images of the outgrowth of peptide B fibers
from the vesicle surface after different periods of incubation. a) After 7 d
(E-SEM), b) after 7 d (TEM), and c,d) after 15 d (TEM).


Figure 5. AFM micrographs after incubation for a) 7 and b) 30 d. Rhoda-
mine B stained fluorescence micrographs after incubation for c) 7 and d)
15 d.


Figure 6. A comparison of fluorescence spectra shows the concentration-
dependent quenching of the tryptophan fluorescence of A (1 mm) by the
addition of B (0.33–0.99 equiv). Further addition of B (1.20 equiv) did
not result in further quenching.


Figure 7. A comparison of fluorescence spectra shows the time-depen-
dent quenching of the tryptophan fluorescence of A (1 mm) by the addi-
tion of B (0.3 equiv). c : A. a : A+B, no incubation. g : A+B, 7 d
incubation.


Chem. Eur. J. 2008, 14, 1415 – 1419 @ 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1417


FULL PAPERTemplated Growth of Hybrid Peptides



www.chemeurj.org





Proposed schematic for hybrid structures : It was proposed
that the formation of vesicular structures in A is dictated by
the tryptophan residues and tripodal tren scaffold.[4] MM+


calculations indicated that the tripodal scaffold imparts
slight curvature and the p-stacked indole moieties of this
conjugate interdigitate, which leads to the formation of
stable vesicular structures. Therefore, we reason that the his-
tidine imidazole and polymethylene linkers in B and the
phenyl side chains in C may further interdigitate with the ar-
omatic core of the vesicles to support the formation and
growth of hybrid structures. Figure 8 depicts a possible
mechanism for this process in which favorable interactions
between the tryptophan indole groups (ovals) and the
indole and phenyl groups (squares) of histidine and phenyl-
ACHTUNGTRENNUNGalanine, respectively, are proposed.


Conclusion


This study describes the formation of peptide–peptide hy-
brids by combining the morphological signature of a syn-
thetic triskelion derivative with two different peptide con-
structs. The ultrastructural features observed by microscopy
analysis convincingly suggest that triskelion vesicles tem-
plate the growth of hybrid structures, which have been well
characterized by using fluorescence measurements and sev-
eral microscopy techniques. It is also proposed that the for-
mation of these hybrids is perhaps a result of the interplay
of amide-hydrogen-bonding interactions within the hydro-
phobic environment created by the indole residues. We sur-
mise that observations concerning the surface-assisted
growth of peptide fibrils and tubular structures from vesicu-
lar templates may have ramifications for the design and de-
velopment of peptide-based hybrid materials with controlled
hierarchical structures. Such systems, with suitable noncova-
lent interactions, may also serve as materials for biosensor
development and diagnostic applications.[10]


Experimental Section


SEM analysis : Fresh and incubated (0–30 d) peptide solutions (20 mL,
0.33, 0.5, and 1 mm for B, C and A, respectively) in 60% methanol/water


were coated onto metal slides and then a gold coating was applied over
the samples. SEM measurements were performed by using an FEI
QUANTA 200 microscope equipped with a tungsten filament gun. Mi-
crographs were recorded at a working distance of 10.6 mm and at a mag-
nification of 40000J .


E-SEM analysis : The mixed peptide solutions were placed on a metal
stand and imaged by using an FEI QUANTA 200 microscope equipped
with a field emission gun operating at 20.0 kV in wet mode at a pressure
of 1.0 torr.


TEM analysis : An aliquot of incubated peptide solution (10 mL) was
placed on a 400-mesh copper grid. After a minute, excess fluid was re-
moved and the grid was stained with 2% uranyl acetate in water. Excess
staining solution was removed from the grid after two minutes. Samples
were viewed by using a JEOL 1200EX electron microscope operating at
80 kV.


AFM analysis : An aliquot of peptide solution (10 mL, incubation for 0–
30 d) in 60% methanol/water was transferred onto a freshly cleaved mica
surface and uniformly spread by using a spin-coater operating at 200–
500 rpm (PRS-4000). The sample-coated mica was dried for 30 min at
room temperature, then imaged by using an atomic force microscope
(Molecular Imaging, USA) operating in acoustic AC mode (AAC) with
the aid of a cantilever (NSC 12(c), MikroMasch). The force constant was
0.6 Nm�1 and the resonant frequency was 150 kHz. The images were re-
corded in air at room temperature, with a scan speed of 1.5–2.2 lines s�1.
Data were acquired by using PicoScan 5 software and data analysis was
performed with the aid of a visual scanning probe microscopy program.


Fluorescence microscopy: Dye-stained peptide structures were examined
by using a fluorescence microscope (Zeiss Axioskop 2 Plus) with an illu-
minator (Zeiss HBO 100) and a rhodamine filter (absorption 540 nm/
emission 625 nm). This filter-optimized visualization compared rhoda-
mine-treated vesicles (positive resolution) with untreated vesicles (nega-
tive resolution), which are virtually invisible in light of this wavelength.
Images were captured electronically by using Zeiss AxioVision (ver-
sion 3.1). Peptide A (1 mm) and rhodamine B (10 mm) were co-incubated
for 24 h in 60% methanol/water before B (0.33 mm) was added, and the
solution was then incubated for a further 7 d. This incubated solution
(20 mL) was loaded onto a glass slide, dried at room temperature and the
images were recorded.


Fluorescence spectroscopy: A freshly prepared solution of A (1 mm) in
60% methanol/water was used for the fluorescence measurements. Por-
tions of peptide B (0.33–1.20 equiv) in 60% methanol/water were added
and the intensity of the fluorescence was measured by using a Perkin–
Elmer fluorimeter with an excitation wavelength of 275 nm, an excitation
slit width of 8 nm, and an emission slit width of 10 nm. The pH of the so-
lution was unchanged before and after the addition of B.
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Introduction


Bulbine frutescens (Asphodelaceae) is a South African plant
species widely cultivated for aesthetic purposes.[1] Previous
phytochemical studies have resulted in the isolation and
characterization of the axially chiral phenylanthraquinones
knipholone (1), 4’-O-demethylknipholone, gaboroquinones
A and B, 4’-O-demethylknipholone-4’-b-d-glucopyranoside,
and isoknipholone (2),[2,3] with the latter two compounds
showing remarkable antiplasmodial activities. From the
polar fractions of the same plant, the first 6’-O-sulfated phe-
nylanthraquinones were reported,[3] making this species a
rich source of novel bioactive compounds, thus warranting
further investigations. In the present paper, we report on the
isolation, structural elucidation, and biological activities of
further unprecedented metabolites from B. frutescens,
namely, the first phenylanthraquinone dimers, named jozi-
knipholones A (5) and B (6), along with six known related
compounds, isolated for the first time from this plant spe-
cies. Based on the recent revision of the absolute configura-
tions of the main atropisomers of both knipholone (1) and
the related knipholone anthrone (3),[4] the absolute configu-
rations at the biaryl axes and at the stereogenic center of
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the new dimers were determined by reductive cleavage of
the central C7–C10’ linkage, followed by CD analysis of the
obtained monomeric phenylanthraquinone and -anthrone
products and by 2D NOESY experiments in agreement with
hints from the results of quantum chemical CD calculations.
We also report on the first documented occurrence of iso-
knipholone (2) in an enantiomerically enriched form.[5]


Results and Discussion


Column chromatography of the acetone extract of B. frutes-
cens roots on Sephadex LH-20 and further purification by
preparative TLC yielded two novel dimeric phenylanthra-
quinones (see below), along with three phenolic acids (p-
coumaric acid, dihydro-p-coumaric acid, and vanillic acid)[6]


and three naphthalene derivatives, namely, 5,8-dihydroxy-1-
methylnaphthoACHTUNGTRENNUNG[2,3c]furan-4,9-dione, 5,8-dihydroxy-1-hy-
droxymethyl-naphthoACHTUNGTRENNUNG[2,3c]furan-4,9-dione,[7] and 4-O-
methyl eleutherol (4).[8] This is the first report on the natural
occurrence of 4, which has previously been described only
as a semisynthetic derivative of eleutherol.[8] The 13C NMR
data of this compound have never been reported, and are,
therefore, included in the Experimental Section.


Dimeric phenylanthraquinones : The first of the dimeric phe-
nylanthraquinones, compound 5, was isolated as an orange
amorphous powder. The 1H NMR spectrum resembled that
of knipholone (1),[9] except for the doubling of virtually all
of its signals. Thus, the presence of six chelated hydroxy
proton signals (d=11.95, 12.21, 12.47, 12.60, 14.07, and
14.45 ppm), two aromatic methyls (d=1.99 and 2.13 ppm),
two methoxyls (d=3.73 and 3.93 ppm), two acetyl groups


(d=2.62 and 2.72 ppm), and nine aromatic protons (Table 1)
suggested that this compound could be a dimeric, yet un-
symmetric, phenylanthraquinone. In support of this, the
TOF-HREIMS spectrum showed an [M+1]+ peak at m/z :
853.2117 corresponding to the molecular formula of
C48H37O15. Moreover, the 13C NMR spectrum displayed the
presence of five carbonyl groups (d=194.6, 193.3 ppm for
C9’ and C9; 182.7 ppm for C10; and 204.1 ppm for the two
acetyl carbonyls), thus being consistent with a mixed dimer
of a phenylanthraquinone and a phenylanthrone. This was
further confirmed by the UV spectrum (lmax=211, 231, 263,
291, 339, 439 nm), which indicated characteristic bands[9,10]


of the two molecular moieties (ca. lmax=263 and 439 nm for
a phenylanthraquinone and lmax=339 nm for a phenylan-
throne). By detailed analysis of the 1D and 2D NMR data
(1H and 13C NMR, HMBC, see Table 1, including COSY,
ROESY, NOESY, and HSQC), the phenylanthraquinone
moiety was identified as the known[9] compound knipholone.
Proton signals in ring C (resulting from H5, H6, and H7),
which usually appear as an ABX system in knipholone,[9]


were now observed as two sets of doublets at d=7.24 and
6.91 ppm (J=8.0 Hz) for H5 and H6, respectively, suggest-
ing that the site of linkage in this moiety over to the other
molecular portion is C7.
Comparison of the 1H and 13C NMR spectra of the other


half of the molecule with those of knipholone anthrone
(3)[10] showed identical features except for the proton reso-
nance at C5’’’ in this molecular half. This signal was shifted
upfield (d=5.58 ppm) in comparison to that of free 3 (d=


6.30 ppm),[10] which may be ascribed to the shielding effect
of the neighboring anthraquinone system.[11] Furthermore,
the methylene group at C10 in knipholone anthrone (3, dH=


4.07 and dC=32.2 ppm)[10] was now replaced by a methine
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group at C10’ in 5 (dH=5.96 and dC=37.5 ppm). This sug-
gested that the knipholone portion was most probably at-
tached to C10 of the knipholone anthrone moiety (i.e. , to
C10’ in 5), thus forming an sp2–sp3 linkage between C7 and
C10’ (indicated in green) of the two molecular halves of 5
(Figure 1). Key NOESY correlations were observed from
H10’ to H6 and H5’, and very weak interactions between 8-
OH and H5’’’, and from 1-OH to 4’’’-OCH3 (the latter two
are not shown). The new compound was therefore tentative-
ly deduced to have the constitution 5, that is, that of a


mixed 7,10’-knipholone-knipholone anthrone “dimer” as
shown in Figure 1.
However, the possibility that the linkage between the two


moieties could be as shown in Figure 2, that is, a biarylic


sp2–sp2 axis from C7 to C4’, was not completely excluded at
this point, as phenylanthraquinones composed of the acetyl-
phloroglucinol coupled to C10 of an (additionally oxygenat-
ed) chrysophanthrone are also known in nature, like, for ex-
ample, foliosone and isofoliosone.[12] Detailed analysis of the
NOESY spectrum revealed a key connectivity from H5’ to
OH8 (Figure 1, in red). This interaction is evidently incon-
sistent with the alternative structure shown in Figure 2.
The NOESY correlations (particularly the one from H10’


to H6) of 5 (Figure 1, in blue), together with the above men-
tioned upfield shift of H5’’’ (d=5.58 instead of 6.12 ppm, as,


Table 1. 1H (600 MHz) and 13C NMR (150 MHz) data together with HMBC (2J and 3J) correlations of joziknipholone A (5).


Atom no. dH [ppm] (mult. , J [Hz]) dC [ppm] HMBC Atom no. dH [ppm] (mult. , J [Hz]) dC [ppm] HMBC


1 – 163.5 – 1’’ – 107.6 –
2 7.29 (s) 126.0 1, 13, 3-CH3, 4 2’’ – 163.9 –
3 – 153.3 – 3’’ – 106.5 –
4 – 126.2 – 4’’ – 163.5 -
5 7.24 (d, 7.9) 120.3 7, 12, 10 5’’ 6.12 (s) 91.0 1’’, 3’’, 4’’, 6’’
6 6.91 (d, 8.0) 136.4 11, 8 6’’ – 160.0 –
7 – 139.0 – 1’’’ – 105.6 –
8 – 159.1 – 2’’’ – 164.7 –
9 – 193.3 – 3’’’ – 106.9 –
10 – 182.7 – 4’’’ – 164.6 –
11 – 133.3 – 5’’’ 5.58 (s) 90.2 1’’’, 3’’’, 4’’’, 6’’’
12 – 116.1 – 6’’’ – 161.0 –
13 – 115.7 – 3-CH3 2.13 (s) 21.2 2, 3
14 – 133.4 – 3’-CH3 1.99 (s) 21.0 2’, 3’, 4’
1’ – 163.6 – 4’’-OCH3 3.93 (s) 56.2 4’’
1’a – 115.7 – 4’’’-OCH3 3.73 (s) 56.2 4’’’
2’ 6.98 (s) 118.8 1’, 13’, 3’-CH3, 4’ 3’’-COCH3 2.62 (s) 33.5 3’’, 3’’-COCH3


3’ – 150.8 – 3’’’-COCH3 2.72 (s) 33.5 3’’’, 3’’’-OCH3


4’ – 121.7 – 3’’-COCH3 – 204.1 –
4’a – 140.1 – 3’’’-COCH3 – 204.1 –
5’ 6.87 (brd) 120.0 – 1-OH 12.47 (s) – 1, 13, 2
6’ 7.33 (t, 8.0) 137.4 – 8-OH 11.95 (s) – 7, 8, 12
7’ 6.81 (d, 8.2) 116.3 5’, 8’, 12’ 1’-OH 12.60 (s) – 1’, 13’, 2’
8’ – 163.2 – 8’-OH 12.21 (s) – 7’, 8’, 12’
9’ – 194.6 – 2’’-OH 14.07 (s) – –
10’ 5.96 37.5 – 2’’’-OH 14.45 (s) – 1’’’, 2’’’, 3’’’
11’ – 145.7 –
12’ – 114.7 –


Figure 1. NOESY correlations providing evidence for the constitution of
compound 5.[13]


Figure 2. A likewise imaginable alternative coupling type of the dimeric
phenylanthraquinone, with a biaryl-type sp2–sp2 axis between C7 and C4’,
excluded by the NOESY interaction indicated.
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for example, in the southern knipholone portion of 5, H5’’,
which resonates at d=6.12 ppm) and the deshielded signal
of the acetyl group at 3’’’ (d=2.72 instead of 2.62 ppm) gave
the first hints of the configuration in the northern part of 5,
namely, at the 4’–1’’’ biaryl axis of the knipholone anthrone
moiety relative to the stereogenic center, leaving either
4’M,10’R (i.e. , A, see Figure 3) or its enantiomorphous ver-
sion, 4’P,10’S (ent-A) as possible partial structures.


As for the configuration at the southern biaryl axis,
namely, between C4 and C1’’, chemical degradation experi-
ments proved extremely helpful. However, first attempts to
cleave the central C7–C10’ linkage under standard condi-
tions as previously elaborated for the degradation of kni-
pholone[9] by using sodium dithionite (see the Experimental
Section) yielded only chrysophanol, acetylphloroglucinol,
and knipholone (1; according to co-TLC and co-HPLC with
authentic samples), initially leaving open the question as to
whether the diagnostically valuable product 1 came exclu-
sively from the 4–1’’ axis or (also) from the 4’–1’’’ linkage, as
no traces of knipholone anthrone could be detected. HPLC
analysis on a chiral phase with online CD detection revealed
the resulting knipholone (1) to be P-configured,[4] that is, in
accordance with the main naturally occurring enantiomer,[4]


and nearly enantiomerically pure (>90:10 P/M ; Scheme 1),
that is, identical to an authentic sample from B. frutescens
(60:40, likewise in favor of P[3]).
This, together with the observed NOESY correlations


above and the upfield shift of H5’’’, reduced the number of
possible stereoisomeric structures from initially eight (due
to the presence of three stereogenic elements, viz. the two
biaryl axes and one stereogenic center) to only two remain-
ing diastereomers, (4P,4’M,10’R) and (4P,4’P,10’S)-5
(Figure 4).
For the assignment of the absolute configuration of 5, CD


spectra were calculated for both possible stereostructures,
(4P,4’M,10’R)-5 and (4P,4’P,10’S)-5. Despite their diastereo-
meric nature, these two structures possess pseudo-enantio-
meric chromophoric frameworks (Figure 4), and therefore
should provide nearly opposite CD spectra.


Starting with the (4P,4’P,10’S)-diastereomer, the confor-
mational behavior of the dimeric phenylanthraquinone 5
was investigated by using the AM1[14] and BLYP/SVP[15,16]


methods. The calculations for 5 revealed the same structural
features as previously found for the monomers, knipholone
and knipholone anthrone,[4] namely, showing hydrogen-bond
formation in the anthraquinone and anthrone portions, and
in the acetylphloroglucinol units. The orientations around
the biaryl axes were likewise found to be identical to those
of the global minima of the monomers.[4] Screening of the
reaction coordinate for the central C7–C10’ bond of 5 re-
vealed two minimum structures, one with a syn orientation
of the protons at C6 and C10’ (Figure 5, right), and the
other one with an anti arrangement (Figure 5, left). The cal-
culations of these two minima both, in vacuum and in
CH2Cl2, revealed the anti conformer to be energetically
more favorable in both cases, namely, by 1.64 and 0.98 kcal
mol�1, respectively.
To investigate the stability of the central C7–C10’ bond of


5, the rotation barrier was theoretically estimated by calcu-
lating that of 7 as a simplified model compound (Table 2), in
which the acetylphloroglucinol unit and the methyl substitu-
ent of the knipholone portion of 5 were omitted (for details


Figure 3. Two enantiomorphous partial structures, A and ent-A of 5. The
NOESY interaction indicative of the relative configuration in the north-
ern part is illustrated in blue.


Scheme 1. a) Enantiomeric resolution of knipholone (1), obtained from
reductive cleavage of 5, on a chiral HPLC phase (Chiracel OD-H) with
b) UV and CD detection monitored at 254 and 277 nm, respectively.


Figure 4. Two possible full stereostructures for compound 5,
(4P,4’M,10’R)-5 and (4P,4’P,10’S)-5, possessing pseudo-enantiomeric core
chromophores.
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see the Supporting Information, Figure S3) for the purpose
of (at least slightly) reducing the size of the computed mole-
cule, without changing the most important “core geometry”
around the central C7–C10’ bond.
The obtained low rotational barrier values (Table 2) re-


vealed that the central bond of 5 should be able to rotate
rather freely, proving that the two global minimum struc-
tures, syn and anti, should both be present in solution and
should, according to their population, have a substantial
impact on the resulting circular dichroism (CD). Therefore,
CD calculations, based on the time-dependent DFT
(TDDFT) method, were performed for both basic conform-


ers of 5. An application of the more accurate hybrid
B3LYP[15b,18] functional, which had shown good results in the
case of knipholone (1) and knipholone anthrone (3),[4] was
not possible for the dimer, because of the large size of the
molecule and the resulting high computational costs, so the
calculations were conducted by using the RI-BLYP/
TZVP[15,19] method. The calculated single spectra were
added up according to the Boltzmann statistics giving the
overall CD curve predicted for (4P,4’P,10’S)-5. In the case of
the (4P,4’M,10’R)-diastereomer of 5, analogous conformers,
syn and anti, were found, and the resulting CD spectrum
was obtained as described above. Comparison of the experi-
mental CD curve of 5 with the theoretically predicted ones
showed that the first positive band (at lmax=310 nm) in the
measured spectrum was reproduced by the curve calculated
for the (4P,4’P,10’S)-diastereomer, whereas the one predict-
ed for (4P,4’M,10’R)-5 displayed negative peaks in this
region (Figure 6). Therefore, although the TDDFT-based
calculations could, unfortunately, not provide an unambigu-


Figure 5. The two minimum conformers established for compound 5, the decisive anti/syn array, that is, the (not stable but preferential) axial conforma-
tion at the central sp2–sp3 axis (C7–C10’) is indicated by a circle.


Table 2. Rotational barriers at the central sp2–sp3 axis (C7 to C10’) calcu-
lated (BLYP/3–21G) for 7 as a simplified model compound.


DH� [kJmol�1][a]


TS1[b] TS2[b]


from syn to anti 15.66 41.23
from anti to syn 31.76 57.33


[a] To get more accurate results, the rotational barriers were calculated
by taking into account zero-point vibrational energies of the minimum
conformers and transition states, which were furthermore scaled by a
factor of 0.9945 as recommended for BLYP/3–21G-based calculations.[17]


[b] For structures of the minimum conformers of a model compound and
for the transition-state geometries, see Figure S3 in the Supporting Infor-
mation.


Figure 6. Comparison of the experimental CD spectrum of 5 with the
spectra calculated for the two possible remaining stereoisomers,
(4P,4’P,10’S)-5 and (4P,4’M,10’R)-5.
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ous full configurational assignment of 5, due to the large
size of the molecule, they still gave a preference for 4’P10’S
rather than for 4’M10’R. Thus, for an additional confirma-
tion of the absolute configuration of 5, further experimental
work was necessary.
For this purpose, the degradation cleavage of 5 was inves-


tigated more closely. In the literature,[11,20] the reductive
cleavage of (simpler) anthraquinone–anthrone or anthrone–
anthrone dimers with Na2S2O4 in alkaline solution is known
to yield only one product, namely, the respective anthraqui-
none, not only from the quinoid portion of the dimer, as ex-
pected, but also from the anthrone part, by aerial oxidation
under basic conditions. This may explain why knipholone
anthrone had not been detected under the above reaction
conditions and would indicate that the P-configuration
found for knipholone formed in the degradation would
probably have resulted from both axes, C4–C1’’ and C4’–
C1’’’, thus excluding the presence of two differently config-
ured biaryl axes (i.e. , P and M). This would leave only the
4P,4’P,10’S diastereomer as a possible stereostructure for the
“mixed dimer” 5. Still, a confirmation of this result seemed
desirable, and the availability of a method for the stereo-
analysis of dimers with possibly two differently configured
biaryl axes was also of interest, because, in that case, the
degradation would lead to (partially or fully) racemic kni-
pholone (1), leaving open which axis was M and which P
(like, the second dimer isolated, see below). Therefore, the
method was further optimized, which was first attempted by
using model compounds (knipholone and knipholone an-


throne) to ensure that under the reaction conditions, kni-
pholone anthrone (3) was not converted to knipholone (1)
nor, vice versa, 1 to 3. Although oxidation of knipholone an-
throne to knipholone could not be completely avoided, even
when working under nitrogen, it was minimized down to a
ratio of 98:2 (according to HPLC). When applied to com-
pound 5, these conditions now gave both, knipholone (1)
and knipholone anthrone (3), which were successfully sepa-
rated on an X-Terra RP18 analytical column (see the Experi-
mental Section). Offline CD measurements of these prod-
ucts with subsequent comparison to the CD spectra of au-
thentic samples (Supporting Information, Figure S4) now
unambiguously revealed both, knipholone (1) and knipho-
lone anthrone (3) to be P-configured. These findings further
proved our above assignment (Figure 6) that 5 should have
the 4P,4’P,10’S-configuration. Compound 5 was given the
trivial name joziknipholone A according to the Swahili word
jozi (=a pair).
The elemental composition of the second new isolated


compound, 6, was established to be C48H37O15, by its TOF-
HREIMS spectrum as shown by the [M+1]+ peak at m/z :
853.2117, indicating that this product was isomeric to 5 and
probably a diastereomer. In agreement with this, the UV
spectrum (lmax=219, 267, 291, 351, and 439 nm) again
showed the presence of a phenylanthraquinone and a phe-
nylanthrone chromophore.
The 1H and 13C NMR spectroscopic data of this com-


pound showed structural features identical to those of 5,
with only marginal differences (Table 3), suggesting 6 to be


Table 3. 1H (600 MHz) and 13C NMR (150 MHz) data together with HMBC (2J and 3J) correlations of joziknipholone B (6).


Atom no. dH [ppm] (mult. , J [Hz]) dC [ppm] HMBC Atom no. dH [ppm] (mult. , J [Hz]) dC [ppm] HMBC


1 – 163.7 – 1’’ – 107.6 –
2 7.30 (s) 125.9 13, 3-CH3, 4 2’’ – 163.9 –
3 – 153.4 – 3’’ – 106.5 –
4 – 126.1 – 4’’ – 163.6 –
5 7.24 (d, 7.9) 120.4 7, 12, 10 5’’ 6.09 (s) 91.1 1’’, 3’’, 4’’, 6’’
6 6.90 (d, 7.9) 136.1 11, 8 6’’ – 159.8 –
7 – 139.6 – 1’’’ – 106.9 –
8 – 159.1 – 2’’’ – 164.7 –
9 – 193.3 – 3’’’ – 106.9 –


4’’’ – 164.5 –
10 – 182.5 – 5’’’ 5.57 (s) 90.2 1’’’, 3’’’, 4’’’, 6’’’
11 – 133.2 – 6’’’ – 160.9 –
12 – 115.9 – 3-CH3 2.13 (s) 21.3 2, 3
13 – 115.7 – 3’-CH3 1.99 (s) 21.1 2’, 3’, 4’
14 – 133.2 –
1’ – 163.6 – 4’’-OCH3 3.92 (s) 56.2 4’’
1’a – 115.7 – 4’’’-OCH3 3.69 (s) 56.2 4’’’
2’ 6.97 (s) 118.8 1’, 13’, 3’-CH3, 4’ 3’’-COCH3 2.63 (s) 33.5 3’’, 3’’-COCH3


3’ – 151.0 – 3’’’-COCH3 2.71 (s) 33.5 3’’’, 3’’’-COCH3


4’ – 121.9 – 3’’-COCH3 – 204.3 –
4’a – 142.9 – 3’’’-COCH3 – 204.1 –
5’ 6.92 (br) 119.9 – 1-OH 12.51 (s) – 1, 13, 2
6’ 7.32 (t, 8.0) 137.4 11’, 8’ 8-OH 12.01 (s) – 7, 8, 12
7’ 6.80 (d, 7.9) 116.3 5’, 8’, 12’ 1’-OH 12.58 (s) – 1’, 13’, 2’
8’ – 163.2 – 8’-OH 12.23 (s) – 7’, 8’, 12’
9’ – 194.6 – 2’’-OH 14.11 (s) – –
10’ 6.06 37.3 – 2’’’-OH 14.45 (s) – –
11’ – 147.1 –
12’ – 114.7 –
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another, structurally closely related mixed “dimer”, again
composed of a knipholone portion and a knipholone an-
throne part interlinked at positions C7 and C10’, indicated
in green (Figure 7a).


In addition, the NOESY cor-
relations at the central linkage
were exactly the same as those
observed for joziknipholone A
(5). Upon treatment with
Na2S2O4 under the conditions
optimized for 5 (Figure 1), com-
pound 6 furnished knipholone
anthrone (3), which, as for 5,
was again shown to be P-con-
figured by CD analysis, while
the knipholone (1) now formed
was found to have the M-con-
figuration (Supporting Information, Figure S5). In analogy
to joziknipholone A (5), the P-configuration in the anthrone
moiety of 6, in combination with the observed upfield shift
of H5’’’ (d=5.57 ppm, directly indicated the S-configuration
at the stereogenic center, thus deducing the second com-
pound to have the full stereostructure 6 as shown in
Figure 7. Compound 6, which is the 4,1’’-epimer of 5, that is,
with two heterochiral axes, was given the trivial name jozi-
knipholone B.


Biological activities of joziknipholones A (5) and B (6):
Given the promising antimalarial bioactivities of “normal”,
that is, monomeric phenylanthraquinones,[2,3,21, 22] the new di-
meric compounds were evaluated for their potency against
the chloroquine-resistant strain K1 of Plasmodium falcipa-
rum. Joziknipholone A (5) exhibited good antiplasmodial
activity (IC50=0.14 mgmL�1), that is, comparable to those of
the two most active monomeric phenylanthraquinones, iso-


knipholone (2, 0.12 mgmL�1)[3] and knipholone anthrone (3,
0.15 mgmL�1).[22] It was thus less active than the standard
drug chloroquine in the same system only by a factor of 3,
while the activity of joziknipholone B (6, IC50=


0.23 mgmL�1) was slightly
weaker than that of joziknipho-
lone A (5). Both compounds, 5
and 6, exhibited only low cyto-
toxicities against rat skeletal
myoblast (L6) cells. Further in-
vestigations against other
pathogens of tropical diseases
(Table 4) revealed that these
novel “mixed dimers” 5 and 6
are not active against the trypa-
nosomes and L. donovani, and
thus specifically act against the
malarial parasite (Table 4).
Furthermore, joziknipholones


A (5) and B (6) showed low an-
titumoral activities against
murine leukemic lymphoma
L5178y cells (Table 4).


Conclusion


Joziknipholones A (5) and B (6) are the first members of a
structurally unique novel class of dimeric phenylanthraqui-
nones. The elucidation of the constitution and of the config-
uration at the stereogenic center at C10’ relative to one of
the biaryl axes was achieved by NMR spectroscopic tech-
niques. An unambiguous establishment of the absolute ste-
reostructures succeeded by the optimization and application
of an improved method for the reductive cleavage of the
central C7–C10’ linkage to give stereochemically known[4]


monomeric phenylanthraquinones and phenylanthrones,
thus avoiding their interconversion, which had initially ham-
pered a differentiated interpretation. This was achieved by
elaborating mild reaction conditions in the absence of air
oxygen for the reductive cleavage of the C7–C10’ axis.
These novel-type metabolites 5 and 6, which apparently
originate through a mixed phenol-oxidative coupling of P-


Table 4. Antiprotozoal activities of 5 and 6 against P. falciparum (K1 strain), T. cruzi, T. brucei rhodesiense, L.
donovani (axenic amastigotes), and cytotoxicities against rat skeletal myoblast cells (L6) and, antitumor activi-
ties against murine leukemic lymphoma L5178y cells.


Compound IC50 [mgmL�1]


P. falciparum T. cruzi T. brucei
rhodesiense


L. donovani L6 cells
(cytotoxicity)


L5178y cells
ACHTUNGTRENNUNG(lymphoma)


Standard 0.041[a] 0.276[b] 0.0026[c] 0.158[d] 0.007[e] 0.8[f]


5 0.142 >30 33.9 12.5 16.3 10
6 0.23 >30 14.4 9.06 17.4 8.7


[a] Chloroquine. [b] Benznidazole. [c] Melarsoprol. [d] Miltefosine. [e] Podophyllotoxin. [f] Bleomycin.


Figure 7. Joziknipholone B (6): a) Full absolute stereostructure with diagnostically significant 1H NMR spec-
troscopic chemical shifts and NOESY interactions and b) degradation to (P)-knipholone anthrone (3) and
(M)-knipholone (1), by reductive cleavage of the C7–C10’ linkage of 6 (in green).
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knipholone anthrone (3) with P- and M-knipholone (1 and
ent-1), respectively, possess good antimalarial activities and
are thus potential lead compounds for antimalarial drug dis-
covery.


Experimental Section


General : All reactions were carried out under a nitrogen atmosphere.
5% NaOH was degassed for 30 min prior to use. Melting points were
measured on a Reichert–Jung Thermovar hot-plate and are uncorrected.
UV/Vis spectra were obtained on a Cary 50 Conc spectrometer (Varian).
IR spectra were recorded on a Jasco FTIR-410 spectrophotopolarimeter.
For joziknipholones A and B, NMR spectroscopic experiments (in
CD2Cl2) were performed on a Bruker Avance DMX 600 (600 MHz) in-
strument by using a 5 mm DCH cryoprobe head with z-gradient and
ATM unit. In the case of 4-O-methyl eleutherol, the NMR spectra were
recorded on a Bruker Avance DMX 500 (500 MHz). Chemical shifts (d)
are given in parts per million (ppm). HPLC separations were carried out
by using an X-Terra RP18 column (Waters, 4.6R250 mm). Preparative
HPLC was achieved on a Chromolith RP18 column (100R10 mm). For
stereoanalytical separations, a chiral stationary phase employing a Chiral-
cel OD-H HPLC column (4.6R250 mm; particle size: 5 mm; Daicel
Chemical Industries, Tokyo, Japan) was used. Optical rotations were
taken on a JASCO P-1020 polarimeter. CD spectra were recorded in
MeOH on a J-715 spectrometer (JASCO Deutschland, Gross-Umstadt,
Germany) at room temperature by using a 0.05 cm standard cell. EIMS
was carried out by using a direct inlet, 70 eV on a SSQ 710, Finnigan
MAT spectrometer. Analytical TLC was performed on Merck precoated
silica-gel 60 F254 plates. The Rf reported values refer to TLC. Column
chromatography was achieved on oxalic acid-impregnated silica gel 60
(70–230 mesh) or on silica gel (0.063 mm, Merck).


Plant material : The roots of Bulbine frutescens were collected from Chi-
romo Campus Garden in June 2004. The plant was identified at the Uni-
versity Herbarium, Department of Chemistry, University of Nairobi,
where a voucher specimen (SGM-AYT-2004–27) is deposited.


Extraction and isolation : Air-dried and powdered roots (200 g) were ex-
tracted with acetone (2R1 L) by cold percolation giving the crude extract
(15 g), which was filtered over Sephadex LH-20 by using CHCl3/MeOH
(1:1) affording three fractions (I, II, and III). Fraction II (3.5 g) was sub-
jected to column chromatography on silica gel (100 g), eluting first with
CHCl3 and then with increasing amounts of MeOH. This furnished 25
fractions, which were combined into ten major fractions (A to J) based
on TLC analysis.


Fraction C (eluted with 1% MeOH in CH2Cl2) was purified by PTLC
(CH2Cl2/n-hexane 2:3) to give 5,8-dihydroxy-1-methylnaphthoACHTUNGTRENNUNG[2,3c]furan-
4,9-dione (7 mg).


Fraction D (eluted with 2% MeOH in CH2Cl2) formed a deep-red pre-
cipitate of knipholone (1, 137 mg, identified by co-TLC with an authentic
sample). Further purification of the mother liquor by PTLC (CHCl3/
EtOAc 9:1) gave 4-O-methyl eleutherol (4, 12 mg) and 5,8-dihydroxy-1-
hydroxymethylnaphtho ACHTUNGTRENNUNG[2,3c]furan-4,9-dione (16 mg). Crystallization of
fraction E (eluted with 3% MeOH in CH2Cl2) yielded further quantities
of 1 (126 mg). Purification of the mother liquor by PTLC (CHCl3/MeOH
15:1) gave isoknipholone (2, 5 mg).


Fraction F (eluted with 4% MeOH in CH2Cl2) was further separated by
column chromatography on Sephadex LH-20 (CHCl3/MeOH 1:1) fol-
lowed by PTLC (CHCl3/MeOH 15:1) giving 5 (13 mg) and 6 (8 mg).
Fraction G (eluted with 5% MeOH in CH2Cl2) was similarly treated to
yield 4’-O-demethylknipholone (129 mg).


Fraction H (eluted with 8% MeOH in CH2Cl2) was applied to Sephadex
LH-20 (CHCl3/MeOH 1:2) followed by PTLC (CHCl3/EtOAc 1:1) fur-
nishing a mixture of p-coumaric acid and dihydro-p-coumaric acid
(9 mg). Fraction I (eluted with 10% MeOH in CH2Cl2) was similarly
treated to give vanillic acid (4 mg), whereas fraction J (eluted with 15%


MeOH in CH2Cl2) furnished 4’-O-demethylknipholone-4’-O-b-d-gluco-
pyranoside (173 mg).


Joziknipholone A (5): Red amorphous powder; Rf=0.29 (CH2Cl2/MeOH
96:4); m.p.-85–88 8C (dec); [a]20D =++380 (c=0.03 in CH2Cl2); UV/Vis
(MeOH): lmax (loge)=439 (3.74), 339 (3.96), 291 (4.41), 263 (4.33), 231
(4.55), 211 nm (4.61); CD (MeOH): De195=++25.4, De208=�50.1, De228=


�5.9, De238=�14.5, De252=�4.3, De260=�5.5, De272=�0.5, De276=�1.7,
De282=�0.3, De306=++39.2 cm2mol�1; IR (KBr): ñ=3422, 2923, 2851,
1616, 1458, 1430, 1364, 1281, 1208, 1112 cm�1; 1H NMR (600 MHz,
CD2Cl2) and


13C NMR (150 MHz, CD2Cl2): see Table 1; EIMS: m/z (%):
853 (100) [M+1]+ , 835 (10), 784 (3), 687 (3), 589 (5), 491 (8), 393 (10),
295 (13); HRMS (TOF): m/z : calcd for C48H37O15: 853.2132; found:
853.2130.


Joziknipholone B (6): Red-colored amorphous powder: Rf=0.34
(CH2Cl2/MeOH 96:4); m.p. 68–71 8C (dec); [a]20D =++46 (c=0.03 in
CH2Cl2); UV/Vis (MeOH): lmax (loge)=439 (3.36), 351 (3.61), 291 (4.04),
267 (4.01), 219 nm (4.34); CD (MeOH): De195=++20.9, De212=�18.4,
De228=++0.4, De238=�5.6, De262=++0.7, De282=�8.8, De306=


+22.0 cm2mol�1; IR (KBr): ñ =3427, 2925, 2853, 1617, 1459, 1377, 1281,
1208, 1112 cm�1; 1H NMR (600 MHz, CD2Cl2) and


13C NMR (150 MHz,
CD2Cl2): see Table 3; EIMS: m/z (%): 853 (100) [M+1]+ , 687 (20), 597
(8), 588 (28), 491 (35), 432 (14), 393 (46), 295 (39); HRMS (TOF): m/z :
calcd for C48H37O15: 853.2132; found: 853.2117.


4-O-Methyl eleutherol (4): Colorless amorphous powder, blue fluores-
cence in dichloromethane: Rf=0.73 (CHCl3/EtOAc 9:1); m.p. 90–93 8C
(dec) (lit.[8b] 124 8C, for synthetic material); [a]20D =++16 (c=0.11 in
CHCl3) (lit.[8a] [a]D=++37 (c=0.94 in CHCl3), lit.


[8b] [a]20D =++35.6 (c=


0.77 in CHCl3)); UV/Vis (MeOH): lmax (loge)=249 (4.40), 271 (3.57),
302 (3.60), 313 (3.80), 328 (3.60), 357 nm (3.82); 1H NMR (500 MHz,
CDCl3): d=1.71 (d, J=6.5 Hz, 3H; CH33), 3.87 (s, 3H; OCH3), 3.99 (s,
3H; OCH3), 5.72 (q, J=6.5 Hz, 1H; H3), 6.95 (d, J=7.5 Hz, 1H; H6),
7.41 (t, J=8.0 Hz, 1H; H7), 7.54 (d, J=8.0 Hz, 1H; H8), 8.11 ppm (s,
1H; H9); 13C NMR (125 MHz, CDCl3): d=20.1 (CH33), 56.2 (OCH35),
62.6 (OCH34), 77.0 (C3), 108.1 (C6), 122.6 (C8 or C9), 122.9 (C9 or C8),
123.1 (C4a), 125.1 (C3a), 127.2 (C7), 135.9 (C8a), 138.1 (C9a), 151.4
(C4), 156.1 (C5), 170.0 ppm (C1); EIMS: m/z (%): 258 (88) [M]+ , 243
(96) [M�CH3]


+ , 228 (7) [M�2CH3]
+ , 215 (100) [M�CH3�CO]+ , 200


(4), 199 (8), 187 (31), 171 (21), 127 (22), 115 (25); EIMS: m/z : calcd for
C15H14O4: 258.0892; found: 258.0885.


Initial procedure for the reductive cleavage of joziknipholone A (5) to
give knipholone (1): This reaction was carried out under atmospheric
conditions as previously elaborated for the degradation of knipholone.[9]


Na2S2O4 (2.5 mg, 14.4 mmol) was added to a solution of 5 (3.3 mg,
3.87 mmol) in 5% NaOH (1 mL) and the reaction mixture was heated to
70–80 8C for 15 min. After this time, the reaction was quenched with 3%
HCl and exhaustively extracted with EtOAc. Drying of the organic phase
over MgSO4 and removal of the solvent under reduced pressure followed
by purification of the obtained crude material by column chromatogra-
phy on silica gel eluted with petroleum ether/EtOAc (4:1; 3:2; 1:4) and
finally CH2Cl2/MeOH (1:1) gave knipholone (1, 1 mg, 30%), chrysopha-
nol, and acetylphloroglucinol. HPLC-CD analysis of 1, in comparison to
an authentic specimen, revealed the product to be P-configured (i.e.,
90:10 P/M).


Optimized reductive cleavage of joziknipholone A (5) to give both kni-
pholone (1) and its anthrone (3): Degassed 5% NaOH (1 mL) was added
to a sample of 5 (2.2 mg, 2.58 mmol) and Na2S2O4 (1.9 mg, 10.9 mmol)
under nitrogen. The mixture was stirred at 40–50 8C (by using a preheat-
ed oil bath) for 5 min and the reaction was immediately quenched with
3% HCl, still under an N2 atmosphere. The resulting solution was ex-
tracted with EtOAc and the dried (MgSO4). The organic phase was re-
moved under reduced pressure. A solution of the residue in MeOH was
purified by analytical HPLC by using an X-Terra RP18 column (4.6R
250 mm, 5 mm) employing the following gradient: H2O (A)/CH3CN (C):
0 min 40% C, 10 min 40% C, 20 min 100% C, 30 min 100% C, 32 min
40% C, 40 min 40% C, at a flow rate of 1 mLmin�1. This yielded pure
knipholone anthrone (3, 0.1 mg, 9%, tR=22 min). Knipholone (1) coelut-
ed with chrysophanol at tR=20 min; further resolution of this fraction
was thus achieved by conventional column chromatography on silica gel
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eluted with CH2Cl2 followed by CH2Cl2/MeOH (96:4) giving knipholone
(1, 0.1 mg, 9%). Both, knipholone anthrone (3) and knipholone (1) were
identical with authentic samples (co-TLC and co-HPLC). Analysis of the
products by offline CD measurements and subsequent comparison of the
obtained spectra with those of authentic samples (Supporting Informa-
tion, Figure S4) revealed knipholone anthrone and knipholone to be P-
configured at the axes.


Reductive cleavage of joziknipholone B (6): Compound 6 (2.2 mg,
2.58 mmol) was subjected to the same optimized reductive cleavage con-
ditions. Subsequent purification gave knipholone anthrone (3, 0.20 mg,
19%) and knipholone (1, 0.23 mg, 21%). Their configurations were de-
termined to be P and M, respectively, as deduced from offline CD meas-
urements and subsequent comparison with CD spectra of authentic sam-
ples (Supporting Information, Figure S5).


Biological experiments : Antiprotozoal activities against P. falciparum
(K1 strain), T. cruzi, T. brucei rhodesiense, L. donovani, and cytotoxicities
(against rat skeletal myoblast L-6 cells), as well as antitumor activities
(against murine leukemic lymphoma L5178y cells) were performed as de-
scribed earlier.[23, 24]


Computational : The conformational analysis of joziknipholone A (5) was
performed by using the semiempirical AM1[14] method and the DFT-
based RI-BLYP/SVP[15,16] approach within the Gaussian 03[25] and Turbo-
mole[26] program packages, respectively. The single-point BLYP/SVP cal-
culations of the two global minima of 5 in the presence of a solvent
(CH2Cl2) were done by applying a polarizable continuum (PCM)
model[27] as implemented in Gaussian 03.


For calculations of the rotational barrier of the central C7–C10’ bond in
5, the transition state structures of the model compound were located
and optimized by using the STQN[28] method at the BLYP/3–21G[14,29]


level. The transition states and minimum isomers were verified by fre-
quency calculations, which were also used to get zero-point corrected en-
ergies (zero-point vibrational energies were scaled by a factor of
0.9945[17]).


The CD and UV spectra of 5 were calculated by a time-dependent DFT
approach by using the BLYP functional and a TZVP[19] basis set. The os-
cillator and rotatory strengths were computed by using the dipole-veloci-
ty formalism.[30] The overall CD and UV curves were simulated as sums
of Gaussian functions centered at the wavelengths of the corresponding
electronic transitions and multiplied by the respective overall oscillator
or rotatory strengths—transformed into absorption and e values, respec-
tively.
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Synthesis of Nearly Enantiopure Allylic Amines by Aza-Claisen
Rearrangement of Z-Configured Allylic Trifluoroacetimidates
Catalyzed by Highly Active Ferrocenylbispalladacycles


Sascha Jautze,[a] Paul Seiler,[a, b] and Ren1 Peters*[a]


Introduction


The asymmetric aza-Claisen rearrangement[1] of allylic tri-
chloro-[2] and trifluoroacetimidates[3] is a useful synthetic
tool for the formation of allylic trihaloacetamides 3 starting
from readily available allylic alcohols 1 (Scheme 1). In 1974,
37 years after the first description of the thermal aza-Claisen
rearrangement of allylic benzimidates by Mumm and
Mçller,[4] Overman reported the first application of
trichloro ACHTUNGTRENNUNGacetimidate substrates and demonstrated that the
rearrangement can be catalyzed by soft Lewis acids such as


mercury trifluoroacetate.[5] The trihaloacetamide protecting
groups can be readily removed from the N atom of the ini-
tial rearrangement products 3 and therefore the overall
transformation leads to primary allylic amines 4. Those are
valuable building blocks due to the presence of two highly
versatile functional groups: the amino and the olefin moiety.


Due to its conceptual attractiveness this approach[6] has
been frequently applied in organic synthesis: more than 180
publications report the use of the thermal or non-enantiose-


Abstract: The development of the first
highly active enantioselective catalyst
for the aza-Claisen rearrangement of
Z-configured allylic trifluoroacetimi-
dates generating valuable almost enan-
tiopure protected allylic amines is de-
scribed. Usually Z-configured allylic
imidates react significantly slower than
their E-configured counterparts, but in
the present study the opposite effect
was observed. Z-Configured olefins
have the principal practical advantage
that a geometrically pure C=C double
bond can be readily obtained, for ex-
ample, by semihydrogenations of al-
kynes. Our catalyst, a C2-symmetric


planar chiral bispalladacycle complex,
is rapidly prepared from ferrocene in
four simple steps. Key step of this pro-
tocol is an unprecedented highly dia-
stereoselective biscyclopalladation pro-
viding dimeric macrocyclic complexes
of fascinating structure. In the present
study as little as 0.1 mol % of catalyst
precursor were sufficient for most of
the alkyl substituted substrates to give
in general almost quantitative yields.


NMR investigations revealed a mono-
meric structure for the active catalyst
species. The bispalladacycle can also be
used for the formation of almost enan-
tiomerically pure allylic amines (ee�
96 %) substituted with important func-
tional groups such as ester, ketone,
ether, silyl ether, acetal or protected
amino moieties providing high-added-
value allylic amine building blocks in
excellent yield (�94 %). The prepara-
tive advantages should render this
methodology highly appealing as a
practical and valuable tool for the for-
mation of allylic amines in target ori-
ented synthesis.
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lective Lewis acid catalyzed aza-Claisen rearrangement to
prepare allylic amines.[2b]


In 1997 a chiral PdII complex was reported—again by
Overman et al.—acting as the first enantioselective catalyst
for the rearrangement of allylic imidates.[7] The subsequent
development of catalysts with increasing enantioselectivity
concentrated on the rearrangement of allylic benzimidates
yielding benzoylamides as products, which are of limited
synthetic value though, since the hydrolytic cleavage of the
benzoyl amide group proceeds typically with very low yield.
In 2003, the Overman group disclosed the first highly enan-
tioselective catalyst for the rearrangement of the less reac-
tive trihaloacetimidates providing the allylic trihaloaceta-
mides 3 in synthetically useful yields.[2a,3a] However, for tri-
fluoroacetimidates high catalyst loadings were usually re-
quired (10 mol % of PdII) owing to the electron withdrawing
nature of the trihalomethyl group, which diminishes the nu-
cleophilicity of the imidate N atom since it destabilizes the
positive charge in the cationic reaction intermediate 5,


whereas in the case of benzimidates the generated positive
charge is in a benzylic position thus stabilizing the transition
state leading to intermediate 6.


Even with these high catalyst loadings long reaction times
were generally required for high conversion. In the case of
trifluoroacetimidate substrates, which appear to be syntheti-
cally slightly more attractive than the corresponding tri-
chloro derivatives due to milder deprotection conditions for
the resulting amide, the scope was limited to substrates
bearing a-unbranched alkyl substituents R’ at the 3-position
of the allylic imidate. These limitations are the reason why
the catalytic asymmetric aza-Claisen rearrangement of tri-
fluoroacetimidates—despite its conceptual potential—has
found almost no application in target oriented synthesis, in
particular on a technical scale. To develop a practical cata-
lyst system of synthetic impact, the issues of catalytic activi-
ty and scope were recently addressed by us with the devel-
opment of the first highly active chiral catalyst (catalyst
loadings are usually at 0.05–0.1 mol%) for the rearrange-
ment of E-configured trifluoroacetimidates providing allylic


trifluoroacetamides 3 with ex-
cellent enantioselectivities
while tolerating a broad sub-
strate scope: for the first time
a-branched alkyl groups as well
as aromatic substituents were
well tolerated as substituent R’
in the 3-position.[3e] The catalyst
7, a planar chiral ferrocenium


imidazoline palladacycle (FIP),[8] is the result of a highly
modular catalyst design and the optimization of the catalyst
structure in which both the steric and the electronic proper-
ties of the PdII center could be adjusted by five different
modules: the counteranion X, the bottom Cp spectator
ligand (here CpF = C5Ph5), the oxidation state of the Fe
atom (ferrocene vs. ferrocenium), the imidazoline backbone
and the residue on the amino N atom (here a tosyl group).


The exceptionally high catalytic activity is mainly attribut-
ed to four factors: the possibility to apply almost solvent-
free reaction conditions, the robustness of the active catalyst
under the reaction conditions, the formation of a ferroceni-
um system as catalytically active species by oxidation of the
ferrocene core with a silver salt and the electron withdraw-
ing nature of the five phenyl substituents on the CpF specta-
tor ligand. The last two factors enhance the Lewis acidity of
the Pd center in 7.[9,10] However, complex 7 showed a much
lower catalytic activity for the rearrangement of Z-config-
ured substrates 2 which is a practical disadvantage, since
high enantioselectivities are only achieved with isomerically
pure substrates and Z-configured olefins are in principal
more readily accessible in isomerically pure form, for exam-
ple, by semihydrogenation of a triple bond. For this reason
our goal was to develop a highly enantioselective catalyst
with an extraordinary catalytic activity for Z-configured al-
lylic trifluoroacetimidates. In addition, to be attractive as
synthetic tool, the catalyst should be readily accessible to
allow also large-scale applications.


Results and Discussion


To further decrease the electron
density of the PdII-centers, we
have designed 1,1’-ferrocenyl-
ACHTUNGTRENNUNGbis ACHTUNGTRENNUNGimidazoline palladacycle sys-
tems 8 (FBIP) which could be
prepared by the first direct dia-
stereoselective biscyclopallada-
tion of an enantiomerically
pure sandwich complex as the
key step.[11]


The ligand preparation takes
advantage of the ensuing C2-symmetry reducing the number
of required steps starting from parent ferrocene.[12] The ini-
tial plan to adopt the conditions used for the synthesis of
ferrocenyl monoimidazolines, namely to make use of a pri-
mary amide functionality for the imidazoline formation by
first activating the amide group via alkylation and subse-
quent condensation of the in situ generated iminium ether
with a diamine, was given up, since ferrocenyl-1,1’-diamide
is almost insoluble in aprotic non-nucleophilic solvents such
as CH2Cl2, DCE or CHCl3 thus suppressing the alkylation
step. Bisthioamide 9 was therefore utilized, which is highly
soluble in chlorinated solvents and which was formed by di-
lithiation of ferrocene at room temperature in Et2O and
subsequent trapping of the biscarbanion with N,N-dimethyl-
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ACHTUNGTRENNUNGaminothiocarbamoyl chloride using a modified literature
procedure (Scheme 2).[13]


The reactivity of the thioamide functionality was not yet
sufficient for a direct condensation with primary 1,2-di-
ACHTUNGTRENNUNGamines even under Lewis acid activation. However, activa-
tion of the thioamide moieties by S-alkylation using Meer-
weinNs salt followed by treatment of the solution of the re-
sulting iminium thioether with (R,R)-1,2-diphenylethane-
1,2-di ACHTUNGTRENNUNGamine (10a) or (S,S)-cyclohexane-1,2-diamine (10b)
provided the corresponding bisimidazolines, which could not
be obtained in analytically pure form by column chromatog-
raphy on silica gel or alumina owing to an increased basicity
as compared to ferrocenyl monoimidazolines. For these rea-
sons the crude material was directly subjected to sulfonyl-
ACHTUNGTRENNUNGation yielding the less electron rich and bench stable ligands
11a–f (Table 1).


The key structural design element to achieve high diaste-
reoselectivity for the subsequent biscyclopalladation is the
strong pyramidalization of the two sulfonylated N atoms
which is confirmed by X-ray crystal structure analysis
(Figure 1):[14,15] steric repulsion between the residue R1 at
the imidazoline 5-position and the sulfonyl group effects a
transfer of chirality to the N atom.


The consequence is a preferred conformation in which the
sulfonyl residue and therefore the substituent at the imid-


ACHTUNGTRENNUNGazoline 4-position point away from the ferrocenyl core to
minimize unfavorable steric interactions with the metallo-
cene core (Figure 2).


Due to this preferred conformation, the attacking PdII


electrophile is directed by the coordinating imino type N-
atom to only one of the two possible ortho-positions. For
that reason the direct biscyclopalladation proceeds with ex-
cellent diastereoselectivity using various aromatic or non-ar-
omatic sulfonyl residues (Table 2, entries 1–6). CH2Cl2 was
employed as a cosolvent to increase the solubility of the
ligand systems in the biscyclopalladation step, while MeOH
is required to dissolve the PdII source. To our knowledge
these are the first and only examples for direct diastereose-
lective biscyclopalladations of enantiomerically pure sand-
wich complexes reported in literature.[16] Previous syntheses
of non-racemic ferrocenyl bispalladacycles relied on double
ortho-lithiation, iodination and subsequent oxidative addi-
tion of Pd0 to the corresponding bisiodoferrocenes.[17]


At the outset of this project we were expecting that the
bispalladacycles would mainly form polymeric linear chains
in which the monomers would be connected via chloride
bridges. However, the 1H NMR spectra for 12a–f show only
a single set of sharp signals indicating the formation of a C2-


Scheme 2. Synthesis of the C2-symmetric ligands 11.


Table 1. Preparation of bisimidazoline ligands 11a–f.


Entry Product R1 R2 Yield[a] [%]


1 11a Ph p-Tol 57
2 11b Ph C6F5 54
3 11c Ph mesityl 60
4 11d Ph p-Ph-C6H4 41
5 11e Ph CF3 62
6 11 f[b]


ACHTUNGTRENNUNG(CH2)4 p-Tol 62


[a] Isolated yield over 2 steps starting from 9. [b] (S,S)-Cyclohexane-1,2-
diamine (10b) was used for the imidazoline formation. The absolute con-
figuration of 11 f is thus opposite to the one depicted in Scheme 2.


Figure 1. ORTEP representation of ligand 11a (R2 =p-Tol). The 30 %
probability ellipsoids have the following color code: C (black); N (blue);
O (red); S (yellow); Fe (aquamarine). H atoms are omitted for clarity.


Figure 2. Chirality transfer to the sulfonylated N-atoms as major ligand
design principle resulting in a preferred equilibrium conformation of 11
to allow for a highly diastereoselective biscyclopalladation.
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symmetric species. An X-ray crystal structure analysis of
12a revealed that the bispalladacycles are C2-symmetric
dimers with an (Sp,S’p,S*p,S*’p)-configuration[18] (Figure 3).[15]


The formation of a single dimeric isomer is remarkable in
the sense, that in principle seven different diastereomeric
dimers with regard to the planar chirality could have been
formed.[19] Due to the theoretical stereochemical complexity,
the dr values provided in Table 2 refer to a single Cp unit
per complex. The complexes 12 can also be regarded as
macrocyclic systems comprising two ferrocenyl units and
four chloride bridged palladium ions (see bottom view in
Figure 3). The dimeric nature of 12 forces two chloride
bridged palladium square planes to be arranged in an
almost co-planar fashion which is otherwise unusual. More-
over, halide bridged ferrocenyl monoimidazoline palladacy-
cle complexes and other conventional halide bridged palla-
dacycles usually form geometric isomers about the PdII cen-
ters. In contrast, in the present case the planar chirality dic-
tates for geometric reasons the coordination sphere about
the PdII square planes in a sense that the all-(Sp)-configured
complexes 12 exist exclusively as all-trans-configured iso-
mers, that is, the imidazoline N-atoms, which are positioned
in the same (PdCl)2 plane, are always arranged trans to each
other.


The moderate but reproducible yields for the biscyclopal-
ladation step (best yield: 56 % for R1 = Ph, R2 =p-Tol) is the
consequence of the formation of a side product, which is
most likely the expected oligomeric/polymeric material. This
assumption is supported by extremely complex 1H NMR
spectra. Attempts to transform this side-product into the Cl-
bridged dimer were not successful. Moreover, attempts to
form monomeric acac complexes or PPh3 adducts to simplify
the stereochemical analysis and to allow the unambiguous
identification of the side product remained fruitless. In fact
we cannot rule out the possibility that diastereomers pos-


sessing one (Rp)- and one (Sp)-configured Cp unit per ferro-
cene moiety are consumed by polymerization since no
stable dimeric geometry might be found for such a system.
The isolation of the pure dimeric complexes 12 is neverthe-
less readily achieved by a simple filtration over silica gel
using dichloromethane as eluent, since the side products
have significantly different Rf values and require a more
polar eluent such as pure EtOAc. While in the case of imi-
dazoline systems 11a–e derived from (R,R)-1,2-diphenyl-
ethane-1,2-diamine (10a), no oxidative decomposition was
observed during the biscyclopalladation, with ligand 11 f de-
rived from (R,R)-cyclohexane-1,2-diamine (10b), the prod-
uct was formed in low and irreproducible yield (ranging
from 5–25 %) presumably as a result of a significantly lower
stability of both the ligand and the generated Pd complex
(Table 2, entry 6).


The diastereomerically pure bispalladacycle 12a was then
examined in the aza-Claisen rearrangement of the Z-config-
ured trifluoroacetimidate model substrate 13a bearing an


Table 2. Preparation of bispalladacycles 12.


Entry Product R1 R2 Yield[a] [%] dr[b]


1 12a Ph p-Tol 56 >100:1
2 12b Ph C6F5 34 >100:1
3 12c Ph mesityl 40 >100:1
4 12d Ph p-Ph-C6H4 40 >100:1
5 12e Ph CF3 35 >100:1
6 12 f[c]


ACHTUNGTRENNUNG(CH2)4 p-Tol 5–25 >100:1


[a] Isolated yield after purification by silica gel filtration. [b] dr referring
to a single Cp unit of the product after silica gel filtration as determined
by 1H NMR.[33] [c] The absolute configuration of 11 f and 12 f is opposite
to the one depicted in Table 2.


Figure 3. Ortep-representations of the dimeric bispalladacycle 12a. The
30% probability ellipsoids have the following color code: C (black); N
(blue); O (red); S (yellow); Fe (aquamarine); Pd (bronze); Cl (green). H
atoms are omitted for clarity. At the top: view along the ferrocene axis;
below: view perpendicular to the ferrocene axis.
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nPr substituent at the imidate 3-position.[20] The chloride
bridged dimer displayed no catalytic activity at all, presuma-
bly since in the dimeric rigid cage-like structure an olefin
moiety of the substrate is not able to substitute one of the
strongly binding bridging chloride anions. Consequently, the
chloride counteranion was exchanged by the more labile tri-
fluoroacetate ligand using silver trifluoroacetate (AgTFA)
as a chloride trap. The rearrangement of 13a proceeded still
very sluggishly in CH2Cl2 using 2 equiv of AgTFA/dimer
12a even in the presence of 5 mol% of the bispalladacycle
yet provided (S)-14a in high yield and with 91 % ee
(Table 3, entry 1). An increased amount of the silver salt (4
or 6 equiv) improved the reaction rate significantly while
the high enantioselectivity was maintained (entries 2–3).
Proton sponge (1,8-bis(dimethylamino)naphthalene), which
has been used as an additive with several catalysts to sup-
press elimination reactions and which often has a positive
impact on the enantioselectivity of the aza-Claisen rear-
rangement reactions, had in the present case no beneficial
effect with regard to the enantioselectivity, but considerably
slowed down the reaction (entry 4). Compared to AgTFA,
AgOTs slightly increased the catalyst activity and since
product (S)-14a was also formed with enhanced enantiose-
lectivity (94 % ee, entry 5), AgOTs was selected as the pre-
ferred catalyst activating agent. To further improve both cat-
alytic activity and enantioselectivity, the influence of various
solvents was investigated. For the solvent screening and all
following experiments, the activation of the precatalyst was
still performed in CH2Cl2. Coordinating solvents such as
acetonitrile, acetone or dioxane resulted in significantly
slower conversion and reduced enantioselectivities. Using


CHCl3 as solvent for the rear-
rangement, a marked influence
of the activation time was
found (entries 6–9) which is
presumably best explained by
the fact that the chloride bridg-
ed dimeric bispalladacycles 12
are kinetically much more inert
than standard halide bridged
monopalladacycle dimers owing
to the rigid cage-like structure
containing two almost parallel
(PdCl)2 planes. The best turn-
over numbers were accom-
plished with a catalyst activa-
tion time of two days at room
temperature (entry 8) or of 3 h
at 40 8C (entry 9). With the op-
timized catalyst activation pro-
cedure the catalyst amount
could be reduced to 0.5 mol %
(entry 10) while still obtaining
reasonable conversions at room
temperature. In contrast the re-
action became very slow with
only 0.1 mol % precatalyst acti-


vated by 0.6 mol% AgOTs (entry 11). However, the excel-
lent thermal robustness and the high solubility of the cata-
lyst allowed us to perform the rearrangement at elevated
temperatures and at higher concentrations (entries 12–13):
at 55 8C, the product was formed with 95 % ee in almost
quantitative yield after three days, although the model sub-
strate 13a was not isomerically pure (Z/E 98:2).


After optimization of the model reaction conditions, the
diastereomerically pure bispalladacycles 12a–f which differ
in the residue R2 connected to the sulfonyl moiety and in
the imidazoline backbone (Table 4) were investigated under
identical conditions (0.1 mol% 12, 0.6 mol % AgOTs, cata-
lyst activation time: 46 h at room temperature, CHCl3,
55 8C). The reactions were stopped after 24 h to directly
compare the catalytic activity. While 12a and 12b gave simi-
lar activities and enantioselectivities demonstrating that the
electronic influence of an aromatic residue R2 is almost neg-
ligible (entries 1–2), the bulkier mesityl- and biphenylsulfon-
yl groups reduced the catalyst activity considerably while
still maintaining high enantioselectivities (entries 3–4). With
the non-aromatic and strongly electron withdrawing SO2CF3


residue, the catalytic activity was surprisingly reduced to a
large degree, while the ee was still excellent (entry 5). The
influence of the imidazoline backbone was demonstrated by
catalyst precursor 12 f derived from cyclohexane-1,2-di-
ACHTUNGTRENNUNGamine. This system had the lowest catalytic activity and re-
sulted in a considerably lower enantioselectivity (entry 6)
which might be a direct consequence of the catalyst stability.


To achieve a high reproducibility of the catalytic proce-
dure, stem solutions of the hygroscopic silver salt in acetoni-
trile were prepared in a glove box under nitrogen atmos-


Table 3. Screening of conditions for the rearrangement of model substrate 13a.


Entry x mol % 12a AgX (mol %) T [8C] Solvent Activation
time [h]


t [h] Yield[a] [%] ee[b] [%]


1[d] 5 AgTFA (10) 20 CH2Cl2 3 91 87 91
2[d] 5 AgTFA (20) 20 CH2Cl2 3 44 80 89
3[d] 5 AgTFA (30) 20 CH2Cl2 3 20 94 89
4[c,d] 5 AgTFA (30) 20 CH2Cl2 3 89 87 91
5[d] 5 AgOTs (30) 20 CH2Cl2 3 18 95 94
6[e] 5 AgOTs (30) 20 CHCl3 3 24 18 94
7[e] 5 AgOTs (30) 20 CHCl3 22 24 76 96
8[e] 5 AgOTs (30) 20 CHCl3 46 24 83 95
9[e,g] 5 AgOTs (30) 20 CHCl3 3 24 77 95
10[f] 0.5 AgOTs (3) 20 CHCl3 45 24 72 97
11[f] 0.1 AgOTs (0.6) 20 CHCl3 45 24 14 96
12[f] 0.1 AgOTs (0.6) 40 CHCl3 46 72 80 94
13[f] 0.1 AgOTs (0.6) 55 CHCl3 46 72 98 95


[a] The reactions were performed on 8 mg scale and the yields were determined by 1H NMR after filtration
over silica gel. The remaining material is starting material (<2% decomposition). 13a contained 2% of the E
isomer. [b] ee determined by HPLC on a chiral stationary phase (Daicel OD-H) after hydrolysis of 14a to the
corresponding secondary amine. [c] Reaction in the presence of 20 mol % proton sponge. [d] 200 mL of solvent
were used. [e] 50 mL of solvent were used. [f] 10 mL of solvent were used. [g] The catalyst was activated at
40 8C.
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phere. After the precatalyst activation in CH2Cl2, the het-
ACHTUNGTRENNUNGero ACHTUNGTRENNUNGgeneous mixture is filtrated over a small pad of Celite/
CaH2 (1:1) to remove the AgCl precipitate and unreacted
AgOTs and to remove traces of acid which might cause de-
composition of the acid labile substrates. To acquire more
information about the nature and structure of the catalyti-
cally active species formed from the best precatalyst 12a,
1H NMR investigations were performed showing the pres-
ence of a structurally well defined C2-symmetric major spe-
cies which is formed in large excess and which is in equilibri-
um with a complex mixture.[21] Although the solvent of the
AgOTs stem solution is removed in vacuum prior to the cat-
alyst activation, one acetonitrile molecule is coordinated to
each Pd center in the major species 15 of the activated cata-
lyst (Figures 4 and 5, spectrum 1).


If the activated catalyst is subjected to vacuum for extend-
ed periods of time, the amount of the complex side prod-
uct(s) is significantly increased. Repetitive dissolution of the
activated catalyst in CDCl3 and subsequent removal of the
solvent has the same effect (see Figure 5, spectra 2–5). This
effect is dramatically enhanced by evaporation from a tolu-
ene/CDCl3 mixture (spectrum 6). However, addition of ace-
tonitrile regenerates 15 (spectrum 7). The minor species of
the activated catalyst is thus formed by removal of acetoni-


trile as coordinating ligand presumably resulting in the for-
mation of dimeric and oligomeric complexes. This process is
reversible and the coordinated acetonitrile can rapidly ex-
change with free acetonitrile as revealed by the use of free
CD3CN (10 equiv). After 2 min, ca. 60 % of the coordinated
CH3CN were already replaced at room temperature in
CDCl3 (catalyst concentration: 10 mmol mL�1).


Although we have no direct proof, since attempts to crys-
tallize the activated catalyst for an X-ray crystal structure
analysis failed and 1H NMR NOE analysis was without ex-
planatory power in that case, it is very likely that acetoni-
trile coordinates in the major species trans to the imidazo-
line N-atom as a result of the trans effect[22] in analogy to
the structures of the large majority of palladacycle com-
plexes bearing an additional monodentate N-ligand such as
pyridine or N-methylimidazole.[23] The second coordination
site, which should therefore be cis to the imidazoline unit, is
occupied by tosylate.[24] Even with an excess of free acetoni-
trile, the tosylate is not replaced by the neutral ligand mean-
ing that a cationic Lewis acid is not formed.


Identical spectra for the activated catalyst were obtained
whether by treatment of 12a with 4, 5 or 6 equiv of AgOTs.
No paramagnetic species was observed even with an excess
of the silver salt indicating that there is almost no oxidation
of the ferrocenyl core providing a ferrocenium salt. This
stands in contrast to previous reports which have shown that
ferrocenyl oxazoline and ferrocenyl imidazoline monopalla-
dacycles are oxidized by silver salts to the corresponding fer-
rocenium species which are the catalytically active spe-


Table 4. Catalyst screening with model substrate 13a.


Entry 12 R1 R2 Reaction
time [h]


Yield[a]


[%]
ee[b]


[%]


1 a Ph p-Tol 24 78 96
2 b Ph C6F5 24 77 92
3 c Ph mesityl 24 37 90
4 d Ph p-Ph-C6H4 24 21 92
5 e Ph CF3 24 54 95
6 f ACHTUNGTRENNUNG(CH2)4 p-Tol 24 17 83[c]


[a] The reactions were performed on 8 mg scale (use of 10 mL of CHCl3)
and the yields were determined by 1H NMR after filtration over silica
gel. The remaining material is starting material (<2 % decomposition).
[b] ee determined by HPLC on a chiral stationary phase (Daicel OD-H)
after hydrolysis of 14a to the corresponding secondary amine. [c] The R
enantiomer was formed in excess.


Figure 4. Proposed structure of the activated catalyst as revealed by
1H NMR analysis.


Figure 5. NMR investigations of the activated catalyst (in CDCl3 at
21 8C) generated from 12a in CH2Cl2 and a stem solution of AgOTs in
MeCN. Spectrum 1 shows the freshly activated catalyst species (after
15 min at high vacuum), which consists largely of the monomeric sym-
metric complex 15. Free MeCN is detected at 1.99 ppm. Spectra 2–5 were
recorded after repetitive dissolution in CDCl3 and subsequent evapora-
tion of the solvent. Spectrum 6 was obtained after dissolution in a mix-
ture of CDCl3 and toluene and subsequent removal of the solvent (re-
peated twice). Treatment of the resulting material with acetonitrile re-
generated complex 15 as revealed by spectrum 7.
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cies.[3c,e, 25] Even so, 6 equiv of AgOTs per palladacycle dimer
were generally utilized to ensure a complete chloride ex-
change.


Employing the best catalyst precursor 12a, the scope of
Z-configured imidates 13 was studied (Table 5). The rate of
the rearrangement depends primarily on the steric bulk of
the residue R’. With a-unbranched substituents (R’=Me,
nPr, (CH2)2Ph, iBu), (S)-14 is formed in excellent yield and
enantioselectivity with 1.0 mol% precatalyst at room tem-
perature (entries 1, 4, 6, 9). By decreasing the precatalyst
amount to 0.1 to 0.2 mol % and increasing the reaction tem-
perature to 55 8C, yields and enantioselectivities were only
marginally affected due to the high robustness of the cata-
lyst against decomposition (entries 2, 5, 7, 10). The rear-
rangements were performed using 25 mg of substrates 13,
yet, working on larger scale (2.6 to 11.6 mmol) provided
similar results (entries 3, 8, 11).


Particularly noteworthy in this series are the excellent ee
values obtained with the most difficult 3-alkyl substituted
substrate in terms of enantioselectivity, imidate 13b bearing
the small methyl substituent (94–96% ee, entries 4–5). The
highest literature value so far was 86 % for this specific ex-
ample.[3a]


For the first time even Z-configured trifluoroacetimidates
bearing an a-branched alkyl moiety were well tolerated as
substrates as exemplified for 13e (R’= iPr, entry 13) provid-
ing 14e in a yield of 64 % and with 93 % ee. 1 mol % of pre-
catalyst and a temperature of 55 8C were employed in this
case to obtain preparatively useful conversions. The lower
yield as compared to the use of substrates bearing a-un-
branched alkyl groups is a direct consequence of the lower
reaction rate.[26]


Similar arguments as those used for our FIP catalyst 7
bearing the CpF spectator ligand can be used to rationalize
the high enantioselectivity and the absolute configuration of
the rearrangement product. The enantioselectivity determin-
ing step is expected to be the enantioface selective coordina-
tion of the olefin moiety to one PdII center (Figure 5).[27] As-
suming that the olefin will coordinate trans to one imidazo-
line N atom due to the trans effect thus replacing the neutral
acetonitrile ligand,[23] the imidate N atom will attack the
olefin at the face remote to the Pd atom (Figure 6). In the
preferred orientation of the olefin part parallel to the ferro-
cene axis, the sterically undemanding allylic C(1) methylene
moiety should point towards the bulky metallocene core to
minimize unfavorable steric interactions. Coordination of
the enantiotopic olefin face should be less favorable again
owing to steric arguments.[28]


However, using 3-monosubstituted substrates with E-con-
figuration under the above-described reaction conditions op-
timized for the Z-configured systems gave significantly
lower and synthetically unattractive enantioselectivities
(Table 6, ee=62–78 %) while the catalytic activities are
slightly reduced with the exception of substrate (E)-13e
bearing the a-branched iPr group (entry 4). The major enan-
tiomers formed from (E)-13 have, as expected and in ac-
cordance with our model, the opposite absolute configura-
tion as those derived from (Z)-13. We can only speculate
about the origin of the reduced selectivity. One of many
possible explanations would, for example, be that the E-con-
figured substrates partially undergo a two-point-binding to
PdII thus replacing both MeCN and the tosylate counterion
by the olefin moiety and the imidate N atom. This would
mean that the nucleophilic attack of the imidate on the
olefin could proceed via the expected anti-aminopalladation,
but in competition with a syn-aminopalladation thus lower-
ing the enantioselectivity. The two-point-binding mode
would also explain the reduced reactivity of the E sub-


Table 5. Screening of substrates 13 bearing different groups R’.


Entry 13 R’ x mol % 12a T [8C] Yield[a] [%] ee[b] [%]


1[c] a nPr 1.0 20 96 98
2[c] a nPr 0.1 55 94 97
3[c,d] a nPr 0.1 55 97 97
4[e] b Me 1.0 20 94 96
5[f] b Me 0.1 55 97 94
6[c] c ACHTUNGTRENNUNG(CH2)2Ph 1.0 20 99 96
7[c] c ACHTUNGTRENNUNG(CH2)2Ph 0.2 55 90 95
8[g] c ACHTUNGTRENNUNG(CH2)2Ph 0.2 55 92 97
9[c] d iBu 1.0 20 87 98
10[c] d iBu 0.1 55 86 98
11[h] d iBu 0.1 55 93 99
12[c] e iPr 1.0 55 64 93


[a] Isolated yield. The reactions were unless otherwise noted performed
on 25 mg scale. [b] ee determined by HPLC on a chiral stationary phase
(Daicel OD-H) after hydrolysis of 14 to the corresponding secondary
amine. [c] Reaction time 3 d. [d] 3.5 g of substrate 13a (11.6 mmol) were
used. [e] Reaction time 1.5 d. [f] Reaction time 1 d. [g] 0.94 g
(2.59 mmol) of substrate 13c were used. [h] 1.21 g of substrate 13d
(3.83 mmol) were used.


Figure 6. Explanation of the enantioselectivity and absolute configuration
by enantioface selective olefin coordination.
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strates, since the catalyst might be partially blocked by the
chelating substrate.


The observed reaction rate tendency is quite unusual,
since in general E-configured 3-monosubstituted allylic imi-
dates are known to rearrange significantly faster than their
Z-configured counterparts. This is attributed to the fact that
the 3-substituent adopts in the former case a pseudoequato-
rial position in the six-membered cyclic transition state lead-
ing to a cationic intermediate like 5, whereas in the latter
case the substituent is expected to be in the less favorable
pseudoaxial position.


The results for Z-configured substrates presented in
Table 5 are restricted to unfunctionalized trifluoroacetimi-
date substrates. However, a prerequisite for the use of the
easily accessible FBIP in target-oriented synthesis would be
next to high catalyst activities and enantioselectivities its tol-
erance to synthetically important functional groups.[29] The
commercially available Z-configured but-2-en-1,4-diol
served as starting material to synthesize functionalized sub-
strates. Imidates 19a–c containing a silyl ether, benzyl ether
or THP acetal moiety were prepared in two steps by mo-
noprotection[30] followed by imidate formation (Scheme 3).


Attempts to synthesize the racemic rearrangement prod-
ucts 20a–c as reference samples using achiral PdII catalysts
such as [Cl2Pd ACHTUNGTRENNUNG(NCCH3)2] were unsuccessful and resulted
either in no conversion or in decomposition. The racemic
samples had to be prepared via thermally induced [3,3]-sig-
matropic rearrangements in the presence of catalytic
amounts of proton sponge to trap traces of acid in order to
avoid substrate decomposition (Scheme 3).


Additional imidate substrates were prepared via alkyl-
ACHTUNGTRENNUNGation of dimethylmalonate with allylic chloride 21 and sub-
sequent Krapcho decarboxylation providing THP acetal
23,[30a, 31] which was used to prepare various functionalized
derivatives (Scheme 4). Acidic hydrolysis of the acetal
moiety and ensuing imidate formation gave access to 24
containing a methyl ester group. A methyl ketone derivative
was prepared by formation of morpholine amide 25 and
monoaddition of MeLi to the amide moiety,[32] while benzyl
ether 29 was obtained via reduction of 23 and Williamson


etherification. Boc-protected benzyl amine 31 was synthe-
sized by monoalkylation of benzyl amine, THP cleavage and
carbamate formation.


All of the imidate substrates prepared through intermedi-
ate 23 could be rearranged by the action of a catalytic
amount of [Cl2Pd ACHTUNGTRENNUNG(NCCH3)2] (10 mol %) providing racemic
amides 32a–d (Scheme 5).


For the enantioselective rearrangement of functionalized
substrates, FBIP precatalyst 12a was again activated by
AgOTs. Experiments on 8 mg scale at 55 8C using 0.05, 0.1,
0.2, or 0.5 mol % were performed to find the lowest catalyst
loading which still provides complete conversion within
72 h. The best conditions were subsequently applied on
250 mg scale (Table 7). For most of the investigated sub-
strates the required catalyst amount was slightly higher than
for the non-functionalized substrates. This outcome is attrib-
uted to the competitive reversible binding of the heteroatom
substituents to the catalyst. For the TBS protected alcohol
19a as little as 0.05 mol% resulted in a yield of 94–96 % on
250 mg and 4 g scale, respectively (entries 5 and 6), since the
TBS protected oxygen atom is not an efficient Lewis base.
Ester, ketone, ether, silyl ether, acetal and Boc protected
amino groups are all well tolerated and the optimized reac-
tion conditions provided the protected, functionalized allylic
amines in nearly quantitative isolated yield for each exam-
ple with the catalyst loading generally not exceeding 0.2–
0.5 mol %. All of these high-added-value building blocks
were produced with excellent enantioselectivity (ee= 96–
98 %). The value of the presented methodology is further
enhanced by the operational simplicity. The solution of the
activated catalyst is added to neat substrate, the reaction
vessel is subsequently sealed and heated for three days to
55 8C. After cooling to room temperature, a mixture of cy-
clohexane/ethyl acetate is added causing a precipitation of
the Pd complex. The product is subsequently isolated in an-
alytically pure form by a simple filtration.


Conclusion


We have developed the first highly active enantioselective
catalyst for the aza-Claisen rearrangement of Z-configured
trifluoroacetimidates requiring as little as 0.1 mol% of cata-
lyst precursor for most of the alkyl substituted substrates.


Table 6. Investigation of E-configured substrates.


Entry (E)-10 R’ mol % 12a Yield[a] [%] ee[b] [%]


1 a nPr 0.2 84 70
2 b Me 0.1 91 62
3 d iBu 0.5 92 78
4 e iPr 1.0 87 63


[a] The reactions were performed on 25 mg scale for 72 h. The yields
were determined after column chromatography. The remaining material
is mostly starting material. [b] ee determined by HPLC on a chiral sta-
tionary phase (Daicel OD-H) after hydrolysis of 14a to the correspond-
ing secondary amine.


Scheme 3. Preparation of functionalized substrates 19a–c.
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Key step of the catalyst formation is an unprecedented
highly diastereoselective biscyclopalladation providing di-
meric macrocyclic complexes of fascinating structure. This
novel catalyst type also allowed for the formation of almost
enantiomerically pure allylic amines (ee�96 %) substituted
with important functional groups (esters, ketones, ethers,
silyl ethers, acetals, protected amines) providing high-added-


value building blocks in excellent yield (�94 %; 0.05–
0.5 mol % of catalyst precursor). These results—the simple
and rapid ligand and catalyst preparation, the unprecedent-
ed catalytic activity for Z-configured allylic trifluoroacetimi-
date substrates, the excellent enantioselectivity, scalability
and functional group compatibility as well as the operational
simplicity—should render this methodology highly appealing
as a practical and valuable tool for target oriented synthesis.


Experimental Section


General methods and additional selected experimental procedures are
given in the Supporting Information.


Ferrocene-1,1’-bis-N,N-dimethylthioamide (9):[13] Ferrocene (13.36 g,
71.8 mmol) was dissolved in diethyl ether (300 mL) and nBuLi (99 mL,
158.4 mmol, 2.2 equiv, 1.6 mol L�1 in n-hexane) and TMEDA (26 mL,
180 mmol, 2.4 equiv) were added successively. After 19.5 h the reaction
mixture was cooled down to �78 8C and a solution of N,N-dimethylthio-
carbamate chloride (19.5 g, 160 mmol, 2.20 equiv) in Et2O (170 mL) was
added. After 5 min the cooling bath was removed and stirring was contin-
ued for additional 120 min. The reaction mixture was filtered, the filter
cake was extracted with CHCl3 and the solvent was removed. The re-
maining solid residue was washed with Et2O. The product was obtained
as a dark red crystalline solid (13.9 g, 38.8 mmol, 54%). M.p. 163–164 8C;
1H NMR (300 MHz, CDCl3, 21 8C): d =4.78 (t, J=1.8 Hz, 4H, o-C5H4R),


Scheme 4. Preparation of functionalized substrates 24, 27, 29 and 31.


Scheme 5. Synthesis of racemic functionalized allylic amine derivatives
32a–d.


Table 7. Catalytic asymmetric synthesis of functionalized allylic amine
building blocks.


Entry Product R’ x mol % Yield[a] [%] ee[b] [%]


1 32a ACHTUNGTRENNUNG(CH2)2CO2Me 0.5 98 98
2 32b ACHTUNGTRENNUNG(CH2)2C(=O)Me 0.5 97 97
3 32c ACHTUNGTRENNUNG(CH2)3OBn 0.2 100 97
4 32d ACHTUNGTRENNUNG(CH2)3N(Bn)Boc 0.2 99 98
5 20a CH2OTBS 0.05 94 97
6[c] 20a CH2OTBS 0.05 96 97
7[d] 20b CH2OTHP 0.2 94 98
8 20c CH2OBn 0.2 99 96


[a] The reactions were unless otherwise noted performed on 250 mg
scale. Isolated yield after filtration over silica gel. [b] Determined by
HPLC on a chiral stationary phase (Daicel OD-H). [c] The reaction was
performed on 4.0 g scale. [d] The reaction was performed on 25 mg scale.
Proton sponge (0.2 mol %) was required to avoid decomposition of the
acetal moiety.
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4.43 (t, J= 1.8 Hz, 4H, m-C5H4R), 3.49 (s, 6 H, NCH3), 3.32 ppm (s, 6 H,
NCH3); 13C NMR (75 MHz, CDCl3, 21 8C): d=198.3, 88.9, 76.2, 72.4,
45.2, 44.7 ppm; IR (film): ñ= 3074, 2925, 1510, 1505, 1434, 1386, 1333,
1273, 1133, 1057, 990, 913 cm�1; HRMS (MALDI): m/z : calcd for
C16H21N2S2Fe: 361.0490 [M+H]+ ; found: 361.0482; elemental analysis
calcd (%) for C16H20N2S2Fe (360.32): C 53.33, H 5.59, N 7.77; found: C
53.44, H 5.58, N 7.81.


(4’’R,5’’R)-1,1’-Bis-(2’’-4’’,5’’-dihydro-4’’,5’’-diphenyl-1’’-H-imidazolyl) fer-
rocene (33a): A solution of MeerweinNs salt (579 mg, 3.05 mmol,
2.05 equiv) in CH2Cl2 (7 mL) was added to thioamide 6 (536 mg,
1.48 mmol) in CH2Cl2 (10 mL). After 3.5 h (R,R)-1,2-diphenylethane-1,2-
diamine (10a) (663 mg, 2.10 equiv, 3.12 mmol) dissolved in CH2Cl2


(7 mL) was added rapidly. After 17 h at room temperature, ca. 75% of
the solvent were removed and diisopropyl ether (40 mL) was added caus-
ing precipitation. The supernatant was removed by decantation and the
solid residue was taken up in CH2Cl2 and washed with 2 n NaOH. The or-
ganic phase was dried with Na2CO3 and the solvent was removed after
filtration. The crude product (988 mg) was directly used for the sulfonyl-
ACHTUNGTRENNUNGation reactions. 1H NMR (300 MHz, CDCl3, 21 8C): d =7.30–7.15 (m,
20H, arom. H), 6.31 (br, 2H, NH), 4.78–4.63 (br, 4 H, CHPh) 4.74 (br,
2H, o-C5H4R), 4.68 (br, 2 H, o-C5H4R), 4.58 (br, 2 H, m-C5H4R),
4.43 ppm (br, 2 H, m-C5H4R); 13C NMR (75 MHz, CDCl3, 21 8C): d=


164.6, 143.2, 128.5, 127.2, 126.7, 74.5, 73.0, 71.1, 70.6, 69.1 ppm; HRMS
(MALDI): m/z : calcd for C40H35N4Fe: 627.2206 [M+H]+; found:
627.2195.


General procedure (GP 1) for the sulfonylation of bisimidazolines 33 :
ACHTUNGTRENNUNGBis ACHTUNGTRENNUNGimidazolines 33 were dissolved in CH2Cl2 and NEt3. Subsequently,
DMAP and the sulfonylating agent were successively added at 0 8C. The
reaction mixture was slowly warmed to room temperature. After 3–18 h
additional CH2Cl2 was added and the mixture was washed with saturated
aqueous Na2CO3 solution. The aqueous phase was extracted once with
CH2Cl2 and the combined organic phases were dried over NaHCO3. The
crude products were purified by flash column chromatography.


(4’’R,5’’R)-1,1’-Bis-(2’’-4’’,5’’-dihydro-4’’,5’’-diphenyl-1’’-tosyl-imidazolyl)
ferrocene (11a): According to GP 1, crude 33a (395 mg, < 0.630 mmol)
was treated with NEt3 (351 mL, 2.52 mmol, > 4.0 equiv), DMAP (14 mg,
0.11 mmol, > 0.18 equiv) and TsCl (480 mg, 2.52 mmol, > 4.0 equiv) for
3 h in CH2Cl2 (10 mL). After flash chromatography (cyclohexane/EtOAc
4:1, 3% NEt3) 11a was obtained as a red crystalline solid (334 mg,
0.357 mmol, 57% starting from 9). M.p. 225 8C (decomp); [a]25


D = (c=


0.110 gdL�1, CHCl3) =�578.1; 1H NMR (300 MHz, CDCl3, 21 8C): d=


7.53–7.37 (m, 8 H, arom. H), 7.36 (t, J=7.2 Hz, 2H, p-H of Ph), 7.24–7.16
(m, 6 H, arom. H), 7.11 (t, J=7.2 Hz, 4H, m-H of Ph), 7.03 (d, J=7.8 Hz,
4H, arom. H), 6.70 (d, J=6.9 Hz, 4H, arom. H), 5.29 (t, J= 1.5 Hz, 2 H,
o-C5H4R), 5.08 (d, J=3.9 Hz, 2H, CHPh), 5.06 (t, J= 1.2 Hz, 2 H, o-
C5H4R), 5.02 (d, J=3.6 Hz, 2 H, CHPh), 4.51 (m, 2H, m-C5H4R), 4.43
(m, 2H, m-C5H4R), 2.37 ppm (s, 6H, CH3); 13C NMR (75 MHz, CDCl3,
21 8C): d =158.9, 144.1, 142.2, 141.7, 134.6, 129.4, 129.2, 128.4, 128.0,
127.6, 127.0, 125.8, 77.3, 74.5, 74.1, 73.6, 73.5, 73.2, 72.6, 21.6 ppm; IR
(film): ñ =2924, 1620, 1494, 1454, 1366, 1282, 1172, 1090, 1022 cm�1;
HRMS (MALDI): m/z : calcd for C54H47N4O4S2Fe: 935.2383 [M+H]+ ;
found: 935.2366; elemental analysis calcd (%) for C54H46N4O4S2Fe
(934.94): C 69.37, H 4.96, N 5.99; found: C 69.38, H 4.79, N 5.99.


General procedure (GP 2) for the biscyclopalladation of bisimidazolines
11: A solution of bisimidazolines 11 in a 1:1 mixture of CH2Cl2/methanol
was cooled to 0 8C. Na2PdCl4 and NaOAc were added and the reaction
was allowed to slowly warm to room temperature. After stirring for the
indicated time at this temperature, the solvent was completely removed
in vacuo at 40 8C and the crude product was subjected to a filtration over
silica gel with CH2Cl2 as eluent.


Bis(di-m-chloro-m-{[bis-h5-(4’R,5’R)-(Sp)-2-(2’-4’,5’-dihydro-4’,5’-diphenyl-
1’-tosyl-imidazolyl)cyclopentadienyl)] iron(II) 1-C,3’-N} dipalladium (II))
(12a): According to GP 2, 11a (224 mg, 0.240 mmol) was treated with
Na2PdCl4 (166 mg, 0.563 mmol, 2.35 equiv) and NaOAc (55 mg,
0.67 mmol, 2.8 equiv) in 18 mL of solvent for 18 h. 12a was isolated as a
dark red crystalline substance (162 mg, 0.133 mmol, 56%). M.p.
>230 8C; [a]25


D = (c= 0.0215 g dL�1, CHCl3)=�305.4; 1H NMR (300 MHz,
CDCl3, 21 8C): d= 7.63 (d, J= 7.5 Hz, 8 H, arom. H), 7.35 (t, J=7.5 Hz,


4H, p-H of ph), 7.21 (m, 20H, arom. H), 7.02 (t, J=7.5 Hz, 8 H, m-H),
6.95 (d, J=8.4 Hz, 8 H, arom. H), 6.60 (d, J=7.5 Hz, 8H, arom. H), 5.06
(dd, J1 =2.4, J2 =0.9 Hz, 4 H, o-C5H3RR’), 4.94 (d, J= 2.4 Hz, 4 H, CHPh),
4.80 (d, J= 2.4 Hz, 4H, CHPh), 4.56 (dd, J1 =2.4, J2 = 0.9 Hz, 4H, o-
C5H3RR’), 4.41 (t, J= 2.4 Hz, 4H, m-C5H3RR’), 2.36 ppm (s, 12 H, CH3);
13C NMR (75 MHz, CDCl3, 21 8C): d =169.9, 144.9, 140.7, 139.9, 134.3,
129.8, 129.5, 128.7, 128.5, 127.3, 127.0, 126.8, 125.4, 96.6, 77.1, 75.9, 75.2,
71.6, 69.6 (2 C), 21.5 ppm; IR (film): ñ=3029, 1596, 1555, 1454, 1360,
1168, 1095, 1028, 969 cm�1; HRMS (MALDI): m/z : calcd for
C108H88N8O8S4Cl4Fe2Pd4: 2432.9232 [M]+ ; found: 2432.9192; elemental
analysis calcd (%) for C108H88N8O8S4Cl4Fe2Pd4 (2433.34): C 53.31, H 3.64,
N 4.60.; found: C 53.59, H 3.42, N 4.52.


General procedure (GP 3) for the catalyst activation (Table 5): A solu-
tion of AgOTs (37.4 mg, 0.134 mmol, 6.0 equiv) in MeCN (0.155 mL) was
evaporated to dryness and a solution of 12a (54.4 mg, 0.0224 mmol) in
CH2Cl2 (2 mL) was added to the silver salt. The reaction mixture was
subsequently diluted under nitrogen atmosphere with CH2Cl2 (14 mL)
and stirred in the absence of light. After 46 h the mixture was filtered
over CaH2/Celite (1:1; vol: 1 cm3). The filter cake was extracted with
CH2Cl2 until the organic solution was colorless. The solvent was removed
with a steady flow of N2 and finally by using high vacuum (15 min). A
stem solution of activated catalyst 15 was prepared by dissolving the
solid in dry CHCl3 (1.05 mL; accounts for 20.0 mmol L�1 of dimer 12a in
its activated form). 1H NMR (300 MHz, CDCl3, 21 8C): d=7.63–7.12 (m,
48H, arom. H), 7.01 (t, J=7.8 Hz, 8H, arom. H), 6.92 (d, J=7.6 Hz, 8 H,
arom. H), 6.54 (d, J=7.2 Hz, 8H, arom. H), 5.78 (d, J=2.1 Hz, 4H,
C5H3RR), 5.29 (d, J= 2.1 Hz, 4H, C5H3RR), 5.07 (d, J= 3.3 Hz, 4 H,
CHPh), 5.02 (d, J=3.3 Hz, 4H, CHPh), 2.64 (s, 12H, CH3CN!Pd), 2.41
(s, 12H, N-Ts ACHTUNGTRENNUNG(CH3)), 2.27 (s, 12H, Pd-O-Ts ACHTUNGTRENNUNG(CH3)), 1.99 ppm (s, 12 H,
free CH3CN); MS (MALDI): m/z : calcd for C61H51FeN4O7Pd2S3: 1316.96
[M]+ ; found: 1316.96.


General procedure (GP 4) for the rearrangement of Z-configured sub-
strates 13 using 12a as catalyst precursor (Table 5): To substrates 13
(25 mg) a solution of the activated catalyst (see GP 3) in CHCl3 (entry 1:
39.0 mL; entry 4: 43.0 mL; entry 6: 32.3 mL; entry 9: 37.3 mL; entry 12:
39.0 mL; for entries 2, 5, 7 and 10 the catalyst stem solution was further
diluted to a concentration of 4.47 mmol L�1; amount used of the diluted
stem solution: entry 2: 18.5 mL; entry 5: 20.5 mL; entry 7: 30.8 mL;
entry 10: 17.8 mL) was added and the reactions were stirred in the ab-
sence of light under nitrogen atmosphere for the indicated time at the in-
dicated temperature in a sealed and shielded flask. The remaining solvent
was removed in vacuo at room temperature, the residue was suspended
in cyclohexane/EtOAc 9:1 and subsequently purified by filtration over
silica gel (for 14a–d) or column chromatography (14e ; cyclohexane/
EtOAc 9:1).


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-propylallyl)acetamide [(S)-
14a]: GP 4: Catalyst amount: 1.0 mol %; reaction time: 3 d; reaction tem-
perature: 20 8C, yield: 96 %. Catalyst amount: 0.1 mol %; reaction time:
3 d; reaction temperature: 55 8C, yield: 94%. The analytical data were in
accordance with the literature.[3a,e]


Large-scale rearrangement of 13a (Table 5, entry 3): A solution of
AgOTs (22.4 mg, 0.0801 mmol, 6.0 equiv) in MeCN (0.655 mL) was
evaporated to dryness and a solution of 12a (32.5 mg, 0.0134 mmol) in
CH2Cl2 (9.5 mL) was added in the absence of light under nitrogen atmos-
phere to the silver salt. After 46 h the mixture was filtered over CaH2/
Celite (1:1; vol: 1.5 cm3). The filter cake was extracted with CH2Cl2 until
the organic solution was colorless. The solvent was removed with a
steady flow of N2 and finally by using high vacuum. A stem solution of
the activated catalyst was prepared by dissolving the solid in dry CHCl3


(1.00 mL; accounts for 13.3 mmol L�1 of the dimer 12a in its activated
form). 0.86 mL of the solution were added to neat 13a (3.500 g,
11.62 mmol) and the solution was stirred in a sealed and shielded flask
for 3 d at 55 8C in the absence of light under nitrogen atmosphere. The
residue was suspended in cyclohexane/EtOAc 9:1 and subsequently puri-
fied by filtration over silica gel (cyclohexane/EtOAc 9:1) to obtain 14a
(3.404 g, 11.29 mmol, 97%, ee=97 %).


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-methylallyl)acetamide
[(S)-14b]: GP 4: Catalyst amount: 1.0 mol %; reaction time: 40 h; reac-
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tion temperature: 20 8C, yield: 94%. Catalyst amount: 0.1 mol %; reac-
tion time: 1 d; reaction temperature: 55 8C, yield: 97%. The analytical
data were in accordance with the literature.[3a,e]


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-phenethylallyl)acetamide
[(S)-14c): GP 4: Catalyst amount: 1.0 mol %; reaction time: 3 d; reaction
temperature: 20 8C, yield: 99%. Catalyst amount: 0.2 mol %; reaction
time: 3 d; reaction temperature: 55 8C, yield: 90%. The analytical data
were in accordance with the literature.[3a,e]


Large-scale rearrangement of 13c (Table 5, entry 8): A solution of
AgOTs (22.9 mg, 0.08020 mmol, 6.0 equiv) in MeCN (0.260 mL) was
evaporated to dryness and a solution of 12a (33.8 mg, 0.0139 mmol) in
CH2Cl2 (9.6 mL) was added to the silver salt in the absence of light
under nitrogen atmosphere. After 46 h the mixture was filtered over
CaH2/Celite (1:1; vol: 1.5 cm3). The filter cake was extracted with CH2Cl2


until the organic solution was colorless. The solvent was removed with a
steady flow of N2 and finally by using high vacuum. A stem solution of
the activated catalyst was prepared by dissolving the solid in dry CHCl3


(1.00 mL; accounts for 13.3 mmol L�1 of the dimer 12a in its activated
form). 0.378 mL of the solution were added to neat 13c (0.940 g,
2.59 mmol) and the solution was stirred in a sealed and shielded flask for
3 d at 55 8C in the absence of light under nitrogen atmosphere. The resi-
due was suspended in cyclohexane/EtOAc 9:1 and subsequently purified
by filtration over silica gel (cyclohexane/EtOAc 9:1) to obtain 14c
(0.862 g, 2.37 mmol, 92%, ee=97 %).


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-isobutylallyl)acetamide
[(S)-14d]: GP 4: Catalyst amount: 1.0 mol %; reaction time: 3 d; reaction
temperature: 20 8C, yield: 87%. Catalyst amount: 0.1 mol %; reaction
time: 3 d; reaction temperature: 55 8C, yield: 86%. The analytical data
were in accordance with the literature.[3a,e]


Large-scale rearrangement of 13d (Table 5, entry 11): A solution of
AgOTs (22.9 mg, 0.08020 mmol, 6.0 equiv) in MeCN (0.260 mL) was
evaporated to dryness and a solution of 12a (33.8 mg, 0.0139 mmol) in
CH2Cl2 (9.6 mL) was added to the silver salt in the absence of light
under nitrogen atmosphere. After 46 h the mixture was filtered over
CaH2/Celite (1:1, vol: 1.5 cm3). The filter cake was extracted with CH2Cl2


until the organic solution was colorless. The solvent was removed with a
steady flow of N2 and finally by using high vacuum. A stem solution of
the activated catalyst was prepared by dissolving the solid in dry CHCl3


(1.00 mL; accounts for 13.3 mmol L�1 of the dimer 12a in its activated
form). 0.279 mL of the solution were added to neat 13d (1.207 g,
3.828 mmol) and the solution was stirred in a sealed and shielded flask
for 3 d. The residue was suspended in cyclohexane/EtOAc 9:1 and subse-
quently purified by filtration over silica gel (cyclohexane/EtOAc 9:1) to
obtain 14d (1.117 g, 3.542 mmol, 93 %, ee 99%).


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-isopropylallyl)acetamide
[(S)-14e]: GP 4: Catalyst amount: 1.0 mol %; reaction time: 3 d; reaction
temperature: 55 8C, yield: 65%. The analytical data were in accordance
with the literature.[3e]


(S)-N-(4-Methoxyphenyl)-3-amino-1-hexene from allylic amide [(S)-14a]:
Application of the hydrolysis procedure developed by Overman et al.[3a]


gave the deacylated product in 98/97 % ee (1.0 (Table 5, entry 1)/
0.1 mol % (entries 2, 3) precatalyst) for the formation of (S)-14a) (Chiral-
cel OD-H, 99.8:0.2 n-hexane/iPrOH, 0.8 mL min�1) with S configuration.
The other analytical data were in accordance with the literature.[3a]


(S)-N-(4-Methoxyphenyl)-3-amino-1-butane from allylic amide [(S)-14b]:
Application of the hydrolysis procedure developed by Overman et al.[3a]


gave the deacylated product in 96/94 % ee (1.0 (Table 5, entry 4)/
0.1 mol % (entry 5) precatalyst) for the formation of (S)-14b) (Chiralcel
OD-H, 99.8:0.2 n-hexane/iPrOH, 0.8 mL min�1) with S configuration. The
other analytical data were in accordance with the literature.[3a]


(S)-N-(4-Methoxyphenyl)-3-amino-5-phenyl-1-pentene from allylic amide
[(S)-14c]: Application of the hydrolysis procedure developed by Over-
man et al.[3a] gave the deacylated product in 96/95/97 % ee (1.0 (Table 5,
entry 6)/0.2 (entry 7)/0.2 mol % (entry 8) precatalyst) for the formation of
(S)-14c) (Chiralcel OD-H, 98.2:1.8 n-hexane/iPrOH, 0.8 mL min�1) with
S configuration. The other analytical data were in accordance with the lit-
erature.[3a]


(S)-N-(4-Methoxyphenyl)-3-amino-5-methyl-1-hexene from allylic amide
[(S)-14d]: Application of the hydrolysis procedure developed by Over-
man et al.[3a] gave the deacylated product in 98/98/99 % ee (1.0 (Table 5,
entry 9)/0.1 (entry 10)/0.1 mol % (entry 11) precatalyst) for the formation
of (S)-14d) (Chiralcel OD-H, 99.8:0.2 n-hexane/iPrOH, 0.8 mL min�1)
with S configuration. The other analytical data were in accordance with
the literature.[3a,e]


(S)-N-(4-Methoxyphenyl)-3-amino-4-methyl-1-pentene from allylic amide
[(S)-14e]: Application of the hydrolysis procedure developed by Over-
man et al.[3a] gave the deacylated product in 93% ee (1.0 mol % precata-
lyst for the formation of 14e, Table 5, entry 12) (Chiralcel OD-H,
99.8:0.2 n-hexane/iPrOH, 0.8 mL min�1) with (S)-configuration. 1H NMR
(300 MHz, CDCl3, 21 8C): d=6.77–6.73 (m, 2H, arom-H), 6.59–6.55 (m,
2H, arom-H), 5.71 (ddd, J=17.1, 10.2, 6.6 Hz, 1 H, CH2=CH), 5.14 (m,
2H, CH2=CH), 3.73 (s, 3 H, OCH3), 3.56 (dd, J= 6,3, 5.1 Hz, NCH), 1.86
(m, CH ACHTUNGTRENNUNG(CH3)2), 0.99 (d, J=6.9 Hz, CH ACHTUNGTRENNUNG(CH3)2), 0.95 ppm (d, J=6.9 Hz,
CH ACHTUNGTRENNUNG(CH3)2). The other analytical data were accordance with the literature
data for the R isomer.[3e]


General procedure (Gp 5) for the aza-Claisen rearrangement of Z-con-
figured functionalized substrates (Table 7): A solution of AgOTs
(27.5 mg, 0.0986 mmol, 6.0 equiv/12a) in MeCN (0.214 mL) was evapo-
rated to dryness and a solution of FBIP-Cl (12a, 40.0 mg, 0.0164 mmol)
in CH2Cl2 (12.0 mL) was added to the silver salt. The reaction mixture
was stirred in the absence of light. After 46 h the mixture was filtrated
over CaH2/Celite (1:1, vol: 1 cm3). The filter cake was extracted with
CH2Cl2 until the filtrate was colorless. The solvent was removed with a
steady flow of N2 and finally by high vacuum. A stem solution of the acti-
vated catalyst was prepared by dissolving the solid in dry CHCl3 (1.0 mL
for entries 1, 2, 3, 4, 8 � 16.4 mmol L�1 of dimer 12a in its activated
form; 3.0 mL for entries 5, 7 � 5.4 mmol L�1 of dimer 12a in its activated
form). To substrates 24, 27, 29, 31 or 19a (250 mg, entries 1–5), 19c
(210 mg, entry 8) and 19b (25.0 mg, entry 7) a solution of the activated
catalyst in CHCl3 [entry 1: 225 mL (0.5 mol %); entry 2: 236 mL
(0.5 mol %); entry 3: 76 mL (0.2 mol %); entry 4: 61 mL (0.2 mol %);
entry 5: 57.0 mL (0.05 mol %); entry 7: 24.6 mL (0.5 mol %); entry 8:
69 mL (0.5 mol %)] was added. In case of 19b (entry 7) a solution of
proton sponge (0.03 mg, 0.2 mol %) in CHCl3 (15.1 mL) was previously
added. The reactions were stirred for 72 h at 55 8C in a sealed flask in the
absence of light and under nitrogen atmosphere. The residue was subse-
quently suspended in cyclohexane/EtOAc 9:1 and filtrated over a patch
of silica gel (cyclohexane/EtOAc 9:1). Since a uniform reaction pathway
can be assumed,[3e] the absolute configuration has been assigned based on
the configurations determined for unfunctionalized rearrangement prod-
ucts prepared by the action of the (Sp)-configured FBIP catalyst.


rac-N-(1-(tert-Butyldimethylsilyloxy)but-3-en-2-yl)-2,2,2-trifluoro-N-(4-
methoxyphenyl)acetamide (20a): A solution of 19a (142 mg, 0.352 mmol)
and proton sponge (14 mg, 0.070 mmol, 0.20 equiv) in mesitylene
(10 mL) was heated to 160 8C for 43 h. After solvent removal the crude
product was submitted to column chromatography (pentane/EtOAc
200:1) to provide racemic 20a as a colorless oil (129 mg, 0.320 mmol,
91%). 1H NMR (300 MHz, CDCl3, 21 8C): d =7.32–7.29 (m, 1H, arom.
H), 7.11–7.07 (m, 1H, arom. H), 6.88–6.85 (m, 2H, arom. H), 5.69–5.57
(m, 1H, CH2=CH), 5.31–5.22 (m, 2 H, CH2=CH), 5.08 (q, J=7.2 Hz, 1H,
CH-N), 3.82 (s, 3H, OCH3), 3.64 (d, J=7.2 Hz, 2H, CH2-O), 0.90 (s, 9 H,
tBu), 0.07 ppm (s, 6 H, Si-CH3); 13C NMR (75 MHz, CDCl3, 21 8C): d=


159.7, 156.8 (q, J=34.8 Hz, C-CF3), 132.0, 131.6, 131.3, 127.9, 120.2, 116.3
(q, J=286.5 Hz, CF3), 113.6, 62.9, 61.6, 25.9, 18.2, �5.3 ppm; 19F NMR
(282 MHz, CDCl3, 21 8C): d=�67.2 ppm; IR (film): ñ=2957, 2932, 2860,
1699, 1610, 1513, 1466, 1301, 1254, 1207, 1154, 1108, 1035 cm�1; HRMS
(EI): m/z : calcd for C15H19F3NO3Si: 346.1081 [M�C4H9]


+ ; found:
346.1080; elemental analysis calcd (%) for C19H28F3NO3Si (403.51): C
56.56, H 6.99, N 3.47. Found: C 56.79, H 6.91, N 3.46.


(R)-N-(1-(tert-Butyldimethylsilyloxy)but-3-en-2-yl)-2,2,2-trifluoro-N-(4-
methoxyphenyl)acetamide (20a): GP 5 (Table 7, entry 5): colorless oil,
yield: 94%, ee : 97 %. The ee value was determined by chiral column
HPLC after hydrolysis of the amide and TBS group (see below) to give
2-(4-methoxyphenylamino)but-3-en-1-ol: Chiralcel OD-H, n-hexane/
iPrOH 90:10, 0.8 mL min�1, detection at 210 nm. [a]25


D = (c=0.902 g L�1,
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CHCl3) =�4.8; 1H NMR (300 MHz, CDCl3, 21 8C): d=7.32–7.29 (m, 1H,
arom. H), 7.11–7.07 (m, 1H, arom. H), 6.88–6.85 (m, 2 H, arom. H), 5.69–
5.57 (m, 1H, CH2=CH), 5.31–5.22 (m, 2H, CH2=CH), 5.08 (q, J=7.2 Hz,
1H, CH-N), 3.82 (s, 3 H, Ar-OCH3), 3.64 (d, J= 7.2 Hz, 2 H, CH2-O), 0.90
(s, 9 H, tBu), 0.07 ppm (s, 6 H, Si-CH3). The other analytical data were in
accordance with the racemate (see above).


Large-scale rearrangement of 19a (Table 7, entry 6): A solution of
AgOTs (24.9 mg, 0.0893 mmol, 6.0 equiv) in MeCN (0.478 mL) was
evaporated to dryness and a solution of 12a (36.5 mg, 0.0149 mmol) in
CH2Cl2 (10.5 mL) was added in the absence of light under nitrogen at-
mosphere to the silver salt. After 46 h the mixture was filtered over
CaH2/Celite (1:1; vol: 1.5 cm3). The filter cake was extracted with CH2Cl2


until the organic solution was colorless. The solvent was removed with a
steady flow of N2 and finally by using high vacuum. A stem solution of
the activated catalyst was prepared by dissolving the solid in dry CHCl3


(1.00 mL; accounts for 14.9 mmol L�1 of the dimer 12a in its activated
form). 0.334 mL of the solution were added to neat 19a (4.008 g,
9.945 mmol) and the solution was stirred in a sealed and shielded flask
for 3 d at 55 8C in the absence of light under nitrogen atmosphere. The
residue was suspended in cyclohexane/EtOAc 9:1 and subsequently puri-
fied by filtration over silica gel (cyclohexane/EtOAc 9:1) to obtain 20a
(3.844 g, 9.540 mmol, 96%, ee=97 %).


rac-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(1-(tetrahydro-2H-pyran-2-
yloxy)but-3-en-2-yl)acetamide (20b): A solution of 19b (221 mg,
0.592 mmol) and proton sponge (25 mg, 0.12 mmol, 0.20 equiv) in
mesitylACHTUNGTRENNUNGene (15 mL) was heated to 160 8C for 22 h. After solvent removal
the crude product was submitted to column chromatography (cyclohex-
ane/EtOAc 9:1) to provide racemic 20b as a colorless oil (174 mg,
0.466 mmol, 79 %, 1:1 diastereomeric mixture). Analytical data are pro-
vided for the diastereomeric mixture: 1H NMR (300 MHz, CDCl3, 21 8C):
d=7.46–7.31 (m, 1H, arom. H), 7.22–7.05 (m, 3H, arom. H), 6.92–6.84
(m, 4H, arom. H), 5.80–5.58 (m, 2 H, CH2=CH), 5.33–5.14 (m, 6 H, CH2=
CH, CH-N), 4.68 (t, J=3.3 Hz, 1H, O-CH-O), 4.53 (t, J=3.3 Hz, 1H, O-
CH-O), 3.87–3.37 (m, 14H, Ar-OCH3, N-CH-CH2, OCH2-CH2), 1.90–
1.51 ppm (m, 12H, CH-CH2-CH2-CH2); 13C NMR (75 MHz, CDCl3,
21 8C): d=159.8, 157.1 (q, J=34.6 Hz, C-CF3), 157.0 (q, J=34.6 Hz, C-
CF3), 132.0, 131.9, 131.7, 131.5, 131.4, 131.0, 128.3, 127.8, 120.3, 120.0,
116.4 (q, J=286.5 Hz, CF3), 116.3 (q, J= 286.5 Hz, CF3), 113.7, 98.6, 98.2,
65.4, 65.0, 62.4, 62.0, 61.2, 59.5, 30.6, 25.5, 19.5, 19.2 ppm; 19F NMR
(282 MHz, CDCl3, 21 8C): d =�67.7, �67.8 ppm; IR (film): ñ =2945,
2873, 1694, 1609, 1514, 1467, 1444, 1418, 1354, 1300, 1252, 1203, 1152,
1076, 1035, 975 cm�1; HRMS (EI): m/z : calcd for C18H22F3NO: 373.1496
[M]+ ; found: 373.1497; elemental analysis calcd (%) for C18H22F3NO4


(373.37): C 57.90, H 5.94, N 3.75. Found: C 57.63, H 6.03, N 3.85.


2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-((2R)-1-(tetrahydro-2H-pyran-2-
yloxy)but-3-en-2-yl)acetamide (20b): GP 5 (Table 7, entry 7): colorless
oil, yield: 94 %, ee : 98 %, dr 1:1. The ee value was determined by chiral
column HPLC after hydrolysis of the amide and THP group (see below)
to give 2-(4-methoxyphenylamino)but-3-en-1-ol: Chiralcel OD-H, n-
hexane/iPrOH 90:10, 0.8 mL min�1, detection at 210 nm. [a]25


D : not deter-
mined since mixture of diastereomers. 1H NMR (300 MHz, CDCl3,
21 8C): d=7.46–7.31 (m, 1 H, arom. H), 7.22–7.05 (m, 3 H, arom. H),
6.92–6.84 (m, 4 H, arom. H), 5.80–5.58 (m, 2H, CH2=CH), 5.33–5.14 (m,
6H, CH2=CH, CH-N), 4.68 (t, J=3.3 Hz, 1H, O-CH-O), 4.53 (t, J=


3.3 Hz, 1 H, O-CH-O), 3.87–3.37 (m, 14 H, Ar-OCH3, N-CH-CH2, OCH2-
CH2), 1.90–1.51 ppm (m, 12H, CH-CH2-CH2-CH2). The other analytical
data were in accordance with the racemate (see above).


(R)-2-(4-Methoxyphenylamino)but-3-en-1-ol


Method A : TBAF (1 m in THF, 0.12 mmol, 1.1 equiv, 122 mL) was added
to a solution of 20a (45.1 mg, 0.112 mmol) in THF (2 mL). After stirring
for 45 min the reaction mixture was quenched by the addition of water,
extracted with CH2Cl2 and dried over Na2SO4. Column chromatography
(cyclohexane/EtOAc 4:1, 3% NEt3 ! cyclohexane/EtOAc 2:1, 3 %
NEt3) gave 2-(4-methoxyphenylamino)but-3-en-1-ol as a slightly brown
oil (12.1 mg, 0.0418 mmol, 37 %).


Method B : A solution of 20b (51 mg, 0.140 mmol) and TsOH*H2O
(5 mg, 0.03 mmol, 0.2 equiv) in MeOH (5 mL) was heated to 55 8C for
2.5 h and the solvent was subsequently removed at reduced pressure.


Column chromatography (cyclohexane/EtOAc 4:1, 3% NEt3 ! cyclo-
hexane/EtOAc 2:1, 3 % NEt3) of the residue gave 2-(4-methoxyphenyl-
ACHTUNGTRENNUNGamino)but-3-en-1-ol as a brown oil (18 mg, 0.093 mmol, 67%). [a]25


D =


(c= 0.835 g dL�1, CHCl3)=�25.0; 1H NMR (300 MHz, CDCl3, 21 8C): d=


6.78 (dt, J= 9.0, 2.4 Hz, 2H, arom. H), 6.65 (dt, J= 9.0, 2.4 Hz, 2H, arom.
H), 5.79 (ddd, J= 17.1, 10.5, J=5.4 Hz, 1H, CH2=CH), 5.30 (dt, J=17.4,
1.5 Hz, 1H, CH2=CH), 5.24 (dt, J= 10.5, 1.5 Hz, 1H, CH2=CH), 3.98–
3.92 (m, 1H, CH-N), 3.81–3.75 (m, 1H, OH or NH), 3.75 (s, 3 H, Ar-
OCH3), 3.64–3.57 (m, 2 H, CH2-O), 1.94 ppm (b, 1 H, OH or NH);
13C NMR (75 MHz, CDCl3, 21 8C): d =152.6, 141.0, 136.5, 117.3, 115.6,
114.7, 64.8, 58.8, 55.6 ppm; IR (film): ñ =3381, 2935, 2833, 1618, 1513,
1465, 1239, 1180, 1037, 993 cm�1; HRMS (EI): m/z : calcd for C11H15NO2:
193.1098 [M]+ ; found: 193.1098; elemental analysis calcd (%) for
C11H15NO2 (193.24): C 68.37, H 7.82, N 7.25. Found: C 68.13, H 7.61, N
7.07.


rac-N-(1-(Benzyloxy)but-3-en-2-yl)-2,2,2-trifluoro-N-(4-methoxyphenACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGacetamide (20c): A solution of 19c (149 mg, 0.393 mmol) and proton
sponge in mesitylene (13 mL) was heated to 160 8C for 18 h. After solvent
removal the crude product was submitted to column chromatography
(pentane/EtOAc 9:1) to provide racemic 20c as a colorless oil (104 mg,
0.274 mmol, 70%). 1H NMR (300 MHz, CDCl3, 21 8C): d=7.39–7.28 (m,
2H, arom. H), 7.22–7.19 (m, 1H, arom. H), 7.10–7.07 (m, 1 H, arom. H),
6.88–6.81 (m, 2 H, arom. H), 5.71–5.60 (m, 1H, CH2=CH), 5.39–5.25 (m,
2H, CH2=CH, CH-N), 4.53 (q, J=15.0 Hz, 2 H, CH2Ph), 3.83 (s, 3 H, Ar-
OCH3), 3.50 ppm (d, J= 7.2 Hz, 2H, BnO-CH2); 13C NMR (75 MHz,
CDCl3, 21 8C): d =159.8, 157.2 (q, J=34.6 Hz, C-CF3), 137.6, 131.9, 131.6,
131.4, 128.4, 127.7, 120.3, 116.4 (q, J=286.5 Hz, CF3), 113.7, 113.6, 72.9,
68.2, 59.8, 55.5 ppm; 19F NMR (282 MHz, CDCl3, 21 8C): d =�67.2 ppm;
IR (film): ñ =3066, 3032, 2939, 2864, 1694, 1608, 1513, 1455, 1420, 1300,
1252, 1192, 1152, 1108, 1031, 995 cm�1; HRMS (EI): m/z : calcd for
C20H20F3NO3: 379.1390 [M]+ ; found: 379.1393; elemental analysis calcd
(%) for C20H20F3NO3 (379.37): C 63.32, H 5.31, N 3.69. Found: C 63.60,
H 5.36, N 3.77.


(R)-N-(1-(Benzyloxy)but-3-en-2-yl)-2,2,2-trifluoro-N-(4-methoxyphenACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGacetamide (20c): GP 5 (Table 7, entry 8): colorless oil, yield: 99%, ee :
96%. The ee value was determined by chiral column HPLC: Chiralcel
OD-H, n-hexane/iPrOH 99:1, 0.8 mL min�1, detection at 210 nm. [a]25


D =


(c= 1.89 g dL�1, CHCl3)=�32.3; 1H NMR (300 MHz, CDCl3, 21 8C): d=


7.39–7.28 (m, 5 H, arom. H), 7.22–7.19 (m, 1H, arom. H), 7.10–7.07 (m,
1H, arom. H), 6.88–6.81 (m, 2 H, arom. H), 5.71–5.60 (m, 1 H, CH2=CH),
5.39–5.25 (m, 2H, CH2=CH, CH-N), 4.57 (d, J=12.0, 1H, CHHPh), 4.48
(d, J=12.0 Hz, 1 H, CHHPh), 3.83 (s, 3 H, Ar-OCH3), 3.50 ppm (d, J=


7.2 Hz, 2H, BnO-CH2). The other analytical data were in accordance
with the racemate (see above).


rac-Methyl 4-(2,2,2-trifluoro-N-(4-methoxyphenyl)acetamido)hex-5-
enoate (32a): A solution of 24 (109 mg, 0.303 mmol) and PdCl2 ACHTUNGTRENNUNG(CH3CN)2


(8 mg, 0.03 mmol, 0.1 equiv) in CH2Cl2 (2 mL) was stirred for 75 min.
The solvent was removed and the residue was purified by column chro-
matography (cyclohexane/EtOAc 9:1) giving 32a as a colorless oil
(53 mg, 0.15 mmol, 49%). 1H NMR (300 MHz, CDCl3, 21 8C): d =7.12–
7.03 (m, 2H, arom. H), 6.90–6.86 (m, 2H, arom. H), 5.62–5.50 (m, 1 H,
CH2=CH), 5.31–5.22 (m, 2 H, CH2=CH), 4.98 (t, J=6.9 Hz, 1H, CH-N),
3.83 (s, 3H, Ar-OCH3), 3.67 (s, 3H, COOCH3), 2.36 (t, J=7.5 Hz, 2 H,
CH2-COOMe), 2.05–1.93 (m, 1 H, NCH-CH2-CH2), 1.90–1.77 ppm (m,
1H, NCH-CH2-CH2); 13C NMR (75 MHz, CDCl3, 21 8C): d =172.9, 159.9,
156.8 (q, J=34.8 Hz, C-CF3), 134.3, 131.7 and 130.9, 127.7, 120.2, 116.3
(q, J=288.1 Hz, CF3), 114.0 and 113.8 (hindered rotation of the amide
bond), 60.5, 55.5, 51.8, 30.9, 26.9 ppm; 19F NMR (282 MHz, CDCl3,
21 8C): d=�67.2 ppm; IR (film): ñ=2955, 2843, 1739, 1694, 1514, 1439,
1421, 1358, 1299, 1254, 1205, 1152, 1034, 997, 940 cm�1; HRMS (EI): m/z :
calcd for C16H18F3NO4: 345.1182 [M]+ ; found: 345.1184; elemental analy-
sis calcd (%) for C16H18F3NO4 (345.31): C 55.65, H 5.25, N 4.06; found: C
55.56, H 5.62, N 4.06.


(S)-Methyl 4-(2,2,2-trifluoro-N-(4-methoxyphenyl)acetamido)hex-5-
enoate (32a): GP 5 (Table 7, entry 1): colorless oil, yield: 98%, ee : 98 %.
The ee value was determined by chiral column HPLC: Chiralcel OD-H,
n-hexane/iPrOH 99.5:0.5, 0.8 mL min�1, detection at 210 nm. [a]25


D = (c=


0.885 gdL�1, CHCl3)=�1.7; 1H NMR (300 MHz, CDCl3, 21 8C): d =7.12–
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7.03 (m, 2H, arom. H), 6.90–6.86 (m, 2H, arom. H), 5.62–5.50 (m, 1 H,
CH2=CH), 5.31–5.22 (m, 2 H, CH2=CH), 4.98 (t, J=6.9 Hz, 1H, CH-N),
3.83 (s, 3H, Ar-OCH3), 3.67 (s, 3H, COOCH3), 2.36 (t, J=7.5 Hz, 2 H,
CH2-COOMe), 2.05–1.93 (m, 1 H, NCH-CH2-CH2), 1.90–1.77 ppm (m,
1H, NCH-CH2-CH2). The other analytical data were in accordance with
the racemate (see above).


rac-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(6-oxohept-1-en-3-yl)aceta-
mide (32b): A solution of 27 (196 mg, 0.595 mmol) and PdCl2 ACHTUNGTRENNUNG(CH3CN)2


(15 mg, 0.060 mmol, 0.10 equiv) in CH2Cl2 (2 mL) was stirred for 30 min.
The solvent was removed at 40 8C and the residue was submitted to
column chromatography (pentane/EOAc 9:1 ! 4:1) giving 32b as a col-
orless oil (124 mg, 0.376 mmol, 63 %). 1H NMR (300 MHz, CDCl3, 21 8C):
d=7.10–7.00 (m, 2 H, arom. H), 6.88–6.84 (m, 2 H, arom. H), 5.50 (ddd,
J=15.0, 9.9, 7.8 Hz, 1 H, CH2=CH), 5.27–5.17 (m, 2 H, CH2=CH), 4.94 (t,
J=7.8 Hz, 1H, NCH) 3.80 (s, 3 H, OCH3), 2.46 (t, J= 7.2 Hz, 2H, O=C-
CH2), 2.12 (s, 3H, CH3), 1.94–1.71 ppm (m, 2 H, CH2-CH2-CH);
13C NMR (75 MHz, CDCl3, 21 8C): d=207.0, 159.8, 156.9 (q, J=34.8, C-
CF3), 134.6, 131.8, 130.9, 127.5, 120.0, 116.3 (q, J=288.1 Hz, CF3), 60.3,
55.5, 40.1, 30.2, 25.5 ppm; 19F NMR (282 MHz, CDCl3, 21 8C): d=


�67.1 ppm; IR (film): ñ=1694, 1513, 1419, 1361, 1300, 1254, 1204, 1152,
1034, 999, 937 cm�1; HRMS (MALDI): m/z : calcd for C16H18F3NO3Na:
529.2285 [M+Na]+ ; found: 529.2284; elemental analysis calcd (%) for
C16H18F3NO3 (329.31): C 58.36, H 5.51, N 4.25; found: C 58.45, H 5.70, N
4.26.


(S)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-N-(6-oxohept-1-en-3-yl)aceta-
mide (32b): GP 5 (Table 7, entry 2): colorless oil, yield: 97%, ee : 97%.
The ee value was determined by chiral column HPLC: Chiralcel OD-H,
n-hexane/EtOH 98.2:1.8, 0.8 mL min�1, detection at 210 nm. [a] = (c=


1.00 gdL�1, CHCl3)=�2.4; 1H NMR (300 MHz, CDCl3, 21 8C): d =7.10–
7.00 (m, 2 H, arom. H), 6.88–6.84 (m, 2 H, arom. H), 5.50 (ddd, J=15.0,
9.9, 7.8 Hz, 1H, CH2=CH), 5.27–5.17 (m, 2 H, CH2=CH), 4.94 (t, J=


7.8 Hz, 1H, NCH) 3.80 (s, 3 H, OCH3), 2.46 (t, J=7.2 Hz, 2 H, O=C-
CH2), 2.12 (s, 3 H, CH3), 1.94–1.71 ppm (m, 2H, CH2-CH2-CH). The
other analytical data were in accordance with the racemate (see above).


rac-N-(6-(Benzyloxy)hex-1-en-3-yl)-2,2,2-trifluoro-N-(4-methoxyphenACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGacetamide (32c): A solution of 29 (283 mg, 0.695 mmol) and PdCl2-
ACHTUNGTRENNUNG(CH3CN)2 (16 mg, 0.70 mmol, 0.10 equiv) in CH2Cl2 (3 mL) was stirred
for 60 min. The solvent was removed at 40 8C and the residue was submit-
ted to column chromatography (pentane/EtOAc 9:1) giving 32c as a col-
orless oil (238 mg, 0.584 mmol, 84 %). 1H NMR (300 MHz, CDCl3, 21 8C):
d=7.37–7.25 (m, 5 H, Ph), 7.13–7.03 (m, 2 H, arom. H), 6.88–6.81 (m,
2H, arom. H), 5.63–5.51 (m, 1H, CH2=CH), 5.29–5.19 (m, 2H, CH2=
CH), 5.04 (q, J=7.5 Hz, 1H, N-CH), 4.49 (s, 2 H, Ph-CH2), 3.82 (s, 3H,
CH3), 3.49 (t, J=5.7 Hz, 2H, CH2-OBn), 1.77–1.53 ppm (m, 4 H, CH-
CH2-CH2); 13C NMR (75 MHz, CDCl3, 21 8C): d= 160.0, 156.8 (q, J=


34.7 Hz, C-CF3), 138.4, 135.1, 131.8, 131.1, 128.3, 127.5, 119.4, 116.4 (q,
J=288.8 Hz, CF3), 113.7, 113.6, 72.8, 69.5, 60.4, 55.3, 28.2, 26.4 ppm;
19F NMR (282 MHz, CDCl3, 21 8C): d=�67.1 ppm; IR (film): ñ =3065,
3031, 2938, 2860, 1694, 1608, 1513, 1455, 1418, 1361, 1299, 1253, 1204,
1187, 1151, 1109, 1034, 996, 936 cm�1; HRMS (EI): m/z : calcd for
C22H24F3NO3: 407.1703 [M]+ ; found: 407.1703; elemental analysis calcd
(%) for C22H24F3NO3 (407.43): C 64.85, H 5.94, N 3.44; found: C 64.85, H
5.91, N 3.46.


(S)-N-(6-(Benzyloxy)hex-1-en-3-yl)-2,2,2-trifluoro-N-(4-methoxyphen ACHTUNGTRENNUNGyl)-
ACHTUNGTRENNUNGacetamide (32c): GP 5 (Table 7, entry 3): colorless oil, yield: 100 %, ee :
97%. The ee value was determined by chiral column HPLC: Chiralcel
OD-H, n-hexane/iPrOH 99:1, 0.8 mL min�1, detection at 210 nm. [a]25


D =


(c= 0.910 g dL�1, CHCl3)=�27.2; 1H NMR (300 MHz, CDCl3, 21 8C): d=


7.37–7.25 (m, 5H, Ph), 7.13–7.03 (m, 2 H, arom. H), 6.88–6.81 (m, 2H,
arom. H), 5.63–5.51 (m, 1 H, CH2=CH), 5.29–5.19 (m, 2H, CH2=CH),
5.04 (q, J=7.5 Hz, 1H, N-CH), 4.49 (s, 2H, Ph-CH2), 3.82 (s, 3 H, CH3),
3.49 (t, J=5.7 Hz, 2H, CH2-OBn), 1.77–1.53 ppm (m, 4 H, CH-CH2-CH2).
The other analytical data were in accordance with the racemate (see
above).


rac-tert-Butyl benzyl(4-(2,2,2-trifluoro-N-(4-methoxyphenyl)acetamido)-
hex-5-enyl)carbamate (32d): A solution of 31 (188 mg, 0.371 mmol) and
PdCl2 ACHTUNGTRENNUNG(CH3CN)2 (9 mg, 0.04 mmol, 0.1 equiv) in CH2Cl2 (2 mL) was
stirred for 60 min. The solvent was removed at 40 8C and the residue was


submitted to column chromatography (cyclohexane/EtOAc 9:1) giving
32d as a colorless, highly viscous oil (160 mg, 0.316 mmol, 85%).
1H NMR (300 MHz, CDCl3, 21 8C): d=7.33–7.20 (m, 5 H, Ph), 7.01 (d,
J=8.7 Hz, 2 H, arom. H), 6.86 (d, J=8.7 Hz, 2H, arom. H), 5.58–5.46 (m,
1H, CH2=CH), 5.25–5.17 (m, 2 H, CH=CH2), 5.00–4.93 (m, 1H, N-CH),
4.39 (b, 2H, Ph-CH2), 3.83 (s, 3 H, O-CH3), 3.15 (b, 2H, N-CH2-CH2),
1.52 (b, 2 H, CH2-CH2-CH2), 1.46 ppm (b, 9H, C-CH3); 13C NMR
(75 MHz, CDCl3, 21 8C): d =159.8, 156.8 (q, J=34.8, C-CF3), 155.9 and
155.5 (hindered rotation of the amide bond), 138.4, 135.0, 131.7, 130.9,
128.4, 127.6, 127.1, 119.5, 116.4 (q, J=288.0 Hz, CF3), 113.8 and 113.7
(hindered rotation of the amide bond), 79.8, 60.6, 55.5, 50.6 and 50.1 (hin-
dered rotation of the amide bond), 46.2, 28.8, 28.5, 24.9. 19F NMR
(282 MHz, CDCl3, 21 8C): d=�67.1 ppm; IR (film): ñ=2976, 2936, 1694,
1513, 1464, 1417, 1367, 1298, 1252, 1154, 1034, 935 cm�1; HRMS
(MALDI): m/z : calcd for C27H33F3N2O4Na: 529.2285 [M+Na]+ ; found:
529.2284; elemental analysis calcd (%) for C18H27NO3 (506.56): C 64.01,
H 6.71, N 5.57. Found: C 64.02, H 6.75, N 5.52.


(S)-tert-Butyl benzyl(4-(2,2,2-trifluoro-N-(4-methoxyphenyl)acetamido)-
hex-5-enyl)carbamate (32d): GP 5 (Table 7, entry 4): colorless oil, yield:
99%, ee : 98%. The ee value was determined by chiral column HPLC:
Chiralcel OD-H, n-hexane/iPrOH 99:1, 0.8 mL min�1, detection at
210 nm. [a]25


D = (c= 1.07 g dL�1, CHCl3)=�8.7; 1H NMR (300 MHz,
CDCl3, 21 8C): d=7.33–7.20 (m, 5H, Ph), 7.01 (d, J=8.7 Hz, 2H, arom.
H), 6.86 (d, J=8.7 Hz, 2 H, arom. H), 5.58–5.46 (m, 1 H, CH2=CH), 5.25–
5.17 (m, 2H, CH=CH2), 5.00–4.93 (m, 1 H, N-CH), 4.39 (b, 2H, Ph-CH2),
3.83 (s, 3 H, O-CH3), 3.15 (b, 2H, N-CH2-CH2), 1.52 (b, 2 H, CH2-CH2-
CH2), 1.46 ppm (b, 9H, C-CH3). The other analytical data were in ac-
cordance with the racemate (see above).
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Detlef Heller*[a]


Introduction


Asymmetric hydrogenations with cationic Rh complexes are
often performed with commercially available precatalysts of
the type [Rh ACHTUNGTRENNUNG(PP*) ACHTUNGTRENNUNG(diolefin)]anion (PP*=chelating chiral
phosphine). The conventional “in situ” technique transforms
[Rh ACHTUNGTRENNUNG(diolefin)2]anion complexes into complexes of the
above-mentioned type by adding one equivalent of chiral
ligand under inert-gas conditions.[1]


Macroscopically, the hydrogenation curves show more or
less pronounced characteristic induction periods that
depend on diolefin, chiral ligand, and prochiral olefin (Mi-
chaelis constant and concentration),[2] that is, hydrogenation
becomes faster in the beginning. The diolefin (Z,Z)-cyclooc-
ta-1,5-diene (cod) introduced with the Rh precatalyst is to
some extent detectable after complete asymmetric hydroge-
nation of the prochiral olefin.


Simple experiments such as the monitoring of cod conver-
sion in comparison to the conversion of prochiral olefin, hy-
drogenation of the precatalyst before the addition of sub-
strate, and use of diolefin-free precatalysts show that induc-
tion periods in the hydrogen consumption of asymmetric hy-
drogenations are the result of simultaneous hydrogenation
of the prochiral olefin and the diolefin introduced with the
precatalyst, which is useful for increasing the stability in syn-
thesis and for handling the precatalyst without difficulties.


This has unequivocally been proven by means of
31P NMR spectroscopic measurements under hydrogenating
conditions.[2c,3] Thus, the induction period is caused by the
fact that part of the catalyst concentration is blocked for hy-
drogenation of the prochiral olefin, that is, inactive due to


Abstract: The use of diolefin-contain-
ing rhodium precatalysts leads to in-
duction periods in asymmetric hydro-
genation of prochiral olefins. Conse-
quently, the reaction rate increases in
the beginning. The induction period is
caused by the fact that some of the cat-
alyst is blocked by the diolefin and
thus not available for hydrogenation of
the prochiral olefin. Therefore, the
maximum reaction rate cannot be
reached initially. Due to the relatively
slow hydrogenation of cyclooctadiene
(cod) the share of active catalysts in-
creases at first, and this leads to typical


induction periods. The aim of this work
is to quantify the hydrogenation of the
diolefins cyclooctadiene (cod) and nor-
borna-2,5-diene (nbd) for cationic com-
plexes of the type [Rh ACHTUNGTRENNUNG(ligand)-
ACHTUNGTRENNUNG(diolefin)]BF4 for the ligands Binap
(1,1’-binaphthalene-2,2’-diylbis(phenyl-
phosphine)), Me-Duphos (1,2-bis(2,5-
dimethylphospholano)benzene, and
Catasium in the solvents methanol,


THF, and propylene carbonate. Fur-
thermore, an approach is presented to
determine the desired rate constant
and the resulting respective pre-hydro-
genation time from stoichiometric hy-
drogenations of the diolefin complexes
via UV/Vis spectroscopy. This method
is especially useful for very slow diole-
fin hydrogenations (e.g., cod hydroge-
nation with the ligands Me-Duphos,
Et-Duphos (1,2-bis(2,5-diethylphospho-
lano)benzene), and dppe (1,2-bis(di-
phenylphosphino)ethane).
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coordination of the diolefin ligand. Due to the relatively
slow hydrogenation of cod, the fraction of active catalysts
increases at first, and typical induction periods result. They
complicate comparisons of activity of different catalysts sys-
tems, as well as kinetic interpretations of hydrogen-con-
sumption curves.


To exclude such distracting induction periods and also to
take advantage of the “intrinsic activity” of a catalyst, that
is, the maximum possible catalytic activity for a given cata-
lyst–substrate system, it is best to apply the respective sol-
vate complexes [Rh ACHTUNGTRENNUNG(PP*) ACHTUNGTRENNUNG(solvent)2]anion, as was proven
earlier by Halpern and Landis.[4] Nevertheless, from a practi-
cal standpoint the question remains of how long the precata-
lysts must be pretreated under hydrogen to exclude any in-
duction period.


As an example, Figure 1 shows the hydrogenation of
methyl (Z)-(N)-benzoylamino cinnamate with the estab-
lished Rh/Dipamp catalyst in MeOH at 25 8C under normal


pressure with the solvate complex [Rh ACHTUNGTRENNUNG(dipamp)-
ACHTUNGTRENNUNG(MeOH)2]BF4 (Dipamp=1,2-ethanediylbis[(2-methoxyphe-
nyl)phenylphosphine]) and the commercially available [Rh-
ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(cod)]BF4. Both catalysts give practically the same
enantioselectivity of 96% ee, but they differ considerably in
their activity. After complete hydrogenation of a hundred-
fold excess of prochiral olefin with the cod complex, approx-
imately 66% of cod is still detectable by gas chromatogra-
phy.[5] Further similar examples can be found.[2c,6]


Hitherto published pseudo
rate constants of diolefin hydro-
genations (see ref. [2a] for a
tabular summary) show that
they can strongly depend on di-
olefin and ligand (ring size). As
a consequence, it is not possible
to generally predict prehydro-
genation times of a precata-
lyst.[7] It is therefore necessary


to experimentally determine the pretreatment time under
hydrogen to complete elimination of the diolefin.


The aim of this work is to quantify the hydrogenation of
diolefins cod and nbd for the ligands Binap,[8] Me-Duphos,[9]


and Catasium[10] in different solvents. Beside the classical
solvent methanol (protic, polar) also THF (aprotic, polar)
and propylene carbonate (aprotic, dipolar), which has re-
cently been successfully applied in asymmetric hydrogena-
tions,[11] were investigated as solvents.


Furthermore, an approach is presented to determine the
desired rate constant and the respective prehydrogenation
time from stoichiometric hydrogenations by UV/Vis spec-
troscopy. This method is especially useful for very slow dio-
lefin hydrogenations.


Results and Discussion


To compare several precatalysts in terms of the expected in-
duction period and the time needed for quantitative elimi-
nation of the diolefin, pseudo rate constants k02 diolefin


[12] for
diolefin hydrogenation were determined according to
Scheme 1.


Under catalytic conditions in the presence of a very large
excess of diolefin under isobaric conditions, saturation kinet-
ics (Michaelis–Menten behavior) for the highly selective hy-
drogenation of the first double bond are expected due to
the high stability of the diolefin complexes. This expectation
could be confirmed experimentally.[2] Dividing the slope of
the linear hydrogen-consumption curves (see also Figures 2
and 3) by the applied catalyst concentration results in the
desired pseudo rate constants k02 diolefin.


[14]


Under stoichiometric conditions Scheme 1 corresponds in
principle to a consecutive reaction. As method of choice for
the quantitative monitoring of stoichiometric diolefin hydro-
genations that are not too fast, 31P NMR spectroscopy can
be used.[2b]


For routine quantification of pseudo rate constants of dio-
lefin hydrogenation, however, determination from catalytic
hydrogenations of the respective diolefins with the corre-
sponding diolefin complexes has proven to be a valuable
tool. By using this methodology the values summarized in
Table 1 for the investigated catalyst/solvent/diolefin systems
of this work were obtained. Hydrogen-consumption curves
for catalytic hydrogenation of cod and nbd at a diolefin/pre-
catalyst ratio of 100 are shown in Figures 2 and 3, respec-
tively.


Figure 1. Comparison of the hydrogen consumption for the hydrogena-
tion of methyl (Z)-N-benzoylamino cinnamate with the solvate complex
(blue) and the cod precatalyst (red) of dipamp. (Both 0.01 mmol Rh
complex; 1.0 mmol prochiral olefin; 15.0 mL MeOH; 25.0 8C; 1.0 bar.)


Scheme 1. Reaction sequence for the hydrogenation of diolefin complexes to the corresponding solvate com-
plexes and the alkanes.[13]
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The results can be summarized as follows:


1) As can be gathered from Figures 2 and 3, hydrogenations
of both cod and nbd proceed very selectively, and in


most cases distinct inflection points can be observed at
half of the overall hydrogen uptake.[16]


2) For a given precatalyst/solvent system cod hydrogenation
is always slower than nbd hydrogenation. This corre-
sponds to published results, which, however, had practi-
cally only been obtained for MeOH.[2a] The ratios of
rates lie between 75 and 450 for the investigated sys-
tems; the difference in pseudo rate constants is thus
about two orders of magnitude. This experimental result
is evidently independent of the solvent used.[17]


3) Table 1 shows that pseudo rate constants for a ligand/dio-
lefin system maximally differ by a factor of about two or
three, depending on the investigated solvents. It seems
that the activity of diolefin hydrogenation is only slightly
dependent on the polarity of the solvent and approxi-
mately independent of whether the solvent is protic or
aprotic.


4) From some hydrogen-consumption curves in Figures 2
and 3, one can see that the second double bond is hydro-
genated much faster than the first. A typical example is
hydrogenation with the Me-Duphos/cod system, both in
MeOH and in propylene carbonate. This known fact[2]


must be interpreted as follows. Even though hydrogena-
tion of the monoolefin is faster than the hydrogenation
of the first double bond of the diolefin, due to the much
higher stability constant of the diolefin (chelate effect)
the hydrogenation of the monoolefin only occurs when
practically no more diolefin is present in solution. The
intrinsically higher activity of the monoolefin is virtually
“blocked” by the thermodynamically much higher stabil-
ity of the diolefin complex.


The cause of the known fact that cod hydrogenations are
always slower than the corresponding nbd hydrogenations
remains unclear. However, it seems that, independent of the
ring size of the Rh/phosphane chelate, the less active cod
complexes have a greater tetrahedral distortion of the ex-
pected square-planar arrangement than the corresponding
nbd complexes, as derived from X-ray structures.[18,19]


Table 2 summarizes structural data (angle of tetrahedral
distortion, that is, angle of the P-Rh-P plane to the centroid-
Rh-centroid plane) and ratios of pseudo rate constants for
the hydrogenation of cod and nbd.


Comparison of tetrahedral distortions of the complexes
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4/[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]SbF6 and
[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]BF4/[RhACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]ClO4 clearly demon-
strates that the tetrahedral distortion is hardly influenced by
the counterion.


In case of Me-Duphos and Catasium it appears as expect-
ed that the nbd complex, which can be hydrogenated faster,
deviates less from the ideal square-planar structure.


In contrast, the Binap complex is the first example in
which the cod complexes are hydrogenated more than a
hundred times slower but at the same time show much
smaller tetrahedral distortion, independent of the solvent
used. For the nbd complex an experimental torsion angle of
about 148 is observed, while for the cod complex a torsion


Table 1. Pseudo rate constants k02 diolefin [min�1] from catalytic diolefin hy-
drogenations for several ligands and solvents.[15]


Ligand Diolefin Solvent
MeOH THF propylene


carbonate


Me-Duphos cod 0.115 0.16 0.14
nbd 35.2 39.0 18.0


Binap cod 0.23 0.28 0.14
nbd 26.8 20.5 16.6


Catasium cod 0.05 ca. 0.15 0.085
nbd 24.9 11.8 9.4


Figure 2. Hydrogen consumption for the catalytic hydrogenation of cod
with the complexes [RhACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(cod)]BF4 in THF (red), [Rh(Me-
Duphos) ACHTUNGTRENNUNG(cod)]BF4 in propylene carbonate (green), [Rh(Me-DuPhos)-
ACHTUNGTRENNUNG(cod)]BF4 in MeOH (gray), and [Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4 in MeOH
(blue). (All 0.01 mmol precatalyst; 1.0 mmol cod; 15.0 mL solvent;
25.0 8C; 1.0 bar.)


Figure 3. Hydrogen consumption for the catalytic hydrogenation of NBD
with the complexes [Rh(Me-DuPhos) ACHTUNGTRENNUNG(nbd)]BF4 in MeOH (blue) [Rh-
ACHTUNGTRENNUNG(Binap)ACHTUNGTRENNUNG(nbd)]BF4 in MeOH (green), [Rh ACHTUNGTRENNUNG(Binap)ACHTUNGTRENNUNG(nbd)]BF4 in THF (red),
[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(nbd)]BF4 in propylene carbonate (gray). (All 0.01 mmol
precatalyst; 1.0 mmol nbd; 15.0 mL solvent; 25.0 8C; 1.0 bar.)
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angle of only 78 is found.[24] The reasons for this unusual be-
havior are unclear.


The stoichiometric hydrogenation of diolefin complexes
to solvate complexes basically corresponds to a consecutive
reaction (see Scheme 1). A monoolefin complex, which
could be expected as an intermediate, cannot be detected by
31P NMR spectroscopy. After partial hydrogenation of the
diolefin, only the solvate complex is visible in the 31P NMR
spectrum beside diolefin complex (see also Figure 4). Thus,


the concentration of an intermediate monoolefin complex
can only be very small.[25]


The known high stability of
the diolefin complexes and the
finding that monoolefin hydro-
genation is partly faster than di-
olefin hydrogenation (Figure 2)
mean that diolefin hydrogena-
tion to yield the saturated
alkane under isobaric condi-
tions can be reduced to a
pseudo-first-order reaction. (A
kinetic derivation can be found
in the Supporting Informa-
tion.)[26] Therefore the necessa-
ry prehydrogenation times for


the formation of solvate complexes can be derived from the
pseudo rate constants in Table 1.[27] For verification, some
precatalysts were pretreated with hydrogen for a distinct
period of time at normal pressure, after which the hydroge-
nation reactions were quenched and the solutions analyzed
by 31P NMR spectroscopy. The results (Table 3) prove that
the pseudo rate constants calculated from Table 1 can be ex-
perimentally confirmed.


If pseudo rate constants of diolefin hydrogenation
become very small, determination under catalytic conditions
at normal pressure becomes more and more complicated
due to rather long reaction times. Under pressure (the reac-
tion order for hydrogen is unity), hydrogenation can be ac-
celerated, but the quantitative measurement of relatively
small hydrogen consumptions is difficult under such condi-
tions.


Therefore, we sought further possibilities to determine
the desired pseudo rate constants. A possibility to monitor
stoichiometric hydrogenation is offered by UV/Vis spectros-
copy. This methodology is presented for the example of cod
hydrogenation by the Me-Duphos system, as well as for the
dppe and Et-Duphos ligands.


As derived and experimentally confirmed, the consecutive
reaction that is expected for the stoichiometric hydrogena-
tion of a diolefin precatalyst can be reduced to a first-order
reaction.[25,26] Furthermore, in the case of the Me-Duphos/
cod/MeOH system k02 diolefin !k02monoolefin (see Figure 2).


By means of an immersion optrode, UV/Vis spectroscopy
can be carried out in vessels of arbitrary dimensions. In our
temperature-controlled vessel[28] the necessary exchange of
gas (argon/hydrogen) is easily realized. Figure 5 shows the
cyclically measured spectra for the hydrogenation of


Table 2. Angles between P-Rh-P and centroid-Rh-centroid planes (tetrahedral distortion) from X-ray crystal
structures, and ratios of pseudo rate constants for diolefin hydrogenation.


P-Rh-P/CM-Rh-CM


angle [8]
k02NBD/k


0
2COD


MeOH THF propylene carbonate


[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4
[18] 16.4 306 240 130


[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]SbF6
[9c] 17.8


[Rh(Me-Duphos) ACHTUNGTRENNUNG(nbd)]BF4
[20] 8.8


[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4
[10b] 25.4 469 ca. 79 111


[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(nbd)]BF4
[21] 8.8


[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(cod)]BF4
[22] 7.5 117 74 116


[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]ClO4
[8a,23] 14.9


[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]BF4
[22] 13.2


Figure 4. 31P NMR spectrum of a solution of [Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4 in
propylene carbonate (not deuterated), partly hydrogenated (8.5 min).


Table 3. Half-lives t1/2, experimental prehydrogenation times, ratio solvate complex/diolefin complex (expected and experimental from 31P NMR spec-
trum), and coupling constants and chemical shifts of solvate and diolefin complexes.


System (ligand/diolefin/
solvent)


t1/2
(min)


Prehydrogenation
time [min]


Solvate/diolefin complex
(expected)


Solvate/diolefin com-
plex (exptl)


d [ppm], JRh-P [Hz] (solvate complex/di-
olefin complex)


Me-Duphos/cod/MeOH 6.0 6.0 50/50 46.3/53.7 101, 204.5/76.4, 149
Me-Duphos/cod/MeOH 6.0 12.0 75/25 73.7/26.3 101, 204.5/76.4, 149
Catasium/cod/propylene
carbonate


8.1 8.5 51.4/48.6 54.8/45.2[a] 92.3, 207.8/64.7, 152.9


[a] The spectrum is shown in Figure 4.
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[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4 under stoichiometric conditions
in MeOH at 25.0 8C.


The spectrum displays three isosbestic points in the shown
range. They prove that only two (absorbing) species are
present in solution: the cod complex and the formed solvate
complex. Thus, it is a kinetically uniform reaction. A consec-
utive reaction with a detectable intermediate concentration
could not be described in the same way.


Figure 6 shows the respective extinction diagrams for the
reaction spectrum of Figure 5.[29] As expected for kinetically
uniform reactions, straight lines result for the plot of arbitra-
ry wavelengths.


A plot of (dA/dt)/A as linearization of a first-order reac-
tion[28] shows the expected straight lines (the derivation of
the linear equation can be found in the Supporting Informa-
tion) with the desired pseudo rate constant (k0


2COD
) as slope


(Figure 7).
With the initial values from Figure 7 a nonlinear curve fit


for the chosen wavelengths was processed for the pseudo-


first-order reaction; a comparison of spectroscopic and
fitted values is shown in Figure 8. These values (the average
value for five different wavelength is 0.1177 min�1) agree
well with the result of the catalytic hydrogenation (Table 1;
Me-Duphos/cod in MeOH: k0


2COD
=0.115 min�1).


Analogously, stoichiometric hydrogenation of cod com-
plexes of Et-Duphos and dppe were investigated by UV/Vis
spectroscopy. (The respective reaction spectra, extinction di-
agrams, linearizations, and nonlinear curve fits can be found
in the Supporting Information.)


In the case of Et-Duphos a pseudo constant of
0.028 min�1 was observed. Even though this value is twice as
high as the orienting value that was given in the literature,[2c]


difficulties with the determination from catalytic measure-
ments under normal pressure were indicated.


It is astonishing that the pseudo constants k0nbd/k
0
cod for


Me-Duphos differ by only two orders of magnitude, while
for Et-Duphos the difference is already three orders of mag-
nitude.


Figure 5. Reaction spectrum for the stoichiometric hydrogenation of
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4 (0.02 mmol) in 40.0 mL MeOH at 25.0 8C and
1.0 bar overall pressure with a cycle time of 3 min.


Figure 6. Extinction diagram with respect to Figure 5. 459 nm (maximum
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4) as reference wavelength.


Figure 7. Linearization of a first-order reaction (dA/dt)/A for several
wavelengths from Figure 5.


Figure 8. Comparison of spectroscopic values (points) and values fitted as
pseudo-first-order (solid line) for several wavelengths from Figure 5.
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For the ligand dppe one obtains a pseudo constant of
0.0033 min�1. This value is exactly in the range (0.0018–
0.0036) estimated from catalytic hydrogenations in an auto-
clave.[2c,30] The last examples prove that the UV/Vis spec-
troscopy is well suited to determine the desired pseudo rate
constants for very slow diolefin hydrogenations.


Conclusion


The present study corroborates that induction periods ob-
served for asymmetric hydrogenations of prochiral diolefins
are caused by the fact that part of the catalyst concentration
is blocked, that is, inactive due to coordination by the diole-
fin ligand. This blocking has its origin in the slow and simul-
taneously occurring hydrogenation of the diolefin intro-
duced into the system with the precatalyst.


Quantification of the hydrogenation of the diolefins cod
and nbd in the solvents methanol, THF, and propylene car-
bonate, which vary in proticity and polarity showed that the
different solvents behave similarly with regard to the activi-
ty of diolefin hydrogenation. Independent of the solvent,
the nbd complexes are always hydrogenated faster than the
corresponding cod complexes; the hydrogenations proceed
very selectively. The degree of conversion determined from
pseudo rate constants as a function of prehydrogenation
time was tested and verified by means of 31P NMR spectros-
copy for several examples.


For very slow diolefin hydrogenations UV/Vis spectro-
scopic monitoring of the stoichiometric hydrogenation is an
appropriate method to determine the desired pseudo rate
constants.


Experimental Section


All 1H, 13C and 31P NMR spectra were recorded on a Bruker 300 MHz
spectrometer in [D4]MeOH unless stated otherwise.


UV/Vis spectra were recorded by a Lambda 19; see also ref. [28].


Performance of hydrogenation reactions including the normal-pressure
hydrogen device is extensively described in ref. [28].


Solvents were dried and purified by standard methods and distilled fresh-
ly prior to use.


Acknowledgements


We appreciate the financial support provided by the Graduiertenkolleg
1213 “Neue Methoden f?r Nachhaltigkeit in Katalyse und Technik”. Fur-
thermore we thank Suzhou LAC Co. Ltd. (www.suzhoulac.com) for gen-
erously supplying us with the Binap ligand.


[1] According to Brunner (“Hydrogenation”, H. Brunner in Applied
Homogeneous Catalysis with Organometallic Compounds, Vols. I &
II, 2nd ed. (Eds.: B. Cornils, W. A. Herrmann), Wiley-VCH, Wein-
heim, 2002, Chap. 2.2., p. 203) in about one-half of the investigations
on asymmetric hydrogenation with the model substrate (Z)-N-acety-
lamino cinnamic acid the catalysts are generated in situ.


[2] a) D. Heller, A. H. M. de Vries, J. G. de Vries, “Catalyst Inhibition
and Deactivation in Homogeneous Hydrogenation” in Handbook of
Homogeneous Hydrogenation (Eds.: J. G. de Vries, C. Elsevier),
Wiley-VCH, Weinheim, 2007, Chap. 44, pp. 1483–1516; b) W. Braun,
A. Salzer, H.-J. Drexler, A. Spannenberg, D. Heller, Dalton Trans.
2003, 1606–1613; c) H.-J. Drexler, W. Baumann, A. Spannenberg, C.
Fischer, D. Heller, J. Organomet. Chem. 2001, 621, 89–102; d) A.
Bçrner, D. Heller, Tetrahedron Lett. 2001, 42, 223–225; e) D. Heller,
S. Borns, W. Baumann, R. Selke, Chem. Ber. 1996, 129 , 85–89; f) D.
Heller, K. Kortus, R. Selke, Liebigs Ann. 1995, 575–581.


[3] W. Baumann, S. Mansel, D. Heller, S. Borns, Magn. Reson. Chem.
1997, 35, 701–706.


[4] C. R. Landis, J. Halpern, J. Am. Chem. Soc. 1987, 109, 1746–1754.
[5] In accordance with that result, the slope of the hydrogen-consump-


tion curve at the end of the asymmetric hydrogenation is about
30% of the constant rate with the solvate complex.


[6] D. Heller, H.-J. Drexler, J. You, W. Baumann, K. Drauz, H.-P.
Krimmer, A. Bçrner, Chem. Eur. J. 2002, 8, 5196–5202.


[7] An interesting result concerning the influence of variably fast hydro-
genations of diolefins in different precatalysts has been reported:
D. G. Blackmond, T. Rosner, T. Neugebauer, M. T. Reetz, Angew.
Chem. 1999, 111, 2333–2335; Angew. Chem. Int. Ed. 1999, 38, 2196–
2199. A 1:1 mixture of Rh complexes with diastereomeric bisphos-
phite ligands leads to a considerably different ee value than expect-
ed for the mixtures in the case of ideal behavior. However, besides
this apparent nonlinear effect, the resulting nonconstant ee value,
which is substrate conversion dependent, could be ascribed to differ-
ent disturbances by cod in the asymmetric hydrogenation.
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Introduction


Cyclic b-aminoketone derivatives are unique molecular
models to determine the effects of through-bond[1] (hyper-
conjugative[2]) interactions on structure, reactivity, stereose-
lectivity, and photophysical properties. The donor (amine)
and acceptor (carbonyl) interaction is optimized when the
nitrogen lone pair, Ca


�Cb bond, and carbonyl p system
(Figure 1) are in a zig–zag arrangement; this situation is
transiently maintained for molecules such as N-methylpiper-
idone 1 and tropinone 2, but permanently fixed in aza-ada-


mantanones 3 (and related structures; Figure 1). Arrival at
the desired donor–acceptor geometry (with respect to the
saturated two-carbon bridge) in the donor–s-acceptor mole-
cules[3] is often associated with a unique (split) p–p* absorp-
tion (s-coupled transition:[4] lmax =220–260 nm; e= 500–


Abstract: Reported are the syntheses
of ester-functionalized (6–8) and alkyl-
substituted (9) 1-aza-adamantanones;
the easy handling of the compounds
provides an opportunity to comprehen-
sively study the fundamental changes
in structure and reactivity that can ac-
company the donor–acceptor arrange-
ment in rigid b-aminoketones. X-ray
structural analysis of trione 6 and
dione 7 reveals bond length and angle
variations consistent with through-
bond (hyperconjugative) donor–accept-
or interactions. Observed is a shorten-
ing of the C�N bond, elongation of the
central C�C bond (to �1.6 5), and a
significant pyramidalization of the car-


bonyl carbon within the donor–s-ac-
ceptor pathway. UV/Vis spectra of 6–9
show a new absorption maximum
(lmax =260–275 nm in three solvents),
the so-called “s-coupled transition”;
the molar absorptivity scales with the
number of carbonyl groups (for trione
6, e �3000, for dione 7, e �2000) and
the band reversibly disappears upon
addition of acid. IR and 13C NMR
spectroscopic data show trends consis-


tent with through-bond donation to the
carbonyl acceptor groups and commen-
surate weakening of the carbonyl p


bond. High yielding acid-mediated
fragmentations are used to illustrate
the effects of the donor–acceptor ar-
rangement on the reactivity of the mol-
ecules. Given that donor–s-acceptor
molecules have recently been found to
show self-assembly behavior and mac-
romolecular properties linked to their
unusual structure, the current analysis
encourages further consideration of the
systems in advanced materials applica-
tions.
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Figure 1. Donor–s-acceptor arrangement in cyclic b-aminoketones; N-
methylpiperidone (1), tropinone (2), 1-aza-adamantanone (3a), and 1,3-
diaza-adamantanone (3b). Note that the appropriate nitrogen configura-
tion is fixed only in 3a and 3b.
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2500) and a red-shifted (lmax = 285–315 nm; e=30–50) and
intensified n–p* absorption in the UV spectra.[4,5] Studies
that attribute ground-state structural and related reactivity
changes to donor–s-acceptor interactions in b-aminoketones
have often done so despite the presence of competing (and
often times stronger) inductive, electrostatic, steric, and/or
solvation effects. Even so, the most carefully constructed ex-
amples show that donor–acceptor through-bond interactions
can play at least a supporting role in perturbations of struc-
ture and reactivity in these systems.


Recently we have exploited the unusual 1-aza-adamanta-
netrione[6] (AAT) (Figure 2) framework to explore the con-
sequences of donor–acceptor through-bond interactions at


the macromolecular/supramolecular level.[7] Molecules like
4, for example, form gel phases at low concentration in or-
ganic solution, a consequence of their shape (conforma-
tional preferences), ground-state dipole (and dipolar interac-
tions), and aromatic substituents.[7a] Installation of amide
functional groups proximal to the AAT core causes remark-
able changes in macromolecular behavior as shown by 5 ; ag-
gressive solution-phase assembly is observed that also re-
sults in the moleculeOs displaying long-range order in the
solid state.[7b] The enhancement is not, based on IR and
NMR studies, exclusively (or even mainly) the result of
more conventional intermolecular hydrogen bonding be-
tween monomers, but rather well-defined interactions be-
tween the polar amide groups and polar AAT core (that in-
clude weak intramolecular hydrogen-bonding contacts) that
modulate conformational preferences, molecular dipole, and
inter-/intramolecular dipolar interactions. More recent high-
level computational work suggests a dramatic role of these
amides in tuning the fundamental electronic properties of
the molecules making them potentially suitable for electron-
ic and optoelectronic applications.[7c,d] Although multiple in-
teractions are at work, experimental and theoretical studies
support the notion that through-bond interactions a) can be
“tuned” in these systems and b) offer a subtle way to ad-
dress the macromolecular properties that emerge upon mo-
lecular self-assembly.


Reported here are the syntheses of ester-functionalized
aza-adamantanones (6–8, Figure 2) the easy handling of
which provides an opportunity to better study the funda-
mental changes in structure and reactivity that can accompa-


ny the donor–s-acceptor arrangement in these 1-aza-ada-
mantanones, and b-aminoketones in general. Included is dis-
cussion of the first X-ray crystal structure of an AAT (6)
and second reported structure of an aza-adamantanedione
(AAD; 7) that offer compelling structural evidence for
through-bond interactions, complemented by spectroscopic
(NMR, IR, and UV) studies and comparisons to the litera-
ture and appropriate model compounds 8 and 9. The conse-
quences of through-bond interactions on reactivity are dis-
cussed in the context of nitrogen basicity/nucleophilicity and
an acid-promoted core fragmentation. The conclusion from
the studies is that the through-bond donor–acceptor interac-
tions in the aza-adamantanones are both assessable and sig-
nificant enough to play a role in their ground-state structure,
reactivity, and self-assembly properties.


Results and Discussion


Synthesis : Several ester-functionalized aza-adamantanones
have been prepared for these studies (Schemes 1 and 2). In
each case, isopropyl esters have been selected due to their
efficient preparation under Fischer esterification conditions,
good solubility (in part by discouraging aggregation of the
core), and stability (to Lewis and protic acids, and mild
bases). The first, 6 (Scheme 1), like 5, bears only one meth-
ylene spacer between the core and ester carbonyl. To pre-
pare 6, triacid 10 (made in three steps from commercially
available 1,3,5-trimethoxybenzene[7b]) is esterified to give
triisopropyl ester 11 which is then deprotected with BBr3 to
afford the phloroglucinol cyclization substrate 12.[8] Ester-
functionalized AAT 6 is then formed upon reaction of 12
with hexamethylenetetramine (HMTA), in the appropriate
alcoholic solvent (iPrOH) in 66 % yield. This particular cyc-
lization works best at higher concentrations (�0.1 m). As ex-
pected, triisopropyl ester 6 is markedly more soluble than
the previously synthesized amide derivative 5.


The reasonable solubility of triester 6 allowed us to ex-
plore carbonyl hydride reductions at low temperatures with
the goal of isolating and characterizing the corresponding al-
cohols, and analyzing the structural consequences of
through-bond donor–acceptor interactions within a structur-
ally related aza-adamantanone family. Indeed, the hydride
reduction of cyclic b-aminoketones has been used extensive-
ly to explore the influence of through-bond effects on car-
bonyl facial selectivity,[9] and elegant work with the aza-ada-
mantanones[9e, f, 10] (e.g. 3a), diaza-adamantanones (e.g.
3b),[11] and related monoketones[12] have provided among
the more compelling illustrations of the Cieplak hyperconju-
gative transition-state model.[9a] Unexpected reactivity
emerges from treatment of 6 (8 and 9) with LiAlH4, Red-
Al, and DIBAL-H under various conditions—in studies that
parallel (in design) those recently performed on a related
phloroglucinol-derived natural product[13]—and these results
will be reported separately. Of relevance to the current dis-
cussion, treatment of 6 with one equivalent of Red-Al pro-
vides a modest (33%) yield of the exo-mono-reduction


Figure 2. 1-Aza-adamantanones considered in the previous and current
studies.
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product 7 (Scheme 1), in addition to more polar di- and
trireduced compounds.


The synthesis of homologated 1-aza-adamantanetrione
triester 8 is outlined in Scheme 2. Tribromo scaffold 13[7a, 14]


is converted to tripropionic acid 16 using a three-step se-
quence involving alkylation with diethyl malonate, saponifi-
cation, and thermally-mediated decarboxylation (78% over-
all yield for three steps). Fischer esterification then provides
17 in good yield, and a carefully monitored BBr3-mediated
demethylation affords 18.[8] The Mannich-type cyclization
with HMTA provides AAT 8 in 47 % yield, when the reac-
tion is again performed in the appropriate alcoholic solvent
(iPrOH).[15] Triester 8 is found to be readily soluble in
common organic solvents.


Using methodology outlined previously for the explora-
tion of diastereoselective additions to crowded phlorogluci-
nol derivatives,[16] tripentyl AAT 9 is prepared starting from
versatile trialdehyde 19.[17] Three-fold addition of n-butyl-
lithium produces triol 20 as a mixture of anti,syn and
syn,syn isomers (Scheme 3); the mixture is then subjected to
trimethylsilyl hydride reduction as described for similar
compounds by Biali and co-workers to give 21.[18] Standard


demethylation and HMTA cyclization reactions follow to
afford the desired tripentyl AAT 9 (that is somewhat more
soluble than previously prepared 9a[7a]). This procedure ap-
pears as our most general one to prepare alkyl- and aryl-
substituted AATs.


X-ray crystal structures of 6 and 7—General features and
packing : X-ray crystallography is among the best experi-
mental techniques to reveal the structural consequences
(e.g., on bond lengths and angles) of hyperconjugative inter-
actions in donor–s-acceptor molecules.[19] No X-ray struc-
tures of the AAT core have been reported in the Cambridge
Structural Database (v. 5.28) as of May 2007; only after nu-
merous attempts were we finally able to grow suitable single
crystals of 6 (from pentane/ethanol). The asymmetric unit
consists of one molecule of 6 and two half ethanol mole-
cules, and the structure is disordered with respect to both
components. For the AAT, the disorder is localized in the
isopropyl side chains, and could be appropriately modeled
in the absence of the solvent. The refined monomer struc-
ture is shown in Figure 3a as a stick view and Figure 3b as
an ORTEP plot; additional crystallographic details (e.g., pa-
rameters, bond lengths, and bond angles) are summarized in
the next section as well as the Experimental Section.


The packing structure of 6 is worth mentioning given our
interest in the self-assembly of these and related molecules
in solution and the solid state. Recognizable is an antiparal-
lel alignment of monomers (Figure 3c), a consequence pre-
sumably of favorable dipolar interactions (the calculated
ground state dipole of similar AATs is �4 D);[7c] the core-
to-core distance is �6.8 5. Other intermolecular interac-
tions benefit from this arrangement, including multiple C-
H···O contacts[20] (C···O 3.4–3.6 5) at the interface of the
two monomers (e.g. C(10)···O(3)’, O(4)···C(8)’). The cores
further organize into layers (Figure 3d, view along the crys-
tallographic a axis shown), the result of gentle interactions
between the isopropyl side chains at the discernably lipo-
philic interface. The layer-to-layer distance in this packing
motif is �11.5 5.


Scheme 1. Synthesis of ester-functionalized 1-aza-adamantanetrione 6
and exo-mono-alcohol 7.


Scheme 2. Synthesis of ester-functionalized 1-aza-adamantanetrione 8.


Scheme 3. Synthesis of tripentyl 1-aza-adamantanetrione 9. Tripropyl 9a,
synthesized by an alternate route, has been reported previously (see ref.
[7a]).
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Alcohol 7 could be recrystallized from a concentrated
methylene chloride solution and the refined monomer struc-
ture is shown in Figure 4a and b. The asymmetric unit con-
sists of two molecules of 7 (Figure 4c), and three of the six
isopropyl side chains are disordered (disorder not shown).
The exo alcohol participates in a short hydrogen bond with
a neighboring ester carbonyl group (O(2)···O(13) =2.72 5;
O(2)-H···O(13)= 166.78) in this arrangement. Layers ob-
served by looking along the a axis are again dominated by
interactions involving the isopropyl side chains (Figure 4d).


The ester side chain conformations displayed by the mon-
omers 6 and 7 in the solid state (Figures 3a and 4a), while
certainly influenced by packing of the isopropyl groups, are
remarkably similar. The ester C(10)�C(11), C(15)�C(16),
and C(20)�C(21) bonds are antiperiplanar to the Ca


�Cb


bonds (e.g. C(6)�C(8)), and although of “normal” length
(average for 6 : 1.497(5) 5; 7: 1.496(4) 5),[21] stereoelectron-


ics could play a role in stabilizing this conformation. Re-
gardless of the origin, the result for both 6 and 7 is that
three of the ester oxygens are positioned underneath the
core with an average O···O distance of �4.1 5; whether this
space can serve as a binding environment for ions (akin to
valinomycin,[22] where O···O �4.2 5 for the ester carbonyl
oxygens) is currently being evaluated.


Comparative analysis of bond lengths and angles from X-
ray structural data : Relevant bond lengths and angles for
the monomer structures of 6 and 7 are provided in Table 1
(additional crystallographic data is provided in the Experi-
mental Section); for 7, data for only one of the molecules in
the asymmetric unit is provided and discussed since the
values for the two are similar. The comparable monomer


Figure 3. X-ray crystal structure of 6. a) Monomer structure; solvent mol-
ecules and hydrogen atoms have been removed for clarity. b) ORTEP
plot where thermal ellipsoids are shown at the 50 % probability level. c)
Antiparallel alignment of 6 within layers that features multiple C-H···O
interactions at the “dimer” interface. d) A packing view (along the a
axis) showing interaction of the isopropyl side chains at a lipophilic inter-
face. Atom color codes: C=gray, N =blue, O = red.


Figure 4. X-ray crystal structure of 7. a) Monomer structure; solvent mol-
ecules and hydrogen atoms have been removed for clarity. b) ORTEP
plot where thermal ellipsoids are shown at the 50 % probability level. c)
Intermolecular hydrogen bonding (indicated by the dashed line) between
the exo alcohol and neighboring ester carbonyl (O(2)···O(13)=2.72 5).
d) A packing view (along the a axis) showing formation of layers, domi-
nated by side chain interactions. Atom color codes: C=gray, N =blue,
O= red.
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conformations of 6 and 7 (Figure 3a and 4a) indeed encour-
ages this side-by-side comparison. Most striking are the long
Ca
�Cb bonds (i.e., C(1)�C(2), C(4)�C(9), and C(6)�C(8)) of


6, up to 1.6 5, that we take a priori as a signature of hyper-
conjugative interactions. For 7, equivalent elongation is ob-
served only for the C(1)�C(2) bond, the central bond that is
flanked by two carbonyl acceptors, highlighting the unique-
ness of this arrangement of atoms. Correspondingly, the
carbon�carbon bonds for 7 that are not within a donor–s-
acceptor framework (e.g., C(4)�C(5), C(5)�C(6)) appear to
be of standard length. Further discussion of bond lengths is
best done in the context of similarly strained cyclic mole-
cules (below); indeed, the bond angles within 6 and 7 devi-
ate appreciably from the optimal values (i.e. , a C-C-C ¼6
109.58).


Again, the comparison of molecules 6 and 7 to simple
structural analogues like 1 or 2 is tempting but would ignore
any structural changes associated with ring strain. We have
chosen instead to discuss and analyze bond lengths (Figure 5
and Table 2) and angles (Figure 6 and Table 3) in the con-
text of related aza- and deaza-adamantane crystal structures
(with crystallographic R factors <0.05).[23] Included in
Table 2 is the average bond length data for 6 and 7, along
side data for analogous structures available in the literature
(the di- (CSD code KOLSIN[24]) and mono- (OCAYEW[25])
ketones 23 and 24, respectively) and a saturated aza-ada-
mantane 25 (EJIQUJ[26]).[27] Also shown are average bond
lengths for three adamantanediones (DESVIG (26),[28]


LIXFIH (27),[29] and LIXFUT (28)[29]), a selected adamanta-
none (FITPED (29)[30]), and variously substituted adaman-
tanes (AD). A simplified bond labeling scheme (Figure 5)


Table 1. Selected bond lengths [5] and angles [8] for 6 and 7.[a]


Bond length 6 7 Angle 6 7


N(1)�C(1) 1.461(4) 1.442(4) C(1)-N(1)-C(8) 110.4(3) 110.7(2)
N(1)�C(8) 1.433(4) 1.463(4) C(1)-N(1)-C(9) 110.6(3) 110.1(2)
N(1)�C(9) 1.451(4) 1.456(4) C(8)-N(1)-C(9) 111.3(3) 109.3(2)


C(1)�C(2) 1.591(5) 1.591(4) N(1)-C(1)-C(2) 111.4(3) 112.3(2)
C(4)�C(9) 1.593(5) 1.560(4) N(1)-C(8)-C(6) 111.5(2) 111.7(2)
C(6)�C(8) 1.598(5) 1.565(3) N(1)-C(9)-C(4) 111.4(3) 112.5(2)


C(2)�C(3) 1.506(5) 1.520(4) C(1)-C(2)-C(3) 103.8(3) 104.0(2)
C(3)�C(4) 1.516(5) 1.505(4) C(1)-C(2)-C(7) 103.3(2) 102.3(2)
C(4)�C(5) 1.515(5) 1.543(4) C(5)-C(6)-C(8) 103.9(3) 107.8(2)
C(5)�C(6) 1.514(5) 1.540(4) C(7)-C(6)-C(8) 103.4(2) 103.5(2)
C(6)�C(7) 1.509(5) 1.508(4) C(3)-C(4)-C(9) 103.7(3) 105.0(2)
C(2)�C(7) 1.513(5) 1.517(4) C(5)-C(4)-C(9) 103.5(3) 108.0(2)


O(1)�C(3) 1.215(4) 1.213(3) C(3)-C(4)-C(5) 111.9(3) 109.5(2)
O(2)�C(5) 1.214(4) 1.426(3) C(5)-C(6)-C(7) 112.4(2) 111.7(2)
O(3)�C(7) 1.224(4) 1.214(3) C(7)-C(2)-C(3) 112.1(3) 112.2(2)


C(4)-C(5)-C(6) 114.1(3) 110.3(2)
C(6)-C(7)-C(2) 114.4(3) 113.9(2)
C(2)-C(3)-C(4) 114.8(3) 114.2(2)


C(2)-C(3)-O(1) 122.8(3) 122.1(3)
C(4)-C(3)-O(1) 121.5(3) 123.4(3)
C(4)-C(5)-O(2) 122.9(3) 108.4(2)
C(6)-C(5)-O(2) 122.1(3) 108.5(2)
C(6)-C(7)-O(3) 122.8(3) 123.1(2)
C(2)-C(7)-O(3) 122.0(3) 122.1(2)


[a] Standard deviations are shown in parentheses. Additional crystallo-
graphic details are provided in the Experimental Section.


Figure 5. Atom labeling scheme for the bond length data presented in
Table 2. R =CH2CO2iPr, R1–R4 =various substituents, Ph =phenyl, Ar=


p-nitrophenyl (24) or p-chlorophenyl (25), AD=various adamantanes.
Reference (CSD code): [a] ref. [24] (KOLSIN); [b] ref. [25] (OCAYEW);
[c] ref. [26] (EJIQUJ); [d] ref. [28] (DESVIG); [e] ref. [29] (LIXFIH); [f]
ref. [29] (LIXFUT); [g] ref. [30] (FITPED).


Figure 6. Atom labeling scheme for the bond angle data presented in
Table 3. R =CH2CO2iPr, R1-R4 =various substituents, Ph=phenyl, Ar=


p-nitrophenyl. Reference (CSD code): [a] ref. [24] (KOLSIN); [b] ref.
[25] (OCAYEW); [c] ref. [28] (DESVIG); [d] ref. [29] (LIXFIH); [e] ref.
[29] (LIXFUT); [f] ref. [30] (FITPED).


Table 2. Comparison of average bond lengths[a] [5] from the X-ray crys-
tal structures of 6, 7, and related tricyclic molecules from Figure 5.


Bond[b] 6[c] 7[d] 23[e] 24[f] 25[g] 26[h] , 27[i] , 28[j] 29[k] AD[l]


a 1.45 1.44 1.46 – – – – –
b, b’ 1.59 1.59 1.59 – – 1.55 – –
c, c’ 1.51 1.52 1.53 – – 1.51 – –
d, d’ 1.22 1.21 1.21 1.21 – 1.22 1.21 –
e, e’ – 1.51 1.50 1.51 – 1.50 1.51 –
f, f’ – 1.56 1.54 1.55 – 1.54 1.54 –
g – 1.46 1.46 1.48 – – – –
h, h’ – 1.54 1.53 1.53 1.53 1.54 1.54 1.54
i, i’ – – – 1.54 1.53 – 1.53 –
j, j’ – – – 1.53 1.53 – 1.53 –
k – – – 1.47 1.49 – – –


[a] The bond lengths for chemically equivalent bonds within each mole-
cule have been averaged. [b] As specified in Figure 5. Crystallographic
details (see the Experimental Section for further details of 6 and 7) in-
cluding CSD codes and references: [c] 6 : T=173(2) K, R1 = 0.0703. [d] 7:
T= 173(2) K, R1 =0.0587. [e] 23 (KOLSIN, Ref. [24]): T=295 K, R1 =


0.0470. [f] 24 (OCAYEW, ref. [25]): T=293 K, R1 =0.0580. [g] 25
(EJIQUJ, ref. [26]): T=291 K, R1 =0.0456. [h] 26 (DESVIG, ref. [28]):
T= 295 K, R1 =0.0490. [i] 27 (LIXFIH, ref. [29]): T=295 K, R1 =0.0290.
[j] 28 (LIXFUT, ref. [29]): T= 295 K, R1 =0.0470. [k] 29 (FITPED, ref.
[30]): T= 295 K, R1 =0.0300. [l] AD : various adamantanes from the CSD.
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has been adopted to facilitate the comparison; the letters
are kept consistent between structures based on the atom
bonding sequence. For example, path a-b-c-d uniquely de-
scribes the donor–s-acceptor pathway where central bond b
is flanked by two carbonyl acceptors.


The analysis reveals somewhat shortened C�N bonds a
(1.45 5) versus k (1.48 5), and a considerably elongated C�
C bond b (1.59 5) versus f (1.55 5), j (1.53 5), f’ (1.54 5),
or j’ (1.53 5). There is therefore some hint of the bond
length alternation that is a classically predicted consequence
of hyperconjugation,[2c,31] visualized, if even crudely, by the
no-bond resonance structure shown below:


The bond alternation trend does not extend to bonds c
(1.52 5 versus e, c’, and e’ that are all 1.51 5) or d (including
d’, all C=O bonds are 1.21–1.22 5). That bond d is not sub-
stantially perturbed may speak to compensatory stereoelec-
tronic effects in these systems.[32] Comparison of bonds b’, f’,
h’, and j’ (1.53–1.55 5) reveals only a modest sensitivity to
inherent structural changes (and strain) within the deaza-
adamantanes; this further implicates donor–acceptor effects
in the elongation of bond b.


The bond elongation found for b (�0.05 5) is the largest
reported for b-aminoketones; in work by Verhoeven and co-
workers with (admittedly less strained) piperidone and tro-
panone derivatives (bearing carbonyl groups converted to
1,1-dicyanovinyl functions, better electron acceptors), the
Ca
�Cb bond elongations are �0.02 5 and taken as fairly de-


finitive evidence (along with other data) for through-bond
interactions. Even so, it seems unnecessary, and likely inap-
propriate,[31f] to equate the magnitude of the bond length
changes to the “strength” of the through-bond interactions
in the molecules; suffice it to say, the consequences of
donor–acceptor interactions in these aza-adamantanones are
detectable. That pathway a-b-c-d emerges as unique (one
donor nitrogen communicating with two acceptor carbonyls)


is analogous to the “enhanced” through-bond effects noted
for the diaza-adamantanones like 3b (that feature two
donor nitrogens communicating with one acceptor carbon-
yl).[5d]


Comparison of selected bond angles of 6 and 7 to those of
structural analogues is provided in Figure 6 and Table 3; an
arbitrary atom labeling scheme has been adopted for the
analysis (Figure 6), which should not be confused with the
atom labels reported in the crystallographic data files. There
are no significant trends that can be identified for the angles
that describe the cyclohexane ring that includes atoms 2–5
across the series. The C�C=O angles (e.g. angle 1–2–3) fall
within 122–1258, and angle 3–2–4 (C�C(=O)�C) is only
slightly larger (�18) for 6, 7, and 23 than for the deaza-ada-
mantanones (but certainly larger than 25 and AD, where it
is 109–1108). The greatest variation is found at the bridge-
head carbon angle, 2–4–5, although the angle for 6 and 7 is
only 1.78 larger than what is found for deaza-analogues 27
and 28. Based on the sum of the bond angles at nitrogen in
the aza-adamantane derivatives, the nitrogen atom of struc-
tures 6 and 7 is slightly flattened compared with that of
structures 23, 24, and 25 (�C-N-C =3288 for 25); this distor-
tion further aligns the nitrogen lone pair with the Ca


�Cb


central bond.[19] Without comparing every bond angle for
each structure throughout the series, our conclusion is that
while 6 and 7 (and 23) are certainly strained molecules, it is
not obvious that their respective bond length changes (in
particular elongation of the Ca


�Cb bonds) are solely due to
this effect. High-level computational studies[33] (e.g. NBO
analysis) could shed additional light on the distortions, and
these are currently in progress.[34]


Further identified from close inspection of the crystal
structures of 6 and 7 is pyramidalization of the carbonyl
carbon atoms (labeled 2 in Figure 6).[1c] Similar distortion
has been noted by Verhoeven and co-workers in 1,1-dicya-
novinyl-modified piperidone
and tropanone derivatives.[19,33a]


Figure 7 shows one way to
report this effect;[33a] namely, as
the angle (q) between the car-
bonyl vector and the mean
plane defined by the three core
carbons (2, 3, and 4). For 6, q=


8.78 (the average of three car-
bonyl groups), and for 7 q=


7.38 (average of four carbonyl
groups, two from each molecule
in the asymmetric unit). The
largest value reported from VerhoevenOs work (recalculated
here in the fashion shown in Figure 7) is 6.18. While the pyr-
amidalization serves to reduce ring strain, that it occurs in
such a way (+q rather than �q) to further position the car-
bonyl p bond parallel to the Ca


�Cb bonds presumably also
optimizes interaction with the nitrogen donor. For 26, that
lacks donor–s-acceptor interactions, q=�6.78 for one of the
two carbonyl groups (the other features q �08). Finally,
while the sensitivity of the pyramidalization to packing and


Table 3. Comparison of average bond angles[a] [8] from the X-ray crystal
structures of 6, 7, and related tricyclic molecules from Figure 6.[b]


Angle[c] 6 7 23[d] 24[e] 26[f] 27[g] , 28[h] 29[i]


1–2–3 122.3 123.4 123.5 124.1 124.9 124.1 123.7
1–2–4 122.1 121.8 123.2 121.2 122.7 123.9
4–5–6 122.1 121.4 – 121.4 123.1 –
3–2–4 114.4 114.2 114.5 112.7 113.5 112.9 112.3
2–4–5 112.1 112.2 105.8 108.9 105.8 110.5 109.5
�CNC 332.3 330.1 330.2 329.4 – – –


[a] The bond angles for chemically equivalent bonds within each mole-
cule have been averaged. [b] Standard deviations are shown in parenthe-
ses. [c] As specified in Figure 6. CSD codes and references: [d] KOLSIN,
ref. [24]. [e] OCAYEW, ref. [25]. [f] DESVIG, ref. [28]. [g] LIXFIH, ref.
[29]. [h] LIXFUT, ref. [29]. [i] FITPED, ref. [30].


Figure 7. Angle q, which quan-
tifies the pyramidalization of
the carbonyl carbon atoms of 6
and 7, calculated as the angle
between the carbonyl bond
and the mean plane defined by
carbon atoms 2, 3, and 4.
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temperature is not known, it is not reproduced with the
same magnitude in the crystal structures of the other mole-
cules shown in Figure 6.


Complementary spectroscopic data : Techniques other than
X-ray crystallography have been employed to explore the
consequences of donor–acceptor interactions in the rigid
aza-adamantanones. Highlighted here is data obtained from
UV, IR, and 13C NMR measurements for 6–9, with some
comparative data provided from the literature.


UV spectroscopy is the most routinely used method to di-
agnose through-bond interactions in b-aminoketones where
a new absorption band appears (the lower energy compo-
nent of a split carbonyl p–p* transition, the so-called s-cou-
pled transition) to signify communication between the
donor and acceptor.[4,5] The absorption data for 6–9 for
three solvents is provided in Table 4. A new absorption


maximum (lmax) is indeed observed in the 260–275 nm
window, consistent with (although somewhat red-shifted
from) earlier results.[7a,35, 36] The frequency deviates little nei-
ther with solvent polarity—not surprising given the nominal
charge-transfer character of these donor–s-acceptor mole-
cules[37]—nor peripheral substitution. The molar extinction
coefficients, calculated from plots of absorbance versus con-
centration, are �3000 m


�1 cm�1 for the triketones 6, 8, and 9 ;
this value decreases commensurately (i.e., by about one
third) for diketone 7. An identical trend has been reported
in related aza-adamantanones[35] and speaks to the participa-
tion of all three acceptor carbonyls to the donor–acceptor
system. The lmax values do not deviate significantly between
the di- and triketones in this work, although a survey of the
literature shows that simple (even rigid) b-aminoketones
offer values �235–245 nm; this increases for the diaza-ada-
mantanones.[4a,5d] Interestingly, the s-coupled transition can
be reversibly abolished[4a] upon protonation by trifluoroace-
tic acid in acetonitrile (Figure 8; see the Supporting Infor-
mation for additional details).


IR and 13C NMR spectroscopic data have been used spor-
adically to report on donor–s-acceptor interactions and in
our estimation interpretation of these data warrants some
caution. Notwithstanding the obvious complications of sol-
vation (and experimental conditions in general), differences
identified from single-point comparisons (e.g. 1 versus 3)[5d]


are difficult to attribute to any one particular phenomenon,


although this is often done. Additional complication enters
when considering IR data for the aza- and deaza-adamanta-
nones bearing two or more ketones in a 1,3-relationship that
display Fermi-type coupling;[38] we have used the average
carbonyl stretch for making a quick comparison (the com-
plete comparative data, including the data for 6–9, is provid-
ed in the Supporting Information). Across representative
adamantanones (two monoketones,[10a,11a, 39] two diones,[40, 41]


and one trione[42]) identified from the literature, the carbon-
yl stretching frequency is relatively invariant (average value
�1720 cm�1). A similar consistency is observed for a series
of representative aza-adamantanones (including 6–
9),[10a,11a, 43] although the analysis reveals a �5–20 cm�1 shift
to lower wavenumber for these donor–s-acceptor molecules.
A similar shift has been identified for the 1,3-diaza-adaman-
tanones (e.g. 3b).[5d,11a] In some previously reported cases
the carbonyl stretch has been restored to higher frequency
upon protonation or methylation at nitrogen,[5d, 10a] although
these experiments have not generally considered structural
changes associated with the chemical transformations.[9e, 44]


The on-average shift to lower energy is consistent with pre-
dictions based on through-bond donor–acceptor interactions
that would weaken the carbonyl p bond (Figure 1).


A similar treatment of the 13C NMR data for adamanta-
nones and aza-adamantanones reveals, for both series, that
the carbonyl resonance shifts upfield as the number of car-
bonyl groups increases (the complete comparative data, in-
cluding that of 6–9, is provided in the Supporting Informa-
tion). Such a subtle effect does not emerge from the X-ray
crystallography data. For example, dC=O shifts from
�218 ppm for adamantanones (in CDCl3),[5e, 39,45] to
�208 ppm for adamantanediones,[46] to �202 ppm for ada-
mantanetriones.[42] The aza-adamantanones (including
diones and triones) are on-average upfield shifted (�3–
5 ppm) from these values. From monoketone, to dione, to
trione the values are d �214 ppm,[5e, 11a] 202 ppm (for 7),[47]


and 197–200 ppm, respectively. This trend is again consistent


Table 4. UV absorption data for 6–9 in different solvents.[a]


Aza-
ada-
mantane


lmax


[nm]
e


[m�1 cm�1]
lmax


[nm]
e


[m�1 cm�1]
lmax


[nm]
e


[m�1 cm�1]


cyclohexane acetonitrile ethanol


6 270 2600 263 3230 265 3010
7 – – 265 2040 263 1910
8 – – 267 3270 267 2980
9 271 3060 273 2860 275 3270


[a] Data was collected from 40–120 mm. The absorption intensity was
shown to vary linearly with concentration in all cases.


Figure 8. Treatment of a 1.2T 10�5
m solution of 9 (in acetonitrile) with tri-


fluoroacetic acid (TFA) results in disappearance of the s-coupled transi-
tion.


www.chemeurj.org M 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1452 – 14631458


R. K. Castellano et al.



www.chemeurj.org





with the hyperconjugative interactions depicted in Figure 1,
but such an analysis remains admittedly oversimplified.


Consequences of through-bond interactions on b-aminoke-
tone reactivity—General considerations : When molecules
that feature well-characterized donor–acceptor interactions
through s bonds show aberrant chemical behavior the chal-
lenge lies in linking the two phenomena. For b-aminoke-
tones, diminished reactivity at nitrogen (basicity/nucleophi-
licity) is generally taken as a hallmark consequence.[5d,e, h, 35,48]


Risch and co-workers have shown that the pKa of the pro-
tonated amine of aza-adamantanes decreases by � three
units upon introduction of each carbonyl acceptor (from
�10.7 for aza-adamantane to �0.3 for aza-adamantane-
triones).[35] Likewise, Sasaki and co-workers have noted that
the pKa1 of protonated diaza-adamantanones like 3b (�4–
5) is significantly lower than that of aza-adamantanone
(8.6[5e]) (or aza-adamantane).[5d] Related studies have shown
a diminished nucleophilicity at nitrogen, and some have lik-
ened its general reactivity to that of an amide. We found
previously[7a] that treatment of 4 with methyl iodide, hydro-
gen peroxide, or m-CPBA gives no reaction at the bridge-
head amine (or elsewhere).[49] Through-bond (hyperconjuga-
tive) interactions likely play some role in this sluggish reac-
tivity, but general inductive effects[50] in b-aminoketone-
s[48a,51] are also significant; that N-methylpiperidine is a
much stronger base (pKb 3.92) than N-methylpiperidone
(pKb 6.01)[5e, 52] despite “undetectable”[4a,5g] through-bond in-
teractions (e.g. no s-coupled transition) is evidentiary.


Discussed earlier, through-bond influences on carbonyl
reactivity in b-aminoketones have historically been probed
through subtle changes in nucleophile addition/hydride re-
duction stereoselectivity. Molecules 6–9 are complicated
substrates for stereochemical analysis given that their car-
bonyl groups are sterically biased and that some (e.g. 6–8)
bear functional groups capable of metal chelation. Likewise,
our own studies[7a] and those of others[5d,43a] note slow or no
reaction with conventional carbonyl nucleophiles (e.g. hy-
drazines, hydroxylamine, diazomethane, alkyl phosphonium
ylides, etc.), although these results are difficult to assess (or
quantify) in terms of through-bond interactions.


Fragmentation reactions : The orbital arrangement that un-
derlies donor–s-acceptor interactions in b-aminoketones
(Figure 1) is also central to the kinetics and stereoselectivity
of Grob fragmentation reactions.[1c,d, 53] This connection
makes fragmentation studies of the molecules presented
here, for which spectroscopic evidence of the intimate rela-
tionship between the nitrogen and carbonyl groups has been
presented, particularly fitting. Risch and co-workers have el-
egantly described heterolytic fragmentations of chloro-sub-
stituted aza-adamantanones[54] and aza-adamantanediones[55]


under basic conditions; an initial report of related reactions
of aza-adamantanetriones (i.e. 6, 8, and 9) under acidic con-
ditions is presented below.


Upon treating 6 with dilute acetic acid (HOAc) at 100 8C
for 1 h, three distinct products are formed (in �98 % com-


bined yield (and �1:1:1 molar ratio); Scheme 4) that do not
arise from a simple reversal of the Mannich-type cyclization
reaction that generates the starting material (Scheme 1). All
of the structures were determined by 1D and 2D (gHMBC
and gDQCOSY) 1H and 13C NMR analysis using a 500 MHz
instrument and confirmed by mass spectrometry. The prod-
ucts include N-alkyl-cis-3,5-disubstituted piperidone[56] 30
(as a mixture of epimers), isolated in a �1:1 molar ratio
(determined by integration) with a,b-unsaturated acid 31
after column chromatography (the mixture appears as the
higher Rf spot with CH2Cl2/MeOH 20:1), and cis-3,5-disub-
stituted piperidone 32 (isolated as the lower Rf spot). To test
whether placement of the esters or their presence matters to
the products formed (and mechanism), 8 and 9 were subject-
ed to similar conditions. N-Alkyl-cis-3,5-disubstituted piperi-
dones 33 (69 % yield, again as a mixture of epimers) and 34
(�75 % yield) could be isolated from the reaction of 8 and
9, respectively. In both cases a small amount (< 5 %) of the
alkenes (35 and 36) were also identified by NMR. The reac-
tions appear to share a common mechanism that is specific
to the AAT core.


Scheme 5 shows a proposed mechanism to rationalize the
fragmentation products. We favor a first productive step of
carbonyl protonation followed by hydration to form A, a
process already discussed for aza-adamantanetriones under
aqueous acidic conditions.[35] The resulting hydrate can then
collapse to the diketo-acid intermediate B through a retro-
Claisen-like process. A similar mechanistic sequence could
then repeat; carbonyl protonation and hydration of B, fol-
lowed by fragmentation of the core and thermally-mediated
decarboxylation to afford the N-alkyl-cis-3,5-disubstituted
piperidones (30, 33, and 34). The increased nitrogen basicity
of B (relative to the starting material)[35] makes protonation
here plausible; this initiates an alternative hydration/frag-
mentation/decarboxylation pathway that could account for
the formation of piperidone 32 and a,b-unsaturated acid 31
(and 35/36 for 8/9). That the alkene 31 does not come di-
rectly from 30 has been proven by subjecting pure 30 to the


Scheme 4. Acid-mediated fragmentation reactions of aza-adamantane-
triones 6, 8, and 9.
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reaction conditions and monitoring its stability by 1H NMR
(over four hours). Future work could consider this method-
ology as a general way to prepare highly substituted cis-3,5-
disubstituted piperidones, important building blocks in the
synthesis of alkaloids and analgesics.[57]


Conclusion


A combination of experimental techniques and comparative
analysis has shown that the through-bond donor–acceptor
interactions in appropriately functionalized b-aminoketones
can be particularly assessable. Uniquely for the 1-aza-ada-
mantanones, molecules in which the donor and acceptor ori-
entation is permanently optimized, many of the hallmark
consequences of through-bond communication emerge.
These include elongation of the central C�C bond in the
donor–s-acceptor pathway (to �1.6 5), the presence of a
new absorption band in the molecules’ UV/Vis spectra, and
IR/13C NMR spectroscopic shift trends (versus similarly
strained molecules that lack either the donor or acceptor
groups) consistent with theoretical expectations. The ar-
rangement of donor and acceptor groups has functional con-
sequences as well in terms of the molecules’ reactivity pro-
files.


We previously showed that molecules like 4 and 5 self-as-
semble in solution and that the emergent macromolecular
properties respond to molecular-level changes that also in-
fluence the donor–s-acceptor interactions. The current mo-
lecular-level analysis that finds pronounced structural, spec-
troscopic, and reactivity consequences for traditionally weak
effects suggests that they have been largely overlooked on
the supramolecular scale where similarly modest interac-
tions are often amplified. Left now is to introduce these
donor–s-acceptor arrangements into macromolecules, where
even the simplest motifs could offer ways to tune bulk prop-
erties not available to more traditional weak interactions.


Experimental Section


Materials and general methods : Reagents and solvents were purchased
from commercial sources and used without further purification unless
otherwise specified. THF, ether, CH2Cl2, and DMF were degassed in 20 L
drums and passed through two sequential purification columns (activated
alumina; molecular sieves for DMF) under a positive argon atmosphere.
Thin layer chromatography (TLC) was performed on SiO2–60 F254 alumi-
num plates with visualization by UV light or staining. Flash column chro-
matography was performed using Purasil SiO2–60, 230–400 mesh from
Whatman. Melting points (m.p.) were determined on a Mel-temp electro-
thermal melting point apparatus and are uncorrected. 300 (75) MHz and
500 (125) MHz 1H (13C) NMR spectra were recorded on Varian Mercury
300, Gemini 300, VXR 300, and Varian Inova (500) spectrometers.
Chemical shifts (d) are given in parts per million (ppm) relative to TMS
and referenced to residual protonated solvent (CDCl3: dH 7.27 ppm, dC


77.00 ppm; [D6]DMSO: dH 2.50 ppm, dC 39.50 ppm). Abbreviations used
are s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), hp
(heptet), b (broad), and m (multiplet). UV/Vis absorption spectra were
obtained using a Cary 100 Bio spectrophotometer and 1 cm quartz cells.
ESI- and ESI-TOF-MS spectra were recorded on a Bruker APEX II
FTICR and Agilent 6210 TOF spectrometer, respectively. EI-, CI-, and
DIP-CI-MS spectra were recorded on a Thermo Trace GC DSQ (single
quadrupole) spectrometer. The syntheses of 8, 9, 13–22, and 30–35 as
well as 1H and 13C NMR spectra for all new compounds are presented in
the Supporting Information.


X-ray crystal structure determination and refinement : Data were collect-
ed at 173 K on a Siemens SMART PLATFORM equipped with a CCD
area detector and a graphite monochromator utilizing MoKa radiation
(l=0.71073 5). Cell parameters were refined using up to 8192 reflec-
tions. A full sphere of data (1850 frames) was collected using the w-scan
method (0.38 frame width). The first 50 frames were re-measured at the
end of data collection to monitor instrument and crystal stability (maxi-
mum correction on I was < 1 %). Absorption corrections by integration
were applied based on measured indexed crystal faces. The structure was
solved by the Direct Methods in SHELXTL6,[58] and refined using full-
matrix least squares on F2. The non-H atoms were treated anisotropically,
whereas the hydrogen atoms were calculated in ideal positions and were
riding on their respective carbon atoms. Details are provided in Table 5.
For 6, the asymmetric unit consists of the molecule and two half ethanol


Scheme 5. Proposed mechanistic pathway for the acid-mediated fragmen-
tation of 6, 8, and 9.


Table 5. Crystal data and structure refinement for 6 and 7.


6 7


empirical formula C26H39NO10 C24H35NO9


formula weight 525.58 481.53
crystal system triclinic triclinic
space group P1̄ P1̄
a [5] 11.4801(16) 12.7729(16)
b [5] 11.6917(16) 14.7468(18)
c [5] 13.3142(19) 14.8080(18)
a [8] 104.663(3) 75.036(2)
b [8] 97.753(2) 73.265(2)
g [8] 116.825(2) 84.410(2)
V [53] 1477.2(4) 2579.7(5)
Z 2 4
1calcd [gcm�3] 1.182 1.240
crystal size [mm3] 0.18 T 0.17 T 0.05 0.26 T 0.19 T 0.11
independent reflections 3871 9042
observed reflections [I>2s(I)] 2736 5600
index ranges �12�h�12 �15�h�9


�12�k�10 �17�k�17
�14� l�14 �17� l�16


parameters 314 628
F ACHTUNGTRENNUNG(000) 564 1032
goodness-of-fit (on F2) 1.051 1.034
R1 based on F [I>2s(I)] 0.0703 0.0587
wR2 based on F [I>2s(I)] 0.2079 0.1325


www.chemeurj.org M 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1452 – 14631460


R. K. Castellano et al.



www.chemeurj.org





molecules; each disordered around an inversion center. The latter were
disordered and could not be modeled properly, thus the program
SQUEEZE,[59] a part of the PLATON package[60] of crystallographic soft-
ware, was used to calculate the solvent disorder area and remove its con-
tribution to the overall intensity data.


CCDC 656392 (6) and 656393 (7) contain the supplementary crystallo-
graphic 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.


Isopropyl 2,2’,2’’-(2,4,6-trimethoxybenzene-1,3,5-triyl)triacetate (11):
pTsOH·H2O (1.13 g, 5.92 mmol) was added to a stirred solution of triacid
10[7b] (0.900 g, 2.63 mmol) in isopropanol (25 mL) and the reaction was
heated under reflux overnight. All volatiles were then removed under re-
duced pressure and the residue was taken up with EtOAc and washed
with dilute NaOH. The organic solution was then dried over MgSO4 and
concentrated under reduced pressure and the residue was purified using
column chromatography (hexanes/EtOAc 3:1) to afford 11 (1.13 g, 92%)
as a colorless oil. 1H NMR (300 MHz, CDCl3): d=1.23 (d, 3J=6.3 Hz,
18H), 3.63 (s, 6H), 3.72 (s, 9 H), 5.05 ppm (m, 3J=6.3 Hz, 3 H); 13C NMR
(75 MHz, CDCl3): d =21.7, 30.8, 61.2, 68.0, 118.6, 157.7, 171.5 ppm; MS
(EI): m/z : calcd for C24H36O9: 468.2359; found 468.2355 [M]+ .


Isopropyl 2,2’,2’’-(2,4,6-trihydroxybenzene-1,3,5-triyl)triacetate (12): BBr3


(1.26 mL, 13.3 mmol) was added at �78 8C to a stirred solution of 11
(1.04 g, 2.22 mmol) in dry dichloromethane (60 mL) and the resulting re-
action mixture was stirred for 2 h before warming to 0 8C for 20 min. The
reaction was then quenched with saturated aqueous NaHCO3, poured
into a separatory funnel, and extracted with dichloromethane (3 T
50 mL). The organics were combined, dried over MgSO4 and concentrat-
ed under reduced pressure to afford a crude solid. Purification by column
chromatography (hexanes/EtOAc 3:1) gave 12 (0.85 g, 89%) as a color-
less solid. M.p. 163–164 8C; 1H NMR (300 MHz, CDCl3): d =1.28 (d, 3J=


6.6 Hz, 18H), 3.76 (s, 6 H), 5.03 (m, 3J=6.3 Hz, 3H), 8.50 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): d=21.6, 30.6, 69.9, 103.0, 153.8, 175.3 ppm;
MS (EI): m/z : calcd for C21H30O9: 426.1890, found 426.1879 [M]+ .


2,5,7-Tris-(2-isopropoxycarbonylmethyl)-1-aza-adamantane-4,6,10-trione
(6): Hexamethylenetetramine (0.270 g, 1.93 mmol) was added to a solu-
tion of 12 (0.820 g, 1.93 mmol) in isopropanol (15 mL) and the reaction
mixture was heated to reflux for 20 h. After cooling to RT, all volatiles
were removed under reduced pressure. The residue was purified by
column chromatography (hexanes/EtOAc 3:2) to afford 6 (0.61 g, 66%)
of a colorless solid. M.p. 111–112 8C; 1H NMR (300 MHz, CDCl3): d =


1.22 (d, 3J= 6.0 Hz, 18 H), 2.73 (s, 6 H), 3.76 (s, 6H), 4.99 (hp, 3J=6.0 Hz,
3H); 13C NMR (75 MHz, CDCl3): d = 21.6, 32.0, 68.2, 70.3, 70.8, 169.0,
197.2 ppm; IR (KBr): ñ=2984, 2924, 2853, 1731, 1700, 1191, 1109,
798 cm�1; UV/Vis (ethanol): lmax (e)=265 nm (3010); MS (EI): m/z :
calcd for C24H33NO9: 479.2155; found 479.2159 [M]+ .


2,5,7-Tris-(2-isopropoxycarbonylmethyl)-10-exo-hydroxy-1-aza-adaman-
tane-4,6-dione (7): Ester 6 (0.180 g, 0.376 mmol) was dissolved in dry
THF (15 mL) and cooled to �78 8C under argon. To this solution was
slowly added Red-Al (0.376 mmol, 0.28 mL, 65 wt % in toluene). The so-
lution temperature was maintained at �78 8C until the starting material
was consumed (30 min), and then the reaction was quenched with dilute
HCl. The resulting mixture was warmed to RT and the solvent was re-
moved in vacuo. The residue was redissolved in EtOAc, washed with
water and brine, dried over MgSO4, and concentrated in vacuo. Column
chromatography (hexanes/EtOAc 2:1!1:1) afforded 7 (60 mg, 33 %) as a
white solid. M.p. 139–140 8C; 1H NMR (300 MHz, CDCl3): d =1.22 (m,
18H), 2.48 (d, 3J=15.9 Hz, 2 H), 2.56 (d, 3J=15.9 Hz, 2 H), 2.62 (s, 2H),
2.98 (d, 3J=12.6 Hz, 2H), 3.54 (s, 2H), 3.53 (s, 1H), 3.80 (d, 3J=12.9 Hz,
2H), 4.52 (s, 1H), 4.98 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d=


21.6, 21.7, 31.7, 34.6, 54.8, 59.2, 68.0, 68.3, 68.7, 69.9, 71.1, 169.7, 170.9,
201.7 ppm; IR (KBr): ñ= 3467, 2981, 2936, 2877, 1726, 1697, 1374, 1195,
1109, 823 cm�1; UV/Vis (ethanol): lmax (e)=263 nm (1910); MS (EI):
m/z : calcd for C24H35NO9: 481.2312; found 481.2298 [M]+ .


2-(((syn)-3,5-Di(2-isopropoxy-2-oxoethyl)-4-oxopiperidin-1-yl)methyl)-4-
isopropoxy-4-oxobutanoic acid (30): A solution of 6 (0.250 g,
0.522 mmol) in HOAc/H2O 1:1 (16 mL) was heated under reflux for 1 h.
The solvent was then removed with reduced pressure and the residue


was purified by flash chromatography (CH2Cl2/MeOH 20:1) to afford a
mixture of 30 (0.115 g, 47%) and 31 (0.046 g, 51%) as a colorless oil, and
32 (0.081 g, 52%) as a colorless solid. 1H NMR (500 MHz, CDCl3): d =


1.16 (m, 18H), 2.12 (dd, 3J=16.9, 6.1 Hz, 1H), 2.13 (dd, 3J= 17.0, 6.2 Hz,
1H), 2.40 (t, 3J=11.8 Hz, 1H), 2.44 (dd, 3J=16.8, 6.2 Hz, 1H), 2.48 (t,
3J=11.7 Hz, 1H), 2.60 (m, 1H), 2.64 (m, 1H), 2.70 (dd, 3J= 13.2, 6.0 Hz,
1H), 2.74 (dd, 3J=17.3 Hz, 7.0 Hz, 1H), 2.90 (dd, 3J=12.1, 10.2 Hz, 1H),
3.02 (dq, 3J= 9.8 Hz, 6.5 Hz, 1H), 3.15 (dq, 3J=11.2, 5.8 Hz, 1 H), 3.18
(dq, 3J=11.9, 5.8 Hz, 1H), 3.31 (ddd, 3J=11.3, 6.1 Hz, 2.3 Hz, 1H), 3.43
(ddd, 3J=11.6, 6.0, 2.7 Hz, 1H), 4.93 (m, 3 H), 10.63 ppm (s, 1H);
13C NMR (125 MHz, CDCl3): d = 22.0, 32.0, 34.1, 38.6, 44.8, 45.0, 57.3,
57.8, 58.8, 68.5, 170.5, 171.5, 176.7, 206.4 ppm; MS (ESI): m/z : calcd for
C23H38NO9: 472.2541; found 472.2525 [M+H]+ .


4-Isopropoxy-2-methylene-4-oxobutanoic acid (31): 1H NMR (500 MHz,
CDCl3): d = 1.16 (m, 6H), 3.23 (s, 2 H), 4.93 (m, 1H), 5.72 (s, 1 H), 6.34
(s, 1 H), 10.63 ppm (s, 1H); 13C NMR (125 MHz, CDCl3): d = 22.0, 37.9,
68.5, 130.2, 134.2, 170.5, 171.1 ppm; MS (ESI): m/z : calcd for C8H13O4:
173.0808; found 173.0801 [M+H]+ .


syn-Isopropyl 2,2’-(4-oxopiperidine-3,5-diyl)diacetate (32): 1H NMR
(500 MHz, CDCl3): d = 1.16 (m, 12 H), 2.08 (dd, 3J=17.1, 6.8 Hz, 2H),
2.62 (t, 3J= 12.2 Hz, 2H), 2.66 (dd, 3J=16.9, 6.1 Hz, 2 H), 3.01 (dq, 3J=


12.3, 6.1 Hz, 2H), 3.48 (dd, 3J=12.6, 6.0 Hz, 2H), 4.92 (hp, 3J=5.9 Hz,
2H), 5.88 ppm (s, 1H); 13C NMR (125 MHz, CDCl3): d = 22.0, 31.9,
48.2, 52.6, 68.3, 171.5, 207.2 ppm; MS (CI): m/z : calcd for C15H26NO5:
300.1811; found 300.1829 [M+H]+ .
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Asymmetric Organocatalysed [1,3]-Sigmatropic Rearrangements


Sara Kobbelgaard, Sebastian Brandes, and Karl Anker Jørgensen*[a]


Introduction


b-Amino acid and allyl amine derivatives are important
building blocks found in many bioactive molecules, such as
antibiotics, cytostatics and peptides.[1] The significance of
these chemical structures requires reliable and efficient syn-
thetic methods for obtaining them as chiral compounds. The
asymmetric synthesis of chiral b-amino acids is possible via
several synthetic approaches.[1,2] One approach to obtain a-
alkylidene substituted b-amino acids is the aza-Morita–
Baylis–Hillman reaction, in which protected imines react
with a,b-unsaturated carboxyl compounds.[3] Enantioselec-
tive variations of this reaction have used chiral thioureas,[4]


chiral phosphine Lewis bases[5] or cinchona alkaloid bases[6]


as the catalyst.
Another approach to access a-alkylidene substituted b-


amino acid derivatives is the enantioselective formation of
the C�N bond, rather than the C�C bond. This former ap-
proach can be accomplished via the asymmetric rearrange-
ment of trichloroacetimidates. The [3,3]-sigmatropic rear-
rangement of allylic trichloroacetimidates to allylic tri-
ACHTUNGTRENNUNGchloro ACHTUNGTRENNUNGacetamides [Eq. (1)], is known as the Overman rear-
rangement.[7] This reaction can be conducted thermally or


by metal catalysis, and stereoselective variations have been
developed using either metal catalysis[8] or metal-catalysed
substrate directed reactions.[9]


Another possible transformation of trichloroacetimidates
is the less known [1,3]-sigmatropic rearrangement to tri-
chloroacetamides [Eq. (2)].[10] This reaction readily trans-
forms a-disubstituted allylic alcohols into allylic amines.
An additional enantioselective formation of the C�N


bond, is the undemanding transformation of a-disubstituted
allylic alcohols into allylic amines, the [1,3]-sigmatropic O-
to N-rearrangement of carbamates into N-protected b-
amino acid derivatives [Eq. (3)].[11] A decarboxylation takes
place during this rearrangement, which provides lower atom
efficiency than the rearrangement of trichloroacetimidates,
but the reaction affords the prospect of altering the protect-
ing group at the nitrogen atom.
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In the following, a new approach to these important rear-
rangement reactions will be outlined. We will show the de-
velopment of the first organocatalytic enantioselective [1,3]-
sigmatropic rearrangement reaction of trichloroacetimidates
and carbamates, both leading to optically active a-alkylidene
substituted b-amino acid derivatives [Eqs. (2) and (3)].


Results and Discussion


ACHTUNGTRENNUNG[1,3]-Sigmatropic rearrangement of imidates to amides : This
[1,3]-sigmatropic rearrangement is thought to be catalysed
via a SN2’ mechanism (Scheme 1), in which a nucleophilic
amine attacks the terminal alkene and eliminates the tri-
chloroacetimidate, thus establishing an ionic interaction be-
tween the quaternary ammonium bound substrate and the
ambident nucleophile. Mechanistically similar eliminations
of leaving groups, like acetates or carbamates, with a con-
comitant attack of another nucleophile present in the reac-
tion mixture are also known.[11,12] As the trichloroacetamide
anion is more stable than the trichloroacetimidate anion,
the following SN2’ reaction is initiated by the attack of the
nitrogen nucleophile of the anionic trichloroacetamide and
the catalyst is released. The reaction is assumed to proceed
by a rearrangement, rather than a double SN2’ addition. The
latter assumption has been tested by the introduction of a
tosylate as an external nucleophile, however, only the rear-
ranged product was obtained. The reaction mechanism as-
sures complete regioselectivity, since the covalently bound
catalyst in the intermediate precludes the Overman rear-
rangement.


The starting compounds for the investigation of the orga-
nocatalysed [1,3]-rearrangement, the O-allyl trichloroaceti-
midates 1, were synthesised via a two-step sequence. The se-
quence consisted of a Baylis–Hillman reaction between an
aldehyde and an acrylate derivative,[13] followed by forma-
tion of 1 from treatment with trichloroacetonitrile and
DBU[10a] (Scheme 2, EWG: electron-withdrawing group).


Initial trials of the asymmetric [1,3]-rearrangement of imi-
dates were performed with the racemic O-allyl trichloroace-
timidate 1a, which was transformed into 2a in the presence
of a cinchona alkaloid as the catalyst.[14] For the first tests,
the common cinchona alkaloids were chosen (Table 1, en-
tries 1–4). Cinchonine (CN) gave the N-allyl amide 2a in
�12% ee (entry 1), while the pseudo-enantiomer cinchoni-
dine (CD) increased the enantioselectivity to �39% ee
(entry 2). Surprisingly, these two catalysts favoured the same
enantiomer. This was not the case for the pseudo-enantio-
mers quinine (QN) and quinidine (QD), which afforded the
allylic trichloroacetamide 2a in 20% ee and �60% ee, re-
spectively (entries 3, 4). Further screening led us to conduct
a series of experiments with the dimeric cinchona alkaloids
based on dihydroquinidine (DHQD).


Investigation of different dimeric cinchona catalysts (en-
tries 5–8) revealed that the linkage between the two cincho-
na alkaloid moieties was of great importance for the enan-
tioselectivity of the reaction. The cinchona alkaloid
[DHQD]2AQN selectively transformed a single enantiomer
of 1a, but the amide product 2a was racemic (entry 5). No
selectivity at all was observed with [DHQD]2PYR (entry 6),
whereas the catalyst [DHQD]2PHAL with the 1,4-phthalazi-
nediyl diether linkage, gave the rearranged product 2a in


Scheme 1. Mechanism for the [1,3]-sigmatropic rearrangement of O-allyl
trichloroacetimidates.


Scheme 2. Synthesis of O-allyl trichloroacetimidates 1.


Table 1. Screening of catalysts and reaction conditions in the [1,3]-sigma-
tropic rearrangement of imidates to amides.[a]


Entry Catalyst Solvent (T [8C]) t [d] ee[b] [%]


1 CN PhMe (RT) 1 �12
2 CD PhMe (RT) 1 �39
3 QN PhMe (RT) 1 20
4 QD PhMe (RT) 1 �60
5 ACHTUNGTRENNUNG[DHQD]2AQN PhMe (RT) 1 0[c]


6 ACHTUNGTRENNUNG[DHQD]2PYR PhMe (RT) 4 0
7 ACHTUNGTRENNUNG[DHQD]2PHAL PhMe (RT) 3 83
8 ACHTUNGTRENNUNG[DHQD]2PHAL dioxane (40) 1 87[d]


[a] All reactions were performed with 0.05 mmol of O-allyl trichloroaceti-
midate 1a and 0.2 equiv of catalyst in 1 mL of solvent until full conver-
sion was obtained. [b] ee determined by HPLC. [c] Only one enantiomer
of 1a was completely converted. [d] 0.1 equiv of catalyst.
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83% ee (entry 7). Examination of the reaction conditions
led to dioxane as the solvent of choice, an increase in the re-
action temperature and a decrease in catalyst loading. Per-
forming the reaction under these conditions, the enantiose-
lectivity of 2a was improved to 87% ee (entry 8). Increasing
the reaction temperature to 40 8C resulted in the anticipated
raise in reaction rate with a minor erosion of enantioselec-
tivity. Elevating the temperature further had the effect of
accelerating the thermally induced Overman rearrangement.
To determine the yield of this irreversible O,N-rearrange-


ment, the reaction was performed in larger scale and at
higher concentration, which accelerated the conversion
(Table 2). The substrate used for the screening (1a) gave the
rearranged product 2a in 77% yield and 90% ee under the
given conditions (entry 1).


To examine the scope of this new asymmetric imidate re-
arrangement reaction, different O-allyl trichloroacetimidates
1b–h were synthesised and tested (Table 2, entries 2–8). Al-
teration of the aromatic group by substituting in the para-
position with an electron-withdrawing group, such as the
nitro group, afforded the N-allyl amide 2b in 89% yield and
with 74% ee (entry 2). Changing the phenyl ring to the 2-
pyridyl (1c), reduced the reaction rate, as well as the yield
slightly and the trichloroacetamide 2c was obtained in 64%
yield and 87% ee (entry 3). Increasing the bulk of the aro-
matic group to the 2-naphthyl (1d) provided the amide
product 2d in 74% yield and with 74% ee (entry 4).
Expanding the size of the ester to a tert-butyl ester (1e)


enhanced both yield and enantioselectivity to 89% and
92% ee, respectively (entry 5). Allylic trichloroacetimidates
with aliphatic R groups were also synthesised, such as imi-
date 1 f having an ethyl attached to the chiral centre. This
resulted in a lower enantioselectivity of 56% ee for the rear-
ranged product 2 f, which was isolated in 83% yield
(entry 6). The larger isopropyl group (1g) gave the tri-


ACHTUNGTRENNUNGchloro ACHTUNGTRENNUNGacetamide 2g in 57% yield and with 78% ee, improv-
ing the selectivity significantly compared to 2 f.
Other electron-withdrawing groups reacted as well, as


demonstrated by the nitrile compound 1h, which rearranged
to the amide product in 73% yield and moderate 40% ee.
This considerable drop in enantioselectivity is likely due to
the linear structure of the sp-hybridized nitrile which limits
spatial occupation.
Several attempts to synthesise allylic trichloroacetimidates


with electron-donating aromatic R groups failed, because it
was not possible to access the imidates from the Baylis–Hill-
man adducts. Sterically hindered O-allylic trichloroacetimi-
dates were synthesised, but the reaction rate was significant-
ly decreased; for example, the tert-butyl ester (R= iPr) gave
50% conversion after nine days. Large R groups, such as
tert-butyl (EWG=CO2Me), prohibited the rearrangement.
Experimental investigation of the importance of the substi-
tution pattern of the alkene led to the synthesis of 1 i, con-
taining a trisubstituted alkene [Eq. (4)]. Unfortunately, this
imidate (1 i) did not undergo the [1,3]-sigmatropic rearrange-
ment, but only the Overman rearrangement giving the race-
mic amide 3 i. This result is in agreement with the proposed
SN2’ mechanism, in which the trisubstituted alkene prevents
the nucleophilic attack of the catalyst.[15]


The optically active products obtained by the asymmetric
[1,3]-sigmatropic rearrangement reaction, have several func-
tional groups, which can be modified, offering a broad range
of applications. The ester functionality can be hydrolysed
under acidic conditions; this gives the N-protected b-amino
acid derivatives.
Another possible transformation is the addition of an


electron-rich diene, such as 2,3-dimethylbuta-1,3-diene 6 in
a Diels–Alder reaction to the optically active addition prod-
uct 7 (Scheme 3).
The Diels–Alder reaction of 2a with 6 proceeds in good


yield and the enantioenrichment at the stereocenter a to the
nitrogen atom is maintained from the starting material. The
reaction ensures high diastereoselectivity >95:5 according


Table 2. Asymmetric [1,3]-sigmatropic rearrangement reaction of various
O-allylic trichloroacetimidates 1.[a]


Entry 1 R EWG T [8C] t [d] Yield[b] [%] ee[c] [%]


1 a Ph CO2Me 40 on[d] 77 90
2 b 4-NO2-Ph CO2Me rt 1 89[e] 74
3 c 2-pyridyl CO2Me 40 2 64[e] 87
4 d 2-naphthyl CO2Me 40 on[d] 74 74
5 e Ph CO2tBu RT 5 89 92
6 f Et CO2Me RT 4 83 56
7 g iPr CO2Me RT 3 57 78
8 h iPr CN RT 2 73 40


[a] Reactions were performed with 0.25 mmol of O-allyl trichloroacetimi-
date 1, 0.1 equiv of catalyst in 0.5 mL of dioxane at the given tempera-
ture. The reaction was monitored by TLC and stopped at the indicated
time. [b] Isolated yield. [c] Determined by HPLC. [d] on=overnight.
[e] 5 mL of dioxane.


Scheme 3. Diels–Alder reaction between amide product (2a) and 2,3-di-
methylbuta-1,3-diene 6.
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to 1H NMR spectroscopy, as a result of the high endo/exo se-
lectivity. The relative configuration has been determined
and is shown in Scheme 3,[16] and the absolute configuration
can be deduced from the stereocenter in 2a which was de-
termined by the next rearrangement.


ACHTUNGTRENNUNG[1,3]-Sigmatropic rearrangement of carbamates to amines :
The other [1,3]-sigmatropic rearrangement reaction studied,
also leading to b-amino acid derivatives, is the rearrange-
ment of carbamates 4 via a decarboxylative reaction
(Scheme 4). This rearrangement reaction gives rise to the
same structures, as the first rearrangement presented, but
the advantage of this rearrangement reaction is the possibili-
ty for varying the protection group on the nitrogen atom.


The rearrangement is also believed to take place via a
domino SN2’–SN2’ mechanism (Scheme 5).


[11] Initially the cat-
alyst attacks the terminal alkene (4) leading to a decarboxy-
lation and the generation of an amine nucleophile, which
performs the second SN2’ reaction, and the N-protected
amine 5 is formed.


The reaction demonstrates high regioselectivity since only
the amine 5 from the [1,3]-rearrangement was obtained, the
[3,3]-rearranged product was never isolated.
The starting compounds for the investigation of the orga-


nocatalysed [1,3]-rearrangement of carbamates 4 were syn-
thesised via a two-step procedure (Scheme 6). The initial re-
action was a Baylis–Hillman reaction between an aldehyde
and an acrylate derivative in the presence of DABCO,[13]


giving the Baylis–Hillman alcohol. The alcohol was treated
with an isocyanate, forming the carbamate 4.[11c]


p-Toluenesulfonyl (PG=Ts) was chosen as the first pro-
tecting group in the model substrate 4a for this rearrange-
ment reaction. The initial screening of reaction conditions
are summarised in Table 3. The reaction was performed
with different dimeric cinchona alkaloid catalysts, as these
were found to be the most successful for the rearrangement
of trichloroacetimidates. It appears that [DHQD]2PHAL


gave the product 5a in �16% ee (entry 1); on the other
hand, with [DHQD]2AQN 5a was isolated in 53% yield and
in 69% ee (entry 3). The dihydroquinidine (DHQD) based
catalyst gave higher selectivity, than the pseudo-enantiomere
dihydroquinine (DHQ); for example, 5a was obtained in
69% ee with [DHQD]2AQN as catalyst (entry 3), whereas
the alkaloid [DHQ]2AQN afforded 5a in �11% ee (entry 5)
(see also entry 1 vs. 4).


Examination of solvents revealed that this factor had a re-
markable influence on the enantioselectivity of the reaction;
the impact of the solvent was larger than of the catalyst.
Changing the solvent form CH2Cl2 to CDCl3 decreased the
enantioselectivity from 69% ee (entry 3) to �12% ee, re-
spectively (entry 6) and in dioxane the product obtained was
formed as a racemic (entry 7).
The trichloroacetamide has also been employed as a pro-


tecting group for the amine, giving the same products as in
the [1,3]-rearrangement of trichloroacetimidates (5b=2e).
In this case, changing solvent from CH2Cl2 to CDCl3 im-
proved the enantioselectivity from 48% ee (entry 8) to 65%
ee (entry 9). Preliminary results have disclosed that phenyl
and benzyl also can be used as protecting groups for the ni-
trogen atom in this O- to N-rearrangement reaction.


Scheme 4. ACHTUNGTRENNUNG[1,3]-Sigmatropic decarboxylative rearrangement.


Scheme 5. The domino SN2’–SN2’ mechanism for the decarboxylating rear-
rangement reaction of carbamate 4.


Scheme 6. Synthesis of carbamates 4.


Table 3. Screening of catalysts and reaction conditions for the [1,3]-sig-
matropic rearrangement of carbamates to amines.[a]


Entry PG, 5 Catalyst Solvent (T [8C]) t [d] ee[b] [%]


1 Ts, 5a ACHTUNGTRENNUNG[DHQD]2PHAL CH2Cl2 (35) 2 �16
2 Ts, 5a ACHTUNGTRENNUNG[DHQD]2PYR CH2Cl2 (35) 2 29
3 Ts, 5a ACHTUNGTRENNUNG[DHQD]2AQN CH2Cl2 (35) 2 69[c]


4 Ts, 5a ACHTUNGTRENNUNG[DHQ]2PHAL CH2Cl2 (35) 1 �9
5 Ts, 5a ACHTUNGTRENNUNG[DHQ]2AQN CH2Cl2 (35) 4 �11
6[d] Ts, 5a ACHTUNGTRENNUNG[DHQD]2AQN CDCl3 (35) 4 �12
7 Ts, 5a ACHTUNGTRENNUNG[DHQD]2AQN dioxane (35) 2 0
8 COCCl3, 5b ACHTUNGTRENNUNG[DHQD]2PHAL CH2Cl2 (35) 2 48
9[d] COCCl3, 5b ACHTUNGTRENNUNG[DHQD]2PHAL CDCl3 (35) 1 65


[a] Reactions were performed with 0.10 mmol of 4, 0.2 equiv of catalyst
in 2.0 mL of solvent at the given temperature. The reaction was moni-
tored by TLC, and stopped when full conversion was observed at the in-
dicated time. [b] Determined by HPLC. [c] 53% isolated yield. [d] 3 mL
of solvent.
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The synthesis of the carbamates 4, by addition of isocya-
nate to the alcohol in the Baylis–Hillman adduct takes place
without any assistance, hence this reaction and the O,N-rear-
rangement can be performed as a domino reaction from the
Baylis–Hillman products to the N-protected b-amino acid
derivatives. This approach has been tested and the results
are presented in Table 4.


The one-pot reaction with the sulphonamide as protecting
group (Table 4, entry 1), can be performed within 49 h and
the product was obtained in 43% yield and 71% ee. The
low yield is reasonable, considering the last step is proceed-
ing with 53% yield (Table 3, entry 3), hence the addition of
p-toluenesulfonyl isocyanate was proceeding with 81%
yield. The product 5a can be crystallised and has been iso-
lated with an enantiopurity of >99% ee. The trichloroaceta-
mide protected compound (entry 2) completed the addition
reaction of trichloroacetyl isocyanate after 30 min and the
rearrangement reaction within 6 h and the product 5b was
isolated with 62% ee and in 72% yield, meaning that each
step in the reaction takes place with an average of 85%
yield per step. The absolute configuration was determined
after transesterification of 5a to the methyl ester, the optical
rotation was measured and compared to the optical rotation
previously reported in literature.[17]


Conclusion


We have presented the first organocatalytic [1,3]-sigmatropic
rearrangement reaction of racemic allylic trichloroacetimi-
dates to enantiomerically enriched allylic trichloroaceta-
mides (for general scheme, see below). This irreversible


transformation is catalysed by [DHQD]2PHAL, which as-
sures complete regioselectivity as well as high enantioselec-
tivity. The reaction is carried out with excellent conversion
and the rearranged products are obtained in high isolated
yields and enantiomeric excess.


The second [1,3]-sigmatropic rearrangement reaction pre-
sented in this paper is also catalysed by cinchona alkaloids.
This O- to N-rearrangement regioselectively converts race-
mic carbamates to enantioenriched N-protected b-amino
acid derivatives through a decarboxylation. This transforma-
tion can be performed as a one-pot reaction from the
Baylis–Hillman product to the rearranged amine with high
enantioselectivity. A range of protecting group can be ap-
plied in this procedure. These methods are an efficient way
for obtaining nitrogen protected a-alkylidene-b-amino acid
derivatives with high enantiopurity from readily accessible
Baylis–Hillman adducts.


Experimental Section


General methods : The 1H NMR and 13C NMR spectra were recorded at
400 and 101 MHz, respectively. The chemical shifts are reported in ppm
downfield to TMS (d =0) for 1H NMR and for 13C NMR relative to the
central CDCl3 resonance (d =77.0). Flash chromatography (FC) was car-
ried out using Merck silica gel 60 (230–400 mesh). Analytical thin layer
chromatography (TLC) was performed using pre-coated aluminium-
backed plates (Merck Kieselgel 60 F254) and visualized by ultraviolet ir-
radiation or appropriate stains. Optical rotations were measured on a
Perkin–Elmer 241 polarimeter. The enantiomeric excess (ee) of the prod-
ucts was determined by HPLC using Chiralcel OD or OJ columns at the
given wavelength with iPrOH/hexane mixtures as the eluent and the flow
was 1 mLmin�1 unless otherwise stated.


Materials : Analytical grade solvents were used as received. All commer-
cially available reagents were used as received.


General procedure for the Baylis–Hillman reaction : The Baylis–Hillman
adducts were synthesised according to known literature procedures.[13]


General procedure for synthesis of allylic trichloroacetimidates (1): The
Baylis–Hillman adduct (1.0 equiv) was dissolved in trichloroacetonitrile
(5 equiv) and cooled to 0 8C, then DBU (0.2 equiv) was added. The reac-
tion was warmed slowly to room temperature. After 2 h the reaction was
concentrated, and purified by FC.


2-[Phenyl-(2,2,2-trichloroacetimidoyloxy)methyl]acrylic acid methyl ester
(1a): Rf=0.42 (pentane/Et2O 3:1); m.p. 84 8C (white solid); 1H NMR
(400 MHz, CDCl3, TMS): d =8.43 (s, 1H), 7.48–7.44 (m, 2H), 7.39–7.29


Table 4. One-pot reaction from Baylis–Hillman adduct to protected b-
amino acid derivative 5.[a]


Entry PG, 5 Catalyst Solvent t 1)/2)
step [h]


Yield[b]


[%]
ee[c]


[%]


1 Ts, 5a ACHTUNGTRENNUNG[DHQD]2AQN CH2Cl2 6/43 43 71
2 COCCl3,


5b
ACHTUNGTRENNUNG[DHQD]2PHAL CHCl3 0.5/6 72 62


[a] Reactions were performed with 0.25 mmol of Baylis–Hillman adduct,
0.24 mmol of isocyanate in 2.0 mL of solvent at the given temperature.
The reaction was monitored by TLC and after consumption of the isocya-
nate (1. step), 0.2 equiv of the catalyst was added and the reaction was
stopped at the indicated time. [b] Isolated yield. [c] Determined by
HPLC.
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(m, 3H), 6.79 (s, 1H), 6.43 (s, 1H), 5.98 (dd, J=0.8 Hz, 1.2 Hz, 1H),
3.75 ppm (s, 3H); 13C NMR (101 MHz, CDCl3): d=165.5, 160.7, 139.3,
137.2, 128.5, 128.4, 127.5, 126.3, 77.3, 52.1 ppm; HRMS: m/z : calcd for:
357.9780; found: 357.9778 [M+Na]+ .


2-[(4-Nitrophenyl)-(2,2,2-trichloroacetimidoyloxy)methyl]acrylic acid
methyl ester (1b): Synthesised according to known literature procedur-
e.[10a] Rf=0.26 (pentane/Et2O 1:1).


2-[Pyridin-2-yl-(2,2,2-trichloroacetimidoyloxy)methyl]acrylic acid methyl
ester (1c): Rf=0.15 (pentane/Et2O 1:1); 1H NMR (400 MHz, CDCl3,
TMS): d=8.62–8.59 (m, 1H), 8.50 (br s, 1H), 7.73 (dt, J=1.3 Hz, 7.6 Hz,
1H), 7.56 (d, J=7.9 Hz, 1H), 7.27–7.22 (m, 1H), 6.89 (s, 1H), 6.52 (s,
1H), 5.97 (s, 1H), 3.74 ppm (s, 3H); 13C NMR (101 MHz, CDCl3): d=


165.4, 160.9, 156.6, 149.3, 137.7, 136.6, 127.9, 123.0, 122.0, 91.0, 78.0,
52.0 ppm; HRMS: m/z : calcd for: 358.9733; found: 358.9724 [M+Na]+ .


2-[Naphthalen-2-yl-(2,2,2-trichloroacetimidoyloxy)methyl]acrylic acid
methyl ester (1d): Rf=0.50 (pentane/Et2O 1:1); m.p. 65 8C (off-white
solid); 1H NMR (400 MHz, CDCl3, TMS): d=8.47 (br s, 1H), 7.96 (br s,
1H), 7.89–7.81 (m, 3H), 7.58 (dd, J=1.7 Hz, 8.6 Hz, 1H), 7.53–7.46 (m,
2H), 6.98 (s, 1H), 6.49 (br s, 1H), 6.07 (br s, 1H), 3.75 ppm (s, 3H);
13C NMR (101 MHz, CDCl3): d =165.5, 160.7, 139.2, 134.4, 133.2, 132.9,
128.2, 128.2, 127.7, 127.1, 126.4, 126.2, 125.0, 91.3, 77.4, 52.1 ppm; HRMS:
m/z : calcd for: 407.9937; found: 407.9932 [M+Na]+ .


2-[Phenyl-(2,2,2-trichloroacetimidoyloxy)methyl]acrylic acid tert-butyl
ester (1e): Synthesised according to known literature procedure.[10a] Rf=
0.50 (pentane/Et2O 1:4).


2-Methylene-3-(2,2,2-trichloroacetimidoyloxy)pentanoic acid methyl ester
(1 f): The compound was slightly yellow liquid. Rf=0.54 (pentane/Et2O
1:1); 1H NMR (400 MHz, CDCl3, TMS): d =8.32 (s, 1H), 6.32 (s, 1H),
5.93 (s, 1H), 5.67 (dd, J=4.1 Hz, 7.6 Hz, 1H), 3.79 (s, 3H), 2.01–1.88 (m,
1H), 1.85–1.72 (m, 1H), 1.01 ppm (t, J=7.4 Hz, 3H); 13C NMR
(101 MHz, CDCl3): d=165.8, 161.2, 139.2, 124.9, 91.5, 77.4, 52.0, 27.7,
9.6 ppm; HRMS: m/z : calcd for: 309.9780; found: 309.9795 [M+Na]+ .


4-Methyl-2-methylene-3-(2,2,2-trichloroacetimidoyloxy)pentanoic acid
methyl ester (1g):[10a] Rf=0.57 (pentane/Et2O 1:1); 1H NMR (400 MHz,
CDCl3, TMS): d =8.30 (s, 1H), 6.36 (d, J=0.8 Hz, 1H), 5.89 (br s, 1H),
5.57 (d, J=4.4 Hz, 1H), 3.80 (s, 3H), 2.17–2.07 (m, 1H), 1.03 (d, J=


6.9 Hz, 3H), 0.99 ppm (d, J=6.8 Hz, 3H);13C NMR (101 MHz, CDCl3):
d=165.9, 161.3, 138.4, 125.5, 80.4, 52.1, 32.2, 19.0, 16.6 ppm; HRMS:
m/z : calcd for: 323.9937; found: 323.9943 [M+Na]+ .


2,2,2-Trichloroacetimidic acid 2-cyano-1-isopropyl-allyl ester (1h): The
compound was a slightly yellow liquid. Rf=0.49 (pentane/Et2O 1:1);
1H NMR (400 MHz, CDCl3, TMS): d =8.45 (br s, 1H), 6.13 (s, 1H), 6.07–
6.06 (m, 1H), 5.15 (d, J=7.3 Hz, 1H), 2.25 (octet, J=6.8 Hz, 1H), 1.08
(d, J=6.7 Hz, 3H), 1.03 ppm (d, J=6.9 Hz, 3H); 13C NMR (101 MHz,
CDCl3): d =161.3, 133.3, 121.0, 116.4, 82.0, 31.4, 18.5, 17.4 ppm; HRMS:
m/z : calcd for: 290.9835; found: 290.9840 [M+Na]+ .


2,2,2-Trichloroacetimidic acid (2-oxo-5,6-dihydro-2H-pyran-3-yl)phenyl-
methyl ester (1i): Rf=0.18 (pentane/Et2O 1:1); m.p. 123 8C (white solid);
1H NMR (400 MHz, CDCl3, TMS): d=8.45 (s, 1H), 7.51–7.46 (m, 2H),
7.40–7.28 (m, 3H), 6.97 (t, J=4.4 Hz, 1H), 6.84 (s, 1H), 4.44–4.30 (m,
2H), 2.55–2.49 ppm (m, 2H); 13C NMR (101 MHz, CDCl3): d=162.7,
160.4, 140.3, 137.2, 132.2, 128.4, 128.4, 127.1, 91.2, 76.1, 66.0, 24.2 ppm;
HRMS: m/z : calcd for: 369.9780; found: 369.9790 [M+Na]+ .


General procedure for asymmetric syntheses of allylic trichloroaceta-
mides (2)


Method A : The imidate (1, 1 equiv) was weighed in a 4 mL vial, solvent
(0.5 mL dioxane) and catalyst (0.1 equiv) were added. The reaction was
stirred at 40 8C and monitored by TLC. Upon completion the solvent was
evaporated and the crude product was directly purified by FC.


Method B : The imidate (1, 1 equiv) was weighed in a 4 mL vial, solvent
(0.5 mL dioxane) and catalyst (0.1 equiv) were added. The reaction was
stirred at room temperature and monitored by TLC. Upon completion
the solvent was evaporated and the crude product was directly purified
by FC.


Method C : The imidate (1, 1 equiv) was weighed in a 4 mL vial, solvent
(5.0 mL dioxane) and catalyst (0.1 equiv) were added. The reaction was


stirred at 40 8C and monitored by TLC. Upon completion the solvent was
evaporated and the crude product was directly purified by FC.


Method D : The imidate (1, 1 equiv) was weighed in a 4 mL vial, solvent
(5.0 mL dioxane) and catalyst (0.1 equiv) were added. The reaction was
stirred at room temperature and monitored by TLC. Upon completion
the solvent was evaporated and the crude product was directly purified
by FC.


2-[Phenyl-(2,2,2-trichloroacetylamino)methyl]acrylic acid methyl ester
(2a): This imidate was obtained according to the general procedure
(Method A, overnight) and isolated as a white solid (77% yield). Rf=
0.31 (pentane/Et2O 3:1); m.p. 81 8C. [a]D=�22.78 (c=0.98, CHCl3) (90%
ee); HPLC (OD, 250 mm, hexane/iPrOH 98:2): tmajor=8.7 min, tminor=


10.4 min; 1H NMR (400 MHz, CDCl3, TMS): d =8.16 (d, J=8.4 Hz, 1H),
7.39–7.32 (m, 2H), 7.33–7.27 (m, 3H), 6.44 (br s, 1H), 6.02 (br s, 1H),
5.92 (d, J=8.8 Hz, 1H), 3.73 ppm (s, 3H); 13C NMR (101 MHz, CDCl3):
d=166.1, 161.1, 137.9, 137.4, 128.8, 128.7, 128.0, 126.0, 92.5, 56.9,
52.3 ppm; HRMS: m/z : calcd for: 357.9780; found: 357.9792 [M+Na]+ .


2-[(4-Nitrophenyl)-(2,2,2-trichloroacetylamino)methyl]acrylic acid methyl
ester (2b): This imidate was obtained according to the general procedure
(Method D, 1 d) and isolated as a slightly yellow, clear oil (89% yield).
Rf=0.42 (pentane/Et2O 1:1); [a]D=�34.08 (c=7.7, CHCl3) (74% ee);
HPLC (OD, 250 mm, hexane/iPrOH 90:10): tmajor=16.5 min, tminor=


21.6 min; 1H NMR (400 MHz, CDCl3, TMS): d =8.35 (d, J=8.4 Hz, 1H),
8.20 (dd, J=2.0 Hz, 7.2 Hz, 2H), 7.48 (d, J=8.6 Hz, 2H), 6.50 (s, 1H),
6.14 (s, 1H), 5.97 (d, J=8.8 Hz, 1H), 3.75 ppm (s, 3H); 13C NMR
(101 MHz, CDCl3): d =166.1 161.6, 147.7, 145.5, 136.5, 130.7, 127.1, 124.2,
92.4, 56.9, 52.8 ppm; HRMS: m/z : calcd for: 402.9631; found: 402.9629
[M+Na]+ .


2-[Pyridin-2-yl-(2,2,2-trichloroacetylamino)methyl]acrylic acid methyl
ester (2c): This imidate was obtained according to the general procedure
(Method C, 2d) and isolated as a slightly yellow, clear oil (64% yield).
Rf=0.22 (pentane/Et2O 1:1); [a]365nm Hg=++14.88 (c=1.00, CHCl3) (80%
ee); HPLC (OD, 250 mm, hexane/iPrOH 95:5): tmajor=10.1 min, tminor=


12.5 min; 1H NMR (400 MHz, CDCl3, TMS): d =8.83 (brd, J=6.8 Hz,
1H), 8.55 (ddd, J=0.9 Hz, 1.8 Hz, 4.9 Hz, 1H), 7.70 (d, J=1.8 Hz,
7.7 Hz, 1H), 7.43 (d, J=7.9 Hz, 1H), 7.24 (dddd, J=0.4 Hz, 1.1 Hz,
4.9 Hz, 7.5 Hz, 1H), 6.40 (s, 1H), 6.03 (br s, 1H), 5.95 (d, J=7.5 Hz, 1H),
3.74 ppm (s, 3H); 13C NMR (101 MHz, CDCl3): d=165.9, 161.0, 155.9,
149.0, 138.2, 137.2, 127.8, 123.1, 122.1, 92.5, 56.0, 52.2 ppm; HRMS: m/z :
calcd for: 358.9733; found: 358.9727 [M+Na]+ .


2-[Naphthalen-2-yl-(2,2,2-trichloroacetylamino)methyl]acrylic acid methyl
ester (2d): This imidate was obtained according to the general procedure
(Method A, overnight) and isolated as a slightly yellow, clear oil (74%
yield). Rf=0.42 (pentane/Et2O 1:1); [a]D=++4.58 (c=0.98, CHCl3) (74%
ee); HPLC (OD, 250 mm, hexane/iPrOH 95:5): tmajor=10.2 min, tminor=


15.0 min; 1H NMR (400 MHz, CDCl3, TMS): d =8.26 (d, J=8.7 Hz, 1H),
7.88–7.81 (m, 3H), 7.76 (br s, 1H), 7.54–7.46 (m, 2H), 7.42 (dd, J=


1.9 Hz, 8.5 Hz, 1H), 6.50 (brs, 1H), 6.12–6.08 (m, 1H), 3.73 ppm (s, 3H);
13C NMR (101 MHz, CDCl3): d =166.1, 161.1, 143.8, 137.4, 135.3, 133.1,
132.8, 128.8, 128.0, 127.6, 126.4, 126.3, 125.0, 124.0, 92.6, 57.0, 52.3 ppm;
HRMS: m/z : calcd for: 407.9937; found: 407.9953 [M+Na]+ .


2-[Phenyl-(2,2,2-trichloroacetylamino)methyl]acrylic acid tert-butyl ester
(2e):[10a] This imidate was obtained according to the general procedure
(Method B, 5 d) and isolated as a clear, colourless oil (89% yield). Rf=
0.39 (pentane/Et2O 4:1); [a]D=�33.38 (c=1.00, CHCl3) (92% ee);
HPLC (OD, 250 mm, hexane/iPrOH 98:2): tmajor=5.5 min, tminor=


6.1 min; 1H NMR (400 MHz, CDCl3, TMS) d =7.99 (d, J=8.2 Hz, 1H),
7.4–7.2 (m, 5H), 6.37 (s, 1H), 5.9–5.8 (m, 2H), 1.36 ppm (s, 9H);
13C NMR (101 MHz, CDCl3): d =164.7, 161.1, 139.0, 138.3, 128.7, 128.1,
127.8, 125.9, 92.7, 82.3, 56.8, 27.8 ppm.


2-Methylene-3-(2,2,2-trichloroacetylamino)pentanoic acid methyl ester
(2 f): This imidate was obtained according to the general procedure
(Method B, 4 d) and isolated as a clear, colourless oil (83% yield). Rf=
0.28 (pentane/Et2O 3:1); [a]D=�20.28 (c=1.01, CHCl3) (46% ee);
HPLC (OJ, 500 mm, hexane/iPrOH 98:2): tmajor=23.9 min, tminor=


25.6 min; 1H NMR (400 MHz, CDCl3, TMS): d =7.82 (d, J=7.2 Hz, 1H),
6.27 (s, 1H), 5.83 (s, 1H), 4.55 (q, J=7.8 Hz, 1H), 3.79 (s, 3H), 1.85–1.65
(m, 2H), 0.92 ppm (t, J=7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3): d=
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166.4, 161.1, 137.3, 128.6, 92.7, 56.3, 52.1, 27.3, 10.7 ppm; HRMS: m/z :
calcd for: 309.9780; found: 309.9794 [M+Na]+ .


4-Methyl-2-methylene-3-(2,2,2-trichloroacetylamino)pentanoic acid methyl
ester (2g): This imidate was obtained according to the general procedure
(Method B, 3 d) and isolated as a slightly yellow, clear oil (57% yield).
Rf=0.22 (pentane/Et2O 1:1); [a]D=�39.38 (c=1.00, CHCl3) (78% ee);
HPLC (OJ, 500 mm, hexane/iPrOH 99:1): tmajor=15.7 min, tminor=


18.0 min; 1H NMR (400 MHz, CDCl3, TMS): d =7.88 (brd, J=8.4 Hz,
1H), 6.29 (s, 1H), 5.82 (s, 1H), 4.28 (t, J=9.6 Hz, 1H), 3.80 (s, 3H),
2.13–2.01 (m, 1H), 1.00 (d, J=6.7 Hz, 3H), 0.87 ppm (d, J=6.8 Hz, 3H);
13C NMR (101 MHz, CDCl3): d=166.6, 161.2, 136.8, 129.3, 92.8, 61.2,
52.2, 31.3, 20.1, 19.1 ppm; HRMS: m/z : calcd for: 323.9937; found:
323.9943 [M+Na]+ .


2,2,2-Trichloro-N-(2-cyano-1-isopropylallyl)acetamide (2h): This imidate
was obtained according to the general procedure (Method B, 2 d) and
isolated as a clear, colourless oil (73% yield). Rf=0.38 (pentane/Et2O
1:1); [a]D=++17.28 (c=1.00, CHCl3) (40% ee); HPLC (OD, 250 mm,
hexane/iPrOH 95:5): tminor=14.1 min, tmajor=16.7 min;


1H NMR
(400 MHz, CDCl3, TMS): d=6.81 (brd, J=7.2 Hz, 1H), 6.09 (s, 1H),
6.01 (s, 1H), 4.20 (t, J=8.6 Hz, 1H), 2.11 (dsept, J=8.7 Hz, 6.7 Hz, 1H),
1.05 (d, J=6.7 Hz, 3H), 1.02 ppm (d, J=6.7 Hz, 3H); 13C NMR
(101 MHz, CDCl3): d=161.6, 133.4, 121.6, 116.3, 92.2, 60.3, 30.6, 19.4,
18.2 ppm; HRMS: m/z : calcd for: 290.9835; found: 290.9836 [s+Na]+ .


N-(3-Benzylidene-2-oxo-tetrahydropyran-4-yl)-2,2,2-trichloroacetamide
(3 i): 1H NMR (400 MHz, CDCl3, TMS): d=8.09 (s, 1H), 7.44 (br s, 1H),
7.42–7.34 (m, 5H), 5.26 (dd, J=10.6 Hz, 4.8 Hz, 1H), 4.62–4.53 (m, 1H),
4.41 (td, J=11.1 Hz, 4.0 Hz, 1H), 2.32–2.20 ppm (m, 2H); 13C NMR
(101 MHz, CDCl3): d=166.4, 161.7, 147.9, 132.9, 130.6, 130.0, 129.0,
123.3, 92.2, 64.6, 46.6, 28.0 ppm; HRMS: m/z : calcd. for: 369.9780; found:
369.9771 [M+Na]+ .


Diels–Alder reaction between amide product (2a) and 2,3-dimethylbuta-
1,3-diene (6): In an ordinary 2 mL vial the amide (40 mg, 0.12 mmol,
1 equiv) was dissolved in CH2Cl2 (0.3 mL). Then Et2AlCl (25% sol. in
toluene, 10 mL, 0.024 mmol) was added followed by 2,3-dimethylbuta-1,3-
diene (68 mL, 0.60 mmol, 5 equiv). The vial was safely closed and stirred
in an oil bath at 70 8C for 48 h. After complete consumption of the start-
ing material (monitored by 1H NMR), the crude was directly charged in
FC (pentane/Et2O 90:10) affording the pure product as a white solid,
which can be easily recrystallised in colourless crystals in 60% yield.


3,4-Dimethyl-1-[phenyl-(2,2,2-trichloroacetylamino)methyl]cyclohex-3-
enecarboxylic acid methyl ester (7): The ee was determined by HPLC
using a Daicel Chiralcel OD column (hexane/iPrOH 98:2); flow rate
1.0 mLmin�1; tminor=6.0 min, tmajor=12.4 min; [a]D=++46.88 (c=1.00,
CHCl3) (89% ee); 1H NMR (400 MHz, CDCl3, TMS): d=8.63 (d, J=


8.3 Hz, 1H), 7.3–7.2 (m, 3H), 7.10 (dd, J=7.8, 2.0 Hz, 2H), 4.79 (d, J=


8.5 Hz, 1H), 3.58 (s, 3H), 2.41 (d, J=16.7 Hz, 1H), 2.17 (d, J=17.1 Hz,
1H), 1.98 (brd, J=5.9 Hz, 2H), 1.83 (dt, J=13.5 Hz, 6.7 Hz, 1H), 1.54 (s,
6H), 1.43 ppm (dt, J=13.5 Hz, 7.1 Hz, 1H); 13C NMR (101 MHz,
CDCl3): d=176.3, 161.0, 137.2, 128.4, 128.2, 127.3, 125.4, 121.9, 92.9, 59.9,
52.2, 49.0, 38.6, 28.6, 26.9, 19.2, 18.7 ppm; HRMS: calcd for
C19H22Cl3NO3Na: 440.0563, found: 440.0564 [M+Na]+ ; relative configu-
ration was determined.[16]


General procedure for synthesis of carbamates (4): The Baylis–Hillman
adduct (1.0 equiv) was dissolved in dry dichloromethane at room temper-
ature, then isocyanate (1.1 equiv) was added. Reaction was monitored by
TLC, and after completion, the reaction was concentrated, and purified
by FC.


2-[Phenyl-(tosylcarbamoyloxy)methyl]acrylic acid tert-butyl ester (4a):
Rf=0.32 (pentane/Et2O 1:1 + 8% MeOH); 1H NMR (400 MHz, CDCl3,
TMS): d=8.84 (s, 1H), 7.81 (d, J=7.3 Hz, 2H), 7.3–7.1 (m, 7H), 6.52 (s,
1H), 6.30 (s, 1H), 5.70 (s, 1H), 2.35 (s, 3H), 1.28 ppm (s, 9H); 13C NMR
(101 MHz, CDCl3): d=163.7, 149.1, 145.0, 139.9, 136.5, 135.3, 129.6,
128.7, 128.4, 128.3, 127.8, 126.4, 125.6, 81.8, 76.3, 27.8, 21.7 ppm; HRMS:
m/z : calcd for: 454.1300; found: 454.1300 [M+Na]+ .


2-[Phenyl-(2,2,2-trichloroacetylcarbamoyloxy)methyl]acrylic acid tert-
butyl ester (4b): Rf=0.33 (pentane/Et2O 1:2); 1H NMR (400 MHz,
CDCl3, TMS): d=8.46 (s, 1H), 7.5–7.3 (m, 5H), 6.71 (s, 1H), 6.41 (s,


1H), 5.91 (s, 1H), 1.39 ppm (s, 9H); 13C NMR (101 MHz, CDCl3): d=


164.3, 164.0, 155.9, 141.1, 138.0, 128.3, 127.7, 124.7, 81.5, 74.2, 27.8 ppm;
HRMS: m/z : calcd for: 444.0148; found: 444.0146 [M+Na]+ .


General procedure for asymmetric syntheses of N-protected amine (5)


From carbamates 4 to N-protected amine 5 : The carbamate (4, 1 equiv)
was weighed in a 4 mL vial, solvent and catalyst (0.2 equiv) were added.
The reaction was stirred at 35 8C and monitored by TLC. Upon comple-
tion the solvent was evaporated and the crude product was directly puri-
fied by FC.


From Baylis–Hillman adduct to N-protected amine 5 : The Baylis–Hillman
adduct (1.05 equiv) was weighed in a 4 mL vial, solvent and isocyanate
(1.00 equiv) were added. The reaction was stirred at room temperature
and monitored by TLC. After consummation of Baylis–Hillman, the cata-
lyst (0.2 equiv) was added, and the reaction was warmed to 35 8C and
monitored by TLC. Upon completion the solvent was evaporated and the
crude product was directly purified by FC.


2-[Phenyl-(toluene-4-sulfonylamino)methyl]acrylic acid tert-butyl ester
(5a):[3f] This amine was obtained from Baylis–Hillman adduct and isolat-
ed as a slightly yellow, clear oil (43% yield). Rf=0.19 (pentane/Et2O
2:1); [a]D=�12.88 (c=1.01, CHCl3) (>99% ee); HPLC (AD, 250 mm,
hexane/iPrOH 90:10): tmajor=16.0 min, tminor=13.3 min;


1H NMR
(400 MHz, CDCl3, TMS): d=7.68 (d, J=8.2 Hz, 2H), 7.3–7.1 (m, 7H),
6.10 (s, 1H), 5.67 (s, 1H), 5.60 (d, J=9.1 Hz, 1H), 5.25 (d, J=9.0 Hz,
1H), 2.40 (s, 3H), 1.29 ppm (s, 9H); 13C NMR (101 MHz, CDCl3): d=


164.6, 143.3, 139.8, 139.0, 137.7, 129.5, 128.4, 127.6, 127.2, 126.3, 81.8,
59.2, 27.8, 21.5 ppm.


2-[Pyridin-2-yl-(2,2,2-trichloroacetylamino)methyl]acrylic acid methyl
ester (5b=2e): This amine was obtained from Baylis–Hillman adduct
isolated as a clear, colourless oil (72% yield). Rf=0.39 (pentane/Et2O
4:1); [a]D=�33.38 (c 1.00, CHCl3) (92% ee); HPLC (OD, 250 mm,
hexane/iPrOH 98:2): tmajor=5.5 min, tminor=6.1 min;


1H NMR (400 MHz,
CDCl3, TMS): d=7.99 (d, J=8.2 Hz, 1H), 7.4–7.2 (m, 5H), 6.37 (s, 1H),
5.9–5.8 (m, 2H), 1.36 ppm (s, 9H); 13C NMR (101 MHz, CDCl3): d=


164.7, 161.1, 139.0, 138.3, 128.7, 128.1, 127.8, 125.9, 92.7, 82.3, 56.8,
27.8 ppm.


Absolute configuration : Compound 5a was transesterified, according to
known literature procedure,[18] to the methyl ester, for which the absolute
configuration is known.[17] The optical rotation of the compound was de-
termined and compared. Since 5b was generated via same mechanism,
the absolute configuration is assumed to be similar; hence 5b=2e, the
configuration of the 2 can be deduced. [a]D=�11.38 (c=0.52, CHCl3)
(68% ee); HPLC (AS, 250 mm, 0.60 mLmin�1 hexane/iPrOH 60:40):
tminor=17.1 min, tmajor=20.2 min;


1H NMR (400 MHz, CDCl3, TMS) d=


7.68 (dd, J=2.0 Hz, 8.2 Hz, 2H), 7.3–7.2 (m, 5H), 7.2–7.1 (m, 2H), 6.22
(s, 1H), 5.83 (s, 1H), 5.60 (d, J=9.0 Hz, 1H), 5.29 (d, J=9.0 Hz, 1H),
3.60 (s, 3H), 2.41 ppm (s, 3H).
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Alkyne versus Allene Activation in Platinum- and Gold-Catalyzed
Cyclo ACHTUNGTRENNUNGisomerization of Hydroxylated ACHTUNGTRENNUNG1,5-Allenynes


Riadh Zriba, Vincent Gandon, Corinne Aubert, Louis Fensterbank,* and
Max Malacria*[a]


Introduction


It is now well established that gold and platinum salts can
activate alkynes, alkenes, and allenes toward nucleophilic
attack.[1] In the case of 1,6-enynes, electrophilic activation of
the alkyne triggers nucleophilic attack by the alkene to give
a metallacyclopropyl carbene intermediate that can evolve
along different pathways to give various types of dienes
(Scheme 1, A–E ) or bicyclic derivatives (F–H).[1e,g] 1,5-
Enynes, on the other hand, were selectively transformed
into bicycloACHTUNGTRENNUNG[3.1.0]hex-2-enes (I) or bicycloACHTUNGTRENNUNG[3.1.0]hexan-3-
ones (J) when starting from 3-hydroxylated substrates.[2] 1,6-
Allenynes were also successfully converted into valuable
cyclic compounds including vinylallenes (K, L), dienes (M),


and trienes (N).[3] In contrast, cycloisomerization of 1,5-alle-
nynes has remained underexplored in the fields of gold and
platinum catalysis.[3a,4,5] Here we describe in detail our find-
ings concerning the cycloisomerization of 3-hydroxy-1,5-alle-
nynes in the presence of PtII, PtIV, AuI, and AuIII salts.


Results and Discussion


Starting compounds 1a–n (see Tables 1 and 2) were pre-
pared by addition of lithium acetylide to b-allenyl aldehydes.
These precursors were obtained via Claisen–Cope rear-
rangement of propargyl vinyl ethers derived from p-toluene-
sulfonic acid-catalyzed condensation of aldehydes to prop-
argyl alcohols, as described in the literature.[6]


Cycloisomerization to 2-methylene-3-vinylcyclopent-3-enol
or 3-vinylcyclopent-2-enone derivatives : We found that
some of the allenynes could be cycloisomerized without cat-
alyst (Table 1). Silylated allenynes 1a (R=SiMe3, Table 1,
entry 1), 1d (R=SitBuMe2, Table 1, entry 7), 1e (R=


SiPhMe2, Table 1, entry 9), 1 f (R=SiPh3, Table 1, entry 11),
and 1g (R=SiiPr3, Table 1, entry 13) were converted in high
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yields to 2-methylene-3-vinylcyclopent-3-enol derivatives 2a
and 2d–g within 2 h in refluxing toluene. The stereochemis-
try was proposed on the basis of the NOE effect between


the exocyclic vinylic proton and
the methylene fragment. These
unprecedented products pre-
sumably result from thermal
Alder-ene cycloisomerizations,
which are quite unusual at such
a low temperature. With alkyl
groups at the alkyne moiety
(1h–l, Table 1, entries 15–19),
thermal transformation no
longer took place. The ease
with which silylated compounds
transform could be explained
by the well-known silicon b


effect:[7] if the pericyclic reac-
tion proceeds in an asynchro-
nous manner (i.e., the C1�H
bond is formed early in the
transition state), a positive
charge developing at C2 would


be stabilized by silyl groups
(Scheme 2).


Scheme 1. Typical cycloisomerizations of 1,6-enynes, 1,5-enynes, and 1,6-allenynes under gold and platinum catalysis.


Table 1. Thermal or platinum-catalyzed cycloisomerization of hydroxylated 1,5-allenynes to cyclopentenols or
cyclopentenones (yields of isolated products).


Entry Substrate R R’ R’’ Catalyst Yield [%]
ACHTUNGTRENNUNG(2/3)


1 1a SiMe3 H Me none 98/0
2 1a SiMe3 H Me PtCl4 0/98
3 1a SiMe3 H Me PtCl2 0/79
4 1b SiMe3 H H PtCl4 0/48
5 1b SiMe3 H H PtCl2 0/79
6 1c SiMe3 ACHTUNGTRENNUNG(CH2)2 PtCl4 0/79
7 1d Si ACHTUNGTRENNUNG(tBu)Me2 H Me none 89/0
8 1d Si ACHTUNGTRENNUNG(tBu)Me2 H Me PtCl4 0/65
9 1e SiPhMe2 H Me none 86/0
10 1e SiPhMe2 H Me PtCl4 0/79
11 1 f SiPh3 H Me none 67/0
12 1 f SiPh3 H Me PtCl4 67/0
13 1g SiiPr3 H Me none 95/0
14 1g SiiPr3 H Me PtCl4 95/0
15 1h CH2Ph H Me none 0/0
16 1 i CH2iPr H Me none 0/0
17 1j CH2OMe H H none 0/0
18 1k CH2OMe H Me none 0/0
19 1 l nC6H13 H Me none 0/0


Scheme 2. Postulated asyn-
chronous Alder-ene transition
state.
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With the exception of the sterically crowded allenynes 1 f
and 1g (Table 1, entries 12 and 13), the thermally labile sily-
lated substrates 1a, 1d, and 1e could be transformed into
another type of compound: when refluxed in the presence
of 5 mol% of PtCl2 or PtCl4, 3-vinylcyclopent-2-enone deriv-
atives 3a, 3d, and 3e (Table 1, entries 2–6, 8, 10) were ob-
tained in good yields. These reactions are also possible with
standard Lewis acids such as ZnCl2 or AlCl3, but the reac-
tion rates are much lower. As shown by the stepwise trans-
formation of compound 1a into first 2a and then 3a
(Scheme 3), cyclopentenols seem indeed to be likely precur-
sors to the cyclopentenones.


Thus, Lewis acids promote rearrangement of the unsatu-
rated framework to yield conjugated compounds. The first
step could be an exocyclic/endocyclic migration of the sily-
lated double bond to give a cy-
clopentadienol intermediate
(Scheme 4). Keto/enol tauto-
merism would then lead to a
b,g-unsaturated cyclopentenone.
Finally, a proton-shift would
produce a a,b,g,d-unsaturated
cyclopentenone as thermody-
namic product.
The next step of our investi-


gation was to evaluate the reac-
tivity of the thermally stable
alkyl-substituted hydroxylated
allenynes 1h–m in the presence
of gold and platinum complexes
(vide infra).


Cycloisomerization to 6-
methylenebicyclo ACHTUNGTRENNUNG[3.1.0]hexan-
3-one or 2-ethynyl-3,6-dihydro-
2H-pyran derivatives : Efficient
cycloisomerization of allenynes
1h–m was achieved by using a
catalytic amount of PtCl2 or
PtCl4 (Table 2, entries 1–10). In-
stead of cyclopentenols of type
2 or cyclopentenones of type 3,
unprecedented 6-
methylenebicycloACHTUNGTRENNUNG[3.1.0]hexan-3-
one derivatives 4h–m were iso-
lated in good yields after 24–
36 h in refluxing toluene.[8] For
instance, allenynes 1 i (Table 2,


entry 3) and 1k (Table 2, entry 6) were transformed into 4 i
and 4k in 87 and 80% yield of isolated product, respective-
ly.[9] Remarkably, this reaction tolerates the presence of an-


other C�C triple bond (1m,
Table 2, entry 9).
As expected, these com-


pounds were obtained as single
diastereomers of cis configura-
tion at the ring junction, as con-
firmed by NOE experiments.
Although most of these prod-
ucts were obtained as oils, we


were able to obtain single crystals of the trityl derivative 4n
and carry out an X-ray diffraction study, which confirmed
the proposed structure (Scheme 5).[10]


Scheme 3. Stepwise transformation of allenyne 1a into cyclopentenone 3a.


Scheme 4. Lewis acid (LA) catalyzed rearrangement of cyclopentenols 2
to cyclopentenones 3.


Table 2. Platinum- and gold-catalyzed cycloisomerization of hydroxylated 1,5-allenynes to bicyclic ketones or
dihydropyrans (yields of isolated products).


Entry Substrate R R’ R’’ Conditions Yield [%]
(4/5)


1 1h CH2Ph Me Me PtCl4 (5 mol%), toluene, reflux, 36 h 75/0
2 1h CH2Ph Me Me PtCl2 (5 mol%), toluene, reflux, 36 h 55/0
3 1 i CH2iPr Me Me PtCl4 (5 mol%), toluene, reflux, 36 h 87/0
4 1 i CH2iPr Me Me PtCl2 (5 mol%), toluene, reflux, 36 h 87/0
5 1 j CH2OMe Me H PtCl4 (5 mol%), toluene, reflux, 36 h 85/0[a]


6 1k CH2OMe Me Me PtCl4 (5 mol%), toluene, reflux, 36 h 80/0
7 1k CH2OMe Me Me PtCl2 (5 mol%), toluene, reflux, 36 h 70/0
8 1 l nC6H13 Me Me PtCl4 (5 mol%), toluene, reflux, 24 h 66/0
9 1m ACHTUNGTRENNUNG(CH2)3CCSiMe3 Me Me PtCl4 (5 mol%), toluene, reflux, 36 h 68/0
10 1m ACHTUNGTRENNUNG(CH2)3CCSiMe3 Me Me PtCl2 (5 mol%), toluene, reflux, 36 h 70/0
11 1a SiMe3 Me Me ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%),


CH2Cl2, reflux, 1 h
0/96


12 1b SiMe3 Me H ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%),
CH2Cl2, reflux, 1 h


0/48[b]


13 1c SiMe3 ACHTUNGTRENNUNG(CH2)5 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%),
CH2Cl2, reflux, 1 h


0/45


14 1 i CH2iPr Me Me ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%),
CH2Cl2, reflux, 1 h


0/72


15 1k CH2OMe Me Me ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%),
CH2Cl2, reflux, 1 h


0/73


16 1k CH2OMe Me Me ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%), tolu-
ene, RT, 1 h


0/55


17 1k CH2OMe Me Me AuCl (2 mol%), CH2Cl2, RT, 6 h 0/41
18 1k CH2OMe Me Me AuCl3 (2 mol%), CH2Cl2, RT, 6 h 0/55
19 1k CH2OMe Me Me AuCl (2 mol%), toluene, reflux, 6 h 45/0
20 1k CH2OMe Me Me AuCl3 (2 mol%), toluene, reflux, 6 h 58/0


[a] Separated mixture of E/Z isomers (1.7/1). [b] Inseparable mixture of isomers (1/1).
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It seems clear that these bicyclic compounds arise from
the activation of the triple bond by the platinum catalyst fol-
lowed by intramolecular nucleophilic attack of the internal
allene double bond, as in the case of hydroxylated 1,5-enyn-
es.[2e] Although similar reactivity was expected with gold cat-
alysts, a different outcome ensued: on using a catalytic
amount of [AuACHTUNGTRENNUNG(PPh3)]


+ , generated in situ from [AuCl-
ACHTUNGTRENNUNG(PPh3)] and AgSbF6, allenynes 1 i and 1k were transformed
into 2-ethynyl-3,6-dihydro-2H-pyran derivatives 5 i (Table 2,
entry 14) and 5k (Table 2, entry 15) in 72 and 73% yield, re-
spectively.[11] The corresponding transformations were re-
ported in the b-hydroxyallene series.[12]


These reactions came to completion within 1 h in CH2Cl2
at room temperature. The yield of 5k was significantly low-
ered in toluene instead of CH2Cl2 (Table 2, entry 16, 55%).
AuCl and AuCl3 proved to be less efficient catalysts: 5k was
obtained in 41 and 55% yield, respectively, after 6 h at
room temperature in CH2Cl2 (Table 2, entries 17 and 18). In-
terestingly, when the reaction was carried out in toluene in-
stead of CH2Cl2, AuCl and AuCl3 led to 4k in 45 and 58%
yield, respectively (Table 2, entries 19 and 20). Clearly,
whereas [AuACHTUNGTRENNUNG(PPh3)]


+ remains a well-defined species in both
toluene and CH2Cl2 due to the presence of a stabilizing
phosphane ligand, the“low-tech”[13] gold salts AuCl and
AuCl3 may give rise to different active species depending on
the solvent and the temperature of the reaction mixture.
Thus, hydroxylated 1,5-allenynes behave like hydroxylated


1,5-enynes or b-hydroxyallenes depending on the reaction
conditions.[14] However, in spite of potential competition be-
tween the two nucleophilic sites (i.e. , the OH group and the
internal allene double bond), we encountered only chemo-
specific transformations in which [AuACHTUNGTRENNUNG(PPh3)]


+ selectively ac-
tivated the allene moiety, whereas PtClx (x=2,4) activates
only the triple bond (Scheme 6).[15]


Synthetic applications of compounds 4 : Although many new
compounds were formed from hydroxylated 1,5-allenynes,
as far as synthetic applications are concerned, the peculiar
framework of compounds 4 appeared the most fascinating.
We thus started to evaluate these intriguing compounds as
potential precursors to more complex molecules. First, we
found that the alkene fragment is highly reactive toward m-
chloroperbenzoic acid (mCPBA; Scheme 7). Ketone 4n un-
derwent selective epoxidation to give tricyclic spiro com-


pound 6n in 93% yield. On the
other hand, diketone 6k was re-
gioselectively obtained in 95%
yield from the less sterically
crowded substrate 4k. The ring
junction proton resonates at d=


3.27 ppm, which supports the
proposed regiochemistry. It
seems likely that, in this case,
the spiranic framework is also
formed but, due to a lack of ki-


netic stabilization, subsequent rearrangement into a cyclobu-
tanone takes place.[16]


We next envisaged treating compounds 4 with halogenat-
ing agents. Hydroxyalkyl derivatives 4o–q were prepared by
PtCl4-catalyzed cycloisomerization of allenynes 1o–q fol-
lowed by fluorodesilylation (Scheme 8). Treatment of 4o
with N-iodosuccinimide (NIS) produced tricyclic 7o in 97%
yield as a single regio- and diastereomer arising from 5-endo
cyclization. The stereochemical assignment of this product
was ascertained by X-ray diffraction.[17] With longer methyl-


Scheme 5. Synthesis of 4n and structure obtained from X-ray diffraction analysis.


Scheme 6. Mechanistic interpretation (x=2, 4).


Scheme 7. Reaction of compounds of type 4 with mCPBA.
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ene spacers, the same reaction conditions led to 7p in 85%
yield, but only to degradation in the case of 4q.
Since the hydroxylated ketones 4o–q display both a meth-


ylenecyclopropane fragment and a nucleophilic site, we fig-
ured that these substrates could also be good candidates for
gold-catalyzed transformations. Pertinent to this idea was
the recently described gold(I)-catalyzed hydroamination of
methylenecyclopropanes.[18] We found that the outcome of
the reaction of compounds of type 4 with gold(I) was criti-
cally dependent on the length of the methylene spacer
(Table 3). For instance with n=1 (Table 3, entry 1), 4o was
selectively transformed into cyclohexadienone 8o in 77%
yield in the presence of 2 mol% of [AuACHTUNGTRENNUNG(PPh3)]


+ . On the
other hand, with n=2 (Table 3, entry 2), products arising
from attack of the alcohol at the double bond (9p, 42%) or
at the cyclopropane moiety (10p, 30%) were obtained.
Spiro compound 10q was formed as sole product for n=3
(Table 3, entry 3). A different product distribution was ob-
tained on using AuCl with n=1 and n=2 (Table 3, entries 4
and 5), but 10q was still obtained selectively with n=3
(Table 3, entry 6). It is note worthy that compounds of type
9 and 10 were formed as single diastereomers.[19,20]


The formation of 8o can be summarized as follows
(Scheme 9): electron depletion of the methylenecyclopro-
pane moiety induced by gold coordination promotes elimi-
nation of an allylic proton and hence formation of a hydro-
nium cation. Elimination of water and opening at the ring
junction leads to a gold-complexed 5-methylenecyclohex-3-


enone intermediate. After regeneration of the catalyst, this
compound rearranges into the more stable a,b,g,d-unsaturat-
ed ketone 8o.
With a longer tether (n=2 or 3; Scheme 10), nucleophilic


attack of the double bond, or of the cyclopropyl ring, by the
alkoxyl group becomes faster than proton elimination. In
the latter case, this transformation leads to a vinylgold spe-
cies that includes a spiranic moiety. Elimination of H+ fol-
lowed by acidic cleavage of the C�Au bond regenerates the
catalyst and delivers 10p,q.


Conclusion


We have shown that hydroxy-
lated 1,5-allenynes can be cy-
cloisomerized in the presence
of platinum- and gold-based
catalysts to yield distinct prod-
ucts. Among them, 6-
methylenebicycloACHTUNGTRENNUNG[3.1.0]hexan-3-
ones were formed on using
PtCl2 or PtCl4, whereas 2-ethyn-
yl-3,6-dihydro-2H-pyrans were
obtained with [AuACHTUNGTRENNUNG(PPh3)]


+ .
Thus, platinum salts show an
extensive degree of alkynophi-


Scheme 8. Iodoalkoxylation of the 6-methylene bond.


Table 3. Gold-catalyzed transformations of compounds 4o-q (yields of isolated products).


Entry Substrate n Conditions Yield [%] (8/9/10)


1 4o 1 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%), CH2Cl2, reflux, 1 h 77/0/0
2 4p 2 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%), CH2Cl2, reflux, 1 h 0/42/30[a]


3 4q 3 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)] (2 mol%), AgSbF6 (2 mol%), CH2Cl2, reflux, 1 h 0/0/74
4 4o 1 AuCl (5 mol%), CH2Cl2, reflux, 2 h 54/38/0[a]


5 4p 2 AuCl (5 mol%), CH2Cl2, reflux, 2 h 0/44/0
6 4q 3 AuCl (5 mol%), CH2Cl2, reflux, 2 h 0/0/80


[a] Separated.


Scheme 9. Mechanistic rationale for AuI-catalyzed transformations of 4o
into 8o.
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licity, as opposed to[Au ACHTUNGTRENNUNG(PPh3)]
+ , which proved to be sub-


stantially allenophilic. 6-MethylenebicycloACHTUNGTRENNUNG[3.1.0]hexan-3-
ones were oxidized by mCPBA or NIS to give polycyclic
compounds regio- and diastereoselectively. On the other
hand, [AuACHTUNGTRENNUNG(PPh3)]


+ allowed the formation of tricyclic or
spiro derivatives from hydroxyalkyl-substituted substrates
depending on the tether length. Overall, these compounds
were obtained in three steps from hydroxylated allenynes by
a unique sequence of platinum- and then gold-catalyzed
transformations.


Experimental Section


General methods : Reactions were carried out under argon in oven-dried
glassware. THF was distilled over sodium benzophenone ketyl. Toluene
was distilled from CaH2. Thin-layer chromatography (TLC) was per-
formed on Merck 60 F254 silica gel. Merck Gerudan SI 60 P silica gel
(35–70 mm) was used for column chromatography. NMR spectra (1H, 13C,
DEPT, 1H,1H and 1H,13C COSY) were recorded at room temperature on
a 400 MHz Bruker ARX400 spectrometer. Chemical shifts are given in
parts per million, referenced to the residual proton resonance of the sol-
vents (d=7.26 ppm for CDCl3) or to the residual carbon resonance of
the solvent (d=77.16 ppm for CDCl3) When possible, 1H and 13C signals
were assigned mostly on the basis of DEPT and 2D NMR (COSY,
HMBC) experiments. In the description of the 13C NMR spectra, a
number at the beginning of the information in parentheses refers to acci-
dentally isochronous carbon atoms. Elemental analyses were performed
by the Service RAgional de Microanalyse de lQUniversitA Pierre et Marie
Curie-Paris 6. High-resolution mass spectra (HRMS) were measured by
the Service de SpectromAtrie de Masse de lQUniversitA Pierre et Marie
Curie-Paris 6. Infrared (IR) spectra were recorded on a Bruker Tensor
27 spectrometer. Melting points were obtained on a BRchi capillary appa-
ratus and were not corrected.


Synthesis of the precursors allenynes: general procedure for preparation
of 1a–q : nBuLi (5.6 mL, 2.3m in hexanes, 13 mmol) was added to a solu-
tion of the alkyne (10 mmol) in dry THF (14 mL) at �78 8C. After
20 min, a solution of the allene aldehyde (9.9 mmol, 1 equiv) in dry THF
(14 mL) was added. The mixture was then allowed to warm to room tem-
perature. The mixture was quenched with saturated NH4Cl solution and
extracted with diethyl ether. The combined organic layers were washed
with brine, dried over MgSO4, and evaporated to give a crude oil, which


was purified by flash chromatography on silica gel (petroleum ether/
AcOEt 9/1).


1a (prepared from trimethylsilylacetylene and 2,2,5-trimethyl-3,4-hexa-
dienal, 96%): Colorless oil; 1H NMR (CDCl3): d =0.19 (s, 9H), 1.09 (s,
3H), 1.10 (s, 3H), 1.72 (d, J=3.0 Hz, 6H), 4.07 (s, 1H), 5.01 ppm (sept,
J=3.0 Hz, 1H), OH unobserved; 13C NMR (CDCl3): d=0.03 (CH3), 20.8
(2C, CH3), 24.1 (2C, CH3), 27.0 (C), 70.8 (CH), 90.2 (C), 95.3 (C), 97.1
(C), 105.4 (CH), 201.2 ppm (C); IR (neat): ñ =1725, 2171, 3396 cm�1.


1b (prepared from trimethylsilylacetylene and 2,2-dimethyl-3,4-hexadi-
ACHTUNGTRENNUNGenal, 67%): Colorless oil; 1H NMR (CDCl3): d =0.15 (s, 9H), 1.06 (s,
3H), 1.08 (s, 3H), 1.65 (dd, J=6.8, 3.3 Hz, 3H), 2.18 (br s, OH), 4.04 (s,
1H), 5.08–5.21 ppm (m, 2H); 13C NMR (CDCl3): d =�0.11 (CH3), 14.6
(CH3), 23.6 (CH3), 23.9 (CH3), 40.2 (C), 70.7 (CH), 87.7 (CH), 90.4 (C),
96.5 (CH), 104.9 (C) 204.0 ppm (C); IR (neat): ñ=1960, 2171, 3378 cm�1;
HRMS (ES+ ) calcd for C13H22OSiNa: 245.1338; found: 245.1332.


1c (prepared from trimethylsilylacetylene and 4-cyclohexylidene-2,2-di-
methyl-3-butenal, 34%): Colorless oil; 1H NMR (CDCl3): d=0.19 (s,
9H), 1.10 (s, 3H), 1.12 (s, 3H), 1.41–1.62 (m, 6H), 2.09–2.22 (m, 4H),
4.08 (d, J=6.8 Hz, 1H), 5.02 ppm (sept, J=2.3 Hz, 1H), OH unobserved;
13C NMR (CDCl3): d=0.03 (CH3), 23.8 (CH3), 24.4 (CH3), 26.2 (2C,
CH2), 27.0 (C), 27.6 (2C, CH2), 31.9 (CH2), 40.7 (C), 70.9 (CH), 90.5 (C),
94.9 (CH), 104.9 (C), 197.9 ppm (C); IR (neat): ñ=1958, 2171,
3402 cm�1; HRMS (ES+ ) calcd for C17H28OSiNa: 299.1807; found:
299.1798.


1d (prepared from tert-butyldimethylsilylacetylene and 2,2,5-trimethyl-
3,4-hexadienal, 68%): Colorless oil ; 1H NMR (CDCl3): d=0.09 (s, 6H),
0.92 (s, 9H), 1.06 (s, 3H), 1.08 (s, 3H), 1.68 (d, J=3.0 Hz, 6H), 4.06 (d,
J=6.5 Hz, 1H), 5.04 ppm (sept, J=3.0 Hz, 1H), OH unobserved;
13C NMR (CDCl3): d=�4.50 (CH3), 16.6 (C), 20.7 (CH3), 20.8 (CH3),
23.7 (CH3), 24.3 (CH3), 26.2 (CH3), 40.8 (C) 70.9 (CH), 88.7 (C), 95.3
(CH), 97.5 (C) 105.8 (C), 201.3 ppm (C); IR (neat): ñ=1968, 2170,
3400 cm�1; HRMS (ES+ ) calcd for C17H30OSiNa: 301.1958; found:
301.1964.


1e (prepared from dimethylphenysilylacetylene and 2,2,5-trimethyl-3,4-
hexadienal, 63%): Colorless oil; 1H NMR (CDCl3): d =0.43 (s, 3H), 0.44
(s, 3H), 1.11 (s, 3H), 1.13 (s, 3H), 1.71 (d, J=3.0 Hz, 6H), 4.14 (d, J=


1.3 Hz, 1H), 5.04 (sept, J=3.0 Hz, 1H), 7.36–7.41 (m, 3H), 7.61–
7.68 ppm (m, 2H), OH unobserved; 13C NMR (CDCl3): d=�0.71 (CH3),
20.7 (CH3), 20.8 (CH3), 23.8 (CH3), 24.3 (CH3), 40.8 (C), 71.0 (CH), 88.5
(C), 95.2 (CH), 97.5 (C), 107.0 (C), 127.9, 129.5, 133.7 (CHarom), 136.9
(C), 201.3 ppm (C); IR (neat): ñ=1967, 2170, 3438 cm�1; HRMS (ES+ )
calcd for C19H26OSiNa: 321.1654; found: 321.1651.


1 f (prepared from triphenylsilylacetylene and 2,2,5-trimethyl-3,4-hexa-
dienal, 49%): Pale yellow oil; 1H NMR (CDCl3): d=1.16 (s, 3H), 1.19 (s,
3H), 1.68 (d, J=3.0 Hz, 6H), 4.24 (d, J=6.0 Hz, 1H), 5.09 (sept, J=


3.0 Hz, 1H), 7.59–7.74 ppm (m, 15H), OH unobserved; IR (neat): ñ=


1967, 2170, 3400 cm�1; HRMS (ES+ ): calcd for C29H30OSiNa: 445.1964;
found: 445.1958.


1g (prepared from triisopropylsilylacetylene and 2,2,5-trimethyl-3,4-hexa-
dienal, 60%): Colorless oil; 1H NMR (CDCl3): d=1.07 (s, 3H), 1.08 (d,
J=5.5 Hz, 18H), 1.09 (s, 3H), 1.10–1.20 (m, 3H), 1.70 (d, J=2.2 Hz,
6H), 4.08 (d, J=6.5 Hz, 1H), 5.03 ppm (sept, J=3.0 Hz, 1H), OH unob-
served; 13C NMR (CDCl3): d =18.5 (CH3), 18.7 (CH), 20.8 (CH3), 20.9
(CH3), 23.6 (CH3), 24.5 (CH3), 40.9 (C), 71.0 (CH), 86.6 (C), 94.8 (C),
95.4 (CH), 97.5 (C), 201.3 ppm (C); IR (neat): ñ=2172, 3387 cm�1.


1h (prepared from 3-phenyl-1-propyne and 2,2,5-trimethyl-3,4-hexadi-
ACHTUNGTRENNUNGenal, 58%): Colorless oil; 1H NMR (CDCl3): d =1.12 (s, 3H), 1.14 (s,
3H), 1.72 (d, J=2.9 Hz, 6H), 3.62 (s, 2H), 4.15 (s, 1H), 5.05 (sept, J=


3.0 Hz, 1H), 7.36–7.49 ppm (m, 5H), OH unobserved; 13C NMR
(CDCl3): d=20.6 (CH3), 20.7 (CH3), 23.8 (CH3), 24.2 (CH3), 25.2 (CH2),
40.8 (C), 70.8 (CH), 81.7 (C), 83.7 (C), 95.4 (CH), 97.3 (C), 126.6 (CH),
127.9 (CH), 128.5 (CH), 136.7 (C), 201.2 ppm (C); IR (neat): ñ =1967,
2220, 3406 cm�1; HRMS (ES+ ) calcd for C18H22ONa: 277.1568; found:
277.1565.


1 i (prepared from 4-methyl-1-pentyne and 2,2,5-trimethyl-3,4-hexadienal,
69%): Colorless oil; 1H NMR (CDCl3): d=0.94 (s, 3H), 0.96 (s, 3H),
1.04 (s, 3H), 1.05 (s, 3H), 1.67 (d, J=2.9 Hz, 6H), 1.70–1.85 (m, 1H),


Scheme 10. Mechanistic rationale for AuI-catalyzed transformations of
4p,q into 9p,q and 10p,q.
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2.10 (dd, J=6.3, 2.0 Hz, 2H), 4.04 (s, 1H), 4.99 ppm (sept, J=3.0 Hz,
1H), OH unobserved; 13C NMR (CDCl3): d=20.7 (CH3), 20.8 (CH3),
22.1 (CH3), 23.7 (CH3), 24.3 (CH3), 28.0 (CH), 28.1 (CH2), 40.8 (C), 70.7
(CH), 80.2 (C), 85.3 (C), 95.4 (CH), 97.2 (C), 201.2 ppm (C); IR (neat):
ñ=1968, 2222, 3390 cm�1; HRMS (ES+ ) calcd for C15H24ONa: 243.1725;
found: 243.1719.


1j (prepared from methyl propargyl ether and 2,2-dimethyl-3,4-hexadi-
ACHTUNGTRENNUNGenal, 47%): Colorless oil; 1H NMR (CDCl3): d =1.08 (s, 3H), 1.10 (s,
3H), 1.75 (d, J=2.8 Hz, 6H), 3.38 (s, 3H), 4.10 (d, J=2.8 Hz, 1H), 4.15
(d, J=1.5 Hz, 2H), 5.00 ppm (sept, J=2.8 Hz, 1H); 13C NMR (CDCl3):
d=20.7 (CH3), 23.8 (CH3), 24.1 (CH3), 40.7 (C), 57.5 (CH3), 59.9 (CH2),
70.5 (CH), 81.5 (C), 86.0 (C), 95.3 (CH), 97.4 (C), 201.2 ppm (C); IR
(neat): ñ=1720, 1968, 3405 cm�1; HRMS (ES+ ) calcd for C12H18O2Na:
217.1204; found: 217.1199.


1k (prepared from methyl propargyl ether and 2,2,5-trimethyl-3,4-hexa-
dienal, 89%): Colorless oil; 1H NMR (CDCl3): d =1.07 (s, 3H), 1.08 (s,
3H), 1.64 (d, J=3.5 Hz, 6H), 3.35 (s, 3H), 4.10 (br s, 1H), 4.14 (s, 2H),
5.07–5.21 ppm (m, 1H), OH unobserved; 13C NMR (CDCl3): d=14.6
(CH3), 23.6 (CH3), 23.7 (CH3), 24.0 (CH3), 40.3 (C), 57.6 (CH3), 59.9
(CH2), 70.5 (CH), 81.6 (C), 85.8 (C), 87.9 (CH), 96.6 (CH), 204.1 ppm
(C); IR (neat): ñ =1725, 1961, 3418 cm�1; HRMS (ES+ ) calcd for
C13H20O2Na: 231.1361; found: 231.1357.


1 l (prepared from 1-octyne and 2,2,5-trimethyl-3,4-hexadienal, 61%):
Colorless oil; 1H NMR (CDCl3): d =0.88 (t, J=7.0 Hz, 3H), 1.05 (s, 3H),
1.07 (s, 3H), 1.21–1.49 (m, 6H), 1.45–1.56 (m, 2H), 1.69 (d, J=2.8 Hz,
6H), 2.21 (td, J=7.0, 2.0 Hz, 2H), 4.04 (td, J=3.8, 2.0 Hz, 1H), 4.99 ppm
(sept, J=2.8 Hz, 1H), OH unobserved; 13C NMR (CDCl3): d =14.1-
ACHTUNGTRENNUNG(CH3), 18.8 (CH2), 20.82 (CH3), 20.83 (CH3), 22.6 (CH2), 23.6 (CH3), 24.3
(CH3), 28.6 (CH2), 28.7 (CH2), 31.4 (CH2), 40.8 (C), 70.7 (CH), 79.2 (C),
86.5(C), 95.4 (CH), 97.3 (C), 201.2 ppm (C); IR (neat): ñ =1714, 2224,
3397 cm�1; HRMS (ES+ ) calcd for C17H28ONa: 271.2038; found:
271.2032.


1m (prepared from hepta-1,6-diynyltrimethylsilane and 2,2,5-trimethyl-
3,4-hexadienal, 58%): Colorless oil; 1H NMR (CDCl3): d=0.14 (s, 9H),
1.06 (s, 3H), 1.07 (s, 3H), 1.65–1.79 (m, 8H), 2.26–2.39 (m, 4H), 4.03 (d,
J=6.5 Hz, 1H), 4.98 ppm (sept, J=2.7 Hz, 1H), OH unobserved;
13C NMR (CDCl3): d=0.11 (CH3), 17.8 (CH2), 19.0 (CH2), 20.6 (2C,
CH3), 23.7 (2C, CH3), 27.7 (CH2), 40.7 (C), 60.3 (C), 70.6 (CH), 80.1 (C),
85.1 (C), 95.5 (CH), 97.0 (C), 106.1 (C), 201.1 ppm (C); IR (neat): ñ=


1717, 2173, 3410 cm�1; HRMS (ES+ ) calcd for C19H30OSiNa: 325.1964;
found: 325.1958.


1n (prepared from 3-O-(triphenylmethyl)prop-1-yn-3-ol and 2,2,5-tri-
methyl-3,4-hexadienal, 65%): Colorless oil; 1H NMR (CDCl3): d=1.13
(s, 3H), 1.15 (s, 3H), 1.75 (d, J=2.8 Hz, 6H), 3.38 (d, J=1.5 Hz, 2H),
4.13 (br s, 1H), 5.06 (sept, J=2.8 Hz, 1H), 7.33–7.39 (m, 10H), 7.47–
7.58 ppm (m, 5H), OH unobserved; 13C NMR (CDCl3): d=20.75 (CH3),
20.78 (CH3), 23.8 (CH3), 24.1 (CH3), 40.7 (C), 53.2 (CH2), 70.5 (CH), 82.4
(C), 84.7 (C), 87.4 (C), 95.2 (CH), 97.3 (C), 127.1 (CHarom), 127.9
(CHarom), 128.6 (CHarom), 143.5 (C), 201.2 ppm (C); IR (neat): ñ =1737,
1967 cm�1; HRMS (ES+ ) calcd for C31H32O2Na: 459.2297; found:
459.2294.


1o (prepared from tert-butyl ACHTUNGTRENNUNG(dimethyl)(2-propynoxy)silane and 2,2,5-tri-
methyl-3,4-hexadienal, 87%): Colorless oil; 1H NMR (CDCl3): d=0.11
(s, 6H), 0.90 (s, 9H), 1.06 (s, 3H), 1.08 (s, 3H), 1.70 (d, J=3.5 Hz, 6H),
4.09 (br s, 1H), 4.35 (d, J=1.8 Hz, 2H), 4.99 ppm (sept, J=3.5 Hz, 1H),
OH unobserved; 13C NMR (CDCl3): d =�5.0 (CH3), 18.3 (C), 20.8 (2C,
CH3), 23.7 (2C, CH3), 24.2 (CH3), 25.9 (CH3), 40.8 (C), 68.0 (CH), 81.9
(C), 84.5 (C), 95.2 (CH), 97.4 (C), 201.3 ppm (C); IR (neat): ñ=


3422 cm�1; HRMS (ES+ ) calcd for C18H32O2SiNa: 331.2069; found:
331.2063.


1p (prepared from tert-butyl ACHTUNGTRENNUNG(dimethyl)(3-butynoxy)silane and 2,2,5-tri-
methyl-3,4-hexadienal, 66%): Colorless oil; 1H NMR (CDCl3): d=0.06
(s, 6H), 0.88 (s, 9H), 1.05 (s, 3H), 1.06 (s, 3H), 1.70 (d, J=3.0 Hz, 6H),
2.44 (td, J=7.0, 1.8 Hz, 2H), 3.71 (t, J=7.3 Hz, 2H), 4.03 (d, J=7.0 Hz,
1H), 4.95–5.03 ppm (m, 1H), OH unobserved; 13C NMR (CDCl3): d=


�5.1 (CH3), 18.4 (C), 20.8 (CH3), 23.2 (CH2), 23.7 (CH3), 24.2 (CH3),
25.9 (CH3), 40.8 (C), 62.0 (CH2), 70.7 (CH), 80.4 (C), 83.2 (C); 95.3
(CH), 97.3 (C), 135.5 (C), 201.3 ppm (C); IR (neat): ñ=1968, 2226,


3433 cm�1; HRMS (ES+ ) calcd for C19H34O2SiNa: 345.2226; found:
345.2221.


1q (prepared from tert-butyl ACHTUNGTRENNUNG(dimethyl)(4-pentynoxy)silane and 2,2,5-tri-
methyl-3,4-hexadienal, 69%): Colorless oil; 1H NMR (CDCl3): d=0.04
(s, 6H), 0.88 (s, 9H), 1.05 (s, 3H), 1.07 (s, 3H), 1.70 (d, J=3.1 Hz, 6H),
1.61–1.73 (m, 2H), 2.25–2.35 (m, 2H), 3.68 (t, J=6.0 Hz, 2H), 4.09 (br d,
1H), 4.98 ppm (sept, J=3.1 Hz, 1H), OH unobserved; 13C NMR
(CDCl3): d =�5.3 (CH3), 15.2 (CH2), 18.4 (C), 20.8 (2C, CH3), 23.7
(CH3), 24.3 (CH3), 25.9 (CH3), 31.8 (CH2), 40.8 (C), 61.7 (CH2), 70.7
(CH), 81.9 (C), 86.0 (C), 95.3 (CH), 97.3 (C), 201.3 ppm (C); IR (neat):
ñ=1967, 2225, 3449 cm�1.


General procedure for thermal Alder-ene cycloisomerization reactions :
A stirred solution of allenyne in dry toluene (c=0.05m) was heated
under reflux for 1 h. After cooling to room temperature, the mixture was
filtered through a short pad of silica gel and concentrated in vacuo.


General procedure for PtCl2- and PtCl4-catalyzed cycloisomerization :
The platinum catalyst was added to a stirred solution of allenyne in dry
toluene (c=0.05m) under argon, and the solution was heated under
reflux for 2–36 h. After cooling to room temperature, the mixture was fil-
tered through a short pad of silica gel and concentrated in vacuo.


Compounds 4o–q were obtained after a cycloisomerization step as de-
scribed previously, followed by treatment with 1.5 equiv of a 1m solution
of tetra-n-butylammonium fluoride (TBAF) in THF and purification by
flash chromatography on silica gel (petroleum ether/AcOEt 1/1).


General procedure for AuCl- and AuCl3-catalyzed cycloisomerization re-
actions : The gold catalyst was added to a stirred solution of allenyne in
dry CH2Cl2 (c=0.05m) under argon, and the solution was heated under
reflux for 2 h. After cooling to room temperature, the mixture was fil-
tered through a short pad of silica gel and concentrated in vacuo.


General procedure for [Au ACHTUNGTRENNUNG(PPh3)]SbF6-catalyzed cycloisomerization re-
actions : Allenyne (0.45 mmol) in CH2Cl2 (9 mL) was added to a solution
formed by adding 2 mol% of ClAuPPh3 and 2 mol% of AgSbF6 to
CH2Cl2. The mixture was stirred under reflux for 2 h. After cooling to
room temperature, the mixture was filtered through a short pad of silica
gel and concentrated in vacuo.


2a : Colorless oil; 1H NMR (CDCl3): d =0.18 (s, 9H), 1.07 (s, 6H), 1.89
(s, 3H), 4.24 (d, J=6.0 Hz, 1H), 5.09 (s, 1H), 5.10 (s, 1H), 5.75 (s, 1H),
5.80 ppm (s, 1H), OH unobserved; 13C NMR (CDCl3): d =0.52 (CH3),
21.3 (CH3), 22.9 (CH3), 27.1 (CH3), 45.8 (C), 81.8 (CH), 115.0 (CH2),
123.1 (CH), 132.2 (C), 138.3 (C), 142.8 (CH), 161.2 ppm (C); IR (neat):
ñ=3420 cm�1.


2 f : Colorless oil; 1H NMR (CDCl3): d=0.95 (s, 3H), 0.98 (s, 3H), 1.95 (s,
3H), 4.02 (d, J=5.0 Hz, 1H), 5.17 (s, 1H), 5.26 (s, 1H), 5.91 (s, 1H), 6.29
(s, 1H), 7.21–7.46 (m, 10H), 7.55–7.69 ppm (m, 5H); 13C NMR (CDCl3):
d=15.3 (CH3), 21.5 (CH3), 26.5 (CH3), 45.7 (C), 82.2 (CH), 114.6 (CH),
115.5 (CH2), 128.0 (CHarom), 129.5 (CHarom), 130.1 (CHarom), 135.1 (C),
138.2 (C), 142.9 (C), 143.9 (CH), 165.2 ppm (C).


2g : Colorless oil; 1H NMR (CDCl3): d=1.08 (d, J=7.3 Hz, 18H), 1.21 (s,
3H), 1.23 (s, 3H), 1.28–1.38 (m, 3H), 1.91 (s, 3H), 4.14 (d, J=7.6 Hz,
1H), 5.10 (s, 1H), 5.12 (s, 1H), 5.69 (s, 1H), 5.79 ppm (s, 1H), OH unob-
served; 13C NMR (CDCl3): d =12.4 (CH), 18.7 (CH3), 21.1 (CH3), 22.8
(CH3), 27.1 (CH3), 46.2 (C), 82.3 (CH), 115.1 (CH2), 118.7 (CH), 138.6
(C), 141.9 (CH), 143.7 (C), 161.8 ppm (C); IR (neat): ñ=3420 cm�1.


3a : Colorless oil; 1H NMR (CDCl3): d =�0.04 (s, 9H), 1.07 (s, 6H), 1.87
(s, 2H), 2.00 (s, 3H), 2.47 (s, 2H), 5.17 (s, 1H), 5.20 ppm (s, 1H);
13C NMR (CDCl3): d=�0.76 (C), 14.7 (CH2), 22.3 (CH3), 25.6 (CH3),
41.8 (C), 49.5 (CH2), 117.5 (CH2), 136.1 (C), 141.6 (C), 160.0, 214.1 ppm
(C); IR (neat): ñ=1695 cm�1; HRMS (ES+ ) calcd for C14H24OsiNa:
259.1494; found: 259.1485.


3b : Colorless oil; 1H NMR (CDCl3): d=�0.05 (s, 9H), 1.09 (s, 6H), 1.73
(s, 2H), 2.48 (s, 2H), 5.38 (dd, J=10.6, 1.3 Hz, 1H), 5.58 (dd, J=17.4,
1.3 Hz, 1H), 6.80 ppm (dd, J=17.4, 10.7 Hz, 1H); 13C NMR (CDCl3): d=


�1.0 (CH3), 13.8 (CH2), 25.6 (CH3), 42.1 (C), 42.3 (CH2), 119.3 (CH2),
131.9 (CH), 137.7 (C), 156.2 (C), 213.8 ppm (C); IR (neat): ñ=


1692 cm�1; HRMS (ES+ ) calcd for C13H22OSiNa: 245.1338; found:
245.1326.
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3c : Colorless oil; 1H NMR (CDCl3): d=�0.03 (s, 9H), 1.07 (s, 6H), 1.56–
1.75 (m, 4H), 1.86 (s, 2H), 2.15–2.29 (m, 4H), 2.46 (s, 2H), 6.04 ppm (m,
1H); 13C NMR (CDCl3): d=�0.7 (CH3), 14.6 (CH2), 21.9 (CH2), 22.7
(CH2), 25.6 (CH3), 25.9 (CH2), 27.8 (CH2), 41.7 (C), 45.6 (CH2), 129.8
(CH), 134.2 (C), 135.6 (C), 161.5 (C), 214.2 ppm (C); IR (neat): ñ=


1691 cm�1; HRMS (ES+ , M+H): calcd for C17H29OSi: 277.1988; found:
277.1982.


3d : Colorless oil; 1H NMR (CDCl3): d=�0.13 (s, 6H), 0.84 (s, 3H), 0.89
(s, 9H), 1.09 (s, 6H), 1.89 (s, 2H), 2.01 (s, 3H), 2.48 (s, 2H), 5.15–
5.24 ppm (m, 2H); 13C NMR (CDCl3): d=�5.4 (CH3), 10.3 (CH2), 17.0
(C), 25.6 (2C, CH3), 26.4 (CH3), 41.9 (C), 46.1 (CH2), 117.3 (CH2), 136.2
(C), 141.8 (C), 160.0 (C), 214.1 ppm (C); IR (neat): ñ=1697 cm�1.


3e : Colorless oil; 1H NMR (CDCl3): d =0.29 (s, 6H), 1.07 (s, 6H), 1.87
(s, 3H), 2.12 (s, 2H), 2.45 (s, 2H), 5.08–5.15 (m, 2H), 7.31–7.42 ppm (m,
5H); 13C NMR (CDCl3): d=�2.2 (CH3), 14.1 (CH2), 22.0 (CH3), 25.5
(CH3), 41.9 (C), 46.1 (CH2), 117.3 (CH2), 127.7 (CHarom), 129.0 (CHarom),
133.8 (CHarom), 135.5 (C), 138.6 (C), 141.6 (C), 163.2 (C), 214.0 ppm (C);
IR (neat): ñ =1698 cm�1.


4h : Colorless oil; 1H NMR (CDCl3): d=0.97 (s, 3H), 1.04 (s, 3H), 1.75
(s, 3H), 1.79 (s, 4H), 2.26 (d, A of AB, J=17.9 Hz, 1H), 2.67 (d, B of
AB, J=17.9 Hz, 1H), 2.80 (d, A of AB, J=13.6 Hz, 1H), 3.02 (d, B of
AB, J=13.6 Hz, 1H), 7.13–7.39 ppm (m, 5H); 13C NMR (CDCl3): d=


21.9 (CH3), 22.3 (CH3), 22.7 (CH3), 26.1 (CH3), 26.5 (C), 34.7 (CH), 39.9
(CH2), 42.5 (CH2), 50.3 (C), 126.1 (C), 126.8 (CH), 128.6 (C), 128.7
(CH), 129.8 (CH), 139.5 (C), 220.1 ppm (C); IR (neat): ñ=1740 cm�1;
HRMS (ES+ ) calcd for C18H22ONa: 277.1568; found: 277.1566.


4 i : Colorless oil; 1H NMR (CDCl3): d=0.91 (d, J=6.5 Hz, 3H), 0.97 (d,
J=6.5 Hz, 3H), 1.02 (s, 3H), 1.15 (s, 3H), 1.30–1.49 (m, 1H), 1.65–1.67
(m, 1H), 1.69–1.89 (m, 2H), 1.76 (s, 3H), 1.77 (s, 3H), 2.30 (d, A of AB,
J=17.9 Hz, 1H), 2.73 ppm (d, B of AB, J=17.9 Hz, 1H); 13C NMR
(CDCl3): d=22.0 (CH3), 22.1 (CH3), 22.7 (CH3), 22.8 (CH3), 24.3 (CH3),
24.4 (C), 26.2 (CH3), 27.2 (CH), 35.4 (CH), 43.7 (CH2), 43.9 (CH2), 49.9
(C), 125.1 (C), 127.4 (C), 220.8 ppm (C); IR (neat): ñ =1741 cm�1;
HRMS (ES+ ) calcd for C15H24ONa: 273.1467; found: 273.1463.


4j (E isomer): Colorless oil; 1H NMR (CDCl3): d=1.07 (s, 3H), 1.19 (s,
3H), 1.79 (d, J=6.5 Hz, 3H), 1.80 (s, 1H), 2.28 (d, A of AB, J=17.9 Hz,
1H), 2.94 (d, B of AB, J=17.9 Hz, 1H), 3.37 (s, 3H), 3.38 (d, A of AB,
J=10.3 Hz, 1H), 3.51 (d, B of AB, J=10.3 Hz, 1H), 5.94 ppm (qd, J=


6.5, 1.5 Hz, 1H); 13C NMR (CDCl3): d=17.3 (CH3), 22.0 (CH3), 25.1 (C),
26.4 (CH3), 33.4 (CH), 41.9 (CH2), 50.3, (C), 58.8 (CH3), 75.3 (CH2),
117.6 (CH), 131.3 (C), 219.7 ppm (C); IR (neat): ñ=1741 cm�1; HRMS
(ES+ ) calcd for C12H18O2Na: 217.1204; found: 217.1199.


4j (Z isomer): Colorless oil; 1H NMR (CDCl3): d=1.04 (s, 3H), 1.16 (s,
3H), 1.74 (dd, J=6.5, 1.8 Hz, 3H), 1.79 (d, J=2.2 Hz, 1H), 2.32 (d, A of
AB, J=18.1 Hz, 1H), 2.97 (d, B of AB, J=18.1 Hz, 1H), 3.35 (d, A of
AB, J=10.4 Hz, 1H), 3.38 (s, 3H), 3.67 (d, B of AB, J=10.4 Hz, 1H),
5.89 ppm (qd, J=6.5, 1.0 Hz, 1H); 13C NMR (CDCl3): d =17.1 (CH3),
21.3 (CH3), 24.9 (C), 26.2 (CH3), 34.1 (CH), 41.4 (CH2), 49.6 (C), 59.1
(CH3), 74.8 (CH2), 118.1 (CH), 131.2 (C), 219.7 ppm (C); IR (neat): ñ=


1741 cm�1; HRMS (ES+ ) calcd for C12H18O2Na: 217.1204; found:
217.1199.


4k : Colorless oil; 1H NMR (CDCl3): d=1.7 (s, 3H), 1.18 (s, 3H), 1.78 (s,
3H), 1.81 (s, 4H), 2.30 (d, A of AB, J=17.9 Hz, 1H), 2.96 (d, B of AB,
J=17.9 Hz, 1H), 3.30 (d, A of AB, J=10.3 Hz, 1H), 3.39 (s, 3H),
3.66 ppm (d, B of AB, J=10.3 Hz, 1H); 13C NMR (CDCl3): d=21.9
(CH3), 22.3 (CH3), 22.6 (CH3), 25.7 (C), 26.3 (CH3), 34.4 (CH), 41.1
(CH2), 50.1 (C), 59.0 (CH3), 75.1 (CH3), 124.8 (C), 126.8 (C), 220.2 ppm
(C); IR (neat): ñ=1741 cm�1; HRMS (ES+ ) calcd for C13H20O2Na:
231.1361; found: 231.1355.


4 l : Colorless oil; 1H NMR (CDCl3): d=0.82–0.99 (m, 3H), 1.01 (s, 3H),
1.11 (s, 3H), 1.20–1.39 (m, 8H), 1.45–1.65 (m, 2H), 1.55 (d, J=1.1 Hz,
1H), 1.74 (d, J=1.2 Hz, 3H), 1.75 (s, 3H), 2.25 (d, A of AB, J=17.9 Hz,
1H), 2.78 ppm (d, B of AB, J=17.9 Hz, 1H); 13C NMR (CDCl3): d=14.1
(CH3), 22.0 (CH3), 22.2 (CH3), 22.6 (CH2), 22.7 (CH3), 25.2 (C), 26.5
(CH3), 27.5 (CH2), 29.6 (CH2), 31.8 (CH2), 31.8 (CH2), 34.1 (CH2), 34.2
(CH), 43.1 (CH2), 50.1 (C), 124.9 (C), 127.6 (C), 220.8 ppm (C); IR


(neat): ñ=1742 cm�1; HRMS (ES+ ) calcd for C17H28ONa: 271.2038;
found: 271.2035.


4m : Colorless oil; 1H NMR (CDCl3): d =0.14 (s, 9H), 1.03 (s, 3H), 1.14
(s, 3H), 1.51–1.68 (m, 4H) 1.74 (s, 1H), 1.75 (s, 3H), 1.77 (s, 3H), 2.19–
2.29 (m, 2H), 2.28 (d, A of AB, J=17.9 Hz, 1H), 2.69 ppm (d, B of AB,
J=17.9 Hz, 1H); 13C NMR (CDCl3): d =0.29 (CH3), 20.2 (CH2), 22.0
(CH3), 22.3 (CH3), 22.7 (CH3), 24.9 (C), 26.5 (CH2), 26.6 (CH3), 33.3
(CH2), 34.3 (CH), 43.2 (CH2), 50.2 (C), 85.0 (C), 107.1 (C), 125.5 (C),
127.2 (C), 220.4 ppm (C); IR (neat): ñ=1741, 2173 cm�1; HRMS (ES+ )
calcd for C19H30OSiNa: 325.1964; found: 325.1958.


4n : White solid; m.p. 118–120 8C; 1H NMR (CDCl3): d =1.13 (s, 3H),
1.30 (s, 3H), 1.78 (s, 4H), 1.81 (s, 3H), 2.37 (d, A of AB, J=18.2 Hz,
1H), 3.12 (d, B of AB, J=18.2 Hz, 1H), 3.14 (d, A of AB, J=9.6 Hz,
1H), 3.42 (d, B of AB, J=9.6 Hz, 1H), 7.25–7.38 (m, 8H), 7.42–7.53 ppm
(m, 7H); 13C NMR (CDCl3): d =21.9 (CH3), 22.4 (CH3), 22.5 (CH3), 25.3
(C), 26.4 (CH3), 34.3 (CH), 41.4 (CH2), 50.1 (C), 65.6 (CH2), 86.2 (C),
125.0 (C), 126.7 (C), 127.0 (CHarom), 128.3 (CHarom), 130.1 (CHarom), 144.2
(C), 220.4 ppm (C); IR (neat): ñ=1741 cm�1; HRMS (ES+ ) calcd for
C31H32O2Na: 459.2297; found: 459.2295; elemental analysis calcd (%) for
C31H32O2: C 85.27, H 7.39; found: C 85.31, H 7.25.


4o : Colorless oil; 1H NMR (CDCl3): d=1.05 (s, 3H), 1.15 (s, 3H), 1.76
(s, 3H), 1.79 (s, 4H), 2.31 (d, A of AB, J=18.2 Hz, 1H), 2.96 (d, B of
AB, J=18.2 Hz, 1H), 3.57 (d, A of AB, J=11.4 Hz, 1H), 3.88 ppm (d, B
of AB, J=11.4 Hz, 1H), OH unobserved; 13C NMR (CDCl3): d=21.9
(CH3), 22.5 (CH3), 22.6 (CH3), 26.4 (CH3), 27.4 (C), 33.7 (CH), 40.6
(CH2), 50.1 (C), 65.2 (CH2), 124.6 (C), 127.1 (C), 220.1 ppm (C); IR
(neat): ñ =1730, 3401 cm�1; HRMS (ES+ ) calcd for C12H18O2Na:
217.1204; found: 217.1199.


4p : Colorless oil; 1H NMR (CDCl3): d=1.04 (s, 3H), 1.15 (s, 3H), 1.72
(s, 1H), 1.78 (s, 6H), 1.93 (t, J=7.0 Hz, 2H), 2.33 (d, A of AB, J=


18.2 Hz, 1H), 2.78 (d, B of AB, J=18.2 Hz, 1H), 3.74 ppm (t, J=7.0 Hz,
2H), OH unobserved; 13C NMR (CDCl3): d=21.7 (CH3), 22.0 (CH3),
22.5 (2C, CH3 and C), 22.6 (CH3), 34.3 (CH), 36.7 (CH2), 43.4 (CH2),
50.0 (C), 61.2 (CH2), 125.6 (C), 126.7 (C), 220.6 ppm (C); IR (neat): ñ=


1734, 3384 cm�1; HRMS (ES+ ) calcd for C13H20O2Na: 231.1361; found:
231.1356.


4q : Colorless oil; 1H NMR (CDCl3): d =1.01 (s, 3H), 1.11 (s, 3H), 1.52–
1.69 (m, 4H), 1.60 (s, 1H), 1.73 (s, 3H), 1.74 (s, 3H), 2.26 (d, A of AB,
J=18.2 Hz, 1H), 2.68 (d, B of AB, J=18.2 Hz, 1H), 3.56–3.71 ppm (m,
2H), OH unobserved; 13C NMR (CDCl3): d=21.9 (CH3), 22.3 (CH3),
22.7 (CH3), 25.8 (C), 26.5 (CH3), 30.2 (CH2), 30.6 (CH2), 34.1 (CH), 43.1-
ACHTUNGTRENNUNG(CH2), 50.2 (C), 62.9 (CH2), 125.4 (C), 127.1 (C), 220.7 ppm (C); IR
(neat): ñ =1737, 3394 cm�1; HRMS (ES+ ) calcd for C14H22O2Na:
245.1517; found: 245.1512.


5a : Colorless oil; 1H NMR (CDCl3): d =0.17 (s, 9H), 0.98 (s, 3H), 1.09
(s, 3H), 1.24 (s, 3H), 1.28 (s, 3H), 4.19 (s, 1H), 5.42 (d, J=10.1 Hz, 1H),
5.48 ppm (d, J=10.1 Hz, 1H); 13C NMR (CDCl3): d=0.19 (CH3), 22.6
(CH3), 25.5 (2C, CH3), 29.7 (CH3), 35.2 (C), 70.4 (CH), 73.9 (C), 90.3
(C), 103.5 (C), 132.3 (CH), 133.7 ppm (CH).


5b (major isomer): Colorless oil; 1H NMR (CDCl3): d =0.17 (s, 9H), 0.98
(s, 3H), 1.12 (s, 3H), 1.24 (d, J=6.6 Hz, 3H), 4.08 (s, 1H), 4.18–4.26 (m,
1H), 5.45 (dd, J=10.2, 1.3 Hz, 1H), 5.57 ppm (dd, J=10.2, 2.0 Hz, 1H);
13C NMR (CDCl3): d=0.01 (CH3), 21.4 (CH3), 23.2 (CH3), 25.2 (CH3),
35.2 (C), 71.8 (CH), 74.8 (CH), 91.0 (C), 102.2 (C), 128.3 (CH),
135.1 ppm (CH); IR (neat): ñ =2181 cm�1; HRMS (ES+ ) calcd for
C13H22OSiNa: 245.1338; found: 245.1335.


5b (minor isomer): Colorless oil; 1H NMR (CDCl3): d =0.17 (s, 9H), 1.06
(s, 3H), 1.07 (s, 3H), 1.24 (d, J=6.8 Hz, 3H), 4.22 (s, 1H), 4.39–4.46 (m,
1H), 5.45 (dd, J=10.2, 1.3 Hz, 1H), 5.57 ppm (dd, J=10.2, 2.0 Hz, 1H);
13C NMR (CDCl3): d=0.17 (CH3), 20.2 (CH3), 23.7 (CH3), 27.1 (CH3),
35.0 (C), 67.6 (CH), 71.3 (CH), 98.0 (C), 102.3 (C), 128.2 (CH),
133.5 ppm (CH); IR (neat): ñ =2181 cm�1; HRMS (ES+ ) calcd for
C13H22OSiNa: 245.1338; found: 245.1335.


5c : Colorless oil; 1H NMR (CDCl3): d =0.20 (s, 9H), 1.00 (s, 3H), 1.12 (s,
3H), 1.31–1.80 (m, 10H), 4.23 (s, 1H), 5.52 (d, J=10.1 Hz, 1H),
5.58 ppm (d, J=10.1 Hz, 1H); 13C NMR (CDCl3): d=0.11 (CH3), 22.0
(CH2), 22.1 (CH2), 22.8 (CH3), 25.4 (CH3), 25.7 (CH2), 33.7 (C), 38.1 (2C,
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CH2), 69.6 (CH), 74.5 (C), 89.9 (C), 103.8 (C), 131.2 (CH), 134.2 ppm
(CH); IR (neat): ñ =2180 cm�1.


5 i : Colorless oil; 1H NMR (CDCl3): d=0.97 (d, J=6.0 Hz, 6H), 0.98 (s,
3H), 1.09 (s, 3H), 1.24 (s, 3H), 1.27 (s, 3H), 1.83 (non, J=6.6 Hz, 1H),
2.10–2.19 (m, 2H), 4.18 (t, J=2.0 Hz, 1H), 5.41 (d, J=10.1 Hz, 1H),
5.48 ppm (d, J=10.1 Hz, 1H); 13C NMR (CDCl3): d=22.1 (2C, CH3),
22.6 (CH3), 25.44 (CH3), 25.45 (CH3), 28.1 (CH), 28.2 (CH2), 29.7 (CH3),
35.20 (C), 70.1 (CH), 73.6 (C), 78.5 (C), 85.1 (C), 132.2 (CH), 133.8 ppm
(CH); IR (neat): ñ =2235 cm�1.


5k : Colorless oil; 1H NMR (CDCl3): d=0.97 (s, 3H), 1.08 (s, 3H), 1.22
(s, 3H), 1.25 (s, 3H), 3.35 (s, 3H), 4.13 (s, 2H), 4.21 (s, 1H), 5.40 (d, J=


10.4 Hz, 1H), 5.45 ppm (d, J=10.4 Hz, 1H); 13C NMR (CDCl3): d=22.5
(CH3), 25.2 (CH3), 25.3 (CH3), 29.5 (CH3), 35.0 (C), 57.6 (CH3), 60.09
(CH2), 69.9 (CH), 73.7 (C), 81.4 (C), 84.0 (C), 132.0 (CH), 133.5 ppm
(CH); HRMS (ES+ ) calcd for C13H20O2Na: 231.1361; found: 231.1355.


General procedure for oxidation with mCPBA : A solution of 4k–n
(1.2 mmol) in dry CH2Cl2 (10 mL) was treated with NaHCO3 (192 mg,
2.2 mmol) and mCPBA (70%, 430 mg, 1.74 mmol). The mixture was
stirred at room temperature for 2 h, diluted with a saturated aqueous
NaHCO3 solution, vigorously stirred for 15 min, and extracted with
CH2Cl2. The combined organic layers were washed successively with
water and then brine, dried over MgSO4, filtered, and evaporated under
reduced pressure. 6k–n were purified by flash chromatography on silica
gel (petroleum ether/AcOEt 9/1).


6k : Colorless oil; 1H NMR (CDCl3): d=1.00 (s, 3H), 1.07 (s, 3H), 1.12
(s, 3H), 1.22 (s, 3H), 2.54 (d, J=19.2 Hz, 1H), 2.90 (d, J=19.2 Hz, 1H);
3.27 (s, 1H), 3.38 (s, 3H), 3.58 (d, J=9.6 Hz, 1H), 3.65 ppm (d, J=


9.6 Hz, 1H); 13C NMR (CDCl3): d =19.2 (CH3), 19.3 (CH3), 20.1 (CH3),
27.6 (CH3), 41.2 (CH2), 41.4 (C), 48.9 (C), 59.3 (CH3), 61.4 (C), 71.1
(CH), 75.8 (CH2), 214.7 (C), 220.7 ppm (C); IR (neat): ñ =1736,
1770 cm�1; HRMS (ES+ ) calcd for C13H20O3Na: 247.1311; found:
247.1304.


6n : Colorless oil; 1H NMR (CDCl3): d=1.12 (s, 3H), 1.27 (s, 3H), 1.28
(s, 3H), 1.40 (s, 3H), 1.70 (s, 1H), 2.41 (d, J=18.4 Hz, 1H), 2.98 (d, J=


18.4 Hz, 1H); 3.22 (d, J=9.6 Hz, 1H), 3.36 (d, J=9.6 Hz, 1H), 7.15–7.41
(m, 8H), 7.45–7.55 ppm (m, 7H); 13C NMR (CDCl3): d=20.1 (CH3), 22.4
(CH3), 22.5 (CH3), 24.0 (C), 27.1 (CH3), 30.0 (CH), 38.5 (CH2), 47.9 (C),
63.1 (CH2), 71.7 (C), 86.4 (C), 127.0 (C), 127.1 (CH), 127.8 (CH), 128.5
(CH), 143.8 (C), 218.3 ppm (C); IR (neat): ñ =1743 cm�1; HRMS (ES+ )
calcd for C31H32O3Na: 475.2249; found: 475.2243.


General procedure for iodocyclization with NIS : A solution of 4o,p
(0.25 mmol) and NIS (68 mg, 0.3 mmol) in CH3CN (1 mL) and H2O
(0.5 mL) was stirred for 1 h at 50 8C. The reaction was quenched with a
saturated aqueous solution of Na2S2O3, extracted with diethyl ether,
dried over MgSO4, and concentrated under reduced pressure. 7o,p were
purified by flash chromatography on silica gel (petroleum ether/AcOEt
9/1).


7o : White solid; m.p. 115–116 8C; 1H NMR (CDCl3): d =1.11 (s, 3H),
1.27 (s, 3H), 1.28 (s, 3H), 1.40 (s, 3H), 1.44 (s, 1H), 2.32 (d, A of AB, J=


18.7 Hz, 1H), 3.00 (d, B of AB, J=18.7 Hz, 1H), 3.86 (d, A of AB, J=


8.9 Hz, 1H), 3.90 ppm (d, B of AB, J=8.9 Hz, 1H); 13C NMR (CDCl3):
d=18.1 (CH3), 22.3 (CH3), 28.6 (CH3), 29.0 (CH3), 33.4 (C), 35.0 (C),
36.3 (CH), 39.4 (CH2), 50.9 (C), 66.4 (CH2), 85.3 (C), 216.4 ppm (C);
HRMS (ES+ ) calcd for C12H17O2INa: 343.0171; found: 343.0165.


7p : Colorless oil; 1H NMR (CDCl3): d=1.11 (s, 3H), 1.25 (s, 3H), 1.36
(s, 3H), 1.59 (s, 1H), 1.60 (s, 3H), 1.99–2.08 (m, 1H), 2.19–2.26 (m, 1H),
2.41 (d, A of AB, J=18.9 Hz, 1H), 2.78 (d, B of AB, J=18.9 Hz, 1H),
3.62–3.86 ppm (m, 2H); 13C NMR (CDCl3): d=19.2 (CH3), 24.2 (CH2),
26.1 (C), 26.6 (CH3), 27.9 (CH3), 28.5 (CH3), 37.8 (CH), 41.4 (C), 50.4
(CH2), 51.7 (C), 57.4 (CH2), 74.5 (C), 217.9 ppm (C); IR (neat): ñ=


1739 cm�1; HRMS (ES+ ) calcd for C13H19O2INa: 357.0327; found:
357.0324.


8o : Colorless oil; 1H NMR (CDCl3): d=1.16 (s, 6H), 1.89 (t, J=1.3 Hz,
3H), 2.03 (d, J=1.3 Hz, 3H), 4.80–4.83 (A of ABm, 1H), 5.03–5.06 (B of
ABm, 1H), 5.89 (s, 1H), 5.98 ppm (s, 1H); 13C NMR (CDCl3): d =21.3
(CH3), 24.3 (CH3), 25.6 (CH3), 46.1 (C), 115.6 (CH2), 124.1 (CH), 137.1
(C), 143.8 (C), 144.0 (CH), 153.9 (C), 205.4 ppm (C); IR (neat): ñ=


1660 cm�1; HRMS (ES+ ) calcd for C12H16ONa: 199.1099; found:
199.1093.


9o : Colorless oil; 1H NMR (CDCl3): d =0.90 (d, J=3.0 Hz, 1H), 1.01 (s,
3H), 1.14 (s, 3H), 1.20 (s, 3H), 1.22 (s, 3H), 1.40 (d, J=3.0 Hz, 1H), 2.37
(d, A of AB, J=18.2 Hz, 1H), 2.85 (d, B of AB, J=18.2 Hz, 1H), 3.90
(d, J=8.5 Hz, 1H), 3.93 ppm (d, J=8.5 Hz, 1H); 13C NMR (CDCl3): d=


20.3 (CH3), 24.5 (CH3), 25.9 (CH3), 27.0 (CH3), 29.6 (C), 32.7 (CH), 37.1
(CH), 38.0 (C), 47.6 (C), 67.7 (CH2), 81.2 (C), 218.8 ppm (C); IR (neat):
ñ=1739 cm�1; HRMS (ES+ ) calcd for C12H18O2Na: 217.1204; found:
217.1200.


9p : Colorless oil; 1H NMR (CDCl3): d =0.27 (d, J=4.0 Hz, 1H), 0.99 (s,
3H), 1.13 (s, 3H), 1.19 (s, 3H), 1.23 (d, J=4.0 Hz, 1H), 1.34 (s, 3H),
1.81–1.89 (A of ABm, 1H), 1.91–2.05 (B of ABm, 1H), 2.30 (d, A of AB,
J=18.4 Hz, 1H), 2.69 (d, B of AB, J=18.4 Hz, 1H), 3.44–3.53 (A of
ABm, 1H), 3.58–3.66 ppm (B of ABm, 1H); 13C NMR (CDCl3): d =19.9
(C), 20.54 (CH3), 25.2 (CH2), 26.6 (CH3), 27.4 (CH), 28.2 (CH), 32.5
(CH3), 24.7 (CH3), 45.8 (CH2), 48.5 (C), 57.7 (CH2), 69.5 (C), 220.7 ppm
(C); IR (neat): ñ =1738 cm�1.


10p : Colorless oil; 1H NMR (CDCl3): d =0.94 (s, 3H), 1.06 (s, 3H), 1.75
(s, 3H), 1.85 (d, J=1.0 Hz, 3H), 2.10–2.21 (m, 2H), 2.50–2.65 (m, 3H),
3.78–3.92 (m, 2H), 4.97 ppm (s, 1H); 13C NMR (CDCl3): d=17.1 (CH3),
18.1 (CH3), 20.0 (CH3), 27.8 (CH3), 31.2 (CH2), 40.8 (CH2), 42.2 (CH),
55.8 (C), 66.0 (CH2), 94.8 (C), 121.2 (CH), 138.2 (C), 221.1 ppm (C); IR
(neat): ñ=1735 cm�1; HRMS (ES+ ) calcd for C13H20O2Na: 231.1361;
found: 231.1355.


10q : White solid; m.p. 146–147 8C; 1H NMR (CDCl3): d=0.89 (s, 3H),
1.10 (s, 3H), 1.58–1.65 (m, 1H), 1.68 (d, J=1.3 Hz, 3H), 1.76 (d, J=


1.5 Hz, 3H), 1.85–1.96 (m, 2H), 2.01–2.10 (m, 1H), 2.42 (d, A of AB, J=


18.8 Hz, 1H), 2.53 (d, B of AB, J=18.8 Hz, 1H), 2.99 (d, J=11.0 Hz,
1H), 3.64–3.83 (m, 2H), 4.99–5.08 ppm (m, 1H); 13C NMR (CDCl3): d=


18.3 (CH3), 20.7 (CH3), 25.6 (CH3), 26.1 (CH2), 26.5 (CH3), 33.0 (CH2),
50.4 (C), 50.6 (CH2), 54.4 (CH), 67.0 (CH2), 87.2 (C), 120.0 (CH), 136.1
(C), 221.2 ppm (C); IR (neat): ñ=1737 cm�1; HRMS (ES+ ) calcd for
C14H22O2Na: 245.1517; found: 245.1512.
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Introduction


Over the past two decades, major efforts were undertaken
to the metal-directed self-assembly[1] of highly organized ar-
chitectures (catenanes, rotaxanes, knots, grids, ladders, racks,


molecular squares and boxes, cubes, helicates, one- to three-
dimensional networks etc.). In addition to their appealing
structural design, the synthesis of these high-nuclearity coor-
dination complexes of transition metals is stimulated by
their electronic and magnetic properties, which predestine
them as metalloenzyme models,[2] nanoscale catalysts and
containers,[3] quantum computing components,[4] and molec-
ular magnets.[5] In the last case, it is an interesting challenge
to create chiral magnets, presenting at the same time mag-
netic circular dichroism (Faraday effect), natural circular di-
chroism (Cotton effect), and therefore possible cross-ef-
fects.[6] One synthetic approach, leading to these chiral
supramolecular architectures, is the combination of suitably
designed enantiomerically pure organic ligands and metal
ions,[7] which we used earlier for the diastereoselective syn-
thesis of copper(II) cubanes.[8]


Abstract: Enantiomerically pure, vici-
nal diols 1 afforded in a two-step syn-
thesis (etherification and subsequent
Claisen condensation) chiral bis-1,3-di-
ketones H2L


(S,S) (3 a–c) with different
substitution patterns. Reaction of these
C2-symmetric ligands with various tran-
sition-metal acetates in the presence of
alkali ions generated distinct polynuc-
lear aggregates 4–8 by diastereoselec-
tive self-assembly. Starting from cop-
per(II) acetate monohydrate and de-
pending on the ratio of transition-
metal ion to alkali ion to ligand, chiral
tetranuclear copper(II) cubanes
(C,C,C,C)-[Cu4ACHTUNGTRENNUNG(L


(S,S))2ACHTUNGTRENNUNG(OMe)4] (4 a–c)
or dinuclear copper(II) helicates (P)-


[Cu2(L
ACHTUNGTRENNUNG(S,S))2] (5) could be synthesized


with square-pyramidal and square-
planar coordination geometry at the
metal center. In analogy to the last
case, with palladium(II) acetate
double-stranded helical systems (P)-
[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (6,7) were accessible ex-
hibiting a linear self-organization of
ligand-isolated palladium filaments in
the solid state with short inter- and in-
tramolecular metal distances. Finally,
the introduction of hexacoordinate


nickel(II) in combination with lithium
hydroxide monohydrate and chiral
ligand H2L


(S,S) (3 a) allowed the isola-
tion of enantiomerically pure dinuclear
nickel(II) coronate [(Li·MeOH)2�-
ACHTUNGTRENNUNG{(D,L)-Ni2(L


ACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)2}] (8) with two
lithium ions in the voids, defined by
the oxygen donors in the ligand back-
bone. The high diastereoselectivity, in-
duced by the chiral ligands, during the
self-assembly process in the systems 4–
8 could be exemplarily proven by circu-
lar dichroism spectroscopy for the syn-
thesized enantiomers of the chiral cop-
per(II) cubane 4 a and palladium(II)
helicate 6.
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chroism · copper · helical structures ·
nickel
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Results and Discussion


In the course of our ongoing studies on supramolecular co-
ordination chemistry, we developed a stereospecific synthe-
sis for the copper(II) cubanes (C,C,C,C)-[Cu4(L


ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)4]
(4 a) and (A,A,A,A)-[Cu4(L


ACHTUNGTRENNUNG(R,R))2ACHTUNGTRENNUNG(OMe)4] (ent-4 a), starting
from the chiral bis-1,3-diketones H2L


(S,S) (3 a) or H2L
(R,R)


(ent-3 a) through diastereoselective self-assembly.[8] Com-
pared to earlier results,[9] the presence of chiral centers in
the ligand appeared to be responsible for the transition
from a double-stranded copper(II) coronate to a copper(II)
cubane substructure. To evaluate, if we have found a general
method for the synthesis of chiral cubanes, enantiomerically
pure and differently substituted H2L


(S,S) (3) ligands,[10] in
which the chirality is incorporated in the spacer backbone,
were generated from (2S,3S)-1,4-dimethoxy-2,3-butanediol
(1 a), derived from l-tartaric acid,[11] or (S,S)-(�)-hydroben-
zoin (1 b). Thus, etherification of diols 1 with ethyl bromo-
ACHTUNGTRENNUNGacetate was achieved in the presence of sodium hydride to
afford diesters 2. Subsequent Claisen condensation of 2 with
sodium enolates, from acetophenone or 2-acetonaphthone
and sodium amide, led to C2-symmetric H2L


(S,S) (3)
(Scheme 1).[12]


Reaction of one equivalent of 3 a with two equivalents of
cesium acetate, followed by addition of two equivalents of
copper(II) acetate monohydrate, resulted in the formation
of (C,C,C,C)-[Cu4(L


ACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)4] (4 a) in a yield of 84%
(Scheme 2). Similarly, (A,A,A,A)-[Cu4(L


ACHTUNGTRENNUNG(R,R))2ACHTUNGTRENNUNG(OMe)4] (ent-
4 a) was prepared from H2L


(R,R) (ent-3 a) and characterized
by X-ray diffraction analysis.[8,13] In addition, reaction of one
equivalent of H2L


(S,S) (3 b,c) with two equivalents of alkali
acetate and subsequent addition of two equivalents of cop-
per(II) acetate monohydrate resulted in the formation of
(C,C,C,C)-[Cu4(L


ACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)4] (4 b,c) in yields of 90 and
82%, respectively (Scheme 2).[14,15]


Cubane 4 b is isostructural with 4 a, exists as a single enan-
tiomer, crystallizes in the chiral monoclinic space group C2,
and possesses a [Cu4 ACHTUNGTRENNUNG(m3�O)4] cubane core unit[16] consisting
of two interpenetrating tetrahedra: one made up of four
copper ions and one of four m3-OMe ligands. The metal–


metal separations in 4 b are 2.97 (Cu1�Cu1’), 3.25 (Cu1�
Cu2), and 3.29 N (Cu1�Cu2’). Each copper ion has approxi-
mate square-pyramidal coordination, with a total of five
oxygen donors (two m1-O ions from the ligand and three m3-
OMe donors). Consequently, the two hexadentate ligands
bridge opposite edges of the copper tetrahedron
(Figure 1).[17,18]


The circular dichroism (CD) measurements of copper(II)
cubanes 4 a and ent-4 a in dichloromethane further confirm
the opposite ground-state chirality and the enantiomeric
nature of these complexes. The CD spectrum of (C,C,C,C)-
[Cu4(L


ACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)4] (4 a) exhibits two negative Cotton ef-
fects at lmax=415 and 646 nm and a positive dichroic signal
centered at lmax=764 nm (dichroic crossover point at l=


714 nm), while ent-4 a shows Cotton effects of the opposite
sign at the same wavelengths (Figure 2, top).


Whereas reaction of one equivalent of H2L
(S,S) (3 b) with


two equivalents of potassium acetate and two equivalents of
copper(II) acetate monohydrate resulted in the formation of
(C,C,C,C)-[Cu4(L


ACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)4] (4 b) (Scheme 2), unexpect-
edly, reaction of H2L


(S,S) (3 b) with five equivalents of potas-
sium acetate and one equivalent of copper(II) acetate mon-
ohydrate yielded the double-stranded helicate (P)-[Cu2-


Scheme 1. Synthesis of the enantiomerically pure bis-1,3-diketones
H2L


(S,S) (3).


Scheme 2. Synthesis and schematic presentation of (C,C,C,C)-[Cu4-
ACHTUNGTRENNUNG(L(S,S))2ACHTUNGTRENNUNG(OMe)4] (4a–c), starting from H2L


(S,S) (3a–c).


Figure 1. Stereoview of copper(II) cubane 4b. C white, O dark grey, Cu
grey; disorder and hydrogen atoms omitted for clarity.


Chem. Eur. J. 2008, 14, 1472 – 1481 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1473


FULL PAPER



www.chemeurj.org





ACHTUNGTRENNUNG(L(S,S))2] (5) (Scheme 3). This was established by X-ray struc-
ture analysis on crystals, obtained by vapour diffusion of di-
ethyl ether into a solution of (P)-[Cu2(L


ACHTUNGTRENNUNG(S,S))2] (5) in metha-
nol/acetone (1:1).


According to these analyses,[17,18] double-stranded cop-
per(II) helicate[9,19] 5 crystallizes in the chiral monoclinic
space group C2. Each copper ion has approximate square-
planar coordination, formed by the chelating 1,3-diketo
units of the ligands. Two phenyl substituents, each, of the
parallel coordination spheres at copper (torsion angle 378),
are arranged in trans-positions, and the stereogenic centers
of ligand (L(S,S))2� (3 b)2� induce P-helicity, resulting in an
overall D2 molecule symmetry of helicate 5 (Table 1,
Figure 3). The Cu2+–Cu2+ distances (dintra=dinter=3.55 N) in
5 are rather short, indicating that the Cu2+–Cu2+ interaction


may involve nonbonding stacking of two dx2�y2 orbitals.[20]


The decisive role of the Cs+ and K+ ions for the formation


of the cubanes 4 and helicate 5 is still in the dark. However,
in the absence of alkali ions, only polymeric material is iso-
lated, insoluble in standard solvents.[21]


The square-planar environment of the copper centers in 5
indicated that, in principle, it should be possible to generate
this type of complex with second- and third-row d8-transi-
tion metals too. Due to their electronic structure, these com-
plexes are diamagnetic and should enable the study of bulk
properties with NMR spectroscopy. Indeed, reaction of one
equivalent of H2L


(S,S) (3 a,c) and one equivalent of palladi-
ACHTUNGTRENNUNGum(II) acetate in the presence of two equivalents of pyri-
dine[22] afforded the palladium(II) helicates (P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2]
(6) and (P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (7) in 92 and 95% yield, respective-
ly (Scheme 3). 1H NMR spectroscopy of double-stranded
palladium(II) helicates[20c,23] 6 and 7 displayed only one set
of signals and variable-temperature experiments in
[D6]acetone and [D5]bromobenzene did not show any dy-
namic effects in these systems.[24] Final proof of the helical
structure and the trans–anti arrangement of the substituents
in (P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (6) and (P)-[Pd2(L
ACHTUNGTRENNUNG(S,S))2] (7) was achieved


by X-ray structure analyses on single crystals obtained from
solutions of the compounds on prolonged standing in
[D6]acetone and [D5]bromobenzene, respectively.[17,18] Heli-
cates 5–7 are principally isostructural (Figure 3) and the
slight differences in bond lengths and angles of 5–7 are sum-
marized in Table 1. Solution-CD experiments of palladi-
ACHTUNGTRENNUNGum(II) helicates 6 and ent-6 (synthesized from H2L


(R,R) (ent-


Figure 2. Top: CD spectrum of copper(II) cubanes (C,C,C,C)-[Cu4(L
ACHTUNGTRENNUNG(S,S))2-


ACHTUNGTRENNUNG(OMe)4] (4a) and (A,A,A,A)-[Cu4(L
ACHTUNGTRENNUNG(R,R))2 ACHTUNGTRENNUNG(OMe)4] (ent-4a) (dichlorome-


thane, 25 8C, c=2.2·10�3 mol l�1). Bottom: CD spectrum of palladium(II)
helicates (P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (6) and (M)-[Pd2(L
ACHTUNGTRENNUNG(R,R))2] (ent-6) (dichlorome-


thane, 25 8C, 6 : c=6.4·10�4 mol l�1 and ent-6 : c=1.0·10�3 mol l�1).


Scheme 3. Synthesis and schematic presentation of (P)-[Cu2(L
ACHTUNGTRENNUNG(S,S))2] (5),


(P)-[Pd2(L
ACHTUNGTRENNUNG(S,S))2] (6), and (P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (7), starting from H2L
(S,S) (3 a–


c).


Table 1. Selected bond lengths [N] and angles [8] for complexes 5–7.


5 6[a] 7


dav (M
2+�O) 1.90 1.98 (1.99) 1.99


dintra (M
2+�M2+) 3.55 3.27 (3.23) 3.26


dinter (M
2+�M2+) 3.55 3.19 (3.23) 3.32


dinter aryl 7.10 6.46 (6.46) 6.53
angle (M2+-M2+-M2+) 176.5 180.0 (180.0) 165.9
torsion angle[b] 36.9 45.4 (39.9) 44.9
angle[c] M2+ 9.9 2.6 (3.9) 0.2


[a] Values for the disordered independent molecule in the unit cell (in
brackets). [b] Torsion angle of the nearly parallel coordination spheres
(averaged over the coordinating atoms). [c] Average angle, in which the
chelating planes at one metal center are twisted to each other.


Figure 3. Stereoview of helicate (P)-[Cu2(L
ACHTUNGTRENNUNG(S,S))2] (5). C white, O dark


grey, Cu grey; hydrogen atoms omitted for clarity.
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3 a)[8]) in dichloromethane displayed a perfect mirror image
with an slightly bathochromic-shifted, enhanced absorption
at lmax=401 nm, compared to the free ligand (lmax=367 nm,
not shown), which is induced by the helicity of complexes
(P)-[Pd2(L


ACHTUNGTRENNUNG(S,S))2] (6) and (M)-[Pd2(L
ACHTUNGTRENNUNG(R,R))2] (ent-6) (Figure 2,


bottom).[25]


Most interesting, in the solid-state helicates 5–7 self-or-
ganize into polymeric superstructures with linear threading
of the transition-metal ions, as exemplarily presented for
(P)-[{Pd2(L


ACHTUNGTRENNUNG(S,S))2}1] (71; Figure 4).[20d,f, 26] The overlapping
van der Waals radii of the palladium ions emphasize the
close contacts of the metal ions. The intercomplex Cu–Cu or
Pd–Pd van der Waals distances (dinter) amount to 3.55 (51),
3.19 (61), and 3.32 N (71). The intercomplex aryl–aryl dis-
tances between individual cylinders are dinter=7.10, 6.46 and
6.53 N for 51–71, respectively. In any case, no close p–p


contacts between the phenyl or naphthyl substituents in 51–
71 were observed. Stacking of planar transition complexes


through d–d orbital interactions between the metal centers
into wirelike linear superstructures promises unique electro-
conductive, magnetic, and optical properties.[20,26] In the
cases of 61 and 71, the Pd2+–Pd2+ distances (Table 1) are of
length similar to the interatomic distances in metallic palla-
dium (2.74 N),[27] but longer than the double effective ionic
radius of Pd2+ (1.72 N)[27] and close to the double van der
Waals radius of palladium (3.26 N).[28] These data suggest
substantial d8–d8 Pd2+–Pd2+ interactions.[20]


In spite of oxygen donors present in the ligand backbone,
no encapsulation of alkali ions in helicates 5–7 was ob-
served, not even in solution.[10] To make accessible chiral
metallacoronates, we chose to put additional stress on the
system by varying the preferential coordination geometry at
the transition-metal center. Instead of penta- or tetracoordi-
nate copper(II) or palladi ACHTUNGTRENNUNGum(II), we introduced hexacoordi-
nate nickel(II). Therefore, when H2L


(S,S) (3 a) was treated
with lithium hydroxide monohydrate and nickel(II) acetate


tetrahydrate in methanol at
room temperature, we isolated
neutral heterochiral (di-
lithium)–dinickel(II) coronate
[(Li·MeOH)2� ACHTUNGTRENNUNG{(D,L)-Ni2-
(LACHTUNGTRENNUNG(S,S))2ACHTUNGTRENNUNG(OMe)2}] (8) (Scheme
4).


Crystals, obtained by
vapour diffusion of diethyl
ether into a solution of 8 in
methanol were subjected to
an X-ray structure analysis
(Table 1).[17,18] According to
this analysis, 8 crystallizes in
the chiral orthorhombic space
group P21212 and possesses a
dinuclear nickel(II) coronate
framework,[13b,29] composed of
two ligands (L(S,S))2� (3 a)2�


and two nickel ions. Each
nickel ion has approximate oc-
tahedral coordination, consist-
ing of two m1-O donors and
two m2-O donors from each
ligand and two m2-(OMe)�


donors. Ni(1) has L- and
Ni(2) has D-configuration
(dNi–Ni=3.08 N).[15] However,
because of the stereogenic
centers of (L(S,S))2�, 8 is not a
mesocate,[30] but rather exists
as a single enantiomer with
idealized C2 molecule symme-
try (C2 axis running through
the two nickel(II) centers).
The two halves of the nick-
el(II) coronate backbone, each
host a lithium cation (dLi–Li=
6.14 N) with approximate


Figure 4. Top: Stereoview of wire-like superstructure of helicate (P)-[{Pd2(L
ACHTUNGTRENNUNG(S,S))2}n] (7n) (n=4, side view), ex-


hibiting an linear overlap of the palladium dz2 orbitals. Bottom: Stereoview of 7n (n=3, top view along the b
axis) of one independent molecule in the unit cell. C white, O grey, Pd light grey, van der Waals radii of Pd
light grey (dotted); hydrogen atoms omitted for clarity.
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square-pyramidal coordination of two carbonyl m2-O donors
and two ether m2-O donors of one ligand (L(S,S))2� and a m1-
O donor of methanol (Figure 5).


Conclusion


Starting from enantiomerically pure ligands H2L
(S,S) (3), we


present in this contribution the efficient synthesis of three
different types of polynuclear complexes 4–8 through diaste-
reoselective self-organization. The nuclearity and the coordi-
nation geometry at the transition-metal centers of the chiral
cubic, helical, and metallacoronate systems 4–8 were con-
trolled by the appropriate choice and ratio of transition-
metal ion, alkali-metal ion, and ligand. Furthermore, heli-
cates 5–7 undergo polyassociation in the solid state to gener-
ate polymeric architectures containing linear arrays of cop-
per(II) and palladium(II) ions. The structures of complexes
4–8 were solved by the combination of mass spectrometry,
NMR spectroscopy, and single-crystal X-ray analyses. The
diastereoselectivity of the self-organization was demonstrat-
ed by circular dichroism measurements of the enantiomers
for complexes 4 a and 6. Due to their optical purity and
their arrangement in the solid state, complexes 4–8 could
function as model systems for magnetochiral or electrocon-
ductive studies.


Experimental Section


General techniques : Unless stated otherwise, all manipulations were car-
ried out under dry dinitrogen atmosphere and the solvents used were pu-
rified and dried according to standard procedures. All reagents employed
(high-grade purity materials) were commercially available and used as
supplied (Fluka, Aldrich, and Acros Organics). The enantiomerically
pure diols (2S,3S)-1,4-dimethoxy-2,3-butanediol (1a ; 38715)[31] and its en-
antiomer ent-1a (38710) are available from Fluka, (S,S)-(�)-hydroben-
zoin (1b ; 256269) from Aldrich. Flash chromatography was carried out
using silica gel 60 N (230–400 mesh, Merck grade 9385). For thin-layer
chromatography (TLC), Merck silica gel 60 N (layer: 0.20 mm) with fluo-
rescent indikator UV254 on aluminium sheets (5Q10 cm) was used. Melt-
ing points were determined on a WAGNER-MUNZ apparatus and are
not corrected. IR spectra were recorded as films or powder films on a
ASI React IR-1000 spectrometer. NMR spectra were obtained from
dilute solutions in CDCl3 at approximately 25 8C, unless stated otherwise,
and recorded on a JEOL EX400 spectrometer (1H 400.1 MHz, 13C
100.5 MHz). The residual solvent signals were used as internal standards:
CDCl3 (1H d=7.27 ppm, 13C d=77.0 ppm), [D6]acetone (1H d=


2.05 ppm; 13C d=29.85 ppm), and [D5]bromobenzene (1H d=7.17 ppm,
13C d=122.51 ppm).[32] The resonance multiplicity is indicated as s (sin-
glet), d (doublet), t (triplet), q (quartet), and m (multiplet). In solution li-
gands H2L


(S,S) (3) are present as a tautomeric mixture of the diketo, mon-
oenol, and bisenol species. Below, only signals of the dominating bisenol
form are listed. FAB-MS spectra were recorded on a Micromass ZAB-
Spec (Cs+) spectrometer with m-NBA as matrix. Circular dichroism
(CD) measurements were carried out on a JASCO J 710 spectropolarim-
eter (Xe-lamp) with optical grade solvents and quartz glass cuvettes with
a 5 mm path length. Optical rotations were measured on a Perkin Elmer
341 polarimeter. Elemental analyses were performed on a Carlo Erba
EA1110 CHN instrument and on a HERAEUS CHN-Mikroautomat.


Single-crystal X-ray structure analyses : Details of crystal data, data col-
lection and refinement are given in Table 2. X-ray data for 4b, and 5’[33]


were collected on a Nonius Kappa CCD area detector, with MoKa radia-
tion (l =0.71073 N). The structures were solved by direct methods with
SHELXS-97[34] and refined with full-matrix least-squares against F2 with
the SHELXL-97 program system.[35] Lorentz, polarization, and absorp-
tion corrections[36] were applied. All non-hydrogen atoms were refined
anisotropically. The positions of the hydrogen atoms were fixed in ideal
positions (riding model) and were included without refinement and with
fixed isotropic U. In case of 4b, C31–C34 of the aromatic ring are disor-
dered with a ratio of 65:35%. The occupation of the cocrystallizing
CHCl3 molecule was set to 50%, the carbon C100 of the solvate mole-
cule was refined only isotropically. In case of 5’, carbon atoms of the
phenyl substituent (C11–C16) showed disorder with an occupation of
51:49.


Data for 5–8 were collected on a Bruker-Nonius Kappa CCD diffractom-
eter with MoKa radiation (l =0.71073 N), and a graphite monochromator.
The structures were solved by direct methods, and full-matrix least-
squares refinements were carried out on F2 by using
SHELXTLNT6.12.[37] A semi-empirical absorption correction based on
multiple scans (SADABS)[38] was performed. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were geometrically
positioned with isotropic displacement parameters being either 1.2 Ueq or
1.5 Ueq of the proceeding C atom. Disorder was found in structures 6 and
8. A number of restraints (SIMU and DFIX, respectively) were applied
in the treatment of this disorder. In the case of 6, one of the two inde-
pendent molecules showed disorder on the CH3OCH2 moiety with a re-
fined occupation of the two preferred orientations of 52.8(5) and
47.2(5)%. In 8, oxygen O3 was subjected to positional disorder with oc-
cupations of the two refined sites of 67(2)% for O3 and 33(2)% for O3’.
In addition, there was a disordered methanol solvate molecule located on
a crystallographic twofold rotation axis; no hydrogen atoms were includ-
ed for this in the structure model.


ACHTUNGTRENNUNG(2S,3S)-1,4-Dimethoxy-(2,3-ethylacetoxy)-butane [(S,S)-2 a]: A solution
of (2S,3S)-1,4-dimethoxy-2,3-butanediol (S,S)-1a (4.00 g, 26.60 mmol) in
dry THF (100 mL) was added dropwise to a suspension of sodium hy-


Figure 5. Stereoview of (dilithium)–dinickel(II) coronate [(Li·MeOH)2�-
ACHTUNGTRENNUNG{(D,L)-Ni2(L


ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)2}] (8), disorder and hydrogen atoms are omitted
for clarity. C white, O dark grey, Ni grey, Li light grey (dotted).


Scheme 4. Synthesis and schematic presentation of [(Li·MeOH)2� ACHTUNGTRENNUNG{(D,L)-
Ni2(L


ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)2}] (8), starting from H2L
(S,S) (3 a).
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dride (1.55 g, 59.00 mmol, 95%) in THF (100 mL), placed in a three-
necked, round-bottomed flask (500 mL) equipped with a dropping
funnel, a reflux condenser, and a nitrogen inlet. The suspension was
stirred for further 30 min at room temperature and then a solution of
ethyl bromoacetate (6.5 mL, 58.60 mmol) in THF (100 mL) was added
slowly. After stirring overnight and reflux for 1 h, the reaction mixture
was cautiously hydrolyzed by addition of distilled water (5 mL). The or-
ganic phase was removed (rotary evaporator, 40 8C) and the residue was
diluted with distilled water (20 mL). The aqueous phase was extracted
with n-pentane (3Q50 mL) and the combined organic extracts were dried
over anhydrous sodium sulfate, filtered, and concentrated. The crude re-
action product was purified by vacuum distillation. Yield: 3.77 g (44%),
colorless oil; b.p. 210–220 8C (�5.0·10�4 mbar); [a]D=++8.1, [a]25578=++8.4,
[a]25546=++9.4, [a]25436=++17.2, [a]25365=++35.6 (c=0.01 in CHCl3);


1H NMR:
d=4.28 (d, J=16.8 Hz, 2H; O-CHAHB-CO), 4.26 (d, J=16.8 Hz, 2H; O-
CHAHB-CO), 4.15 (q, J=7.2 Hz, 4H; CH2-CH3), 3.77–3.72 (m, 2H; O-
CH),[40] 3.68 (pseudo dd, J=10.2, 3.0 Hz, 2H; CH-CH2),


[40] 3.53 (pseudo
dd, J=10.2, 5.8 Hz, 2H; CH-CH2),


[40] 3.31 (s, 6H; O-CH3), 1.23 ppm (t,
J=7.2 Hz, 6H; CH2-CH3);


13C NMR:[41] d=170.70 (C=O), 79.78 (O-CH),
72.82 (CH-CH2), 68.58 (O-CH2-C=O), 60.59 (CH2-CH3), 59.03 (O-CH3),
14.13 ppm (CH2-CH3); IR (film): ñ =2988, 2930, 2837, 1733, 1451, 1374,
1351, 1200, 1108, 1023, 870 cm�1; MS: m/z (%): 323 (71) [M+H]+, 291
(67) [M�OCH3]


+ , 277 (32) [M�OEt]+ , 249 (21) [M�CO2Et]
+ , 161 (43)


[M/2]+ , 115 (100) [M/2�OEt]+ ; (ent-2a): Prepared in analogy to 2 a,
starting from d-tartaric acid: [a]D=�8.0, [a]25578=�8.1, [a]25546=�9.3,
[a]25436=�17.1, [a]25365=�35.5 (c=0.01 in CHCl3); elemental analysis calcd
(%) for C14H26O8·0.5 H2O (331.36): C 50.75, H 8.21; found: C 51.04, H
7.81.


ACHTUNGTRENNUNG(1S,2S)-1,2-Diphenyl-(1,2-ethylacetoxy)-ethane [(S,S)-2 b]: Boron tri-
fluoride diethyl etherate (0.47 mL, 3.81 mmol) was added dropwise to a
cooled solution (0 8C) of (S,S)-(�)-1,2-diphenyl-1,2-ethanediol (S,S)-1b
(10.00 g, 46.60 mmol) and ethyl diazoacetate (11.7 mL, 93.20 mmol,
�10% dichloromethane) in dichloromethane (100 mL), placed in a
three-necked, round-bottomed flask (250 mL) equipped with a dropping


funnel, a reflux condenser, and a nitrogen inlet. The reaction mixture
was stirred at room temperature for 1 h and then refluxed. After no prog-
ress of the reaction could be monitored by TLC (approx. 2 h), the sol-
vents were removed with a rotary evaporator. The crude reaction product
(yellowish oil) was further purified by column chromatography on silica
gel (i-hexane/ethyl acetate 80:20). Yield: 5.43 g (30%), colorless solid,
Rf=0.29 (i-hexane/ethyl acetate 80:20); m.p. 53–54 8C; [a]D=++43.7,
[a]25578=++45.2, [a]25546=++50.9, [a]25436=++82.4, [a]25436=++120.1 (c=0.01 in
CHCl3);


1H NMR: d=7.19–7.08 (m, 6H; Ar-CHmeta,para), 7.03–6.96 (m,
4H; Ar-CHortho), 4.72 (s, 2H; O-CH), 4.14 (d, J=16.4 Hz, 2H; O-
CHAHB), 4.14 (q, J=7.2 Hz, 4H; CH2-CH3), 4.06 (d, J=16.4 Hz, 2H; O-
CHAHB), 1.21 ppm (t, J=7.2 Hz, 6H; CH2-CH3)


13C NMR:[41] d =170.28
(C=O), 137.09 (Ar-Cipso), 127.99 (4C, Ar-CHmeta), 127.83 (Ar-CHpara),
127.78 (4C, Ar-CHortho), 85.95 (CH), 66.86 (O-CH2), 60.61 (O-CH2-CH3),
14.09 ppm (CH2-CH3); IR (film): ñ =2997, 2985, 2944, 2914, 1752, 1445,
1418, 1376, 1198, 1133, 1027, 961, 702 cm�1; MS: m/z (%): 387 (12)
[M+H]+ , 283 (100) [M�OCH2CO2Et]


+ , 193 (93) [M/2]+ , 179 (72)
[M�(OCH2CO2Et)2�H]+ ; elemental analysis calcd (%) for
C22H26O6·0.25H2O (390.95): C 67.59, H 6.83; found: C 67.51, H 6.85.


General procedure for the synthesis of H2L
(S,S) (3):[9,13] A solution of


methyl ketone (35.3 mmol) in THF (50 mL) was added dropwise to a
stirred suspension of sodium amide (2.75 g, 70.4 mmol, 95%) in THF
(50 mL) at room temperature. After 10 min the resulting mixture was
treated with a solution of diester 2 (16.0 mmol) in THF (50 mL), which
was added dropwise over 5 min. The mixture was refluxed for 4 h and
after cooling the solution to room temperature, the solvent was removed.
The residue was hydrolyzed with 1m hydrochloric acid (100 mL) and ex-
tracted with ethyl acetate (3Q100 mL). The combined extracts were
washed with distilled water (2Q100 mL), dried over anhydrous sodium
sulfate, and filtered. Removal of the solvent afforded 3 as an oil which
crystallized at low pressure (oil pump).


ACHTUNGTRENNUNG(2S,3S)-1,1’-Diphenyl-4,4’-(1,4-dimethoxy-2,3-butanedioxy)dibutane-1,3-
dione [(S,S)-3 a]: For the experimental data of H2L


(S,S) [(S,S)-2 a], see ref-


Table 2. Crystal and structure refinement data for complexes 4b, 5–8.


4b 5 5’[33] 6 7 8


formula C72H68Cu4O16·CHCl3 C68H56Cu2O12 C68H56Cu2O12 C52H56O16Pd2 C68H64O16Pd2 C56H70Li2Ni2O20·0.5CH3OH
Mr [gmol�1] 1562.88 1192.21 1192.21 1149.77 1349.99 1210.44
crystal size [mm3] 0.20Q0.20Q0.15 0.14Q0.12Q0.09 0.15Q0.10Q0.10 0.08Q0.07Q0.05 0.32Q0.18Q0.11 0.24Q0.12Q0.10
crystal system monoclinic monoclinic orthorhombic monoclinic orthorhombic orthorhombic
space group C2 C2 I222 C2 P21212 P21212
a [N] 28.1231(8) 30.791(3) 7.0923(5) 29.222(2) 29.890(3) 25.555(3)
b [N] 6.9100(2) 7.0987(2) 14.0724(6) 6.4592(3) 6.5297(4) 25.569(3)
c [N] 21.2674(7) 27.586(2) 27.4167(18) 28.950(3) 14.637(2) 8.8061(7)
b [8] 114.794(2) 116.588(5) 90 119.578(5) 90 90
V [N3] 3751.9(2) 5392.0(7) 2736.3(3) 4752.3(7) 2856.7(5) 5754.0(11)
Z 2 4 2 4 2 4
1calcd [Mg m�3] 1.383 1.469 1.447 1.607 1.569 1.397
T [K] 173(2) 100(2) 173(2) 100(2) 100(2) 100(2)
m [mm�1] 1.288 0.858 0.845 0.831 0.704 0.730
F ACHTUNGTRENNUNG(000) 1606 2472 1236 2352 1384 2548
q range [8] 2.25 to 27.49 3.30 to 27.00 2.66 to 25.00 3.45 to 27.10 3.40 to 27.87 3.56 to 26.37
index ranges �35%h%36 �39%h%39 �8%h%8 �37%h%37 �39%h%39 �31%h%31


�8%k%8 �9%k%9 �16%k%16 �8%k%8 �8%k%8 �31%k%31
�27% l%27 �35% l%35 �32% l%32 �37%h%37 �19% l%18 �10% l%10


reflns collected 8483 47337 2433 42701 26852 52678
independent reflns 8483 11704 2433 10473 6762 11164
reflns observed [I>2s(I)] 7106 8341 1978 7250 6058 9790
max/min transmission 0.8303/0.7828 0.926/0.823 0.9202/0.8837 0.874/0.959 0.930/0.764 0.930/0.772
ACHTUNGTRENNUNG[Rint] 0.0000 0.0580 0.0000 0.0666 0.0346 0.0372
data/parameters 8483/459 11704/739 2433/202 10473/661 6762/390 11164/751
goodness-of-fit on F2 1.020 1.013 1.014 0.984 1.047 1.134
flack parameter[39] 0.09(2) 0.03(2) �0.05(3) 0.03(3) �0.01(2) 0.05(2)
final R1 [I>2s(I)] 0.0596 0.0654 0.0431 0.0375 0.0260 0.0501
wR2 (all data) 0.1720 0.1767 0.1220 0.0757 0.0550 0.1159
largest residuals [eN�3] 1.305/�0.613 1.144/�0.545 0.413/�0.406 0.439/�0.423 0.385/�0.682 1.182/�0.540
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erence [8]. 1H NMR ([D5]bromobenzene): d =16.61 (br s, 2H; OH), 8.05
(dd, J=8.5, 1.3 Hz, 4H; Ar-CHortho), 7.47–7.40 (m, 2H; Ar-CHpara), 7.40–
7.33 (m, 4H; Ar-CHmeta), 6.91 (s, 2H; =CH), 4.58 (d, J=16.7 Hz, 2H; O-
CHACHB), 4.53 (d, J=16.7 Hz, 2H; O-CHACHB), 4.06–3.99 (m, 2H; O-
CH),[40] 3.82 (pseudo dd, J=10.4, 2.9 Hz, 2H; CH-CH2),


[40] 3.74 (pseudo
dd, J=10.4, 6.0 Hz, 2H; CH-CH2),


[40] 3.40 ppm (s, 6H; O-CH3);
13C NMR ([D5]bromobenzene):[41] d =194.93 (C=O), 183.10 (C-OH),
134.77 (Ar-Cipso), 132.51 (Ar-CHpara), 128.72 (4C, Ar-CHmeta), 127.33 (4C,
Ar-CHortho), 93.84 (=CH), 80.10 (O-CH), 72.78 (O-CH2), 72.51 (CH-
CH2), 59.11 ppm (O-CH3).


ACHTUNGTRENNUNG(1S,2S)-1,1’-Diphenyl-4,4’-(1,2-diphenyl-1,2-ethanedioxy)dibutane-1,3-
dione [(S,S)-3 b]: Diester (S,S)-2b (6.18 g), acetophenone (4.12 mL);
yield: 1.80 g (21%), slightly pink-colored crystals from methanol, Rf=


0.29 (i-hexane/ethyl acetate 80:20); m.p. 108–109 8C; [a]D=++108.5,
[a]25578=++113.5, [a]25546=++132.8, [a]25436=++290.2 (c=0.01 in CHCl3);
1H NMR: d=15.91 (br s, 2H; OH), 7.85–7.78 (m, 4H; Ar-CHortho), 7.53–
7.45 (m, 2H; Ar-CHpara), 7.44–7.33 (m, 4H; Ar-CHmeta), 7.24–7.16 (m,
6H; CH-Ar-CHmeta,para), 7.12–7.03 (m, 4H; CH-Ar-CHortho), 6.81 (s, 2H; =


CH), 4.71 (s, 2H; O-CH), 4.24 (d, J=16.9 Hz, 2H; O-CHAHB), 4.09 ppm
(d, J=16.9 Hz, 2H; O-CHAHB);


13C NMR:[41] d =194.49 (C=O), 183.42
(C-OH), 136.97 (CH-Ar-Cipso), 134.39 (Ar-Cipso), 132.51 (Ar-CHpara),
128.53 (4C, Ar-CHortho or meta), 128.24 (4C, CH-Ar-CHortho or meta), 128.15
(CH-Ar-CHpara), 127.97 (4C, CH-Ar-CHortho or meta), 127.14 (4C, Ar-CHortho


or meta), 93.70 (=CH), 86.44 (O-CH), 70.69 ppm (O-CH2); ñ =3134, 3065,
3030, 2895, 2833, 1598, 1575, 1471, 1424, 1343, 1266, 1212, 1108, 1027,
695 cm�1; MS: m/z (%): 536 (35) [M+H]+ , 357 (100)
[M�OCH2COCH2COPh]+ , 267 (41) [M/2]+ , 161 (43)
[CH2COCH2COPh]+ ; elemental analysis calcd (%) for C34H30O6


(534.61): C 76.39, H 5.66; found: C 76.10, H 5.78.


ACHTUNGTRENNUNG(2S,3S)-1,1’-Di-(2-naphthyl)-4,4’-(1,4-dimethoxy-2,3-butanedioxy)dibu-
tane-1,3-dione [(S,S)-3 c]: Diester (S,S)-2 a (5.16 g), 2-acetonaphthone
(6.01 g); yield: 0.548 g (6%), beige microcrystalline material from metha-
nol, Rf=0.47 (i-hexane/ethyl acetate 60:40); m.p. 83–84 8C; [a]D=++16.1,
[a]25578=++17.7, [a]25546=++22.2, [a]25436=++79.3 (c=0.01 in CHCl3);


1H NMR:
d=15.95 (br s, 2H; OH), 8.40 (s, 2H; Ar-C-H), 7.87 (d, J=8.5 Hz, 2H;
Ar-C-H), 7.86 (d, J=8.8 Hz, 2H; Ar-C-H), 7.91–7.75 (m, 8H; Ar-C-H),
6.78 (s, 2H; =CH), 4.47 (d, J=16.6 Hz, 2H; O-CHAHB), 4.38 (d, J=


16.6 Hz, 2H; O-CHAHB), 3.91–3.85 (m, 2H; O-CH),[40] 3.74 (pseudo dd,
J=10.4, 2.8 Hz, 2H; CH-CH2),


[40] 3.62 (pseudo dd, J=10.4, 5.6 Hz, 2H;
CH-CH2),


[40] 3.41 ppm (s, 6H; O-CH3);
13C NMR:[41] d =194.68 (C=O),


182.68 (C-OH), 135.25 (Ar-Cipso), 132.63 (Ar-C), 131.60 (Ar-C), 129.28
(Ar-C-H), 128.35 (Ar-C-H), 128.09 (4C, Ar-C-H), 127.68 (Ar-C-H),
126.71 (Ar-C-H), 123.00 (Ar-C-H), 93.94 (=CH), 79.96 (O-CH), 72.74
(O-CH2), 72.09 (CH-CH2), 59.30 ppm (O-CH3); IR: ñ =3058, 2892, 2848,
2819, 1602, 1590, 1567, 1453, 1387, 1328, 1273, 1227, 1111, 1048, 816 cm�1;
MS: m/z (%): 571 (31) [M+H]+ , 211 (39) [CH2COCH2COC10H7]


+ , 197
(20) [COCH2COC10H7]


+ , 155 (100) [COC10H7]
+ ; elemental analysis calcd


(%) for C34H34O8 (570.64): C 71.56, H 6.01; found: C 71.39, H 6.08.


General procedure for synthesis of cubanes [Cu4(L ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)4] (4): A
hot solution of copper(II) acetate monohydrate (80 mg, 0.40 mmol) in
methanol (8 mL) was added dropwise to a refluxing solution of H2L


(S,S)


(3) (0.20 mmol) and cesium acetate (39 mg, 0.20 mmol) in methanol
(4 mL) (for the synthesis of 4 b potassium acetate (39.3 mg; 0.40 mmol)
was used instead of cesium acetate). The reaction mixture was allowed to
cool to room temperature and stirred for 30 min. After removal of the
solvent (rotary evaporator, 40 8C), the deep green residue was treated re-
peatedly (6Q) with methanol (12 mL), which was removed by evapora-
tion. The crude reaction product was suspended in methanol (12 mL),
and the turquoise powder was filtered off. After drying under vacuum
(oil pump), the solid material was crystallized from the indicated solvent
by layering with methanol.


ACHTUNGTRENNUNG(C,C,C,C)-[Cu4(L ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)4] (4 a) and (A,A,A,A)-[Cu4(LACHTUNGTRENNUNG(R,R))2ACHTUNGTRENNUNG(OMe)4]
(ent-4a): For the experimental data of copper(II) cubanes 4a and ent-4 a,
see reference [8].


ACHTUNGTRENNUNG(C,C,C,C)-[Cu4(L ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)4] (4 b): Bis-1,3-diketone 3b (107 mg); yield:
130 mg (90%), dark-green cuboids suitable for X-ray analysis from
chloroform; m.p. >210 8C (decomp); IR: ñ=3061, 3034, 2918, 2899, 2810,
1594, 1563, 1521, 1486, 1451, 1413, 1343, 1282, 1193, 1119, 1089, 1027,


973, 845, 760, 703 cm�1; MS: m/z (%): 1325 (23) [Cu2L2+Cs]+ (Cs+ from
the matrix), 1255 (73) [Cu3L2]


+ , 1215 (23) [Cu2L2+Na]+ (Na+ from the
matrix), 1193 (38) [Cu2L2]


+ , 721 (38) [Cu3L]
+ , 659 (62) [Cu2L]


+ , 597
(100) [CuL+H]+ ; elemental analysis calcd (%) for C72H68Cu4O16


(1443.50): C 59.91, H 4.75; found: C 60.15, H 4.55.


ACHTUNGTRENNUNG(C,C,C,C)-[Cu4(L ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)4] (4 c): Bis-1,3-diketone 3 c (114 mg); yield:
124 mg (82%), green crystals from dichloromethane; m.p. >199 8C
(decomp); IR: ñ =3026, 2921, 2860, 2811, 1586, 1567, 1519, 1445, 1414,
1356, 1339, 1291, 1285, 1200, 1179, 1133, 1106, 1077, 1038, 976, 863, 780,
758 cm�1; MS: m/z (%): 1397 (13) [Cu2L2+Cs]+ (Cs+ from the matrix),
1327 (47) [Cu3L2]


+ , 1287 (33) [Cu2L2+Na]+ (Na+ from the matrix), 1265
(100) [Cu2L2+H]+ , 759 (25) [Cu3L]


+ , 695 (82) [Cu2L]
+ , 633 (61)


[CuL+H]+ ; elemental analysis calcd (%) for C72H76Cu4O20 (1515.56): C
57.06, H 5.05; found: C 56.85, H 4.92.


(P)-[Cu2(L ACHTUNGTRENNUNG(S,S))2] (5)[33]: Tetraketone 3 b (54 mg, 0.10 mmol) was dissolved
in boiling methanol (2 mL) in the presence of potassium acetate (49 mg,
0.50 mmol). After approximately 2 min, a solution of copper(II) acetate
monohydrate (20 mg, 0.10 mmol) in methanol (2 mL) was added drop-
wise and the reaction mixture was stirred after cooling to room tempera-
ture for further 30 min. After filtration over celite and dilution of the
mother liquor by addition of acetone (4 mL), green prisms suitable for
X-ray structure analysis were obtained by vapor diffusion of diethyl
ether. Yield: 57 mg (95%); m.p. >235 8C (decomp); IR: ñ=3069, 3034,
2922, 2891, 2833, 1594, 1563, 1513, 1486, 1455, 1420, 1378, 1336, 1258,
1173, 1131, 1089, 1027, 973, 842, 753, 703 cm�1; MS: m/z (%): 1215 (100)
[Cu2L2+Na]+ (Na+ from the matrix), 1193 (18) [Cu2L2+H]+ , 681 (26);
elemental analysis calcd (%) for C68H56Cu2O12·0.5H2O (1201.28): C
67.99, H 4.78; found: C 68.15; H 4.63.


General procedure for synthesis of helicates (P)-[Pd2(LACHTUNGTRENNUNG(S,S))2] (6,7): Tetra-
ketone 3a or c (0.05 mmol) was dissolved in boiling methanol (2 mL) in
the presence of pyridine (16 mL, 0.20 mmol). After approximately 2 min,
a solution of palladium(II) acetate (23 mg, 0.10 mmol) in methanol
(2 mL) was added dropwise and the reaction mixture was stirred after
cooling to room temperature for further 2 h. After concentration of the
solvent (ca. 1 mL; rotary evaporator, 40 8C) and filtration over celite, an
orange microcrystalline material was obtained by vapor diffusion of di-
ethyl ether.


(P)-[Pd2(L ACHTUNGTRENNUNG(S,S))2] (6): Bis-1,3-diketone 3 a (24 mg); yield: 27 mg (92%);
yellow prisms suitable for X-ray analysis from [D6]acetone; m.p. >220 8C
(decomp); 1H NMR ([D6]acetone):


[24] d=7.62–7.52 (m, 6H; Ar-
CHortho,para), 7.41–7.33 (m, 4H; Ar-CHmeta), 5.27 (s, 2H; =CH), 4.38 (d, J=


17.6 Hz, 2H; O-CHACHB), 4.36–4.31 (m, 2H; O-CH),[40] 4.29 (d, J=


17.6 Hz, 2H; O-CHACHB), 3.81 (d, J=8.8 Hz, 2H; CH-CHAHB),
[40] 3.50–


3.42 (m, 2H; CH-CHAHB, partially hidden by the singlet of OCH3),
[40]


3.49 ppm (s, 6H; O-CH3);
13C NMR ([D6]acetone):


[41] d=189.82 (Ar-C=


O), 177.72 (C=O), 135.84 (Ar-Cipso), 132.26 (Ar-CHpara), 128.80 (4C, Ar-
CHortho), 128.76 (4C, Ar-CHmeta), 93.96 (=CH), 79.86 (O-CH), 74.88 (O-
CH2), 73.54 (CH-CH2), 59.81 ppm (O-CH3);


1H NMR
([D5]bromobenzene):[24] d=7.80 (m, 4H; Ar-CHortho), 7.62–7.55 (m, 2H;
Ar-CHpara), 7.50–7.44 (m, 4H; Ar-CHmeta, partially hidden by solvent re-
sidual peaks), 5.33 (s, 2H; =CH), 4.80 (d, J=7.3 Hz, 2H; O-CH),[40] 4.67
(d, J=17.3 Hz, 2H; O-CHACHB), 4.47 (d, J=17.3 Hz, 2H; O-CHACHB),
4.18 (d, J=9.3 Hz, 2H; CH-CH2),


[40] 3.77 (dd, J=9.3, 7.3 Hz, 2H; CH-
CH2),


[40] 3.55 ppm (s, 6H; O-CH3);
13C NMR ([D5]bromobenzene):[41] d=


188.65 (Ar-C=O), 177.15 (C=O), 135.38 (Ar-Cipso), 128.39 (4C, Ar-
CHortho), (Ar-CHpara hidden by solvent residual peaks), 127.97 (4C, Ar-
CHmeta), 93.54 (=CH), 79.28 (O-CH), 74.55 (CH-CH2), 73.20 (O-CH2),
59.67 ppm (O-CH3); IR: ñ=2980, 2903, 2810, 1590, 1567, 1513, 1486,
1455, 1417, 1336, 1274, 1204, 1274, 1204, 1139, 1112, 1081, 1031, 1000,
973, 953, 930, 865, 795, 753 cm�1; MS: m/z (%): 1283 (2) [Pd2L2+Cs]+


(Cs+ from the matrix), 1255 (3) [Pd3L2]
+ , 1151 (100) [Pd2L2+H]+ , 681


(14) [Pd2L]
+ , 575 (21) [PdL]+ ; elemental analysis calcd (%) for


C52H56O16Pd2·0.5 H2O (1158.81): C 53.90, H 4.96; found: C 53.96, H 4.98.
Complex ent-6 was prepared in analogy to 6 from H2L


(R,R) (ent-3 a).[8]


(P)-[Pd2(L ACHTUNGTRENNUNG(S,S))2] (7): Bis-1,3-diketone 3c (29 mg); yield: 32 mg (95%);
yellow right parallelepipeds suitable for X-ray analysis from
[D5]bromobenzene; m.p. >220 8C (decomp); 1H NMR
([D5]bromobenzene):[24] d =8.25 (dd, J=8.7, 1.7 Hz, 2H; Ar-CH), 8.06 (d,


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1472 – 14811478


R. W. Saalfrank, A. Scheurer et al.



www.chemeurj.org





J=8.7 Hz, 2H; Ar-CH), 8.00 (d, J=8.7 Hz, 2H; Ar-CH), 7.85 (s, 2H; Ar-
CH), 7.70–7.63 (m, 4H; Ar-CH), 7.62–7.55 (m, 4H; Ar-CH), 5.50 (s, 2H;
=CH), 4.92 (d, J=7.1 Hz, 2H; O-CH),[40] 4.78 (d, J=17.2 Hz, 2H; O-
CHACHB), 4.48 (d, J=17.2 Hz, 2H; O-CHACHB), 4.30 (d, J=9.2 Hz, 2H;
CH-CH2),


[40] 3.96–3.89 (dd, J=9.2, 7.1 Hz, 2H; CH-CH2),
[40] 3.68 ppm (s,


6H; O-CH3);
13C NMR ([D5]bromobenzene):[41] d=188.50 (Ar-C=O),


177.34 (C=O), 135.01 (Ar-Cipso), 133.12 (Ar-Cipso), 132.55 (Ar-Cipso),
131.80–122.20 (7 Ar-C-H-signals hidden by solvent residual peaks), 94.23
(=CH), 79.50 (O-CH), 74.44 (CH-CH2), 73.19 (O-CH2), 59.78 ppm (O-
CH3); IR: ñ=3057, 2976, 2926, 2845, 2810, 1567, 1505, 1436, 1417, 1328,
1270, 1200, 1135, 1104, 1069, 978, 950, 857, 772, 753 cm�1; MS: m/z (%):
1351 (100) [Pd2L2+H]+ ; elemental analysis calcd (%) for
C68H64O16Pd2·0.5 H2O (1359.05): C 60.10, H 4.82; found: C 60.07, H 4.88.


ACHTUNGTRENNUNG[(Li·MeOH)2� ACHTUNGTRENNUNG{(D,L)-Ni2(L ACHTUNGTRENNUNG(S,S))2 ACHTUNGTRENNUNG(OMe)2}] (8): Solid lithium hydroxide
monohydrate (8 mg, 0.20 mmol) was added to a solution of tetraketone
3a (48 mg, 0.1 mmol) in methanol (2 mL). After stirring for approximate-
ly 2 min, a solution of nickel(II) acetate tetrahydrate (16 mg,
0.066 mmol) in methanol (2 mL) was added dropwise and the reaction
mixture was stirred for further 30 min at room temperature. After filtra-
tion of the turquoise solution over celite, green microcrystals were ob-
tained by vapor diffusion of diethyl ether. Yield: 19 mg (48%); green
right parallelepipeds suitable for X-ray analysis by recrystallization from
methanol and vapor diffusion of diethyl ether. M.p. >210 8C (decomp);
IR: ñ =2988, 2934, 2883, 2829, 1594, 1571, 1521, 1471, 1432, 1339, 1274,
1239, 1193, 1108, 1081, 1027, 977, 930, 853, 799, 764, 718, 695 cm�1; MS:
m/z (%): 1543 (10) [Ni2L3+Li3]


+ , 1220 (27) [Ni3L2 ACHTUNGTRENNUNG(OMe)3+Li2]
+ , 1128


(7) [Ni2L2ACHTUNGTRENNUNG(OMe)2+Li2]
+ , 1097 (10) [Ni2L2 ACHTUNGTRENNUNG(OMe)+Li2]


+ , 1059 (100)
[Ni2L2+Li]+ , 533 (38) [NiL+Li]+ ; elemental analysis calcd (%) for
C56H70Li2Ni2O20·0.5 H2O (1203.47): C 55.89, H 5.95; found: C 55.69, H
5.86.
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Fused Tricyclic Phosphiranes—Analysis of Phosphorus Chemical Shieldings
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Steffen Krill,[b] Martin Lutz,[c] Anthony L. Spek,[c] and Koop Lammertsma*[a, b]


Introduction


Organophosphorus compounds constitute the largest ligand
class for catalysis. Probing the ligand properties by 31P NMR
spectroscopy would be highly desirable, but studies show
only moderate or even counterintuitive relationships.[1,2]


Phosphorus nuclear chemical shifts are governed by several
factors, such as resonance interactions, inductive and steric
effects, bond angles, and ring size.[2–4] Even the structurally
very similar Z and E isomers of 7-phosphanorbornenes 1
differ by as much as 70 ppm in 31P NMR chemical shifts.[3]


The advance of computing capacity allows for theoretical
analyses of experimental systems.[2a,4,5] Chesnut et al.[4] relat-


ed the variations in shielding to
the magnitude of the HOMO–
LUMO energy gap Eg and ad-
dressed the underlying princi-
ples to qualitatively account for
the variations, but noted that
nonadditive a-, b-, and g-sub-
stituent effects dominate the
overall shielding.


The 1,2-addition of carbene-like electrophilic phosphini-
denes to alkenes gives direct access to both the Z and E iso-
meric phosphiranes,[6–9] providing suitable test systems for
31P NMR analysis. For example, the isomers of strained
phosphiranes 2[7] and 3[8] show a difference in 31P chemical
shielding analogous to 1. Here, we report on phosphinidene
addition to hexamethyl Dewar benzene (9) to give the novel


Abstract: 1,2-Addition of transient
W(CO)5-complexed phosphinidenes
exo to hexamethyl Dewar benzene af-
fords the novel 3-phosphatricy-
clo[3.2.0.02,4]hept-6-ene complexes. The
fused tricyclic phosphiranes are ob-
tained as both the Z and the thermally
less stable E isomers, the 31P NMR
chemical shifts of which differ by about


60 ppm. A computational investigation
shows that the phosphorus pyramidali-
zation and the presence of the g


double bond are responsible for this
effect. The semiquantitative results
contribute to a more systematic under-
standing of the structural influences on
31P chemical shieldings. The congested
double bond of the Z isomer can be
epoxidized with m-chloroperbenzoic
acid (MCPBA) to afford a fused tetra-
cyclic P,O bis-adduct.
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exo-annellated phosphiranes 4, which have been character-
ized by NMR spectroscopy and X-ray crystallography. Also,
the Z and E isomers of 4 have remarkably different
31P NMR chemical shifts. We explain the origins of this phe-
nomenon semiquantitatively by a computational investiga-
tion, providing a more systematic understanding of structur-
al influences on the 31P chemical shift.


Furthermore, adducts on hexamethyl Dewar benzene are
scarce and, to the best of our knowledge, the phosphiranes 4
are the first isolated second-row element 1,2-adducts of 9.
First-row elements in mono- and bis-adducts of 9 are
known, such as 5a,b and 6,[10,11] as are the nitrene adducts of
hexafluoro Dewar benzene (7 and 8),[12] but only for 6b has
a crystal structure been reported.[11b] The intermediacy of
the cationic sulfur analogue 5c has been proposed, but it de-
composes at �60 8C.[13] Therefore, we also report on the
strain in 4 as well as on the reactivity of the remaining
double bond in these fused tricyclic systems.


Results and Discussion


Synthesis : Benzophosphepines 10 were recently devel-
oped,[14] from which transient terminal phosphinidene com-
plexes [RP=W(CO)5] were generated in situ under mild con-
ditions (10a : R=phenyl, �55 8C; b : R=Me, �65 8C) by
cheletropic elimination of naphthalene from the phospha-
norcaradiene intermediate. Reaction of 10a,b with 9 in tolu-
ene cleanly afforded the annellated phosphiranes 4a and 4b
in 60 and 66% isolated yield, respectively (Scheme 1).[15]


Isomer (Z)-4a could be separated from the E isomer and
purified by column chromatography and fractional crystalli-
zation to give a white crystalline solid that decomposes
above 145 8C; 4b could only be partially separated into iso-
merically enriched fractions.


NMR analysis of the products suggested that the phosphi-
nidene complex has added exo to the double bond, while
the phosphorus substituent R is oriented either Z or E with
respect to the central cyclobutane moiety. For example, the
2D NOESY spectra for both isomers of 4a feature an inter-
action of the phosphirane methyl (Me) groups (at C1/2)
with those attached to the double bond, which would be
absent in the endo adducts 11a. Furthermore, correlations


are observed for the phenyl
ortho-H atoms with the central
methyl groups (at C3/6) of the
Z isomer and with the methyl
groups of the phosphirane
moiety (at C1/2) of the E
isomer. The preference for the
exo isomers is consistent with the addition of other heteroa-
tom groups that lead to the exo adducts 5 and 6,[10,11] and
with the addition of [RP=


W(CO)5] to norbornene and re-
lated compounds.[16] This prefer-
ence for exo addition has been
attributed to rehybridization of
the double bond(s) in the sub-
strate, which causes a tilting of
the p atomic orbitals of the
carbon atom.[16b] As a result,
the HOMO p electron density
is more localized on the exo
face than on the endo face, as
illustrated for 9 in Figure 1.


The 31P NMR chemical shifts
of the products (4a : �63.0 (Z),
�126.9 (E); 4b : �87.3 (Z), �138.5 ppm (E)) are similar to
those of the related norbornadiene adducts 2 (�61.0 (Z),
�100.7 ppm (E)),[7] but are significantly deshielded relative
to the parent phosphirane complexes 12a (�187.6 ppm)[17]


and 12b (�199.3 ppm, see
below).[18] The phosphirane
carbon atoms resonate at rather
low field (e.g. (Z)-4a : 49.3 vs.
(Z)-2 : 35.8 ppm).[7]


Crystal structure : The geometry
of (Z)-4a was confirmed by X-ray crystallography
(Figure 2). The crystal structure shows that the plane of the
phenyl ring is parallel to the phosphirane C�C bond. This
C1�C2 bond length of 1.592(4) L is elongated in compari-
son to those in typical phosphiranes (1.47–1.52 L)[7,17b,19] and
is even longer than those in phosphabicyclobutane (Z)-3
(1.550 L).[8] The C3�C6 bridgehead bond is also elongated
(1.588(4) L), which is, however, common for cyclobu-
tenes.[20] The central four-membered ring is planar and has
interplanar angles of 118.57(19) and 110.22(19)8 with the
phosphirane and cyclobutene rings, respectively.[21] The cen-
tral methyl groups (C9 and C12) are bent away from the
phenyl group, as designated by the obtuse interplanar angle
of 130.4(2)8 with the central cyclobutane versus 119.3(2)8
with the cyclobutene ring.[21]


Calculated 31P NMR chemical shifts : Because the 1H NMR
resonances of the PMe group of 4b and those of either its
vinylic (Z) or phosphirane methyl groups (E) are in close
proximity, the stereochemical assignment by 2D NOESY
NMR is not unequivocal. Therefore, we calculated the phos-
phorus chemical shieldings scalcd of the four possible adducts


Scheme 1. Synthetic route to tricyclic phosphiranes 4, including ring atom
numbering.


Figure 1. HOMO electron den-
sity distribution in 9.
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(exo/endo, Z/E) with the Amsterdam Density Functional
(ADF) program[22] at the BP86/TZP level of theory to con-
firm the stereochemistry of the products. The data in


Table 1 show an excellent agreement between the computed
and experimentally observed NMR chemical shifts of the
exo adducts 4a,b (e.g. (Z)-4b : d=�81.8 (exptl), �87.3 ppm
(calcd); (E)-4b : d=�138.5 (exptl), �136.8 ppm (calcd)),
while the Z- and E-endo adducts 11b were predicted to be
about 20 ppm more shielded as compared to 4b.


Phosphorus chemical shielding differences : The Z isomers
of 4a and 4b are as much as �60 ppm less shielded than the
E isomers. Similar shielding differences between the Z and
E isomers have been observed for the phosphinidene ad-
ducts 2,[7] phosphabicyclobutanes 3,[8] and 7-phosphanorbor-
nenes 1.[3] Next, we examined whether this difference has a
sterical or electronic origin.


Phosphorus chemical shielding analysis : Chesnut et al. relat-
ed the variations in shielding to the magnitude of the
HOMO–LUMO energy gap Eg and discussed the underlying
principles.[4] They found that of the total shielding the dia-
magnetic term sDia varies little, as it relates to core terms
that are similar for all phosphorus compounds, while the
paramagnetic component sPara varies much more. For un-
complexed phosphines, the HOMO represents the lone pair
on the phosphorus, while the LUMO resembles an empty
phosphorus p-orbital perpendicular to it. In an external
magnetic field, effective coupling occurs between these mo-
lecular orbitals (MO),[23] and as the LUMO has a nodal
plane through the phosphorus, this will cause a paramagnet-
ic deshielding of the nucleus. A smaller energy gap Eg leads
to stronger MO coupling and, therefore, to a more negative
sPara. The double bond in 1 has a large influence on the 31P
chemical shielding by raising the HOMO, especially for the
(Z)-1 isomer that has its lone pair on the opposite side.[4a] In
the tricyclic phosphiranes 4, the double bond is more distant
than in 1 (i.e. , in the g instead of the b position) and, there-
fore, we would expect a smaller effect.


The HOMO–LUMO gap is also influenced by the valence
angles on phosphorus.[4d] Due to the steric requirements of
the bridgehead methyl groups in 4 (relative to 1,3 diaxial
steric interactions in cyclohexanes), the phosphorus atom is
less pyramidal in the Z than in the E isomer according to
our BP86/TZP calculations (i.e., the sum of the C-P-C
angles: 279.2 (Z) and 254.78 (E)). To address this relation-
ship for phosphiranes, we calculated the 31P NMR shieldings
for uncomplexed phosphirane 12b’ (’ indicates no W(CO)5),
while varying the angle a between the P�Me bond and the
phosphirane plane. The energy required for such deforma-
tions is modest, for example, +2.0 kcalmol�1 for a 108 in-
crease from the equilibrium value of 101.328 (see Figure 3a).
Within the 208 range of a studied, the shielding changes
more than 70 ppm (Figure 3a), which is fully attributable to
sPara and which is paralleled by a change in the HOMO–
LUMO gap of 0.45 eV (Figure 3b, Eg=5.78 at a=958 and
5.34 eV at 1158). The p character of the P lone pair
(HOMO) and, thus, its energy level, increases with larger
angles a, resulting in decreasing pyramidalization, while the
LUMO is much less affected. The same trend is observed
for (Z)- and (E)-3, both of which have been characterized
crystallographically. The phosphorus atom in (Z)-3 is less
pyramidal than that of the E isomer (the sum of the C-P-C
angles: 273.9 vs. 259.98, respectively), and, accordingly, is
48.4 ppm less shielded (Z : d=�36.7 ppm, E : d=


�85.1 ppm).[8]


In complexes 4, the metal fragment, which is both a s ac-
ceptor and a p donor, lowers the energy of the P lone pair
and raises that of the empty phosphorus p orbital.[5a] Howev-
er, a more negative paramagnetic contribution is observed
for 4b than for uncomplexed 4b’((Z)-4b : sPara=


�635.4 ppm, (Z)-4b’: sPara=�591.2 ppm; see Table 2) which
is due to extra deshielding contributions of the complex that
arise from the coupling between the occupied p (PR3) and
virtual s* (PW) orbitals.[5a] As these transitions complicate


Figure 2. Displacement ellipsoid plot (50% probability) of (Z)-4a. Hy-
drogen atoms are omitted for clarity. Selected bond lengths (L), angles
and torsion angles (8): W1-P1 2.5206(7), P1�C1 1.831(3), P1�C2 1.840(3),
C1�C2 1.592(4), C3�C6 1.588(4), C4�C5 1.334(4), C1-P1-C2 51.41(11),
C2-C1-C7 127.1(2), C1-C2-C8 127.9(2), C3-C6-C12 125.6(2), C6-C3-C9
127.1(2), C5-C4-C10 135.1(3), C4-C5-C11 135.3(3), P1-C1-C2-C3
�118.68(16), P1-C2-C1-C6 118.46(16), C1-C6-C3-C4 110.15(19), C2-C3-
C6-C5 �110.3(2), C1-C6-C3-C9 �130.7(3), C2-C3-C6-C12 130.2(3), C4-
C3-C6-C12 �119.4(3), C5-C6-C3-C9 119.2(3).


Table 1. BP86/TZP 31P NMR chemical shieldings s and chemical shifts d


[ppm].


scalcd dcalcd dexptl


12b 456.4 �199.3[a] �199.3
4a Z 318.8 �61.7 �63.0


E 387.1 �130.0 �126.9
4b Z 338.9 �81.8 �87.3


E 393.9 �136.8 �138.5
11b Z 358.7 �101.6


E 417.2 �160.1


[a] Used as reference chemical shift (see Experimental Section).
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more detailed analyses, we focused on the uncomplexed
model systems 4b’, 13, and 14 (Table 2). The paramagnetic
contribution sPara is much larger for the E than for the Z
isomer of each model compound except for 14 ; the differen-
ces in sDia are small. As the lone pair is more localized on P
in 4b’ than in the complex 4b, the phosphorus nucleus is
more sensitive to the differences in the electronic structure
of the isomers, which is expressed in an increase in Ds from
55 to 64 ppm.


To evaluate the influence of steric congestion on the P-
pyramidalization, we replaced the bridgehead methyl groups


in 4b’ with hydrogen atoms (13). The result is that the Z
isomer becomes more pyramidal, as indicated by the angle
a of 110.28 for (Z)-13 versus 114.58 for (Z)-4b’. Conse-
quently, the HOMO is lowered with a concomitant increase
in Eg from 4.33 to 4.44 eV. This effect is paralleled by a
strong reduction of the paramagnetic deshielding from
�591.2 for (Z)-4b’ to �551.8 ppm for (Z)-13. In contrast,
the E isomers show little structural change, and, hence, the
sPara contribution remains almost constant. Consequently,
the difference in the total shielding s of the isomers is re-
duced from 64 for (Z/E)-4b’ to 26 ppm for (Z/E)-13
(Table 2).


The effect of the cyclobutene moiety becomes apparent
when we compare model systems 13 and 14, in which the
unsaturated ring has been eliminated. The P-pyramidaliza-
tion in the isomers of 13 and 14 is virtually unaffected (e.g.,
(Z)-13 : a=110.28, (Z)-14 : 110.08), yet the influence on the
chemical shift difference between the E and Z isomers is
large. While this difference is substantial for 13 (Ds=


26.3 ppm), it vanished for 14 (Ds=�1.9 ppm). For (Z)-14,
the Eg is even larger than for its E isomer (5.30 vs. 5.02 eV,
respectively), and the sPara differs accordingly (�513.5 vs.
�526.1 ppm), which thereby effectively counteracts the
change in sDia. The influence of the double bond becomes
evident from the MO correlation diagrams for 13 and 14
that are shown in Figure 4. Compared to 14, the p and p*


components of the double bond in 13 participate in the
HOMO and LUMO, respectively, causing a decrease in the
energy difference Eg. Due to its relative orientation, the
HOMO of the Z isomer is more destabilized (14 : EHOMO=


�5.50, 13 : �5.11 eV) than that of the E isomer (14 :
EHOMO=�5.27, 13 : �5.22 eV), resulting in a smaller
HOMO–LUMO gap and, hence, a more negative sPara ((Z)-
13 : �551.8, E : �534.0 ppm).


The fused phosphiranes 14 are much less shielded than
the parent phosphirane 12b’ (compared to (Z)-14 : s=467.8,
12b’: 550.4 ppm, see Figure 3) as a result of their higher


Figure 3. Effect of the phosphirane-Me angle a in 12b’ on a) the relative
energy and the chemical shielding, and b) the HOMO and LUMO equi-
librium gap energy Eg.


Table 2. 31P chemical shielding decompositions [ppm], phosphirane-Me angles a [8], and MO and gap energies [eV]; Z isomers drawn.


sDia sPara s a EHOMO ELUMO Eg


4b
Z
E


974.3
973.7


�635.4
�579.7


338.9
393.9


117.4
104.0


D 55.1 �13.4


4b’
Z
E


983.1
987.8


�591.2
�531.8


391.9
456.0


114.5
103.3


�4.95
�5.11


�0.62
�0.51


4.33
4.60


D 64.1 �11.2


13
Z
E


980.1
988.5


�551.8
�534.0


428.2
454.5


110.2
103.0


�5.11
�5.22


�0.67
�0.68


4.44
4.54


D 26.3 �7.2


14
Z
E


981.3
992.0


�513.5
�526.1


467.8
465.9


110.0
102.8


�5.50
�5.27


�0.20
�0.25


5.30
5.02


D �1.9 �7.2


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1499 – 15071502


K. Lammertsma et al.



www.chemeurj.org





HOMO energies ((Z)-14 : �5.50
vs. 12b’: �5.99 eV), which leads
to smaller energy gaps and,
consequently, to stronger para-
magnetic deshieldings.


In summary, the low-field 31P
chemical shift of (Z)-4 as com-
pared to the E isomer is caused
by 1) the reduced P-pyramidali-
zation of the Z isomer due to
steric interactions with the cen-
tral bridge methyl groups and
2) the stronger interaction of
the double bond with the phos-
phorus lone pair in the Z
isomer.


Ring strain : For comparison of
the ring strain in 4 and 9, we
used the uncomplexed annellated methylphosphirane 4b’ as
a model compound. The reaction enthalpies of homodes-
motic reactions[24] given in Equations (1)–(3) were calculated
at the G3ACHTUNGTRENNUNG(MP2)//B3LYP/6–31G(d) level of theory.[25,26] The
calculated strain energy of 42.7 kcalmol�1 for 9 is in excel-
lent agreement with previous experimental estimates of 40–
45 kcalmol�1,[27] while the annellated phosphirane (E)-4b’
has a larger ring-strain energy of 53.9 kcalmol�1. The phos-
phirane ring apparently introduces 11.2 kcalmol�1 extra ring
strain, which is, however, half of that calculated for the
parent phosphirane C2H4PH.[24b] The modest contribution of
the CCP ring to the strain energy of 4b’ is partly due to the
release of 4.7 kcalmol�1 of olefin strain in 4b’ [reactions (1)
vs. (3)],[28] which compares well with the 5.3 kcalmol�1 of
olefin strain reported for cyclobutene.[24b,9b]


At this level of theory, (Z)-4b’ is 4.7 kcalmol�1 less stable
than the (E)-4b’ isomer due to the steric interactions be-
tween the P�Me group and the bridgehead methyl groups.
For complexed 4, this energy difference is largely offset by


similar interactions with the
W(CO)5 group in the E isomer.
In fact, (E)-4b is favored over
the Z isomer by only
0.5 kcalmol�1 at the BP86/TZP
level.


Steric congestion of the sub-
strate : Substrates with two
double bonds can give both
single and double phosphini-
dene addition,[9c,29] but only the
mono-adducts were obtained in
the case of hexamethyl Dewar
benzene (HMDB) (9). We as-
cribe this to the steric conges-
tion of the double bonds. When


we used, instead of 10, the “classical” phosphinidene precur-
sor 16 with 10% CuCl as a catalyst ,[30] only 23% conversion
to 4a (Z/E 5:1) was observed
under similar reaction condi-
tions. Several byproducts were
formed, most notably diphos-
phene (15%) and triphosphir-
ane (6%), which are known de-
composition products of 16 in
the absence of a substrate.[31]


Reaction at room temperature with a fivefold excess of 9
and 5% CuCl did not improve the conversion. These obser-
vations are consistent with the proposed intermediacy of a
phosphinidene–CuCl species,[32,8, 9b,c] which is sterically more
demanding than the “free” phosphinidene complex generat-
ed without the CuI catalyst. Thermal decomposition of 16 at
110 8C with a fivefold excess of 9 afforded a cleaner reac-
tion,[33] , but still only 31% conversion to (Z)-4a was ob-
tained. The small amount of E isomer that was also ob-


Figure 4. Correlation diagram for (Z/E)-14 and 13, including MO energies and gap energies Eg (eV).
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served during the course of the reaction was not stable at
the reaction temperature. These results signify the steric
congestion in the substrate 9 and the suitability of benzo-
phosphepine 10 as a low-temperature precursor of transient
phosphinidene complexes.


Second cycloaddition : Products 4a and 4b still contained a
(hindered) double bond, and we attempted to expand the
annellated system with a subsequent cycloaddition
(Scheme 2). Reaction of 4a or 4b with the corresponding


benzophosphepine 10 (a : 65 8C, b : 75 8C) only resulted in de-
composition of the precursor.[14b] Clearly, the double bond in
4 is not accessible for phosphinidene addition. The crystal
structure of 4a shows that the central methyl groups (C9
and C12) are tilted toward the double bond, which is in ac-
cordance with the observed reduced accessibility.


We reasoned that addition of the smaller singlet methyl-
ene H2CD might possibly afford the cyclopropane derivative
17. The use of the Simmons–Smith carbenoid [IZnCH2I],
conveniently generated from diiodomethane and diethylzinc
in hexane,[34] was an evident choice. However, whereas 9
was fully converted by excess carbenoid to a mixture of
mono- and bis-adduct (5a and 6a, Scheme 3), no addition


was observed for (Z)-4a. Instead, epoxidation with m-chlo-
ACHTUNGTRENNUNGroperbenzoic acid (MCPBA), analogous to the generation
of 5b and 6b[11] was more successful. Thus, reaction of (Z)-
4a with a threefold excess of MCPBA resulted in 42% (by
NMR spectroscopy) of tetracyclic 18 (dP=�69.9 ppm).[35]


The presence of an epoxide ring in complex 18 was estab-
lished by multinuclear NMR spectroscopy; the spectra indi-
cate that Cs symmetry is retained. In this complex, the vinyl-
ic carbon resonance of (Z)-4a (146.5 ppm) is replaced by
one at d=73.1 ppm, which is typical for epoxides (compared
to 5b : d=75.1 ppm, 6b : d=68.6 ppm[11c]). The presence of
an exo-epoxide ring, analogous to 5b and 6b was corrobo-


rated by 2D NOESY measurements. The correlation of the
central bridgehead methyl groups (at C3/6) with those at
C4/5 (epoxide) is weaker than for the starting material (Z)-
4a. This is consistent with their increased distance in 18,
whereas in endo-epoxide 19 these methyl groups would be
closer to each other than in (Z)-4a. Moreover, an interac-
tion is observed between the methyl groups of the phosphir-
ane ring and those of the epoxide ring, which would be
absent in 19. Finally, we calculated 31P NMR chemical shifts
at the BP86/TZP level[22] for epoxides 18 and 19 of dcalcd=


�68.7 and �88.8 ppm (scalcd=


325.9, 345.9 ppm), respectively.
The chemical shift for 18 is in
excellent agreement with the
experimentally observed
31P NMR chemical shift of d=


�69.9 ppm.


Conclusion


Tricyclic exo-phosphiranes 4
have been synthesized by phos-


phinidene addition to 9. Benzophosphepine 10 is a suitable
phosphinidene precursor for such sterically hindered sub-
strates. The remaining double bond is unreactive toward fur-
ther 1,2-addition by phosphinidene or methylene species,
but can be epoxidized with MCPBA to a tetracyclic P,O-bis-
adduct. The large difference in 31P NMR chemical shift of
(Z)- and (E)-4 is found to be due to a combination of steric
congestion around the phosphorus atom and electronic in-
teraction of the (coordinated) phosphorus lone pair with the
double bond in the Z isomer, both of which cause deshield-
ing relative to the E isomer. The semiquantitative results of
our calculations provide a more systematic understanding of
structural influences on 31P chemical shieldings. This may
pave the way to using 31P NMR spectroscopy to monitor
structural differences of tailored phosphine ligands in cataly-
sis.


Experimental Section


Computation of 31P NMR chemical shieldings : Hybrid density-functional
theory geometry optimizations were carried out with ADF 2004.01 at the
Becke 88-Perdew 86/TZP level,[22] by using an integration accuracy of 6.0
and convergence criteria of 1Q10�6 for the SCF and 1Q10�4 for the ge-
ometry. Subsequently, a single-point SCF calculation was performed with
the PBE functional, using a basis set of TZP (4d frozen) for W and ET-
pVQZ for all other elements. The resulting wave function and potential
were supplied to ADFSs EPR/NMR program to calculate the 31P chemi-
cal shielding. These values are relative to a bare phosphorus nucleus and
can be converted to chemical shifts d relative to an appropriate reference
system, for which we used the phosphirane complex 12b (scalcd=456.4,
dexptl=�199.3 ppm) to obtain the relationship: dcalcd ACHTUNGTRENNUNG(adduct)=


257.1 ppm�scalcd ACHTUNGTRENNUNG(adduct). Reported shielding contributions are rounded
to one, and BP86/TZP MO energies to two decimal places.


Ring strain analyses : Structures were optimized with Gaussian 03
(G03)[25] at the B3LYP/6–31G(d) level of theory by using tight SCF and


Scheme 2. Reactivity of 4 ([M]=W(CO)5).


Scheme 3. Methylene addition to 9 with product ratio.
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geometry convergence criteria and an ultrafine integration grid and were
verified as minima by frequency calculations. The strain energies were
determined by calculating the G3 ACHTUNGTRENNUNG(MP2)//B3LYP/6–31G(d) enthalpies at
298.15 K for the homodesmotic reactions. The size of (Z/E)-4b’ required
the use of a 64 bits implementation of G03.


General : All reactions were carried out under nitrogen using standard
Schlenk techniques. Hexamethyl Dewar benzene (9), dichloromethane
(DCM), and 70% m-chloroperbenzoic acid (MCPBA) were used as re-
ceived. Diethylzinc was purchased as a 1.0m solution in hexanes. Toluene
was distilled over sodium. The syntheses of benzophosphepines 10a and
10b have been described elsewhere.[14] NMR measurements were per-
formed (at 298 K) on a Bruker Avance 250 (1H, 13C, 31P) or a Bruker
Avance 400 (1H, 13C, 2D spectra). NMR chemical shifts were internally
referenced to the solvent for 1H (CHCl3: d =7.26 ppm, C6HD5: d=


7.16 ppm) and 13C (CDCl3: d=77.16 ppm, C6D6: d=128.06 ppm),[36] and
externally for 31P to 85% H3PO4. Infrared (IR) spectra were recorded on
a Mattson-6030 Galaxy Series FTIR spectrometer, and GC–MS spectra
on a HP 5890 Series II GC (column BP5 25 m, 0.25 mm ID) with a HP
5971 Series MS unit. High-resolution mass spectra (HR-MS) were mea-
sured on a Finnigan Mat 900 mass spectrometer operating at an ioniza-
tion potential of 70 eV. The elemental analysis of (Z)-4a was performed
by the Microanalytical Laboratory of the Laboratorium fTr Organische
Chemie, ETH ZTrich. Melting points were measured on samples in un-
sealed capillaries and are uncorrected.


(Hexamethyl-3-phenyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)penta-
carbonyltungsten (4a)


Procedure A : 10a (125.95 mg, 225 mmol) and 9 (90.9 mL, 450 mmol) were
dissolved in toluene (2.25 mL), and heated to 55 8C for 4.5 days. 31P NMR
spectroscopy showed complete conversion to 4a (Z/E 1.1:1). Volatiles
were evaporated and the crude product was purified by column chroma-
tography over silica gel eluted with pentane, which yielded a white solid
(80.8 mg, 136 mmol, 60%). The Z isomer could be separated from the E
by column chromatography over silica gel eluted with 19:1 pentane/
DCM, followed by fractional crystallization from hexane at �20 8C.
(Z)-4a : Colorless crystalline solid, m.p.=145 8C (decomp); Rf (silica/pen-
tane): 0.30; 1H NMR (250.1 MHz, CDCl3): d=7.54 (ddd, 3JHP=10.8,
3JHH=7.8, 4JHH=1.6 Hz, 2H; o-PhH), 7.38–7.26 (m, 3H; m/p-PhH), 1.68
(d, 5JHP=0.9 Hz, 6H; =CMe), 1.51 (d, 3JHP=16.4 Hz, 6H; PCMe),
0.84 ppm (s, 6H; PCCMe); 13C{1H} NMR (100.6 MHz, CDCl3): d=199.7
(d, 2JCP=27.2 Hz, COax), 196.7 (d, 2JCP=7.9 Hz, COeq), 146.5 (d, 3JCP=


4.6 Hz, =C), 137.6 (d, 1JCP=17.2 Hz, ipso-Ph), 133.1 (d, 2JCP=11.3 Hz, o-
Ph), 129.6 (d, 4JCP=2.0 Hz, p-Ph), 127.9 (d, 3JCP=9.4 Hz, m-Ph), 54.3 (d,
2JCP=7.8 Hz, PCC), 49.3 (d, 1JCP=18.0 Hz, PC), 15.5 (d, 2JCP=10.3 Hz,
PCMe), 11.4 (d, 3JCP=2.9 Hz, PCCMe), 11.0 ppm (s, =CMe); 31P{1H}
NMR (101.3 MHz, CDCl3): d=�63.0 ppm (1JPW=250.3 Hz); IR (KBr):
n̄=2069.5 (m, COax), 1928.5, 1910.8 cm�1 (br s, COeq); HR-MS: calcd for
C23H23O5PW: 594.0793; found: 594.0795; m/z (%): 594 (2) [M]+ , 510 (1)
[M�3CO]+ , 482 (1) [M�4CO]+ , 454 (36) [M�5CO]+ , 452 (41), 432 (14)
[M�9]+ , 404 (100) [M�9�CO]+ , 376 (18) [M�9�2CO]+ , 348 (92)
[M�9�3CO]+ , 320 (31) [M�9�4CO]+ , 292 (31) [M�9�5CO]+ , 161
(15) [hexamethyl benzene (HMB)�H]+, 147 (37) [HMB�Me]+ ; elemen-
tal analysis calcd (%) for C23H23O5PW: C 46.49, H 3.90; found: C 46.62,
H 3.97. (E)-4a : Rf (silica/pentane): 0.25;


1H NMR (400.1 MHz, CDCl3):
d=7.37 (td, 3JHH=7.4, 4JHP=2.5 Hz, 2H; m-PhH), 7.31–7.25 (m, 3H; o/p-
PhH), 1.68 (d, 5JHP=1.2 Hz, 6H; =CMe), 1.29 (s, 6H; PCCMe), 1.27 ppm
(d, 3JHP=10.2 Hz, 6H; PCMe); 13C{1H} NMR (100.6 MHz, CDCl3): d=


199.2 (d, 2JCP=30.5 Hz, COax), 197.5 (d, 2JCP=7.6 Hz, COeq), 143.2 (d,
3JCP=6.7 Hz, =C), 139.6 (d, 1JCP=28.0 Hz, ipso-Ph), 132.8 (d, 2JCP=


9.2 Hz, o-Ph), 129.1 (d, 4JCP=1.1 Hz, p-Ph), 128.9 (d, 3JCP=8.3 Hz, m-Ph),
55.1 (d, 2JCP=4.7 Hz, PCC), 44.9 (d, 1JCP=15.5 Hz, PC), 13.3 (s, PCCMe),
12.2 (d, 3JCP=7.2 Hz, PCMe), 10.8 ppm (s, =CMe); 31P{1H} NMR
(101.3 MHz, CDCl3): d=�126.9 ppm (1JPW=241.5 Hz).


Procedure B : CuCl (1.2 mg, 12 mmol, 10%), complex 16a (81.4 mg,
137 mmol), and 9 (24.5 mL, 121 mmol) were heated in toluene (0.4 mL) at
50 8C for 4.5 h. 31P NMR spectroscopy of the resulting intense red mix-
ture indicated 23% conversion to 4a (Z/E 5:1), along with diphosphene
(15%, dP=�18 ppm (1JPW=139, 1JPW=103, 2JPW=32 Hz)), triphosphir-
ane (6%, dP=�92 (dd, 1JPP=215, 1JPP=176 Hz), �119 (dd, 1JPP=176,


1JPP=165 Hz), �129 ppm (dd, 1JPP=215, 1JPP=165 Hz)), and small
amounts of other unidentified byproducts.


Procedure C : CuCl (0.6 mg, 6 mmol, 5%), complex 16a (79.5 mg,
122 mmol), and 9 (125 mL, 619 mmol) were stirred in toluene (1.5 mL) at
room temperature for 10 days. 31P NMR spectroscopy of the resulting in-
tense red mixture indicated 24% conversion to 4a (Z/E 8:1).


Procedure D : Complex 16a (37.3 mg, 57 mmol) and 9 (58 mL, 287 mmol)
were dissolved in toluene (0.50 mL), and heated to 110 8C for 20 h. Con-
version to 4a was determined by 31P NMR spectroscopy: 26% after 4 h
(Z/E 7:1), 31% after 20 h (only Z).


(Heptamethyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)pentacarbonyl-
tungsten (4b): Compound 10b (299 mg, 0.60 mmol) and 9 (303 mL,
1.50 mmol) were dissolved in toluene (5.0 mL) and heated to 65 8C for
6 days. 31P NMR spectroscopy showed complete conversion to 4b (Z/E
1.4:1) with traces of byproduct at d =�21.0 and �125.7 (d, J=13.7 Hz),
�23.4 and �150.7 ppm (d, J=14.4 Hz), which we ascribed to decomposi-
tion products of 10b in analogy with 10a.[14b] Volatiles were evaporated
and the crude product was purified by column chromatography over
silica gel eluted with 19:1 pentane/toluene. The obtained off-white solid
(0.211 g, 0.40 mmol, 66%) also contained 8% hexamethyl benzene, but
we were unable to remove this impurity by column chromatography and
crystallization. Z and E enriched fractions were obtained by preparative
thin-layer chromatography eluted with 1% diethyl ether (DEE) in pen-
tane. (Z)-4b : Rf (silica/pentane): 0.40;


1H NMR (400.1 MHz, C6D6): d=


1.37 (d, 5JHP=0.9 Hz, 6H; =CMe), 1.35 (d, 2JHP=7.0 Hz, 3H; PMe), 1.17
(d, 3JHP=15.8 Hz, 6H; PCMe), 0.75 ppm (s, 6H; PCCMe); 13C{1H} NMR
(100.6 MHz, C6D6): d=198.7 (d, 2JCP=26.2 Hz, COax), 197.0 (d, 2JCP=


8.0 Hz, COeq), 144.2 (d, 3JCP=4.7 Hz, =C), 55.9 (d, 2JCP=6.9 Hz, PCC),
45.7 (d, 1JCP=14.1 Hz, PC), 16.1 (d, 1JCP=4.7 Hz, PMe), 14.1 (d, 2JCP=


9.5 Hz, PCMe), 12.8 (d, 3JCP=3.0 Hz, PCCMe), 10.4 ppm (s, =CMe);
31P{1H} NMR (101.3 MHz, C6D6): d=�87.1 ppm (1JPW=249.2 Hz).


(E)-4b : Rf (silica/pentane): 0.35; 1H NMR (400.1 MHz, C6D6): d=1.40
(d, 5JHP=1.3 Hz, 6H; =CMe), 1.14 (s, 6H; PCCMe), 0.89 (d, 3JHP=


9.9 Hz, 6H; PCMe), 0.86 ppm (d, 2JHP=5.4 Hz, 3H; PMe); 13C{1H} NMR
(100.6 MHz, C6D6): d=198.5 (d, 2JCP=28.7 Hz, COax), 198.0 (d, 2JCP=


7.7 Hz, COeq), 143.3 (d, 3JCP=6.7 Hz, =C), 54.1 (d, 2JCP=4.0 Hz, PCC),
43.1 (d, 1JCP=11.1 Hz, PC), 16.7 (d, 1JCP=15.8 Hz, PMe), 11.7 (d, 3JCP=


6.6 Hz, PCCMe), 10.5 (s, =CMe), 9.80 ppm (s, PCMe); 31P{1H} NMR
(101.3 MHz, C6D6): d=�138.2 (1JPW=241.1 Hz); HR-MS: calcd for
C18H21O5PW: 532.06359; found: 532.06547; m/z (%): 532 (4) [M]+ , 504
(2) [M�CO]+ , 476 (1) [M�2CO]+ , 448 (2) [M�3CO]+ , 433 (5)
[M�Me�3CO]+ , 390 (8), 377 (9) [M�Me�6CO]+ , 370 (11) [M�9]+ ,
342 (41) [M�9�CO]+ , 314 (12) [M�9�2CO]+ , 286 (7) [M�9�3CO]+ ,
258 (4) [M�9�4CO]+ , 162 (56) [HMB]+ , 147.1 (100) [HMB�Me]+ .


(1-Methylphosphiran-1-yl)pentacarbonyltungsten (12b):[18] Compound
16b (100 mg, 0.17 mmol) in toluene (2 mL) was transferred to a 5 mL
pressure chamber. A suspension of a small amount of CuCl in toluene
(1 mL) was added and the channel was rinsed with of toluene (1 mL).
Ethylene pressure (65 bar) was applied and the solution was stirred over-
night at 40 8C, after which time the yellow color had paled. The solution
was removed from the chamber; the solvent was evaporated, and the
light brown residue was purified by chromatography and sublimation to
give a white solid (50 mg, 0.13 mmol, 74%). 1H NMR (CDCl3): d=1.38
(d, 2JHP=7.5 Hz, 3H; PMe), 1.09–1.35 (m, 4H; CH2);


13C NMR (CDCl3):
d=196.0 (d, 2JCP=8.4 Hz, COeq), 17.3 (d, 1JCP=15.8 Hz, PMe), 9.1 ppm
(d, 1JCP=10.8 Hz, CH2), COax could not be observed; 31P NMR (CDCl3):
d=�199.3 ppm (1JPW=254.1 Hz); IR (KBr): n̄=2074.3 (m, COax), 1929.7
(s, COeq), 1101.3 (w), 1023.2 (w), 948.0 (w), 597.9 (w), 572.8 cm�1 (w);
HR-MS: calcd for C8H7PO5W: 397.95410; found: 397.95462; m/z (%):
398 (45) [M]+ , 370 (8) [M�CO]+ , 286 (100) [M�4CO]+ , 256 (76), 228
(56), 43 (86).


Methylene addition to 9 : Diethylzinc (2.48 mL, 2.48 mmol) was added to
9 (100 mL, 495 mmol) in hexane (10 mL) at 0 8C. Diiodomethane (166 mL,
1.98 mmol) was added dropwise under formation of a white precipitate.
The mixture was warmed to 45 8C for 3 days, then purified by extraction
with an aqueous saturated ammonium chloride solution. GC–MS analysis
(injector 140 8C; oven 40–230 8C at 5–14.5 min) showed no trace of the
starting material. A mixture of mono- and bis-adduct (3:1) was obtained
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as a colorless oil (76 mg, 85%). The spectroscopic data of the adducts are
consistent with those reported in the literature.[10a,c]


Mono-adduct 5a : 1H NMR (250.1 MHz, CDCl3): d=1.62 (s, 6H; =CMe),
1.08 (s, 6H; CH2CMe), 0.80 (s, 6H; CH2CCMe), 0.89, 0.25 ppm (d, 2H;
2JHH=�4.3 Hz, CH2);


13C{1H} NMR (62.9 MHz, CDCl3): d=143.3 (=C),
53.0 (CH2CC), 36.6 (CH2C), 28.5 (CH2), 12.8 (CH2CMe), 11.1
(CH2CCMe), 10.3 ppm (=CMe); GC–MS (t=12.75 min) m/z (%): 176 (4)
[M]+ , 161 (100) [M�Me]+ , 146 (8) [M�2Me]+ , 133 (39), 119 (41), 107
(52), 105 (39), 91 (49), 79 (17), 77 (24), 65 (12), 63 (7), 53 (16), 51 (13),
41 (23), 39 (35).


Bis-adduct 6a : 1H NMR (250.1 MHz, CDCl3): d=1.30 (s, 12H;
CH2CMe), 0.64 (s, 6H; CH2CCMe), 0.54, �0.15 ppm (d, 4H; 2JHH=


�3.6 Hz, CH2);
13C{1H} NMR (62.9 MHz, CDCl3): d=52.1 (CH2CC), 32.3


(CH2C), 27.3 (CH2), 13.5 (CH2CMe), 11.4 ppm (CH2CCMe); GC–MS
(t=14 min) m/z (%): 190 (1) [M]+ , 175 [M�Me]+ , 161 (11), 147 (31),
133 (100), 119 (67), 105 (50), 93 (17), 91 (61), 79 (24), 77 (31), 67 (11), 65
(15), 53 (26), 41 (41), 39 (45).


Attempted phosphinidene addition to 4a : Compounds 10a
(17.04 mg, 30.4 mmol) and (Z)-4a (14.63 mg, 24.6 mmol) were dissolved in
toluene (0.50 mL) and heated to 65 8C for 3 h. 31P NMR spectroscopy
showed only unreacted (Z)-4a and decomposition products of 10a at d=


�7.2 and �119.9 (d, J=11.8 Hz), �8.7 and �128.2 (d, J=14.3 Hz), �15.9
and �123.7 ppm (d, J=11.5 Hz).[14b]


Attempted phosphinidene addition to 4b : Compounds 10b (12.43 mg,
25.0 mmol) and 4b (14.27 mg, 26.8 mmol) were dissolved in toluene
(0.50 mL), and heated to 75 8C for 3 h. 31P NMR spectroscopy showed
only unreacted 4b and signals at d =�22.7 and �127.4 (d, J=13.7 Hz),
�25.0 and �152.4 ppm (d, J=14.5 Hz), which we ascribed to the decom-
position products of 10b analogous to 10a.[14b]


Attempted methylene addition to 4a : Diethylzinc (0.10 mL, 100 mmol)
was added to (Z)-4a (11.95 mg, 20.1 mmol) in hexane (1.0 mL) at 0 8C.
Diiodomethane (6.6 mL, 81.6 mmol) was added slowly under the forma-
tion of a white precipitate. The mixture was stirred at 25 8C for one
week, then purified by using an aqueous saturated ammonium chloride
solution. 31P and 1H NMR spectroscopy showed only unreacted (Z)-4a.


Epoxidation of 4a : MCPBA (10 mg, 41 mmol) in DCM (3 mL) was dried
over magnesium sulfate, filtered, and added dropwise to a solution of
(Z)-4a (7.8 mg, 13 mmol) in DCM (2 mL) at 0 8C. After 15 min, the mix-
ture was stirred for 30 min at 25 8C. The modest stability of the W(CO)5
moiety in DCM precludes extensive reaction times. After evaporation,
the faintly yellow residue was redissolved in pentane and washed five
times with water (�3 mL). Evaporation of the solvent afforded a white
solid (6.9 mg), which consisted of 47% unreacted (Z)-4a, 42% 18, and
11% of an unidentified byproduct at dP=45.8 ppm. Data for compound
18 : 1H NMR (400.1 MHz, C6D6): d =7.28 (ddd, 3JHP=10.9, 3JHH=7.4,
4JHH=1.9 Hz, 2H; o-PhH), 6.89–6.82 (m, 3H; m/p-PhH), 1.42 (d, 3JHP=


17.2 Hz, 6H; PCMe), 1.28 (s, 6H; OCMe), 0.76 ppm (s, 6H; PCCMe);
13C{1H} NMR (100.6 MHz, C6D6): d =196.7 (d, 2JCP=8.0 Hz, COeq), 137.3
(d, 1JCP=17.6 Hz, ipso-Ph), 133.3 (d, 2JCP=11.8 Hz, o-Ph), 130.0 (d, 4JCP=


2.0 Hz, p-Ph), 127.9 (m-Ph, buried under the solvent signal), 73.1 (d,
3JCP=5.9 Hz, OC), 60.6 (d, 2JCP=7.3 Hz, PCC), 45.2 (d, 1JCP=16.3 Hz,
PC), 16.0 (d, 2JCP=10.7 Hz, PCMe), 11.8 (s, OCMe), 11.3 ppm (d, 3JCP=


3.4 Hz, PCCMe), COax could not be observed; 31P{1H} NMR (101.3 MHz,
C6D6): d=�69.9 ppm (1JPW=260.1 Hz); HR–MS: calcd for C23H23O6PW:
610.0742; found: 610.0712.


Crystal data for (Z)-4a : C23H23O5PW, Mr=594.23, colorless needle, 0.48Q
0.18Q0.03 mm, triclinic, P1̄ (no. 2), a=7.62343(14), b=11.8399(3), c=


13.0811(3) L, a=77.816(1), b=82.605(1), g=85.718(1)8, V=


1143.14(4) L3, Z=2, 1calcd=1.726 gcm�3, m =5.15 mm�1. 25262 reflections
were measured on a Nonius KappaCCD diffractometer with rotating
anode (graphite monochromator, l =0.71073 L) up to a resolution of
(sinq/l)max=0.65 L�1 at a temperature of 150 K. Intensities were inte-
grated with EvalCCD[37] by using an accurate description of the experi-
mental setup for the prediction of the reflection contours. An absorption
correction based on multiple measured reflections was applied using the
program SADABS[38] (0.44–0.86 correction range). 5230 reflections were
unique (Rint=0.0285). The structure was solved with the program
DIRDIF-99[39] using automated Patterson Methods and refined with


SHELXL-97[40] against F2 of all reflections. Non-hydrogen atoms were re-
fined with anisotropic displacement parameters. All hydrogen atoms
were introduced in calculated positions and refined with a riding model.
277 parameters were refined with no restraints. R1/wR2 [I>2s(I)]:
0.0190/0.0407. R1/wR2 (all data): 0.0228/0.0419. S=1.040. Residual elec-
tron density between �1.17 and 1.77 eL�3. Molecular illustration, geome-
try calculations, and checking for higher symmetry were performed with
the PLATON program.[41] CCDC 636374 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. .


Acknowledgement


This work was supported by the Netherlands Organization for Scientific
Research, Chemical Sciences (NWO-CW). We acknowledge the National
Center for Computing Facilities (SARA) and NWO/NCF for computer
time. We thank Dr. M. Smoluch for measuring the high-resolution mass
spectra and Ing. T. Nijbacker for the synthesis of phosphirane 12b. We
are indebted to one of the referees for constructive comments.


[1] a) T. T. DerencsYnyi, Inorg. Chem. 1981, 20, 665–670; b) M. Acker-
mann, A. Pascariu, T. Hçcher, H.-U. Siehl, S. Berger, J. Am. Chem.
Soc. 2006, 128, 8434–8440.


[2] a) A. Dransfeld, P. von R. Schleyer, Magn. Reson. Chem. 1998, 36,
S29-S43; b) L. D. Quin, A Guide to Organophosphorus Chemistry,
Wiley, New York, 2000, chapter 6, pp. 169–203.


[3] a) L. D. Quin, K. C. Caster, J. C. Kisalus, K. A. Mesch, J. Am. Chem.
Soc. 1984, 106, 7021–7032; b) E. Lindner, R. Fawzi, H. A. Mayer, K.
Eichele, W. Hiller, Organometallics 1992, 11, 1033–1043; c) L. D.
Quin, G. Keglevich, A. S. Ionkin, R. Kalgutkar, G. Szalontai, J. Org.
Chem. 1996, 61, 7801–7807.


[4] a) D. B. Chesnut, L. D. Quin, K. D. Moore, J. Am. Chem. Soc. 1993,
115, 11984–11990; b) D. B. Chesnut, Chem. Phys. 1997, 224, 133–
141; c) D. B. Chesnut, L. D. Quin, S. B. Wild, Heteroat. Chem. 1997,
8, 451–457; d) D. B. Chesnut, L. D. Quin, Heteroat. Chem. 1999, 10,
566–572.


[5] a) Y. Ruiz-Morales, T. Ziegler, J. Phys. Chem. A 1998, 102, 3970–
3976; b) G. M. Bernard, G. Wu, M. D. Lumsden, R. E. Wasylishen,
N. Maigrot, C. Charrier, F. Mathey, J. Phys. Chem. A 1999, 103,
1029–1037; c) C. van WTllen, Phys. Chem. Chem. Phys. 2000, 2,
2137–2144; d) K. W. Feindel, R. E. Wasylishen, Can. J. Chem. 2004,
82, 27–44.


[6] a) F. Mathey, Angew. Chem. 1987, 99, 285–296; Angew. Chem. Int.
Ed. Engl. 1987, 26, 275–286; b)Multiple Bonds and Low Coordina-
tion in Phosphorus Chemistry (Eds.: M. Regitz, O. J. Scherer),
Thieme, Stuttgart, 1991; c) K. B. Dillon, F. Mathey, J. F. Nixon,
Phosphorus: The Carbon Copy, Wiley, New York, 1998 ; d) F.
Mathey, N. H. T. Huy, A. Marinetti, Helv. Chim. Acta 2001, 84,
2938–2957; e) K. Lammertsma, M. J. M. Vlaar, Eur. J. Org. Chem.
2002, 1127–1138; f) K. Lammertsma, Top. Curr. Chem. 2003, 229,
95–119.


[7] J.-T. Hung, P. Chand, F. R. Fronczek, S. F. Watkins, K. Lammertsma,
Organometallics 1993, 12, 1401–1405.


[8] J. C. Slootweg, S. Krill, F. J. J. de Kanter, M. Schakel, A. W. Ehlers,
M. Lutz, A. L. Spek, K. Lammertsma, Angew. Chem. 2005, 117,
6737–6740; Angew. Chem. Int. Ed. 2005, 44, 6579–6582.


[9] a) M. J. M. Vlaar, M. H. Lor, A. W. Ehlers, M. Schakel, M. Lutz,
A. L. Spek, K. Lammertsma, J. Org. Chem. 2002, 67, 2485–2493;
b) J. C. Slootweg, F. J. J. de Kanter, M. Schakel, A. W. Ehlers, S. I.
Kozhushkov, A. de Meijere, M. Lutz, A. L. Spek, K. Lammertsma, J.
Am. Chem. Soc. 2004, 126, 3050–3051; c) J. C. Slootweg, F. J. J.
de Kanter, M. Schakel, M. Lutz, A. L. Spek, S. I. Kozhushkov, A. de
Meijere, K. Lammertsma, Chem. Eur. J. 2005, 11, 6982–6993.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1499 – 15071506


K. Lammertsma et al.



http://dx.doi.org/10.1021/ja057085u

http://dx.doi.org/10.1021/ja057085u

http://dx.doi.org/10.1021/ja057085u

http://dx.doi.org/10.1021/ja057085u

http://dx.doi.org/10.1002/(SICI)1097-458X(199806)36:13%3CS29::AID-OMR288%3E3.0.CO;2-T

http://dx.doi.org/10.1002/(SICI)1097-458X(199806)36:13%3CS29::AID-OMR288%3E3.0.CO;2-T

http://dx.doi.org/10.1021/ja00335a027

http://dx.doi.org/10.1021/ja00335a027

http://dx.doi.org/10.1021/ja00335a027

http://dx.doi.org/10.1021/ja00335a027

http://dx.doi.org/10.1021/om00039a007

http://dx.doi.org/10.1021/om00039a007

http://dx.doi.org/10.1021/om00039a007

http://dx.doi.org/10.1021/jo960640d

http://dx.doi.org/10.1021/jo960640d

http://dx.doi.org/10.1021/jo960640d

http://dx.doi.org/10.1021/jo960640d

http://dx.doi.org/10.1021/ja00078a040

http://dx.doi.org/10.1021/ja00078a040

http://dx.doi.org/10.1021/ja00078a040

http://dx.doi.org/10.1021/ja00078a040

http://dx.doi.org/10.1016/S0301-0104(97)00262-0

http://dx.doi.org/10.1016/S0301-0104(97)00262-0

http://dx.doi.org/10.1016/S0301-0104(97)00262-0

http://dx.doi.org/10.1002/(SICI)1098-1071(1997)8:5%3C451::AID-HC10%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/(SICI)1098-1071(1997)8:5%3C451::AID-HC10%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/(SICI)1098-1071(1997)8:5%3C451::AID-HC10%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/(SICI)1098-1071(1997)8:5%3C451::AID-HC10%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/(SICI)1098-1071(1999)10:7%3C566::AID-HC9%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1098-1071(1999)10:7%3C566::AID-HC9%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1098-1071(1999)10:7%3C566::AID-HC9%3E3.0.CO;2-M

http://dx.doi.org/10.1002/(SICI)1098-1071(1999)10:7%3C566::AID-HC9%3E3.0.CO;2-M

http://dx.doi.org/10.1021/jp973308u

http://dx.doi.org/10.1021/jp973308u

http://dx.doi.org/10.1021/jp973308u

http://dx.doi.org/10.1021/jp984116h

http://dx.doi.org/10.1021/jp984116h

http://dx.doi.org/10.1021/jp984116h

http://dx.doi.org/10.1021/jp984116h

http://dx.doi.org/10.1039/b000461h

http://dx.doi.org/10.1039/b000461h

http://dx.doi.org/10.1039/b000461h

http://dx.doi.org/10.1039/b000461h

http://dx.doi.org/10.1139/v03-176

http://dx.doi.org/10.1139/v03-176

http://dx.doi.org/10.1139/v03-176

http://dx.doi.org/10.1139/v03-176

http://dx.doi.org/10.1002/ange.19870990404

http://dx.doi.org/10.1002/ange.19870990404

http://dx.doi.org/10.1002/ange.19870990404

http://dx.doi.org/10.1002/anie.198702753

http://dx.doi.org/10.1002/anie.198702753

http://dx.doi.org/10.1002/anie.198702753

http://dx.doi.org/10.1002/anie.198702753

http://dx.doi.org/10.1002/1522-2675(20011017)84:10%3C2938::AID-HLCA2938%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1522-2675(20011017)84:10%3C2938::AID-HLCA2938%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1522-2675(20011017)84:10%3C2938::AID-HLCA2938%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1522-2675(20011017)84:10%3C2938::AID-HLCA2938%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1099-0690(200204)2002:7%3C1127::AID-EJOC1127%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1099-0690(200204)2002:7%3C1127::AID-EJOC1127%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1099-0690(200204)2002:7%3C1127::AID-EJOC1127%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1099-0690(200204)2002:7%3C1127::AID-EJOC1127%3E3.0.CO;2-X

http://dx.doi.org/10.1021/om00028a065

http://dx.doi.org/10.1021/om00028a065

http://dx.doi.org/10.1021/om00028a065

http://dx.doi.org/10.1002/ange.200502248

http://dx.doi.org/10.1002/ange.200502248

http://dx.doi.org/10.1002/ange.200502248

http://dx.doi.org/10.1002/ange.200502248

http://dx.doi.org/10.1002/anie.200502248

http://dx.doi.org/10.1002/anie.200502248

http://dx.doi.org/10.1002/anie.200502248

http://dx.doi.org/10.1021/jo010945e

http://dx.doi.org/10.1021/jo010945e

http://dx.doi.org/10.1021/jo010945e

http://dx.doi.org/10.1021/ja031648p

http://dx.doi.org/10.1021/ja031648p

http://dx.doi.org/10.1021/ja031648p

http://dx.doi.org/10.1021/ja031648p

http://dx.doi.org/10.1002/chem.200500538

http://dx.doi.org/10.1002/chem.200500538

http://dx.doi.org/10.1002/chem.200500538

www.chemeurj.org





[10] a) E. MTller, H. Kessler, Tetrahedron Lett. 1968, 9, 3037–3040;
b) H. Prinzbach, E. Druckrey, Tetrahedron Lett. 1968, 9, 4285–4288;
c) S. D. Reilly, C. C. Wamser, J. Org. Chem. 1991, 56, 5232–5234.


[11] a) T. G. Traylor, A. R. Miksztal, J. Am. Chem. Soc. 1987, 109, 2270–
2274; b) A. Dunand, R. Gerdil, Acta Crystallogr. Sect. B 1980, 36,
472–474; c) A. Asouti, L. P. Hadjiarapoglou, Tetrahedron Lett. 2000,
41, 539–542.


[12] M. G. Barlow, R. N. Haszeldine, W. D. Morton, D. R. Woodward, J.
Chem. Soc. Perkin Trans. 1 1973, 1798–1802.


[13] J. M. Bolster, H. Hogeveen, R. M. Kellogg, L. Zwart, J. Am. Chem.
Soc. 1981, 103, 3955–3956.


[14] a) M. L. G. Borst, R. E. Bulo, C. Winkel, D. J. Gibney, A. W. Ehlers,
M. Schakel, M. Lutz, A. L. Spek, K. Lammertsma, J. Am. Chem.
Soc. 2005, 127, 5800–5801; b) M. L. G. Borst, R. E. Bulo, D. J.
Gibney, Y. Alem, F. J. J. de Kanter, A. W. Ehlers, M. Schakel, M.
Lutz, A. L. Spek, K. Lammertsma, J. Am. Chem. Soc. 2005, 127,
16985–16999.


[15] We have adopted the numbering scheme from the crystal structure
of (Z)-4a in Figure 2, rather than the formal numbering for fused
ring systems.


[16] a) See: T. T. Tidwell, T. G. Traylor, J. Org. Chem. 1968, 33, 2614–
2620, and references therein; b) S. Inagaki, H. Fujimoto, K. Fukui, J.
Am. Chem. Soc. 1976, 98, 4054–4061; c) R. Huisgen, P. H. J. Ooms,
M. Mingin, N. L. Allinger, J. Am. Chem. Soc. 1980, 102, 3951–3953.


[17] a) N. H. T. Huy, F. Mathey, Phosphorus Sulfur Silicon Relat. Elem.
1990, 47, 477–481; b) J.-T. Hung, S.-W. Yang, G. M. Gray, K. Lam-
mertsma, J. Org. Chem. 1993, 58, 6786–6790.


[18] M. L. G. Borst, Generating Phosphinidenes: New Approaches, PhD
Thesis, Vrije Universiteit, Amsterdam (The Netherlands), 2005,
Chapter 2.


[19] J.-T. Hung, S.-W. Yang, P. Chand, G. M. Gray, K. Lammertsma, J.
Am. Chem. Soc. 1994, 116, 10966–10971.


[20] a) H. Irngartinger, T. Oeser, R. Jahn, D. Kallfass, Chem. Ber. 1992,
125, 2067–2073; b) R. Gleiter, F. Ohlbach, T. Oeser, H. Irngartinger,
Liebigs Ann. 1996, 785–790.


[21] The acute interplanar angles of the central cyclobutane ring with the
phosphirane and the cyclobutene ring are 61.43(19)8 and 69.78(19)8,
respectively. C9 and C12 make acute interplanar angles of 49.6(2)8
with the central cyclobutane and 60.7(2)8 with the cyclobutene ring.


[22] a) “Chemistry with ADF”: G. te Velde, F. M. Bickelhaupt, E. J.
Baerends, C. Fonseca Guerra, S. J. A. van Gisbergen, J. G. Snijders,
T. Ziegler, J. Comput. Chem. 2001, 22, 931–967; b) C. Fonseca Guer-
ra, J. G. Snijders, G. te Velde, E. J. Baerends, Theor. Chem. Acc.
1998, 99, 391–403; c) ADF2004.01, SCM, Theoretical Chemistry,
Vrije Universiteit, Amsterdam (The Netherlands), http://
www.scm.com.


[23] Calculation of NMR and EPR Parameters—Theory and Applications
(Eds: M. Kaupp, M. BThl, V. G. Malkin), Wiley-VCH, Weinheim,
2004.


[24] a) P. George, M. Trachtman, C. W. Bock, A. M. Brett, Tetrahedron
1976, 32, 317–323; b) T. P. M. Goumans, A. W. Ehlers, K. Lammerts-
ma in Encyclopedia of Computational Chemistry (Ed: P. von R.
Schleyer), Wiley, New York, 2004, published on the web (http://
www.mrw.interscience.wiley.com/ecc/articles/cn0067/frame.html);
c) M. L. G. Borst, A. W. Ehlers, K. Lammertsma, J. Org. Chem.
2005, 70, 8110–8116.


[25] Gaussian 03 (Revisions B.05 and C.02), M. J. Frisch, G. W. Trucks,
H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam,
S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scal-
mani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.


Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Po-
melli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Sal-
vador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Dan-
iels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Ragha-
vachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Ko-
maromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc.,
Wallingford CT, 2004.


[26] A. G. Baboul, L. A. Curtiss, P. C. Redfern, J. Chem. Phys. 1999, 110,
7650–7657.


[27] a) J. F. M. Oth, Recl. Trav. Chim. Pays-Bas 1968, 87, 1185–1195;
b) W. Adam, J. C. Chang, Int. J. Chem. Kinet. 1969, 1, 487–492.


[28] Olefin strain is defined as the difference in total strain energy be-
tween a cyclic olefin and its hydrogenated counterpart, both in their
most stable conformation: W. F. Maier, P. von R. Schleyer, J. Am.
Chem. Soc. 1981, 103, 1891–1900; exo--exo hydrogenation of
HMDB yields an olefin strain of 4.2 kcalmol�1.


[29] M. J. M. Vlaar, A. W. Ehlers, F. J. J. de Kanter, M. Schakel, A. L.
Spek, K. Lammertsma, Angew. Chem. 2000, 112, 3071–3074;
Angew. Chem. Int. Ed. 2000, 39, 2943–2945.


[30] a) A. Marinetti, F. Mathey, Organometallics 1984, 3, 456–461; b) A.
Marinetti, F. Mathey, J. Fischer, A. Mitschler, J. Am. Chem. Soc.
1982, 104, 4484–4485; c) A. Marinetti, F. Mathey, Organometallics
1982, 1, 1488–1492.


[31] a) A. Marinetti, C. Charrier, F. Mathey, J. Fischer, Organometallics
1985, 4, 2134–2138; b) N. H. T. Huy, Y. Inubushi, L. Ricard, F.
Mathey, Organometallics 1997, 16, 2506–2508.


[32] K. Lammertsma, A. W. Ehlers, M. L. McKee, J. Am. Chem. Soc.
2003, 125, 14750–14759.


[33] The aromatization of HMDB (9) to hexamethylbenzene is thermally
forbidden, and the half-life of 9 is more than 21 h at 120 8C: W. J. le
Noble, K. R. Brower, C. Brower, S. Chang, J. Am. Chem. Soc. 1982,
104, 3150–3152. Thus, the phosphinidene precursor 16 can be used
at 110 8C without a catalyst, which precludes diphosphene forma-
tion.


[34] a) J. Furukawa, N. Kawabata, J. Nishimura, Tetrahedron 1968, 24,
53–58; b) I. Arai, A. Mori, H. Yamamoto, J. Am. Chem. Soc. 1985,
107, 8254–8256.


[35] Conversion after 45 min; 47% starting material was still present.
The modest stability of the W(CO)5 moiety in DCM precludes ex-
tensive reaction times.


[36] H. E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 1997, 62,
7512–7515.


[37] A. J. M. Duisenberg, L. M. J. Kroon-Batenburg, A. M. M. Schreurs,
J. Appl. Crystallogr. 2003, 36, 220–229.


[38] G. M. Sheldrick, SADABS: Area-Detector Absorption Correction,
v2.10, Universit[t Gçttingen, Gçttingen (Germany), 1999.


[39] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S.
Garcia-Granda, R. O. Gould, J. M. M. Smits, C. Smykalla, The
DIRDIF99 program system, Technical Report of the Crystallogra-
phy Laboratory, University of Nijmegen, Nijmegen (The Nether-
lands), 1999.


[40] G. M. Sheldrick, SHELXL-97: Program for crystal structure refine-
ment, Universit[t Gçttingen, Gçttingen (Germany), 1997.


[41] A. L. Spek, J. Appl. Crystallogr. 2003, 36, 7–13.


Received: June 22, 2007
Published online: November 21, 2007


Chem. Eur. J. 2008, 14, 1499 – 1507 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1507


FULL PAPERTricyclic Phosphiranes



http://dx.doi.org/10.1016/S0040-4039(00)76408-2

http://dx.doi.org/10.1016/S0040-4039(00)76408-2

http://dx.doi.org/10.1016/S0040-4039(00)76408-2

http://dx.doi.org/10.1021/jo00017a048

http://dx.doi.org/10.1021/jo00017a048

http://dx.doi.org/10.1021/jo00017a048

http://dx.doi.org/10.1107/S0567740880003573

http://dx.doi.org/10.1107/S0567740880003573

http://dx.doi.org/10.1107/S0567740880003573

http://dx.doi.org/10.1107/S0567740880003573

http://dx.doi.org/10.1016/S0040-4039(99)02113-9

http://dx.doi.org/10.1016/S0040-4039(99)02113-9

http://dx.doi.org/10.1016/S0040-4039(99)02113-9

http://dx.doi.org/10.1016/S0040-4039(99)02113-9

http://dx.doi.org/10.1039/p19730001798

http://dx.doi.org/10.1039/p19730001798

http://dx.doi.org/10.1039/p19730001798

http://dx.doi.org/10.1039/p19730001798

http://dx.doi.org/10.1021/ja00403a070

http://dx.doi.org/10.1021/ja00403a070

http://dx.doi.org/10.1021/ja00403a070

http://dx.doi.org/10.1021/ja00403a070

http://dx.doi.org/10.1021/ja050817y

http://dx.doi.org/10.1021/ja050817y

http://dx.doi.org/10.1021/ja050817y

http://dx.doi.org/10.1021/ja050817y

http://dx.doi.org/10.1021/ja054885w

http://dx.doi.org/10.1021/ja054885w

http://dx.doi.org/10.1021/ja054885w

http://dx.doi.org/10.1021/ja054885w

http://dx.doi.org/10.1021/jo01271a002

http://dx.doi.org/10.1021/jo01271a002

http://dx.doi.org/10.1021/jo01271a002

http://dx.doi.org/10.1021/ja00430a006

http://dx.doi.org/10.1021/ja00430a006

http://dx.doi.org/10.1021/ja00430a006

http://dx.doi.org/10.1021/ja00430a006

http://dx.doi.org/10.1021/ja00531a047

http://dx.doi.org/10.1021/ja00531a047

http://dx.doi.org/10.1021/ja00531a047

http://dx.doi.org/10.1080/10426509008038004

http://dx.doi.org/10.1080/10426509008038004

http://dx.doi.org/10.1080/10426509008038004

http://dx.doi.org/10.1080/10426509008038004

http://dx.doi.org/10.1021/jo00076a045

http://dx.doi.org/10.1021/jo00076a045

http://dx.doi.org/10.1021/jo00076a045

http://dx.doi.org/10.1021/ja00103a011

http://dx.doi.org/10.1021/ja00103a011

http://dx.doi.org/10.1021/ja00103a011

http://dx.doi.org/10.1021/ja00103a011

http://dx.doi.org/10.1002/cber.19921250914

http://dx.doi.org/10.1002/cber.19921250914

http://dx.doi.org/10.1002/cber.19921250914

http://dx.doi.org/10.1002/cber.19921250914

http://dx.doi.org/10.1002/jcc.1056

http://dx.doi.org/10.1002/jcc.1056

http://dx.doi.org/10.1002/jcc.1056

http://dx.doi.org/10.1007/s002140050021

http://dx.doi.org/10.1007/s002140050021

http://dx.doi.org/10.1007/s002140050021

http://dx.doi.org/10.1007/s002140050021

http://dx.doi.org/10.1016/0040-4020(76)80043-9

http://dx.doi.org/10.1016/0040-4020(76)80043-9

http://dx.doi.org/10.1016/0040-4020(76)80043-9

http://dx.doi.org/10.1016/0040-4020(76)80043-9

http://dx.doi.org/10.1021/jo0513010

http://dx.doi.org/10.1021/jo0513010

http://dx.doi.org/10.1021/jo0513010

http://dx.doi.org/10.1021/jo0513010

http://dx.doi.org/10.1063/1.478676

http://dx.doi.org/10.1063/1.478676

http://dx.doi.org/10.1063/1.478676

http://dx.doi.org/10.1063/1.478676

http://dx.doi.org/10.1002/kin.550010509

http://dx.doi.org/10.1002/kin.550010509

http://dx.doi.org/10.1002/kin.550010509

http://dx.doi.org/10.1021/ja00398a003

http://dx.doi.org/10.1021/ja00398a003

http://dx.doi.org/10.1021/ja00398a003

http://dx.doi.org/10.1021/ja00398a003

http://dx.doi.org/10.1002/1521-3757(20000818)112:16%3C3071::AID-ANGE3071%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20000818)112:16%3C3071::AID-ANGE3071%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20000818)112:16%3C3071::AID-ANGE3071%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20000818)39:16%3C2943::AID-ANIE2943%3E3.0.CO;2-I

http://dx.doi.org/10.1002/1521-3773(20000818)39:16%3C2943::AID-ANIE2943%3E3.0.CO;2-I

http://dx.doi.org/10.1002/1521-3773(20000818)39:16%3C2943::AID-ANIE2943%3E3.0.CO;2-I

http://dx.doi.org/10.1021/om00081a021

http://dx.doi.org/10.1021/om00081a021

http://dx.doi.org/10.1021/om00081a021

http://dx.doi.org/10.1021/ja00380a029

http://dx.doi.org/10.1021/ja00380a029

http://dx.doi.org/10.1021/ja00380a029

http://dx.doi.org/10.1021/ja00380a029

http://dx.doi.org/10.1021/om00071a017

http://dx.doi.org/10.1021/om00071a017

http://dx.doi.org/10.1021/om00071a017

http://dx.doi.org/10.1021/om00071a017

http://dx.doi.org/10.1021/om00131a012

http://dx.doi.org/10.1021/om00131a012

http://dx.doi.org/10.1021/om00131a012

http://dx.doi.org/10.1021/om00131a012

http://dx.doi.org/10.1021/ja0349958

http://dx.doi.org/10.1021/ja0349958

http://dx.doi.org/10.1021/ja0349958

http://dx.doi.org/10.1021/ja0349958

http://dx.doi.org/10.1021/ja00375a035

http://dx.doi.org/10.1021/ja00375a035

http://dx.doi.org/10.1021/ja00375a035

http://dx.doi.org/10.1021/ja00375a035

http://dx.doi.org/10.1016/0040-4020(68)89007-6

http://dx.doi.org/10.1016/0040-4020(68)89007-6

http://dx.doi.org/10.1016/0040-4020(68)89007-6

http://dx.doi.org/10.1016/0040-4020(68)89007-6

http://dx.doi.org/10.1021/ja00312a072

http://dx.doi.org/10.1021/ja00312a072

http://dx.doi.org/10.1021/ja00312a072

http://dx.doi.org/10.1021/ja00312a072

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1021/jo971176v

http://dx.doi.org/10.1107/S0021889802022628

http://dx.doi.org/10.1107/S0021889802022628

http://dx.doi.org/10.1107/S0021889802022628

http://dx.doi.org/10.1107/S0021889802022112

http://dx.doi.org/10.1107/S0021889802022112

http://dx.doi.org/10.1107/S0021889802022112

www.chemeurj.org






DOI: 10.1002/chem.200701030


Photocatalytic Cleavage of Single TiO2/DNA Nanoconjugates
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Mamoru Fujitsuka, and Tetsuro Majima*[a]


Introduction


Bioconjugated nanomaterials that are composites between
metal or semiconductor nanomaterials and biomolecules,
such as DNA and proteins, have the potential to provide
various unique and new functions in a variety of areas such
as biosensors or drug and gene delivery.[1] Although the con-
jugations can be significant, several problems cannot be ig-
nored, namely the undesirable reactions and byproducts, the
possible toxicity or non-biocompatibility of the used materi-
als, and the higher cost of controlled-release systems.[2] Most
significantly, the adsorption and chemical-reaction dynamics
presumably associated with the spatial heterogeneities of
the surface and the local environments make it rather diffi-
cult for ensemble-averaged measurements to evaluate their
functions.


In this study, we attempted to overcome the above-men-
tioned problems by investigating the photocatalytic reac-
tions of a novel nanoconjugation consisting of TiO2 nanopar-


ticles and DNA at the single-molecule level. The TiO2 pho-
tocatalysts have found a wide application in fields such as
dye-sensitized solar cells, environmental purification, chemi-
cal sensors, and photodynamic therapy (PDT).[1c–e,3] Thus,
much would be gained if the photocatalytic reactions at the
heterogeneous interfaces could be directly monitored and
controlled with both time and spatial resolutions. However,
to the best of our knowledge, there is no report describing
the single-molecule detection of bioconjugated TiO2 nano-
particles.


Recently, it was reported that the catechol (CA) moiety
can be used in conjunction with TiO2 to selectively direct a
light-induced charge separation to the attached DNA
strands.[1c,d] Inspired by this, we selected the CA as a key
feature of the synthetic DNA for the fabrication of nano-
conjugates with TiO2 nanoparticles. Here, a dopamine mole-
cule was introduced into the 5-methylcytosine (MeC) group
of the DNA by postmodification (see Experimental Section
for details). Also, we applied the photocatalytic oxidation of
the CA moiety, which produces the non-adsorbed products,
such as quinones, to release the modified DNA into solution
(see reference [4] and Supporting Information for details).
To detect the photocatalytically induced cleavage of single
nanoconjugates upon UV irradiation, the complementary
DNA strand was modified with a strongly luminescent semi-
conductor quantum dot (QD, Invitrogen, Qdot 605 Strepta-
vidin Conjugate) as a probe by means of a streptavidin–


Abstract: TiO2/DNA nanoconjugates
were successfully fabricated by using
the catechol moiety as a binding func-
tional group, which was confirmed by
steady-state absorption and fluores-
cence spectroscopies. Upon UV irradi-
ation, the photocatalytic cleavage of
the TiO2/DNA nanoconjugates was ob-
served at the single-molecule level by
using wide-field fluorescence microsco-
py. The decrease in the number of con-
jugates, which was estimated from the


luminescent spots due to semiconduc-
tor quantum dots modified at the DNA
strand, was significantly inhibited by a
single A/C mismatch in the DNA se-
quences. This result strongly suggests
that the migration of holes, which are
injected from the photoexcited TiO2


into the DNA, through the DNA bases
plays an important role in the photoca-
talytic cleavage of the conjugates. The
influences of the photogenerated reac-
tive oxygen species (ROS) on the
cleavage efficiency were also exam-
ined. According to the experimental
results, it was concluded that oxidation
of the catechol moiety and/or the DNA
damage are key reactions in this pro-
cess.
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biotin interaction (see Figure 1 and Experimental Section
for details). It is expected that the moving away of the QD-
modified DNA from the focus area, which is caused by the


photocatalytic oxidation of the CA moiety to produce qui-
nones, should quench the luminescence.


Results and Discussion


Figure 2A shows the single-molecule fluorescence images
observed under a 532-nm excitation before (left) and after
(right) the UV irradiation (365 nm, 0.2 mWcm�2) of the
TiO2 film for 30 s. Before the UV irradiation, a large
number of luminescent spots were observed. Notably, no
significant quenching of the QD emission in the presence of
TiO2 nanoparticles was observed due to the fact that the
CdSe core is encapsulated in a shell of ZnS and a polymer.
All of the control experiments, that is, in the absence of the
CA moiety or TiO2 (data not shown), the single-molecule
spectral and photoblinking measurements, and the bulk
measurements for the DNA-modified TiO2 suspensions
strongly support the fact that the observed spots are attrib-
utable to single QDs modified at the DNA duplex adsorbed
on the TiO2 surface through the chelating complex of the
hydroxyl groups of CA with the surface TiIV ions (see below
and Supporting Information).[1c,d,3d] On the other hand, only
a few luminescent spots were observed after a 30-s UV irra-
diation (Figure 2A, right).


Several possible reasons for the decrease in the number
of luminescent spots (N) upon UV irradiation should be
considered as follows: 1) the photobleaching of QD, 2) the
photocatalytic oxidation of the CA moiety to produce the
non-adsorbed products, such as quinones,[4,5] and 3) the oxi-


dative strand scission of DNA.[6] The reason for excluding
(1) is due to the fact that a negligible bleaching was ob-
served after the 532-nm laser irradiation (2 mWcm�2) for
10 min under the same conditions.


Interestingly, as shown in Figure 2B, the decrease in N
was significantly inhibited by a single A/C mismatch in the
DNA sequences, strongly suggesting that the migration of
holes, which are injected from the photoexcited TiO2 into
the DNA, through the DNA bases plays an important role
in the decreased N. The characteristic lifetimes of the nano-
conjugates during UV irradiation were tentatively deter-
mined to be 4 and 11 s for the fully matched and mis-
matched DNA duplexes, respectively, by single-exponential
fits, although the decay profile should display a non-expo-
nential nature that may be a consequence of the complexity
and heterogeneity of the reaction dynamics. In addition, a
similar A/C mismatch effect on the decrease in N was
almost observed for two different base pairs as noted by the
upper lines in Figure 2B.


To confirm the formation and the photocatalytic oxidation
of the conjugates at the bulk level, the steady-state diffuse
reflectance measurements were performed. The CA–DNA
duplex (5J10�8 mol) was mixed with a TiO2 suspension
(4 mg ST-01 TiO2 powder and 100 mL cacodylate buffer
(20 mm, pH 7.0)), and the TiO2 particles in the suspension


Figure 1. Optical detection of single TiO2/DNA nanoconjugates. The
moving away of the QD-modified DNA from the focus area, which is
caused by the photocatalytic oxidation of the catechol (CA) moiety to
produce the non-adsorbed products, such as quinones, should quench the
luminescence.


Figure 2. A) Typical single-molecule fluorescence images obtained for the
fully matched DNA on the TiO2 surface before (left) and after (right)
the UV irradiation for 30 s. The bright spots are attributed to single QDs
modified at the DNA. The scale bars are 10 mm. B) The UV irradiation
time dependence of the N/N0 values obtained for the fully matched and
mismatched DNA duplexes. N0 and N denote the number of luminescent
spots before (over 300 spots) and after the UV irradiation, respectively.
A single mismatch (A/C mismatch) is indicated by the arrow. The charac-
teristic lifetimes of the nanoconjugates under UV irradiation were deter-
mined to be 4 and 11 s for the fully matched and mismatched DNA, re-
spectively, by single-exponential fits. Almost a similar A/C mismatch
effect on the decrease in N was observed for two different base pairs as
noted by the upper lines.
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were completely separated by centrifugation using a high-
speed microcentrifuge at room temperature. The resulting
DNA-modified TiO2 powder was washed twice with the ca-
codylate buffer, and then added to 100 ml of the cacodylate
buffer.


As shown in Figure 3A, a visible absorption band ap-
peared upon addition of the CA–DNA duplex to the TiO2


suspension, indicating the formation of a charge-transfer
complex between the CA moiety and TiO2 (see also Sup-
porting Information).[1c,d] We confirmed whether or not the
bleaching of the charge-transfer band due to the photocata-
lytic oxidation in the bulk solution occurs upon UV irradia-
tion. The light emitted from the cylindrical black-light lamp
(5–10 mW) was in the wavelength range of 305–410 nm with
a maximum intensity at 355 nm, which was determined by
using an EPP2000 fiber-optic spectrometer (StellarNet,
Inc.). Notably, free CA molecules in an aqueous solution
have negligible absorption in this wavelength region. As
shown in Figure 3A, it was found that the absorption due to
the charge-transfer complex decreased as UV irradiation
time increased. As expected, the bleaching rate observed for
the fully matched DNA was high relative to that for the mis-
matched DNA (Figure 3B). This result is qualitatively con-


sistent with that obtained for the single-molecule system, al-
though the experimental methods and conditions are quite
different from each other.


It should again be noted that the yield of the cleaved
TiO2/DNA nanoconjugates was changed by over 30% with
only a single base mismatch (Figure 2B). This variation is
much greater than that (about 10%) obtained at the bulk
level for the TiO2/DNA suspensions (Figure 3B). To clarify
the adsorption behaviors of CA–DNA on the TiO2 surface
in detail, we examined the amount of adsorbed DNA by
using the Cy3 dye-modified DNA (5’-(Cy3)-GGAGAGA-
GAGAGG-3’; Cy3-DNA, molecular structure of Cy3 is
shown in the inset of Figure 4A) as a complementary DNA
strand. The single-stranded Cy3-DNA (ssCy3-DNA),
double-stranded Cy3-DNA (dsCy3-DNA, i.e., in the ab-
sence of CA moiety), and double-stranded Cy3-DNA/CA-
DNA (dsCy3-DNA-CA) were mixed with the TiO2 suspen-
sions, and the TiO2 particles in the suspension were separat-
ed by centrifugation.


Figure 4A shows the steady-state diffuse reflectance spec-
tra observed for the TiO2 suspensions containing dsCy3-
DNA and dsCy3-DNA-CA. The concentrations of adsorbed
DNA on the TiO2 surface after reaching adsorption equilib-
rium were determined on the basis of the steady-state UV-
visible absorption measurements of the supernatant solu-
tions (Figure 4B). As a result, the yields of the adsorbed
DNA on the TiO2 surface were estimated to be 5 and 13%


Figure 3. A) Steady-state diffuse reflectance spectra observed after UV ir-
radiation (0, 15, 30, and 60 min) for the TiO2 suspension (ST-01) contain-
ing the fully matched CA–DNA. The spectrum of the TiO2 suspension in
the absence of CA–DNA, i.e., bare TiO2, is also shown. B) Normalized
differential absorbance at 430 nm (DAbs430), which is calculated by sub-
tracting the absorbance values in the absence of CA–DNA from those in
the presence of CA–DNA, observed after the UV irradiation (0, 15, 30,
and 60 min) of TiO2 suspensions containing the fully matched and mis-
matched CA–DNA duplexes.


Figure 4. A) Steady-state diffuse reflectance (solid lines) and fluorescence
spectra (broken lines, lex =500 nm) observed for the TiO2 suspensions
containing dsCy3-DNA and dsCy3-DNA-CA. B) Steady-state UV-visible
absorption spectra observed for the supernatant solutions of ssCy3-DNA,
dsCy3-DNA, and dsCy3-DNA-CA after centrifugation.
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for the dsCy3-DNA and dsCy3-DNA-CA, respectively,
clearly indicating that the amount of adsorbed DNA in-
creased in the presence of the CA moiety.


Messersmith and co-workers reported that the quinone
form of CA binds much more weakly to Ti surfaces and can
be removed with a lower force (ca. 200 pN) from the Ti sur-
face relative to the enediol form (ca. 800 pN) under alkaline
conditions (pH 9.7).[4b] We also found that the Langmuir ad-
sorption constants (Kad) for 3,5-di-tert-butylcatechol
(DBCA) and 3,5-di-tert-butyl-1,2-benzoquinone (DBBQ)
were 6500�1500 and 35�20m


�1, respectively, in acetonitrile
containing TiO2 powder (see Supporting Information for de-
tails). According to these experimental results, the observed
small difference in the amount of adsorbed DNA would be
partially attributable to the undesirable oxidation of the CA
moiety during the experimental treatments. In addition, the
excess amount of DNA molecules should result in a non-
specific adsorption on the TiO2 surface and the possibility
for changing the adsorption behaviors, that is, physisorbed
and chemisorbed species. Recently, the site-specific adsorp-
tion and degradation processes of organic compounds on
the TiO2 surface were studied by solid-state NMR spectro-
scopy.[3d] Interestingly, the 13C MAS NMR signal of the phys-
isorbed 4-nitrocatechol was quickly reduced by UV irradia-
tion, compared with those of the monodentately or biden-
tately chemisorbed species. The photocatalytic degradation
mechanism of catechols at the TiO2 surface was interpreted
in terms of the interfacial charge-recombination reaction
with conduction band (CB) electrons. Consequently, it is
strongly suggested that in-situ monitoring of the charge-
transfer dynamics within the nanoconjugates is essentially
impossible at the bulk level.


When considering the TiO2 photocatalytic reaction mech-
anisms,[3b,c] the influences of the photogenerated reactive
oxygen species (ROS) cannot be ignored (see Supporting
Information for details). As is well known that oxidative
DNA damage is initiated by reaction with the ROS, such as
singlet oxygen (1O2), by hydrogen-atom abstraction from the
deoxyriboses to form intermediate radicals, and by the loss
of electrons from the aromatic bases that form radical cat-
ions.[6]


To identify the ROS, several of the following experiments
were performed: 1) in the presence of NaN3, 2) in the pres-
ence of a hydroxyl-radical (HOC) quencher, dimethylsulfox-
ide (DMSO), and 3) in the presence of a superoxide (O2C


�)
quencher, superoxide dismutase (SOD).[7] In all the experi-
ments, the decrease in N upon UV irradiation was sup-
pressed (Figure 5). In particular, in the case of NaN3, which
is an effective scavenger of HOC, O2C


�, and 1O2, the decrease
in N was completely inhibited.[8] On the other hand, a rela-
tively weak inhibition was observed for the other scaveng-
ers.


TiO2 has been used as a sunscreen agent and a photocata-
lyst, and has been recently suggested to be a potential pho-
tosensitizer in the fields of biomedicine, such as PDT.[9–13]


Wamer et al. found that G undergoes photooxidative
damage in DNA physisorbed on TiO2 particles, resulting in


the hydroxylation of G.[9] Recently, Hirakawa et al. studied
the site specificity of DNA damage by anatase and rutitle
TiO2 particles by using a 32P-5’-end-labeled DNA fragment
obtained from the human p53 and p16 tumor-suppressor
genes and the c-Ha-ras-1 protooncogene.[10] They found that
the photoexcited TiO2 caused mainly copper-dependent
DNA damage through H2O2 generation in vitro. On the
other hand, in the absence of CuII ions, a high concentration
of anatase TiO2 particles could induce DNA damage by the
photocatalytically generated HOC. Notably, DNA can be a
target molecule of the photocatalysis of TiO2 in vivo. Ser-
pone et al. also reported that the TiO2 specimens extracted
from commercial sunscreen lotions caused damage to both
DNA plasmids in vitro and to whole human skin cells in cul-
tures by HOC.[12] In our work, the photocatalytic oxidation of
CA and/or DNA, most probably the G sites, which would
cause the cleavage of the TiO2/DNA nanoconjugate, was re-
markably inhibited by the addition of scavengers such as
N3
�, DMSO, and SOD (Figure 5). Our experimental results


clearly suggest that several free ROS in solution are in-
volved in the photocatalytic oxidation processes of DNA.


The proposed photocatalytic reaction mechanism of the
TiO2/DNA nanoconjugate is summarized in Figure 6. Our
finding implies that both the photogenerated holes in TiO2


and the free ROS in solution are involved in the oxidation
processes of the CA moiety and/or DNA itself, although it
is difficult to conclude which is the most crucial reaction
pathway at this time.


Recently, Lewis and co-workers determined the absolute
rates of hole transfer between guanines separated by one or
two A/T base pairs in stilbenedicarboxamide-linked DNA
hairpins based on transient absorption measurements and
theoretical calculations.[15] For instance, the forward and
return hole-transfer rates from GC+ to GG separated by a
single A/T base pair (GAGG sequence) were reported to be
6.0 and 1.7J107 s�1, respectively. Notably, the hole-transfer
rate dramatically decreased due to the longer bridge consist-
ing of two A/T base pairs separating the proximal G and the
distal GG. The determined forward and return hole-transfer
rates from GC+ to GG separated by two A/T base pairs
(GAAGG sequence) were 4.8J105 and 2.4J104 s�1, respec-


Figure 5. The N/N0 values obtained from single-particle photolumines-
cence measurements for the fully matched DNA in the absence and pres-
ence of NaN3 (100 mm), DMSO (100 mm), and SOD (5 nm), and the mis-
matched DNA. The UV irradiation time is 30 s.
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tively.[15] On the other hand, the charge-recombination dy-
namics between the surface-bound radical cations, such as
CAC+, and the electrons in TiO2 showed a wide distribution
from 105–1012 s�1 due to the heterogeneous electron-trapping
and -detrapping processes.[3d,14] These kinetic data would
partially explain why we could observe a significant mis-
match effect on the cleavage of the nanoconjugates upon
UV irradiation, such that the formation of intermediate rad-
ical cations near the surface increases the charge recombina-
tion and thus lowers the quantum yield for degrada-
tion.[14b,16] Thus, it was considered that the spatial separation
between the photogenerated charge carriers by the G-hop-
ping of holes enhanced the oxidation efficiency of CA,
which acts as a deep hole trap, because the electrons in TiO2


are allowed to competitively react with oxygen molecules at
the interface (Figure 6).[17] In other words, for the fully
matched DNA duplex, the photogenerated electrons in TiO2


would be eventually consumed by oxygen molecules before
recombining with GC+, resulting in the efficient oxidation of
the CA moiety. On the other hand, for the mismatched
DNA duplex, the photogenerated holes should localize near
the surface of TiO2 nanoparticles, resulting in the efficient
charge recombination with electrons in TiO2. However, we
need further knowledge about the charge-transfer dynamics
obtained by other methods, for example, time-resolved mi-
crowave conductivity and transient absorption spectroscopy
techniques, before we can discuss this in detail.


Conclusion


We have successfully observed the photocatalytic cleavage
of TiO2/DNA nanoconjugates upon UV irradiation at the
single-molecule level. Notably, the present conjugates can
recognize a difference in a single nucleotide. This means
that the present conjugate has the potential for applications
such as novel biosensing and photoinduced drug-release sys-
tems. The single-molecule (particle) optical-imaging tech-
nique will open a new window for directly observing the mi-
croscopic world in many fields ranging from fundamental
physics to advanced technologies together with the develop-
ment of bioconjugated nanomaterials.


Experimental Section


The catechol (CA)-modified DNA (CA–DNA) was prepared by post
modification using an Applied Biosystem DNA synthesizer with standard
solid-phase techniques.[18] The thymidine modified by 1,2,4-triazole was
introduced at the 5’ end, and the DNA assembled by the solid-phase pro-
cess was then treated with a mixture of 1 mL of dopamine·HCl in DMF
(0.1m) and 0.2 mL of triethylamine at RT for 15 min to introduce the CA
group. The modified DNA was washed with DMF and acetonitrile, and
then cleaved from the resin by treatment with 28% NH3 aq at RT for
24 h. The CA is very sensitive to the presence of oxygen and easily oxi-
dizes to the quinone form. Therefore, all procedures for the sample prep-
aration were performed under anaerobic conditions and with shielding
from the UV light as far as possible. The resulting crude product was pu-
rified by JASCO HPLC with a reverse-phase C-18 column using an ace-
tonitrile/50 mm ammonium formate gradient. No significant absorption in
the visible region due to the quinone form, i.e., 1,2-benzoquinone, was
observed for the purified DNA strands modified with CA.[19] The CA–
DNA strands were analyzed by MALDI-TOF mass spectrometry. CA–
DNA (CA-C8T5): MS calcd for C131H172N34O83P12: 3922.6; found: 3924.5.


The colloidal aqueous solutions of TiO2 were prepared by the controlled
hydrolysis of TiCl4.


[12b,20] In a typical preparation, 7.58 g of fresh TiCl4
(Wako) maintained at �10 8C was slowly added dropwise over 1 h into
1 L of Milli-Q water (0 8C) in a glass beaker with vigorous stirring. The
TiO2 colloidal solution (0.3 L) was subsequently dialyzed at 4 8C (Visk-
ing-tube presoaked for 1 week in approximately 2.5 L of Milli-Q water
replaced several times per day) resulting in a pH of 2.0 for the colloidal
solution ([Cl�]<10�6


m). Transmission electron microscopy (TEM)
(JEOL, JEM-3000F) and atomic force microscopy (AFM) (Seiko Instru-
ments, SPA400-DFM) images indicated that the mean particle size of the
material was about 3–4 nm. A cleaned coverslip was spin-coated with the
TiO2 colloidal solution (10 mm, 40 mL) at 3000 rpm for 50 s, and then an-
nealed at 200 8C for 30 min in air. Note that a high annealing temperature
greater than 300 8C results in measurable luminescent artifacts that are
most probably due to cracks on the TiO2 film. The resulting TiO2-coated
coverslips were subsequently washed with Milli-Q water before the sur-
face modification. The thickness of the TiO2 film was estimated to be a
few hundred nm, based on the TEM and AFM analyses.


The amount of adsorbed DNA using Cy3 dye-modified DNA (5’-(Cy3)-
GGAGAGAGAGAGG-3’; Cy3-DNA) (JBioS, Japan) was examined.
The single-stranded Cy3-DNA (ssCy3-DNA), double-stranded Cy3-DNA
(dsCy3-DNA), and double-stranded Cy3-DNA/CA-DNA (dsCy3-DNA-
CA) (5J10�9 mol) were mixed with TiO2 suspensions, and the TiO2 parti-
cles in the suspension were completely removed by centrifugation using a
high-speed microcentrifuge (Hitachi, Himac CF16RX). The TiO2 powder
(ST-01, Ishihara Sangyo Kaisha) was a generous gift from the manufac-
turer. This photocatalyst has a Brunauer–Emmett–Teller surface area of
300 m2g�1, a primary particle size of about 7 nm, and a crystal structure
of 100% anatase. The resulting DNA-modified TiO2 powder was washed
twice with the cacodylate buffer, and then added into the buffer. The


Figure 6. Proposed photocatalytic reaction mechanisms of the TiO2/DNA
nanoconjugate. The minus and plus signs denote an electron and hole, re-
spectively. CB and VB denote the valence and the conduction bands of
TiO2, respectively. ET and HT denote the electron and hole transfer
from CB and VB to the adsorbates, respectively. CR denotes the charge-
recombination reaction (see dashed arrows). The oxidation potentials of
the DNA bases and CA are reported in references [8b,14a], respectively.
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concentrations of the adsorbed DNA on the TiO2 surface after reaching
adsorption equilibrium were determined based on steady-state UV/Vis
absorption measurements of the supernatant solutions. Steady-state UV/
Vis absorption and diffuse reflectance spectra were measured by using
UV/Vis spectrophotometers (Shimadzu, UV-3100, and Jasco, V-570, re-
spectively) at RT. The steady-state fluorescence spectra were measured
by using a Hitachi 850 spectrofluorimeter with a xenon lamp as an excit-
ed source. The yields of the adsorbed DNA on the TiO2 surface were es-
timated to be 5 and 13% for dsCy3-DNA and dsCy3-DNA-CA, respec-
tively.


For the in-situ single-molecule fluorescence measurements, a sample flow
cell, which is composed of a TiO2-coated coverslip and a clean glass slide
with a double-sided adhesive spacer, was used. A 20-mm cacodylate
buffer solution (pH 7, 10 mL) of the CA-DNA/5’-biotinylated DNA
duplex (JBioS, Japan) (50 nm) was first introduced into the flow cell.
Note that CA–DNA is hardly adsorbed onto the TiO2 surface in phos-
phate buffer in the pH range of 6–7. After incubation for 10 min at RT,
the flow cell was flushed several times with cacodylate buffer, then filled
with a buffer solution of streptavidin-conjugated QD (Invitrogen, Qdot
605 Streptavidin Conjugate, 15 to 20 nm in diameter) (0.1 nm) to modify
the DNA with QD by a strong streptavidin–biotin interaction. The Qdot
605 Streptavidin Conjugate has a stable emission in a number of distinct
buffers across a range of pH conditions. An average photoluminescence
quantum yield was reported to be 0.85.[21] After incubation for 10 min at
RT, the TiO2 surface was repeatedly washed with the buffer to remove
the unattached and non-specifically adsorbed DNA and QD, and then
filled with the buffer. The surface density of the DNA molecules immobi-
lized on the TiO2 surface was determined to be about five molecules per
100 mm2, which was not dependent on the DNA sequences. All proce-
dures for the sample preparation were shielded from the UV light.


The experimental setup is based on using a wide-field fluorescence mi-
croscope (Olympus IX71).[22] Light emitted from a continuous-wave
Nd:YAG laser (JDS Uniphase, 4611-050, 532 nm, 50 mW) passing
through an objective lens (Olympus, PlanApo, 1.40 NA, 100J) was used
to excite the QDs. The TiO2 film was irradiated with a 100-W mercury
lamp (Ushio, USH-102D) through a band-pass filter (Olympus, U-
MWU2). The powers of the UV and 532 nm light passing through the ob-
jective lens were measured by using a power meter (Ophir, OrionTH).
The fluorescence from the QDs was collected by using an oil-immersion
microscope objective and intensified by an image intensifier (Hamamatsu
Photonics, C8600-03) coupled to a CCD camera (Hamamatsu Photonics,
C3077-70). The images were recorded at the video-frame rate of
30 frames per second, then converted into an electronic movie file by
using the ADVC 1394 video-capture board (Canopus). According to the
threshold criterion, the fluorescence intensities of the spots in the region
of interest were analyzed by using Image J software. All the experimental
data were obtained at RT.
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Introduction


For a long time gold has been overlooked as a catalyst; how-
ever, this concept has drastically changed in recent years.
This was probably because of its reluctance to participate as
other late transition metals do in standard catalytic cycles
based on redox principles, such as oxidative addition and re-
ductive elimination. In addition, its ability to act as a Lewis
Acid has been undeservedly disregarded. However, gold cat-
alysis has now emerged as one of the most rapidly growing
sub-disciplines in this field of research. Thus, gold-catalysed
reactions have come to be considered as prominent synthet-
ic methods comprising oxidation, reduction and most com-
monly addition reactions to multiple bonds.[1] With regard to
this last group of reactions, the electrophilic activation of an
alkyne towards the addition of a variety of functional
groups is a complex process that provides a diverse range of
reaction outcomes, the mechanistic rationalisation of which
constitutes an interesting, controversial and active field of
research. Intramolecular versions of this reaction have al-
lowed the construction of very valuable complex molecules


as a result of elegant cascade reactions.[1b] Intermolecular ex-
amples are also known but are less frequent, probably be-
cause of the difficulties in controlling the coordination of
the different reacting species in the metal sphere. Neverthe-
less, and despite the interest of gold as a p Lewis acid, the
exploration of this metal in transformations involving other
functional groups is also attractive. In an attempt to extend
the scope of the gold-assisted addition of oxygenated nucle-
ophiles to triple bonds, surprisingly, we found that the major
product obtained when the couple 1-indanol and phenyl
acetylene were used was the symmetric ether of the alcohol.
We immediately envisaged exploring what we thought could
perhaps be an even more interesting transformation given
the possibility of preparing unsymmetrical ethers by alcohol
dehydration.
Ethers are fundamental compounds in organic chemistry


and are widely used as either fragrance precursors[2] or oxy-
genates in reformulated gasoline.[3] Preparation of this kind
of compound has been developed through a wide variety of
procedures, but not without limitations. The Williamson
ether synthesis represents the most widely used method.
However, it involves converting alcohols into halides or to-
sylates, and in most cases, the use of hard bases is incompat-
ible with other functionalities present in the substrates.[4a,5]


Moreover, high yields are restricted to primary alcohols,
while secondary alcohols give low yields and tertiary alco-
hols tend to mainly give an elimination reaction. Alternative
routes to unsymmetrical ethers arising from alcohols and a
Brçnsted acid catalyst[4b] are often conducted under harsh
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conditions with a consequent erosion in yields and the for-
mation of mixtures of three possible products, thus limiting
the utility of the method. Consequently, these approaches
predominantly focus on the preparation of symmetrical light
alkyl ethers. A sophisticated and broad-scoped method for
the preparation of ethers from alcohols has been recently
described. However, and in sharp contrast with the above
simple procedures, the reactants used (nBuLi, Ph2PCl) can
restrict its use in practice.[6] Alternatively, the use of a cata-
lyst based on a transition metal appears to be a promising
method for the etherification of alcohols, even though only
a reduced number of metals have been investigated to date.
In general, the results show prevalence for a broad scope of
selectivity. Therefore, [Yb ACHTUNGTRENNUNG(OTf)3]


[7] has been utilised as an
effective and selective catalyst for the preparation of the p-
methoxybenzyl ethers of primary and secondary alcohols.
On the other hand, FeCl3


[8] catalyses the etherification of al-
lylic alcohols and some benzylic alcohols with primary and
secondary aliphatic alcohols. Nonetheless, the method re-
quires a relatively high loading of the catalyst and solvolytic
conditions, and an additional concomitant formation of
elimination side products is observed. The data on the prep-
aration of protected alcohols, such as benzhydrol ethers,
with this same catalyst in the literature are controversial.
While one report indicates that no reaction occurs[8] with
this substrate, a subsequent communication accounts[9] for
good results with no change in the catalyst under milder
conditions. The synthesis of unsymmetrical ethers of secon-
dary benzylic alcohols has also been pursued with other
metals, such as palladium(II).[10] Complexes of this metal,
containing nitrogen and phosphorus bidentate ligands in
conjunction with silver triflate (2 equiv) are selective cata-
lysts for the etherification of secondary benzylic alcohols, al-
though the symmetrical ether is a frequent side product.
Propargylic alcohols have received individual attention in
etherification reactions. The preparation of propargyl ethers
by Lewis acid treatment of alcohols with [Co2(CO)8]-prop-
argyl alcohols[11] has been described. However, the major
drawback of this procedure is that the metal is used in over-
stoichiometric amounts. Alternative catalytic methods which
use a rhenium(V)–oxo complex[12] as an effective catalyst
have been reported to accomplish the etherification of both
internal and terminal propargyl alcohols. Comparatively,
ruthenium was only active with the later substrates.[13] A
rhenium-based catalyst has also been applied to the etherifi-
cation of benzylic alcohols. In this case, the low valent rhe-
nium(I) catalyst[14] has been seen to be more effective for
primary benzylic alcohols. Conversely, the high-valent rheni-
um–oxo complex[15] (very effective with propargylic alco-
hols) was only active with secondary benzylic alcohols, lead-
ing to the corresponding symmetrical or unsymmetrical
ethers with moderate yields as elimination and dispropor-
tion were significant competitive side reactions.
Other than the homogeneous catalysis, the heterogeneous


catalyst has been also developed. For example,
AlPW12O40


[16] has been shown to be a heterogeneous water
resistant Lewis acid that catalyses the etherification of


benzyl alcohols, although solvolytic conditions are required.
On the other hand, the synthesis of a variety of ethers from
alcohols by using Sn and Zr-containing silicate molecular
sieves[17] has been carried out without having to remove
water. Nonetheless, this method is alcohol-structure depen-
dent because of the nature of the catalyst and the need to
diffuse alcohol within the catalyst channels. Thus, despite
the methods reported, the development of new catalysts
which are readily available, active at low loadings and which
offer a broad scope and selectivity is still an open objective
in the synthesis of ethers from alcohols.


Results and Discussion


We report herein, our findings in the synthesis of unsymmet-
rical ethers from alcohols by using the simplest and least ex-
pensive NaAuCl4 catalyst (Scheme 1). The preparation of


unsymmetrical ethers from two different alcohols requires
an appropriate catalytic system that is capable of distin-
guishing between two identical functions and developing a
dissimilar role for each partner.
This condition is an essential requisite to control the se-


lectivity in the reaction, otherwise a mixture of the three
possible products is potentially expected. As the catalyst
must select between two similar substrates, then the stronger
the contrast in the components of the alcohol pairs, the
greater the possibility that the catalyst has of choosing one
of them to play a differentiated role. Initially, we tested the
reaction of the highly reactive primary p-methoxybenzyl al-
cohol 1a with the less-reactive aliphatic primary, secondary
and tertiary alcohols 2a–h. In a first series of runs, alcohol
1a was reacted with aliphatic primary alcohols 2a–e
(5 equiv) (Table 1, entries 1–5) and NaAuCl4 (2%) at 70 8C
for 1 h.
Aliphatic alcohol was used at a moderately higher con-


centration than benzyl alcohol to direct the reaction towards
the formation of the unsymmetrical ether. Linear (2d and
2e, Table 1, entries 4 and 5) a-branched (2a and 2b, en-
tries 1 and 2) and b-branched (2c, entry 3) primary alcohols
reacted under the above conditions without the use of dehy-
drating agents.
The catalyst was also effective in promoting the reaction


of 1a with the secondary alcohol 2 f (Table 1, entry 6) and
with the tertiary alcohols 2g and 2h (Table 1, entries 7
and 8). Owing to the steric hindrance, however, the catalyst
loading had to be increased (5%) to improve the reaction
rate, as did the excess of aliphatic alcohol (10 equiv) in the


Scheme 1. Gold-catalysed etherification of alcohols.
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case of 2g. It is worth mentioning that in our case, and in
sharp contrast with Brçnsted acid catalysis[18] or other prece-
dent methods, the unsymmetrical ether was always the main
product without any contamination of the symmetrical ether
derived from the benzyl alcohol. In addition, the adequate
excess of the aliphatic alcohol 2 used was sufficient to pre-
clude the reaction of alcohol 1a with the water that built up
in the system, thus allowing the reaction to take place with-
out the need for dehydrating agents.
The etherification reaction of 1a with 2 f was selected as a


model and further tested with other AuIII and AuI catalysts.
The efficiency found for AuCl3 and NaAuCl4 was similar but
[AuCl ACHTUNGTRENNUNG(PPh3)] was only effective when a silver salt (AgSbF6)
was added as co-catalyst. Owing to the low cost of NaAuCl4,
we selected this catalyst for further experiments oriented to
determine the scope of the reaction.
Next we tested the synthesis of unsymmetrical ethers with


a more difficult substrate, namely the secondary benzyl alco-
hol 1b (Table 2). To our delight, however, the etherification
of the two secondary alcohols 1b and 2 f (Table 2, entry 3)
was achieved in a very good yield (96%) when using the
gold ACHTUNGTRENNUNG(III) catalyst with a considerably low catalyst loading
(2%) under mild conditions. Similar results were obtained
with primary (entries 1 and 2) and cyclic secondary alcohols
(entry 4).
The reaction could be extended to other secondary benzyl


alcohols (Table 3). Benzhydrol 1c (Table 3, entry 1), methyl
d,l-mandelate 1d (entry 2), sec-phenethyl alcohol 1e
(entry 3) and 9-fluorenol 1 f (entry 4) reacted with 2-propa-
nol 2 f to give the corresponding ethers with a moderate
yield. NaCl4Au, therefore, appears to be a suitable general
catalyst for the etherification of benzylic alcohols (primary


and secondary) with aliphatic primary and secondary alco-
hols.
We subsequently tested the catalytic system in a more


challenging case, this being the preparation of ethers arising
from the reaction of an aliphatic tertiary alcohol with a pri-
mary alcohol (Table 4). The corresponding ethers were ob-
tained (Table 4, entries 1 and 2), but with modest and low
yields, respectively. Nevertheless, the examples we present
are the first to effectively carry out the etherification reac-
tion from such a mixture of alcohols with a transition-metal-
based catalytic system. To test the scope of the reaction fur-
ther, we attempted an etherification reaction arising from a
mixture of cyclooctanol (2 i), an aliphatic secondary alcohol,


Table 1. Gold ACHTUNGTRENNUNG(III)-catalysed etherification of p-methoxy benzyl alcohol.


Entry R�OH (2) Catalyst[a] Product (yield [%])[b]


1 A 3aa (80)


2 B 3ab (58)


3 A 3ac (60)


4 A 3ad (61)


5 A 3ae (58)


6 B 3af (71)


7 B 3ag (76)[c]


8 B 3ah (58)[c]


[a] Catalyst loading: 2% NaAuCl4 (A), 5% NaAuCl4 (B). [b] Isolated
yield. [c] 10 equiv of alcohol 2 were used. Reaction run over 16 h.


Table 2. Gold ACHTUNGTRENNUNG(III)-catalysed etherification of 1-indanol.


Entry R�OH (2) Catalyst[a] Product (yield [%])[b]


1 A 3ba (83)


2 A 3bd (47)[c]


3 A 3bf (96)


4 A 3bi (86)


[a] Catalyst loading: 2% NaAuCl4 (A), 5% NaAuCl4 (B). [b] Isolated
yield. [c] 10 equiv of ethanol were used.


Table 3. Gold ACHTUNGTRENNUNG(III)-catalysed etherification of secondary benzyl alcohols.


Entry Substrate Ether Yield [%][a]


1 56


2 95[b]


3 53


4 58


[a] Isolated yield unless otherwise specified. [b] Unstable product; yield
determined by 1H NMR spectroscopy.
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3-phenylpropanol (2 j) and a primary alcohol. Unfortunately,
the catalyst (5% NaAuCl4 loading) was ineffective in recov-
ering the initial unchanged materials even under forced con-
ditions. Therefore, the tertiary alcohol represents the bor-
derline point regarding the capacity of the catalyst to gener-
ate the electrophilic partner needed to accomplish the ether-
ification reaction. These findings might suggest that the re-
action occurs through a carbocation intermediate.[19]


We then analysed the stereochemical outcome of the reac-
tion to correlate this data with either the presence or ab-
sence of a carbocation in the reaction course. For this pur-
pose, we ran the reaction with homochiral (S)-1-indanol and
2-propanol. The formation of the corresponding racemic
ether, as proved by chiral HPLC, is in agreement with the
carbocation intermediacy (Scheme 2). Therefore, the forma-
tion of a benzyl or tertiary cation would be the crucial step
in the formation of the ether by alcohol dehydration.


The simplified catalytic cycle shown in Scheme 3 contains
the following three steps: 1) coordination of the oxygen
atom of the benzyl alcohol (or tertiary alcohol) to the cata-
lytic species, which could be either NaAuCl4 or AuCl3


(step A); 2) transfer of the hydroxyl group to the metal with
concomitant generation of the intermediate carbocation
(step B); and 3) trapping of the carbocation by the aliphatic
alcohol (step C). This catalytic cycle could account for the
results obtained.


Conclusion


We have described the first effective gold ACHTUNGTRENNUNG(III)-catalysed
method for the synthesis of unsymmetrical ethers from alco-
hols. The results show that primary and secondary benzylic
alcohols can be efficiently mixed with primary and secon-
dary aliphatic alcohols to provide the corresponding ethers
with moderate to good yields under mild conditions. The
catalyst is also active, although less effective, in the most
challenging case, that is, the etherification of an aliphatic
tertiary alcohol. Indeed, no precedents of this type are re-
ported for other transition-metal-based catalytic systems.
The use of a moderate excess of aliphatic alcohol allows the
unsymmetrical ether to be prepared with a good yield and
with no formation of the symmetrical ether derived from
either benzyl or tertiary alcohol. In addition, the water that
builds up in the reaction does not compete as a hydroxylic
reagent with the aliphatic alcohol, thus allowing a good con-
version without the use of dehydrating agents. As far as we
are aware, the reaction developed herein represents the first
example in which an alcohol acts as an electrophile in gold
chemistry. The intermediacy of a carbocation is consistent
not only with the profile of the reacting alcohols, but also
with the stereochemical outcome of the reaction when chiral
alcohols are used.


Experimental Section


General remarks : Proton magnetic resonance and carbon magnetic reso-
nance were recorded at 300 and 75 MHz, respectively, with a Bruker AC-
300 spectrometer. Chemical shifts are reported in (d) ppm relative to the
TMS peak at d=0.0 ppm (1H spectra) and to the CDCl3 peak at d=


77.0 ppm (13C spectra). High Resolution Mass Spectra (HRMS) were de-
termined on a Fisons VG Autospec instrument. Reactions were moni-
tored by analytical thin-layer chromatography by using commercial alu-
minium sheets precoated (0.2 mm layer thickness) with silica gel 60 F254
(E. Merck), and visualisation was effected with short-wavelength UV
light (254 nm). Product purification by flash chromatography was per-
formed by using E. Merck silica gel (230–400 mesh).


Materials : Commercial reagents were supplied by Aldrich and they were
used without further purification. Ethers 3ac,[20] 3ad,[16] 3ae,[18] 3af,[16]


3ag,[16] 3bd,[21] 3cf,[22] 3ef[20] and 3 ff[10] have been described previously.


Representative general procedure for the etherification reaction : A mix-
ture of alcohol 1 (0.4 mmol), alcohol 2 (2 mmol) and NaAuCl4 (2 mol%)
was added to a flask sealed with a Teflon screw-cap and was heated to
70 8C. After being refluxed for 1 h, the reaction mixture was cooled to
room temperature, diluted with ethyl acetate (5 mL), and filtered over
activated aluminium oxide. The solution was then evaporated under re-
duced pressure. The crude material was purified by flash column chroma-
tography (hexane).


1-[(Cyclopentylmethoxy)methyl]-4-methoxybenzene (3aa): Yield: 80%;
colourless oil; 1H NMR (CDCl3): d =7.19 (d, J=8.4 Hz), 6.78 (d, J=


Table 4. Gold ACHTUNGTRENNUNG(III)-catalysed etherification of tertiary alcohols.


Entry R�OH (2) Catalyst[a] Product (yield [%])[b]


1 A 3hj (23)


2 B 3gj (40)


[a] Catalyst loading: 5% NaAuCl4 (A), 10% NaAuCl4 (B). [a] Isolated
yield.


Scheme 2. Etherification with racemisation of the chiral alcohol.


Scheme 3. Catalytic cycle.
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8.4 Hz), 4.37 (s, 2H), 3.73 (s, 3H), 3.23 (d, J=7.1 Hz, 2H), 2.00 (sept.,
J=7.5 Hz, 1H), 1.61–1.70 (m, 2H), 1.41–1.42 (m, 4H), 1.12–1.21 ppm (m,
2H); 13C NMR (CDCl3): d=159.1, 131.0, 129.2, 113.8, 74.8, 72.6, 55.3,
39.5, 29.7, 25.5 ppm; HMRS (EI): m/z : calcd for C13H14O: 220.1463 [M]


+ ;
found: 220.1469.


1-Methoxy-4-(neopentyloxymethyl)benzene (3ab): Yield: 58%; colour-
less oil; 1H NMR (CDCl3): d=7.18 (d, J=8.4 Hz), 6.78 (d, J=8.4 Hz),
4.38 (s, 2H), 3.73 (s, 3H), 3.01 (s, 2H), 0.84 ppm (s, 9H); 13C NMR
(CDCl3): d=158.8, 131.1, 128.8, 113.6, 80.5, 72.8, 55.2, 32.0, 26.7 ppm;
HMRS (EI): m/z : calcd for C13H20O: 208.1463 [M]


+ ; found: 208.1463.


1-(Isopentyloxymethyl)-4-methoxybenzene (3ac): Yield: 60%; colourless
oil; 1H NMR (CDCl3): d=7.19 (d, J=8.4 Hz), 6.80 (d, J=8.4 Hz), 4.36 (s,
2H), 3.73 (s, 3H), 3.39 (t, J=6.7 Hz, 2H), 1.65 (sept., J=6.6 Hz, 1H),
1.42 (m, 2H), 0.82 ppm (d, J=6.6 Hz, 6H); 13C NMR (CDCl3): d=159.0,
130.7, 129.1, 113.7, 72.5, 68.5, 55.2, 38.5, 25.0, 22.6 ppm; HMRS (EI):
calcd for C13H20O: 208.1463 [M]


+ ; found: 208.1463.


1-(Ethoxymethyl)-4-methoxybenzene (3ad): Yield: 61%; colourless oil;
1H NMR (CDCl3): d =7.19 (d, J=8.4 Hz), 6.78 (d, J=8.4 Hz), 4.20 (q,
J=7.0 Hz, 2H), 3.71 (s, 3H), 1.15 ppm (t, J=7.0 Hz, 1H); 13C NMR
(CDCl3): d=158.7, 132.0, 128.7, 113.6, 72.7, 65.8, 55.6, 15.6 ppm; HMRS
(EI): calcd for C10H14O: 166.0993 [M]


+ ; found: 166.0983.


1-Methoxy-4-(pentyloxymethyl)benzene (3ae): Yield: 58%; colourless
oil; 1H NMR (CDCl3): d=7.18 (d, J=8.4 Hz), 6.79 (d, J=8.4 Hz), 4.35 (s,
2H), 3.72 (s, 3H), 3.36 (t, J=6.7 Hz, 2H), 1.50–1.55 (m, 2H), 1.23–1.28
(m, 4H), 0.79–0.84 ppm (m, 3H); 13C NMR (CDCl3): d =159.0, 130.7,
129.1, 113.6, 72.4, 70.1, 55.2, 29.4, 28.3, 22.5, 14.0 ppm; HMRS (EI): calcd
for C13H20O: 208.1463 [M]


+ ; found: 208.1457.


1-(Isopropoxymethyl)-4-methoxybenzene (3af): Yield: 71%; colourless
oil; 1H NMR (CDCl3): d =7.19 (d, J=8.4 Hz), 6.79 (d, J=8.4 Hz), 4.3 (s,
2H), 3.71 (s, 3H), 3.58 (sept., J=6.1 Hz, 1H), 1.12 ppm (t, J=6.1 Hz,
6H); 13C NMR (CDCl3): d=158.9, 131.1, 129.0, 113.6, 70.5, 69.6, 55.2,
22.0 ppm; HMRS (EI): calcd for C11H16O: 180.1150 [M]+ ; found:
180.1146.


1-(tert-Butoxymethyl)-4-methoxybenzene (3ag): Yield: 76%; colourless
oil; 1H NMR (CDCl3): d=7.18 (d, J=8.4 Hz), 6.79 (d, J=8.4 Hz), 4.30 (s,
2H), 3.71 (s, 3H), 1.21 ppm (s, 9H); 13C NMR (CDCl3): d =158.8, 131.9,
128.9, 113.7, 73.2, 63.7, 55.3, 27.7 ppm; HMRS (EI): calcd for C12H18O:
194.1306 [M]+ ; found: 194.1297.


1-Methoxy-4-(tert-pentyloxymethyl)benzene (3ah): Yield: 58%; colour-
less oil; 1H NMR (CDCl3): d=7.19 (d, J=8.4 Hz), 6.78 (d, J=8.4 Hz),
4.20 (s, 2H), 3.71 (s, 3H), 1.52 (q, J=7.5 Hz, 1H), 1.15 (s, 6H), 0.85 ppm
(t, J=7.5 Hz, 3H); 13C NMR (CDCl3): d =158.7, 132.0, 128.7, 113.6, 75.2,
63.2, 55.2, 32.7; 25.2, 8.3 ppm; HMRS (EI): calcd for C13H20O: 208.1463
[M]+ ; found: 208.1461.


1-(Cyclopentylmethoxy)-2,3-dihydro-1H-indene (3ba): Yield: 83%; col-
ourless oil; 1H NMR (CDCl3): d =7.11–7.32 (m, 4H), 4.18–4.85 (m, 1H),
3.26–3.37 (m, 2H), 2.29–3.03 (m, 1H), 2.62–2.76 (m, 1H), 2.21–2.32 (m,
1H), 2.05–2.15 (m, 1H), 1.91–2.02 (m, 1H), 1.62–1.72 (m, 2H), 1.44–1.51
(m, 4H), 1.16–1.21 ppm (m, 2H); 13C NMR (CDCl3): d =143.6, 143.1,
128.0, 126.2, 124.9, 124.7, 83.1, 73.2, 39.6, 32.3, 30.1, 29.6, 29.6, 25.3 ppm;
HMRS (EI): calcd for C15H20O: 216.1514 [M]


+; found: 216.1515.


1-Ethoxy-2,3-dihydro-1H-indene (3bd): Yield: 47%; colourless oil;
1H NMR (CDCl3): d =7.31–7.33 (m, 2H), 7.10–7.18 (m, 2H), 4.48 (dd,
J=6.6, 4.3 Hz, 1H), 3.53 (q, J=7.0 Hz, 2H), 2.95–3.06 (m, 1H), 2.68–2.78
(m, 1H), 2.22–2.33 (m, 1H), 1.94–2.04 (m, 1H), 1.15 ppm (t, J=6.9 Hz,
3H); 13C NMR (CDCl3): d=143.8, 143.0, 128.1, 126.2, 124.9, 124.8, 82.9,
63.9, 32.4, 30.1, 15.5 ppm; HMRS (EI): m/z : calcd for C11H14O: 162.1044
[M]+ ; found: 162.1050.


1-Isopropoxy-2,3-dihydro-1H-indene (3bf): Yield: 96%; colourless oil;
1H NMR (CDCl3): d=7.27–7.30 (m, 1H), 7.10–7.17 (m, 3H), 4.91 (t, J=


6.2 Hz, 1H), 3.78 (sept., J=6.1 Hz, 1H), 2.92–3.02 (m, 1H), 2.71 (quint.,
J=7.7 Hz, 1H), 2.25–2.36 (m, 1H), 1.86–1.97 (m, 1H), 1.15 ppm (dd, J=


6.1, 1.0 Hz, (6H); 13C NMR (CDCl3): d=143.8, 143.3, 127.9, 126.3, 124.7,
124.6, 80.9, 70.2, 33.6, 29.9, 23.1, 22.5 ppm; HMRS (EI): calcd for
C12H16O: 176.1201 [M]


+ ; found: 176.1204.


1-(Cycloheptyloxy)-2,3-dihydro-1H-indene (3bi): Yield: 86%; colourless
oil; 1H NMR (CDCl3): d=7.26–7.29 (m, 1H), 7.11–7.16 (m, 3H), 4.90 (t,


J=6.1 Hz, 1H), 3.61 (sept, J=6.0 Hz, 1H), 2.64–2.74 (m, 1H), 2.24–2.35
(m, 1H), 1.84–1.93 (m, 2H), 1.56–1.68 (m, 4H), 1.46–1.51 (m, 4H), 1.31–
1.38 ppm (m, 2H); 13C NMR (CDCl3): d=143.9, 143.2, 127.8, 126.3,
124.7, 124.6, 80.8, 78.9, 35.1, 34.2, 33.6, 29.9, 28.4, 28.2, 23.0, 22.8 ppm;
HMRS (EI): m/z : calcd for C16H22O: 230.1670 [M]


+ ; found: 230.1668.


(Isopropoxymethylene)dibenzene (3cf): Yield: 56%; colourless oil;
1H NMR (CDCl3): d =7.15–7.32 (m, 10H), 5.43 (s, 1H), 3.62 (sept., J=


6 Hz, 1H); 1.16 ppm (d, J=6 Hz, 6H); 13C NMR (CDCl3): d =142.2,
128.2, 127.2, 127.0, 80.4, 69.0, 22.2 ppm; HMRS (EI): m/z : calcd for
C16H18O: 226.1357 [M]


+ ; found: 226.1362.


(1-Isopropoxyethyl)benzene (3ef): Yield: 53%; colourless oil; 1H NMR
(CDCl3): d=7.20–7.30 (m, 8H), 4.50 (q, J=6 Hz, 1H), 3.44 (sept., J=


6 Hz, 1H), 1.37 (d, J=6 Hz, 3H), 1.11 (d, J=6 Hz, 3H), 1.06 ppm (d, J=


6 Hz, 3H); 13C NMR (CDCl3): d=144.8, 128.2, 127.1, 126.0, 74.5, 68.4,
24.7, 23.3, 21.3 ppm; HMRS (EI): calcd for C8H9O: 121.0653 [M�43]+ ;
found: 121.0640.


(9-Isopropoxy)fluorene (3 ff): Yield: 58%; colourless oil; 1H NMR
(CDCl3): d=7.53–7.59 (m, 4H), 7.18–7.33 (m, 4H), 5.50 (s, 1H), 3.74
(sept., J=6 Hz, 1H), 1.13 ppm (d, J=6 Hz, 6H); 13C NMR (CDCl3): d=


144.3, 140.4, 128.7, 127.4, 125.4, 119.8, 79.7, 69.9, 23.7 ppm; HMRS (EI):
m/z : calcd for C16H16O: 224.1201 [M]


+ ; found: 224.1202.


[3-(tert-Pentyloxy)propyl]benzene (3hj): Yield: 23%; colourless oil;
1H NMR (CDCl3): d=7.07–7.22 (m, 5H), 3.25 (t, J=6.4 Hz, 2H), 2.61 (t,
J=7.8 Hz, 2H), 1.73–1.82 (m, 2H), 1.42 (q, J=7.5 Hz, 2H), 1.05 (s, 6H),
0.80 ppm (t, J=7.5 Hz, 3H); 13C NMR (CDCl3): d=142.3, 128.4, 128.2,
125.5, 74.4, 60.2, 32.7, 32.5, 32.1, 25.0, 8.2 ppm; HMRS (EI): m/z : calcd
for C14H22O: 205.1592 [M]


+ ; found: 205.1548.


(3-tert-Butoxypropyl)benzene (3gj): Yield: 40%; colourless oil; 1H NMR
(CDCl3): d=7.09–7.24 (m, 4H), 3.30 (t, J=6.4 Hz, 2H), 2.63 (t, J=


8.1 Hz, 2H), 1.75–1.85 (m, 2H), 1.13 ppm (s, 9H); 13C NMR (CDCl3): d=


142.2, 128.4, 128.2, 125.6, 72.5, 60.7, 32.4, 32.1, 27.6 ppm; HMRS (EI):
calcd for C12H17O: 177.1279 [M�15]+ ; found: 177.1259.
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Precursor Approach to Lanthanide Dioxo Monocarbodiimides Ln2O2CN2
(Ln=Y, Ho, Er, Yb) by Insertion of CO2 into Organometallic Ln–N
Compounds


Martin Zeuner, Sandro Pagano, and Wolfgang Schnick*[a]


Introduction


In the last few years, oxidic and nitridic lanthanide-contain-
ing materials have received considerable attention due to
their outstanding properties, which mainly originate from
the f-elements.[1] Numerous applications in heterogeneous
and homogeneous catalysis,[2–4] semi- and superconductivi-
ty,[5–7] and the development of novel phosphor materials for
application in highly efficient white-light-emitting phosphor-
converted (pc) LEDs have been reported.[8,9] Hence, there is
a strong demand for new routes towards nitrogen-containing


lanthanide compounds which are useful precursors in solid-
state synthesis. On this background we are targeting simple
molecular precursor compounds with ligands exhibiting an
adequate thermal lability for subsequent pyrolysis reactions.
The reaction of Cp3Ln complexes (Ln=Sm, Dy, Ho, Er,
Yb) with liquid ammonia yielded sublimable ammine com-
plexes. Thermal treatment of these ammine complexes
yielded the respective dimeric amido complexes 1 [Eqs. (1)
and (2); Ln=Dy, Ho, Er, Yb]. Characterization and thermal
degradation of the latter yielding nanocrystalline LnN solids
has recently been reported.[10,11]


Partial substitution of O by N in lanthanide-containing Si/
N materials (nitridosilicates)[12–14] allowed tailor-made tuning
of luminescent properties for industrial application of these


Abstract:We present two organometal-
lic precursor approaches leading to the
hitherto-unknown dioxo monocarbodii-
mides (Ln2O2CN2) of the late lantha-
nides Ho, Er, and Yb as well as yttri-
um. One involves insertion of CO2, and
the other one is a straightforward route
using a molecular single-source precur-
sor. To this end the reactivity of the ac-
tivated amido lanthanide compound
[(Cp2ErNH2)2] towards carbon dioxide
absorption under supercritical condi-
tions was studied. Selective insertion of
CO2 into the amido complex yielded
the single-source precursor [Er2-
ACHTUNGTRENNUNG(O2CN2H4)Cp4], which was character-
ized by vibrational spectroscopy and
thermal and elemental analyses. Am-
monolysis of this amorphous com-


pound at 700 8C affords Er2O2CN2. To
gain deeper insight into the structural
characteristics of the amorphous pre-
cursor, a similar molecular carbamato
complex was synthesized and fully
characterized. X-ray structure analysis
of the dimeric complex [Cp4Ho2{m-
h1:h2-OC ACHTUNGTRENNUNG(OtBu)NH}] shows an unusual
bonding mode of the tert-butylcarba-
mate ligand, which acts as both a bridg-
ing and side-on chelating group. Am-
monolysis of this compound also yield-
ed dioxo monocarbodiimides, and


therefore the crystalline carbamato
complex turned out to be an alterna-
tive precursor for the straightforward
synthesis of Ln2O2CN2. Analogously,
the dioxo monocarbodiimides of Y, Ho,
Er, and Yb were synthesized by this
route. The crystal structures were de-
termined from X-ray powder diffrac-
tion data and refined by the Rietveld
method (Ln=Ho, Er). Further spectro-
scopic characterization and elemental
analysis evidenced the existence of
phase-pure products. The dioxo mono-
carbodiimides of holmium and erbium
crystallize in the trigonal space group
P3̄m1. According to X-ray powder dif-
fraction, they adopt the Ln2O2CN2


(Ln=Ce–Gd) structure type.
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compounds.[8,9] Therefore, it is intriguing to integrate oxygen
into C/N compounds (e.g., nitridocarbonates). During our
studies on the reactivity of lanthanide amine and amido
complexes towards CO2, we synthesized a number of O/C/
N-containing precursors.[15] Our studies revealed the forma-
tion of amorphous carbamate-containing compounds. The
present study corroborates the controllable formation of Ln/
O/C/N-containing single-source precursors by absorption
and fixation of CO2. Carbon dioxide was used as a preorgan-
ized C/O donor forming labile carbamate intermediates.
These compounds turned out to be excellent starting materi-
als for the synthesis of hitherto unavailable species in the
system Ln/O/C/N. Lanthanide dioxo monocarbodiimides
Ln2O2CN2 (Ln=La–Gd) have been known since 1995 and
were originally synthesized by treating the oxides with a
stream of NH3 at 950 8C in a graphite crucible.[16,17] Two dif-
ferent structure types have been reported, both of which
consist of [Ln2O2]


2+ layers. La2O2CN2 crystallizes with a tet-
ragonal lattice in which La is coordinated by four oxygen
and four nitrogen atoms. As a result of the smaller ionic
radii the following lanthanides (Ce–Gd) are coordinated by
four oxygen and three nitrogen atoms in a trigonal lattice.
The closely related lanthanide oxo sulfides are of relevance
as phosphors for cathode ray tube (CRT) phosphors and X-
ray scintillators.[18,19] Therefore doped lanthanide dioxo
monocarbodiimides have attracted much attention.[20–23] This
is due to the fact that the presence of [Ln2O2]


2+ layers in
the structure may be responsible for interesting lumines-
cence properties.[24] To increase the doping range new syn-
thetic pathways involving a sol–gel method were studied.[25]


However, attempts to synthesize lanthanide dioxo monocar-
bodiimides of the heavy rare earth elements have yet not
been successful. By studying metathesis reactions between
lanthanide chlorides and lithium cyanamide Meyer et al.
were recently able to obtain Y2O2CN2


[26] as well as the
second formula type in the system Ln/O/C/N with composi-
tion La2O ACHTUNGTRENNUNG(CN2)2.


[27] These recent results and the rapidly
growing chemistry of main group[28–30] and transition
metal[31,32] carbodiimides underline the increasing interest in
materials based on nitrido- and oxonitridocarbonates.


Here we report two organometallic pathways towards
phase-pure synthesis of the heavy lanthanide dioxo mono-
carbodiimides, one of which involves insertion of CO2 into
the amido complex [(Cp2ErNH2)2] (1) to form the single-
source precursor [Er2ACHTUNGTRENNUNG(O2CN2H4)Cp4] (2). To provide a
deeper insight into the structural characteristics of the car-
bamate precursor, the crystalline carbamato complex
[Cp4Ho2{m-h


1:h2-OCACHTUNGTRENNUNG(OtBu)NH}] (3) was synthesized and
fully characterized. After ammonolysis, both precursors
yielded the thus far unknown dioxo monocarbodiimides of
Er and Ho.


Results and Discussion


Heterogeneous solid–gas reaction of 1 in supercritical CO2 :
We investigated the insertion of CO2 into lanthanide amido


compounds under various reaction conditions.[15] The use of
supercritical CO2 (scCO2) allows reactions to be carried out
in “liquid” carbon dioxide under mild reaction conditions.
To investigate the dependence of CO2 insertion on tempera-
ture and pressure, 1 was transferred to a pressure vessel and
brought to reaction with scCO2 at 50 8C and 150 8C. The
solids were analyzed by elemental analysis, thermal analysis,
and IR spectroscopy. The IR spectra of the carboxylation
products and of ammonium carbamate are depicted in
Figure 1.


The carboxylation product obtained at 50 8C still shows
the typical stretching and deformation vibrations of the cy-
clopentadienyl ligands at 3088, 3070, 1357, 1010, 783, and
773 cm�1,[33, 34] that is, degradation and elimination of the Cp
rings has not occurred. This is probably due to the mild re-
action conditions of scCO2 at 50 8C. The bands at 3381,
3300, and 3225 cm�1 can be identified as the N�H stretching
vibrations of the amido group. In contrast the carboxylation
product obtained at 150 8C shows a broadening of the vibra-
tional bands and a significant degradation of the Cp ligands,
as evidenced by the decrease of the bands at 1013 and
782 cm�1 and the absence of that at 3088 cm�1. This may be
due to thermal degradation, but it more likely indicates that
CO2 insertion into the Er�C bond has occurred. Such an in-
sertion into the Ln�C bond and formation of a carboxylato
complex has been observed by Evans et al.[35] The absorp-
tions at 1013 and 782 cm�1 are related to the Er–Cp (out-of-
plane and in-plane wagging)[36] vibrations. Insertion of CO2


into the Er�C bond increases the distance to the ligands and
hence decreases the intensity of these vibrations. Further-
more, broadening of the N�H stretching vibrations indicate
N�H··N hydrogen bonds between the molecular units in the
solid and thus cross-linking between the molecules to form a
polymeric product.[37] The spectrum of ammonium carba-
mate also shows very broad N�H and O�H vibrational
bands due to hydrogen-bonded carbonyl and ammonium
moieties. The spectra have three strong bands between 1650


Figure 1. FTIR spectra of the carboxylation product of 1 after reaction in
supercritical CO2 (top: T=50 8C, p=220 bar; middle: T=150 8C, p=


220 bar) and ammonium carbamate[15] (bottom).
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and 1400 cm�1 in common (Figure 1). They are assigned to
the C=O and C=N moieties of carbamato derivatives.[38]


Due to their similar shape and nearly identical absorption
pattern to the IR spectrum of ammonium carbamate, the
formation of carbamate complexes is highly probable.


Elemental analysis of the carboxylation product obtained
at 50 8C suggested the composition Er/O/C/N/H=2/2/21/2/24
corresponding to the formula [Er2 ACHTUNGTRENNUNG(O2CN2H4)Cp4] (2). The
elemental analysis corroborates the insertion of one carbon
dioxide molecule per dimeric amido complex forming a car-
bamate moiety.


In contrast, the elemental analysis of the carboxylation
product obtained at 150 8C exhibits a composition of Er/O/
C/N/H=2/10/25/2/24. The resulting formula [Er2ACHTUNGTRENNUNG(O2CNH2)2-
ACHTUNGTRENNUNG(CO2)3Cp4] corresponds to five CO2 molecules per dimeric
complex. This extensive coordination of oxygen at the metal
center results in a product which is transformed into Er2O3


by pyrolysis.
These results demonstrate that the amount of CO2 insert-


ed into the complexes is predominantly dependent on the
reaction temperature if the pressure is held constant. Fur-
thermore, the findings highlight the importance of adding
one equivalent of CO2 per amido complex in order to
obtain useful carbamate precursors and to avoid the forma-
tion of lanthanide oxides during subsequent pyrolysis reac-
tions.


The reaction of 1 in scCO2 at 50 8C is shown in Equa-
tion (3).


We are particularly interested in thermally induced cleav-
age and elimination of the Cp ligands to obtain a deeper in-
sight into the reaction conditions required for the prepara-
tion of highly condensed and defined inorganic solids.


Thermogravimetric/differential thermal analysis (TG/
DTA) measurements on 2 between 25 and 1400 8C were sup-
ported by in situ mass spectrometry of the gaseous pyrolysis
products. In contrast to pyrolysis of 2 in gaseous ammonia
affording Er2O2CN2, the TG/DTA measurements were car-
ried out under He atmosphere and yielded an amorphous
residue. This underlines the importance of using a reductive
atmosphere to obtain carbodiimides from carbamate precur-
sors. Nevertheless, coupling of TG/DTA with in situ mass
spectrometry provides useful information about the degra-
dation process. The ion flow exhibits one strong, broad max-
imum at 147 8C related predominantly to elimination of Cp
ligands. CO2 as a pyrolysis product was observed between
50 and 500 8C. However, in the temperature range before
and after 147 8C the MS only shows signals of CO2. This is
consistent with fast and complete loss of all Cp ligands to
leave a residue which continuously releases CO2 under a
nonreducing atmosphere.


Differential scanning calorimetry (DSC) measurements
on 2 at a heating rate of 5 8Cmin�1 in a closed aluminum


crucible revealed two weak and one broad endothermic sig-
nals at 166, 200, and 233 8C, respectively (Figure 2).


The broad signal at 233 8C can be attributed to loss of the
Cp rings. DSC and TG/DTA measurements on 2 indicate
differences in thermal behavior; the higher degradation tem-
perature results from the different pressure conditions of
the DSC and TG/DTA measurements.


Pyrolysis of 2 : To achieve complete cleavage and elimina-
tion of the organic ligands and thereupon force the precur-
sor to condense, pyrolysis under a stream of dry ammonia
was studied. To this end, a special Schlenk line with ammo-
nia dried over Na and K was employed. The results from
TG/DTA measurements under inert gas indicate the onset
of thermal decomposition of the organic ligands at 122 8C.
Under ammonia atmosphere the temperature must exceed
250 8C to achieve significant mass loss, which is consistent
with the DSC measurements. Consequently, 2 was pyrolyzed
at 250 8C to remove the organic moieties.


Subsequent thermal treatment of the product of the reac-
tion up to 700 8C under NH3 atmosphere resulted in forma-
tion of a black solid, which showed a broadened diffraction
pattern similar to that of trigonal Ln2O2CN2 (Ln=Ce–Gd).
To obtain higher crystallinity a LiCl/KCl flux was applied by
analogy to recent reports in lanthanide carbodiimide
chemistry.[27,39, 40] After the first decomposition stage at
250 8C the product was mixed with a eutectic mixture of
LiCl and KCl. After annealing at 700 8C, a gray-purple prod-
uct was obtained. X-ray powder diffraction (XRPD) pat-
terns indicated formation of a highly crystalline solid. For-
mation of hexagonal platelets was observed by scanning
electron microscopy (SEM). An SEM image of the reaction
product after separation from the LiCl/KCl flux is depicted
in Figure 3.


With the structural model of Eu2O2CN2,
[16] the structure


of Er2O2CN2 was refined by the Rietveld method with the
program GSAS.[41] Figure 4 depicts the Rietveld plot of
Er2O2CN2. Details of the structure determination are sum-
marized in Table 1. The atom positions and isotropic dis-
placement parameters can be found in the Supporting Infor-
mation.


Figure 2. Differential scanning calorimetry of 2 between room tempera-
ture and 400 8C. The significant thermal event at 233 8C can be attributed
to loss of the Cp rings.
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FTIR spectroscopic investigations of Er2O2CN2 show the
typical two absorption bands for carbodiimides: nas and ns at
2157 and 652 cm�1, respectively. Compared to the IR data of
the early lanthanide dioxo monocarbodiimides,[16] the vibra-
tional frequencies of the nas band increase with decreasing
radii of the corresponding cations. An analogous effect has
been observed in the spectroscopic data of the alkaline
earth metal cyanamides and can be explained by the recip-
rocal relation between the polarization of the nitrogen
atoms and the size of the cations. This polarization reduces
the repulsion between the lone pairs of the nitrogen atoms.
Consequently, the antibonding interactions decrease and the
C�N bonding is stabilized.[29,42]


Due to the large mass difference between the lanthanide
and the carbodiimide it is an intrinsic problem to obtain pre-
cise information about the C�N bond lengths; therefore, the
C�N bond had to be held at 1.22 S.


Elemental analysis of the ammonolysis product indicated
a composition of Er/O/C/N=2/2/1/2. The resulting formula
Er2O2CN2 supports the formation of phase-pure erbium
dioxo monocarbodiimide.


In summary the degradation step can be represented by
Equation (4).


The overall yield of Er2O2CN2 obtained in four reaction
steps based on Cp3Er as starting material [Eqs. (1)–(4)] is
25.6 mol%. In brief, we were able to synthesize pure lantha-
nide dioxo monocarbodiimides starting from ammonia and
CO2 by employing the well-known Cp3Ln complexes as mo-
lecular precursors [Eq. (5)]. The oxophilic character of the
lanthanides is the driving force for the reaction.


Synthesis and characterization of 3 : For the synthesis of a
crystalline carbamate complex, tert-butyl carbamate was
considered as an appropriate ligand as it is easily available
and has an unprotected amine moiety. Earlier pyrolysis reac-
tions with N-alkylated lanthanide carbamato complexes
such as Eu4ACHTUNGTRENNUNG(O2CNiPr2)12 resulted in formation of spurious
byproducts.[43] As illustrated in Scheme 1, Cp3Ho reacts with
one equivalent of tert-butyl carbamate in toluene to give


Figure 3. Scanning electron microscopy image of Er2O2CN2.


Figure 4. Final Rietveld refinement plot for Er2O2CN2. Observed (+),
calculated (line), and difference profile of the X-ray powder diffraction
are plotted on the same scale. Bragg peaks for Er2O2CN2 are indicated
by vertical lines.


Table 1. Results of the Rietveld refinement of Er2O2CN2 and Ho2O2CN2.


Er2O2CN2 Ho2O2CN2


formula weight 406.54 401.88
crystal system trigonal
space group P3̄m1 (No. 164)
radiation (l [S]) CuKa1 (1.5406)
a [S] 3.67440(5) 3.70424(3)
c [S] 8.13371(17) 8.16923(13)
V [S3] 95.104(3) 97.07(3)
Z 1 1
1calcd [g cm


�3] 7.10 6.87
diffractometer STOE Stadi P Huber G670
q range [8] 3�q�35.02 3�q�43.95
structure parameters 5 5
background function shifted Chebyshev
coefficients 12 32
wRp (fitted) 0.0617 0.0296
wRp (background) 0.1397 0.0643
Rp (fitted) 0.0399 0.0197
Rp (background) 0.0591 0.0438
c2 3.521 1.477
R2


F 0.0941 0.0470
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[Ho2{m-h
1:h2-OC ACHTUNGTRENNUNG(OtBu)NH}2Cp4] (3), as determined by X-


ray crystal structure analysis (Figure 5).


Details of the structure refinement are summarized in
Table 2. The atomic coordinates, anisotropic displacement
parameters, and bond lengths and angles of 3 are given in
the Supporting Information. The unit cell contains two
crystallographically independent [Ho2{m-h


1:h2-OC-
ACHTUNGTRENNUNG(OtBu)NH}2Cp4] moieties and two toluene molecules. Hy-
drogen atoms were calculated (CH) or unequivocally found
in the difference Fourier map (NH) and refined with fixed
isotropic thermal parameters.


The X-ray structure analysis reveals an unusual bonding
mode of the carbamato ligand, which acts as both a bridging
and side-on chelating group. Due to delocalization of the O-
C-N fragment, the O1�C1 and C1�N1 distances of 1.297(5)
and 1.285(6) S, respectively, are between single- and
double-bond lengths.[44] Each Ho atom is coordinated by
two Cp groups, one chelating O-C-N fragment, and one
bridging oxygen atom from another carbamato ligand. The
Cp rings are perpendicular to the coplanar carbamato li-


gands. The distances between the Cp rings and the lantha-
nide atoms, as well as between the bridging oxygen and lan-
thanide atoms, correspond well with the expected ranges
given in the literature for dimeric LnCp complexes.[45] The
Ho1�N1 distance of 2.408(4) S is slightly shorter than a
Ho�N donor bond[10] and underlines the electronic delocali-
zation of the O-C-N group. The IR spectrum of 3 is depicted
in Figure 6.


The characteristic absorption bands of the Cp ligand can
be found at 3091, 1013, 790, and 770 cm�1. The signals at
3519 and 3404 cm�1 can be identified as N�H stretching vi-


Scheme 1. Reaction of Cp3Ho with tert-butyl carbamate to form 3.


Figure 5. Molecular structure of 3 at 130 K (50% probability ellipsoids).
Hydrogen atoms except NH are omitted for clarity.


Table 2. Crystallographic data for 3.


formula C30H40HoN2O2·C7H8


M [gmol�1] 914.65
crystal system triclinic
space group P1̄
diffractometer STOE IPDS Single Crystal
l ACHTUNGTRENNUNG(MoKa1) [S] 0.71073
T [K] 130
a [S] 10.442(2)
b [S] 13.085(3)
c [S] 13.817(3)
a [8] 90.95(3)
b [8] 91.11(3)
g [0] 110.26(3)
V [S3] 1770.3(6)
Z 2
1calcd [g cm


�3] 1.716
F ACHTUNGTRENNUNG(000) 900
m [mm�1 4.477
crystal size [mm3] 0.33U0.17U0.1
diffraction range 2.95�q�30.44
index range �14�h=14, �18�k�18, �19� l�19
total reflections 21017
independent reflections 9686 (Rint=0.0345)
observed reflections 6952
refined parameters 387
absorption correction multiscan
min./max. transmission ratio 0.422/0.647
min./max. residual electron
density [eS�3]


�1.184/1.654


GoF 0.922
final R indices [I>2s(I)] R1=0.0302, wR2=0.671
R indices (all data) R1=0.0515, wR2=0.0725[a]


[a] w= [s2(F2
o)+ (0.0411P)2+0.00P]�1 where P= (F2


o+2F2
c)/3.


Figure 6. FTIR spectrum of 3 recorded as KBr pellet between 400 and
4000 cm�1.
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brations, and the bands at 2974 and 2933 cm�1 as C�H
stretching frequencies of the tert-butyl group. The absorp-
tion at 1569 cm�1 can be assigned to the delocalized mode
of the O-C-N fragment, according to literature data.[44,46]


Considering the broader absorptions for amorphous com-
pounds the signals in the region between 1650 and
1400 cm�1 correspond well with those of the CO2 insertion
products mentioned above (Figure 1). Therefore, the IR
data of 3 add another piece of evidence for formation of car-
bamate compounds by insertion of CO2 into lanthanide
amido complexes.


Crystalline 3 was obtained by recrystallization from cold
toluene, which decreased the yield to 50% based on Cp3Ho.
An amorphous precursor with identical composition and py-
rolysis behavior can be obtained in nearly quantitative yield
by stirring Cp3Ho and tert-butyl carbamate in toluene and
subsequently removing the solvent. Consequently, the fol-
lowing reactions were carried out using the amorphous de-
rivative of 3 (3a).


Pyrolysis of 3a : Temperature-programmed XRPD patterns
of 3 recorded under inert gas atmosphere indicated X-ray
amorphous character of the intermediate product above
50 8C. This observation is supported by the TG/DTA meas-
urements indicating the onset of the decomposition at 45 8C
accompanied by an endothermic DTA signal. The TG/DTA
measurements were performed analogously to those for 2
and afforded Ho2O3 under a nonreducing atmosphere. The
ion flow has two maxima between 100 and 130 8C, which
consisting mostly of fragments of the tert-butyl group (e.g.,
isobutene) and the Cp ligands. In the region between 150
and 200 8C CO2 is the prevailing species. These events are
also indicated by the DSC curve (Figure 7) as endothermic
features at 114, 128, and 150 8C, respectively. Above 200 8C
the TG/DTA measurements provide no significant informa-
tion, which is also in accordance with the DSC curve.


Ammonolysis of 3a in a manner analogous to 2 afforded
phase-pure and crystalline Ho2O2CN2, as proven by elemen-
tal analysis, FTIR spectroscopy, and Rietveld refinement.


Details of the structure determination are summarized in
Table 1. The Rietveld plot, atom positions, and isotropic dis-
placement parameters of Ho2O2CN2 can be found in the
Supporting Information.


Starting from 3a we were able to increase the yield to
66% with respect to Cp3Ho. Based on the gaseous pyrolysis
products detected during the TG/DTA measurements, the
ammonolysis reaction yielding dioxo monocarbodiimides
can be formulated as Equation (6).


TG/DTA measurements carried out for Ho2O2CN2 from
room temperature to 1400 8C under He atmosphere indicate
its decomposition around 1020 8C by an endothermic DTA
signal. The final pyrolysis product was analyzed by XRPD
and found to consist of Ho2O3 and HoN. Hence, Ho2O2CN2


continues the trend of a remarkable increase in degradation
temperature with decreasing ionic radius of the lanthanide,
as reported for known dioxo monocarbodiimides.[16]


The same approach was also applied to the synthesis of
Er2O2CN2 and to Y2O2CN2, which recently has been de-
scribed in the literature,[26] and gave the desired products in
good yields and phase-pure, as proven by XRPD. On ex-
tending the synthesis to Yb2O2CN2, the resulting powder
pattern showed another unidentified phase. Investigations
are presently underway to characterize and understand the
formation of the byproduct and thereafter clarify the struc-
tural parameters of Yb2O2CN2. Until now, Er is the heaviest
rare earth element to form phase pure dioxo monocarbodii-
mides Ln2O2CN2.


Conclusion


We were able to utilize CO2 as a preorganized C/O donor
for the synthesis of novel O/C/N-containing lanthanide car-
bamate precursors. Insertion of CO2 into lanthanide amido
complex 1 forming a lanthanide carbamate “single-source”
precursor with the formula [Er2ACHTUNGTRENNUNG(O2CN2H4)Cp4] has been in-
vestigated. Furthermore, the amount of CO2 inserted can be
controlled by the supercritical reaction conditions. Decom-
position of 2 was investigated by TG/DTA, DSC, and mass
spectrometry. Ammonolysis of 2 by employing a LiCl/KCl
flux yielded highly crystalline and phase-pure dioxo mono-
carbodiimide Er2O2CN2, whose crystal structure was refined
based on XRPD data by the Rietveld method. Therefore,
we were able to use the insertion of CO2 into organic pre-
cursors to obtain new solid-state compounds. As demon-
strated above, labile carbamate intermediates turned out to
be excellent starting materials for the synthesis of hitherto-
unavailable species in the system Ln/O/C/N. Additionally,
we developed a straightforward pathway using a classical
precursor route with preorganization at the metal center.


Figure 7. Differential scanning calorimetry of 3a between room tempera-
ture and 400 8C. The significant thermal events at 114 and 128 8C can be
attributed to loss of the cyclopentadienyl rings and the tert-butyl group.
The signal at 150 8C results from released CO2.


Chem. Eur. J. 2008, 14, 1524 – 1531 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1529


FULL PAPERLanthanide Dioxo Monocarbodiimides



www.chemeurj.org





Thus, crystalline lanthanide tert-butyl carbamato complex 3
was synthesized and fully characterized. Ammonolysis of 3a
yielded phase-pure Ho2O2CN2 with significantly improved
yields. This pathway was successfully applied to Y2O2CN2,
Er2O2CN2, and Yb2O2CN2, whereas Er2O2CN2 represents
the present borderline for the phase-pure synthesis of lan-
thanide dioxo monocarbodiimides. The present study shows
that the oxophilicity of the well known Cp3Ln complexes
can be utilized to bind gaseous reactants such as CO2 or am-
monia and thus use them for tailor-made precursor design in
the synthesis of solid-state materials to form compounds
which are inaccessible by standard routes. Y2O2CN2 as host
lattice in combination with Er2O2CN2 as dopant has poten-
tial for the synthesis of new sorts of NIR phosphors.


Experimental Section


Unless otherwise stated, all manipulations were performed with rigorous
exclusion of oxygen and moisture in flame-dried Schlenk-type glassware
on a Schlenk line interfaced to a vacuum line (10�3 mbar) or in an argon-
filled glovebox. Argon was purified by passage over columns of silica gel,
molecular sieves, KOH, P4O10, and titanium sponge (700 8C). Ammonia
was predried by passage over columns of KOH and CrII oxide catalyst,[47]


and then condensed and stored over Na and K before use. Toluene was
refluxed and distilled over LiAlH4 under argon immediately prior to use.
Cp3Ln compounds (Ln=Y, La, Ho, Er, Yb) were prepared according to
well-known procedures[48] and sublimed twice before use (10�3 mbar,
120–250 8C). Further treatment of Cp3Er in liquid ammonia and subse-
quent pyrolysis afforded 1 according to recent investigations.[10] CO2 was
of 4.5 grade (Air Liquide). tert-Butyl carbamate was purchased from
Alfa Aesar and used without purification.


General procedure for reactions in supercritical CO2 : The starting mate-
rial was introduced into a Parr high-pressure vessel (Type 4740) with a
Parr gage block (Type 4316) and connected to a gas vacuum line. Carbon
dioxide was desublimed by cooling the vessel to �80 8C until sufficient
solid CO2 was present. The reaction vessel was closed and warmed slowly
to the desired temperature. A pressure of 220–280 bar was observed
during the reaction. After two days, the pressure was reduced carefully
by opening the valve of the unit and the vessel was opened in an argon-
filled glove box. An orange powder was isolated and analyzed by IR
spectroscopy and elemental analysis.


ACHTUNGTRENNUNG[Er2ACHTUNGTRENNUNG(O2CN2H4)Cp4] (2): [(Cp2ErNH2)2] (300 mg, 0.48 mmol); reaction
temperature 50 8C, 3 days, pressure 220 bar, orange powder. Yield:
257.6 mg (80%). Elemental analysis calcd (%) for 2 (670.1): C 37.6, H
3.6, N 4.2, O 4.8, Er 49.9; found: C 37.4, H 3.77, N 4.2, O 4.5, Er 49.6. IR
(KBr): ñ=3501 (m), 3479 (m), 3381 (m), 3300 (m), 3225 (m), 3088 (w),
3070 (sh), 1621 (s), 1554 (s), 1452 (s), 1357 (m), 1289 (m), 1122 (vw),
1084 (w), 1058 (m), 1010 (s), 890 (vw), 783 (s), 773 (sh), 715 (m), 683
(m), 451 cm�1 (m).


ACHTUNGTRENNUNG[Er2ACHTUNGTRENNUNG(O2CNH2)2 ACHTUNGTRENNUNG(CO2)3Cp4]: [(Cp2ErNH2)2] (300 mg, 0.48 mmol), reaction
temperature 150 8C, 4 days, pressure 220 bar, orange powder. Elemental
analysis calcd (%) for [Er2 ACHTUNGTRENNUNG(O2CNH2)2} ACHTUNGTRENNUNG(CO2)3Cp4] (847.0): C 35.5, H 2.9,
N 3.3, O 18.9, Er 39.5; found: C 32.6, H 2.7, N 3.2, O 19.0, Er 40.0. IR
(KBr): ñ=3501 (w), 3378 (w), 3060 (vw), 2965 (w), 2936 (w), 1628 (vs),
1532 (vs), 1429 (vs), 1290 (s), 1132 (w), 1058 (w), 1012 (w), 892 (vw), 782
(m), 737 (m), 715 (m), 468 (w), 430 cm�1 (w).


ACHTUNGTRENNUNG[Ho2{m-h
1:h2-OC ACHTUNGTRENNUNG(OtBu)NH}Cp4] (3): A solution of tert-butyl carbamate


(87.8 mg, 0.75 mmol) in toluene ( 3 mL) was added to a suspension of
Cp3Ho (270 mg, 0.75 mmol) in toluene (15 mL) at 15 8C. After stirring
for 1 h, the mixture was cooled to 6 8C for 16 h to give 3 as orange crys-
tals. Yield: 165 mg (54%). IR (KBr): ñ=3519 (w), 3404 (w), 3091 (vw),
2973 (w), 2933 (vw), 1648 (vs), 1569 (m), 1422 (m), 1370 (w), 1254 (w),
1172 (w), 1081 (w) 1013 (w), 790 (m), 770 (s), 435 cm�1 (w).


General procedure for the pyrolysis reaction leading to Ln2O2CN2 : The
precursor was ground in a mortar, placed in a dry alumina boat and
transferred to a silica tube which was connected to a Schlenk line. The
silica tube was heated in a Reetz collapsible tube furnace (LK-1100-45-
250) controlled by an Omron (RE.LB.1.P16) temperature controller. The
solid was heated under vacuum to 120 8C to remove residual solvent. A
flowing stream of dry ammonia gas was adjusted and the solid was
heated (5 8Cmin�1) to 250 8C. The temperature was maintained for 2 h. A
change in color and a weight loss of approximately 50% were observed.
Afterwards the alumina boat was cooled to room temperature and trans-
ferred to a glove box. The solid was ground together with the same
amount of an eutectic mixture of dry LiCl and KCl. Subsequently, the re-
action mixture was again transferred to the silica tube and heated
(5 8Cmin�1) under a stream of ammonia gas to 700 8C. After 2 h the am-
monia stream was shut off and the temperature was maintained for 18 h.
The product was washed twice with water to remove the flux.


Er2O2CN2 : Yield (54%). Elemental analysis calcd (%) for Er2O2CN2


(406.5): C 3.0, H 0.0, N 6.9, O 7.9, Er 82.3; found: C 3.0, H <0.1, N 6.4,
O 8.4, Er 81.4. IR (KBr): ñ=2157 (s), 652 (m), 447 cm�1 (s).


Ho2O2CN2 : Yield (66%). Elemental analysis calcd (%) for Ho2O2CN2


(401.9): C 3.0, H 0.0, N 7.0, O 8.0, Ho 82.0; found: C 3.0, H <0.1, N 6.6,
O 8.4, Ho 81.3. IR (KBr): ñ=2156 (s), 652 (m), 442 cm�1 (s).


Vibrational spectroscopy : FTIR measurements were carried out on a
Bruker IFS 66v/S spectrometer. The preparation procedures were per-
formed in a glove box under dried argon atmosphere. Spectra were re-
corded at ambient conditions in the range between 400 and 4000 cm�1 by
dispersing the samples in anhydrous KBr pellets.


Elemental analysis : Elemental analysis was performed by Mikroanaly-
tisches Labor Pascher, Remagen, Germany. Each element of the sample
was analyzed twice.


Thermal analysis : TG/DTA measurements were performed on a simulta-
neous thermogravimetry/differential thermal analyzer (Netzsch STA 409
CD) coupled with a quadrupole mass spectrometer (Pfeiffer Vacuum
OMG 422). The sample was heated from RT to 1400 8C at a heating rate
of 1 8Cmin�1 in an alumina crucible (gas flow 100 mLmin�1 helium 5.0).
The DSC measurements were carried out in an aluminum crucible on a
Setaram DSC 141 for 2 and a Netzsch DSC 204 Phoenix for 3a.


X-ray diffraction : Single-crystal X-ray data were collected on a STOE
IPDS diffractometer (MoKa radiation). The program package SHELX97
was used for structure solution and refinement.[49] CCDC 658159 contains
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


Powder diffraction data were collected in Debye–Scherrer geometry on a
STOE Stadi P powder diffractometer with Ge ACHTUNGTRENNUNG(111)-monochromatized
CuKa1 radiation (l =1.5406 S) for Er2O2CN2 and on a Huber Imaging
Plate Guinier diffractometer G670 for Ho2O2CN2. For pattern fitting (Le
Bail algorithm) and Rietveld refinements the GSAS[41] program package
and EXPGUI[50] were used. Further details of the crystal structure inves-
tigations can be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers
CSD-418478 (Er2O2CN2) and CSD-418477 (Ho2O2CN2).


High-temperature in situ X-ray diffractometry was performed on a
STOE Stadi P powder diffractometer (GeACHTUNGTRENNUNG(111)-monochromated MoKa1


radiation, l=71.037 pm) in an integrated furnace with sealed silica capil-
laries (1 0.3 mm) as sample containers. Data collection was restricted to
a 2q range of 5–228 and a single scan collection time of 20 min. The sam-
ples were heated from 20 to 800 8C in steps of 50 8C at a heating rate of
1.3 8Cmin�1.
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Introduction


Polyoxometalates (POMs) are early transition metal oxo
clusters with diverse compositions, structures, and properties
that result in a variety of applications in organic synthesis,


materials science, and biology.[1–3] Each of these fields would
benefit from readier availability of optically active polyoxo-
metalates, but their preparation remains a challenge. Several
strategies have been applied to solve this problem. First,
polyoxometalates can be rendered chiral by attachment of
chiral organic ligands.[4–10] Analogously, POM-based solid-
state architectures can be rendered chiral by this ap-
proach.[11–13] In these cases, however, the polyoxometalate
framework remains essentially achiral. Hill et al. have
shown that it is possible to transfer the chirality of specific
organic molecules to build enantiomerically pure polyoxo-
metalates with a chiral framework.[14] Yet, the organic com-
ponent remains covalently bound to the inorganic cluster. A
number of chiral polyoxometalates reported in the literature
have all been prepared as racemic mixtures.[15–20] To the best
of our knowledge, resolution of [H4Co2Mo10O38]


6� with opti-
cally pure [Co(en)3]


3+ by Ama et al. is the only example of
preparative separation of two enantiomers in polyoxometa-
late chemistry.[21–23] Partial spontaneous resolution[24] and
more recently full spontaneous resolution[25,26] have been ob-
served. These sparse reports certainly reflect the little avail-
able knowledge on molecular recognition of polyoxometa-
lates. Indeed, a suitable resolving agent for polyoxometa-
lates must recognize a chiral oxide surface. Observations of


Abstract: Lanthanide complexes of the
chiral Dawson phosphotungstate [a1-
P2W17O61]


10� were used to study the
formation of diastereomers with opti-
cally pure organic ligands. The present
work started with the full assignment
of the 183W NMR spectra of [a1-Yb-
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7� at different temper-
atures and concentrations, which al-
lowed the structure of the dimerized
form in aqueous solution to be estab-
lished. Different enantiopure amino
acids and phosphonic acids were


screened as ligands. Both types allowed
chiral differentiation by multinuclear
NMR spectroscopy under fast-ex-
change conditions. Functional groups
with a good affinity for the oxo frame-
work of the polyoxometalate were
identified, and maps of the interactions
between l-serine and N-phosphono-


methyl-l-proline with [a1-Yb-
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7� were established.
This demonstrates the power of 183W
NMR spectroscopy to elucidate the
molecular recognition of inorganic
molecules by organic compounds. N-
Phosphonomethyl-l-proline appears to
be a convenient ligand to promote sep-
aration of the diastereomers and ulti-
mately resolution of the enantiomers
of [a1-YbACHTUNGTRENNUNG(H2O)4P2W17O61]


7�.
Keywords: chirality · lanthanides ·
NMR spectroscopy · polyoxometa-
lates · tungsten
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a Pfeiffer effect[27] or an induced Cotton effect indicate
enantioselective interactions of polyoxometalates with chiral
ammonium ions or sugar molecules.[28–31] One such system
was used for asymmetric polymerization of benzyl alco-
hol.[32] Stereoelectronic interactions with amino acids were
also observed by NMR spectroscopy.[16,18] In particular, Sa-
dakane et al. have differentiated the two enantiomers of [a1-
Ce ACHTUNGTRENNUNG(H2O)xP2W17O61]


7� ({a1-Ce}) by complexation with opti-
cally active amino acids.[33] This work is of interest, because
we have shown recently that analogous complexes in this
family [a1-Ln


III
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7� ({a1-Ln}; Ln=La, Sm, Eu,
Yb) are active Lewis acid catalysts in organic transforma-
tions.[34, 35] Studying the interactions of these compounds
with asymmetric molecules is therefore a prerequisite to un-
derstand the role of the polyoxometalate in stereoselective
reactions. We therefore used 183W and 31P NMR spectrosco-
py to map the interactions between organic ligands and {a1-
Yb} to design a method of optical resolution and enantiose-
lective catalysis.


Methodology


Peacock–Weakley-type complexes of lanthanides with the a1


isomer of the monolacunary Dawson polyoxometalate
[P2W17O61]


10� are well described in the literature.[33,36–44]


Their coordination chemistry is similar to that of the achiral
a2 isomer.[37,41,45–52] Multiple diastereomers are formed when
one lanthanide ion is sandwiched between two a1-
[P2W17O61]


10� ions to yield [Ln(a1-P2W17O61)2]
17�,[53] compa-


rable to the situation with the chiral Keggin derivative
[Ln(b2-SiW11O39)2].


[54] We focus here on {a1-Ln}, that is, 1:1
Ln:POM complexes, which occur as two enantiomers. They
are in equilibrium with the dimer in aqueous solution ac-
cording to Equation (1).


2 fa1-Lng Ð fa1-Lng2 Kd ¼ ½fa1-Lng2� � c0=½fa1-Lng�2 ð1Þ


The dimer is formed by coordination of a terminal oxo
ligand of each monomer complex to the lanthanide ion of
the other monomer. Two dimeric structures have been iden-
tified in the solid state, which differ in the site of the W-O-
Ln bridge. In {a1-La}2, capping W=O groups form the
bridge,[44] while in {a1-Ce}2 belt W=O groups are involved.[33]


These polyoxometalates contain two nonequivalent phos-
phorus atoms: P1 in the {LnPW8O34} moiety, and P2 in the
{PW9O34} moiety. According to 31P NMR spectroscopy,
which gives only two resonance signals whatever the concen-
tration, one for P1 and one for P2, the monomer–dimer
equilibrium is in the fast-exchange regime at room tempera-
ture on the 31P NMR timescale. From the concentration de-
pendence of the observed chemical shifts, Pope et al. calcu-
lated the dimerization constant of {a1-Ce} to be Kd=20�4
at 22 8C.[33] Using the same approach, we found Kd=23�6
at 25 8C for {a1-Yb}. This means that at a typical concentra-
tion of 200 mgmL�1 for our 31P NMR spectra, about 50% of
the complex is in the form of the dimer.


On addition of an organic ligand L that can coordinate to
the lanthanide ion, new complexes are formed with the mo-
nomer.[55] For steric reasons, coordination to the lanthanide
centers in the dimer can be excluded for L of the size of
amino acids.[33,56] We consider here the coordination of one
L to yield [a1-LnL ACHTUNGTRENNUNG(H2O)xP2W17O61]


7� [a1-Ln}·L, Eq. (2)],
and that of two L to yield [a1-LnL2 ACHTUNGTRENNUNG(H2O)yP2W17O61]


7� [{a1-
Ln}·L2, Eq. (3)].


fa1-Lng þ LÐ fa1-Lng � L ð2Þ


K11 ¼ ½fa1-Lng � L� � c0=ð½fa1-Lng� � ½L�Þ


fa1-Lng � Lþ L Ð fa1-Lng � L2 ð3Þ


K12 ¼ ½fa1-Lng � L2� � c0=ð½fa1-Lng � L� � ½L�Þ


Under fast-equilibrium conditions, the observed NMR
signal for each nucleus is the mean value of the chemical
shifts of the monomer (dM), the dimer (dD), and the com-
plexes with L (dM·L, dM·L2). A full analysis of the species
present in solution cannot be achieved with a single NMR
experiment, and only recording of spectra at different con-
centrations gives insight into the distribution of species.


With regard to the interactions of {a1-Ln} with chiral li-
gands under conditions of fast ligand exchange, the splitting
of the NMR signals provides important information. Indeed,
the reaction of racemic {(� )-a1-Ln} with an enantiopure
ligand L* yields two diastereomers {(+)-a1-Ln}·L* and {(�)-
a1-Ln}·L* [considering only Eq. (2)]. The presence of both
isomers in solution can be detected by NMR spectroscopy,
as long as the racemization of {a1-Ln} is slow on the NMR
timescale. Two signals (dobs)A and (dobs)B should then arise
for each nucleus (Figure 1).


The chemical shifts depend on dobs initial of the unbound
{a1-Ln} in monomer–dimer equilibrium, on dM·L of the pure
diastereomers A and B, and on the formation constants
(K11)A and (K11)B of the complexes, which determine the


Figure 1. Schematic representation of the differentiation by NMR of a
racemic polyoxometalate in monomer–dimer equilibrium on addition of
a chiral, optically active ligand L* in the fast-exchange regime with
(K11)A (K11)B. M=monomer {a1-Ln}; D=dimer {a1-Ln}2; A, B= two dif-
ferent diastereomers {a1-Ln}·L*; solid lines: observed signals, dotted
lines: hypothetical signals for the pure species.
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molar fraction of each diastereomer. A large differentiation
of the signals D ACHTUNGTRENNUNG(dobs) can therefore result from a pronounced
difference in the complexation constants K11 for the two dia-
stereomers, or from a significantly different chemical envi-
ronment of the observed nucleus in the two diastereomers,
that is, increased D ACHTUNGTRENNUNG(dM·L). Actually, the two effects are likely
to occur simultaneously, because a larger formation constant
should result from tighter binding, so that the chemical envi-
ronment of the observed nucleus is more strongly affected
in that diastereomer. Bearing in mind our objective to find
an efficient resolving agent, it then seems reasonable to
look for a ligand that causes a large differentiation D ACHTUNGTRENNUNG(dobs)
of the signals. The preparative separation of the two diaste-
reomers would be facilitated if they were present in differ-
ent concentrations, and if their properties (reflected by their
chemical shifts) were highly different.


Note that under these conditions of fast coordination
equilibrium, differentiation of a given signal of the racemic
{a1-Ln} by a chiral ligand will always yield two signals of
equal intensity, whatever the respective equilibrium concen-
trations of the two diastereomers. Diastereomeric excess can
only be detected if the chemical shifts (dM·L)A and (dM·L)B of
the pure diastereomers are known. Furthermore, only one
signal will be observed when racemic L* is used.


Since the NMR frequency of the 183W nucleus is lower
than that of 31P, the fast-exchange conditions kex@Dn in
31P NMR spectroscopy are generally sufficient for fast ex-
change in 183W spectra, too. All of the above considerations
therefore apply.


Results and Discussion


Assignment of 183W NMR spectra : We recently published
the assignment of all 17 signals of {a1-Yb} at very high con-
centration.[57] For solubility reasons, it is not possible to per-
form complexation studies with organic ligands under these
conditions. As 183W NMR chemical shifts are medium-de-
pendent (concentration, temperature, etc.), it was necessary
to record the spectra of {a1-Yb} at different dilutions, and to
follow the variation of d with the POM concentration
(Figure 2 and Supporting Information). Assignment of
peaks (numbering of W atoms shown in Figure 3) was made
under the assumption of a smooth evolution of the chemical
shifts. In addition, the 2JWW coupling constants of W5 and
W10 at c=0.44 molL�1 were measured, and the variation of
d as a function of temperature was used to confirm the as-
signment. W9 and W10 have negative temperature coeffi-
cients in {a1-Yb}, and this behavior allows their identifica-
tion. A spectrum obtained at a given concentration is then
assigned by extrapolation from the plots in Figure 2 and Fig-
ure S1 in the Supporting Information. It can be seen from
these figures that few signals vary significantly with concen-
tration. The largest variation is observed for W5 (Dd>


20 ppm between 0.1 and 0.5 molL�1), and to a lesser extent
for W1 and W10 (Dd<10 ppm), all close to Yb (Figure 3).
These variations are attributed to the change in chemical en-


vironment between the monomer and the dimer, and disso-
ciation of the dimer on dilution. Accordingly, the results
suggest that dimerization occurs through W5-O-Yb’ and
W5’-O-Yb bridges. This arrangement also brings W1 and
W10 into proximity of the second POM, as can be seen in
the analogous dimeric {a1-Ce}2 in the solid state.[33] Thus,
our methodology evidences dimerization in solution, and
identifies which W=O group is involved. Dimerization in
the solid state of the complex {a1-La}2 occurs through a cap-
ping W=O site.[44]


Chiral differentiation


Amino acids as ligands : Pope et al. reported differentiation
of the 31P NMR signals of {a1-Ce} by addition of enantio-
merically pure amino acids, in particular l-proline.[33] We de-
cided to follow this approach and recorded the spectra of a
series of complexes {a1-Ln} (Ln=LaIII, CeIII, SmIII, EuIII,


Figure 2. 183W chemical shifts (�40 to �120 ppm range) of [a1-Yb-
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7� as a function of concentration. T=300 K. (see Fig-
ure S1 in the Supporting Information for full chemical shift range)


Figure 3. Numbering of [a1-YbP2W17O61]
7� and graphical representation


of the chemical-shift variation at different concentrations. The darkness
of gray reflects the slope of the curves in Figure 2.
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NdIII, YbIII) in the presence of increasing concentrations of
l-proline. The results obtained in the presence of 20 equiva-
lents of l-proline are summarized in Table 1. Each signal of
{a1-Ln} splits into two resonances, except for Ln=La, Sm,
for which only the P1 signal splits. The amplitude of the
splitting increases with increasing amount of ligand. This
confirms the observations of Pope et al. and extends them to
other {a1-Ln} complexes.


The largest chiral differentiation is obtained for {a1-Yb},
which may be attributable to larger paramagnetic shift of
the complex.[42] Consequently, this complex was chosen for
subsequent studies.


In the next step, 31P NMR spectra of {a1-Yb} in the pres-
ence of 20 equiv of a variety of amino acids were recorded
(Table 2, Figure 4). It is not surprising, also by comparison
with the reported results on {a1-Ce},


[33] that chiral differen-
tiation depends on the nature of the amino acid. In the sim-
plest way, chiral recognition can be explained by a three-
point interaction between two chiral molecules. In the pres-
ent case, the carboxylate group of the amino acid is expect-
ed to bind to the Yb ion, and the protonated a-amino group
should establish a hydrogen bond with a neighboring oxo
ligand. The third interaction needed for chiral differentia-
tion must involve the amino acid side chain. Evaluation of
the splitting of 31P NMR signals caused by different func-
tional groups in the amino acid side chains allows some
trends to be established, which have oriented our subse-
quent work. Chiral differentiation is rather weak with amino


acids bearing carboxyl groups in their side chain, in particu-
lar with shorter chain length (aspartate versus glutamate).
The most pronounced effects are obtained with l-arginine
and l-histidine, two amino acids with protonated side chains
under the experimental conditions. This may reflect the
electrostatic attraction between the negatively charged
POM and the positively charged side chain, which strength-
ens the interaction between {a1-Yb} and the amino acid. Un-
fortunately, the 31P and 183W NMR signals are broadened to
such an extent that a detailed analysis becomes impossible.
In addition, the pH of these solutions is higher than for
other amino acids, which compromises the long-term stabili-
ty of the polyoxometalate. l-Lysine and l-ornithine, which
also bear protonated side chains, exhibit smaller effects,
likely because of the sterically less demanding functional
group, which easily accommodates both enantiomers of {a1-
Yb}. The amino acids all produce comparable effects on P1
and P2, with two notable exceptions: l-serine and l-histi-
dine, which influence P1 about ten times more than P2. The
lack of flexibility of the side chains of serine and histidine
may constrain these ligands in a particular orientation to-
wards the YbPW8 moiety of {a1-Yb}, whereas for the other
ligands a conformation implicating both sides of the POM


and/or a dynamic exchange be-
tween conformations would be
possible. This particular behav-
ior prompted us to investigate
the system with l-serine more
thoroughly, taking into account
the drawbacks of l-histidine.


Assuming formation of a
complex with 1:1 {a1-Yb}:l-
serine stoichiometry in a con-
centration range of 0.1< [l-
serine]<0.6 molL�1 and
0.03 molL�1 {a1-Yb}, the appar-
ent formation constants were
estimated from the variation in
31P chemical shift of both P
atoms. The obtained values of


Table 1. Chiral differentiation by 31P NMR of {a1-Ln} in the presence of
20 equivalents of l-proline.


ACHTUNGTRENNUNG{a1-Ln} jD ACHTUNGTRENNUNG(dobs) j (P1)
ACHTUNGTRENNUNG[ppb]


jD ACHTUNGTRENNUNG(dobs) j (P2)
ACHTUNGTRENNUNG[ppb]


La 30 0
Ce 160 70
Sm 60 0
Eu 60 30
Nd 130 40
Yb 250 300


Table 2. Chiral differentiation by 31P NMR spectroscopy of {a1-Yb} by a selection of amino acids (20 equiv).
[{a1-Yb}]=10 mmolL�1, T=300 K.


Amino acid Side chain jD ACHTUNGTRENNUNG(dobs) j (P1)
ACHTUNGTRENNUNG[ppb]


jD ACHTUNGTRENNUNG(dobs) j (P2)
ACHTUNGTRENNUNG[ppb]


l-proline alkylidene �
ACHTUNGTRENNUNG(CH2)3� 250 300


l-valine alkyl �CH ACHTUNGTRENNUNG(CH3)2 430 160
l-serine alcohol �CH2OH 410 40
l-aspartate acid �CH2COOH 50 0
l-glutamate acid �


ACHTUNGTRENNUNG(CH2)2COOH 250 90
l-ornithine[a] ammonium �


ACHTUNGTRENNUNG(CH2)3NH3
+ 350 320


l-lysine[a] ammonium �
ACHTUNGTRENNUNG(CH2)4NH3


+ 310 310


l-arginine guanidinium 1350 520


l-histidine imidazolium 3400 440


[a] The hydrochloride of the amino acid was used.


Figure 4. 31P spectra of [a1-Yb ACHTUNGTRENNUNG(H2O)4P2W17O61]
7� (10 mmolL�1 in water,


top) and in the presence of 20 equivalents of l-proline, l-serine, and l-
histidine.
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K11=1.7�1.0 and K11=1.4�1.0 for the two diastereomers
have relatively large uncertainties, but they indicate the
order of magnitude. They are slightly smaller than those
found by Pope et al. for l-proline with {a1-Ce} and {a2-
Ce}.[56]


183W NMR spectra in the presence of 10 and 20 equiv of
l-serine were recorded at three different temperatures
(Figure 5 and Supporting Information). The plots of the


temperature dependence of the chemical shifts allowed as-
signment of the peaks to the W atoms, by comparison with
the chemical shifts and temperature coefficients obtained
for {a1-Yb}. In some cases, the 2JWW coupling constants were
also measured to eliminate any ambiguity. The absence of a
set of signals assignable to free {a1-Yb} indicates that both
enantiomers of {a1-Yb} reacted with l-serine, as expected.


Figure 6 illustrates two effects of l-serine on each W site
of {a1-Yb}. First, the ligand induces a variation in the chemi-
cal shifts of all signals, indicative of modification of the
chemical environment of all W atoms. The largest changes
are observed for W5, and to a smaller extent for W1 and
W10, a result similar to the sensitivity of dobs to POM con-
centration (see Figure 3). This is not surprising, because
only the monomeric form of {a1-Yb} can react with l-serine,
and therefore this complexation shifts the monomer–dimer
equilibrium in the same manner as does dilution. Hence,
variations in chemical shift are also expected for W atoms


not directly involved in ligand binding but in dimerization.
On the other hand, chemical-shift variations due to ligand
complexation and dimer dissociation may compensate each
other. As a result, the chemical shift variation does not
allow the binding site of l-serine to be located.


The second effect of l-serine observed in the spectra of
Figure 5 is that about half of the 17 signals are split. This in-
dicates that these W sites are in different environments in
the two diastereomers, and that the complex formed has the
necessary rigidity to distinguish the influence of the ligand
on the different W atoms. Figure 6b illustrates the amplitude
of splitting at each site. This map directly reflects the inter-
actions between the organic and inorganic molecules. The
W atoms connected to YbIII are more strongly influenced
than those further away. This confirms the intuitive assump-
tion that the serine ligand is bound to the Yb ion and to the
neighboring oxygen atoms. It can then be assumed that the
carboxylate group is coordinated to Yb, and that the ammo-
nium group establishes a hydrogen bond to a nearby oxo
ligand. Moreover, Figure 6b shows clearly that W9 is the
most sensitive to the chirality of the ligand. This points to
an orientation of the ligand in the belt of the Dawson struc-
ture. One possible arrangement in agreement with these ob-
servations would include a hydrogen bond between the
CH2OH side chain and an oxo ligand in the belt.


Phosphonic acid derivatives as ligands : We were not able to
separate the two enantiomers of {a1-Yb} by crystallization
of diastereomers formed with optically pure amino acids as
ligand. Indeed, a large excess of ligand must be used to
form a significant amount of complex, and under such con-
ditions the amino acids crystallize first. This shifts the com-
plexation equilibrium towards free {a1-Yb}. The problem
might be overcome with a ligand with a stronger complexa-
tion constant. Furthermore, as noted above, the preparative
separation of both diastereomers should be facilitated if
they were present in different concentrations, and if their
chemical properties were different. As we have shown for l-
serine that this chiral recognition can be monitored by
NMR spectroscopy, we sought a new ligand with a higher
complexation constant and large chiral differentiation by
this technique.


Among the known ligands for Yb3+ are phosphonate de-
rivatives, and therefore we tried N-phosphonomethyl-l-pro-
line (l-H3PMP, Scheme 1) because it combines several inter-
acting groups.[58]


The two signals of {a1-Yb} in the 31P NMR spectrum split
significantly in the presence of only one equivalent of l-


Figure 5. 183W NMR spectra of [a1-YbACHTUNGTRENNUNG(H2O)4P2W17O61]
7� in aqueous solu-


tion in the presence of l-serine with assignment of the peaks. Total con-
centration [{a1-Yb}]=0.15 molL�1. T=293 K.


Figure 6. Influence of 10 equivalents of l-serine on the 183W NMR signals
of [a1-Yb ACHTUNGTRENNUNG(H2O)4P2W17O61]


7�. a) The darkness of gray reflects the varia-
tion of chemical shifts Dobs before and after addition of l-serine (see
Figure 1). b) The darkness of gray reflects the difference between the
chemical shifts of the diastereomers D ACHTUNGTRENNUNG(dobs). Scheme 1. Synthesis of N-phosphonomethyl-l-proline (l-H3PMP).[58]
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H3PMP, which indicates a higher complexation constant for
phosphonate than for carboxylate, and good chiral recogni-
tion.


The method of continuous variations (Job plot) was used
to determine the stoichiometry of the complex formed be-
tween {a1-Yb} and l-H3PMP. The 31P chemical shifts of P1,
P2, and the P atom of the ligand were monitored while vary-
ing the molar fraction X of {a1-Yb} and keeping a total con-
centration of 0.06m (Figure 7). The Job plots for P1 and the


ligand show a maximum at X=0.5, which indicates a 1:1 sto-
ichiometry of {a1-Yb}:l-H3PMP. However, the maxima in
the curves for P2 at X=0.3 indicate 1:2 stoichiometry. This
apparent contradiction must be explained by the presence
of two complexes with similar formation constants. The
method of continuous variations is limited in such a case.
The chemical shifts of P1 and l-H3PMP must be very close,
so that the 1:1 and 1:2 complexes cannot be distinguished. A
similar situation is observed when using absorption spectros-
copy to study equilibria of multiple complexes formed si-
multaneously in solution.[59] Job plots indicate different stoi-
chiometries depending on the chosen wavelength in that
case.


By use of the computer program HypNMR,[60] the step-
wise complexation constants were determined from the
chemical shifts observed at different concentrations. We
found logACHTUNGTRENNUNG(K11)A=2.1�0.4 and log ACHTUNGTRENNUNG(K12)A=2.7�0.4 for one
diastereomer denoted A, and log ACHTUNGTRENNUNG(K11)B2.6 and logACHTUNGTRENNUNG(K12)B
3.3 for the other diastereomer denoted B. The K values
are about two orders of magnitude larger than those ob-
tained with natural amino acids.


As the stability of complexes with l-H3PMP is higher
than that with amino acids, we analyzed the solution by
ESI-MS.[44] The spectrum of K7ACHTUNGTRENNUNG{a1-Yb} recorded from a solu-
tion in H2O/CH3CN (1/1) shows a distribution of signals of


{a1-Yb} associated with K+ , H+ , and solvent molecules with
overall charges of 5� and 4� for the molecular ion
(Figure 8, top). After addition of 10 equivalents of l-


H3PMP, this distribution of adducts is no longer observed,
and only the protonated species {H2[a1-YbP2W17O61]}


5� (m/z
868.0) and {H3[a1-YbP2W17O61]}


4� (m/z 1085.5) remain. Two
new peaks arise at m/z 909.9 and 1136.8, corresponding to
the addition of one ligand l-H3PMP to these anions. Thus,
the ESI-MS analysis confirms the coordination of l-H3PMP
to {a1-Yb} by the signals for the 1:1 complex. The 1:2 com-
plex cannot be seen under these conditions ([{a1-Yb}]=
50 mm, [l-H3PMP]=500 mm), as its concentration is below
nanomolar.


To gain further insight into the nature of the complex
formed, 183W NMR spectra were recorded in the presence of
increasing amounts of l-H3PMP (Figure 9). Each solution
was measured at different temperatures, and the tempera-
ture coefficients allowed some ambiguities in the assignment


Figure 7. Job plots obtained by varying the molar fraction X of [a1-Yb-
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7� with respect to l-H3PMP in aqueous solution (ctotal=
60 mmolL�1). Values measured by 31P NMR spectroscopy for P1 and P2
in both diastereomers A and B, and for the P atom in the ligand.


Figure 8. ESI mass spectra in H2O/CH3CN (1/1) solution. Top: [a1-Yb-
ACHTUNGTRENNUNG(H2O)4P2W17O61]


7�, c=50 mmolL�1. Bottom: after addition of 10 equiva-
lents of l-H3PMP.


Figure 9. 183W NMR spectra of [a1-Yb ACHTUNGTRENNUNG(H2O)4P2W17O61]
7� (bottom) with


increasing amounts of l-H3PMP in water. [a1-Yb ACHTUNGTRENNUNG(H2O)4P2W17O61]
7�=


0.3 molL�1, T=299 or 300 K.
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to be removed (see Supporting Information). Variation of
the chemical shifts and splitting into two signals were ob-
served for some of the peaks of {a1-Yb}, in line with the ob-
servations made with l-serine. As before, the signal of W5 is
shifted the most, which reveals the change in the monomer–
dimer equilibrium. Again, W atoms around the Yb ion are
better differentiated by the chiral ligand, which confirms co-
ordination to the Lewis acid site. However, there are pro-
nounced differences between the effects of l-H3PMP and l-
serine. The addition of as little as 0.1 equivalents of l-
H3PMP allows chiral differentiation, whereas ten equiva-
lents were necessary for amino acids. The W atoms that
sense the chirality of the ligand are not the same as with l-
serine, as can be seen by comparing Figure 6 with Figure 10.


In the case of l-H3PMP, the largest jD ACHTUNGTRENNUNG(dobs) j are found in
two distinct areas around W1 and W10. W5 and W9 are not
influenced, contrary to what was observed with l-serine. In
accordance with the close stability of the two diastereomeric
forms of {a1-Yb}·l-H3PMP, this observation may correspond
to preferred interaction between the ligand and the cap of
YbPW8 for one of the {a1-Yb} enantiomers, and with the
belt of the PW9 moiety for the other enantiomer, that is,
back-orientation of the ligand.


To evaluate the relative importance of the different func-
tional groups on l-H3PMP, we also prepared its carboxy-
methyl ester. A small splitting of the 31P NMR signals of
{a1-Yb} is observed in the presence of this ligand. However,
this compound is slowly hydrolyzed to l-H3PMP in solution,
and the observed chiral differentiation may then result from
the presence of l-H3PMP. Therefore, (R)-1-phosphonometh-
yl-2-methyl-pyrrolidine (r-H2PMMP) was prepared from
(R)-(�)-2-methylpyrrolidine in 44% overall yield in a simi-
lar way as l-H3PMP (see Supporting Information).


Table 3 summarizes the interactions of proline and its de-
rivatives with {a1-Yb}. We have to differentiate the primary
interactions of the ligand with the Yb3+ center, which deter-
mine the formation constant of the complex, from the sec-
ondary interactions involving peripheral O atoms of the
POM, which are responsible for chiral differentiation.


The phosphonic acid is responsible for stronger complexa-
tion. It is known that phosphonate groups are better ligands


for lanthanides than carboxylates, and carboxylic esters have
no complexing properties at all. This allows the increased
stability of the complexes of {a1-Yb} with l-H3PMP and r-
H2PMMP compared to those with l-proline and its carboxy-
methyl ester to be understood. With the phosphonate as the
primary anchoring group, the carboxylic acid appears to be
a better auxiliary group for chiral recognition than a methyl
group.


A working model for the arrangement of the ligand can
be deduced from these results. The phosphonate group
should be coordinated to the Yb ion, and the carboxyl
group establishes a hydrogen bond with an oxo ligand. The
ammonium group should also be in strong interaction with
the polyoxometalate, by a combination of electrostatic at-
traction and hydrogen bonding. As a result, l-H3PMP has
three important points of interaction with {a1-Yb} and leads
to the observed chiral differentiation. The rigidity of the
ligand is certainly a further advantage in this molecular-rec-
ognition process.


Conclusion


Starting from the full assignment of the 183W NMR spectra
of {a1-Yb} at different concentrations, the most likely struc-
ture of the dimer in aqueous solution could be established.
{a1-Yb} seems to dimerize through coordination of a belt
W=O group to a neighboring complex. Such an arrangement
is known for the complex {a1-Ce} in the solid state, and this
analogy validates our approach.


Furthermore, screening of the effect of l-proline on the
31P NMR spectra of a family of complexes {a1-Ln}, and of
different amino acids on {a1-Yb}, allowed trends in the sens-
ing of the chirality of {a1-Ln} by amino acids to be estab-
lished. l-Serine was identified as a ligand with a particularly
strong contrast in the differentiation of the P1 and P2 sig-
nals. The mapping of its influence on the W atoms con-
firmed experimentally the intuitive assumption of binding to
the Yb ion. It also revealed that the chirality of the ligand is
most strongly sensed by W9, a site in the YbPW8 belt of the
Dawson structure.


A phosphonic acid derivative of proline l-H3PMP was
shown to exhibit much higher affinity than natural amino
acids towards {a1-Yb}. Up to two such ligands bind to one


Figure 10. Influence of 0.5 equivalents of l-H3PMP on the 183W signals of
[a1-Yb ACHTUNGTRENNUNG(H2O)4P2W17O61]


7�. a) The darkness of gray reflects the variation
of chemical shifts Dobs before and after addition of l-H3PMP. b) The
darkness of gray reflects the difference between the chemical shifts of
the diastereomers D ACHTUNGTRENNUNG(dobs).


Table 3. Comparison of the complexation properties of {a1-Yb} with dif-
ferent ligands.


Ligand


l-H3PMP r-
H2PMMP


K (order of mag-
nitude)


1 !1 102 102


Differentiation of
31P signals


+ � ++ �
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{a1-Yb} through coordination of the phosphonate group to
the Yb ion. In this case, the chirality of the ligands influen-
ces the sites in the upper cap and the lower belt of the poly-
oxometalate.


More generally speaking, these results demonstrate how
183W NMR spectroscopy can be used to investigate the inter-
molecular interactions between an organic molecule and a
polyoxometalate. In a nonsymmetric structure such as the a1


monolacunary Dawson anion, all 17 W atoms can be moni-
tored individually. The chemical shifts observed then reflect
the chemical environments at each site. Yet, one should
keep in mind that the surface of polyoxometalates is com-
posed of closed-packed oxygen atoms. The observed chiral
differentiation results from the chiral recognition of a metal
oxide surface by an organic molecule. Such a molecular rec-
ognition process is of importance in the study of metal
oxide catalysts for organic transformations. The {a1-Yb} de-
scribed herein can be used as a Lewis acid catalyst, and
asymmetric catalysis should in principle be possible. We
plan to model the exact arrangement of the ligands bound
to {a1-Yb} to gain further insight which will be useful for the
design of resolving agents for {a1-Yb} and the evaluation of
potential substrates for asymmetric catalysis.


Experimental Section


K7 ACHTUNGTRENNUNG[a1-LnACHTUNGTRENNUNG(H2O)nP2W17O61] (Ln=La, Ce, Sm, Eu, Nd, Yb)[39,44] were pre-
pared by literature methods, and checked by IR and 31P NMR spectros-
copy.
183W NMR spectra were recorded in 10 mm o.d. tubes (sample volume
2.5 mL) at 12.5 MHz on a Bruker AC300 equipped with a low-frequency
special VSP probe head, and at 20.8 MHz on a Bruker DRX500 spec-
trometer with a standard tunable BBO probe head. Chemical shifts are
referenced to WO4


2� (d=0 ppm) according to the IUPAC recommenda-
tion. Positive d corresponds to high-frequency shift (deshielding) with re-
spect to the reference. They were measured by the substitution method,
by using a saturated solution of dodecatungstosilicic acid (H4SiW12O40) in
D2O as secondary standard (d =�103.8 ppm). The spectral width was
about 200 ppm. At 12.5 MHz, high-quality spectra with signal-to-noise
ratio good enough to observe tungsten satellites required at least 105


transients corresponding to more than 2 days of spectrometer time; 12 h
of acquisition time was sufficient to observe the signals for all 17 W
atoms. Concentrated solutions were obtained by cation exchange with
LiClO4.
31P spectra were recorded in 5 mm o.d. tubes at 121.5 MHz on a Bruker
AC300/Avance II 300 equipped with a QNP probe head. Chemical shifts
are referenced to 85% H3PO4.


31P spectra were also measured prior to
183W spectra on the same NMR tubes on the decoupling coil of the VSP
probe head, both for control and for determination of the 31P decoupling
frequency. The 31P decoupling experiments were performed with a B-SV3
unit operating at 121.5 MHz and equipped with a B-BM1 broadband
modulator. Selective or broadband decoupling was determined by appro-
priate choice of the synthesizer frequency and of the output power (5–
40 W) before entering the decoupling coil of the low-frequency probe
head.


The following conditions were used for binding studies by 183W NMR
spectroscopy: with l-serine: [{a1-Yb}]=0.14 molL�1, T=288–303 K; with
l-H3PMP: [{a1-Yb}]=0.33 molL�1, T=280–320 K. Ligands were added
as solids. Further details are available in the Supporting Information.
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Conformational Preference and Potential Templates of N-Methylated Cyclic
Pentaalanine Peptides
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Introduction


The conformation of cyclic peptides of smaller ring size
(e.g., five to seven-membered rings) is mainly determined
by the array of chirality of the amino acids in the peptide se-
quence.[1] Hence, such peptides which consist only of d- and
l-alanine can be used as templates for designing distinct
peptide conformations containing any of the other natural
amino acids, with the exception of glycine and proline. This
concept has been employed to establish scaffolds for “spatial
screening” and for the design of bioactive peptides.[2] Anoth-
er dimension to each of these scaffolds is provided by N-
methylation[3–5] as it introduces remarkable changes in the
backbone constitution and conformation of cyclic peptides.[4]


The changes in the backbone conformation influence the


biological activity and selectivity of peptidic ligands.[5] N-
Methylation affects the conformation of the modified amino
acid as well as the preceding residue.[6] In addition it facili-
tates the occurrence of a cis-peptide bond which, in compar-
ison to the trans-peptide bond, is thermodynamically less
unfavored than the secondary amide bond.[7] In case of
cyclic peptides N-methylation has further long-range impact
on the entire backbone conformation. N-Methylation affects
the backbone of the peptide by reducing the number of hy-
drogen-bond donors preventing intramolecular and intermo-
lecular hydrogen bonding, and potentially enhances the
pharmacokinetic properties of the peptide by blocking the
proteolytic cleavage sites.[8] The presence of N-methyl back-
bone groups also increases the hydrophobicity of the pep-
tide bond and, consequently, its ability to interact more se-
lectively with the complementary hydrophobic pocket along
with enhanced the membrane permeability.[9] The usual ap-
proach to search for selective and potent peptide ligands is
the “N-methyl scan”, wherein a library of all available sites
of peptide bonds consecutively are N-methylated.[10] So far
“N-methyl scans” have been used almost exclusively to in-
troduce only a single N-methylated peptide bond per mole-
cule.[5,8,11] In our attempt to improve the bioavailability we
introduce libraries including poly-N-methylated peptides.
With the conformational preference of all possible combi-


nations of N-methylated analogues defined, those which


Abstract: Systematic N-methylation of
all peptide bonds in the cyclic penta-
peptide cyclo(-d-Ala-Ala4-) has been
performed yielding 30 different N-me-
thylated derivatives, of which only
seven displayed a single conformation
on the NMR time scale. The conforma-
tion of these differentially N-methylat-
ed peptides was recently reported by
us (J. Am. Chem. Soc. 2006, 128,
15164–15172). Here we present the
conformational characterization of nine
additional N-methylated peptides from


the previous library which are not ho-
mogeneous but exist as a mixture in
which at least one conformation is pre-
ferred by over 80%. The structures of
these peptides are investigated employ-
ing various 2D-NMR techniques, dis-
tance geometry calculations and fur-
ther refined by molecular dynamics
simulations in explicit DMSO. The


comparison of the conformation of
these nine peptides and the seven con-
formationally homogeneous peptides
allow us to draw conclusions regarding
the influence of N-methylation on the
peptide backbone of cyclic pentapep-
tide of the class cyclo(-d-Ala-Ala4-).
Here we present the different confor-
mational classes of the peptides arising
from the definitive pattern of N-meth-
ylation which can eventually serve as
templates for the design of bioactive
peptides.
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adopt a distinct structure can be employed as templates. It is
thus possible to design a desired conformation of a peptide
sequence without the requirement of synthesizing and
screening a large library of derivatives.
In the search of highly conformationally preferred cyclic


N-methylated peptides derived from cyclo(-d-Ala-Ala4-),
abbreviated as c ACHTUNGTRENNUNG(aA4), (we use the abbreviation “a” for d-
Ala and “A” for l-Ala), we identified seven peptides in
which less than 2% of a second conformation is found.[1c]


These seven examples represent ideal structural templates;
however, there are several others which show one or more
conformations in an amount lower than 20%. We anticipate
that also these peptides could also be applied as conforma-
tional templates, especially if they exhibit new conforma-
tional types which were not found in the seven homogene-
ous peptides. Here we present the conformation of the addi-
tional nine peptides, which prefer one conformation by
more than 80%.


Results


The combinatorial manner to illustrate the entire library is
shown in Figure 1. Given five amide bonds there is the pos-


sibility of 31 (25�1) differently N-methylated cyclic deriva-
tives of c ACHTUNGTRENNUNG(aA4). We were able to synthesize all but the per-
methylated derivative. The NMR-based analysis of the
thirty compounds displayed various populations of major
and minor conformers slowly interconverting on the NMR
time scale. For use as templates in rational drug design we
are mainly interested in those peptides which prefer a single
conformation of greater than 80%. As a first pass, we exam-
ined the seven conformationally homogeneous (>98%)
cyclic peptides.[1c] Herein, we present the results from the
nine compounds that have a major conformation of between
80–98%, and then the complete characterization of all six-
teen conformationally abundant cyclic peptides from this li-
brary.
It is essential to note that in these small cyclic peptides,


the conformation is strongly dependent on steric interac-
tions rather than on internal hydrogen bonds, which was
well documented over a quarter of a century ago.[12] This is
in contrast to standard discussions on cyclic peptide confor-
mations which often are claimed to be “stabilized” by intra-
molecular hydrogen bonds. In our N-methylated cyclic pen-
tapeptides we rarely observe “classical” b or g turns. It is
well known that inter- or intramolecular hydrogen bonds
shift the amide proton NMR signal downfield. In DMSO,
NH protons exposed to the solvent exhibit a distinct down-
field shift by binding to the strongly basic sulfoxide group of
the solvent. Intramolecularly oriented NH groups even
when involved in hydrogen bridges to amide carbonyls are
shifted upfield and show small temperature gradients. Tem-
perature gradients of protons which bind solvent molecules
are large, indicating entropy driven hydrogen bond breaking
at higher temperatures.[1a]


Conformation of nine cyclic peptides


cyclo(-d-Ala1-MeAla2-Ala3-Ala4-Ala5-) (2): This compound
is N-methylated at Ala2 and contains a cis-peptide bond in
the minor conformation. The analysis of the major confor-
mation exhibits no defined classical turn structure
(Figure 2). The strong preference of a bII’ turn around the
d-Ala1-MeAla2 bond obviously is overcome by the N-meth-
ylation. The N-methyl group is pointing slightly inside the
ring. It is remarkable that all F angles are adjusted to fulfill
the syn orientation of the a CH bond and the carbonyl
bond of the preceding amino acid. Obviously this orienta-


Figure 1. Library of all the synthesized N-methylated cyclic pentapeptides
with their conformational abundance of the NMR time shift scale in pa-
renthesis. The peptide sequence follows the convention and is to read
clock-wise. The nine peptides shaded in gray are described here. Each
vertex of the pentagon represents l-alanine and the edges representing
the peptide bond. N-Methylation is represented by lines and belongs to
the following residue (vertex) going in a clockwise manner. The d-ala-
nine is represented by the small letter “a”.


Figure 2. Stereopicture of cyclo(-d-Ala1-MeAla2-Ala3-Ala4-Ala5-) (2). An
energy minimized average of trajectory of 150 ps free MD in explicit sol-
vent DMSO is shown.
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tion is so strongly preferred energetically,[13] that other con-
formations cannot compete and the amount of the minor
populated conformations is only 15%. Compound 2 exhibit
a structure where three adjacent NH groups point to the
same side of the molecule (upwards). Such a structure
nicely exhibits that the formation of intramolecular hydro-
gen bonds are not essential for a preferred backbone confor-
mation in cyclic peptides.[12]


The experimental 3JACHTUNGTRENNUNG(HN,Ha) coupling constant of d-Ala1 is
6.2 Hz, however, the dihedral angle calculated by averaging
the dihedral angle of all the structures in the trajectory (a
structure was written to the trajectory every femtosecond,
resulting in 1500 structures) between d-Ala1Ha and HN is
�14.68 which would have resulted in a coupling constant of
8.2 Hz.[14] As the peptide does not show any major violation
of the ROE values (all ROEs are fulfilled within 0.1 M) we
assume that the coupling constant indicates a flip of peptide
bond plane (Ala5�d-Ala1) about the adjacent F and Y. The
substitution pattern corresponds to the structure of Cilengi-
tide [cyclo(-RGDfNMeVal-)],[5b] with one distinct differ-
ence: Ala4 of 2 is substituted by a glycine in Cilengitide,
which allows more flexibility for the RGD peptide. In gener-
al both peptides exhibit similar structures[5c] confirming our
premise that the conformation of small cyclic peptides in the
first approximation is determined by the sequence of the
chiralities of the amino acid sequence. However, it should
be kept in mind that the functional group of the amino acid
side chains may affect the backbone conformation mainly
with respect to the conformational homogeneity on the
NMR time scale, though the backbone conformation is ex-
pected to show the same pattern of cis and trans peptide
with similar F and Y compared with the model alanine pep-
tides described herein.


cyclo(-d-Ala1-Ala2-Ala3-Ala4-MeAla5-) (5): The compound
obtained by N-methylation of the parent cACHTUNGTRENNUNG(aA4) at Ala


5


(Figure 3), contains only trans peptide bonds. There are no


major violations of the ROE values in the structure. The
strong ROEs between Ala5NMe–Ala5Ha, Ala5NMe–Ala4Ha,
and Ala5NMe–d-Ala1HN define the spatial arrangement of
the N-methyl group, which is pointing down from the plane
of the peptide cycle. Most of the F angles are close to the
preferred �1208 except in position 5, where the N-methyl
group avoids steric clash with the two side chain methyl
groups of Ala4 and Ala5.


cyclo(-d-Ala1-MeAla2-MeAla3-Ala4-Ala5-) (6): The NMR
spectrum of the preferred conformation shows a strong
ROE between Ala2Ha and Ala3Ha, indicating the presence
of an Ala2�Ala3 cis-peptide bond. The cis-peptide bond
(Figure 4) is caused by the strong steric clash between


Ala3NMe and Ala2NMe. Starting with the conformation of 2
and introduction of the NMe group at the Ala3 residue (see
Figure 2), forces the Ala2�Ala3 peptide bond into the cis ori-
entation. It is reassuring to observe that the structure from
Ala5 to Ala2 is identical in 2 and 6. The cis-peptide bond
maximizes the distance between the methyl groups. Due to
the flip of the Ala4�Ala5 peptide bond only three Ha out of
five are in the preferred orientation being syn-periplanar
with the CO of the adjacent residue. On the other hand, the
NH of Ala5 can now form a g turn by bonding to CO of
Ala3. However, there are several indications that the amide
bond Ala4�Ala5 flips around as was previously found for the
amide bond Ala3�Ala4 in c ACHTUNGTRENNUNG(pA4);[1b,13,15] the temperature
gradient (Table 1) of �3.6 ppb per K of Ala5HN does not in-


dicate a strong solvent shielding of Ala5HN. The peptide
shows strong ROE violation between Ala5HN–Ala4HN and
Ala5HN–Ala5Hb (0.3 and 0.4 M, respectively, longer than the
experimental values), whereas the strong ROE between
Ala5HN–Ala4Ha is not violated. This is caused by the r�6 de-
pendence of the ROE which emphasize small distances and
forces the molecule into the conformation shown in
Figure 3, whereas the participation of the conformation with
the Ala5HN pointing upwards is not exhibited. The common-
ly utilized restrained MD does not usually properly present


Figure 3. Stereopicture of cyclo(-d-Ala1-Ala2-Ala3-Ala4-MeAla5-) (5) (de-
tails in Figure 2).


Figure 4. Stereopicture of cyclo(-d-Ala1-MeAla2-MeAla3-Ala4-Ala5-) (6)
(details in Figure 2). The peptide bond between Ala4 and Ala5 flips by
about 1808 about F and Y (see text).


Table 1. Temperature gradient values of NH protons (�Dd per DT) in
ppbK�1 and the values in parenthesis are the respective 3J ACHTUNGTRENNUNG(HN,Ha) cou-
pling constants in Hz in DMSO.


Peptide d-Ala1 Ala2 Ala3 Ala4 Ala5


2 5.4 ACHTUNGTRENNUNG(6.2) – 2.6 ACHTUNGTRENNUNG(7.2) 3.0 ACHTUNGTRENNUNG(6.8) 2.0 ACHTUNGTRENNUNG(8.4)
5 5.6 ACHTUNGTRENNUNG(8.4) 1.3 ACHTUNGTRENNUNG(8.2) 3.6 ACHTUNGTRENNUNG(7.6) 1.7 ACHTUNGTRENNUNG(7.0) –
6 7.5 ACHTUNGTRENNUNG(9.0) – – 5.1 ACHTUNGTRENNUNG(8.2) 3.6 ACHTUNGTRENNUNG(7.7)
7 4.3 ACHTUNGTRENNUNG(9.0) – 4.5 ACHTUNGTRENNUNG(8.3) – 4.0 ACHTUNGTRENNUNG(8.4)
10 6.0 ACHTUNGTRENNUNG(6.8) 0.6 ACHTUNGTRENNUNG(8.5) – – 4.0 ACHTUNGTRENNUNG(7.5)
11 3.7 ACHTUNGTRENNUNG(8.1) 2.4 ACHTUNGTRENNUNG(7.5) – 4.5 ACHTUNGTRENNUNG(8.0) –
16 4.0 ACHTUNGTRENNUNG(8.7) 6.0 ACHTUNGTRENNUNG(9.8) – – –
21 4.5 ACHTUNGTRENNUNG(5.8) – 2.0 ACHTUNGTRENNUNG(7.4) – –
22 – – – 3.7 ACHTUNGTRENNUNG(9.2) 1.5 ACHTUNGTRENNUNG(9.3)
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such rapid conformational equilibria and more sophisticated
technologies such as ensemble-based or time-dependent re-
strained MD methods must be utilized.[16] For our present
purposes it is sufficient to be aware of those effects when
analyzing peptide conformations.


cyclo(-d-Ala1-MeAla2-Ala3-MeAla4-Ala5-) (7): This com-
pound differs from 6 by shifting the -NMe group from Ala3


to Ala4. A cis-peptide bond is now observed between Ala3


and Ala4 in the dominant conformation (Figure 5). On the


other hand the structure in the range from Ala4 to Ala2 is
almost identical in 6 and 7. The latter is the only compound
containing a cis-peptide bond at this position. In contrast to
6 there are no ROE violations. All experimental 3J ACHTUNGTRENNUNG(HN,Ha)
coupling constants are large indicating syn- or anti-peripla-
nar arrangement of HN and Ha.


cyclo(-d-Ala1-Ala2-MeAla3-MeAla4-Ala5-) (10): The com-
pound is N-methylated at Ala3 and Ala4. The NMR spec-
trum of the major conformation shows the absence of any
(i)Ha–(i+1)Ha ROE cross peak of the major conformer, in-
dicating that all peptide bonds are trans. This is surprising
because all other peptides which contain an NMeAla3 exhib-
it a cis-peptide bond at this position. The ROEs did not
clearly define the spatial orientation of the N-methyl
groups. Although the calculation yields a structure with a
minor violation, the result is not in agreement with the ob-
servation, because we found several missing ROE values
which should be present if the calculated structure would be
correct. As 10 is not conformationally homogenous and pre-
liminary investigations show that substitution of Ala by Val
at different positions does not cause a shift to conformation-
al homogeneity, we will not further discuss this compound
here. Usually a substitution of an Ala by Val enhances the
conformational homogeneity (the study of these effects is
currently ongoing).


cyclo(-d-Ala1-Ala2-MeAla3-Ala4-MeAla5-) (11): This com-
pound is obtained by formal N-methylation of 5 at Ala3.
Surprisingly this small change induces the peptide bonds be-
tween Ala2–Ala3 and Ala4–Ala5 to adopt the cis conforma-
tion (Figure 6). This avoids steric interaction of all the
methyl groups from Ala2 to Ala5. ROE violations are ob-
served only for Ala5Ha–d-Ala1HN and Ala5Hb–d-Ala1HN but


the rest of the ROEs are in total agreement to the MD cal-
culations. To explain these ROE violations we assume again
that the Ala5�d-Ala1 peptide bond is flipping and directs d-
Ala1NH above and below the plane.


cyclo(-d-Ala1-Ala2-MeAla3-MeAla4-MeAla5-) (16): The
compound is obtained by additional N-methylation of 11 at
Ala3�Ala4 peptide bond. Thus the compound has similar
structural elements as 11 except the obvious rotation of the
Ala3�Ala4 peptide bond by about 1508 due to the N-methyl-
ation of the peptide bond (Figure 7). The peptide shows


some violations in the ROEs, which again indicates some
flexibility of the peptide bonds. There is a typical ROE be-
tween d-Ala1HN–Ala3Ha which is violated by 0.25 M; howev-
er, the other ROEs of d-Ala1HN are not violated. This sug-
gests another orientation of the Ala5�d-Ala1 peptide bond
than present in the average structure, where d-Ala1HN is
close to Ala3Ha formed by an anticlockwise rotation of the
Ala5�d-Ala1 peptide bond. The Ala2HN also shows the fol-
lowing ROE violations Ala2HN–Ala4NMe, Ala2HN–Ala2Hb,
and Ala2HN–Ala3Ha. The first and the third violations re-
strict the Ala2HN to orient in a fashion so that it points to-
wards Ala3Ha/Ala4NMe and the second violation restricts the
Ala2HN to a close proximity to Ala2Hb ; thus, these two sets
of violations in the peptide points towards the flipping of
Ala5�d-Ala1 and d-Ala1�Ala2 peptide bond. From the aver-
age structure one might conclude the presence of a g turn
about d-Ala1; however, the temperature gradient values do
not suggest that the Ala2HN is solvent shielded.


cyclo(-d-Ala1-MeAla2-Ala3-MeAla4-MeAla5-) (21): Starting
from 7, 21 is formally N-methylated at Ala5. It is evident
from Figure 5 that N-methylation of Ala5 is sterically forbid-
den. In fact, whereas the whole conformation between Ala5–


Figure 5. Stereopicture of cyclo(-d-Ala1-MeAla2-Ala3-MeAla4-Ala5-) (7)
(details in Figure 2).


Figure 6. Stereopicture of cyclo(-d-Ala1-Ala2-MeAla3-Ala4-MeAla5-) (11)
(details in Figure 2).


Figure 7. Stereopicture of cyclo(-d-Ala1-Ala2-MeAla3-MeAla4-MeAla5-)
(16) (details in Figure 2).
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Ala2 is retained in 7 and 21 (Figure 8), there is a change in
the cis/trans arrangement of the peptide bond (cis-peptide
bond in 7 is between Ala3�Ala4, but in 21 between Ala4�


Ala5) in addition to the backbone conformation in the
region Ala3–Ala5. The spatial orientation of Ala4NMe is de-
fined by exactly the same ROEs as in 16. The compound
shows a major violation of 0.34 M of the ROE between
Ala2Ha and Ala3HN. Addition-
ally the Ala3HN shows a tem-
perature gradient value of
�2.00 ppbK�1, suggesting it is
solvent shielded. These data are
consistent with rapid flipping of
the Ala3�Ala2 peptide bond.
The experimental d-Ala1 3J-
ACHTUNGTRENNUNG(HN,Ha) coupling constant of
5.8 Hz is inconsistent with the
average structure where the di-
hedral angle between d-Ala1Ha


and d-Ala1HN is �4.28. This ob-
servation is also consistent with
the observed minor violations
of the ROEs between d-Ala1Ha–d-Ala1HN, d-Ala1HN–d-
Ala1Hb and d-Ala1HN–Ala5Ha. These violations suggest an
orientation wherein the Ala5�d-Ala1 peptide bond is rotated
clockwise satisfying the observed ROE violations. However,
as this is a sterically demanding situation, the structure re-
laxes energetically during the free MD run, resulting in the
violation of the coupling constants and ROE.


cyclo(-d-MeAla1-MeAla2-MeAla3-Ala4-Ala5-) (22): The
compound can be obtained by further N-methylation of
Ala5�d-Ala1 peptide bond of 6. The compound as one ex-
pects from 6, shows a cis-peptide bond about Ala2�Ala3 resi-
due whereas all other peptide bonds are in the trans config-
uration (Figure 9). The spatial orientation of d-Ala1NMe is
determined by the ROEs Ala5Ha–d-Ala1NMe and Ala5HN–d-
Ala1NMe. The deep burying of the Ala3Hb is determined by
the ROE Ala2Ha–Ala3Hb interaction. There are no major vi-
olations of the ROEs in the calculated structure except the
intraresidual ROE between Ala5HN–Ala5Ha suggesting dy-
namics of the Ala4�Ala5 peptide bond. The compound has
similar structural elements as 6 and the N-methyl groups are
spatially oriented in a fashion to have minimum possible


steric clash with the N- and b-protons. The low temperature
coefficient value of �1.49 ppbK�1 for Ala5HN indicates it is
solvent shielded. However, the absence of the ROE be-
tween Ala5HN–Ala4HN and the absence of any violations,
unlike the parent cACHTUNGTRENNUNG(aA4), defines the orientation of the
Ala4�Ala5 peptide bond and suggests the presence of a
closed g turn about Ala4.
To summarize the different conformations, the F and Y


values of the different peptides are given in Table 2.


Discussion


With the detailed conformational characterization of the
eight compounds described here, a total of 15 out of the 30
N-methylated alanine peptides, all which prefer one confor-
mation over 80%, can be analyzed. As a first approach, the
peptides can be grouped into five different classes
(Figure 10) based on the number and position of the cis-pep-
tide bonds. It should also be noted that in these conforma-
tionally homogeneous templates, we observe conformational
dynamics (i.e., a rotation about F and Y) about peptide
bonds, which are fast on the NMR shift time scale. Those
processes are often found in peptides and are detected by
non-agreement of observed and calculated distances in dis-
tinct areas. Flipping peptide bonds[15] are indicated in bold
in Figure 10.
In class I, there are six compounds possessing all-trans-


peptide bonds. In class II, there are two compounds which
have a cis-peptide bond between Ala2�Ala3, while class III
contains three compounds with a single cis-peptide bond be-
tween Ala4�Ala5. Class IV has three compounds with two
cis-peptide bonds (between Ala2–Ala3 and Ala4–Ala5) and
finally class V has one compound, with a single cis-peptide


Figure 8. Stereopicture of cyclo(-d-Ala1-MeAla2-Ala3-MeAla4-MeAla5-)
(21) (details in Figure 2).


Figure 9. Stereopicture of cyclo(-d-MeAla1-MeAla2-MeAla3-Ala4-Ala5-)
(22) (details in Figure 2).


Table 2. F and Y values of the peptides with a preferred conformation. The W values are summarized as cis
(08) and trans (1808), denoted by c and t, respectively.


No. d-Ala1 Ala2 Ala3 Ala4 Ala5


F Y W F Y W F Y W F Y W F Y W


2 118 �81 t �94 �61 t �87 �66 t �100 �67 t �114 82 t
5 129 �94 t �94 �64 t �100 �61 t �112 101 t 66 75 t
6 128 �87 t �131 74 t �110 11 c �99 100 t 56 56 t
7 117 �90 t �101 �89 t �126 83 t �128 �166 c 57 64 t
11 �55 �71 t �138 79 t �128 43 c �138 72 t �94 �23 c
16 86 �95 t �134 84 t �122 149 c 53 61 t �112 151 c
21 116 �94 t �80 �48 t �129 80 t 58 74 t �116 142 c
22 121 �84 t �135 80 t �109 48 c �138 86 t 54 63 c
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bond between Ala3�Ala4. Thus combining all the possibili-
ties of the occurrence of the cis-peptide bond, one can ascer-
tain that the region between Ala5 to Ala3 is highly conserved
as under no circumstance is a cis-peptide bond about Ala5�
d-Ala1 and d-Ala1�Ala2 observed. The region between Ala2
to Ala5 on the other hand is variable, where N-methylation
of the peptide bond leads to the formation of one, two, or
no cis-peptide bond varying with the pattern of N-methyla-
tion. In class II and IV, the compounds have a common N-
methylated Ala2�Ala3 peptide bond leading to the forma-
tion of a cis-peptide bond in this position, owing to the
strong steric interaction with the adjacent b-methyl groups.
There is only one compound, that is 7, which has an N-me-
thylated Ala3�Ala4 peptide bond in the cis conformation.
All other peptides, that is, 13, 16, 18, 21, and 26, which con-
tain the Ala3�Ala4 N-methylated peptide bond, exhibit a
trans conformation. To understand this behavior we begin
with 4, wherein only Ala4 is N-methylated. Here we observe
50:50 equilibrium (Figure 1) of this Ala3�Ala4 peptide bond
in the cis and trans conformation (data not shown). N-Meth-
ylation only at Ala2 shifts the equilibrium to a strong cis
preference as in 7 (Figure 1), whereas N-methylation at any
other sites shifts it to trans.
In class III, the three compounds possessing a cis-peptide


bond at Ala4�Ala5 also have the adjacent trans Ala3�Ala4
peptide bond N-methylated. It seems that only the N-meth-


ylation at the Ala4�Ala5 is not sufficient to introduce a cis-
peptide bond at this position until the previous Ala3�Ala4
peptide bond is N-methylated (e.g., the mono-methylated
compound, 5, exhibits one abundant trans conformer) and
all the three compounds, 13, 18 and 21 have a common N-
methylated Ala3�Ala4 peptide bond. However, similar to
the previous case there is an exception to this pattern: pep-
tide 11 where the Ala4�Ala5 peptide bond is cis despite the
absence of the N-methylated Ala3�Ala4 peptide bond. An
explanation of this observation can be extracted after taking
all the six compounds into account which have N-methylat-
ed Ala4�Ala5 peptide bond. Here one observes that the
single N-methylation of Ala4�Ala5 peptide bond or in con-
junction with N-methylated Ala5�d-Ala1 and/or d-Ala1�Ala2
does not force Ala4�Ala5 into the cis conformation. Instead
when in conjunction with N-methylated Ala2�Ala3 and
Ala3�Ala4 peptide bond, the Ala4-Ala5 peptide bond eventu-
ally orients in a cis conformation. Thus, either N-methyla-
tion of Ala2�Ala3, Ala3�Ala4 or both is crucial to direct the
N-methylated Ala4�Ala5 peptide bond into cis conforma-
tion.
In class IV all of the three compounds, 11, 16 and 26, have


two cis-peptide bonds in equivalent positions; all three com-
pounds are identical except for the orientation of the Ala5�
d-Ala1 and Ala3�Ala4 peptide bonds, which exhibit trans-
peptide bonds. The plane of the Ala5�d-Ala1 peptide bond
in 11 has rotated by about 1708 and in 26 by about 308 in
comparison to 16. Considering the Ala3�Ala4 peptide bond,
the preferred orientation of the non N-methylated peptide
bond is observed in 11, however, the N-methylation of the
Ala3�Ala4 peptide bond results in a different conformation
of the peptide bond plane twisted by about 1108 in 16 as
otherwise it would encounter strong steric clash with
Ala3NMe and Ala4Hb. This orientation is, however, violated
in 26 as the N-methylation of Ala5�d-Ala1 peptide bond
leads to a strong d-Ala1NMe–Ala4NMe steric clash and this
eventually reorients the Ala4NMe which forces the Ala4�Ala5
cis-peptide bond out providing a room for its spatial orienta-
tion. Thus in this series of N-methylated cyclic pentaalanine
peptides, there is a systematic pattern in the orientation of
peptide bond conformation and subsequently the side chain
orientation based upon the site of N-methylation.


Systematic modulation of conformation by N-methylation :
A clear picture of the conformational change by successive
N-methylation can be obtained by classifying these peptides
by virtue of their sites of N-methylation (Figure 11). Starting
from compound 2, N-methylation on either side (referring
to the N-methylated site) results in 6 and 9; in 9 the d-Ala1


N-methylation is tolerated as the d-Ala1 NH in 2 points
down allowing the insertion of an N-methyl group without
much deviation from backbone of 2. In 6, Ala3 N-methyla-
tion leads to strong clash between two N-methyl groups
eventually leading to Ala2�Ala3 cis-peptide bond. Extending
the N-methylation of 6 and 9, three peptides are obtained of
which one is conformationally inhomogeneous. In 24, Ala5


N-methylation leads to the flip of Ala4�Ala5 peptide bond


Figure 10. Schematic representation of five different classes of cyclic N-
methylated(-d-Ala-Ala4-). The wavy bonds denote the cis-peptide bond
and the thick bonds denote the flipping nature of the peptide bond. The
inset depicts clearly the numbering and stereochemistry of the parent
peptide.
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preferring a trans conformation. In 22, the backbone confor-
mation is not much deviated from that of 6, as d-Ala1 N-
methylation in 6 is sterically allowed.


N-Methylation on either side
of 5 results in 15 and 13. As
shown in 24 (Figure 12), N-
methylation of d-Ala1 and Ala5


is tolerated in 15 without en-
forcing a cis-peptide bond con-
formation. N-Methylation of
Ala4 in 5 would have a strong
clash with Ala3 and Ala4 methyl
group, resulting in the 1808 flip
of Ala3�Ala4 peptide bond
(data not presented), which
eventually forces the Ala4�Ala5
peptide bond into cis conforma-
tion. Further N-methylation of
13 and 15 leads to 16, 18 and
24 ; in 16, Ala3 N-methylation
introduces cis-peptide bond as
in 6 and in 18 d-Ala1 N-methyl-
ation retains the backbone con-
formation as 13 with a minor
change in the Ala5�d-Ala1 pep-
tide bond plane.
Similarly extending N-meth-


ylation on either side of 1
(Figure 13) results in 9 and 15.
Further N-methylation results
in 18, 22 and 24 which are dis-
cussed above. Ala3 N-methyla-
tion of 18 leads to 26, introduc-
ing an Ala2�Ala3 cis peptide re-
sulting in a similar backbone
conformation as 16, however,
the flip of the Ala3�Ala4 pep-
tide bond is noticeable which
results from the steric clash of
d-Ala1 N-methyl which always
points down the plane.
Thus, based on the conforma-


tions of all the 15 peptides with
a preferred conformation we
can summarize the results
which are depicted in Table 3.
Finally based on these results,


we can predict the preferred
orientation of the N-methylated
peptide bonds in Figure 14. N-
Methylation at d-Ala1 and Ala2


results only in subtle changes in
the F and Y but N-methylation
at Ala4 and Ala5 results in
�1808 flip of the respective
peptide bond plane in compari-


son to the parent peptide bond and N-methylation only at
Ala3 results in a cis-peptide bond.


Figure 11. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained
by systematic shift and increasing the number of N-methylation of cyclo(-d-Ala1-MeAla2-Ala3-Ala4-Ala5-). “A”
shows two different conformation at the NMR spectrum having an abundance of (65:35), therefore the confor-
mational details of this peptide omitted.


Figure 12. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained
by systematic shift and increasing the number of N-methyl group of the parent peptide 5 that is, cyclo(-d-Ala1-
Ala2-Ala3-Ala4-MeAla5-).
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Conclusion


The conformation of eight N-
methylated cyclic peptides pre-
ferring a major conformation
resulting from the parent pep-
tide cyclo(-d-Ala-Ala4-) are de-
scribed in detail. These peptides
are compared with our previous
results of conformationally ho-
mogeneous peptides obtained
from the same library. With this
correlation we have developed
a systematic pattern of the
impact of N-methylation on the
backbone conformation of
these cyclic peptides.
Thus from these results one


can conclude that in cyclic N-
methylated pentapeptides with
the general formula cACHTUNGTRENNUNG(aA4), the
region from Ala5�Ala3 is
strongly preferred and is not
possible to introduce a cis-pep-
tide bond by variation of the
sites or number of N-methyla-
tions. In contrast, the other side
of the cyclic peptide, from
Ala3�Ala5, is variable and there
are possibilities to introduce
cis-peptide bonds by variation
in the pattern and number of
N-methylation sites.


Table 3. c ACHTUNGTRENNUNG(aA4) with various patterns of N-methylation; numbering refers
to the corresponding peptide bond which is N-methylated.


Peptide bond Conformation


1 always trans-
2 always cis-
3 always trans except 7 (cis)
4 trans- preferred but cis- when 2 and/or 3 N-methylated
5 always trans-


Figure 13. Schematic diagram representing the correlation between the N-methylated cyclic peptides obtained
by extending the pattern and number of N-methylation of the parent peptide cyclo(-d-MeAla1-Ala2-Ala3-Ala4-
Ala5-). Owing to conformational inhomogeneity, the conformations of B, C and D are omitted.


Figure 14. Preferred orientation of the mono N-methylated peptide
bonds (it should be kept in mind that under sterically demanding condi-
tions, the plane of the peptide bonds Ala3�Ala4 and Ala4�Ala5 can
rotate).
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Experimental Section


Synthesis of the cyclic peptides : N-Methylalanine was synthesized as de-
scribed by Freidinger et al.[17] All linear peptides were synthesized using
standard Fmoc solid-phase strategy at an o-chlorotrityl chloride resin.[18]


Non-methylated or N-methylated alanine was taken as the C-terminal
amino acid, however, the yields were lower in case of a C-terminal N-me-
thylated alanine because of endopeptolysis[3c,19] which occurs, when N-
methylated amino acids or proline are in position one from the resin.
Fmoc-deprotection was achieved with 20 vol% piperidine in NMP and
the other amino acids (2 equiv each) were sequentially coupled with
2 equiv of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetra-fluo-
roborate (TBTU)[20] and 1-hydroxybenzotriazole (HOBt) in 1-methyl-2-
pyrrolidinone (NMP) as the solvent. N,N-Diisopropylethylamine (DIEA)
was used to adjust the pH to 8. In case of coupling to a N-methylated res-
idue two equivalents each of N-methylalanine or alanine, N-[(dimethyl-
amino)-1H-1,2,3-triazolo ACHTUNGTRENNUNG[4,5-b]pyridine-1-yl-methylene]-N-methylmetha-
naminium hexafluorophosphate (HATU)[21] and 1-hydroxy-7-azabenzo-
triazole (HOAt)[22] were used along with DIEA to maintain pH of 8 in
NMP as solvent. Due to HOBt/HOAt and HBF4 formation, the pH
drops while the reaction proceeds, leading to reduced nucleophilicity of
the amino group. Therefore in the case of insufficient couplings, moni-
tored by the Kaiser test,[23] additional base was added, but the pH was
not allowed to exceed a value of 8.5. The coupling time ranged from 20
to 45 min. The o-chlorotrityl linker allows to cleave off the linear peptide
with a mild treatment of acetic acid/2,2,2-trifluoroethanol (TFE) mixture
in CH2Cl2 or by using a 20% solution of HFIP (hexafluoroisopropanol)
in CH2Cl2 without affecting the peptide bonds. The head-to-tail cycliza-
tion was performed with diphenylphosphorylacid azide (DPPA),[24] apply-
ing the solid base method using NaHCO3 in N,N-dimethylformamide
(DMF). After the completion of cyclization, which was monitored by
ESI mass spectroscopy, DMF was evaporated and the peptide was redis-
solved in minimum amount of dry acetonitrile, which precipitated the
cyclization reagents and left the crude product dissolved in acetonitrile.
The pure compound was obtained by reversed phase high-performance
liquid chromatography (RP-HPLC) purification (see Supporting Infor-
mation in ref. [1c] for yields). The peptides were characterized by ESI
mass and various NMR techniques.


NMR Spectroscopy : All spectra were recorded at 297 K on a 500 MHz
Bruker DMX spectrometer (Bruker, Karlsruhe, Germany), in
[D6]DMSO (1H, 2.49 ppm; 13C 39.5 ppm) and were processed using
XWINNMR (Bruker) and analyzed with either XWINNMR or
SPARKY.[25] The assignment of all proton and carbon resonances fol-
lowed the standard strategy as previously described.[26] Sequential assign-
ment was accomplished by through-bond connectivityQs from heteronu-
clear multiple bond correlation (HMBC)[27] spectrum. The N-methyl
group was taken as the reference for the sequence assignment, the pro-
tons of which show a correlation with the 13C shift of the intra-residual b-
methyl group by a four bond coupling at the HMBC spectrum. The b-
methyl protons further show a correlation with the 13C shift of intra-re-
sidual carbonyl by a three bond coupling, and this carbonyl also corre-
lates with the Ha shift of the same residue and the HN shift of the adja-
cent residue (if not N-methylated) by a strong two bond coupling. In this
way the full sequence assignment was accomplished. TOCSY spectra
were recorded with a mixing time of 60 ms and ROESY spectra with a
mixing time of 150 ms. Temperature coefficients for the amide protons of
each peptide were determined via one-dimensional spectra in the range
from 297 to 327 K with a step size of 5 K. Many of these compounds
show more than one conformation in slow exchange on the NMR time
scale at room temperature. Chemical exchange were proven by ROESY
spectra, which show inverted sign as signals caused by ROEs.[28]


Computational methods : Proton distances were calculated according to
the isolated two-spin approximation from volume integrals of rotating
frame nuclear Overhauser enhancement (ROESY)[29] spectra. The inte-
grated volume of the ROE cross peaks were offset corrected[30] and con-
verted to proton–proton distance employing cross peak intensity of Ha–
Hb of alanine as reference (2.19 M). Restraints were obtained by adding
and subtracting 10% to the calculated experimental distances, accounting


for errors via the two-spin approximation, cross-peak integration and the
slight variation of ROE due to spin diffusion. Metric matrix DG calcula-
tions were carried out with a home-written program utilizing random
metrization.[31] Experimental distance constraints which were more re-
strictive than the geometric distance bounds (holonomic restraints) were
used to create the final distance matrix. The structures were first embed-
ded in four dimensions and then partially minimized using conjugate gra-
dients followed by distance-driven dynamics (DDD);[32] wherein only dis-
tance constraints were used. The DDD simulation was carried out at
1000 K for 50 ps with a gradual reduction in temperature over the next
30 ps. The DDD procedure utilized holonomic and experimental distance
constraints plus a chiral penalty function for the generation of the viola-
tion “energy” and forces. A distance matrix was calculated from each
structure, and the EMBED algorithm was used to calculate coordinates
in three dimensions. About 95–100 structures were calculated for each
peptide, and >90% of the structures of every peptide didnQt show any
significant violation. The MD calculations were carried out with the pro-
gram DISCOVER using the CVFF force field.[33] The structure resulting
from DG calculation was placed in a cubic box of length 25 M and
soaked with DMSO and a restrained MD simulation was carried out.
After energy minimization using steepest descent and conjugate gradient,
the system was heated gradually starting from 10 K and increasing to 50,
100, 150, 200, 250 and 300 K in 2 ps steps, each by direct scaling of veloci-
ties. The system was equilibrated for 50 ps with temperature bath cou-
pling (300 K). Configurations were saved every 100 fs for another 150 ps.
Finally a 150 ps free MD simulation at 300 K was carried out to prove
that the stability of the calculated conformation in the solvent is similar
to the structure obtained from experimental restraints.
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Double Heck Reaction
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Dedicated to Professor Miguel Yus on the occasion of his 60th birthday


Introduction


Progestagen desogestrel (13b-ethyl-11-methylene-18,19-
dinor-17a-pregn-4-en-20-yn-17-ol) (2) is a highly potent
third generation oral contraceptive. Moreover, its active me-
tabolite, 3-ketodesogestrel (3), has been established as an-
other progestagen of increasing importance in the last
years.[1,2]


The industrial synthesis of desogestrel (2) consists of 24
steps using the natural occurring diosgenin (1) as starting
material (Figure 1).[3] The procedure has several critical
steps including the elongation of the angular methyl group


at C-13 to an ethyl group and the removal of the methyl
group at C-10 as well as the introduction of the methylene
group at C-11. In addition, the availability of diosgenin (1)
is not always guaranteed. Therefore a more efficient total
synthesis of desogestrel (2) starting from simple substrates is
highly wanted.
Here, we report a new efficient enantioselective total syn-


thesis of desogestrel (2) using two consecutive Heck reac-
tions[4,5] as key steps. This strategy which has been devel-
oped by us within the total synthesis of estradiol[6] and ho-
mosteroids[7,8] as well as of spinosyn[9] and cephalostatine an-
alogues[10] has now proved to be successful also in the con-
struction of steroid-cores with an angular ethyl group at
C-13. Furthermore, also 3-ketodesogestrel (3) can be synthe-
sized employing this approach. It should be noted that a few
other approaches for the synthesis of desogestrel (2) have
already been published.[11,12]


Results and Discussion


Our retrosynthetic analysis of 2 leads to the B/C cis-fused
compound 4 which can be further disassembled to the aro-
matic AB building block 5 and the chiral CD building block
6 (Scheme 1). For the formation of 4 from 5 and 6 a two-
fold Heck reaction was envisaged, whereas the trans-annu-
lated hydrindene 6 could be obtained from the known
ketone 7, which in turn can be prepared in enantiopure
form by the l-proline-catalyzed Hajos–Parrisch–Eder–
Sauer–Wiechert procedure.[13,14]


Keywords: Birch reduction ·
contraceptives · Heck reaction ·
palladium · steroids


Abstract: A novel enantioselective total synthesis of the oral contraceptive deso-
gestrel (2) is described, in which the tetracyclic steroid core is formed by a se-
quence of two consecutive Heck reactions. Conversion of the known enantiopure
diketone 7 led to the chiral bicycle 6 which was used for a diastereoselective inter-
molecular Heck reaction with vinyliodide 5 to give 15. In the following intramolec-
ular Heck reaction, the tetracyclic ring system was formed to give 4, from which
the synthesis of desogestrel (2) was furnished.


[a] Prof. Dr. L. F. Tietze, Dr. I. K. Krimmelbein
Institut f=r Organische und Biomolekulare Chemie
der Georg-August-Universit@t Gçttingen
Tammannstrasse 2, 37077 Gçttingen (Germany)
Fax: (+49)551-399-476
E-mail : ltietze@gwdg.de


Figure 1. Natural occurring diosgenin (1) and the synthetic oral contra-
ceptive desogestrel (2) with its main metabolite 3-ketodesogestrel (3).
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The synthesis of the aromatic compound 5 containing the
required functionalities for the two Heck reactions was ac-
complished in two steps starting from the commercially
available 3-methoxybenzaldehyde (8) (Scheme 2).


Bromination of 8 with equimolar amounts of bromine in
acetic acid at room temperature gave aldehyde 9 regioselec-
tively. Wittig transformation with triphenylphosphonium salt
10 yielded 5 with the Z configuration of the iodo vinyl side
chain in 79% with high stereoselectivity. The minor E
isomer was removed by column chromatography.
Starting from compound 11, a literature known derivative


of 7,[13] the novel CD building block 6 was available in three
high yielding steps (Scheme 3). Reduction of the carbonyl
group in 11 was carried out with DIBAL-H in dichlorome-
thane at �78 8C with attack of the hydride ion taking place


from the less hindered a-face to give the alcohol 12 selec-
tively. Treatment of 12 with N-formylimidazole afforded
allyl formate 13 in excellent yield, which was further trans-
formed into the desired 6 by an enantioselective Pd-cata-
lyzed rearrangement. This type of reaction, first described
by Tsuji et al. ,[15] represents a convenient method to achieve
the desired trans-annulation of the CD building block 6. In
this procedure the conjugated 3,5-diene 14 is formed in
small amounts as byproduct. Separation of 6 and 14 by
column chromatography was not possible, however, hydrin-
dene 6, containing up to 6% of 14, could be used without
any problems for the subsequent intermolecular Heck reac-
tion.
For the first Heck reaction, coupling 5 and 6, the use of


Pd ACHTUNGTRENNUNG(OAc)2 in the presence of PPh3 and Ag2CO3 in DMF
[16]


was most appropriate (Scheme 4). Under these conditions
the oxidative addition of the palladium catalyst took place
exclusively at the more reactive vinyl iodide moiety in 5.
Moreover, the insertion into the double bond of 6 took
place exclusively from the a-face anti to the angular ethyl
group establishing the stereochemistry as needed for the
synthesis of 2. On the other hand, the regioselectivity is less
pronounced leading to a 7:1-mixture of 15 and 17. In addi-
tion, the E isomer 16 was obtained in a small amount proba-
bly by readdition of the Pd-H species onto 15 and b-hydride
elimination of the formed Pd species. Due to similar polari-
ties of compounds 15, 16 and 17 separation of these isomers
turned out to be difficult on simple silica gel and although
compounds 16 and 17 can not react in an intramolecular
Heck reaction pure 15 should be used for the next transfor-
mation. Fortunately, the purification could be achieved by
column chromatography using silica gel loaded with 10% of
AgNO3 to give 15 in 56% yield. Construction of the tetracy-
clic steroid core from 15 was then successfully performed
using the palladacene 19[17] at 135 8C to afford 4 in 94%
yield. The reaction is highly diastereoselective leading only
to the unnatural cis junction of the rings B and C. Com-
pound 4 proved to be sensitive to oxygen which led to the
formation of the aromatic product 18 being obtained, how-
ever, only in very small amounts if the reaction is performed
under an inert atmosphere. Due to the sensitivity of 4 the
crude material was used for the following transformation
without purification; only the catalyst was removed by quick
filtration through silica gel. The less sterically hindered ben-
zylic D6,7-double bond in 4 was selectively hydrogenated in
the presence of PtO2·H2O to afford 20 (Scheme 5). Al-
though 20 was more stable than the precursor 4 it was still
found to be quite sensitive to air. This is presumably a con-
sequence of the unnatural and therefore less stable cis
fusion of the rings B and C. However, the D10,11-double bond
in 20 was isomerized in the next step under basic conditions
with KOtBu in DMSO to obtain the enantiopure literature
known compound 21 in 69% yield.[18] Cleavage of the tert-
butyl group with BF3·Et2O at RT afforded alcohol 22 in ex-
cellent yield. This compound has already been used as an in-
termediate in a synthesis of desogestrel (2);[11c] thus, synthe-
sis of 22 can also be regarded as formal synthesis of 2. How-


Scheme 1. Retrosynthetic analysis of desogestrel (2).


Scheme 2. Synthesis of the AB building block 5. a) 1.14 equiv bromine,
acetic acid, RT, 48 h, 80%; b) 1.25 equiv [Ph3PCH2I]


+I� (10), 1.25 equiv
KHMDS in toluene, THF, RT, 10 min, addition of 9 at �78 8C, 30 min.


Scheme 3. Synthesis of the CD building block 6. a) 1.20 equiv DIBALH
in n-hexane, CH2Cl2, �78 8C, 1 h, 95%; b) 2.06 equiv N-formylimidazole,
THF, RT, 2 h, 97%; c) 1.27 mol% Pd ACHTUNGTRENNUNG(OAc)2, 5.00 mol% PnBu3, dioxane,
90 8C, 35 min, 97%, 6/14 94:6.
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ever, we developed a new pathway for the formation of 2
from 21, which is more efficient.
By hydroboration, 21 was converted into the alcohol 23 in


90% yield with the 11-hydroxy group being the basis for the
construction of the 11-exo-methylene group. As byproduct,
the regioisomer 24 was formed in 7% yield. Treatment of 24
with concentrated sulfuric acid in dichloromethane allowed
a transformation back to the starting material 21.
Birch reduction of 23 provided the corresponding 1,4-di-


hydro derivative which was subsequently treated with aque-
ous hydrochloric acid to give the unconjugated ketone 25 at
first but with prolongation of the reaction time the thermo-
dynamically more stable ketone 26 is formed (Scheme 6).
Without purification 26 was converted into the dithioacetal
27 using 1,2-ethanedithiol in the presence of BF3·Et2O,
which was followed by a reductive replacement with lithium


in liquid ammonia to afford 28
in 55% yield over four steps.
Noteworthy, in this four-step se-
quence the compounds 26 and
27 were used as crude material
since purification by column
chromatography resulted in a
dramatic loss of material.
The following oxidation of


the 11-hydroxy group proceed-
ed smoothly using Dess–Martin
periodinane to obtain 29 in ex-
cellent yield and the formation
of the required 11-exo-methyl-
ene group was then accom-
plished by a two step sequence
(Scheme 7). Addition of
LiCH2TMS in THF at �78 8C
afforded at first the tertiary al-


cohol 31 which was converted by an acid-catalyzed Peterson
olefination to give 32. Both reactions proceeded in high
yields and could also be performed as an one-pot reaction.
Unfortunately, direct olefination methods of the ketone ac-
cording to the Lombardo or Wittig procedure were not suc-
cessful and led to a decomposition or no conversion of the
starting material.
For the cleavage of the tert-butyl group in 31 we used as a


standard procedure the treatment with BF3·Et2O in di-
chloromethane for 10 min at 25 8C. However, under these
conditions a migration of the D4,5 double bond to the D5,6 po-
sition took place to give the desired 32a and the undesired
32b in a ratio of 1:2.5. Since the deprotection is much faster
than the double bond isomerization, the problem could be
solved by reducing the reaction time to only 15 s to afford
the desired alcohol 32a almost pure in a ratio of 32a/32b


Scheme 4. Inter- and intramolecular Heck reaction of the AB building block 5 and the CD building block 6.
a) 1.81 mol% PdACHTUNGTRENNUNG(OAc)2, 5.32 mol% PPh3, 1.77 equiv Ag2CO3, DMF, 95 8C, 4.5 h, 77%, 15/16/17 7:1.7:1 (56%
pure 15); b) 2.03 mol% 19, 2.57 equiv nBu4NOAc, CH3CN/DMF/H2O 5:5:1, 135 8C, 5 h, 94%.


Scheme 5. Synthesis of 23. a) 1.85 mol% PtO2·H2O, H2, ethyl acetate,
39 h, RT, 91%; b) 2.61 equiv KOtBu, DMSO, RT, 2.5 h, 89% (69% after
recrystallization); c) 39.1 equiv BF3·Et2O, CH2Cl2, RT, 15 min, 96%;
d) 4.88 equiv BH3·THF, THF, RT, 3.5 h, then 30% aqueous H2O2, 30%
aqueous NaOH, RT, 70 min and reflux, 2 h, 90% 23 and 7% 24 ; e) conc.
H2SO4, CH2Cl2, RT, 30 min, 50%.


Scheme 6. Synthesis of 28. a) 9.33 equiv Li, NH3, iPrOH, THF, �40 8C,
1.5 h; b) 1n HCl, acetone, MeOH, H2O, RT, 19 h; c) 1.48 equiv 1,2-etha-
nedithiol, 0.594 equiv BF3·Et2O, RT, 3 h, d) 3.73 equiv Li, NH3, THF,
�40 8C, 30 min, 55% over 4 steps.
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96:4, but it was not possible to separate the double bond iso-
mers at this stage by chromatography or recrystallization.
Employment of other reagents for the removal of the tert-
butyl group like TMSI or CF3COOH effected only decom-
position of the starting material. Therefore an alternative
route starting from alcohol 23 was investigated to avoid a
double bond migration in the deprotection step. For this
purpose we oxidized 23 with the Dess–Martin periodinane
to give ketone 33 which proved to be only moderately
stable and was therefore used directly for the introduction
of the 11-exo-methylene group (Scheme 8). The method of
choice was once more the Peterson olefination as the Wittig
and Lombardo olefination were not successful. Reaction of
33 with LiCH2TMS afforded 34 in good yield which was
then subjected to a Birch reduction with lithium in liquid
ammonia. The crude 1,4-dihydro derivative was subsequent-
ly treated with conc. HCl in acetone to cleave the enol ether


and achieve a double bond migration from the D5,10 to the
thermodynamically more stable D4,5 position. Simultaneous-
ly, the 11-exo-methylene group was also formed by acid cat-
alyzed elimination.
The following deprotection of the tert-butyl group with


BF3·Et2O proceeded quantitatively and due to the 3-keto
group no double bond isomerisation was observed. Oxida-
tion of alcohol 36 with Dess–Martin periodinane afforded
37, a compound that has been successfully converted to 3-
ketodesogestrel (3) by Gao et al.[19] Besides, alcohol 36 is an
intermediate in the enantioselective total synthesis of deso-
gestrel (2) described by Corey et al.[11e]


For the transformation of 36 into 2, 36 was converted into
the dithioacetal 38 employing 1,2-ethanedithiol in the pres-
ence of BF3·Et2O (Scheme 9). Subsequent reductive removal


of the dithioacetal moiety with lithium in liquid ammonia at
�40 8C afforded the desired alcohol 32a, but again a double
bond isomer 32c was formed as byproduct. In contrast to
the synthesis of 32a by Lewis-acid catalyzed deprotection of
the tert-butyl group, the migration of the double bond took
place from the D4,5 to the D3,4 position and also in this case
separation by chromatography or recrystallization was not
successful.
Thus, the synthesis had to be continued with a mixture of


isomers and due to the better ratio the mixture of 32a and
32b from the first approach was chosen for the further
transformation. Oxidation of the 17-hydroxy group with
Dess–Martin periodinane afforded the isomers 39a and 39b
in a ratio of 96:4 (Scheme 10). Attempts to purify 39a by re-


Scheme 7. Construction of the 11-exo-methylene group. a) 1.57 equiv
Dess–Martin periodinane, CH2Cl2, RT, 1 h, 94%; b) 2.98 equiv
LiCH2TMS in n-pentane, THF, �78 8C, 20 min then RT, 30 min, 94%;
c) conc. HCl, acetone, RT, 1 h, 95%; d) 27.3 equiv BF3·Et2O, CH2Cl2, RT,
15 s, quant., 32a/32b 96:4.


Scheme 8. Synthesis of 36 and 37. a) 1.52 equiv Dess–Martin periodinane,
CH2Cl2, RT, 1 h, 97%; b) 2.51 equiv LiCH2TMS in n-pentane, THF,
�78 8C, 30 min then RT, 10 min, 79%; c) 10.0 equiv Li, NH3, iPrOH,
THF, �40 8C, 1.5 h; d) conc. HCl, acetone, RT, 15 h, 74% over two steps;
e) 43.9 equiv BF3·Et2O, CH2Cl2, RT, 10 min, quant.; f) 1.55 equiv Dess–
Martin periodinane, CH2Cl2, RT, 80 min, 94%.


Scheme 9. Synthesis of 32a by reductive removal of the dithioacetal.
a) 1.49 equiv 1,2-ethanedithiol, 0.567 equiv BF3·Et2O, MeOH, RT, 2.5 h,
84%; b) 12.7 equiv Li, NH3, THF, �40 8C, 30 min, 96%, ratio 32a/32c
92:8.


Scheme 10. Synthesis of desogestrel (2). a) 1.50 equiv Dess–Martin peri-
odinane, CH2Cl2, RT, 30 min, 96%, 39a/39b 96:4; b) 42.0 equiv lithium,
acetylene, ethylenediamine, RT, 2 h, then 39a/39b 96:4, RT, 2 h, recrys-
tallization afforded pure 2 in 83% yield.
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crystallization were not successful and thus the mixture of
39a and 39b was used for the final step. The introduction of
the 17b-acetylene group was carried out with lithium and
acetylene in ethylendiamine according to a method de-
scribed by Schwarz et al.[11c] The product obtained was puri-
fied by column chromatography and then subjected to re-
crystallization to afford pure desogestrel (2) in 83% yield.


Conclusion


In conclusion, a new efficient enantioselective total synthesis
of the oral contraceptive desogestrel (2) has been devel-
oped. Starting from compound 11, the total synthesis of des-
ogestrel (2) requires 18 steps with an overall yield of 9.8%.
Key step for the construction of the steroid backbone was a
two-fold Heck reaction of 5 and 6 that led to the intermedi-
ate 4, which then could be converted into desogestrel (2) by
common methods.


Experimental Section


General : All moisture sensitive reactions were performed under argon in
flame-dried flasks. All solvents were dried and distilled prior to use by
means of usual laboratory methods. All reagents obtained from commer-
cial sources were used without further purification. Thin-layer chroma-
tography (TLC) was performed on precoated silica gel SIL G/UV254
plates (Macherey-Nagel GmbH & Co. KG), and silica gel 60 (0.032–
0.063 mm, Merck) was used for column chromatography. Phosphomolyb-
dic acid dissolved in methanol (PMA) or vanillin dissolved in methanolic
sulfuric acid were used as staining reagents for TLC analysis. UV spectra
were recorded, using CH3CN or MeOH as solvents, on a Perkin–Elmer
Lambda 2 spectrometer. IR spectra were recorded as KBr pellets or as
films on a Bruker IFS 25 spectrometer. 1H and 13C NMR spectra were re-
corded with Mercury-200, VXR-200, Unity-300, Inova-500, Unity-600
(Varian), or AMX 300 (Bruker) spectrometers. Chemical shifts are re-
ported in ppm using residual solvent as internal standard. Multiplicities
of 13C NMR peaks were determined with the attached proton test (APT)
pulse sequence. Mass spectra were measured on a Finnigan MAT 95,
TSQ 7000 or LCQ instrument. Elemental analysis was carried out by
members of the Mikroanalytisches Labor, Institut f=r Organische und
Biomolekulare Chemie, Georg-August-Universit@t Gçttingen.


2-Bromo-5-methoxybenzaldehyde (9): Bromine (5.72 mL, 111 mmol) was
added at room temperature to a solution of 3-methoxybenzaldehyde
(11.8 mL, 97.0 mmol). After stirring for 48 h, the mixture was poured
into water (650 mL) and the precipitated product was filtered of and ex-
tensively washed with water. After drying in vacuo aldehyde 9 (16.7 g,
80%) was obtained as white solid. 1H NMR (200 MHz, CDCl3): d=3.85
(s, 3H, 5-OCH3), 7.04 (dd, J=8.8, 3.2 Hz, 1H, 4-H), 7.42 (d, J=3.2 Hz,
1H, 6-H), 7.53 (d, J=8.8 Hz, 1H, 3-H), 10.32 ppm (s, 1H, 1-CHO); MS
(70 eV, EI): m/z (%): 214.1/216.1 (100/87) [M+].


(Z)-2-(2-Iodethenyl)-4-methoxybrombenzol (5): KHMDS (0.500m in tol-
uene, 70 mL, 35.0 mmol) was added at room temperature to a suspension
of iodmethyltriphenylphosphonium iodide (10) (18.5 g, 34.9 mmol) in dry
THF (200 mL). The mixture was stirred for 10 min at room temperature
and then cooled to �78 8C. A solution of aldehyde 9 (6.00 g, 27.9 mmol)
in dry THF (20 mL) was added slowly and stirring was continued for
30 min at �78 8C. The solution was then warmed to room temperature
and poured into saturated aqueous NH4Cl (200 mL). The mixture was ex-
tracted with diethyl ether (3O150 mL), the combined organic layers were
washed with saturated aqueous NaCl (100 mL) and dried over Na2SO4.
The solvent was removed in vacuo and the residue was subjected to
column chromatography (n-pentane). Vinyliodide 5 (7.51 g, 79%) was


obtained as yellow oil. Rf=0.17 (n-pentane);
1H NMR (300 MHz,


CDCl3): d=3.84 (s, 3H, 4-OCH3), 6.74 (d, J=8.5 Hz, 1H, 2’-H), 6.78 (dd,
J=8.8, 3.0 Hz, 1H, 5-H), 7.24 (d, J=3.0 Hz, 1H, 3-H), 7.31 (d, J=8.5 Hz,
1H, 1’-H), 7.47 ppm (d, J=8.8 Hz, 1H, 6-H); 13C NMR (50.3 MHz,
CDCl3): d=55.54 (4-OCH3), 83.46 (C-2’), 113.9 (C-1), 115.3, 116.1 (C-3,
C-5), 133.4 (C-6), 138.1 (C-2), 139.0 (C-1’), 158.5 ppm (C-4); IR (film):
ñ=2933, 1589, 1566, 1462, 1294, 1238, 1176, 1114, 1055, 1018, 860, 806,
722, 667 cm�1; UV (CH3CN): lmax (lg e)=200.5 nm (4.3589); MS (70 eV,
EI): m/z (%): 338.0/340.0 (56/56) [M+], 132.1 (100) [M+�Br�I].
(+)-(1S,5S,7aS)-1-tert-Butoxy-7a-ethyl-7,7a-dihydroindan-5(6H)-ol (12):
Compound 11 (9.00 g, 38.1 mmol) was dissolved in dry dichloromethane
(135 mL) and cooled to �78 8C. DIBAL-H (1.00m in n-hexane, 45.6 mL,
45.6 mmol) was slowly added and the resulting mixture was stirred for
40 min at �78 8C and 1 h at room temperature. The reaction mixture was
carefully quenched with a saturated solution of Na2SO4 and then filtered
through Celite. The filtrate was dried over Na2SO4 and the solvent was
removed in vacuo. After purification of the residue by column chroma-
tography on silica gel (n-pentane/EtOAc 4:1) 12 (8.62 g, 95%) was ob-
tained as colorless oil, which solidified upon cooling. Rf=0.15 (n-pen-
tane/EtOAc 9:1); m.p. 52 8C; [a]20D =++14.0 (c=1.0 in CHCl3);


1H NMR
(600 MHz, CDCl3): d =0.95 (t, J=7.6 Hz, 3H, 7a-CH2CH3), 1.13 (s, 9H,
1-OC ACHTUNGTRENNUNG(CH3)3), 1.24 (dt, J=13.4, 3.2 Hz, 1H, 7-Ha), 1.38 (br s, 1H, 5-OH),
1.46 (dq, J=14.5, 7.6 Hz, 1H, 7a-CHaHbCH3), 1.54 (m, 1H, 6-Ha), 1.65
(dq, J=14.5, 7.6 Hz, 1H, 7a-CHaHbCH3), 1.65–1.73 (m, 1H, 2-Ha), 1.85–
1.96 (m, 2H, 2-Hb, 6-Hb), 1.97–2.08 (m, 2H, 3-Ha, 7-Hb), 2.42 (m, 1H, 3-
Hb), 3.43 (t, J=8.7 Hz, 1H, 1-H), 4.24 (m, 1H, 5-H), 5.39 ppm (s, 1H, 4-
H); 13C NMR (75.5 MHz, CDCl3): d =10.41 (7a-CH2CH3), 24.82 (7a-
CH2CH3), 26.56 (C-3), 28.60 (1-OC ACHTUNGTRENNUNG(CH3)3), 29.47 (C-6), 30.15 (C-2),
30.47 (C-7), 45.53 (C-7a), 67.94 (C-5), 72.46 (1-OC ACHTUNGTRENNUNG(CH3)3), 81.15 (C-1),
122.3 (C-4), 149.4 ppm (C-3a); IR (KBr): ñ =3287, 2970, 1462, 1389,
1362, 1200, 1091, 1046, 1005, 921, 893, 865, 754 cm�1; UV (CH3CN): lmax
(lg e)=202 nm (3.9046); MS (DCI, NH3): m/z (%): 256.3 (2) [M


++NH4],
238.3 (64) [M+�H2O+NH4], 221.3 (87) [M


+�H2O+H], 182.2 (100) [M+


�C4H9+H]; elemental analysis calcd (%) for C15H26O2 (238.4): C 75.58,
H 10.99; found: C 75.60, H 10.71.


(�)-(1S,5S,7aS)-1-tert-Butoxy-7a-ethyl-7,7a-dihydroindan-5-yl-formate
(13): Formic acid (2.45 mL, 65.0 mmol) was slowly added at room tem-
perature to a solution of N,N’-carbonyldiimidazole (10.5 g, 64.5 mmol) in
THF (200 mL). The resulting mixture was stirred for 24 h at room tem-
perature. The solvent was removed and the residue was dried for 30 min
in vacuo and then resolved in THF (40 mL). A solution of alcohol 12
(7.46 g, 31.3 mmol) in THF (10 mL) was added at room temperature and
the mixture was stirred for further 3 h. The solvent was removed in
vacuo, the residue then resolved in n-pentane (200 mL) and decanted
from insoluble components. The organic layer was washed with brine and
dried over Na2SO4. Removal of the solvent afforded 13 (8.13 g, 97%) as
colorless oil. Rf=0.66 (n-pentane/EtOAc 4:1); [a]


20
D =�60.0 (c=1.0 in


CHCl3);
1H NMR (500 MHz, CDCl3): d=0.94 (t, J=7.6 Hz, 3H, 7a-


CH2CH3), 1.13 (s, 9H, 1-OC ACHTUNGTRENNUNG(CH3)3), 1.32 (dt, J=13.2, 3.5 Hz, 1H, 7-Ha),
1.48 (dq, J=14.8, 7.6 Hz, 1H, 7a-CHaHbCH3), 1.63 (dq, J=14.8, 7.6 Hz,
1H, 7a-CHaHbCH3), 1.66–1.75 (m, 2H, 2-Ha, 6-Ha), 1.85–1.98 (m, 2H, 2-
Hb, 6-Hb), 2.01 (ddd, J=13.2, 5.8, 3.5 Hz, 1H, 7-Hb), 2.08 (m, 1H, 3-Ha),
2.43 (m, 1H, 3-Hb), 3.46 (t, J=8.7 Hz, 1H, 1-H), 5.38–5.45 (m, 2H, 4-H,
5-H), 8.07 ppm (d, J=0.9 Hz, 1H, 5-OCHO); 13C NMR (75.5 MHz,
CDCl3): d=10.12 (7a-CH2CH3), 24.63 (7a CH2CH3), 25.15 (C-6), 26.74
(C-3), 28.59 (1-OC ACHTUNGTRENNUNG(CH3)3), 29.52 (C-7), 30.03 (C-2), 45.54 (C-7a), 70.48
(C-5), 72.57 (1-OC ACHTUNGTRENNUNG(CH3)3), 80.44 (C-1), 117.6 (C-4), 152.3 (C-3a),
161.2 ppm (5-OCHO); IR (film): ñ =2971, 1724, 1462, 1363, 1181, 1083,
919, 871 cm�1; UV (CH3CN): lmax (lg e)=197.5 nm (4.0231); MS (DCI,
NH3): m/z (%): 284.3 (2) [M


++NH4], 238.3 (100) [M
+�CO2�H2+NH4];


elemental analysis calcd (%) for C16H26O3 (266.4): C 72.14, H 9.84;
found: C 72.06, H 9.66.


(+)-(1S,3aS,7aS)-1-tert-Butoxy-7a-ethyl-3a,6,7,7a-tetrahydroindane (6):
Pd ACHTUNGTRENNUNG(OAc)2 (70.1 mg, 317 mmol) and PnBu3 (312 mL, 1.25 mmol) were
added to a degassed solution of 13 (6.63 g, 24.9 mmol) in dry dioxane.
The mixture was stirred for 15 min at room temperature and then heated
to 90 8C. After gas evolution started (8 to 20 min) the mixture was stirred
for further 30 min at 90 8C and then immediately cooled in an ice bath.


Chem. Eur. J. 2008, 14, 1541 – 1551 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1545


FULL PAPEROral Contraceptive Desogestrel



www.chemeurj.org





The solvent was removed in vacuo and the residue was purified by
column chromatography on silica gel (n-pentane). The bicyclic 6 (5.36 g,
97%, 6/14 94:6) was obtained as colorless liquid which contained a small
amount of the diene 14. Rf=0.19 (n-pentane); [a]


20
D =++31.5 (c=1.0 in


CHCl3);
1H NMR (500 MHz, CDCl3): d=1.01 (t, J=7.5 Hz, 3H, 7a-


CH2CH3), 1.21 (s, 9H, 1-OC ACHTUNGTRENNUNG(CH3)3), 1.13–1.21 (m, 1H, 7-Ha), 1.26–1.42
(m, 3H, 3-Ha, 7a-CH2CH3), 1.47–1.61 (m, 2H, 2-Ha, 3-Hb), 1.90–2.00 (m,
1H, 2-Hb), 2.00–2.14 (m, 4H, 3a-H, 6-H2, 7-Hb), 3.49 (t, J=8.1 Hz, 1H, 1-
H), 5.49–5.60 ppm (m, 2H, 4-H, 5-H); 13C NMR (75.5 MHz, CDCl3): d=


10.19 (7a-CH2CH3), 18.00 (7a-CH2CH3), 23.94 (C-3), 24.50 (C-6), 28.54
(1-OC ACHTUNGTRENNUNG(CH3)3), 30.45 (C-7), 31.62 (C-2), 42.93 (C-7a), 44.76 (C-3a), 72.15
(1-OC ACHTUNGTRENNUNG(CH3)3), 81.18 (C-1), 127.5, 127.9 ppm (C-4, C-5); IR (film): ñ=


2972, 1637, 1463, 1389, 1362, 1252, 1195, 1122, 1071, 982, 936, 888,
678 cm�1; UV (CH3CN): lmax (lg e)=237.5 nm (2.9597); MS (70 eV, EI):
m/z (%): 222.2 (2) [M+], 165.2 (40) [M+�C4H9]; EI-HRMS: m/z : calcd
for C15H26O: 222.1984; found: 222.1984.


(�)-(1S,3aS,4S,7aS)-4-(Z)-(2-Bromo-5-methoxystyryl)-1-tert-butoxy-7a-
ethyl-3a,4,7,7a-tetrahydroindane (15): Pd ACHTUNGTRENNUNG(OAc)2 (24.7 mg, 110 mmol,),
PPh3 (85.7 mg, 327 mmol) and Ag2CO3 (2.99 g, 10.8 mmol) were added to
a degassed solution of 6 (1.60 g, 7.20 mmol, 6/14 94:6) in dry DMF
(55 mL) with protection from light. The resulting suspension was treated
with a solution of the vinyliodide 5 (1.22 g, 3.60 mmol) in dry and de-
gassed DMF (5 mL). The mixture was warmed to 95 8C in a preheated oil
bath for 70 min with stirring. Two other portions of the vinyliodide 5
(610 mg, 1.80 mmol) in DMF (2.5 mL) and (305 mg, 0.900 mmol) in DMF
(1.5 mL) were added after 1 h and 2 h, respectively, and the mixture was
stirred for further 60 min at 95 8C. Finally, another portion of vinyliodide
5 (305 mg, 900 mmol) in DMF (1.5 mL) was added together with Pd-
ACHTUNGTRENNUNG(OAc)2 (4.5 mg, 20.0 mmol), PPh3 (14.8 mg, 56.4 mmol) and Ag2CO3
(543 mg, 1.97 mmol) and stirring was continued for 70 min at 95 8C.
Water (100 mL) was added to the hot reaction mixture and after cooling
to room temperature the mixture was extracted with Et2O (4O40 mL).
The organic layers were washed with brine (40 mL), dried over Na2SO4
and the solvent was evaporated in vacuo. The residue was then first puri-
fied by column chromatography on silica gel (EtOAc/n-pentane 1:100)
and afterwards by a second column chromatography on silica gel that
was loaded with 10% AgNO3 (EtOAc/n-pentane 1:150). Compound 15
(1.76 g, 4.05 mmol, 56%) was obtained as colorless oil. In addition, ana-
lytical pure samples of the regioisomer 17 and the E isomer 16 were iso-
lated. Rf=0.32 (n-pentane/CH2Cl2 7:3); [a]


20
D =�61.2 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=0.90 (t, J=7.5 Hz, 7a-CH2CH3), 1.09–
1.15 (m, 1H, 7a-CHaHbCH3), 1.13 (s, 9H, 1-OC ACHTUNGTRENNUNG(CH3)3), 1.16–1.24 (m,
1H, 3-Ha), 1.31–1.43 (m, 2H, 3a-H, 7a-CHaHbCH3), 1.47–1.54 (m, 1H, 2-
Ha), 1.60–1.72 (m, 2H, 3-Hb, 7-Ha), 1.83–1.91 (m, 1H, 2-Hb), 2.40 (dd, J=


17.3, 5.7 Hz, 1H, 7-Hb), 3.02–3.08 (m, 1H, 4-H), 3.55 (t, J=8.5 Hz, 1H, 1-
H), 3.78 (s, 3H, 5’’-OCH3), 5.41–5.46 (m, 2H, 1’-H, 5-H), 5.69–5.73 (m,
1H, 6-H), 6.44 (d, J=11.3 Hz, 1H, 2’-H), 6.69 (dd, J=8.8, 3.1 Hz, 1H,
4’’-H), 6.81 (d, J=3.1 Hz, 1H, 6’’-H), 7.44 ppm (d, J=8.8 Hz, 1H, 3’’-H);
13C NMR (126 MHz, CDCl3): d =10.55 (7a-CH2CH3), 18.25 (7a-
CH2CH3), 24.43 (C-3), 28.60 (1-OC ACHTUNGTRENNUNG(CH3)3), 30.73 (C-2), 34.47 (C-7),
38.84 (C-4), 42.64 (C-7a), 47.54 (C-3a), 55.44 (5’’-OCH3), 72.23 (1-OC-
ACHTUNGTRENNUNG(CH3)3), 82.68 (C-1), 114.3 (C-4’’), 114.4 (C-2’’), 115.9 (C-6’’), 127.4 (C-6),
129.1 (C-5), 129.3 (C-2’), 133.0 (C-3’’), 136.5 (C-1’), 138.6 (C-1’’),
158.4 ppm (C-5’’); IR (KBr): ñ=2967, 1591, 1567, 1463, 1413, 1362, 1297,
1236, 1196, 1162, 1126, 1059, 1018, 878, 687 cm�1; UV (CH3CN): lmax (lg
e)=202.5 (4.3905), 214.0 (4.3863), 291.0 nm (3.3289); MS (70 eV, EI):
m/z (%): 432.3/343.3 (4/4) [M+], 279.3 (32) [M+�Br�C4H10O]; EI-
HRMS: m/z : calcd for C24H33BrO2: 432.1664, found: 432.1663.


(�)-17b-tert-Butoxy-13b-ethyl-3-methoxy-9b-gona-1,3,5(10),6,11-pen-
taene (4): A solution of 15 (1.59 g, 3.67 mmol) and nBu4NOAc (2.84 g,
9.43 mmol) in CH3CN/DMF/H2O 5:5:1 (60 mL) was carefully degassed.
Herrmann–Beller catalyst[19] 19 (69.7 mg, 74.3 mmol) was added, the re-
sulting mixture was warmed to 135 8C with a preheated oil bath and
stirred for 5 h. The hot solution was then treated with water (200 mL),
cooled to room temperature and extracted with Et2O (3O50 mL). The
combined organic layers were washed with brine (50 mL), dried over
Na2SO4 and the solvent was evaporated in vacuo. The residue was then
quickly filtered through silica gel (EtOAc/n-pentane 5:95) to give 4
(1.22 g, 94%) as a slightly yellow oil which contained some minor impuri-


ties and was used directly in the next step due to its moderate stability.
Rf=0.27 (Et2O/n-pentane 1:99);


1H NMR (500 MHz, CDCl3): d=1.05 (t,
J=7.5 Hz, 3H, 13-CH2CH3), 1.11 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.22–1.33 (m,
1H, 13-CHaHbCH3), 1.34–1.58 (m, 2H, 15-H2, 16-Ha), 1.61–1.77 (m, 2H,
14-H, 13-CHaHbCH3), 1.82–1.91 (m, 1H, 16-Hb), 2.71 (m, 1H, 8-H), 3.51
(dd, J=8.8, 7.0 Hz, 1H, 17-H), 3.66 (m, 1H, 9-H), 3.78 (s, 3H, 3-OCH3),
5.88 (dd, J=9.8, 6.0 Hz, 1H, 7-H), 6.13 (dd, J=10.1, 1.1 Hz, 1H, 12-H),
6.24 (dd, J=10.1, 4.5 Hz, 1H, 11-H), 6.33 (d, J=9.8 Hz, 1H, 6-H), 6.55
(d, J=2.8 Hz, 1H, 4-H), 6.70 (dd, J=8.4, 2.8 Hz, 1H, 2-H), 7.21 ppm (d,
J=8.4 Hz, 1H, 1-H); 13C NMR (50.3 MHz, CDCl3): d=10.67 (13-
CH2CH3), 22.19 (C-15), 22.89 (13-CH2CH3), 28.60 (17-OC ACHTUNGTRENNUNG(CH3)3), 32.12
(C-16), 33.57 (C-8), 36.94 (C-9), 42.48 (C-14), 45.64 (C-13), 55.18 (3-
OCH3), 72.34 (17-OC ACHTUNGTRENNUNG(CH3)3), 78.18 (C-17), 112.0 (C-2, C-4), 126.6 (C-6),
126.8 (C-11), 127.7 (C-1), 129.3 (C-10), 131.1 (C-7), 134.0 (C-5, C-12),
157.9 ppm (C-3); MS (70 eV, EI): m/z (%): 352.4 (37) [M+], 295.3 (46)
[M+�C4H9]; EI-HRMS: m/z : calcd for C24H32O2: 352.2402, found:
352.2402.


(�)-17b-tert-Butoxy-13b-ethyl-3-methoxy-9b-gona-1,3,5(10),11-tetraene
(20): A mixture of PtO2·H2O (22.6 mg, 63.7 mmol) and 4 (1.22 g,
3.45 mmol) in ethyl acetate (115 mL) was stirred for 39 h under a hydro-
gen atmosphere at room temperature. The solvent was removed in vacuo
and the residue purified by column chromatography on silica gel (n-pen-
tane/CH2Cl2 4:1) to afford steroid 20 (1.12 g, 91%) as colorless oil. Rf=
0.24 (n-pentane/EtOAc 98:2); [a]20D =�151.4 (c=0.50 in CHCl3);
1H NMR (600 MHz, CDCl3): d=1.04 (t, J=7.5 Hz, 3H, 13-CH2CH3),
1.11 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.31 (dq, J=13.5, 7.5 Hz, 1H, 13-CHaHbCH3),
1.36–1.44 (m, 1H, 15-Ha), 1.45–1.52 (m, 1H, 14-H), 1.52–1.71 (m, 4H, 7-
Ha, 15-Hb, 16-Ha, 13-CHaHbCH3), 1.76–1.84 (m, 1H, 7-Hb), 1.90–1.98 (m,
1H, 16-Hb), 2.38 (m, 1H, 8-H), 2.52 (dt, J=15.9, 4.4 Hz, 1H, 6-Ha), 2.73
(m, 1H, 6-Hb), 3.44 (d, J=7.0 Hz, 1H, 9-H), 3.52 (dd, J=8.5, 7.5 Hz, 1H,
17-H), 3.77 (s, 3H, 3-OCH3), 6.05 (s, 2H, 11-H, 12-H), 6.62 (d, J=2.8 Hz,
1H, 4-H), 6.75 (dd, J=8.5, 2.8 Hz, 1H, 2-H), 7.25 ppm (d, J=8.5 Hz, 1H,
1-H); 13C NMR (151 MHz, CDCl3): d=10.80 (13-CH2CH3), 22.40 (C-15),
22.79 (13-CH2CH3), 25.45 (C-7), 26.21 (C-6), 28.63 (17-OCACHTUNGTRENNUNG(CH3)3), 31.00
(C-8), 32.18 (C-16), 38.37 (C-9), 43.40 (C-14), 45.69 (C-13), 55.14 (3-
OCH3), 72.30 (17-OC ACHTUNGTRENNUNG(CH3)3), 78.66 (C-17), 112.1 (C-2), 113.2 (C-4),
129.1 (C-1), 129.8 (C-11), 131.5 (C-10), 133.6 (C-12), 138.7 (C-5),
157.0 ppm (C-3); IR (KBr): ñ =2932, 1610, 1500, 1466, 1361, 1257, 1197,
1089, 1043, 911, 793 cm�1; UV (CH3CN): lmax (lg e)=200.0 (4.5815),
260.5 nm (3.7309); MS (70 eV, EI): m/z (%): 354.3 (56) [M+], 297.2 (100)
[M+�C4H9]; EI-HRMS: m/z : calcd for C24H34O2: 354.2559, found:
354.2559.


(+)-17b-tert-Butoxy-13b-ethyl-3-methoxygona-1,3,5(10),9(11)-tetraene
(21): A solution of steroid 20 (1.19 g, 3.35 mmol) in dry DMSO (90 mL)
was treated with KOtBu (981 mg, 8.76 mmol) with stirring for 2.5 h at
room temperature. Water (100 mL) and brine (50 mL) were added and
the mixture was extracted with MTBE (3O50 mL). The combined organ-
ic layers were washed with brine (50 mL) and dried over Na2SO4. Evapo-
ration of the solvent and filtration through silica gel (n-pentane/EtOAc/
NEt3 95:5:1) afforded a colorless oil, which solidified after standing. The
enantiopure steroid 21 (821 mg, 2.31 mmol, 69%) was obtained after re-
crystallization from ethanol as colorless needles. Rf=0.29 (n-pentane/
EtOAc 98:2); [a]20D =++98.5 (c=1.0 in CHCl3), lit. :


[18] +97.13 (c=1.0 in
CHCl3);


1H NMR (600 MHz, C6D6): d =1.23 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.24
(t, J=7.5 Hz, 3H, 13-CH2CH3), 1.26–1.37 (m, 3H, 7-Ha, 14-H, 15-Ha),
1.40–1.47 (m, 1H, 13-CHaHbCH3), 1.57–1.65 (m, 2H, 15-Hb, 13-
CHaHbCH3), 1.69–1.76 (m, 1H, 16-Ha), 1.82–1.91 (m, 3H, 7-Hb, 12-Ha,
16-Hb), 2.09–2.15 (m, 1H, 8-H), 2.63 (ddd, J=17.6, 5.9, 1.5 Hz, 12-Hb),
2.68 (ddd, J=16.7, 5.0, 1.6 Hz, 1H, 6-Ha), 2.77 (ddd, J=16.7, 13.0, 5.3 Hz,
1H, 6-Hb), 3.38 (s, 3H, 3-OCH3), 3.42 (t, J=8.6 Hz, 1H, 17-H), 6.14–6.17
(m, 1H, 11-H), 6.64 (d, J=2.7 Hz, 1H, 4-H), 6.77 (dd, J=8.8, 2.7 Hz,
1H, 2-H), 7.56 ppm (d, J=8.8 Hz, 1H, 1-H); 13C NMR (126 MHz, C6D6):
d=11.15 (13-CH2CH3), 19.07 (13-CH2CH3), 24.29 (C-15), 28.79 (17-OC-
ACHTUNGTRENNUNG(CH3)3), 28.96 (C-7), 30.48 (C-6), 31.89 (C-16), 35.93 (C-12), 39.37 (C-8),
42.93 (C-13), 48.76 (C-14), 54.73 (3-OCH3), 72.13 (17-OC ACHTUNGTRENNUNG(CH3)3), 83.18
(C-17), 113.0 (C-2), 113.6 (C-4), 118.0 (C-11), 125.8 (C-1), 128.3 (C-10),
136.4, 137.5 (C-5, C-9), 159.1 ppm (C-3); IR (KBr): ñ =2969, 1606, 1497,
1468, 1388, 1362, 1317, 1279, 1233, 1197, 1133, 1110, 1081, 1049, 908, 869,
841, 812 cm�1; UV (CH3CN): lmax (lg e)=213.5 (4.2925), 263.0 (4.2821),
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298.5 nm (3.4977); MS (70 eV, EI): m/z (%): 354.5 (100) [M+], 297.3 (65)
[M+�C4H9]; EI-HRMS: m/z : calcd for C24H34O2: 354.2559, found:
354.2559.


(+)-13b-Ethyl-3-methoxygona-1,3,5(10),9(11)-tetraene-17b-ol (22): A
stirred solution of steroid 21 (48.8 mg, 138 mmol) in dichloromethane
(6.8 mL) was treated with BF3·EtO2 (48% in Et2O, 680 mL, 5.39 mmol)
and stirring was continued for 15 min at room temperature. The reaction
was quenched with saturated aqueous NaHCO3 (20 mL) and the layers
were separated. The aqueous layer was extracted with dichloromethane
(3O10 mL), the combined organic layers were dried over Na2SO4 and the
solvent was removed in vacuo. Column chromatography on silica gel (n-
pentane/EtOAc/NEt3 80:20:1) of the residue afforded alcohol 22
(39.4 mg, 96%) as colorless oil, which was crystallized from methanol.
Rf=0.10 (n-pentane/EtOAc 9:1); [a]


20
D = ++123.5 (c=1.0 in CHCl3) lit. :


[20]


+124, (c=1.0 in CHCl3);
1H NMR (600 MHz, C6D6): d=1.29 (t, J=


7.5 Hz, 3H, 13-CH2CH3), 1.21–1.31 (m, 3H, 7-Ha, 14-H, 15-Ha), 1.37 (dq,
J=14.7, 7.5 Hz, 1H, 13-CHaHbCH3), 1.45 (dq, J=14.7, 7.5 Hz, 1H, 13-
CHaHbCH3), 1.52–1.61 (m, 2H, 15-Hb, 16-Ha), 1.79–1.85 (m, 2H, 7-Hb,
12-Ha), 1.89–1.96 (m, 1H, 16-Hb), 2.03–2.10 (m, 1H, 8-H), 2.59 (ddd, J=


17.8, 5.7, 1.8 Hz, 1H, 12-Hb), 2.64 (ddd, J=16.7, 5.3, 1.8 Hz, 1H, 6-Ha),
2.73 (ddd, J=16.7, 13.1, 5.3 Hz, 1H, 6-Hb), 3.38 (s, 3H, 3-OCH3), 3.62 (t,
J=8.8 Hz, 1H, 17-H), 6.10 (m, 1H, 11-H), 6.62 (d, J=2.7 Hz, 1H, 4-H),
6.76 (dd, J=8.8, 2.7 Hz, 1H, 2-H), 7.53 ppm (d, J=8.8 Hz, 1H, 1-H);
13C NMR (126 MHz, C6D6): d =11.00 (13-CH2CH3), 18.48 (13-CH2CH3),
23.86 (C-15), 28.87 (C-7), 30.40 (C-6), 31.27 (C-16), 35.50 (C-12), 39.24
(C-8), 43.36 (C-13), 48.99 (C-14), 54.74 (3-OCH3), 83.96 (C-17), 113.0 (C-
2), 113.6 (C-4), 117.8 (C-11), 125.8 (C-1), 128.3 (C-10), 136.3, 137.5 (C-5,
C-9), 159.1 ppm (C-3); IR (KBr): ñ=3405, 2934, 1607, 1497, 1463, 1279,
1233, 1167, 1111, 1047, 909, 879, 810 cm�1; UV (CH3CN): lmax (lg e)=
263.0 (4.2707), 298.0 nm (3.4612); MS (DCI, NH3): m/z (%): 299.2 (100)
[M++H]; EI-HRMS: m/z : calcd for C20H26O2: 298.1933, found: 298.1933.


(�)-17b-tert-Butoxy-13b-ethyl-11a-hydroxy-3-methoxygona-1,3,5(10)-
triene (23): BH3·THF (1.00m in THF, 8.00 mL, 8.00 mmol) was added at
room temperature to a solution of 21 (581 mg, 1.64 mmol) in dry THF
and the resulting mixture was stirred for 3.5 h. Then water (0.55 mL) was
carefully added, followed by the addition of ice-cold 30% aqueous
NaOH (3.0 mL) and ice-cold 30% aqueous H2O2 (3.0 mL). Stirring was
then continued for 70 min at room temperature and 2 h at 60 8C. Water
(50 mL) was added and the mixture was extracted with Et2O (3O15 mL).
The combined organic layers were washed with saturated aqueous
Na2SO3, dried over Na2SO4 and the solvent was removed in vacuo.
Column chromatography on silica gel (n-pentane/EtOAc 9:1) of the resi-
due afforded alcohol 23 (552 mg, 90%) as white foam. In addition, small
amounts of the regioisomer 24 (42.8 mg, 7%) were obtained. Rf=0.23
(n-pentane/EtOAc 9:1); [a]20D =�75.5 (c=1.0 in CHCl3);


1H NMR
(600 MHz, CDCl3): d=1.03–1.09 (m, 4H, 12-Ha, 13-CH2CH3), 1.09–1.19
(m, 1H, 13-CHaHbCH3), 1.16 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.20–1.30 (m, 2H,
14-H, 15-Ha), 1.37–1.46 (m, 3H, 7-Ha, 8-H, 13-CHaHbCH3), 1.54–1.63 (m,
3H, 15-Hb, 16-Ha, 11-OH), 1.84–1.90 (m, 1H, 7-Hb), 1.93–2.01 (m, 1H,
16-Hb), 2.11 (t, J=9.9 Hz, 1H, 9-H), 2.53 (dd, J=12.2, 4.7 Hz, 1H, 12-
Hb), 2.77–2.87 (m, 2H, 6-H2), 3.55 (t, J=8.3 Hz, 1H, 17-H), 3.79 (s, 3H,
3-OCH3), 4.08 (ddd, J=10.8, 9.9, 4.7 Hz, 1H, 11-H), 6.66 (d, J=2.8 Hz,
1H, 4-H), 6.73 (dd, J=8.7 ?z, 2.8 Hz, 1H, 2-H), 7.85 ppm (d, J=8.7 Hz,
1H, 1-H); 13C NMR (126 MHz, CDCl3): d =9.49 (13-CH2CH3), 18.94 (13-
CH2CH3), 22.80 (C-15), 26.98 (C-7), 28.58 (17-OC ACHTUNGTRENNUNG(CH3)3), 28.63 (C-6),
31.44 (C-16), 37.04 (C-8), 44.06 (C-12), 44.67 (C-13), 50.37 (C-9), 50.88
(C-14), 55.15 (3-OCH3), 70.63 (C-11), 72.31 (17-OC ACHTUNGTRENNUNG(CH3)3), 82.05 (C-17),
110.9 (C-2), 113.7 (C-4), 127.1 (C-1), 132.7 (C-10), 139.1 (C-5), 157.6 ppm
(C-3); IR (KBr): ñ =3406, 2936, 1609, 1498, 1464, 1389, 1362, 1255, 1196,
1132, 1092, 1059, 868 cm�1; UV (CH3CN): lmax (lg e)=200.0 (4.6396),
218.0 (3.9241), 277.0 nm (3.2455); MS (70 eV, EI): m/z (%): 372.4 (100)
[M+]; EI-HRMS: m/z : calcd for C24H36O3: 372.2664, found: 372.2664.


(�)-17b-tert-Butoxy-13b-ethyl-11a-hydroxy-gona-4-en-3-one (26): A so-
lution of steroid 23 (434 mg, 1.17 mmol) in dry THF (20 mL) was slowly
added at �40 8C to a mixture of condensed ammonia (50 mL) and iPrOH
(2.5 mL). Small pieces of lithium (75.8 mg, 10.9 mmol) were added por-
tionwise over a period of 90 min, so that the deep blue color of the mix-
ture maintained over this time. Then solid NH4Cl was slowly added until


the color disappeared and the ammonia was distilled off at room temper-
ature. The residue was dissolved in water (30 mL) and MTBE (20 mL),
the layers were separated and the aqueous layer was extracted with
MTBE (2O30 mL). The combined organic extracts were dried over
Na2SO4 and the solvent was removed in vacuo to give a white foam,
which was resolved in acetone/methanol/water 2:5:1 (36 mL). The solu-
tion was treated with 1n HCl (6.75 mL) and stirred for 19 h at room tem-
perature. The mixture was then neutralized with saturated aqueous
NaHCO3 (5 mL) and the solvent removed in vacuo. Water (20 mL) and
MTBE (30 mL) were added to the residue, the layers separated and the
aqueous layer was extracted with MTBE (2O30 mL). The combined or-
ganic extracts were dried over Na2SO4 and the solvent evaporated. Crude
steroid 26 (418 mg 1.16 mmol) was obtained as colorless foam and was
used in the next step without further purification. An analytical pure
sample was obtained after column chromatography on silica gel (n-pen-
tane/EtOAc 65:35). Rf=0.17 (n-pentane/EtOAc 7:3); [a]


20
D =�28.7 (c=


1.0 in CHCl3);
1H NMR (600 MHz, CDCl3): d =0.91 (t, J=11.5 Hz, 1H,


12-Ha), 1.04 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.11 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3),
1.00–1.25 (m, 5H, 7-Ha, 9-H, 14-H, 15-Ha, 13-CHaHbCH3), 1.40–1.58 (m,
5H, 8-H, 15-Hb, 16a-H, 13-CHaHbCH3, 11-OH), 1.83–1.95 (m, 2H, 7-Hb,
16-Hb), 2.15–2.32 (m, 4H, 1-Ha, 2-Ha, 6-Ha, 10-H), 2.38 (dd, J=12.2,
4.5 Hz, 1H, 12-Hb), 2.38–2.49 (m, 3H, 1-Hb, 2-Hb, 6-Hb), 3.45 (t, J=


8.5 Hz, 1H, 17-H), 3.71 (ddd, J=10.7, 9.5, 4.5 Hz, 1H, 11-H), 5.80 ppm
(t, J=1.5 Hz, 1H, 4-H); 13C NMR (126 MHz, CDCl3): d=9.61 (13-
CH2CH3), 19.18 (13-CH2CH3), 22.87 (C-15), 27.50 (C-1), 28.51 (17-OC-
ACHTUNGTRENNUNG(CH3)3), 31.31 (C-16), 31.54 (C-7), 35.97 (C-6), 36.26 (C-2), 39.64 (C-8),
43.93 (C-13), 44.16 (C-10), 44.92 (C-12), 49.99 (C-14), 54.56 (C-9), 71.94
(C-11), 72.30 (17-OC ACHTUNGTRENNUNG(CH3)3), 81.94 (C-17), 124.4 (C-4), 167.8 (C-5),
200.8 ppm (C-3); IR (KBr): ñ =3432, 2969, 1659, 1446, 1389, 1361, 1257,
1197, 1133, 1088, 901, 758 cm�1; UV (CH3CN): lmax (lg e)=237.5
(4.1616), 283.0 (2.3193), 314.0 nm (2.3067); MS (70 eV, EI): m/z (%):
360.3 (22) [M+]; ESI-HRMS: m/z : calcd for [C23H36O3+H


+]: 361.27372,
found: 361.27398.


(+)-17b-tert-Butoxy-13b-ethyl-3,3-ethylenedithio-11a-hydroxy-gona-4-
ene (27): 1,2-Ethanedithiol (144 mL, 162 mg, 1.72 mmol) and BF3·Et2O
(48% in Et2O, 87.0 mL, 670 mmol) were added at room temperature to a
solution of crude 26 (418 mg, 1.16 mmol) in methanol (40 mL) and the
mixture was stirred for 3 h. Saturated aqueous NaHCO3 (5 mL) and
water (20 mL) were added and methanol was evaporated in vacuo. The
aqueous layer was extracted with MTBE (2O30 mL) and the combined
organic layers were dried over Na2SO4. Evaporation of the solvent af-
forded crude 27 (507 mg, 1.16 mmol) as white foam, which was used in
the next step without further purification. An analytical pure sample was
obtained by column chromatography on silica gel (n-pentane/EtOAc
4:1). Rf=0.33 (n-pentane/EtOAc 9:1); [a]


20
D =++42.3 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d =0.80 (q, J=9.9 Hz, 1H, 9-H), 0.86 (t, J=


11.6 Hz, 1H, 12-Ha), 0.90–0.98 (m, 1H, 7-Ha), 1.00–1.06 (m, 1H, 14-H),
1.03 (t, J=7.3 Hz, 3H, 13-CH2CH3), 1.11 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.08–1.32
(m, 4H, 8-H, 15-Ha, 13-CHaHbCH3, 11-OH), 1.38–1.56 (m, 3H, 15-Hb, 16-
Ha, 13-CHaHbCH3), 1.65–1.70 (m, 1H, 7-Hb), 1.86–2.05 (m, 5H, 1-Ha, 2-
Ha, 6-Ha, 10-H, 16-Hb), 2.20–2.26 (m, 2H, 2-Hb, 6-Hb), 2.32–2.38 (m, 1H,
1-Hb), 2.36 (dd, J=12.4, 4.6 Hz, 1H, 12-Hb), 3.21–3.27 (m, 1H, S-
CHaHbCH2-S), 3.29–3.38 (m, 3H, S-CHaHbCH2-S), 3.44 (t, J=8.3 Hz,
1H, 17-H), 3.64 (ddd, J=11.2, 9.9, 4.6 Hz, 1H, 11-H), 5.60 ppm (d, J=


1.0 Hz, 1H, 4-H); 13C NMR (126 MHz, CDCl3): d =9.61 (13-CH2CH3),
19.14 (13-CH2CH3), 22.90 (C-15), 28.54 (17-OC ACHTUNGTRENNUNG(CH3)3), 29.28 (C-1), 31.17
(C-7), 31.37 (C-16), 35.47 (C-6), 39.64, 39.66, 39.74 (C-8, S-CH2CH2-S),
40.29 (C-2), 42.31 (C-10), 44.07 (C-13), 45.11 (C-12), 50.13 (C-14), 55.23
(C-9), 65.64 (C-3), 72.23 (17-OC ACHTUNGTRENNUNG(CH3)3), 72.61 (C-11), 82.10 (C-17), 125.7
(C-4), 142.0 ppm (C-5); IR (KBr): ñ =3444, 2929, 2873, 1440, 1389, 1361,
1197, 1132, 1073, 912, 861, 757 cm�1; UV (CH3CN): no absorption; MS
(70 eV, EI): m/z (%): 436.3 (100) [M+]; ESI-HRMS: m/z : calcd for
[C25H40O2S2 + H+]: 437.25425, found: 437.25412.


(+)-17b-tert-Butoxy-13b-ethyl-11a-hydroxygona-4-ene (28): A solution
of crude steroid 27 (507 mg, 1.16 mmol) in dry THF (20 mL) was slowly
added at �40 8C to condensed ammonia (40 mL). Small pieces of lithium
(30.0 mg, 4.32 mmol) were added portionwise over a period of 30 min, so
that the deep blue color of the mixture maintained over this time. Then
solid NH4Cl was slowly added until the color disappeared and the ammo-
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nia was distilled off at room temperature. The residue was dissolved in
water (30 mL) and MTBE (20 mL), the layers were separated and the
aqueous layer was extracted with MTBE (2O30 mL). The combined or-
ganic extracts were dried over Na2SO4, the solvent was removed in vacuo
and the residue was subjected to column chromatography on silica gel
(n-pentane/EtOAc 97:3). Steroid 28 (221 mg, 637 mmol, 55% over four
steps) was obtained as colorless oil. Rf=0.21 (n-pentane/EtOAc 97:3);
[a]20D =++20.5 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=0.80 (q,
J=9.9 Hz, 1H, 9-H), 0.85–0.94 (m, 2H, 7-Ha, 12-Ha), 1.01–1.07 (m, 1H,
14-H), 1.04 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.12 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3),
1.14–1.23 (m, 2H, 15-Ha, 13-CHaHbCH3), 1.27–1.33 (m, 2H, 2-Ha, 8-H),
1.33–1.46 (m, 2H, 15-Hb, 13-CHaHbCH3), 1.46–1.57 (m, 2H, 16-Ha, 11-
OH), 1.61–1.72 (m, 3H, 1-Ha, 2-Hb, 7-Hb), 1.86–1.98 (m, 3H, 3-H2, 16-
Hb), 1.98–2.06 (m, 2H, 6-Ha, 10-H), 2.17–2.24 (m, 2H, 1-Hb, 6-Hb), 2.37
(dd, J=12.2, 4.7 Hz, 1H, 12-Hb), 3.45 (t, J=8.2 Hz, 1H, 17-H), 3.67 (ddd,
J=11.2, 9.4, 4.7 Hz, 1H, 11-H), 5.43 ppm (d, J=1.9 Hz, 1H, 4-H);
13C NMR (126 MHz, CDCl3): d=9.60 (13-CH2CH3), 19.13 (13-CH2CH3),
21.93 (C-2), 22.96 (C-15), 25.37 (C-3), 28.53 (17-OC ACHTUNGTRENNUNG(CH3)3), 30.00 (C-1),
31.39 (C-16), 31.70 (C-7), 36.03 (C-6), 39.97 (C-8), 43.42 (C-10), 44.00 (C-
13), 44.85 (C-12), 50.20 (C-14), 55.73 (C-9), 72.19 (C-11), 72.64 (17-OC-
ACHTUNGTRENNUNG(CH3)3), 82.19 (C-17), 120.9 (C-4), 140.3 ppm (C-5); IR (KBr): ñ =3423,
2927, 1445, 1389, 1362, 1198, 1132, 1074, 910, 808 cm�1; UV (CH3CN): no
absorption; MS (70 eV, EI): m/z (%): 346.3 (23) [M+]; ESI-HRMS: m/z :
calcd for [C23H38O2 + Na+]: 369.27640, found: 369.27633.


(+)-17b-tert-Butoxy-13b-ethylgona-4-en-11-one (29): A solution of ste-
roid 28 (243 mg, 702 mmol) in dichloromethane (20 mL) was treated with
Dess–Martin periodinane (467 mg, 1.10 mmol) and stirred for 60 min at
room temperature. Saturated aqueous NaHCO3 (3.0 mL) and 10% aque-
ous Na2S2O3 (3.0 mL) were added and the mixture was stirred for further
45 min. The layers were separated and the aqueous layer was extracted
with dichloromethane (3O20 mL). The combined organic extracts were
dried over Na2SO4, the solvent was removed in vacuo and the residue
was filtered through a short column of silica gel (n-pentane/EtOAc 95:5)
to give ketone 29 (227 mg 94%) as colorless oil. Rf=0.51 (n-pentane/
EtOAc 95:5); [a]20D = ++142.0 (c=1.0 in CHCl3);


1H NMR (600 MHz,
CDCl3): d =0.83–0.90 (m, 1H, 1-Ha), 0.97–1.08 (m, 5H, 7-Ha, 13-
CH2CH3, 13-CHaHbCH3), 1.10 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.30 (dq, J=12.1,
6.5 Hz, 1H, 15-Ha), 1.36–1.46 (m, 1H, 2-Ha), 1.46–1.54 (m, 1H, 13-
CHaHbCH3), 1.54–1.66 (m, 5H, 2-Hb, 8-H, 14-H, 15-Hb, 16-Ha), 1.70–1.77
(m, 2H, 7-Hb, 9-H), 1.88–1.96 (m, 3H, 3-H2, 6-Ha), 1.96–2.04 (m, 1H, 16-
Hb), 2.01 (d, J=11.3 Hz, 1H, 12-Ha), 2.16–2.21 (m, 1H, 6-Hb), 2.23–2.31
(m, 2H, 1-Ha, 10-H), 2.77 (d, J=11.3 Hz, 1H, 12-Hb), 3.66 (t, J=8.2 Hz,
1H, 17-H), 5.45 ppm (s, 1H, 4-H); 13C NMR (126 MHz, CDCl3): d =9.18
(13-CH2CH3), 20.12 (13-CH2CH3), 21.76 (C-2), 22.07 (C-15), 25.47 (C-3),
28.43 (17-OC ACHTUNGTRENNUNG(CH3)3), 28.93 (C-1), 31.73 (C-16), 31.91 (C-7), 34.91 (C-6),
35.34 (C-10), 41.90 (C-8), 49.32 (C-13), 50.82 (C-12), 51.18 (C-14), 60.96
(C-9), 72.47 (17-OC ACHTUNGTRENNUNG(CH3)3), 81.40 (C-17), 122.1 (C-4), 138.6 (C-5),
212.1 ppm (C-11); IR (film): ñ=2927, 1708, 1435, 1389, 1362, 1253, 1195,
1128, 1076, 917, 808, 757 cm�1; UV (CH3CN): lmax (lg e)=194.0 nm
(3.8334); MS (70 eV, EI): m/z (%): 344.4 (64) [M+]; ESI-HRMS: m/z :
calcd for [C23H36O2 + H+]: 345.27881, found: 345.27886.


(+)-17b-tert-Butoxy-13b-ethyl-11b-hydroxy-11a-trimethylsilylmethylgo-
na-4-ene (30): LiCH2TMS (1.00m in n-pentane, 880 mL) was added in one
portion at �78 8C to a solution of ketone 29 (102 mg, 295 mmol) in dry
THF (12 mL). Stirring was continued at �78 8C for 20 min, then the mix-
ture was warmed to room temperature and stirred for further 30 min.
Water (30 mL) was added and the aqueous phase was extracted with
Et2O (3O15 mL). The combined organic layers were washed with saturat-
ed aqueous NaCl (15 mL) and dried over Na2SO4. The solvent was re-
moved in vacuo and the residue was subjected to column chromatogra-
phy on silica gel (n-pentane/EtOAc 95:5) to afford steroid 30 (120 mg,
94%) as colorless foam. Rf=0.69 (n-pentane/EtOAc 95:5); [a]


20
D =++22.3


(c=1.0 in CHCl3);
1H NMR (600 MHz, CDCl3): d=0.10 (s, 9H, 11-


CH2SiACHTUNGTRENNUNG(CH3)3), 0.87 (dq, J=12.6, 4.0 Hz, 1H, 7-Ha), 0.95 (dt, J=12.1,
6.8 Hz, 1H, 14-H), 1.02 (d, J=14.3 Hz, 1H, 12-Ha), 1.04 (t, J=10.1 Hz,
1H, 9-H), 1.06 (d, J=15.0 Hz, 1H, 11-CHaHbSi ACHTUNGTRENNUNG(CH3)3), 1.13 (s, 9H, 17-
OC ACHTUNGTRENNUNG(CH3)3), 1.15 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.22–1.30 (dq, J=12.1,
6.4 Hz, 1H, 15-Ha), 1.31 (s, 1H, 11-OH), 1.38–1.45 (m, 2H, 2-Ha, 13-
CHaHbCH3), 1.45–1.56 (m, 4H, 8-H, 15-Hb, 16-Ha, 13-CHaHbCH3), 1.54


(d, J=15.0 Hz, 1H, 11-CHaHbSi ACHTUNGTRENNUNG(CH3)3), 1.63–1.70 (m, 1H, 2-Hb), 1.72
(dquint. , J=12.6, 2.5 Hz, 1H, 7-Hb), 1.83–1.91 (m, 2H, 1-Ha, 16-Hb),
1.93–1.99 (m, 3H, 1-Hb, 3-H2), 1.99–2.07 (m, 1H, 6-Ha), 2.17–2.24 (m,
2H, 6-Hb, 10-H), 2.47 (d, J=14.3 Hz, 1H, 12-Hb), 3.35 (t, J=8.3 Hz, 1H,
17-H), 5.41 ppm (br s, 1H, 4-H); 13C NMR (126 MHz, CDCl3): d=1.06
(11-CH2Si ACHTUNGTRENNUNG(CH3)3), 10.93 (13-CH2CH3), 19.94 (13-CH2CH3), 21.37 (C-2),
23.40 (C-15), 25.62 (C-3), 28.66 (17-OC ACHTUNGTRENNUNG(CH3)3), 29.69 (C-1), 31.19 (C-16),
32.63 (C-7), 36.00 (11-CH2Si ACHTUNGTRENNUNG(CH3)3), 36.49 (C-6), 39.29 (C-8), 40.59 (C-
10), 43.13 (C-13), 50.62 (C-12), 50.70 (C-14), 56.81 (C-9), 72.17 (17-OC-
ACHTUNGTRENNUNG(CH3)3, 77.18 (C-11), 84.12 (C-17), 120.0 (C-4), 142.0 ppm (C-5); IR
(film): ñ=3627, 2928, 1658, 1436, 1389, 1362, 1248, 1197, 1133, 1080,
1028, 911, 838, 760, 688 cm�1; UV (CH3CN): lmax (lg e)=198.5 nm
(3.7757); MS (70 eV, EI): m/z (%): 432.4 (7) [M+]; ESI-HRMS: m/z :
calcd for [C27H48O2Si + Na+]: 455.33158, found: 455.33193.


(+)-17b-tert-Butoxy-13b-ethyl-11-methylenegona-4-ene (31): A solution
of 30 (201 mg, 464 mmol) in acetone (20 mL) was treated with conc. HCl
(0.37 mL) and stirred for 60 min at room temperature. The mixture was
then neutralized with saturated aqueous NaHCO3 (10 mL) and the ace-
tone was removed in vacuo. The aqueous residue was diluted with water
(20 mL) and extracted with Et2O (4O10 mL). The combined extracts
were washed with saturated aqueous NaCl (10 mL) and dried over
Na2SO4. Evaporation of the solvent and column chromatography on
silica gel (n-pentane/EtOAc 99:1) of the obtained residue afforded ste-
roid 31 (152 mg, 95%) as colorless oil, which solidified on standing. Rf=
0.53 (n-pentane/EtOAc 100:1); [a]20D =++112.3 (c=1.0 in CHCl3);
1H NMR (600 MHz, C6D6): d=0.88–1.00 (m, 2H, 7-Ha, 14-H), 1.10 (s,
9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.20 (dq, J=12.3, 6.5 Hz, 1H, 15-Ha), 1.24–1.40 (m,
8H, 1-Ha, 8-H, 9-H, 15-Hb, 13-CH2CH3, 13-CHaHbCH3), 1.44–1.52 (m,
2H, 2-Ha, 13-CHaHbCH3), 1.47 (d, J=12.2 Hz, 1H, 12-Ha), 1.59–1.68 (m,
3H, 2-Hb, 7-Hb, 16-Ha), 1.76–1.84 (m, 1H, 16-Hb), 1.94–2.06 (m, 3H, 3-
H2, 6-Ha), 2.24–2.38 (m, 3H, 1-Hb, 6-Hb, 10-H), 2.85 (d, J=12.2 Hz, 1H,
12-Hb), 3.31 (t, J=8.3 Hz, 1H, 17-H), 4.79 (s, 1H, 11-CHaHb), 5.06 (d, J=


1.1 Hz, 1H, 11-CHaHb), 5.57 ppm (d, J=2.1 Hz, 1H, 4-H); 13C NMR
(151 MHz, C6D6): d =9.44 (13-CH2CH3), 19.70 (13-CH2CH3), 22.44 (C-2),
22.74 (C-15), 26.16 (C-3), 28.71 (17-OC ACHTUNGTRENNUNG(CH3)3), 29.69 (C-1), 32.02 (C-16),
32.16 (C-7), 36.11 (C-6), 37.06 (C-10), 42.43 (C-8), 45.54 (C-12), 46.29 (C-
13), 52.52 (C-14), 55.63 (C-9), 72.18 (17-OCACHTUNGTRENNUNG(CH3)3, 82.38 (C-17), 108.3
(11-CH2), 121.5 (C-4), 140.2 (C-5), 147.8 ppm (C-11); IR (film): ñ =2927,
1642, 1437, 1388, 1362, 1197, 1118, 1079, 892, 759 cm�1; UV (CH3CN):
lmax (lg e)=197.0 (4.1979), 248.0 (2.1226), 254.0 (2.1315), 260.0 nm
(2.0541); MS (70 eV, EI): m/z (%): 342.4 (26) [M+]; EI-HRMS: m/z :
calcd for C24H38O: 342.2923, found: 342.2923.


(+)-17b-tert-Butoxy-13b-ethyl-3-methoxygona-1,3,5(10)-trien-11-one
(33): A solution of steroid 23 (309 mg, 828 mmol) in dichloromethane
(15 mL) was treated with Dess–Martin periodinane (533 mg, 1.26 mmol)
and stirred for 60 min at room temperature. Saturated aqueous NaHCO3
(7.2 mL) and 10% aqueous Na2S2O3 (7.2 mL) were added and the mix-
ture was stirred for further 45 min. The layers were separated and the
aqueous layer was extracted with dichloromethane (3O20 mL). The com-
bined organic extracts were dried over Na2SO4, the solvent was removed
in vacuo and the residue was filtered through a short column of silica gel
(n-pentane/EtOAc 9:1) to give the ketone 33 (298 mg, 805 mmol, 97%)
as colorless foam, which was used directly in the next step because of its
low stability. Rf=0.38 (n-pentane/EtOAc 9:1); [a]


20
D =++211.3 (c=1.0 in


CHCl3);
1H NMR (600 MHz, CDCl3): d=1.04 (t, J=7.3 Hz, 3H, 13-


CH2CH3), 1.08–1.15 (m, 1H, 13-CHaHbCH3), 1.15 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3),
1.39–1.59 (m, 3H, 7-Ha, 15-Ha, 13-CHaHbCH3), 1.65–1.74 (m, 2H, 15-Hb,
16-Ha), 1.86–1.97 (m, 3H, 7-Hb, 8-H, 14-H), 2.04–2.12 (m, 1H, 16-Hb),
2.19 (d, J=11.5 Hz, 1H, 12-Ha), 2.75–2.89 (m, 2H, 6-H2), 2.94 (d, J=


11.5 Hz, 1H, 12-Hb), 3.42 (d, J=10.2 Hz, 1H, 9-H), 3.75–3.78 (m, 1H, 17-
H), 3.77 (s, 1H, 3-OCH3), 6.61 (d, J=2.7 Hz, 1H, 4-H), 6.75 (dd, J=8.8,
2.7 Hz, 1H, 2-H), 7.29 ppm (d, J=8.8 Hz, 1H, 1-H); 13C NMR (126 MHz,
CDCl3): d=9.29 (13-CH2CH3), 20.21 (13-CH2CH3), 22.03 (C-15), 27.57
(C-7), 28.47 (17-OC ACHTUNGTRENNUNG(CH3)3), 30.03 (C-6), 31.84 (C-16), 40.35 (C-8), 49.68
(C-13), 50.87, 50.91 (C-12, C-14), 55.16 (3-OCH3), 55.46 (C-9), 72.57 (17-
OC ACHTUNGTRENNUNG(CH3)3), 81.41 (C-17), 111.4 (C-2), 113.7 (C-4), 123.9 (C-10), 131.0 (C-
1), 138.3 (C-5), 157.9 (C-3), 210.0 ppm (C-11); IR (KBr): ñ=2971, 1712,
1610, 1502, 1464, 1362, 1246, 1195, 1120, 1089, 1039 cm�1; UV (CH3CN):
lmax (lg e)=200.5 (4.6748), 277.0 (3.2073), 284.0 nm (3.1842); MS (ESI,
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MeOH/NH4OAc): m/z (%): 371.3 (26) [M
++H], 758.5 (100) [2M+


+NH4]; ESI-HRMS: m/z : calcd for [C24H34O3+H
+]: 371.25807, found:


371.25791.


(�)-17b-tert-Butoxy-13b-ethyl-11b-hydroxy-3-methoxy-11a-trimethylsilyl-
methylgona-1,3,5(10)-triene (34): LiCH2TMS (1.00m in n-pentane,
2.02 mL, 2.02 mmol) was added in one portion at �78 8C to a stirred solu-
tion of ketone 33 (298 mg, 805 mmol) in dry THF (60 mL). Stirring was
continued at �78 8C for 30 min, then the mixture was warmed to room
temperature and stirred for further 10 min. Water (100 mL) was added
and the aqueous phase was extracted with Et2O (3O30 mL). The com-
bined organic layers were washed with saturated aqueous NaCl (30 mL)
and dried over Na2SO4. The solvent was removed in vacuo and the resi-
due was subjected to column chromatography on silica gel (n-pentane/
EtOAc/NEt3 97:3:1) to afford steroid 34 (291 mg, 79%) as colorless
foam. Rf=0.61 (n-pentane/EtOAc 9:1); [a]


20
D =�53.3 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=0.13 (s, 9H, 11-CH2Si ACHTUNGTRENNUNG(CH3)3), 1.10 (d,
J=14.2 Hz, 1H, 12-Ha), 1.14 (d, J=15.1 Hz, 1H, 11-CHaHbSi ACHTUNGTRENNUNG(CH3)3),
1.17 (s, 9H, 17-OC ACHTUNGTRENNUNG(CH3)3), 1.18 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.23–1.29
(m, 1H, 14-H), 1.32–1.45 (m, 2H, 13-CHaHbCH3, 11-OH), 1.45–1.60 (m,
3H, 7-Ha, 16-Ha, 13-CHaHbCH3), 1.60–1.76 (m, 4H, 7-Hb, 8-H, 15-H2),
1.90 (d, J=15.1 Hz, 1H, 11-CHaHbSi ACHTUNGTRENNUNG(CH3)3), 1.91–1.98 (m, 1H, 16-Hb),
2.21 (d, J=11.0 Hz, 1H, 9-H), 2.63–2.69 (m, 2H, 6-H2), 2.65 (d, J=


14.2 Hz, 1H, 12-Hb), 3.45 (t, J=8.0 Hz, 1H, 17-H), 3.79 (s, 3H, 3-OCH3),
6.71 (d, J=2.9 Hz, 1H, 4-H), 6.72 (dd, J=8.6, 2.9 Hz, 1H, 2-H), 7.85 ppm
(d, J=8.6 Hz, 1H, 1-H); 13C NMR (126 MHz, CDCl3): d =0.73 (11-
CH2SiACHTUNGTRENNUNG(CH3)3), 11.08 (13-CH2CH3), 20.19 (13-CH2CH3), 23.31 (C-15),
26.06 (C-7), 28.62 (17-OC ACHTUNGTRENNUNG(CH3)3), 28.69 (C-6), 31.07 (C-16), 33.77, 33.94
(C-8, 11-CH2SiACHTUNGTRENNUNG(CH3)3), 43.75 (C-13), 49.14 (C-12), 52.29 (C-14), 53.20 (C-
9), 55.12 (3-OCH3), 72.25 (17-OC ACHTUNGTRENNUNG(CH3)3), 76.17 (C-11), 83.83 (C-17),
109.9 (C-2), 113.6 (C-4), 128.3 (C-1), 130.8 (C-10), 142.4 (C-5), 157.1 ppm
(C-3); IR (KBr): ñ =3629, 2950, 1610, 1578, 1497, 1466, 1389, 1362, 1254,
1133, 1196, 1088, 1049, 928, 841, 689 cm�1; UV (CH3CN): lmax (lg e)=
199.5 (4.5721), 225.5 (3.8272), 276.5 (3.1354), 281.5 nm (3.1066); MS
(70 eV, EI): m/z (%): 458.4 (7) [M+], 73.1 (100) [C3H9Si


+]; ESI-HRMS:
m/z : calcd for [C28H46O3Si+Na


+]: 481.31084, found: 481.31084.


(+)-17b-tert-Butoxy-13b-ethyl-11-methylenegona-4-en-3-one (35): A so-
lution of steroid 34 (172 mg, 375 mmol) in dry THF (14 mL) was slowly
added at �40 8C to a mixture of condensed ammonia (35 mL) and iPrOH
(1.8 mL). Small pieces of lithium (26.0 mg, 3.75 mol) were added portion-
wise over a period of 90 min, so that the deep blue color of the mixture
maintained. Then solid NH4Cl was slowly added until the color disap-
peared and the ammonia was distilled off at room temperature. The resi-
due was dissolved in water (30 mL) and MTBE (20 mL), the layers were
separated and the aqueous layer was extracted with MTBE (2O30 mL).
The combined organic extracts were dried over Na2SO4 and the solvent
was removed in vacuo to give a white foam, which was resolved in ace-
tone (20 mL). The solution was treated with conc. HCl (0.50 mL) and
stirred for 15 h at room temperature. The mixture was then neutralized
with saturated aqueous NaHCO3 (5 mL) and the acetone was removed in
vacuo. Water (20 mL) and MTBE (20 mL) were added to the residue, the
layers separated and the aqueous layer was extracted with MTBE (2O
20 mL). The combined organic extracts were dried over Na2SO4, the sol-
vent evaporated and the residue subjected to column chromatography on
silica gel (n-pentane/EtOAc 1:1). Compound 35 (99.4 mg, 74%) was ob-
tained as colorless crystals. Rf=0.23 (n-pentane/EtOAc 1:1); [a]


20
D =


+156.0 (c=1.0 in CHCl3);
1H NMR (600 MHz, CDCl3): d=0.99–1.07


(m, 1H, 7-Ha), 1.02 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.12 (s, 9H, 17-OC-
ACHTUNGTRENNUNG(CH3)3), 1.17–1.25 (m, 2H, 14-H, CHaHbCH3), 1.25–1.34 (m, 1H, 15-Ha),
1.35–1.53 (m, 5H, 1-Ha, 8-H, 9-H, 15-Hb, 13-CHaHbCH3), 1.53–1.61 (m,
2H, 12-Ha, 16-Ha), 1.77–1.82 (m, 1H, 7-Hb), 1.89–1.97 (m, 1H, 16-Hb),
2.17–2.24 (m, 1H, 6-Ha), 2.29 (ddd, 16.6, 13.9, 4.7 Hz, 1H, 2-Ha), 2.38 (dt,
J=16.6, 4.3 Hz, 1H, 2-Hb), 2.46 (dt, J=14.6, 3.0 Hz, 1H, 6-Hb), 2.51 (dq,
J=13.8, 4.3 Hz, 1H, 1-Hb), 2.54–2.60 (m, 1H, 10-H), 2.79 (d, J=12.2 Hz,
1H, 12-Hb), 3.51 (t, J=8.3 Hz, 1H, 17-H), 4.77 (s, 1H, 11-CHaHb), 5.00
(s, 1H, 11-CHaHb), 5.86 ppm (s, 1H, 4-H);


13C NMR (126 MHz, CDCl3):
d=8.70 (13-CH2CH3), 19.13 (13-CH2CH3), 22.34 (C-15), 28.26 (C-1),
28.49 (17-OC ACHTUNGTRENNUNG(CH3)3), 30.14 (C-7), 31.49 (C-16), 35.37 (C-6), 36.96 (C-2),
37.59 (C-10), 41.39 (C-8), 44.85 (C-12), 45.73 (C-13), 52.12 (C-14), 54.24
(C-9), 72.32 (17-OC ACHTUNGTRENNUNG(CH3)3), 81.83 (C-17), 106.1 (11-CH2), 125.5 (C-4),


146.3 (C-11), 166.8 (C-5), 200.0 ppm (C-3); IR (KBr): ñ =3080, 2963,
1672, 1614, 1454, 1360, 1257, 1199, 1116, 1078, 897, 747 cm�1; UV
(CH3CN): lmax (lg e)=196.5 (4.0609), 236.5 (4.2588), 308.0 nm (2.2252);
MS (70 eV, EI): m/z (%): 356.5 (7) [M+], 300.4 (100) [M+�C4H8]; ESI-
HRMS: m/z : calcd for [C24H36O2+H


+]: 357.27881, found: 357.27912.


(+)-13b-Ethyl-17b-hydroxy-11-methylenegona-4-en-3-one (36): A solu-
tion of steroid 35 (107 mg, 300 mmol) in dichloromethane (17 mL) was
treated with BF3·EtO2 (48% in Et2O, 1.66 mL, 13.2 mmol) and stirred for
10 min at room temperature. The mixture was quenched with saturated
aqueous NaHCO3 (20 mL) and the layers were separated. The aqueous
layer was extracted with dichloromethane (3O10 mL), the combined or-
ganic layers were dried over Na2SO4 and the solvent was removed in
vacuo. Column chromatography on silica gel (n-pentane/EtOAc 1:1) of
the residue afforded alcohol 36 (90.0 mg, quant.) as white solid. Rf=0.36
(n-pentane/EtOAc 1:1); [a]20D = ++187.3 (c=1.0 in CHCl3), +180.0 (c=


0.53 in C6H6), lit. :
[11e] +180.6 (c=0.53 in C6H6);


1H NMR (600 MHz,
CDCl3): d =1.00–1.08 (m, 1H, 7-Ha), 1.04 (t, J=7.5 Hz, 3H, 13-CH2CH3),
1.21–1.36 (m, 3H, 14-H, 15-Ha, 13-CHaHbCH3), 1.36–1.52 (m, 4H, 1-Ha,
8-H, 9-H, 13-CHaHbCH3), 1.52–1.64 (m, 3H, 12-Ha, 15-Hb, 16-Ha), 1.77–
1.82 (m, 2H, 7-Hb, 17-OH), 2.08–2.15 (m, 1H, 16-Hb), 2.17–2.24 (m, 1H,
6-Ha), 2.92 (ddd, J=16.7, 13.8, 4.7 Hz, 2-Ha), 2.38 (dt, J=16.7, 4.1 Hz,
1H, 2-Hb), 2.46 (dt, J=14.6, 3.1 Hz, 1H, 6-Hb), 2.50 (dq, J=13.6, 4.4 Hz,
1H, 1-Hb), 2.54–2.59 (m, 1H, 10-H), 2.85 (d, J=12.4 Hz, 1H, 12-Hb), 3.82
(t, J=8.5 Hz, 1H, 17-H), 4.79 (s, 1H, 11-CHaHb), 5.01 (s, 1H, 11-CHaHb),
5.86 ppm (t, J=1.9 Hz, 1H, 4-H); 13C NMR (126 MHz, CDCl3): d=8.87
(13-CH2CH3), 18.55 (13-CH2CH3), 22.07 (C-15), 28.23 (C-1), 30.08 (C-7),
30.90 (C-16), 35.30 (C-6), 36.91 (C-2), 37.56 (C-10), 41.49 (C-8), 44.33 (C-
12), 46.53 (C-13), 52.14 (C-14), 54.05 (C-9), 82.89 (C-17), 108.5 (11-CH2),
125.5 (C-4), 146.0 (C-11), 166.7 (C-5), 200.1 ppm (C-3); IR (KBr): ñ=


3487, 2946, 1664, 1613, 1417, 1354, 1261, 1207, 1110, 1067, 904, 880 cm�1;
UV (CH3CN): lmax (lg e)=200.0 (4.1316), 236.5 (4.1212), 314.5 nm
(2.1443); MS (70 eV, EI): m/z (%): 300.3 (17) [M+], 282.3 (100) [M+


�H2O]; ESI-HRMS: m/z : calcd for [C20H28O2+H+]: 301.21621, found:
301.21633.


(+)-13b-Ethyl-3,3-ethylenedithio-11-methylenegona-4-en-17b-ol (38): 1,2-
Ethanedithiol (28.0 mL, 31.5 mg, 334 mmol) were added at room tempera-
ture to a solution of 36 (67.4 mg, 224 mmol) in methanol (8.0 mL) and
BF3·Et2O (48% in Et2O, 16.5 mL, 127 mmol) and the mixture was stirred
for 2.5 h. Saturated aqueous NaHCO3 (5 mL) was added and methanol
was evaporated in vacuo. The aqueous residue was diluted with water
(20 mL) and extracted with MTBE (3O15 mL). The combined organic
layers were dried over Na2SO4 and the solvent was evaporated in vacuo.
Filtration through silica gel (n-pentane/EtOAc 7:3) afforded steroid 38
(70.7 mg, 84%) as white solid. Rf=0.54 (n-pentane/EtOAc 7:3); [a]


20
D =


+159.5 (c=1.0 in CHCl3), +168.0 (c=0.98 in C6H6), lit. :
[11d] +148.0 (c=


1.0 in CHCl3), lit. :
[11e] +142.3 (c=0.98 in C6H6);


1H NMR (600 MHz,
CDCl3): d =0.89–0.97 (m, 1H, 7-Ha), 1.03 (t, J=7.5 Hz, 3H, 13-CH2CH3),
1.19–1.43 (m, 7H, 1-Ha, 8H, 9-H, 14-H, 15-Ha, 13-CH2CH3), 1.48 (br s,
1H, 17-OH), 1.50–1.59 (m, 2H, 15-Hb, 16-Ha), 1.61 (d, J=12.3 Hz, 1H,
12-Ha), 1.67 (dq, J=12.6, 3.3 Hz, 1H, 7-Hb), 1.91 (m, 1H, 6-Ha), 2.02–
2.15 (m, 2H, 2-Ha, 16-Hb), 2.16–2.26 (m, 3H, 2-Hb, 6-Hb, 10-H), 2.28–2.34
(m, 1H, 1-Hb), 2.80 (d, J=12.2 Hz, 1H, 12-Hb), 3.21–3.27 (m, 1H, S-
CHaHbCH2-S), 3.33–3.41 (m, 3H, S-CHaHbCH2-S), 3.81 (t, J=8.5 Hz,
1H, 17-H), 4.74 (s, 1H, 11-CHaHb), 4.96 (s, 1H, 11-CHaHb), 5.64 ppm (d,
J=1.3 Hz, 1H, 4-H); 13C NMR (151 MHz, CDCl3): d=8.95 (13-
CH2CH3), 18.50 (13-CH2CH3), 22.09 (C-15), 28.59 (C-1), 31.03 (C-16),
31.09 (C-7), 34.91 (C-6), 35.86 (C-10), 39.59, 39.97 (S-CH2CH2-S), 40.49
(C-2), 41.95 (C-8), 44.40 (C-12), 46.65 (C-13), 52.36, 54.56 (C-9, C-14),
65.76 (C-3), 83.15 (C-17), 108.3 (11-CH2), 126.2 (C-4), 141.6 (C-5),
146.8 ppm (C-11); IR (KBr): ñ=3516, 3074, 2927, 1636, 1439, 1275, 1132,
1056, 894, 842, 769, 602 cm�1; UV (CH3CN): no absorption; MS (70 eV,
EI): m/z (%): 379.3 (100) [M+]; ESI-HRMS: m/z : calcd for
[C22H32OS2+H


+]: 377.19673, found: 377.19672.


(+)-13b-Ethyl-11-methylenegona-4-en-17b-ol (32a): Method A : BF3·EtO2
(48% in Et2O, 0.760 mL, 6.04 mmol) was added very fast at room tem-
perature to a solution of steroid 31 (75.7 mg, 221 mmol) in dichlorome-
thane (7.6 mL). After 15 s reaction time, the mixture was quenched
under vigorous stirring with saturated aqueous NaHCO3-Lsg (3.0 mL).
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Water (10 mL) was added and the mixture was then extracted with di-
chloromethane (3O5 mL). The combined organic extracts were washed
with saturated aqueous NaCl (5 mL), dried over Na2SO4 and the solvent
was evaporated in vacuo. Column chromatography on silica gel (n-pen-
tane/EtOAc 4:1) of the residue afforded alcohol 32a which contained
traces of the double bond isomer 32b (63.4 mg, quant., 32a/32b=96:4)
as white solid.


Method B : A solution of steroid 38 (90.9 mg, 241 mmol.) in dry THF
(2.0 mL) was slowly added at �40 8C to condensed ammonia (6.0 mL).
Small pieces of lithium (21.3 mg, 3.07 mmol) were added portionwise
over a period of 30 min, so that the deep blue color of the mixture main-
tained. Then solid NH4Cl was slowly added until the color disappeared
and the ammonia was distilled off at room temperature. The residue was
dissolved in water (15 mL) and MTBE (5 mL), the layers were separated
and the aqueous layer was extracted with MTBE (2O10 mL). The com-
bined organic extracts were dried over Na2SO4, the solvent was removed
in vacuo and the residue was subjected to column chromatography on
silica gel (n-pentane/EtOAc 97:3). Steroid 32a, which contained small
amounts of the double bond isomer 32c (66.2 mg, 96%, 32a/32c 92:8)
was obtained as white solid. Rf=0.43 (n-pentane/EtOAc 4:1); [a]


20
D =


+140.2 (c=1.0 in CHCl3) lit. :
[11d] +138 (c=1.0 in CHCl3);


1H NMR
(600 MHz, CDCl3): d=0.83–0.92 (m, 1H, 7-Ha), 1.04 (t, J=7.5 Hz, 3H,
13-CH2CH3), 1.07–1.15 (m, 1H, 1-Ha), 1.18–1.46 (m, 7H, 2-Ha, 8-H, 9-H,
14-H, 15-Ha, 13-CH2CH3), 1.47–1.68 (m, 6H, 2-Hb, 7-Hb, 12-Ha, 15-Hb,
16-Ha, 17-OH), 1.90–1.98 (m, 3H, 3-H2, 6-Ha), 2.07–2.15 (m, 1H, 16-Hb),
2.16–2.28 (m, 3H, 1-Hb, 6-Hb, 10-H), 2.80 (d, J=12.2 Hz, 1H, 12-Hb),
3.91 (t, J=8.5 Hz, 1H, 17-H), 4.75 (s, 1H, 11-CHaHb), 4.94 (s, 1H, 11-
CHaHb), 5.46 ppm (s, 1H, 4-H);


13C NMR (126 MHz, CDCl3): d =8.99
(13-CH2CH3), 18.54 (13-CH2CH3), 21.93 (C-2), 22.14 (C-15), 25.65 (C-3),
29.12 (C-1), 31.08 (C-16), 31.67 (C-7), 35.51 (C-6), 36.60 (C-10), 42.21 (C-
8), 44.55 (C-12), 46.70 (C-13), 52.57 (C-14), 55.06 (C-9), 83.28 (C-17),
108.2 (11-CH2), 121.3 (C-4), 139.9 (C-5), 147.2 ppm (C-11); IR (KBr): ñ=


3356, 2933, 1638, 1436, 1298, 1117, 1056, 910, 893, 805 cm�1; UV
(CH3CN): lmax (lg e)=201.5 nm (4.0987); MS (70 eV, EI): m/z (%): 268.3
(69) [M+], 268.3 (100) [M+�H2O]; EI-HRMS: m/z : calcd for C20H30O:
286.2297; found: 286.2300.


(+)-13b-Ethyl-11-methylenegona-4-en-17-one (39a): A solution of ste-
roid 32a (86.0 mg, 300 mmol, 32a/32b=96:4) in dichloromethane
(8.5 mL) was treated with Dess–Martin periodinane (192 mg, 451 mmol)
and stirred for 30 min at room temperature. Saturated aqueous NaHCO3
(1.5 mL) and 10% aqueous Na2S2O3 (1.5 mL) were added and the mix-
ture was stirred for further 45 min. The layers were separated and the
aqueous layer was extracted with dichloromethane (3O5 mL). The com-
bined organic extracts were dried over Na2SO4, the solvent was removed
in vacuo and the residue was filtered through a short column of silica gel
(n-pentane/EtOAc 4:1) to give the ketone 39a which contained traces of
the double bond isomer 39b (81.8 mg, 96%, 39a/39b=96:4) as colorless
crystals. Rf=0.57 (n-pentane/EtOAc 9:1); [a]


20
D =++168.2 (c=1.0 in


CHCl3), lit. :
[11a]+166 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=


0.73 (t, J=7.5 Hz, 3H, 13-CH2CH3), 0.90–0.98 (m, 1H, 7-Ha), 1.06–1.13
(m, 1H, 1-Ha), 1.21–1.28 (m, 1H, 13-CHaHbCH3), 1.33 (t, J=10.6 Hz,
1H, 9-H), 1.35–1.45 (m, 2H, 2-Ha, 8-H), 1.51–1.66 (m, 4H, 2-Hb, 14-H,
15-Ha, 13-CHaHbCH3), 1.75 (dq, J=12.5, 3.4 Hz, 1H, 7-Hb), 1.80 (d, J=


12.7 Hz, 1H, 12-Ha), 1.84–1.98 (m, 4H, 3-H2, 6-Ha, 15-Hb), 2.08 (dt, J=


19.2, 8.7 Hz, 1H, 16-Ha), 2.14–2.28 (m, 3H, 1-Hb, 6-Hb, 10-H), 2.35–2.41
(m, 1H, 16-Hb), 2.54 (d, J=12.7 Hz, 1H, 12-Hb), 4.80 (s, 1H, 11-CHaHb),
4.89 (d, J=0.9 Hz, 1H, 11-CHaHb), 5.46 ppm (s, 1H, 4-H);


13C NMR
(126 MHz, CDCl3): d =7.16 (13-CH2CH3), 18.04 (13-CH2CH3), 20.78 (C-
15), 21.83 (C-2), 25.60 (C-3), 29.04 (C-1), 30.95 (C-7), 35.26 (C-6), 36.08
(C-16), 36.53 (C-10), 39.59 (C-12), 41.49 (C-8), 52.29 (C-14), 52.94 (C-13),
55.01 (C-9), 110.0 (11-CH2), 121.7 (C-4), 139.4 (C-5), 146.0 (C-11),
218.9 ppm (C-17); IR (KBr): ñ=2922, 1727, 1635, 1441, 1224, 1082, 1004,
891, 807, 768, 638 cm�1; UV (CH3CN): lmax (lg e)=192.0 nm (4.2561);
MS (70 eV, EI): m/z (%): 284.2 (100) [M+]; EI-HRMS: m/z : calcd for
C20H28O: 284.2140; found: 284.2136.


(+)-13b-Ethyl-17a-ethinyl-11-methylenegona-4-en-17b-ol (desogestrel)
(2): Acetylene was passed at room temperature into a solution of lithium
(61.2 mg, 8.82 mmol) in dry ethylenediamine over a period of 2 h. Then a


solution of ketone 39a (59.6 mg, 210 mmol, 39a/39b 96:4) in dry THF
(3.2 mL) was slowly added. Stirring at room temperature was continued
for 2 h with the acetylene flow being maintained. The reaction mixture
was poured into 2n HCl (50 mL) and extracted with diethyl ether (4O
20 mL). The combined organic extracts were washed with saturated
aqueous NaCl (20 mL), dried over Na2SO4 and the solvent was removed
in vacuo. Purification of the residue by column chromatography on silica
gel (n-pentane/EtOAc 93:7 ! n-pentane/EtOAc 9:1) afforded desoges-
trel (2) (54.1 mg, 83%) as colorless oil, which was crystallized from n-
pentane. Rf=0.33 (n-pentane/EtOAc 9:1); [a]


20
D =++54.5 (c=1.0 in


CHCl3), lit. :
[12a] +55 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d=


0.89–0.98 (m, 1H, 7-Ha), 1.04 (t, J=7.4 Hz, 3H, 13-CH2CH3), 1.10–1.18
(m, 1H, 1-Ha), 1.29–1.39 (m, 3H, 2-Ha, 8-H, 9-H), 1.39–1.48 (m, 3H, 2-
Hb, 13-CH2CH3), 1.58–1.69 (m, 3H, 7-Hb, 15-H2), 1.78 (ddd, J=7.6, 10.3,
12.8 Hz, 1H, 14-H), 1.87 (br s, 1H, 17-OH), 1.91–1.98 (m, 3H, 3-H2, 6-
Ha), 2.10 (ddd, J=14.0, 12.0, 3.6 Hz, 1H, 16-Ha), 2.17–2.27 (m, 3H, 1-Hb,
6-Hb, 10-H), 2.27 (d, J=12.3 Hz, 1H, 12-Ha), 2.34 (ddd, J=14.0, 9.7,
6.0 Hz, 1H, 16-Hb), 2.60 (s, 1H, 17-C=CH), 2.61 (d, J=12.3 Hz, 1H, 12-
Hb), 4.78 (s, 1H, 11-CHaHb), 4.98 (s, 1H, 11-CHaHb), 5.46 ppm (s, 1H, 4-
H); 13C NMR (126 MHz, CDCl3): d=9.13 (13-CH2CH3), 19.79 (13-
CH2CH3), 21.88, 21.93 (C-2, C-15), 25.67 (C-3), 29.08 (C-1), 31.69 (C-7),
35.51 (C-6), 36.56 (C-10), 39.77 (C-16), 40.59 (C-12), 42.57 (C-8), 50.39
(C-13), 52.39 (C-14), 54.63 (C-9), 74.05 (C-17), 81.12 (17-C=CH), 87.83
(17-C=CH), 108.5 (11-CH2), 121.3 (C-4), 139.9 (C-5), 147.5 ppm (C-11);
IR (KBr): ñ =3542, 3286, 3090, 2928, 2872, 1640, 1465, 1337, 1259, 1121,
1033, 898, 808, 675, 631 cm�1; UV (CH3CN): no absorption; MS (70 eV,
EI): m/z (%): 310.1 (53) [M+]; EI-HRMS: m/z : calcd for C22H30O:
310.2297; found: 310.2293.
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Hexaphenylcyclohexane and of 2,3,5,6-Tetraphenyl-1,1’-bicyclohexylidene:
Cannizzaro0s Conundrum Revisited


John P. Grealis, Helge M4ller-Bunz, Yannick Ortin, Mark Condell, Michael Casey,* and
Michael J. McGlinchey*[a]


Introduction


In 1854, Stanislao Cannizzaro reported that the action of a
variety of compounds, including boron trifluoride, sulphuric
acid, phosphorus pentoxide or zinc chloride, on benzyl alco-
hol or benzyl ether gave a hydrocarbon with the formula
(C7H6)n.


[1] Over the following 90 years, the question of the
identity of this material was the subject of more than 30
publications, and a comprehensive historical survey has
been provided.[2] We are aware of only 2 substantive reports
of the possible resolution of this problem: in 1941, Shriner
and Berger observed that, when a large quantity of benzyl
alcohol was heated for 12 h at 180 8C with boric acid, treated


with NaOH and extracted with chloroform, a small amount
of a pure product (m.p. 278–280 8C) could be obtained after
recrystallisation from benzene.[2] A molecular-weight deter-
mination by Rast7s method (depression of the freezing point
of camphor)[3] gave a value of 556—(C7H6)6 requires 540—
and, in conjunction with the microanalytical results, the data
led the authors to suggest that the material was “one of the
isomeric 1,2,3,4,5,6-hexaphenylcyclohexanes”. Subsequently,
in 1956, Gerrard and Kilburn noted that, when
[PhCH2CH(Ph)O]4Si was treated with HCl, a liquid with a
b.p. of 229 8C at 0.03 mm Hg was formed; this was assigned
as “sym-hexaphenylcyclohexane”.[4] However, in the ab-
sence of clear spectroscopic or crystallographic evidence,
these claims for the existence of 1,2,3,4,5,6-hexaphenylcyclo-
hexane remain unproven.
Our own involvement in this topic arose serendipitously


as a continuation of our earlier studies on the syntheses and
dynamic behaviour of sterically crowded organic and organ-
ometallic molecules,[5] in particular [Cr(CO)3 ACHTUNGTRENNUNG(C6Ph6)],


[6] and
1-ferrocenyl-2,3,4,5,6-penta(b-naphthyl)benzene.[7] We
wished to investigate the possibility of incorporating an or-
ganoruthenium fragment directly into a polyphenylbenzene
framework,[8,9] and the most common route to such [Ru ACHTUNGTRENNUNG(h6-


Abstract: The Birch reduction of hexa-
phenylbenzene yields two isomers of
1,2,3,4,5,6-hexaphenylcyclohexane. The
X-ray crystal structure of the all-cis
isomer, 1, reveals that the severe steric
crowding among the three axial phe-
nyls is alleviated by a marked splaying
out of those three aryl substituents rel-
ative to the positioning in a conven-
tional chair structure. A second prod-
uct, 2, was identified crystallographical-
ly and by NMR spectroscopy as the


1,3-diaxial-2,4,5,6-tetraequatorial (epi)
isomer of hexaphenylcyclohexane, in
which only five of the six additional hy-
drogen atoms are positioned on the
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arene)Cl2]2 complexes involves the Birch reduction of an
arene to the corresponding 1,4-cyclohexadiene and subse-
quent treatment with hydrated ruthenium trichloride.[10] To
this end, hexaphenylbenzene and pentaphenylbenzene were
each subjected to the regular Birch conditions, and the re-
sulting mixtures were separated by careful column chroma-
tography. From the C6Ph6 reaction, two major products were
isolated and identified as isomers of 1,2,3,4,5,6-hexaphenyl-
cyclohexane. These molecules have been unambiguously
characterised by X-ray crystallography, and their dynamic
behaviour has been investigated by NMR spectroscopy.


Results and Discussion


Crystallographic studies : Treatment of hexaphenylbenzene
(HPB) with sodium/liquid ammonia/ethanol, containing
some THF to help solubilise the HPB, furnished two major
products, both of which yielded crystals suitable for X-ray
diffraction studies. As depicted in Scheme 1, the first com-
pound was identified as all-cis-1,2,3,4,5,6-hexaphenylcyclo-
hexane (1), with phenyl groups placed in alternate axial and
equatorial positions on the chair framework. Figure 1 illus-
trates how the three axial phenyl groups in 1 find them-
selves in a spatially limited environment; to alleviate this
steric crowding, they are markedly splayed out, such that
the bonds linking these phenyl groups to the central ring
make angles of 114.7, 115.6 and 117.28 with the plane de-
fined by their attached cyclohexane ring carbon atoms
(Figure 2). Of course, in a perfect chair, these angles would
be 908. Concomitantly, the axial C�H bonds are directed in-
wards by 78�38 such that the H�C�C�H dihedral angles
average 528. Moreover, the axial-phenyl-ring carbon bonds
(average 1.527 O) are slightly longer than the corresponding
equatorial-phenyl-ring carbon bonds (average 1.511 O). It is
also noticeable that the angles within the cyclohexane ring
are very different; for those carbon atoms bearing axial
phenyl groups, the C�C�C angles average 107.38, whereas
the C�C�C angles for ring carbon atoms attached to equa-
torial phenyl groups average 117.38. This latter observation
parallels (but is noticeably greater than) the C�C�C internal
angle differences found in the central ring of all-cis-
1,2,3,4,5,6-hexamethylcyclohexane, which average 109.28
(for carbon atoms bearing axial methyl groups) and 114.78
(for carbon atoms bearing equatorial methyl groups).[11]


A second crystalline product, 2, isolated from the Birch
reduction of C6Ph6 was also characterised by X-ray diffrac-


tion as an isomer of 1,2,3,4,5,6-
hexaphenylcyclohexane. How-
ever, in 2, only five of the six
additional hydrogen atoms are
positioned on the same face of
the cyclohexane ring, thus pro-
ducing a molecule with two
axial and four equatorial
phenyl groups, as shown in
Figure 3.Scheme 1. Products of the Birch reduction of hexaphenylbenzene.


Figure 1. a) Top view of the molecular structure of all-cis-hexaphenylcy-
clohexane (1), with atom labelling, and b) the corresponding space-filling
model.


Figure 2. Side view of all-cis-hexaphenylcyclohexane (1) with only the
ipso-carbon atoms of the phenyl rings shown.
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The axial substituents in 2 are disposed in a 1,3 fashion,
thereby generating a system with Cs symmetry on the NMR
timescale. However, in the solid state, this mirror symmetry
is broken as the two axial phenyl groups have quite different
orientations relative to the central ring. Analogously to the
all-cis isomer 1, the bonds in 2 linking the axial phenyl
groups at the C1- and C3-positions on the central ring make
angles of 115.1 and 114.68 with the plane defined by the cy-
clohexane ring carbon atoms C1, C3 and C5. However, over-
all, there appears to be less steric strain in 2 than that en-
gendered in 1, and the C�C�C angles within the cyclohex-
ane ring of 2 are somewhat less perturbed (Table 1).
A search of the Cambridge Crystallographic Database re-


vealed only three other hexasubstituted all-cis cyclohexanes:
1,2,3,4,5,6-hexamethylcyclohexane,[11] 1,2,3,4,5,6-hexa(me-


thoxycarbonyl)cyclohexane, C6H6ACHTUNGTRENNUNG(CO2Me)6 and the corre-
sponding hexacarboxylic acid C6H6ACHTUNGTRENNUNG(CO2H)6.


[12] In each of
these systems, the C�C�C angles within the cyclohexane
ring are larger for the carbon atoms bearing the equatorial
substituents. Another isomer of C6H6ACHTUNGTRENNUNG(CO2Me)6, in which
only one of the ester substituents occupies an axial site, has
also been structurally characterised; likewise, in 1-ethoxycar-
bonyl-2,3,4,5,6-penta(methoxycarbonyl)cyclohexane, only
the ethyl ester is axial.[12] Interestingly, 1,2,3,4,5,6-hexa(iso-
propyl)cyclohexane has been crystallographically character-
ised as the all-trans isomer in which, perhaps surprisingly, all
of the alkyl groups occupy axial sites, probably because of
unacceptable torsional strain in the all-equatorial confor-
mer.[13] However, in all-trans-1,2,3,4,5,6-hexaethylcyclohex-
ane, the six alkyl groups occupy equatorial sites, which re-
sults in an essentially idealised chair structure with cyclohex-
ane carbon–carbon distances of 1.552 O and C�C�C angles
of 108.48.[14]


NMR spectroscopic data : The 600 MHz 1H NMR spectrum
of 2 in CD2Cl2 (Figure 4) confirms that the 1,3-diaxial-


2,4,5,6-tetraequatorial conformation is retained in solution.
The single axial proton at the C2-position exhibits a J=


6.0 Hz triplet at d=4.45 ppm, thereby showing coupling to
its two equatorial neighbours, whereas the single axial
proton at the C5-position is a J=12.0 Hz triplet at d=


4.83 ppm coupled to the two adjacent axial hydrogen atoms.
The two equatorial protons H1 and H3 appear as a pseudo-
triplet at d=3.80 ppm with J=6.0 Hz couplings to the axial
hydrogen atoms at the C2/C6- and C2/C4-positions, respec-
tively; finally, the axial protons at the C4- and C6-positions
exhibit, at d=4.13 ppm, a doublet (J=12.0 Hz) of doublets
(J=6.0 Hz) that is appropriate for interactions with one
axial and one equatorial hydrogen atom. The 13C NMR
spectrum of 2 was readily assigned by standard 1H–13C 2D
techniques.
The barrier for the chair-to-chair inversion in cyclohexane


itself was evaluated as 10.8 kcalmol�1 in a now classic paper
by Anet and Bourn in which coalescence of axial and equa-
torial proton sites in deuterium-decoupled [D11]cyclohexane
was monitored.[15] The corresponding value of 17.3 kcal
mol�1 for the ring flip in all-cis-1,2,3,4,5,6-hexamethylcyclo-
hexane was initially obtained from 1H NMR peak coales-
cence of the axial methyl resonances, but no mention was


Figure 3. a) Top view of the molecular structure of 1,3-diaxial-2,4,5,6-tet-
raequatorial-hexaphenylcyclohexane (2), with atom labelling, and b) the
corresponding side view with only the ipso-carbon atoms of the phenyl
rings shown.


Table 1. Bond angles in all-cis-1,2,3,4,5,6-hexaphenylcyclohexane (1), 1,3-
diaxial-2,4,5,6-tetraequatorial-hexaphenylcyclohexane (2) and 1,2,3,4,5,6-
hexaethylcyclohexane (7).


Angle [8] 1 2 7


ring C-C-C (axial) 108.2, 107.3,
106.7


109.5, 107.6 –


ring C�C�C (equato-
rial)


117.9, 117.2,
117.1


117.1, 114.7, 114.7,
109.0


108.4


Figure 4. The cyclohexane region of the 600 MHz 1H NMR spectrum of
2.
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made of the cyclohexyl ring protons.[16] Subsequently, the
magnitude of this barrier was confirmed by 13C NMR spec-
troscopic data on both the methyl and ring carbon atoms,[17]


and values calculated by using empirical force fields have
also been reported.[18] The equilibrium ratios of eight geo-
metric isomers of 1,2,3,4,5,6-C6H6Me6 at 250 8C have been
determined by gas chromatography.[19] The barrier for the
corresponding chair-to-chair interconversion process in all-
cis-1,2,3,4,5,6-hexa(methoxycarbonyl)cyclohexane was also
found to be 17 kcalmol�1.[20]


The 1H NMR spectrum of all-cis-hexaphenylcyclohexane
(1) was recorded in deuteriochloroform at 11.7 T (500 MHz)
and exhibited a slightly broadened singlet in the aliphatic
region at room temperature. However, upon cooling of the
solution to �45 8C, the singlet gradually decoalescenced into
two triplets at d=4.53 and 4.58 ppm with 3JHH=4.5 Hz, a
value in the normal range for axial–equatorial couplings. By
contrast, the room-temperature 13C NMR spectrum at
125 MHz revealed cyclohexane ring carbon peaks at d=57.3
and 49.4 ppm, each of which broadened and disappeared
into the baseline at 90 8C; simulation of the variable-temper-
ature spectra yielded a cyclohexane ring inversion barrier of
19�0.5 kcalmol�1. The relatively small increase in the barri-
er for ring inversion in 1 over the previously reported value
of �17 kcalmol�1 for both the hexamethyl and hexaester
analogues described above is perhaps somewhat surprising
considering the very severe steric crowding observed in 1.
However, even though the transition state for the chair-to-
chair inversion of 1 will undoubtedly be extremely congest-
ed, we note that the ground-state energy must also be
raised, and the barrier value derived by NMR methods is
merely the difference between them.


Molecular modelling of 1,2,3,4,5,6-hexaphenylcyclohexane
isomers : The structures, relative energies and interconver-
sions of 1,2,3,4,5,6-cyclohexanes bearing six equivalent
groups, C6H6R6, have long fascinated the stereochemical
community. Pioneering studies on the inositols,
C6H6(OH)6,


[21] and on the isomers of hexachlorocyclohex-
ane[22] are now classic. Subsequently, elegant work by Farina
and co-workers elucidated the relative stabilities of the anal-
ogous hexaesters, C6H6ACHTUNGTRENNUNG(CO2Me)6, and revealed that the
base-promoted epimerisation followed the sequence cis!
epi!mucoQchiroQmyoQscyllo.[12c]
In an attempt to estimate the strain inherent in the cis


and epi isomers of 1,2,3,4,5,6-hexaphenylcyclohexane (1 and
2, respectively), the heats of formation of the eight possible
hexahydro derivatives of hexaphenylbenzene were evaluat-
ed.[23] Thus, there is one possible isomer of C6Ph6H6 for ad-
dition of all six hydrogen atoms to the same face, and like-
wise for a 5:1 facial distribution; however, placement of
only two or three hydrogen atoms on the same face gives
rise to three isomers each, as illustrated in Figure 5, which
also lists the appropriate nomenclature for such systems.
Not surprisingly, the scyllo (all-equatorial) structure is the
most favourable, as in C6H6Et6,


[14] and is taken as the zero to
which all the others are compared. The myo isomer of


C6H6Ph6 (which possesses a single axial phenyl substituent)
lies only 7.8 kcalmol�1 above the ground state, and this
structure has been observed by X-ray crystallography in
some C6H6ACHTUNGTRENNUNG(CO2R)6 cases.


[12] Interestingly, in the C6H6Ph6
system, it transpires that the muco and allo isomers prefer
to adopt the twist-boat structure. Experimentally, however,
the apparently extremely disfavoured cis structure, which
lies more than 42 kcalmol�1 above the ground state, is the
major product of the Birch reduction of hexaphenylbenzene,
with the epi isomer at almost 23 kcalmol�1 above the
ground state as the only other isolable product.
Other all-cis products, such as the 1,2,3,4,5,6-hexaester-


and hexamethyl-cyclohexane derivatives mentioned previ-
ously, were prepared either from stereochemically rigid pre-
cursors or by catalytic hydrogenation on a metal surface,


Figure 5. Calculated heats of formation (DH0
f ) of isomers of 1,2,3,4,5,6-


hexaphenylcyclohexane.
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whereby location of all six hydrogen atoms on the same face
is readily explicable. At first sight, it is difficult to rationalise
the formation of 1 and 2 from hexaphenylbenzene during
the course of a Birch reduction, which presumably proceeds
through successive additions of electrons and protons.[24] As-
suming that the first stereodefining event is the second pro-
tonation reaction leading to either cis- or trans-hexaphenyl-
1,4-dihydrobenzene, one might envisage that the precursor
anion, being extensively delocalised, is a relatively flat spe-
cies and that protonation trans to the phenyl substituent at
the one tetrahedral centre is kinetically favoured because
the phenyl group effectively shields one of the faces. While
it has been reported that Birch reduction of 1,4-diphenyl-
benzene yields a substantial proportion of the trans
isomer,[25] the presence of the four additional bulky phenyl
substituents in the present substrate would presumably en-
hance the stereoselectivity for
the cis product. Moreover,
under these low-temperature
conditions and in a strongly
solvating medium, it is likely
that protonation is irreversible,
that is, that the reaction is
under kinetic control. Once
the first cis protonation has oc-
curred, subsequent proton
transfers would be even more
likely 1) to be under kinetic
control and 2) to occur selec-
tively on the more exposed
face, that is, cis to the already
present hydrogen atoms.
An additional factor which


may partly compensate for the
increasing steric crowding that
develops as the reaction pro-
ceeds is the potential for at-
tractive edge-to-face aromatic
interactions. As emphasised by
Jennings et al.,[26] this phenomenon may play a greater role
than is generally appreciated in such diverse areas as protein
folding,[27] host–guest binding in supramolecular assem-
blies[28] and other molecular-recognition processes.[29] Experi-
mental and theoretical estimates indicate that these interac-
tions are energetically attractive by approximately 1.5–
2.0 kcalmol�1[26] and are more likely to be evident in solu-
tion at low temperatures or in the crystalline state, when
conformational entropy effects are minimised. In support of
such a hypothesis, we note that the space-filling view of 1
(Figure 1b) reveals that the three axial phenyl groups exhib-
it two edge-to-face orientations and one offset-parallel-
stacking interaction.
Interestingly, the very recently reported structure of an


approximately C3-symmetric benzene trimer (as part of a
supramolecular trimeric zinc–porphyrin complex) exhibits
ring centroid separations of 5.04, 4.93 and 5.33 O, with dihe-
dral angles between the phenyl rings of 82.0, 75.3 and


55.88.[30] These values compare favourably with the opti-
mised C3h geometry of the cyclic benzene trimer, which is
calculated to have ring centroid separations of 4.8 O.[31,32]


Gratifyingly, the corresponding distances between the cent-
roids of the three axial phenyl substituents in 1 are 4.89,
4.90 and 5.15 O, with dihedral angles of 73.6, 77.4 and 27.48,
values that again suggest an attractive interaction between
the aryl rings.
To probe the generality of this unexpected addition of six


hydrogen atoms to a multiply substituted arene under Birch
conditions, several other aromatic systems were investigated.
Not unexpectedly, the electron-rich systems of 1,3,5-trime-
thoxybenzene and 1,3,5-triferrocenylbenzene[33] were unre-
sponsive and were recovered unchanged. However, as
shown in Scheme 2, Birch reduction of 1,3,5-triphenylben-
zene yielded two known isomeric 1,3,5-triphenylcyclohex-


anes: 1,3,5-e,e,e-C6H9Ph3 (3) was readily identified by the
simplicity of its 1H and 13C NMR spectra, whereas the corre-
sponding 1,3,5-a,e,e isomer 4 was characterised by X-ray
crystallography, the results of which are depicted in
Figure 6. The 1H NMR spectrum of 4 at room temperature
exhibited slightly broadened signals that did not decoalesce
fully even at �80 8C, a result suggesting that chair-to-chair
interconversion of the e,e,a and a,a,e isomers has a low bar-
rier. This observation is consonant with a previous report on
the NMR spectra of 3 and 4 derived from the electrochemi-
cal reduction of 1,3,5-triphenylbenzene.[34]


The Birch reduction of pentaphenylbenzene required the
presence of additional THF to help solubilise the arene. Al-
though the reaction proceeded only to the extent of �5%
conversion, the product, 5, was obtained in �95% yield,
based on C6Ph5H consumed. The unambiguous identifica-
tion of 5 was secured by X-ray crystallography: 5 was re-
vealed to be a 1,1’-bicyclohexylidene in which one of the cy-


Scheme 2. Products of the Birch reductions of 1,3,5-triphenylbenzene and of pentaphenylbenzene.
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clohexylidenes bears four phenyl groups, all on the same
face of the ring (Figure 7). It is evident that the peripheral
ortho- and meta-phenyl groups of the C6Ph5H precursor
have not been reduced, whereas both the central ring and
the para-phenyl substituent each now have five additional
hydrogen atoms. As with cis-C6Ph6H6, all of the additional
hydrogen atoms are situated on the same face of the central
ring. The 1H and 13C NMR spectra of 5 were readily as-
signed by conventional two-dimensional techniques.
It is instructive to compare the structure of 5 with that of


the parent 1,1’-bicyclohexylidene, H10C6=C6H10 (6), which
has approximate C2h symmetry.


[35] In the tetraphenylated cy-
clohexylidene ring of 5, the C�C�C angles at carbon atoms
C2 and C6, which bear axial phenyl groups, are 108.2 and
109.98 ; the corresponding angles in 6 are 111.9 and 112.38.
Moreover, the C�C�C angles at carbon atoms C3 and C5,
which bear equatorial phenyl groups, are 113.1 and 113.48,
somewhat larger than the corresponding angles (111.1 and
111.28) found in 1,1’-bicyclohexylidene itself. As in the hexa-
phenylcyclohexanes 1 and 2, the axial phenyl groups in 5 are
splayed out and the angles made by the bonds linking them
to the cyclohexylidene ring with the plane defined by the
ring carbon atoms C2, C4 and C6 are 104.8 and 106.98. In 6,
the corresponding angles for bonds linking hydrogen atoms
to the cyclohexylidene ring are 90.3 and 92.08, values very
close to those expected for the perfect chair. The carbon–
carbon bond lengths in the phenylated bicyclohexylidene
ring in 5 (average 1.538 O) are somewhat longer than those


in 6 (average 1.521 O). The double bond between the two
cyclohexylidenes has lengthened from 1.339 O in 6 to
1.346 O in 5, but the metric parameters of the hydrogenated
cyclohexylidene ring in 5 show little deviation from those of
the parent compound.


Conclusion


The Birch reaction of hexaphenylbenzene with sodium in
liquid ammonia does not yield a 1,4-cyclohexadiene but
rather reduces the central ring to yield primarily all-cis-
1,2,3,4,5,6-hexaphenylcyclohexane (1), along with a lesser
amount of the 1,3-diaxial-2,4,5,6-tetraequatorial isomer 2.
The formation of these sterically crowded cis and epi mole-
cules, rather than the thermodynamically favoured all-equa-
torial (scyllo) isomer, raises interesting mechanistic prob-
lems. These products, quite apart from their intrinsic struc-
tural interest, are also noteworthy because they have been
the source of some controversy for more than 150 years.
While the identity of Cannizzaro7s original product remains
an enigma, if it were indeed one of the isomers of
1,2,3,4,5,6-hexaphenylcyclohexane, it may have been the en-
ergetically favoured all-equatorial structure, which apparent-
ly is not produced under the low-temperature Birch condi-
tions, in which kinetic factors presumably dominate. In the
total absence of any structural or spectroscopic data from


Figure 6. Top and side views of the structure of a,e,e-1,3,5-triphenylcyclo-
hexane.


Figure 7. Side view of 2,3,5,6-tetraphenyl-1,1’-bicyclohexylidene (5), with
only the ipso-carbon atoms of the phenyl rings shown, and a top view of
the corresponding space-filling model.
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the earlier work, the only viable historical links are the
melting points of the products. In all of the studies over the
past 150 years, the only reported melting point (278–280 8C)
is that of the crystalline product reported by Shriner and
Berger;[2] clearly, this does not correlate with those found
here (190–191 8C for cis-1, 216–217 8C for epi-2), thereby
showing that these products are different from the material
reported in 1941.
Extension of this reaction to 1,3,5-triphenylbenzene and


pentaphenylbenzene reveals that, under these conditions,
the expected 1,4-hexadienes are not the observed products.
Current studies are focussed on Birch reductions of other
hindered arenes to investigate the generality of these obser-
vations.


Experimental Section


General : 1H and 13C NMR spectra were recorded on Varian Inova 400,
500 or 600 MHz spectrometers. NMR simulations were carried out by
using the multisite EXCHANGE program generously provided by Pro-
fessor R. D. McClung (University of Alberta). All reactions were carried
out under an atmosphere of dry nitrogen. Elemental analyses were car-
ried out by the Microanalytical Laboratory at University College Dublin.


Birch reduction of hexaphenylbenzene : In a typical reaction, ammonia
(15 mL) was condensed onto hexaphenylbenzene (HPB) (1600 mg,
2.99 mmol) in EtOH (3 mL) and dry THF (20 mL). When sodium
(350 mg, 15.22 mmol) was added in small pieces over a period of 1 h, the
solution became light purple; it was then maintained at reflux at �33 8C
for 2 h before being allowed to warm to room temperature. Addition of
water and filtration led to the formation of a white solid that was washed
with Et2O to yield unreacted HPB (870 mg, 1.63 mmol; 54% recovery).
The organic layer was washed with water and dried over MgSO4 to yield
a white solid (670 mg, 1.24 mmol; 91% based on HPB consumed). Exten-
sive chromatographic investigation
revealed that optimal separation was
achieved on a long, thin silica column
by using exactly 7% diethyl ether in
pentane as the eluent. This procedure
yielded two white crystalline prod-
ucts, 1 (308 mg, 0.57 mmol; 46%) and
2 (214 mg, 0.40 mmol; 32%), each
suitable for an X-ray crystallography
study.[36]


Data for 1: M.p. 190–191 8C;
1H NMR (CDCl3, 500 MHz): d=


7.14–7.07 (12H, m; equatorial Ph
ortho- and meta-H), 7.05–7.01 (3H,
m; axial Ph para-H), 6.94–6.88 (3H,
m; equatorial Ph para-H), 6.79 (6H,
t, J=7.5 Hz; axial Ph meta-H), 6.73
(6H, d, J=7.5 Hz; axial Ph meta-H),
4.50 ppm (6H, br s; H1–H6);
13C NMR (CDCl3, 125 MHz): d=


143.0 (axial Ph ipso-C), 139.8 (equa-
torial Ph ipso-C), 133.3 (axial Ph
ortho-C), 130.0 (equatorial Ph ortho-
C), 127.9 (equatorial Ph meta-C),
127.7 (axial Ph para-C), 126.7 (axial
Ph meta-C), 126.5 (equatorial Ph
para-C), 57.3 (C1, C3, C5), 49.3 ppm
(C2, C4, C6); elemental analysis:
calcd for C42H36· ACHTUNGTRENNUNG(Et2O)1.2 : C 89.27, H
7.68; found: C 89.16, H 7.59.


Data for 2 : M.p. 216–217 8C; 1H NMR (CD2Cl2, 600 MHz): d=7.38 (2H,
d, J=7.5 Hz; H52, H56), 7.15 (4H, d, J=7.5 Hz; H42, H46, H62, H66),
7.06 (4H, d, J=7.0 Hz; H12, H16, H32, H36), 7.08–7.05 (1H, m; H24),
7.03 (2H, t, J=7.5 Hz; H53, H55), 6.98 (2H, t, J=7.0 Hz; H14, H34),
6.93 (4H, t, J=7.0 Hz; H13, H15, H33, H35), 6.94–6.91 (2H, m; H23,
H25), 6.91 (4H, t, J=7.5 Hz; H43, H45, H63, H65), 6.87 (1H, t, J=


7.5 Hz; H54), 6.81 (2H, t, J=7.5 Hz; H44, H64), 6.41 (2H, d, J=7.5 Hz;
H22, H26), 4.83 (1H, t, J=12 Hz; H5), 4.45 (1H, t, J=6 Hz; H2), 4.13
(2H, dd, J=6, 12 Hz; H4, H6), 3.80 ppm (2H, t, J=6 Hz; H1, H3);
13C NMR (CD2Cl2, 150 MHz): d =144.0 (C51), 142.1 (C41, C61), 142.0
(C21), 139.1 (C11, C31), 133.3 (C12, C16, C32, C36), 131.9 (C22, C26),
130.4 (C42, C46, C52, C56, C62, C66), 127.4 (C43, C45, C63, C65), 127.3
(C23, C25), 126.8 (C13, C15, C33, C35, C53, C55), 126.7 (C24), 126.3
(C14, C34), 126.0 (C54), 125.5 (C44, C64), 57.0 (C4, C6), 56.7 (C2), 54.7
(C1, C3), 43.7 ppm (C5); elemental analysis: calcd for C42H36· ACHTUNGTRENNUNG(Et2O)0.33 :
C 92.04, H 7.02; found: C 91.92, H 7.29; IR (KBr): ñ=3056, 3023, 2923,
2850, 1598, 1492, 1448 cm�1.


Birch reduction of 1,3,5-triphenylbenzene : In similar fashion to the
method described above, ammonia (100 mL) was condensed onto 1,3,5-
triphenylbenzene (5 g, 16.3 mmol) in EtOH (25 mL) and THF (30 mL).
Sodium (5.25 g, 228.3 mmol) was added over a period of 30 min. The re-
action mixture was allowed to reflux at �33 8C for 1 h, warmed to room
temperature, hydrolysed with water and extracted with CH2Cl2. The sol-
vent was then removed, and the residue was recrystallised from hexane/
CH2Cl2 (50:50) to yield a yellow crystalline product (0.83 g, 2.65 mmol;
16.3%). Further recrystallisations yielded the known compounds 1,3,5-
e,e,e-triphenylcyclohexane (3) and 1,3,5-a,e,e-triphenylcyclohexane (4),
the latter as X-ray quality crystals.


Data for 3 : M.p. 74–77 8C (literature value:[34] 75–77 8C); 1H NMR
(CDCl3, 400 MHz): d=7.78–7.18 (15H, m; Ph H) 2.97 (3H, t, J=12 Hz;
H1a, H3a, H5a), 2.22 (3H, brd, J=12 Hz; H2e, H4e, H6e), 1.76 ppm
(3H, q, J=12 Hz; H2a, H4a, H6a).


Data for 4 : M.p. 45–46 8C; 1H NMR (CDCl3, 500 MHz): d =7.49 (2H, d,
J=7.5 Hz; H12, H16), 7.38 (2H, t, J=7.5 Hz; H13, H15), 7.29 (4H, t, J=


7.5 Hz; H33, H35, H53, H55), 7.24 (4H, d, J=7.5 Hz; H32, H36, H52,
H56), 7.23 (1H, m; H14), 7.18 (2H, t, J=7.5 Hz; H34, H54), 3.46 (1H,
br s; H1e), 2.94 (2H, t, J=12.4 Hz; H3a, H5a), 2.56 (2H, d, J=13.5 Hz;


Table 2. Crystallographic data for 1, 2, 4 and 5.


1 2 4 5


empirical formula C42H36 ACHTUNGTRENNUNG(C42H36)2·C4H10O C24H24 C36H36


M 540.71 1155.54 312.43 468.65
crystal system triclinic triclinic orthorhombic triclinic
space group P1̄ (no. 2) P1̄ (no. 2) Cmc21 (no. 36) P1̄ (no. 2)
a [O] 10.4765(13) 11.4883(14) 18.529(6) 8.6361(13)
b [O] 11.9433(15) 12.1143(15) 12.284(4) 8.7002(13)
c [O] 13.6128(17) 12.4502(16) 7.531(2) 18.212(3)
a [8] 99.031(2) 91.267(2) 90 102.079(3)
b [8] 109.107(2) 92.944(2) 90 91.945(3)
g [8] 105.647(2) 113.853(2) 90 108.257(3)
V [O3] 1492.4(3) 1580.9(3) 1714.1(9) 1263.4(3)
Z 2 1 4 2
1calcd [gcm


�3] 1.203 1.214 1.211 1.232
T [K] 100(2) 100(2) 100(2) 100(2)
m [mm�1] 0.068 0.069 0.068 0.069
2qmax [8] 44.00 52 50 52
reflections measured 8502 12808 3708 10578
reflections used (Rint) 3638 (0.0298) 6113 (0.0216) 841 (0.0502) 4927 (0.0278)
parameters 379 570 115 469
final R values (I>2s(I)):
R1 0.0543 0.0454 0.0401 0.0624
wR2 0.1278 0.1199 0.0920 0.1467
R values (all data):
R1 0.0703 0.0568 0.0460 0.0763
wR2 0.1376 0.1359 0.0950 0.1537
GoF on F 2 1.081 1.063 1.078 1.079
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H2e, H6e), 2.07 (1H, m, J=12.4 Hz; H4e), 2.03 (2H, td, J=13.5, 5 Hz;
H2a, H6a), 1.73 ppm (1H, q, J=12.4 Hz; H4a); 13C NMR (CDCl3,
125 MHz): d=146.0 (C31, C51), 142.8 (C11), 127.6 (C13, C15), 127.5
(C33, C35, C53, C55), 126.6 (C12, C16), 125.4 (C32, C36, C52, C56),
125.2 (C34, C54), 124.7 (C14), 41.32 (C4), 38.23 (C3, C5), 36.44 (C1),
36.17 ppm (C2,C6); IR (CH2Cl2): ñ =3064, 3029, 1600, 1494, 1452 cm�1.


Birch reduction of pentaphenylbenzene : In similar fashion to the method
described above, ammonia (18 mL) was condensed onto pentaphenylben-
zene (4 g, 8.73 mmol) in EtOH (4 mL) and THF (100 mL). The reaction
mixture was then treated with sodium (0.95 g, 41.32 mmol). Hydrolysis
and extraction with CH2Cl2 yielded a yellow solid (3.59 g). Recrystallisa-
tion of the crude product from Et2O furnished white crystals of 2,3,5,6-
tetraphenyl-1,1’-bicyclohexylidene (5 ; 0.21 g, 0.44 mmol; 5.1%).


Data for 5 : M.p. 236–237 8C; 1H NMR (CDCl3, 500 MHz): d =7.45 (4H,
d, J=7.5 Hz; H32, H36, H52, H56), 7.27 (4H, t, J=7.5 Hz; H33, H35,
H53, H55), 7.14 (2H, t, J=7.5 Hz; H34, H54), 6.76 (4H, d, J=6.5 Hz;
H22, H26, H62, H66), 6.68 (2H, t, J=6.5 Hz; H24, H64), 6.63 (4H, t, J=


6.5 Hz; H23, H25, H63, H65), 5.01 (2H, d, J=5.0 Hz; H2e, H6e), 3.49
(2H, td, J=12.0, 4.0 Hz; H3a, H5a), 3.26 (1H, q, J=12.8 Hz; H4a), 2.79
(1H, dt, J=12.7, 3.3 Hz; H4e), 2.66–2.74 (4H, m; H2’a, H2’e, H6’a,
H6’e), 1.78–1.82 ppm (6H, m; H3’a, H3’e, H4’a, H4’e, H5’a, H5’e);
13C NMR (CDCl3, 125 MHz): d=144.2 (C31, C51), 141.2 (C21, C61),
135.5 (C1’), 134.8 (C1), 129.6 (C22, C26, C62, C66), 128.3 (C33, C35,
C53, C55), 127.3 (C23, C25, C63, C65), 126.9 (C32, C36, C52, C56), 125.8
(C34, C54), 124.5 (C24, C64), 46.7 (C3, C5), 44.6 (C2, C6), 32.0 (C2’,
C6’), 28.9 (C3’,C5’), 27.4 (C4’), 26.9 ppm (C4); IR (CH2Cl2): ñ=3079,
3056, 2983, 1602, 1496 cm�1; elemental analysis: calcd for C36H36: C 92.26,
H 7.74; found: C 92.24, H 7.82.


X-ray crystallography measurements for 1, 2, 4 and 5 : Crystal data
(Table 2) were collected by using a Bruker SMARTAPEX CCD area de-
tector diffractometer, and absorption corrections were performed by
using the program SADABS.[37] The structures were solved by direct
methods with the SHELXS-97[38] software and refined by full-matrix
least-square calculations on F2 for all data with the SHELXL-97 soft-
ware.[39] CCDC 631099 (1), CCDC 631100 (2), CCDC 647380 (4) and
CCDC 647381 (5) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Stereocontrolled Intramolecular Aziridination of Glycals: Ready Access to
Aminoglycosides and Mechanistic Insights from DFT Studies


Rujee Lorpitthaya,[a] Zhi-Zhong Xie,[b] Jer-Lai Kuo,[b] and Xue-Wei Liu*[a]


Introduction


Aminoglycosides have attracted growing interest, especially
concerning the modification and development of efficient
syntheses due to their broad spectrum of applications in the
chemistry, medicine, and pharmaceutical fields. Amino
sugars play crucial roles for the biological activity of amino-
glycoside antibiotics and aminoglycoside-containing natural
products.[1,2] 2-Amino sugars are also major structural ele-
ments of glycosaminoglycans, such as heparan sulfates and
chondroitin sulfates, which are implicated in cell division,
neuronal development, angiogenesis, blood coagulation,
ACHTUNGTRENNUNGinflammation, tumor progression, and microbial and viral
ACHTUNGTRENNUNGinfection.[3]


To date, the advancement of new methods for selective
ACHTUNGTRENNUNGintramolecular C�N bond formation is elegantly highlighted
as a powerful strategy in the asymmetric synthesis of amino-
glycosides.[4–7] Among the most currently studied methods
are metal-catalyzed intramolecular aziridination and nitrene
transfer to C�H bonds. Recently, the groups of Du Bois and
Che have independently reported that the formation of ary-
liodinanes and the insertion of metallonitrenoids into C=C
or C�H bonds can be conducted with a one-pot proce-
dure.[8–11] This methodology has been successfully used for
the synthesis of natural aminoglycoside frameworks. For ex-
ample, Rojas showed the use of copper and rhodium cata-
lysts in amidoglycosylation reactions of d-allal-derived car-
bamates to furnish 2-aminoglycosylated products.[12] Howev-
er, not many glycal acceptors have been applied in this scaf-
fold so far. We report herein a novel method for nitrogen
transfer that allows ready access to natural and unnatural
mono-, di-, and tri- aminoglycosides with various amination
patterns and stereochemistry.
We envisioned the efficient synthesis of these functional-


ized aminoglycosides by the flexible installation of a sulfa-
mate ester on the C6 position of a glycal substrate. This
offers an exciting approach to a-selective amidoglycosyla-
tion through nitrogen atom delivery to a p-bond system on
the top face of a glycal scaffold as shown in Equation (1). A
regio- and stereospecific ring-opening reaction of the aziri-
dine with nucleophiles would simultaneously achieve the
formation of [1,2,3]oxathiazepane-2,2-dioxides with a-link-
ages. The second nucleophilic replacement of sulfonyloxy


Abstract: Stereocontrolled intramolec-
ular aziridination of the glycal-derived
sulfamates offers a highly efficient
strategy to divergently prepare amino-
glycosides. Rhodium-catalyzed nitro-
gen-atom transfer to C=C bonds
formed semistable aziridines, which
were subjected to various nucleophiles
(C, O, S, and N) to give cyclic sulfa-
mate-containing aminosugar deriva-


tives selectively. The second nucleo-
philic displacement of sulfonyloxy
ACHTUNGTRENNUNGmoieties of [1,2,3]-oxathiazepane-2,2-
dioxides allows straightforward access


to aminoglycosides with selective a- or
b-linkages. This approach is operation-
ally simple, complements existing
methods, and is a versatile protocol for
the synthesis of polyfunctionalized
amino sugars. In addition, the mecha-
nism of the rhodium-catalyzed intra-
molecular aziridination of glycals and
its ring-opening reaction was extensive-
ly studied by using DFT calculations.
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moieties allows ready access to unusual aminoglycosides. In
turn, the facial preference on the bottom face of this glycal
scaffold could be elaborated by introducing the sulfamate
moiety on C4, which gives an opportunity to produce func-
tionalized b-linked 2-amino sugars [Eq. (2)].


Results and Discussion


To evaluate the potential of this hypothesis, we first per-
formed a model study on sulfamate glycals 6 and 8, which
were synthesized from readily available tri-O-acetyl-d-glycal
in four steps (Scheme 1).[13] Treatment of tri-O-acetyl-d-


glycal (1) with sodium methoxide in dry MeOH provided 2,
which was selectively protected with tert-butyldimethylsilyl
chloride (TBDMSCl) to give 3, and benzoyl chloride (BzCl)
to give 4. The TBDMS protecting group in 4 was independ-
ently cleaved by a catalytic amount of p-toluene sulfonic
acid to provide 5,[14] whereas treatment with tetra-n-butyl-
ACHTUNGTRENNUNGammonium fluoride (TBAF) was used to provide 7 through
a rearrangement of a benzoyl group.[15] Conversions of the
primary and secondary alcohols 5 and 7 were carried out by
using sulfamoyl chloride, which was generated in situ from
chlorosulfonyl isocyanate and formic acid, and produced sul-
famates 6 and 8 in good yields.[16]


Initially, we had investigated the use of iodosobenzene di-
acetate (PhI ACHTUNGTRENNUNG(OAc)2) and catalytic dirhodium(II) carboxy-
lates for the intramolecular aziridination of olefins by start-
ing from sulfamates.[17] Sulfamate glycal 6 was treated with
PhI ACHTUNGTRENNUNG(OAc)2, MgO, and 10 mol% of [Rh2ACHTUNGTRENNUNG(OAc)4] in dichloro-
methane. The amidoglycosylation reaction proceeded
smoothly at room temperature to furnish the glycosyl ace-
tate 10a in good yield (Table 1, entry 1). Presumably, the
aziridine intermediate 9 could not be isolated due to the
high reactivity of C1 and the inherent ring strain. The semi-
stable aziridine was simultaneously trapped by an internal
acetoxy group in regio- and stereospecific manners. The
structure and stereochemistry of the acetate 10a was deter-
mined through NMR spectroscopic experiments (1H, 13C,
DEPT, COSY, HMQC, NOESY).
Alcohols could also be included in the reaction mixture,


and this led directly to alkoxylated glycoside derivatives in a
single step, but an excess amount of alcohol (up to 20 equiv)
was needed to suppress the formation of the glycosyl acetate
(Table 1, entries 2–5). The lower yields of coupled products
in entries 4 and 5 were most probably due to the attack of a
reactive acetoxy species. We then proceeded to investigate
the origin of the acetoxy group by replacing the iodosoben-
zene diacetate with iodosylbenzene (PhIO). Methanol was


used as an external nucleophile
for this case study. It was found
that the glycosyl acetate was
not observed on TLC and,
moreover, the amount of meth-
anol that was required could be
reduced, which implies that the
acetoxy group comes from the
decomposition of PhIACHTUNGTRENNUNG(OAc)2.
Attempts were made to


expand the scope of glycosyla-
tion to other nucleophiles, such
as alkyl, thiol, amine, amino
acids, and monosaccharides.
Unfortunately, these nucleo-
philes failed to attack the C1
atom of the aziridine intermedi-
ate when catalytic amounts of
[Rh2ACHTUNGTRENNUNG(OAc)4] and PhI ACHTUNGTRENNUNG(OAc)2
were used. Under these condi-


tions, only glycosyl acetate, unreacted nucleophile, and de-
composed mixtures were detected. Another choice for the
specific aziridination and its ring-opening was inspired by
Du Bois.[17c] A rhodium trifluoroacetamide ([Rh2ACHTUNGTRENNUNG(tfacam)4])
was able to effectively catalyze the amination of unsaturated
sulfamate ester.[18] [Rh2 ACHTUNGTRENNUNG(tfacam)4] could prolong the lifetime
of the aziridine intermediate, which was able to couple with
various nucleophiles.[19] In the presence of PhIO, MgO, and
[Rh2ACHTUNGTRENNUNG(tfacam)4], the iminoiodinane intermediate could be
generated in situ by reaction of the sulfamate substrate and
iodosylbenzene, followed by Rh-catalyzed intramolecular
aziridination. A glycal acceptor was injected into the reac-
tion mixture within 15 minutes to trap the semistable aziri-


Scheme 1. Preparation of sulfamate-protected glycals. a) NaOMe, MeOH, RT, 2 h, quantitative; b) TBDMSCl,
imidazole, DMF, 0 8C to RT, 8 h, 80%; c) BzCl, DMAP, pyridine, 0 8C to RT, 6 h, 90%; d) p-TSOH, THF/H2O
10:1, 8 h, 80%; e) 1m TBAF, THF, RT, 15 h, 91%; f) ClSO2NCO, HCO2H, DMA, 0 8C, 3 h, 83% from 5, and
94% from 7.
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dine; this provided the desired oxathiazepane (Table 1, en-
tries 6–10). In the cases of trimethylallylsilane[20] and p-thio-
cresol[6a] as nucleophiles, the glycosylation step required ac-
tivation by a Lewis acid, BF3·OEt2. Even though moderate
yields of glycosylated products were obtained due to the in-
stability of the aziridine intermediate in reaction mixture,
we were successful in the synthesis of the diamino sugar, the
disaccharide as well as other functionalized 2-amino sugars
in a convenient one-step process.
Notably, the internal nitrogen transfer to the p-system,


and the nucleophilic addition of our sulfamate-protected
glycal scaffold at C1 is the facially selective version of a pre-
viously reported reaction that produces a-selective glycosy-
lated products.[21] A X-ray crystallographic study of a glyco-
syl methoxide 10b confirmed the diaxial conformation of
oxathiazepane ring and the trans-stereochemistry between
the N-sulfonyloxy moiety and the methoxy group (Figure 1).
This observation allowed us to propose that a transient aziri-
dine intermediate 9 exists in the reaction mixture by direct
nitrogen delivery on the upper face of the molecule, and
this subsequently fosters the nucleophilic attack on the op-


posite face. This proposed mechanism is further supported
by DFT calculations, as detailed in the Computational Stud-
ies section.
Likewise, these extraordinary features could be applied to


sulfamate glycal 8. This substrate nicely underwent a nitro-
gen atom delivery to the C=C bond from the bottom face,
and led to b-aminoglycoside derivatives 12a–g, via specific
ring-opening at the positively charged anomeric carbon; this
reaction gave moderate-to-excellent yields (Table 2).
Finally, we sought to access unusual amino sugars by a


ring-opening reaction at the carbon atom that bears the sul-


Table 1. Regio- and stereoselective aziridination of 6 and a-selective gly-
cosylation.


Entry Nucleophile (NuH) Product Yield [%][d]


1[a] AcO� 10a 82
2[a] MeOH 10b 81
3[a] EtOH 10c 90
4[a] iPrOH 10d 70


5[a] 10e 71


6[b,c] 10 f (Nu=allyl) 78


7[b,c] 10g 85


8[b] 10h 76


9[b] 10 i 66


10[b] 10 j 68


[a] Reaction was treated with 10 mol% of [Rh2 ACHTUNGTRENNUNG(OAc)4], PhIACHTUNGTRENNUNG(OAc)2
(1.5 equiv), MgO (5 equiv), and nucleophile in the presence of 4 O MS in
CH2Cl2 at RT. [b] Reaction was treated with 10 mol% of [Rh2 ACHTUNGTRENNUNG(tfacam)4],
PhI=O (1.5 equiv), MgO (5 equiv) in the presence of 4 O MS in CH2Cl2
at RT for 15 min, and then the nucleophile was added dropwise. [c] Nu-
cleophile and 0.5 equiv of BF3·OEt2 were added at �78 8C and then
warmed to RT for 2–3 h. [d] % Isolated yield.


Figure 1. X-ray structure of aminoglycosyl methoxide 10b.


Table 2. Regio- and stereoselective aziridination of 8 and b-selective gly-
cosylation.


Entry Nucleophile (NuH) Product Yield [%][c]


1[a] AcO� 12a 73
2[a] MeOH 12b 96
3[a] EtOH 12c 87
4[a] iPrOH 12d 86


5[a] 12e 77


6[a] 12 f 81


7[b] 12g 78


[a] Reaction was treated with [Rh2 ACHTUNGTRENNUNG(OAc)4] (10 mol%), PhIACHTUNGTRENNUNG(OAc)2
(1.5 equiv), MgO (5 equiv), and nucleophile in the presence of 4 O MS in
CH2Cl2 at RT. [b] Reaction was treated with [Rh2 ACHTUNGTRENNUNG(tfacam)4] (10 mol%),
PhI=O (1.5 equiv), MgO (5 equiv) in the presence of 4 O MS in CH2Cl2
at RT for 30 min, and then p-thiocresol as well as 0.5 equiv of BF3·OEt2
were added subsequently at �78 8C, then warmed to RT for 2 h. [c] %
Isolated yield.
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famate function.[22] The methoxyoxathiazepane 10b was se-
lected to be a model compound for this reaction study. We
had tried to introduce a second nucleophile on the sulfa-
mate moiety without protection of the amino group of oxa-
thiazepane. Unfortunately, none of the desired products
were observed when it was treated with N-nucleophiles
(such as NaN3, K-phathalimide, and benzylamine) in reflux-
ing DMF. Only starting material and trace amounts of un-
identified compounds were detected. This presumably re-
sulted from the reduced electrophilic activity of the eight-
membered oxathiazepane. Accordingly, the electron-with-
drawing carboxybenzyloxy (Cbz) group was introduced at
the nitrogen atom to give 13 (Scheme 2). Treatment of 10b


with benzyl chloroformate (CbzCl) and a catalytic amount
of 4-dimethylaminopyridine (DMAP) in Et3N and THF af-
forded N-Cbz-protected product 13 in excellent yield. This
preliminary result suggested that the oxathiazepane 12b
should be derivatized with CbzCl. Under the same condi-
tions as 13, the N-Cbz product 15 was obtained in a low
yield (40%), but by changing the base from Et3N to
NaHCO3, we managed to boost the yield to 82%
(Scheme 2).
The nucleophilic displacement of a sulfonyloxy moiety of


13 and 15 was subsequently achieved by treating with NaN3,
KSCN, p-methoxybenzylamine, and H2O to give rise to the
corresponding coupled products in moderate-to-good yields
as summarized in Table 3.


Computational studies : To gain a more detailed understand-
ing of the pathways of rhodium-catalyzed intramolecular
aziridination and ring-opening, computational studies were
carried out by employing density functional theory (DFT)
calculations on a simplified model system. As depicted sche-
matically in Figure 2, our proposed mechanism involves
three main steps:


I) The Rh–Nitrene complex (Rh–N) was generated by a
rhodium-catalyzed elimination of the IPh moiety from
iminoiodinane (Sub). Our calculation demonstrated
that the Rh catalyst binding to Sub is energetically fa-
vorable (DG=�5.7 kcalmol�1) and is further stabilized


by the departure of the
IPh moiety (DG=


�7.3 kcalmol�1). This com-
plex initially exists in the
singlet state and then rap-
idly relaxes to the even
more energetically favora-
ble triplet state.[8a] The
triplet state of the
Rh–nitrene complex is
9.7 kcalmol�1 lower than
the singlet state.


II) The formation of the cata-
lyst-bound aziridine (Rh–
Azi): we attempted to
search for transition states
from both Rh–N(S) and
Rh–N(T), and only one
transition state (TS1) was
found on the triplet poten-
tial-energy surface. The


calculated free energy of TS1 is about 1 kcalmol�1


lower than Rh–N(S), hence even if the transition state
on the singlet potential-energy surface can be located,
our proposed reaction, which starts from triplet
Rh–N(T) should still be energetically more favorable.
By starting from TS1, we have located an intermediate
INT(T) with an established N�C1 bond by using the in-
trinsic-reaction-coordinate (IRC) method[23] on the trip-
let potential energy surface. The bond length of N···C1
(2.124 O) is significantly shorter than that of N···C2
(2.687 O) in the TS1 structure. Not surprisingly, the
N�C1 bond is more likely formed than the N�C2 bond
because the C1 atom carries more positive charge due
to the neighboring oxygen atom. To form the singlet
Rh–Azi, INT(T) needs to undergo an intersystem
crossing (ISC), which is enhanced by the heavy atom
effect of Rh. Therefore, we carried out geometry opti-
mization on the singlet potential energy surface by
using INT(T) as an initial structure, and found that sin-
glet Rh–Azi can be easily derived by following this
route. Our DFT computational results agreed with the
mechanism that Brandt proposed for the copper-cata-
lyzed aziridination.[24]


Scheme 2. Ring-opening reaction of N-Cbz oxathiazepanes. a) CbzCl, DMAP, Et3N, THF, 0 8C to RT, 92%; b)
CbzCl, NaHCO3, THF/H2O 1:1, 0 8C to RT, 82%; c) nucleophiles.


Table 3. Nucleophilic ring-opening reaction of oxathiazepanes 13 and 15.


Entry Starting material Reaction conditions Yield [%][a]


1 13 NaN3/DMF/120 8C 67
2 13 KSCN/DMF/150 8C 78
3 15 NH2CH2C5H6OMe/DMF/70 8C 75
4 15 H2O/K2CO3/Acetone/RT 80


[a] % Isolated yield.
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III) Aziridine ring-opening by nucleophile (MeO�): The
transition states of nucleophilic ring-opening by MeO�


have been optimized. The overall process is exother-
mic. When MeO� approaches the C1 position, the ini-
tial complex Ad2 is formed (DG=�77.2 kcalmol�1,
and C1···OMe=2.818 O), followed by the transition
state TS2. The low activation energy of TS2 (DE=


0.5 kcalmol�1) agrees well with the fact that the aziri-
dine intermediate is a transient (semistable) species
that could not be isolated in our experiment. This cal-
culated result is also in-line with the regio- and stereo-
chemistry of our product. The nucleophile, MeO� ap-
proaches the positively charged C1 of the Rh–Azi ring
system from the bottom face preferably, to form the
trans product (a-glycosylation product). Furthermore,
C1�N bond is partially cleaved (C1�N=1.654 O in
TS2) even when MeO� is still 2.592 O away from C1.
The reaction coordinate of TS2 involves the simultane-
ous breaking of the N�C1 bond, and the formation of
glycosidic C1�OMe bond, which also reflects the high
activity of Rh–Azi upon the attack of MeO�.


Conclusion


We have described a new route to aminoglycosides that is
based on the intramolecular oxidative aziridination on a
glycal scaffold, followed by an efficient ring-opening of azir-
idine with various nucleophiles (C, O, S, and N). The second
nucleophilic replacement of the sulfonyloxy moieties of
[1,2,3]oxathiazepane-2,2-dioxides allows ready access to un-


usual aminoglycosides with selective a- and b-linkages. With
the concept described here, the intramolecular nitrogen
atom transfer to a C=C bond on the glycal scaffold is high-
lighted as an attractive alternative to conventional methods
of 2-aminoglycoside synthesis. In addition, a variety of
glycal acceptors has selectively been coupled at the anome-
ric position, which results in the high structural and func-
tional group variability of carbohydrate substrates. This
series of glycal glycosylations can be applied in the chemical
synthesis of highly complex aminosaccharide conjugates.
A DFT computational study was undertaken to better un-


derstand the mechanism of rhodium-catalyzed intramolecu-
lar aziridination as well as regio- and stereoselective aziri-
dine ring-opening. Our results demonstrate that the nitrene-
transfer and aziridination reactions proceed stepwise to
form semistable aziridine intermediates, which are regiose-
lectively attacked by nucleophiles at the positively charged
anomeric carbons. Significantly, the facial preference, which
is controlled by the substrate was found to be the key factor
that determines the stereoselectivity.
Application of this new methodology to asymmetric and


total synthesis is currently under active investigation in our
laboratory.


Experimental Section


General : Unless otherwise noted, all reactions were carried out in oven-
dried glassware under an atmosphere of nitrogen, and distilled solvents
were transferred by syringe. Solvents and reagents were purified accord-
ing to standard procedures prior to use. Evaporation of organic solutions
was achieved by rotary evaporation with a water bath temperature below
40 8C. Product purification by flash column chromatography was accom-


Figure 2. Computed Gibbs free energy profiles of the model system at 298 K, DG (kcalmol�1). The substrate (Sub) in our model system was obtained by
substituting the phenyl groups in 6 with methyl groups. The catalyst [Rh2 ACHTUNGTRENNUNG(OAc)4] was simplified by replacing the methyl groups with hydrogen atoms.
Ad1= the adduct of Sub–[Rh2]; Rh�N=Rh–nitrene; TS1= the transition state to form N�C1 bond in the triplet state; INT(T)= the intermediate with a
N�C in triplet state; Rh–Azi=catalyst-bound aziridine; Ad2= the adduct of aziridine ring opening by OMe; and TS2= the transition state to form the
catalyst-bound product (Rh-P).
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plished using silica gel 60 (0.010–0.063 nm). Technical grade solvents
were used for chromatography and were distilled prior to use. NMR
spectra were recorded at room temperature on a 300 MHz Bruker
ACF 300, 400 MHz Bruker DPX 400, and 500 MHz Bruker AMX 500
NMR spectrometers. The residual solvent signals were taken as the refer-
ence (7.26 ppm for 1H NMR spectra and 77.0 ppm for 13C NMR spectra).
Chemical shift (d) is reported in ppm, coupling constants (J) are given in
Hz. The following abbreviations classify the multiplicity: s= singlet, d=


doublet, t= triplet, q=quartet, m=multiplet or unresolved, br=broad
signal. Infrared spectra were recorded on a Bio-RAD FTS 165 FT-IR
spectrometer and reported in cm�1. Samples were prepared by using the
thin film technique. HR-MS (ESI) spectra were recorded on a Finnigan/
MAT LCQ quadrupole ion trap mass spectrometer, coupled with the
TSP4000 HPLC system and the Crystal 310 CE system. X-ray crystallo-
graphic data was collected by using a Bruker X8 Apex diffractometer
with MoKa radiation (graphite monochromator).


General procedure for sulfomylation of glycal : Formic acid (2 equiv) was
added dropwise to a neat chlorosulfonyl isocyanate (2 equiv) at 0 8C with
rapid stirring. Vigorous gas evolution was observed during the addition
process. The resulting viscous suspension was stirred for 5 min at 0 8C,
during which time the mixture solidified. Dry CH3CN (10 equiv) was
added, and the resulting clear solution was stirred for 1 h at 0 8C, then 6 h
at room temperature. This solution mixture was cooled to 0 8C, and a so-
lution of glycal (1 equiv) in N,N-dimethylacetamide (33 equiv) was added
dropwise. The reaction was stirred at 0 8C over a 3 h period, and
quenched by the successive addition of Et3N. The mixture was poured
into diethyl ether (20 mL) and water (10 mL), the organic phase was col-
lected, and the aqueous layer was extracted with diethyl ether (3P). The
combined organic extracts were washed with brine, dried over MgSO4,
and concentrated under reduced pressure. Purification of the residue by
flash chromatography (eluent: 30% ethyl acetate in hexane) afforded the
desired sulfamate ester.


(2R,3S,4R)-2-Sulfamoyloxymethyl-3,4-dihydro-2H-pyran-3,4-diyldiben-
zoate (6): Yield: 83%; colorless oil; 1H NMR (400 MHz, CDCl3): d=7.99
(m, 4H; Ph), 7.56 (m, 2H; Ph), 7.42 (m, 4H; Ph), 6.57 (d, J=6.1 Hz, 1H;
H1), 5.71 (br s, 2H; H3 and H4), 5.14 (br s, 2H; NH2), 5.10 (d, J=6.1 Hz,
1H; H2), 4.56 (m, 2H; H5 and CH2), 4.46 ppm (d, J=8.2 Hz, 1H; CH2);
13C NMR (100 MHz, CDCl3): d=165.8 (CO), 165.5 (CO), 145.5 (C1),
133.8 (Ph), 133.4 (Ph), 129.9 (Ph), 129.7 (Ph), 129.3 (Ph), 128.7 (Ph),
128.6 (Ph), 128.5 (Ph), 99.2 (C2), 73.6 (C5), 67.6 (C4), 67.5 (CH2),
67.3 ppm (C3); IR (CHCl3): ñ=3421, 3288, 3018, 1718, 1649, 1377 cm�1;
HR-MS (ESI): m/z : calcd for C20H18NO8S: 432.0748 [M�H]+ ; found:
432.0733.


(2R,3S,4R)-3-Sulfamoyloxy-3,4-dihydro-2H-pyran-2-benzoyloxymethyl-
4-yl-benzoate (8): Yield: 94%; colorless oil; 1H NMR (400 MHz, CDCl3):
d=7.99 (m, 4H; Ph), 7.57 (m, 2H; Ph), 7.40 (m, 4H; Ph), 6.56 (d, J=


6.1 Hz, 1H; H1), 5.70 (dd, J=4.1, 3.6 Hz, 1H; H3), 5.49 (br s, 2H; NH2),
5.16 (t, J=5.5 Hz, 1H; H4), 4.98 (dd, J=6.1, 3.6 Hz, 1H; H2), 4.77 (dd,
J=13.0, 6.9 Hz, 1H; CH2), 4.59 ppm (m, 2H; H5 and CH2);


13C NMR
(100 MHz, CDCl3): d=166.4 (CO), 166.3 (CO), 146.2 (C1), 133.6 (Ph),
133.4 (Ph), 129.8 (Ph), 129.7 (Ph), 129.2 (Ph), 129.1 (Ph), 128.5 (Ph),
128.4 (Ph), 98.0 (C2), 74.3 (C4), 73.7 (C5), 67.4 (C3), 61.5 ppm (CH2); IR
(CHCl3): ñ=3385, 3275, 3020, 1718, 1647, 1382 cm�1; HR-MS (ESI): m/z :
calcd for C20H18NO8S: 432.0748 [M�H]+ ; found: 432.0729.


General procedure for rhodium-catalyzed aziridination with actetoxy as a
nucleophile : A mixture of sulfamate ester (1 equiv), [Rh2 ACHTUNGTRENNUNG(OAc)4]
(10 mol%), PhIACHTUNGTRENNUNG(OAc)2 (1.5 equiv), MgO (5 equiv), and 4 O molecular
sieves in dry CH2Cl2 (2 mL) was stirred at room temperature. The reac-
tion was monitored by TLC. The suspension was filtered through a pad
of Celite. The filter cake was rinsed with CH2Cl2 and the combined fil-
trates were evaporated under reduced pressure. The residue was purified
by flash chromatography on silica gel (eluent: 30% ethyl acetate in
hexane) as eluent to afford the desired oxathiazepane.


9-O-Acetyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-
3,3-dioxide (10a): Yield: 82%; white solid; 1H NMR (500 MHz,
[D6]acetone): d=8.10 (m, 4H; Ph), 7.65 (m, 2H; Ph), 7.53 (m, 4H; Ph),
6.85 (d, J=1.3 Hz , 1H; H1), 5.87 (dd, J=5.7, 4.5 Hz, 1H; H3), 5.76 (d,
J=4.5 Hz, 1H; H4), 4.75 (m, 1H; H5), 4.72 (m, 2H; CH2), 4.23 (dd, J=


5.7, 1.3 Hz, 1H; H2), 2.17 ppm (s, 3H; CH3);
13C NMR (125 MHz,


[D6]acetone): d=168.4 (CO), 165.4 (CO), 164.8 (CO), 133.6 (Ph), 133.5
(Ph), 129.8 (Ph), 129.6 (Ph), 129.4 (Ph), 128.6 (Ph), 128.5 (Ph), 90.9 (C1),
77.6 (C5), 75.1 (CH2), 71.9 (C4), 69.3 (C3), 51.8 (C2), 20.2 ppm (CH3);
IR (CHCl3): ñ =3018, 1755, 1697 cm�1; HR-MS (ESI): m/z : calcd for
C22H21NO10SNa: 514.0778 [M+Na]+ ; found: 514.0759.


8-O-Acetyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[3.3.1]decane-
3,3-dioxide (12a): Yield: 73%; colorless oil; 1H NMR (400 MHz, CDCl3):
d=8.08 (d, J=7.9 Hz, 2H; Ph), 8.01 (d, J=7.9 Hz, 2H; Ph), 7.65 (t, J=


7.4 Hz, 1H; Ph), 7.58 (t, J=7.4 Hz, 1H; Ph), 7.51 (t, J=7.6 Hz, 2H; Ph),
7.44 (t, J=7.6 Hz, 2H; Ph), 6.50 (s, 1H; H1), 6.09 (br s, 1H; NH), 5.94
(br t, 1H; H3), 5.06 (m, 1H; H4), 5.04 (t, J=7.3 Hz , 1H; H5), 4.97 (dd,
J=11.0, 7.3 Hz, 1H; CH2), 4.67 (dd, J=11.0, 7.3 Hz, 1H; CH2), 4.07 (m,
1H; H2), 1.81 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=168.7
(CO), 165.9 (CO), 165.3 (CO), 134.4 (Ph), 133.5 (Ph), 129.9 (Ph), 129.7
(Ph), 129.0 (Ph), 128.9 (Ph), 128.5 (Ph), 127.9 (Ph), 91.1 (C1), 75.7 (C4),
72.7 (C5), 63.7 (CH2), 62.2 (C3), 49.8 (C2), 20.8 ppm (CH3); IR (CHCl3):
ñ=1710, 1635, 1273 cm�1; HR-MS (ESI): m/z : calcd for C22H20NO10S:
490.0802 [M�H]+ ; found: 490.0825.


General procedure for rhodium-catalyzed aziridination with alcohols as
nucleophiles : The nucleophile (20 equiv) was added dropwise to a mix-
ture of sulfamate ester (1 equiv), [Rh2 ACHTUNGTRENNUNG(OAc)4] (10 mol%), PhI ACHTUNGTRENNUNG(OAc)2
(1.5 equiv), MgO (5 equiv), and 4 O molecular sieves in dry CH2Cl2
(2 mL). The suspension was stirred vigorously at room temperature and
monitored by TLC. The reaction mixture was filtered through a pad of
Celite. The filter cake was rinsed with CH2Cl2 and the combined filtrates
were evaporated under reduced pressure. The residue was purified by
flash chromatography on silica gel (eluent: 30% ethyl acetate in hexane)
to afford the desired oxathiazepane.


9-O-Methyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-
3,3-dioxide (10b): Yield: 81%; white solid; 1H NMR (400 MHz, CDCl3):
d=8.06 (m, 4H; Ph), 7.60 (m, 2H; Ph), 7.44 (m, 4H; Ph), 5.84 (dd, J=


5.8, 4.0 Hz, 1H; H3), 5.53 (d, J=4.0 Hz, 1H; H4), 5.51 (d, J=1.1 Hz,
1H; H1), 5.18 (brd, J=3.1 Hz, 1H; NH), 4.72 (dd, J=12.4, 2.5 Hz, 1H;
CH2), 4.63 (dd, J=12.4, 2.5 Hz, 1H; CH2), 4.44 (m, 1H; H5), 4.03 (m,
1H; H2), 3.51 ppm (s, 3H; OCH3);


13C NMR (100 MHz, CDCl3): d=


166.1 (CO), 165.1 (CO), 133.9 (Ph), 133.7 (Ph), 129.98 (Ph), 129.90 (Ph),
128.9 (Ph), 128.7 (Ph), 128.6 (Ph), 96.9 (C1), 76.6 (C5), 75.6 (CH2), 72.1
(C4), 69.5 (C3), 55.4 (OCH3), 53.3 ppm (C2); IR (CHCl3): ñ =3018, 1714,
1697, 1269 cm�1; HR-MS (ESI): m/z : calcd for C21H20NO9S: 462.0853
[M�H]+ ; found: 462.0838.


9-O-Ethyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicycloACHTUNGTRENNUNG[4.2.2]decane-
3,3-dioxide (10c): Yield: 90%; colorless oil; 1H NMR (400 MHz, CDCl3):
d=8.07 (m, 4H; Ph), 7.61 (m, 2H; Ph), 7.47 (m, 4H; Ph), 5.88 (dd, J=


6.0, 3.6 Hz, 1H; H3), 5.60 (s, 1H; H1), 5.51 (d, J=3.6 Hz, 1H; H4), 5.09
(brd, J=2.9 Hz, 1H; NH), 4.72 (dd, J=12.4, 2.3 Hz, 1H; CH2), 4.62 (dd,
J=12.4, 2.3 Hz, 1H; CH2), 4.43 (m, 1H; H5), 4.03 (m, 1H; H2), 3.91 (dt,
J=16.5, 7.2 Hz, 1H; CH2CH3), 3.63 (dt, J=16.5, 7.2 Hz, 1H; CH2CH3),
1.27 ppm (t, J=7.2 Hz, 3H; CH2CH3);


13C NMR (100 MHz, CDCl3): d=


166.1 (CO), 165.1 (CO), 133.9 (Ph), 133.7 (Ph), 129.96 (Ph), 129.91 (Ph),
128.9 (Ph), 128.7 (Ph), 128.6 (Ph), 128.5 (Ph), 95.5 (C1), 76.5 (C5), 75.7
(CH2), 72.2 (C4), 69.5 (C3), 63.8 (CH2CH3), 53.5 (C2), 15.1 ppm
(CH2CH3); IR (CHCl3): ñ=3020, 1714, 1452, 1274 cm�1; HR-MS (ESI):
m/z : calcd for C22H23NO9SNa: 500.0986 [M+Na]+ ; found: 500.0967.


9-O-Isopropyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo-
ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (10d): Yield: 70%; colorless oil; 1H NMR
(400 MHz, CDCl3): d=8.08 (d, J=7.6 Hz, 4H; Ph), 7.60 (m, 2H; Ph),
7.46 (m, 4H; Ph), 5.91 (dd, J=5.8, 3.6 Hz, 1H; H3), 5.67 (s, 1H; H1),
5.50 (d, J=3.6 Hz, 1H; H4), 5.11(brd, J=3.2 Hz, 1H; NH), 4.71 (dd, J=


12.3, 2.0 Hz, 1H; CH2), 4.62 (dd, J=12.3, 2.0 Hz, 1H; CH2), 4.43 (m, 1H;
H5), 4.09 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.98 (m, 1H; H2), 1.25 (d, J=6.1 Hz, 3H;
CH3), 1.22 ppm (d, J=6.1 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3):
d=166.2 (CO), 165.1 (CO), 133.9 (Ph), 133.7 (Ph), 129.9 (Ph), 128.9
(Ph), 128.7 (Ph), 128.6 (Ph), 128.5 (Ph), 93.7 (C1), 76.4 (C5), 75.9 (CH2),
72.3 (C4), 70.0 (CHACHTUNGTRENNUNG(CH3)2), 69.6 (C3), 53.8 (C2), 23.5 (CH3), 21.5 ppm
(CH3); IR (CHCl3): ñ=3018, 1718, 1452, 1377, 1276 cm�1; HR-MS (ESI):
m/z : calcd for C23H25NO9SNa: 514.1142 [M+Na]+ ; found: 514.1118.
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9-O-Benzyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-
3,3-dioxide (10e): Yield: 71%; colorless oil; 1H NMR (500 MHz, CDCl3):
d=8.08 (d, J=8.0 Hz, 2H; Ph), 7.96 (d, J=8.0 Hz, 2H; Ph), 7.61 (t, J=


7.5 Hz, 1H; Ph), 7.56 (t, J=7.5 Hz, 1H; Ph), 7.48 (t, J=7.8 Hz, 2H; Ph),
7.34 (m, 7H; Ph), 5.90 (dd, J=6.3, 3.2 Hz, 1H; H3), 5.67 (d, J=1.6 Hz,
1H; H1), 5.53 (d, J=3.2 Hz, 1H; H4), 5.09 (brd, J=3.8 Hz, 1H; NH),
4.91 (d, J=11.8 Hz, 1H; CH2Ph), 4.76 (dd, J=12.6, 2.4 Hz, 1H; CH2),
4.67 (d, J=11.8 Hz, 1H; CH2Ph), 4.62 (dd, J=12.6, 2.4 Hz, 1H; CH2),
4.45 (m, 1H; H5), 4.12 ppm (ddd, J=6.3, 3.8, 1.6 Hz, 1H; H2); 13C NMR
(125 MHz, CDCl3): d=166.1 (CO), 165.0 (CO), 136.9 (Ph), 133.9 (Ph),
133.6 (Ph), 129.97 (Ph), 129.95 (Ph), 128.8 (Ph), 128.7 (Ph), 128.6 (Ph),
128.55 (Ph), 128.52 (Ph), 127.9 (Ph), 127.8 (Ph), 95.1 (C1), 76.5 (C5), 75.7
(CH2), 72.1 (C4), 69.6 (CH2Ph), 69.4 (C3), 53.2 ppm (C2); IR (CHCl3):
ñ=3018, 1720, 1452 cm�1; HR-MS (ESI): m/z : calcd for C27H25NO9SNa:
562.1142 [M+Na]+ ; found: 562.1174.


8-O-Methyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[3.3.1]decane-
3,3-dioxide (12b): Yield: 96%; colorless oil; 1H NMR (500 MHz, CDCl3):
d=8.00 (m, 4H; Ph), 7.58 (m, 2H; Ph), 7.45 (m, 4H; Ph), 5.86 (m, 2H;
H3 and NH), 5.20 (s, 1H; H1), 5.03 (m, 1H; H4), 4.98 (t, J=7.4 Hz, 1H;
H5), 4.88 (dd, J=11.1, 7.4 Hz, 1H; CH2), 4.73 (dd, J=11.1, 7.4 Hz, 1H;
CH2), 3.99 (m, 1H; H2), 3.48 ppm (s, 3H; OCH3);


13C NMR (125 MHz,
CDCl3): d=165.9 (CO), 165.6 (CO), 134.0 (Ph), 133.4 (Ph), 129.9 (Ph),
129.7 (Ph), 129.2 (Ph), 128.8 (Ph), 128.5 (Ph), 128.3 (Ph), 99.5 (C1), 76.6
(C4), 71.8 (C5), 64.1 (CH2), 63.0 (C3), 56.6 (OCH3), 51.3 ppm (C2); IR
(CHCl3): ñ=1718, 1635, 1274 cm�1; HR-MS (ESI): m/z : calcd for
C21H20NO9S: 462.0853 [M�H]+ ; found: 462.0869.


8-O-Ethyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicycloACHTUNGTRENNUNG[3.3.1]decane-
3,3-dioxide (12c): Yield: 87%; colorless oil; 1H NMR (400 MHz, CDCl3):
d=7.99 (m, 4H; Ph), 7.59 (m, 2H; Ph), 7.45 (m, 4H; Ph), 5.87 (m, 1H;
H3), 5.62 (brd, J=4.2 Hz, 1H; NH), 5.26 (s, 1H; H1), 5.04 (m, 1H; H4),
4.96 (t, J=7.4 Hz, 1H; H5), 4.88 (dd, J=11.0, 7.4 Hz, 1H; CH2), 4.77
(dd, J=11.0, 7.4 Hz, 1H; CH2), 4.01 (m, 1H; H2), 3.96 (q, J=7.2 Hz,
1H; CH2CH3), 3.51 (q, J=7.0 Hz, 1H; CH2CH3), 1.06 ppm (t, J=7.0 Hz,
3H; CH2CH3);


13C NMR (100 MHz, CDCl3): d =165.9 (CO), 165.4 (CO),
134.0 (Ph), 133.4 (Ph), 129.9 (Ph), 129.6 (Ph), 129.2 (Ph), 128.7 (Ph),
128.5 (Ph), 128.3 (Ph), 98.1 (C1), 76.7 (C4), 71.8 (C5), 64.7 (CH2), 64.1
(CH2), 62.8 (C3), 51.3 (C2), 14.7 ppm (CH2CH3); IR (CHCl3): ñ =3018,
1718, 1273, 1217 cm�1; HR-MS (ESI): m/z : calcd for C22H22NO9S:
476.1010 [M�H]+ ; found: 476.0987.


8-O-Isopropyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo-
ACHTUNGTRENNUNG[3.3.1]decane-3,3-dioxide (12d): Yield: 86%; colorless oil; 1H NMR
(400 MHz, CDCl3): d=8.02 (m, 4H; Ph), 7.59 (m, 2H; Ph), 7.45 (m, 4H;
Ph), 5.84 (m, 1H; H3), 5.53 (br s, 1H; NH), 5.36 (s, 1H; H1), 5.05 (m,
1H; H4), 4.95 (t, J=7.5 Hz, 1H; H5), 4.84 (m, 2H; CH2), 4.09 (m, 1H;
CH ACHTUNGTRENNUNG(CH3)2), 3.97 (m, 1H; C2), 1.09 (d, J=6.1 Hz, 3H; CH3), 1.06 ppm (d,
J=6.1 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3): d=165.9 (CO), 165.4
(CO), 134.0 (Ph), 133.4 (Ph), 129.9 (Ph), 129.6 (Ph), 129.2 (Ph), 128.6
(Ph), 128.5 (Ph), 128.3 (Ph), 95.8 (C1), 76.7 (C4), 71.7 (C5), 70.4 (CH-
ACHTUNGTRENNUNG(CH3)2), 64.2 (CH2), 62.9 (C3), 51.7 (C2), 22.9 (CH3), 20.9 ppm (CH3); IR
(CHCl3): ñ =2926, 1722, 1645, 1273 cm�1; HR-MS (ESI): m/z : calcd for
C23H24NO9S: 490.1166 [M�H]+ ; found: 490.1149.


8-O-Benzyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[3.3.1]decane-
3,3-dioxide (12e): Yield: 77%; colorless oil; 1H NMR (400 MHz, CDCl3):
d=8.00 (d, J=8.0 Hz, 2H; Ph), 7.84 (d, J=8.0 Hz, 2H; Ph), 7.55 (m,
2H; Ph), 7.44 (m, 2H; Ph), 7.26 (m, 7H; Ph), 5.89 (m, 1H; H3), 5.45
(brd, J=4.0 Hz, 1H; NH), 5.39 (s, 1H; H1), 5.05 (m, 1H; H4), 4.97 (m,
2H; H5 and CH2Ph), 4.89 (dd, J=11.1, 7.4 Hz, 1H; CH2), 4.77 (dd, J=


11.1, 7.4 Hz, 1H; CH2), 4.57 (d, J=11.3 Hz, 1H; CH2Ph), 4.03 ppm (m,
1H; C2); 13C NMR (100 MHz, CDCl3): d =166.1 (CO), 166.0 (CO), 136.2
(Ph), 133.8 (Ph), 133.4 (Ph), 130.0 (Ph), 129.9 (Ph), 129.7 (Ph), 129.6
(Ph), 129.5 (Ph), 129.2 (Ph), 128.8 (Ph), 128.6 (Ph), 128.5 (Ph), 128.4
(Ph), 128.1 (Ph), 128.0 (Ph), 97.7 (C1), 76.4 (C4), 72.1 (C5), 71.1
(CH2Ph), 64.0 (CH2), 62.5 (C3), 51.4 ppm (C2); IR (CHCl3): ñ =2954,
1708, 1635, 1269 cm�1; HR-MS (ESI): m/z : calcd for C27H24NO9S:
538.1166 [M�H]+ ; found: 538.1189.


8-O-Allyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[3.3.1]decane-
3,3-dioxide (12 f): Yield: 81%; colorless oil ; 1H NMR (300 MHz, CDCl3):
d=8.01 (m, 4H; Ph), 7.58 (m, 2H; Ph), 7.36 (m, 4H; Ph), 5.88 (m, 1H;


H3), 5.75 (ABX system, JAX=17.0, JBX=10.5, JAB=5.4 Hz, 1H; CH2CH=


CH2), 5.55 (brd, J=4.6 Hz, 1H; NH), 5.32 (s, 1H; H1), 5.05–5.17 (m,
3H; CH2CH=CH2 and H4), 4.97 (t, J=7.4 Hz, 1H; H5), 4.88 (dd, J=


11.5, 7.4 Hz, 1H; CH2), 4.80 (dd, J=12.4, 5.4 Hz, 1H; CH2CH=CH2),
4.75 (dd, J=11.5, 7.4 Hz, 1H; CH2), 4.38 (dd, J=12.4, 5.4 Hz, 1H;
CH2CH=CH2), 4.03 ppm (m, 1H; H2); 13C NMR (100 MHz, CDCl3): d=


165.8 (CO), 165.4 (CO), 134.0 (Ph), 133.5 (Ph), 132.8 (CH2CH=CH2),
130.0 (Ph), 129.6 (Ph), 129.2 (Ph), 128.7 (Ph), 128.5 (Ph), 128.2 (Ph),
118.2 (CH2CH=CH2), 97.5 (C1), 76.5 (C4), 71.9 (C5), 69.6 (CH2CH=


CH2), 64.0 (CH2), 62.7 (C3), 51.3 ppm (C2); IR (CHCl3): ñ=3018, 1722,
1627, 1274 cm�1; HR-MS (ESI): m/z : calcd for C23H22NO9S: 488.1010
[M�H]+ ; found: 488.1003.


General procedure for rhodium-catalyzed aziridination with alkyl, thiol,
amine, amino acid, and glycal as nucleophiles : A mixture of sulfamate
ester (1 equiv), [Rh2 ACHTUNGTRENNUNG(tfacam)4] (10 mol%),[25] PhIO (1.5 equiv),[26] MgO
(5 equiv), and 4 O molecular sieves in dry CH2Cl2 (2 mL) was stirred at
room temperature for 15 min, then the nucleophile (1.5 equiv) was added
dropwise. The suspension was stirred vigorously at room temperature
and monitored by TLC. The resulting mixture was filtered through a pad
of Celite. The filter cake was rinsed with CH2Cl2 and the combined fil-
trates were evaporated under reduced pressure. The residue was purified
by chromatography on silica gel (eluent: 30% ethyl acetate in hexane) to
afford the oxathiazepane.


9-Allyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-3,3-
dioxide (10 f): Yield: 78%; white solid; 1H NMR (500 MHz, CDCl3): d=


7.89 (d, J=7.3 Hz, 2H; Ph), 7.82 (d, J=7.3 Hz, 2H; Ph), 7.46 (m, 2H;
Ph), 7.32 (m, 2H; Ph), 7.27 (m, 2H; Ph), 6.09 (t, J=10.0 Hz, 1H; H3),
5.79 (ABX system, JAX=17.1 Hz, JBX=10.1, JAB=7.0 Hz, 1H; CH2CH=


CH2), 5.66 (d, J=9.0 Hz, 1H; H4), 5.17 (dd, J=10.1, 1.4 Hz, 1H;
CH2CH=CH2), 5.12 (dd, J=10.1, 1.4 Hz, 1H; CH2CH=CH2), 4.62 (dd,
J=12.6, 4.4 Hz, 1H; CH2), 4.56 (dd, J=12.6, 4.4 Hz, 1H; CH2), 4.49 (m,
1H; H5), 4.23 (br s, 1H; NH), 3.74 (m, 1H; H1 and H2), 2.48 (dd, J=


14.4, 7.0 Hz, 1H; CH2CH=CH2), 2.41 ppm (dd, J=14.4, 7.0 Hz, 1H;
CH2CH=CH2);


13C NMR (100 MHz, CDCl3): d=166.4 (CO), 166.0 (CO),
133.9 (Ph), 133.68 (CH2CH=CH2), 133.63 (Ph), 129.8 (Ph), 129.6 (Ph),
128.55 (Ph), 128.52 (Ph), 128.4 (Ph), 128.3 (Ph), 118.9 (CH2CH=CH2),
75.8 (C4), 73.1 (C5), 72.4 (CH2), 69.4 (C3), 68.7 (C1), 57.0 (C2), 37.7 ppm
(CH2CH=CH2); IR (CHCl3): ñ=2956, 1714, 1600, 1367, 1278 cm�1; HR-
MS (ESI): m/z : calcd for C23H23NO8S: 473.1144 [M]


+ ; found: 473.0993.


9-p-Tolylthio-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azabicyclo-
ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (10g): Yield: 85%; colorless oil; 1H NMR
(500 MHz, CDCl3): d=8.06 (m, 4H; Ph), 7.59 (m, 2H; Ph), 7.51 (d, J=


8.0 Hz, 2H; Ph), 7.47 (m, 4H; Ph), 7.18 (d, J=8.0 Hz, 2H; Ph), 6.27 (s,
1H; H1), 5.99 (t, J=5.5 Hz, 1H; H3), 5.68 (d, J=5.5 Hz, 1H; H4), 5.08
(brd, J=2.9 Hz, 1H; NH), 4.77 (dd, J=13.0, 3.5 Hz, 1H; CH2), 4.71 (dd,
J=13.0, 1.5 Hz, 1H; CH2), 4.51 (m, 1H; H5), 4.27 (br t, J=3.8 Hz, 1H;
H2), 2.36 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3): d =166.3
(CO), 165.0 (CO), 139.2 (Ph), 134.1 (Ph), 134.0 (Ph), 133.8 (Ph), 130.2
(Ph), 130.0 (Ph), 128.7 (Ph), 128.6 (Ph), 128.5 (Ph), 127.7 (Ph), 81.5 (C1),
78.4 (C5), 75.4 (CH2), 71.9 (C4), 70.4 (C3), 54.5 (C2), 21.2 ppm (CH3);
IR (CHCl3): ñ =3018, 1722, 1273 cm�1; HR-MS (ESI): m/z : calcd for
C27H25NO8S2Na: 578.0914 [M+Na]+ ; found: 578.0939.


9-N-(3,5-Bis(trifluoromethyl)phenyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-
azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (10h): Yield: 76%; colorless oil;
1H NMR (400 MHz, CDCl3): d=8.07 (d, J=7.4 Hz, 2H; Ph), 8.00 (d, J=


7.4 Hz, 2H; Ph), 4.10 (m, 1H; H2), 7.60 (m, 2H; Ph), 7.45 (m, 4H; Ph),
7.35 (s, 1H; Ph), 7.21 (s, 2H; Ph), 6.46 (d, J=9.0 Hz, 1H; H1), 5.85 (dd,
J=6.6, 4.2 Hz, 1H; H3), 5.79 (d, J=6.6 Hz, 1H; H4), 5.29 (br s, 1H;
NH), 5.13 (brd, J=9.0 Hz, 1H; NHPh), 4.89 (dd, J=13.3, 1.5 Hz, 1H;
CH2), 4.80 (dd, J=13.3, 1.5 Hz, 1H; CH2), 4.52 (m, 1H; H5), 4.10 ppm
(m, 1H; H2); 13C NMR (100 MHz, CDCl3): d=166.1 (CO), 165.7 (CO),
145.3 (Ph), 134.3 (Ph), 134.0 (Ph), 132.6 (Ph), 130.0 (Ph), 129.8 (Ph),
128.8 (Ph), 128.6 (Ph), 128.4 (Ph), 128.0 (Ph), 114.0 (CF3), 113.4 (CF3),
78.7 (C1), 77.6 (C5), 75.2 (CH2), 71.8 (C4), 70.5 (C3), 55.1 ppm (C2); IR
(CHCl3): ñ=3018, 1720, 1624, 1473, 1388, 1278 cm�1; HR-MS (ESI): m/z :
calcd for C28H23F6N2O8S: 661.1079 [M+H]+ ; found: 661.1029.


9-N-[Methyl-N-(dibenzyl)-l-serinate-3-yl]-7,8-di-O-benzoyl-4,10-dioxa-3-
thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (10 i): Yield: 66%; colorless
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oil; 1H NMR (500 MHz, CDCl3): d =8.09 (m, 2H; Ph), 7.89 (m, 2H; Ph),
7.61 (m, 1H; Ph), 7.55 (m, 1H; Ph), 7.48 (m, 2H; Ph), 7.38 (m, 6H; Ph),
7.30 (m, 4H; Ph), 7.21 (m, 2H; Ph), 5.80 (dd, J=5.6, 4.3 Hz, 1H; H3),
5.61 (d, J=1.2 Hz, 1H; H1), 5.50 (d, J=4.3 Hz, 1H; H4), 5.08 (br s, 1H;
NH), 4.69 (dd, J=12.1, 2.6 Hz, 1H; CH2OSO2), 4.62 (dd, J=12.1, 2.6 Hz,
1H; CH2OSO2), 4.39 (m, 1H; H5), 4.18 (dd, J=10.3, 6.3 Hz, 1H; CH2O),
3.99 (dd, J=5.6, 1.2 Hz, 1H; H2), 3.94 (d, J=13.9 Hz, 1H; CH2Ph), 3.85
(dd, J=10.3, 6.3 Hz, 1H; CH2O), 3.75 (m, 1H; CHN), 3.74 (s, 3H;
OCH3), 3.70 ppm (d, J=13.9 Hz, 1H; CH2Ph);


13C NMR (125 MHz,
CDCl3): d =171.2 (CO), 166.1 (CO), 164.9 (CO), 139.2 (Ph), 133.9 (Ph),
133.6 (Ph), 129.9 (Ph), 129.8 (Ph), 128.77 (Ph), 128.73 (Ph), 128.6 (Ph),
128.5 (Ph), 128.3 (Ph), 127.1 (Ph), 95.9 (C1), 76.8 (C5), 75.7 (CH2OSO2),
72.0 (C4), 69.4 (C3), 66.3 (CH2O), 61.0 (OCH3), 55.2 (CH2Ph), 53.3 (C2),
51.4 ppm (CHN); IR (CHCl3): ñ=2926, 1724, 1452, 1261 cm�1; HR-MS
(ESI): m/z : calcd for C38H39N2O11S: 731.2269 [M+H]+ ; found: 731.2286.


9-O-[3,4-Di-O-benzoyl-1,2-dideoxy-d-glcopyranosyl]-7,8-di-O-benzoyl-
4,10-dioxa-3-thia-2-azabicyclo ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (10 j): Yield:
68%; colorless oil; 1H NMR (500 MHz, CDCl3): d=8.03 (m, 9H; Ph),
7.61 (m, 1H; Ph), 7.49 (m, 6H; Ph), 7.35 (m, 4H; Ph), 6.51 (d, J=6.2 Hz,
1H; H1’), 5.86 (dd, J=5.9, 3.9 Hz, 1H; H3), 5.76 (dd, J=6.7, 5.7 Hz, 1H;
H4’), 5.63 (m, 2H; H1 and H3’), 5.49 (d, J=3.9 Hz, 1H; H4), 5.06 (dd,
J=6.2, 3.4 Hz, 1H; H2’), 4.98 (d, J=3.6 Hz, 1H; NH), 4.66 (dd, J=12.4,
2.5 Hz, 1H; CH2OSO2), 4.61 (dd, J=12.4, 2.5 Hz, 1H; CH2OSO2), 4.56
(ABq, J=11.2, 5.7 Hz, 1H; H5’), 4.49 (m, 1H; H5), 4.13 (dd, J=11.2,
5.7 Hz, 1H; CH2O), 4.06 (dd, J=11.2, 5.7 Hz, 1H; CH2O), 3.97 ppm (m,
1H; H2); 13C NMR (100 MHz, CDCl3): d=166.2 (CO), 165.8 (CO), 164.9
(CO), 164.8 (CO), 145.9 (C1’), 133.9 (Ph), 133.5 (Ph), 133.39 (Ph), 133.30
(Ph), 129.95 (Ph), 129.87 (Ph), 129.83 (Ph), 129.7 (Ph), 129.6 (Ph), 129.2
(Ph), 128.97 (Ph), 128.7 (Ph), 128.6 (Ph), 128.5 (Ph), 128.48 (Ph), 128.45
(Ph), 98.8 (C2’), 96.4 (C1), 76.7 (C5), 75.7 (CH2OSO2), 74.5 (C5’), 72.1
(C4), 69.3 (C3), 68.0 (C4’), 67.7 (C3’), 66.3 (CH2O), 53.1 ppm (C2); IR
(CHCl3): ñ=3018, 1720, 1647, 1602, 1273 cm�1; HR-MS (ESI): m/z : calcd
for C40H35NO14SNa: 808.1676 [M+Na]+ ; found: 808.1468.


8-p-Tolylthio-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azabicyclo-
ACHTUNGTRENNUNG[3.3.1]decane-3,3-dioxide (12g): Yield: 78%; colorless oil; 1H NMR
(400 MHz, CDCl3): d=8.08 (m, 2H; Ph), 8.00 (m, 2H; Ph), 7.67 (m, 1H;
Ph), 7.54 (m, 3H; Ph), 7.42 (m, 4H; Ph), 7.14 (d, J=7.9 Hz, 2H; Ph),
5.79 (m, 1H; H3), 5.58 (br s, 1H; NH), 5.37 (m, 1H; H5), 5.26 (m, 1H;
H4), 5.12 (m, 1H; H2), 4.94 (m, 1H; H1), 4.86 (dd, J=12.2, 3.7 Hz, 1H;
CH2), 4.25 (dd, J=12.2, 3.7 Hz, 1H; CH2), 2.33 ppm (s, 3H; CH3);
13C NMR (100 MHz, CDCl3): d=165.8 (CO), 164.8 (CO), 134.35 (Ph),
133.4 (Ph), 133.0 (Ph), 130.3 (Ph), 130.1 (Ph), 129.7 (Ph), 128.8 (Ph),
128.5 (Ph), 123.6 (Ph), 80.1 (C4), 66.7 (C1), 66.6 (C2 and C5), 62.7 (C3),
61.1 (CH2), 21.1 ppm (CH3); IR (CHCl3): ñ =3018, 2929, 1718, 1649,
1388, 1269 cm�1; HR-MS (ESI): m/z : calcd for C27H25NO8S2Na: 578.0914
[M+Na]+ ; found: 578.0891.


9-O-Methyl-7,8-di-O-benzoyl-4,10-dioxa-3-thia-2-azidobicyclo-
ACHTUNGTRENNUNG[4.2.2]decane-3,3-dioxide (13): CbzCl (0.3 mL, 2.11 mmol) and a catalytic
amount of DMAP (30 mg, 0.25 mmol) were subsequently added to a mix-
ture solution of oxathiazepane 10b (110 mg, 0.23 mmol) in THF (1 mL)
and Et3N (0.7 mL, 5.02 mmol) at 0 8C. The reaction was stirred at room
temperature for 2.5 h and then quenched with saturated aqueous NH4Cl.
The mixture was extracted with EtOAc (2P). The combined organic
layers were dried over anhydrous MgSO4, filtered, and concentrated. The
residue was purified by chromatography on silica gel (eluent: 50% ethyl
acetate in hexane) to yield 13 (130 mg, 92%) as white solid. 1H NMR
(400 MHz, CDCl3): d=7.96 (d, J=7.4 Hz, 2H; Ph), 7.88 (d, J=7.4 Hz,
2H), 7.47 (m, 4H; Ph), 7.30 (m, 7H; Ph), 5.73 (dd, J=10.1, 4.2 Hz, 1H;
H3), 5.54 (t, J=10.1 Hz, 1H; H4), 5.00 (s, 2H; CH2), 4.85 (br s, 1H; H1),
4.72 (dd, J=8.8, 4.3 Hz, 1H; H2), 4.21 (m, 1H; H5), 3.72 (dd, J=12.1,
6.0 Hz, 1H; CH2), 3.66 (dd, J=12.1, 6.0 Hz, 1H; CH2), 3.50 ppm (s, 3H;
OCH3);


13C NMR (100 MHz, CDCl3): d=165.5 (CO), 165.4 (CO), 155.8
(CO), 136.0 (Ph), 133.6 (Ph), 133.0 (Ph), 129.8 (Ph), 129.7 (Ph), 129.3
(Ph), 128.7 (Ph), 128.59 (Ph), 128.51 (Ph), 128.29 (Ph), 128.22 (Ph), 100.4
(C1), 70.0 (C5), 69.7 (C4), 67.7 (C3), 67.1 (CH2), 55.5 (OCH3), 52.3 (C2),
43.8 ppm (CH2); IR (CHCl3): ñ=3018, 1726, 1512, 1274 cm�1; HR-MS
(ESI): m/z : calcd for C29H26NO11S: 596.1221 [M�H]+ found: 596.1226.


8-O-Methyl-9,10-di-O-benzoyl-5,7-dioxa-3-thia-2-azidobicyclo-
ACHTUNGTRENNUNG[3.3.1]decane-3,3-dioxide (15): Aqueous NaHCO3 (100 mg in 1 mL of
water) and CbzCl (350 mL, 2.46 mmol) were sequentially added to a solu-
tion of oxathiazepane 12b (116 mg, 0.24 mmol) in THF (1 mL) with vigo-
rous stirring at 0 8C. The reaction mixture was kept at this temperature
for 1 h and then warmed up to room temperature overnight. The mixture
was extracted with EtOAc (3P). The combined organic layers were dried
over anhydrous MgSO4, filtered, and concentrated. The residue was puri-
fied by chromatography on silica gel (eluent: 50% ethyl acetate in
hexane) to yield 15 (120 mg, 82%) as white solid. 1H NMR (500 MHz,
CDCl3): d =8.15 (d, J=7.7 Hz, 2H; Ph), 8.05 (d, J=7.7 Hz, 2H; Ph), 7.57
(m, 2H; Ph), 7.34 (m, 4H; Ph), 7.31 (m, 5H; Ph), 5.71 (d, J=3.2 Hz, 1H;
H3), 5.10 (ABq, J=16.0, 12.2 Hz, 2H; CH2), 4.59 (dd, J=11.3, 6.5 Hz,
1H; CH2), 4.49 (d, J=7.9 Hz, 1H; H1), 4.38 (dd, J=11.3, 6.5 Hz, 1H;
CH2), 4.12 (m, 1H; H4), 4.12 (m, 1H; H4), 4.08 (t, J=6.4 Hz, 1H; H5),
3.71 (m, 1H; H2), 3.55 ppm (s, 3H; OCH3);


13C NMR (125 MHz,
CDCl3): d =166.2 (CO), 166.1 (CO), 157.4 (CO), 135.8 (Ph), 133.4 (Ph),
133.2 (Ph), 130.0 (Ph), 129.7 (Ph), 129.5 (Ph), 129.3 (Ph), 128.6 (Ph),
128.5 (Ph), 128.4 (Ph), 128.3 (Ph), 128.2 (Ph), 101.8 (C1), 71.5 (C5), 71.4
(C4), 69.5 (C3), 67.4 (CH2), 62.4 (CH2), 57.1 (OCH3), 56.1 ppm (C2); IR
(Nujol): ñ=1720, 1714, 1273 cm�1; HR-MS (ESI): m/z : calcd for
C29H26NO11S: 596.1221 [M�H]+ ; found: 596.1221.


Methyl-6-azido-2-benzyloxycarbonylamino-3,4-di-O-benzoyl-2,6-dideoxy-
d-glucopyranoside (14a): NaN3 (6 mg, 9.2P10


�2 mmol) was added to a
solution of N-Cbz oxathiazepane 13 (28 mg, 4.7P10�2 mmol) in dry DMF
(0.3 mL) in the presence of 4 O molecular sieves. After heating at 120 8C
for 5 h, the reaction mixture was cooled to room temperature. NaH2PO4


(2 mL, 1 m) was added and the mixture was stirred for an hour. The mix-
ture was filtered and the filtrate was washed with water (3P), dried over
anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was
purified by chromatography on silica gel (eluent: 50% ethyl acetate in
hexane) to yield 14a (18 mg, 67%) as a colorless oil; 1H NMR
(400 MHz, CDCl3): d=7.94 (d, J=7.4 Hz, 2H; Ph), 7.87 (d, J=7.4 Hz,
2H; Ph), 7.49 (m, 3H; Ph), 7.35 (m, 8H; Ph), 5.71 (dd, J=10.6, 4.1 Hz,
1H; H3), 5.47 (t, J=10.6 Hz, 1H; H4), 5.20 (brd, J=8.2 Hz, 1H; NH),
5.01 (m, 2H; CH2), 4.84 (m, 1H; H1), 4.60 (m, 1H; H2), 4.13 (m, 1H;
H5), 3.51 (s, 3H; CH3), 3.48 ppm (m, 2H; CH2N3);


13C NMR (100 MHz,
CDCl3): d =170.5 (CO), 165.3 (CO), 155.8 (CO), 133.6 (Ph), 133.0 (Ph),
129.8 (Ph), 129.7 (Ph), 128.6 (Ph), 128.5 (Ph), 128.4 (Ph), 128.28 (Ph),
128.20 (Ph), 100.3 (C1), 69.8 (C5), 69.5 (C3), 67.4 (CH2), 67.1 (C4), 55.5
(OCH3), 52.3 (CH2N3), 51.2 ppm (C2); IR (CHCl3): n=2102, 1724, 1672,
1273 cm�1; HR-MS (ESI): m/z : calcd for C29H28N4O8Na: 583.1804
[M+Na]+ ; found: 583.1822.


Methyl-6-thiocyanato-2-benzyloxycarbonylamino-3,4-di-O-benzoyl-2,6-di-
deoxy-d-glucopyranoside (14b): Potassium thiocyanate (23 mg,
0.23 mmol) was added to a solution of N-Cbz oxathiazepane 13 (28 mg,
4.7P10�2 mmol) in dry DMF (0.5 mL) in the presence of 4 O molecular
sieves. The mixture was stirred at 150 8C for 12 h under a nitrogen atmos-
phere. After cooling the reaction to room temperature, 1m NaH2PO4


(2 mL) was added and the mixture was stirred for another hour. The mix-
ture was filtered and the filtrate was washed with water (3P), dried over
anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was
purified by chromatography on silica gel (eluent 50% ethyl acetate in
hexane) to yield 14b (21 mg, 78%) as a colorless oil; 1H NMR
(500 MHz, CDCl3): d=7.98 (m, 2H; Ph), 7.89 (d, J=7.4 Hz, 2H; Ph),
7.57 (t, J=7.4 Hz, 2H; Ph), 7.50 (t, J=7.4 Hz, 1H; Ph), 7.42 (t, J=


7.8 Hz, 2H; Ph), 7.34 (m, 7H; Ph), 5.78 (dd, J=10.0, 4.1 Hz, 1H; H3),
5.43 (t, J=10.0 Hz, 1H; H4), 5.22 (d, J=9.1 Hz, 1H; NH), 5.05 (m, 2H;
CH2), 4.90 (m, 1H; H1), 4.63 (dd, J=9.1, 4.1 Hz, 1H; H2), 4.29 (t, J=


7.9 Hz, 1H; H5), 3.57 (s, 3H; CH3), 3.29 (dd, J=13.9, 2.6 Hz, 1H;
CH2SCN), 3.15 ppm (dd, J=13.9, 8.4 Hz, 1H; CH2SCN);


13C NMR
(125 MHz, CDCl3): d =165.9 (CO), 165.3 (CO), 155.7 (CO), 135.9 (Ph),
133.9 (Ph), 133.1 (Ph), 129.9 (Ph), 129.7 (Ph), 129.2 (Ph), 128.6 (Ph),
128.3 (Ph), 128.2 (Ph), 111.9 (CN), 100.5 (C1), 69.5 (C3), 69.2 (C4), 68.9
(C5), 67.2 (CH2), 55.8 (OCH3), 52.3 (C2), 35.9 ppm (CH2SCN); IR
(CHCl3): ñ=3018, 1780, 1703, 1386, 1215 cm�1; HR-MS (ESI): m/z : calcd
for C30H28N2O8SNa: 599.1459 [M+Na]+ ; found: 599.1445.
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Methyl-N-4-methoxybenzylamino-2-benzyloxycarbonylamino-3,6-di-O-
benzoyl-2,4-dideoxy-d-glucopyranoside (16a): A solution of compound
15 (11 mg, 2.4P10�2 mmol) in dry DMF (0.5 mL) was treated with p-me-
thoxybenzylamine (15 mL, 11.4P10�2 mmol) under a nitrogen atmos-
phere. The reaction mixture was heated at 70 8C for 30 h and then cooled
to room temperature. The solvent was removed under reduced pressure,
then EtOAc (10 mL) was added to the residue, and the solution was
washed with water (3P). The combined organic layers were dried over
anhydrous MgSO4, filtered, and concentrated. Purification by chromatog-
raphy on silica gel (eluent: 30% ethyl acetate in hexane) gave 16a (9 mg,
75%) as colorless viscous oil; 1H NMR (400 MHz, CDCl3): d=8.02 (d,
J=7.6 Hz, 2H; Ph), 7.77 (d, J=8.0 Hz, 2H; Ph), 7.56 (m, 1H; Ph), 7.39
(m, 6H; Ph), 7.27 (m, 2H; Ph), 7.18 (m, 4H; Ph), 6.88 (d, J=8.0 Hz, 2H;
Ph), 5.30 (m, 1H; H1), 5.03 (m, 3H; CH2 and NH), 4.59 (m, 5H; H3,
CH2 and CH2N), 4.23 (m, 1H; H4), 4.15 (m, 1H; H2), 3.98 (m, 1H; H5),
3.80 (s, 3H; OCH3), 3.54 (s, 3H; OCH3), 2.50 ppm (br s, 1H; NH);
13C NMR (100 MHz, CDCl3): d=166.4 (CO), 166.1 (CO), 159.1 (CO),
136.2 (Ph), 134.4 (Ph), 133.5 (Ph), 133.3 (Ph), 131.5 (Ph), 130.2 (Ph),
129.9 (Ph), 129.7 (Ph), 129.5 (Ph), 129.3 (Ph), 129.1 (Ph), 128.59 (Ph),
128.52 (Ph), 128.4 (Ph), 128.3 (Ph), 127.9 (Ph), 127.7 (Ph), 126.9 (Ph),
114.2 (Ph), 73.2 (C5), 72.1 (C1), 66.8 (C4 and CH2), 62.7 (C3 and CH2),
56.9 (OCH3), 55.3 (OCH3), 52.4 (C2), 43.6 ppm (CH2); IR (Nujol): ñ=


1720, 1689, 1635 cm�1; HR-MS (ESI): m/z : calcd for C37H39N2O9:
655.2650 [M+H]+ ; found: 655.2634.


Methyl-2-benzyloxycarbonylamino-3,6-di-O-benzoyl-2-deoxy-d-glucopyr-
anoside (16b): A solution of compound 15 (7 mg, 1.2P10�2 mmol) in ace-
tone (0.3 mL) and water (0.3 mL) was treated with K2CO3 (4 mg, 2.9P
10�2 mmol). The reaction mixture was stirred at room temperature for
14 h and then quenched with 1m NaH2PO4 (0.5 mL). The organic phase
was separated and the aqueous phase was extracted with EtOAc (2P).
The combined organic layers were dried over anhydrous MgSO4, filtered,
and concentrated. Purification by chromatography on silica gel (eluent:
50% ethyl acetate in hexane) gave 16b (5 mg, 80%) as a white solid;
1H NMR (400 MHz, CDCl3): d=8.04 (m, 4H; Ph), 7.58 (m, 2H; Ph),
7.44 (m, 4H; Ph), 7.20 (m, 5H; Ph), 5.32 (m, 1H; H1), 5.03 (q, J=


12.4 Hz, 2H; CH2), 4.86 (br s, 1H; NH), 4.62 (m, 3H; H3 and CH2), 4.23
(m, 1H; H4), 4.13 (q, J=7.4 Hz, 1H; H2), 3.98 (t, J=6.2 Hz, 1H; H5),
3.54 (s, 3H; OCH3), 2.51 ppm (br s, 1H; OH); 13C NMR (100 MHz,
CDCl3): d =166.4 (CO), 166.0 (CO), 156.1 (CO), 136.2 (Ph), 133.5 (Ph),
133.3 (Ph), 129.9 (Ph), 129.7 (Ph), 129.5 (Ph), 129.1 (Ph), 128.5 (Ph),
128.4 (Ph), 128.3 (Ph), 127.9 (Ph), 127.7 (Ph), 73.3 (C5), 72.1 (C1), 66.8
(C4 and CH2), 62.7 (C3 and CH2), 56.9 (OCH3), 52.4 ppm (C2); IR
(Nujol): n=3294, 1722, 1685 cm�1; HR-MS (ESI): m/z : calcd for
C29H29NO9Na: 558.1735 [M+Na]+ ; found: 558.1760.


Computational studies : DFT calculations were carried out with the Gaus-
sian 03 package.[27] The energy profiles of the reaction were computed at
the B3LYP level.[28] Effective core potentials (ECPs) with double-x va-
lence basis (LANL2DZ)[29] were used to describe the heavy atoms (Rh
and I) and the standard 6-31+G(d) basis set was used for all other atoms
(C, O, H, S, and N). Analytical second derivatives (normal modes) were
also calculated for zero-point energy correction and estimation of the
Gibbs free energy at room temperature.
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Introduction


Metalloenzymes containing dinuclear reactive centers are
widely spread in biological systems and numerous examples
of such enzymes with homo- or heterometallic centers have
been structurally characterized (for selected reviews,
see[1–3]). As an important feature of homo- and heterodinu-
clear active sites of metalloenzymes, the surrounding protein
matrix usually provides chemically distinct binding environ-
ments for the individual metal centers, commonly referred


Abstract: A series of bimetallic zinc(II)
and nickel(II) complexes based on the
novel dinucleating unsymmetric
double-Schiff-base ligand benzoic acid
[1-(3-{[2-(bispyridin-2-ylmethylamino)-
ACHTUNGTRENNUNGethylimino]methyl}-2-hydroxy-5-meth-
ACHTUNGTRENNUNGylphenyl)methylidene]hydrazide
(H2bpampbh) has been synthesized
and structurally characterized. The
metal centers reside in two entirely dif-
ferent binding pockets provided by the
ligand H2bpampbh, a planar tridentate
[ONO] and a pentadentate [ON4] com-
partment. The utilized ligand
H2bpampbh has been synthesized by
condensation of the single-Schiff-base
proligand Hbpahmb with benzoic acid
hydrazide. The reaction of H2bpampbh
with two equivalents of either zinc(II)
or nickel(II) acetate yields the homobi-
metallic complexes [Zn2ACHTUNGTRENNUNG(bpampbh)-
ACHTUNGTRENNUNG(m,h1-OAc) ACHTUNGTRENNUNG(h1-OAc)] (ZnZn) and [Ni2-
ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m-H2O) ACHTUNGTRENNUNG(h1-OAc)ACHTUNGTRENNUNG(H2O)]-
ACHTUNGTRENNUNG(OAc) (NiNi), respectively. Simultane-
ous presence of one equivalent zinc(II)


and one equivalent nickel(II) acetate
results in the directed formation of the
heterobimetallic complex [NiZn-
ACHTUNGTRENNUNG(bpampbh)ACHTUNGTRENNUNG(m,h1-OAc)ACHTUNGTRENNUNG(h1-OAc)] (NiZn)
with a selective binding of the nickel
ions in the pentadentate ligand com-
partment. In addition, two homobime-
tallic azide-bridged complexes [Ni2-
ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-N3)]ClO4 (NiNi(N3))
and [Ni2 ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-N3)ACHTUNGTRENNUNG(MeOH)2]-
ACHTUNGTRENNUNG(ClO4)0.5(N3)0.5 (NiNi(N3) ACHTUNGTRENNUNG(MeOH)2)
were synthesized. In all complexes, the
metal ions residing in the pentadentate
compartment adopt a distorted octahe-
dral coordination geometry, whereas
the metal centers placed in the triden-
tate compartment vary in coordination
number and geometry from square-
planar (NiNi(N3)) and square-pyrami-


dal (ZnZn and NiZn), to octahedral
(NiNi and NiNi(N3)ACHTUNGTRENNUNG(MeOH)2). In the
case of complex NiNi(N3) this leads to
a mixed-spin homodinuclear nickel(II)
complex. All compounds have been
characterized by means of mass spec-
trometry as well as IR and UV/Vis
spectroscopies. Magnetic susceptibility
measurements show significant zero-
field splitting for the nickel-containing
complexes (D=2.9 for NiZn, 2.2 for
NiNi(N3), and 0.8 cm�1 for NiNi) and
additionally a weak antiferromagnetic
coupling (J=�1.4 cm�1) in case of
NiNi. Electrochemical measurements
and photometric titrations reveal a
strong Lewis acidity of the metal
center placed in the tridentate binding
compartment towards external donor
molecules. A significant superoxide dis-
mutase reactivity against superoxide
radicals was found for complex NiNi.
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to as site asymmetry at metallobiosites.[4] Differences in
ligand types, as well as in coordination numbers and geome-
tries, can contribute to this asymmetry,[5] thus enabling two
metal centers (even in homodinuclear cases) to perform dif-
ferent tasks in the enzymatic reactions. Common examples
of metalloenzymes with homobimetallic unsymmetric active
sites are urease[6] (Ni2) and the dioxygen carrier hemery-
thrin[7] (Fe2), whereas the iron–zinc purple acid phospha-
ACHTUNGTRENNUNGtases[8] and copper–zinc superoxide dismutase[9] represent
enzymatic systems containing unsymmetric heterobimetallic
metallobiosites. It is clear for these systems, that the lack of
symmetry of the active center is a very important structural
feature of such enzymes and decisive for the catalytic mech-
anism. Accordingly, the asymmetry of the binding environ-
ment should be taken into account for the design of bioinor-
ganic model compounds. Indeed, the search for designed un-
symmetric dinucleating model systems has been an extensive
area of research over the last decades.


An effective way to obtain such complexes is the applica-
tion of dinucleating ligands providing two chemically differ-
ent binding compartments (for selected examples and re-
views, see references [10–20]). Unfortunately, the accessibili-
ty of such unsymmetric ligands is often hampered by various
synthetic problems, which is the simple reason for the fact
that the majority of the presently known bioinorganic model
complexes are symmetric.


A simple, straight-forward, and versatile synthetic access
towards unsymmetric “end-off” double-Schiff-base ligands
has recently been reported by us.[21] The method is based on
the stepwise Schiff-base formation that utilizes a symmetric
dicarbonyl bridge and two primary amines. After the first
reaction step, the monocarbonyl proligand is separated from
the symmetric side products by size-exclusion chromatogra-
phy, and reaction of the isolated proligand with a second
amine yields the desired unsymmetric ligand. To demon-
strate the feasibility of this method, we synthesized the pro-
ligand Hbpahmb (see Scheme 1) in high yields and purity.


The first unsymmetric double-Schiff-base ligand,
H2bpamptsc (see Scheme 1), synthesized according to our
synthetic route, has been obtained by treating Hbpahmb
with thiosemicarbazide. We were able to show that this
ligand system allows for the directed synthesis of a heterodi-
nuclear copper–zinc complex.[21]


The present work is an extension of our effort towards
the synthesis of new unsymmetric dinucleating ligand sys-
tems and their coordination compounds. Herein the synthe-
sis of a series of homo- and heterodinuclear nickel(II) and
zinc(II) complexes based on the novel unsymmetric ligand
H2bpampbh (see Scheme 1) is reported. In addition, the
characterization of the structural, spectroscopic, and chemi-
cal properties of these compounds is subject of the present
work.


Results and Discussion


Synthesis : The ligand H2bpampbh is obtained by stoichio-
metric reaction of the proligand Hbpahmb with a solution
of benzoic acid hydrazide in methanol (Scheme 1). The
H2bpampbh ligand provides two entirely different binding
pockets, a planar tridentate [ONO] hydrazide compartment,
formed by the benzhydrazide arm, and a pentadentate
[ON4] amine compartment, which is composed of the pyri-
dine-functionalized ethylenediamine arm. Throughout this
paper we will refer to the metal ions bound to these com-
partments as hydrazide-bound and amine-bound metal
center, respectively.


For the synthesis of the homodinuclear metal complexes
[Zn2ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-OAc) ACHTUNGTRENNUNG(h1-OAc)] (ZnZn) and [Ni2-
ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m-H2O) ACHTUNGTRENNUNG(h1-OAc)ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(OAc) (NiNi), solutions
of the H2bpampbh ligand in acetonitrile are reacted with
two equivalents metal(II) acetate dispersed in acetonitrile in
the presence of two equivalents of triethylamine
(Scheme 2). In case of the heterodinuclear complex [NiZn-
ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-OAc) ACHTUNGTRENNUNG(h1-OAc)] (NiZn), H2bpampbh is re-
acted simultaneously with equimolar amounts of nickel(II)
and zinc(II) acetate dispersed in acetonitrile. In all reactions,
the metal salts dissolved completely upon complexation, ac-
companied by a color change from dark yellow to red-
brown in case of the nickel-containing systems and bright
yellow in case of the homobimetallic zinc compound. The
complexes can be crystallized at �20 8C directly from the re-
action solutions.


Two additional homobimetallic nickel complexes of
H2bpampbh are obtained by treating solutions of
H2bpampbh in acetonitrile with two equivalents of nickel(II)
perchlorate in the presence of two equivalents of triethyl-
ACHTUNGTRENNUNGamine, followed by addition of one equivalent of solid
NaN3. This method avoids an excess of coordinating anions
by using the perchlorate salt instead of nickel(II) acetate as
metal precursor. [Ni2 ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-N3)]ClO4 (NiNi(N3))
can be isolated as crystalline material directly from the reac-
tion solution by cooling to �20 8C or by slow evaporation of
the solvent. Redissolving NiNi(N3) in methanol and subse-


Scheme 1. Synthesis of unsymmetric double-Schiff-base ligands starting
from the proligand Hbpahmb.
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quent slow evaporation yielded the crystalline methanol
adduct [Ni2 ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-N3)ACHTUNGTRENNUNG(MeOH)2] ACHTUNGTRENNUNG(ClO4)0.5(N3)0.5


(NiNi(N3)ACHTUNGTRENNUNG(MeOH)2). It should be noted here that for all
physical and chemical experiments described in this paper
exclusively the azide-bridged nickel(II) complex NiNi(N3)
was used.


Crystal structures : The homobimetallic compounds ZnZn
and NiNi crystallize in the centrosymmetric space group P1̄
with three and two crystallographically independent chiral
complex molecules per asymmetric unit, respectively. The
crystallographically independent species within the crystal
structures of ZnZn as well as NiNi show the same structural
features, and vary only slightly in their metric parameters.
Therefore, the structural details of only one independent
molecule of each compound are discussed here. The molecu-
lar structures are presented in Figure 1 and Figure 2, select-
ed bond lengths are given in Table 1.


All donor atoms of the H2bpampbh ligand are involved in
the complexation of the metal centers and the high intrinsic
asymmetry of the ligand is reflected in the totally different


coordination environments of the two metal centers in each
compound. In all complexes discussed in this paper,


Scheme 2. Synthesis of homo- and heterobimetallic complexes utilizing
the unsymmetric double-Schiff-base ligands H2bpampbh.


Figure 1. Molecular structure of ZnZn (one of three crystallographically
independent molecules shown). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms and non-coordinated solvent mole-
cules are omitted for clarity.


Table 1. Selected bond lengths [pm] for ZnZn, NiZn, NiNi, and NiNi(N3)(MeOH)2.


ZnZn[a] NiZn NiNi[a] NiNi(N3)(MeOH)2


Zn1�O11 210.7(2) Zn�O1 210.8(3) Ni1�O11 202.6(2) Ni1�O1 202.7(3)
Zn1�O12 207.1(2) Zn�O2 206.2(3) Ni1�O12 201.0(2) Ni1�O2 201.9(3)
Zn1�N15 202.7(3) Zn�N5 205.6(4) Ni1�N15 197.4(3) Ni1�N5 197.6(4)
Zn1�O13 204.8(2) Zn�O3 203.8(3) Ni1�O13 210.1(3) Ni1�N7 206.3(4)
Zn1�O15 193.4(3) Zn�O5 202.5(4) Ni1�O14 207.5(3) Ni1�O1M 211.7(3)


Ni1�O15 210.1(3) Ni1�O2M 211.9(4)
Zn2�O11 210.7(2) Ni�O1 204.2(3) Ni2�O11 200.4(3) Ni2�O1 201.8(3)
Zn2�O13 211.6(2) Ni�O3 213.5(3) Ni2�O13 209.9(3) Ni2�N7 211.8(4)
Zn2�N11 210.5(3) Ni�N1 204.4(3) Ni2�N11 198.5(3) Ni2�N1 199.2(4)
Zn2�N12 226.4(3) Ni�N2 214.5(4) Ni2�N12 208.3(3) Ni2�N2 208.4(4)
Zn2�N13 216.3(3) Ni�N3 207.6(3) Ni2�N13 209.3(3) Ni2�N3 209.0(4)
Zn2�N14 215.3(3) Ni�N4 206.6(3) Ni2�N14 212.2(3) Ni2�N4 210.5(5)


[a] The metric parameters of additional crystallographically independent molecules are given in Tables S1 and S2 in the Supporting Information.


Figure 2. Molecular structure of the complex cation [Ni2(bpampbh)(m-
H2O)(h1-OAc)(H2O)]+ of NiNi (one of two crystallographically inde-
pendent molecules shown). Thermal ellipsoids are drawn at the 50%
probability level. Carbon-bound hydrogen atoms, anions and non-coordi-
nated solvent molecules are omitted for clarity.
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H2bpampbh acts as dianionic ligand species with the phenol-
ic OH and the amidic NH function being deprotonated
upon complexation.


In the homobimetallic compounds ZnZn and NiNi the
metal centers are bridged by the ligand phenolate oxygen
atom (O11) and an additional external oxygen donor func-
tion (O13), that is, a m,h1-bridging acetate ion in case of
ZnZn and a water molecule for NiNi. The metal�metal dis-
tances are found to be 329 (ZnZn) and 310 pm (NiNi), with
bridge angles of 103 (ZnZn) and 1018 (NiNi) for the pheno-
late bridge as well as 105 (ZnZn) and 958 (NiNi) for the ex-
ternal M�O13�M bridge. In the amine compartment, the
four nitrogen donor functions complete the [O2N4] coordina-
tion environment around the metal center (Zn2 or Ni2).
The coordination geometry of the amine compartment may
be described as strongly distorted octahedral. The extent of
distortion is smaller in NiNi with trans angles ranging from
160 to 1738, as compared to a trans angle range of 148 to
1628 in ZnZn. The largest deviation from a 1808 trans angle
in the amine compartment of both homobimetallic com-
plexes is found between the metal�Npyridyl bonds (N13�Zn2/
Ni2�N14), which can be explained by steric constraints of
the pyridyl side chains. In addition, the bond lengths (see
Table 1) in the amine compartment of ZnZn, ranging from
211 (Zn2�N11) to 226 pm (Zn2�N12), are significantly elon-
gated compared to the corresponding parameters in NiNi
which range from 199 (Ni2�N11) to 212 pm (Ni2�N14).


In contrast to the similarities observed for the amine com-
partments of both complexes, the hydrazide compartments
show significant structural differences. The hydrazide-bound
neutral zinc atom Zn1 in ZnZn is five-coordinate with an
[O4N] donor set, assembled by the H2bpampbh donor
atoms, the acetate bridge and a second h1-coordinating, non-
bridging acetate ion. The non-bridging acetate ligand shows
a twofold rotational disorder (see Figure S1 in the Support-
ing Information) in two of the three crystallographically in-
dependent complex molecules, whereas it is perfectly or-
dered in the third complex molecule of the crystal structure
(Figure 1). The coordination geometry appears to be inter-
mediate between square-pyramidal and trigonal-bipyrami-
dal, as is evident from the structural index parameter t with
a value of 0.35 (t=0 for an ideal tetragonal and 1 for a
trigonal geometry).


Unlike the zinc complex, the hydrazide-bound metal atom
Ni1 in NiNi is six-coordinate. Instead of an acetate ion, a
water molecule functions as external bridge between the
metal centers. A h1-coordinating acetate ion and a second
water molecule as apical ligands complete the [O5N] donor
set of Ni1. The coordination geometry can be well described
as slightly distorted octahedral with trans angles ranging
from 1718 (O11�Ni1�O12) to 1738 (O14�Ni1�O15). As a
consequence of the absence of a second coordinated acetate
ligand in NiNi, the complex molecules are monocationic and
the charge is compensated by a non-coordinated acetate ion
in solid state.


The heterobimetallic complex NiZn crystallizes in the or-
thorhombic space group P212121 with one chiral complex


molecule per asymmetric unit. The molecular structure of
NiZn depicted in Figure 3 (see Table 1) is highly related to
the structure of the homodinuclear complex ZnZn, with a


m,h1-acetate bridge and a h1-coordinating acetate ligand
completing the coordination sphere of the hydrazide-bound
metal center. The metal centers are 324 pm apart with
angles of 1038 at the phenolate and 1028 at the acetate
bridge. The heterobimetallic character of NiZn is confirmed
by the isotope pattern of the m/z=685 signal in the ESI
mass spectrum of a solution of NiZn in acetonitrile, which is
in excellent agreement with the calculated pattern of a
[NiZn ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(OAc)]+ ion (see below and Figure S2 in
the Supporting Information).


The assignment of the metal ions in the crystal structure
of NiZn is possible by comparing the molecular structures
of ZnZn, NiNi, and NiZn (for comparison of the bond
angles see Tables S3 and S4 in the Supporting Information).
The three complexes have been synthesized in the same way
and crystallized under comparable conditions. Consequently,
significant structural differences must be related to the pres-
ence of different metal ions in the compartments of the sup-
porting unsymmetric ligand. As can be clearly seen in
Figure 4, the most striking structural feature that varies
within the present complex series is the coordination
number of the hydrazide-bound metal atom. The hydrazide
compartment in NiZn resembles quite well the correspond-
ing binding site in ZnZn, with the same coordination envi-
ronment and distorted geometry (t=0.31, as compared to
t=0.35 for ZnZn), whereas the situation in the hydrazide
compartment of the homobimetallic nickel complex NiNi
with its octahedrally coordinated Ni1 atom is quite different.
Therefore, the similarities between the zinc-containing com-
plexes on one hand and the differences between the nickel-
containing complexes on the other, with regard to the struc-
tural features of the hydrazide compartments, strongly indi-
cates that the hydrazide-bound metal center in NiZn is a
zinc ion.


Figure 3. Molecular structure of NiZn. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms and non-coordinated solvent
molecules are omitted for clarity.
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The coordination environment in the amine compart-
ments of ZnZn, NiNi, and NiZn does not vary to the same
extent as that in the hydrazide compartments. The metal
centers in all complexes show a distorted octahedral coordi-
nation geometry, which is clearly to be ascribed to the rigid
preorganized spacial arrangement of the donor atoms of the
Schiff-base ligand. This leaves only one predetermined posi-
tion for the external bridging ligand (acetate for ZnZn and
NiZn and H2O for NiNi). Nevertheless, the distortion from
octahedral geometry observed for the amine compartment
of NiZn with trans angles ranging from 158 to 1708 is in ac-
cordance with the distortion found for NiNi and is signifi-
cantly decreased as compared to the situation in the ZnZn
complex. Additionally, the bond lengths of the amine-bound
metal ions in NiZn differ at most by 6 pm from the corre-
sponding values of NiNi, whereas the bond lengths observed
for ZnZn are elongated considerably with the exception of
the bond towards the external bridging acetate (Zn2�O13),
which is shorter. This exception is consistent with the fact
that for an anionic bridging ligand shorter bond lengths can
be expected, which is evident from the comparison of rele-
vant bond lengths in NiNi (Ni1�O13 210 pm) as well as
ZnZn (Zn1�O13 205 pm) and NiZn (Zn�O3 204 pm), with
the first being considerably elongated. To conclude this
structural comparison, the metal centers of the heterobime-
tallic complex NiZn can be unambiguously identified as the
nickel ion in the amine compartment and the zinc ion in the
hydrazide compartment.


The azide-bridged nickel(II) complex NiNi(N3) was ob-
tained by crystallization from the acetonitrile reaction solu-
tion. Unfortunately, the quality of the X-ray diffraction data


is poor (see Table S5 in the Supporting Information) and
only allows the determination of the structural motif (see
Figure 5), which is consistent with a [Ni2ACHTUNGTRENNUNG(bpampbh) ACHTUNGTRENNUNG(m,h1-


N3)]
+ ion present as its perchlorate salt. An important dif-


ference of the molecular structure of NiNi(N3) as compared
to the water-bridged homobimetallic nickel complex NiNi is
the replacement of the bridging water molecule by a m,h1-co-
ordinating azide ion. Moreover, in contrast to NiNi the dif-
fraction data does not provide any evidence for the presence
of apical ligands at the nickel ion residing in the hydrazide
compartment of NiNi(N3). This is corroborated by the fact
that the conjugated aromatic plane of the hydrazide com-
partment together with the bridging phenolate takes part in
an extended p-stacking between adjacent homobimetallic
cations, with a distance of about 360 pm between the aro-
matic planes. The absence of additional apical ligands and,
therefore, the planarity of the hydrazide-bound nickel ion, is
confirmed by elemental analysis, electronic spectroscopy,
and SQUID measurements and represents an important
structural feature of this compound, as will be discussed
later in more detail.


Attempts to generate higher quality crystallographic data
by recrystallization of NiNi(N3) in methanol yields the
azide-bridged methanol adduct NiNi(N3)ACHTUNGTRENNUNG(MeOH)2. Its crys-
tal structure reveals one [Ni2ACHTUNGTRENNUNG(bpampbh)ACHTUNGTRENNUNG(m,h1-N3) ACHTUNGTRENNUNG(MeOH)2]


+


ion per asymmetric unit with the anions (perchlorate and
azide) being located on special positions. The molecular
structure of the cation is depicted in Figure 6 and selected
bond lengths are given in Table 1. In contrast to complex
NiNi(N3), two apical positions of the hydrazide-bound
nickel ion of NiNi(N3) ACHTUNGTRENNUNG(MeOH)2 are occupied by methanol
molecules. This results in [O4N2] and [ON5] donor sets for
the hydrazide and amine pocket, respectively, both exhibit
octahedral geometry with the stronger distortion observed
for the nitrogen-rich environment of the amine pocket.


Figure 4. Comparison of the coordination spheres of NiNi, ZnZn, and
NiZn.


Figure 5. Structural motif of the complex cation [Ni2(bpampbh)(m,h1-
N3)]


+ of NiNi(N3).
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Comparing the two homobimetallic nickel complexes
NiNi and NiNi(N3) ACHTUNGTRENNUNG(MeOH)2, the overall structures of both
compounds are highly similar. This is clear from the small
differences in the corresponding bond lengths (Table 1),
which differ at most by 4 pm. In addition, the metal-metal
distance of 311 pm in NiNi(N3) ACHTUNGTRENNUNG(MeOH)2 as well as the
bridge angles of 100 (Ni1�O1�Ni2) and 968 (Ni1�N7�Ni2)
are in excellent agreement with the corresponding values of
NiNi.


Physical properties
Electronic spectra : The visible range of the electronic spec-
tra of solutions of the three nickel-containing complexes in
acetonitrile is illustrated in Figure 7 (complete spectra of all
complexes are presented in the Supporting Information,
data are listed in the Experimental Section). As a common


feature of the spectra of NiZn, NiNi, and NiNi(N3) a broad
absorption band appears around 940 nm (905 nm for
NiNi(N3)), attributed to a 3A2g!3T2g transition of a high-
spin nickel(II) chromophore in an octahedral field.[22] A
high-energy shoulder of this absorption band in the range of
800–830 nm is observed in all spectra (most distinct in case
of NiNi(N3)), suggesting a significant distortion from octahe-
dral symmetry.[23,24] This is in good agreement with the crys-
tallographically determined distortion of the coordination
geometry in the amine compartments of all present com-
plexes, and indicates that a considerable contribution of
zero-field splitting (ZFS) has to be taken into account in
order to interpret the magnetic behavior of the present com-
plexes. At shorter wavelengths of the visible range, the spec-
tra of NiZn and NiNi show a weak absorption band (merely
a broad shoulder in the case of NiNi) around l=560 nm
that can be assigned to the 3A2g!3T1g(F) transition of an oc-
tahedral nickel(II) center. In contrast to the pentadentate
amine compartment of H2bpampbh that strongly favors an
octahedral geometry, a dissociation equilibrium can be ex-
pected in solution for the external apical ligands of a hydra-
zide-bound metal ion. Two ligand field transitions should be
observable for a square-planar low-spin nickel(II) chromo-
phore in the high energy range of the visible spectrum, i.e. ,
the 1A1g!1T2g and 1A1g!1B1g transition. Therefore, the
broadening of the l=560 nm absorption band in the spec-
trum of NiNi indicates the presence of a small amount of a
planar species in solution.[22,25]


In the electronic spectrum of NiNi(N3), the absorption
rapidly increases from about l=650 nm towards shorter
wavelengths revealing weak shoulders around l=560 and
490 nm, again indicating the presence of a nickel(II) center
with planar geometry. The comparably large intensity of the
absorption in this spectral range clearly suggests a rather
high concentration of such a planar species in solution and
is in good agreement with the assumption of a square-planar
coordination geometry of the hydrazide-bound nickel ion in
NiNi(N3).


Magnetic properties : The magnetic properties of all nickel-
containing complexes were determined by magnetic suscept-
ibility measurements of microcrystalline samples with a
SQUID magnetometer as a function of temperature in the
range from T=2 to 300 K. The cM and cMT plots of the ob-
tained data for complexes NiNi and NiZn are given in
Figure 8. The heterodinuclear complex NiZn and the homo-
dinuclear compound NiNi(N3) (see Figure S4 in the Sup-
porting Information) exhibit a very similar temperature be-
havior with essentially invariant cMT curves at cMT=


1.10 cm3Kmol�1 (1.33 cm3Kmol�1 for NiNi(N3)) from T=


300 down to 20 K (15 K for NiNi(N3)). This is in agreement
with the spin-only value of cMT=1.00 cm3Kmol�1 for a
single S=1 center,[26] as can be expected for an isolated
nickel(II) ion in an octahedral ligand field. Therefore,
NiNi(N3) magnetically behaves like a mononuclear high-
spin nickel(II) compound, with the hydrazide-bound nickel
ion in a low-spin configuration (S=0), which is consistent


Figure 6. Molecular structure of the complex cation [Ni2(bpampbh)(m,h1-
N3)(MeOH)2]


+ of NiNi(N3)(MeOH)2. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms, non-coordinated solvent
molecules, and anions are omitted for clarity.


Figure 7. Electronic spectra of complexes NiZn, NiNi, and NiNi(N3) at
20 8C in acetonitrile (2S10�3


m).


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1571 – 15831576


W. Plass et al.



www.chemeurj.org





with a planar coordination geometry as indicated by the
crystallographic data (see Figure 5). Below T=20 K (15 K
for NiNi(N3)) the cMT values quickly decrease to a value of
cMT=0.85 cm3Kmol�1 (cMT=1.11 cm3Kmol�1 for
NiNi(N3)) at T=2 K, thus indicating a significant zero-field
splitting (ZFS). Such a strong magnetic anisotropy is consis-
tent with the electronic spectral data and the molecular
structures of all presented nickel-containing complexes as
well as the fact that no signal could be detected in the X-
band EPR spectra for any of the reported compounds. As-
suming axially distorted octahedral symmetry, the energy
states of an uncoupled system are obtained by using the
Hamiltonian H=D[S2


z�1=3S(S+1)]. In case of a d8 system
the application of the van Vleck equation leads to the sus-
ceptibility expression given in Equation (1) with A=�D/kT.


cM ¼
2N g2b2


3kT
expA


1þ 2 expA
þ 4N g2b2


3D
1�expA


1þ 2 expA
þ TIP ð1Þ


A fit of the susceptibility data of NiZn and NiNi(N3) ac-
cording to Equation (1) yields the parameters D=2.9�
0.1 cm�1, g=2.07�0.01, and TIP=1.3�0.1 cm3mol�1 for
NiZn and D=2.2�0.1 cm�1, g=2.26�0.01, and TIP=2.0�
0.1 cm3mol�1 for NiNi(N3). Both values of the axial ZFS pa-
rameter D are very similar, as can be expected considering
the highly related coordination environments of the para-
magnetic centers in both complexes. It should be noted
here, that variations of cT are in general not very sensitive
to the sign of D and, therefore, it is not possible to unambig-
uously determine the sign of D from magnetic susceptibility
data derived from powder measurements.[26]


The cMT curve of the homobimetallic complex NiNi (see
Figure 8) also appears to be almost invariant over a wide
temperature range, but at an overall higher cMT value of
about cMT=2.5 cm3Kmol�1. This is in agreement with the
spin-only value for a dinuclear complex with two S=1 cen-
ters,[26] as is expected for molecules containing two nickel(II)
ions with octahedral geometries. In contrast to NiZn and


NiNi(N3), the cMT values of complex NiNi gradually de-
crease over the whole measured temperature range which
becomes more pronounced upon lowering the temperature
leading to a value of cMT=1.12 cm3Kmol�1 at T=2 K,
which is indicative for a weak antiferromagnetic coupling in
addition to the expected ZFS. Especially in cases of weak
exchange interactions the ZFS should be taken into account
in order to reliably determine the exchange parameter J.[27]


This has recently been done for a dinuclear nickel(II) com-
plex.[28] Utilizing the Hamiltonian H=�JS1S2 +


D[S2
z�1=3S(S+1)], the van Vleck equation leads to the ex-


pression given in Equation (2) for the molar magnetic sus-
ceptibility with the following abbreviations: K= (2J�2D)/
kT, L= (2J+D)/kT, M= (2J+2D)/kT, N=�(J+ 1=3D)/kT,
and O=�(J�2=3D)/kT.


cM ¼
N g2b2


3 kT


� 24 expK þ 6 expLþ 6 expN
2 expK þ 2 expLþ expM þ 2 expN þ expOþ 1


þ TIP


ð2Þ


Assuming an effective g parameter for both nickel ions, a
fit of the susceptibility data of NiNi according to Equation
(2) results in the parameters J=�1.4�0.4 cm�1, D=0.8�
0.4 cm�1, g=2.18�0.01, and TIP=9.3�0.1 cm3mol�1. The
negative J value confirms the presence of a weak antiferro-
magnetic interaction in NiNi. Regarding the asymmetry of
the complex, the obtained D represents an effective parame-
ter resulting from contributions of two local anisotropies,
and therefore it cannot be directly compared to the corre-
sponding values of NiZn and NiNi(N3). Nevertheless, the
non-zero value of D confirms the assumption of a significant
ZFS contribution in NiNi.


Electrochemistry : The different coordination environments
provided by the two binding compartments of the
H2bpampbh ligand should strongly effect the redox proper-
ties of the metal center residing in the respective compart-
ment. The electrochemical differences become evident from
a comparison of complexes NiZn and NiNi. Both systems
do not show any oxidation process within the accessible po-
tential range. In contrast, a reduction process is observed in
the cyclic voltammogram of the homodinuclear nickel com-
plex NiNi, that becomes more resolved at higher scan rates
upon which it splits into two distinct peaks (Figure 9),
whereas the cyclic voltammogram of the heterobimetallic
complex NiZn lacks a corresponding peak. Accordingly, the
electrode processes observed in the cyclic voltammogram of
NiNi can be exclusively ascribed to the hydrazide-bound
nickel ion. The appearance of two reduction peaks indicates
the presence of an adduct formation equilibrium between
species of planar and octahedral coordination geometry of
the hydrazide-bound nickel(II) ion,[29] probably with acetate
ions (present in the crystal structure of NiNi) acting as
Lewis base. The first peak at �1.58 V corresponds to the re-
duction of the planar species, whereas the second peak to-


Figure 8. Plots of cM (*) and cMT (*) vs. T for complexes NiNi and NiZn
(inset) at an applied field of 5000 Oe. The corresponding fit functions are
drawn as solid lines (see text for parameters).
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wards more negative potential (around �2.0 V) marks the
reduction of the octahedral species. The reduction is accom-
panied by a significant decrease of Lewis acidity, and conse-
quently the backward scan reveals only one peak associated
with the oxidation of the planar nickel(I) species. Therefore,
the first reduction peak and the reoxidation peak mark a re-
versible nickel(II)/nickel(I) couple centered around �1.54 V.


Chemical reactivity
Metal exchange reaction : The present complex series shows
that both compartments of H2bpampbh are suitable for
binding nickel(II) as well as zinc(II) ions. As could be dem-
onstrated with complex NiZn, an equimolar mixture of
ligand with both sorts of ions, nickel(II) and zinc(II), results
in the selective binding of nickel(II) ions to the amine com-
partment, whereas the zinc(II) ions are placed in the hydra-
zide compartment. No homobimetallic side products were
observed. This binding selectivity of the ligand compart-
ments led us to the question whether a metal exchange reac-
tion would occur upon mixing solutions of the homobimetal-
lic complexes ZnZn and NiNi. In order to elucidate this
question, we heated a solution of equimolar amounts of
ZnZn and NiNi in methanol under reflux and examined the
resulting composition of complex species by means of elec-
trospray ionization (ESI) mass spectrometry (Figure 10). In-
terestingly, already after 1 h reaction time the predominant
species in the reaction mixture could be identified as the
heterobimetallic m-methanolato-bridged [NiZn(bpampbh)(m-
OMe)]+ ion (m/z=657), and only small amounts of the cor-
responding homobimetallic nickel and zinc species could be
detected. Therefore, an efficient metal exchange reaction
occurs between the homobimetallic compounds. No signifi-
cant changes were observed after extending the reaction
time to 5 h, indicating an exchange equilibrium between
homo- and heterobimetallic compounds with the heterobi-
metallic species being thermodynamically favored. This is in
agreement with the fact that no homobimetallic side prod-
ucts have been observed in the synthesis of NiZn, in which
nickel(II) and zinc(II) acetate are reacted simultaneously


Figure 9. Cyclic voltammogram of a solution of NiNi in acetonitrile
(1 mm) at scan rates of 2, 5, 10, 20, 40, 77 Vs�1 (from bottom to top).


Figure 10. Metal exchange reaction in an equimolar solution of ZnZn
and NiNi in methanol, monitored by ESI mass spectrometry (L=


bpampbh2�). ESI mass spectra of the reaction mixture were recorded
before (top) and after 1 h reaction time under reflux (middle). For com-
parison, the calculated isotope patterns (bottom) of the [NiZn(b-
pampbh)(m-OH)]+ (C30H29N6O3NiZn) and [NiZn(bpampbh)(m-OMe)]+


(C31H31N6O3NiZn) ions are shown (isotope patterns of the corresponding
homobimetallic ions are illustrated in Figure S3 in the Supporting Infor-
mation).
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with the ligand solution. Accordingly, the formation of NiZn
represents a highly directed process, driven by the chemical-
ly distinct ligand compartments matching the different coor-
dination preferences of the metal ions.


Solutions in protic and aprotic solvents : Compounds ZnZn,
NiNi, and NiZn show good solubility in various polar and
protic solvents, including water and chloroform, whereas
NiNi(N3) is soluble in acetonitrile, but only moderately solu-
ble in protic solvents and essentially insoluble in non-coordi-


nating solvents. The ESI mass
spectra of the complex solutions
are dominated by signals that
can be assigned to
[MM(bpampbh)(m-X)]+ ions
(Scheme 3), in which the nature
of the bridging X� depends on
the solvent and the anions pres-
ent in the solid-state structure
of the complexes (mass spectro-
metric data of solutions in dif-
ferent solvents are listed in the
Experimental Section and the
Supporting Information). In


acetonitrile, the bridging X� ligand of the predominant spe-
cies corresponds to the bridge found in the respective crystal
structure. In contrast, upon dissolving the complexes in the
protic solvents methanol or water, the bridging units are re-
placed by the respective solvent-derived anions, and the pre-
dominant ESI-MS signals can be assigned to
[MM(bpampbh)(m-OMe)]+ or [MM(bpampbh)(m-OH)]+


ions, respectively. Additionally, in case of a solution of
ZnZn in methanol/water, a significant signal of the mononu-
clear cation [Zn(Hbpampbh)]+ was detected, indicating a
partial dissociation of the complex under the experimental
conditions in solution. Only trace amounts of corresponding
mononuclear species were observed for the nickel-contain-
ing complexes, indicating a stronger binding of nickel. Nev-
ertheless, no dissociation is evident from the NMR spectrum
of a solution of ZnZn in methanol. Therefore, we can con-
clude from our solution studies that the present complexes
are stable in aprotic as well as protic solvents under ambient
conditions. In particular, no hydrolysis of the ligand occurs
even in aqueous solution or refluxing methanol.


Adduct formation : As an effect of the ligand-induced strong
asymmetry of our systems regarding the donor sets, coordi-
nation numbers and geometries, the two metal centers in
each complex can be expected to show rather different
chemical reactivities. The amine compartment with its
strongly chelating pentadentate donor set results in a rather
rigid coordination environment, whereas the tridentate hy-
drazide compartment leaves three binding positions poten-
tially accessible for external donor functionalities. As is evi-
dent from the electrochemical properties of NiNi (vide
supra), the hydrazide-bound nickel center can be expected
to possess a significant Lewis acidity in its divalent oxidation


state, resulting in the formation of adduct species in pres-
ence of suitable donor molecules. In the case of a nickel(II)
ion as a Lewis acidic center, the process of adduct formation
can be monitored spectrophotometrically, owing to the high
sensitivity of the nickel(II) spin state towards changes in co-
ordination number and geometry, leading to a low spin S=0
state in planar and a high-spin S=1 state in octahedral
field.[22] Therefore, we carried out photometric titration ex-
periments with solutions of NiNi(N3) in acetonitrile. In con-
trast to NiNi, the hydrazide-bound nickel ion in NiNi(N3)
lacks apical ligands. While the presence of two equivalents
of acetate per complex molecule in NiNi represents an in-
herent problem for any titration with donor functionalities,
the adduct formation in solutions of NiNi(N3) is not im-
paired by coordination equilibria introduced by competing
coordinating anions. As is evident from the mass spectro-
metric results, the [Ni2(bpampbh)(m-N3)]


+ ion is the domi-
nant species in solutions of NiNi(N3) in acetonitrile, possibly
weakly ligated by solvent molecules. This makes NiNi(N3)
an appropriate candidate for quantitative reactivity studies
regarding the adduct formation of the [MM(bpampbh)(m-
X)]+ motif towards donor molecules.


The titrations were carried out by using acetate as anionic
and pyridine as neutral coligand (Figure 11). The same gen-
eral spectral changes occur in both titrations, i.e., a decrease
in absorbance between l=480 and 615 nm with a larger var-
iation in case of acetate addition, which is in accordance to
a decreasing concentration of four-coordinate species in
both systems (vide supra). The spectral curves pass through
well-defined isosbestic points up to an addition of one
equivalent of acetate or pyridine, to suggest an equilibrium
between planar starting complex and five-coordinate
adduct. Upon further titration, the spectral changes indicate
the formation of a second reaction product, presumably a
six-coordinate species. Accordingly, we can formulate a two-
step equilibrium in Equation (3) for the adduct formation of
NiNi(N3), with the bpampbh2� anion denoted as L and B
representing the added base.


½Ni2Lðm�N3Þ
þ þ Bn�
G
K1


H½Ni2Lðm�N3ÞðBÞ
ð1�nÞþ þ Bn�


G
K2


H½Ni2Lðm�N3ÞðBÞ2
ð1�2nÞþ
ð3Þ


A fit of the spectral data by means of the program Spe-
cReg[30] results in K1 =400�100 Lmol�1 and K2 =70�
10 Lmol�1 for the pyridine system and K1 = (4.4�0.2)S
104 Lmol�1 and K2 =900�100 Lmol�1 for the acetate
system. The relatively large uncertainties in the fit of the
pyridine system are a consequence of the only small spectral
changes during the titration procedure. However, the results
clearly show that the [Ni2(bpampbh)(m-N3)]


+ ion has a
strong affinity towards Lewis bases, especially to anionic
species, as is expected for a positively charged planar nick-
el(II) complex. Interestingly, the equilibrium constant of the
second addition step in both systems is about an order of
magnitude smaller than K1, contradicting the common ob-
servation that the diadduct of nickel(II) Schiff-base com-


Scheme 3. Formula of the
[MM(bpampbh)(m-X)]+ ions
found in ESI mass spectra
(M=Ni and Zn).
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plexes is the generally favored and more stable species.[31] A
possible explanation for this unexpected behavior is that, in-
stead of an adduct formation of a planar nickel(II), a ligand
exchange reaction of an octahedral solvent adduct is ob-
served. On the other hand, the electronic spectrum of
NiNi(N3) clearly indicates the presence of a planar nick-
ACHTUNGTRENNUNGel(II) chromophore in acetonitrile. However, the donating
character of acetonitrile seems to play a significant role in
the present system. This problem could be circumvented by
usage of a non-coordinating solvent for the titration experi-
ment. Unfortunately, NiNi(N3) is only poorly soluble in any
such solvent. Nevertheless, the titrations unambiguously
show the high reactivity of the hydrazide-bound metal ion in
H2bpampbh-based complexes towards Lewis bases, especial-
ly anions. The diadduct is formed, but the equilibrium con-
stant of the second addition is strongly reduced compared to
the corresponding constant of the first addition step.


SOD-like reactivity : The observed strong Lewis acidity of
the hydrazide-bound metal center in our H2bpampbh com-
plexes led us to the question whether we could observe any


reactivity towards Lewis bases of biological relevance. With
respect to the importance of the nickel-dependent superox-
ide dismutase (NiSOD) in prokaryotic species[32,33] we were
interested in examining the ability of our system to react
with superoxide radicals. The reactivity tests were carried
out with NiNi for its good water solubility and the potential-
ly reactive nickel center in the hydrazide compartment. The
xanthine/xanthine oxidase system was used for the in situ
generation of superoxide in solution, the time-dependent
radical concentration was indirectly monitored by following
the reduction of nitro blue tetrazolium (NBT) spectrophoto-
metrically.[34,35] As can be seen in Figure 12, the NBT reduc-


tion is significantly inhibited upon addition of NiNi. The re-
action shows saturation behavior, reaching 100% inhibition
at complex concentrations of about 150 mM. The IC50 con-
centration of NiNi, leading to 50% inhibition of the NBT re-
duction, is about 60 mM (corresponding to an activity of 0.05
U/mg), which is two orders of magnitude higher compared
to reported synthetic coordination compounds of high activi-
ty.[36] Accordingly, the SOD-like reactivity of NiNi is weak,
but nevertheless significant, as no inhibition of NBT reduc-
tion was observed for free nickel(II) acetate. Therefore we
can exclude that the found activity is caused by small
amounts of nickel ions set free from the NiNi complex by
dissociation processes. Additionally, the formation of uric
acid by the xanthine/xanthine oxidase system was not affect-
ed by the complex and therefore the observed inhibition is
not the result of direct interaction with the enzyme.


Conclusion


In this study, we synthesized the new unsymmetric “end-off”
double Schiff-base ligand H2bpampbh by sequential reaction
of an aromatic dicarbonyl bridging unit and two primary
amines, demonstrating the versatility of this straight-forward


Figure 11. Photometric titration of NiNi(N3) in acetonitrile (2 mm) at
20 8C. Top: Addition of pyridine (0, 0.1, 0.3, 0.5, 0.7, 1.2, 2.2, 3.2, and 4.2
equivalents); Bottom: Addition of tetra-n-butylammonium acetate (0,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 2.1 equivalents);
Absorbance data were corrected for dilution effects.


Figure 12. Percentage of inhibition of NBT reduction by complex NiNi,
plotted as a function of NiNi concentration. Superoxide radicals were
generated with the xanthine/xanthine oxidase system. The inhibition for
each complex concentration was doubly determined.
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synthetic strategy towards unsymmetric ligand systems, that
has been recently developed by us.[21] The ligand molecule
provides two entirely different binding compartments, which
are both suitable for accommodating either zinc(II) or nick-
el(II) ions, as we have shown by way of the homodinuclear
complexes ZnZn and NiNi. In case of simultaneous pres-
ence of both metal ions the formation of the heterodinu-
clear complex NiZn is observed. This process is highly di-
rected by the different coordination requirements of the
metal ions and the distinct chemical environments of the
ligand compartments, resulting in a hydrazide-bound zinc,
whereas nickel is selectively placed in the amine compart-
ment of the H2bpampbh ligand.


An interesting feature of our system are two variable
binding positions at the hydrazide-bound metal center that
are accessible for external donor molecules. The strong
Lewis acidity of the hydrazide-bound metal site, quantified
for the homobimetallic nickel system by spectrophotometric
titrations, makes H2bpampbh-based complex compounds
suitable candidates for activity tests in catalytic reactions. In
this study we demonstrated that the homobimetallic com-
plex NiNi shows low but significant SOD-like activity in in-
hibiting the reduction of NBT by superoxide radicals. Con-
sidering the water solubility of the present complexes and
the importance of nickel and zinc in hydrolytically active en-
zymes, the examination of our system regarding urease and
phosphatase activity seems promising and is subject of our
ongoing work.


Furthermore, while the main goal of the present work was
to confirm the versatility and high potential of our synthetic
route towards unsymmetric ligand and complex systems, our
future efforts will be focused on the directed generation of
unsymmetric coordination compounds with closer relation
to biological systems, thus promising and interesting bioana-
log properties. As we could demonstrate in this paper, our
synthetic approach provides an appropriate tool for this pur-
pose.


Experimental Section


Physical measurements : The NMR spectra were recorded on a Bruker
Avance 400 MHz spectrometer. IR spectra were measured on a Bruker
IFS55/Equinox spectrometer. For UV/Vis solution spectra a Varian Cary
5000 UV/Vis/NIR spectrophotometer equipped with a dual cell peltier
accessory was used. Mass spectra were recorded on a MAT95XL Finni-
gan instrument. Elemental analyses were acquired by use of a LECO
CHN/932 and a VARIO EL III elemental analyzer. Cyclic voltammetry
measurements have been performed by means of a three electrode tech-
nique by using a home built computer controlled instrument (for details
see[37]). The experiments were performed in solutions of tetra-n-butylam-
monium perchlorate (0.25m) in acetonitrile under a blanket of solvent sa-
turated with argon. Ag/AgCl was used as reference electrode in a solu-
tion of tetra-n-butylammonium chloride (0.25m) in acetonitrile. The re-
ported potentials are referenced with respect to the ferrocenium/ferro-
cene couple, which was recorded at the end of each experiment. The
working electrode was a hanging mercury drop (mHg�drop�4 mg) generat-
ed by a CGME instrument (Bioanalytical Systems, West Lafayette,
USA). Magnetic susceptibilities were measured with a Quantum Design
MPMSR-5S-SQUID magnetometer in the range from T=2 to 300 K at


magnetic fields of 5000 Oe. Diamagnetic corrections were estimated ac-
cording to PascalUs constants.


Syntheses : Proligand Hbpahmb was synthesized as previously report-
ed.[21] All other chemicals and solvents are commercially available and
were used without further purification.


Benzoic acid [1-(3-{[2-(bispyridin-2-ylmethylamino)ethylimino]methyl}-2-
hydroxy-5-methylphenyl)methylidene]hydrazide (H2bpampbh): A solu-
tion of Hbpahmb in methanol was treated with one equivalent benzoic
acid hydrazide dissolved in methanol, accompanied by a color change of
the solution from yellow to bright red. After two hours of stirring at
room temperature, the solvent was removed in vacuo. The crude product
was purified by size exclusion chromatography with Sephadex LH-20 to
remove small quantities of the symmetric side products, and H2bpampbh
was obtained as an analytically pure, highly viscous red oil. Yield: 82%.
1H NMR (DMSO, 400 MHz): d =2.29 (s, 3H; CH3), 2.81 (t, 3J=5.80 Hz,
2H; N�CH2), 3.76 (t, 3J=5.88 Hz, 2H; =N�CH2), 3.83 (s, 4H; N�CH2�
py), 7.21 (m, 2H; CHpy), 7.26 (m, 1H; CHPh), 7.45–7.68 (m, 7H; 4CHpy


and 3CHPh), 7.77 (m, 1H; CHPh), 7.94 (m, 2H; CHPh), 8.46 (m, 2H;
CHpy), 8.50 (s, 1H; HC=N), 8.84 (s, 1H; HC=N�N), 11.87 (s, 1H; NH),
14.29 ppm (s, 1H; OH); 13C NMR (DMSO, 100 MHz): d=20.4 (CH3),
54.3 (N�CH2), 55.1 (=N�CH2), 60.1 (N�CH2�py), 118.9 (CPh), 120.6
(CPh), 122.6 (Cpy), 123.0 (Cpy), 126.5, 128.1, 128.9, 129.8, 132.1, 133.9,
134.3 (all CPh), 136.9 (Cpy), 143.7 (C=N�N), 149.2 (Cpy), 159.6 (Cpy), 160.9
(C=N), 163.4 (C�OH), 166.7 ppm (C=O); IR(KBr): ñ =3215 (N�H),
1636 cm�1 (Amide I and C=N); MS (micro-ESI in methanol): m/z : 529
(100%, [H2bpampbh+Na]+); elemental analysis calcd (%) for
H2bpampbh·H2O, C30H32N6O3, (524.62): C 68.68, H 6.15, N 16.02; found:
C 68.44, H 6.29, N 16.77.


[Zn2(bpampbh)(m,h1-OAc)(h1-OAc)] (ZnZn): The ligand H2bpampbh
(200 mmol) and triethylamine (2 equiv) were dissolved in acetonitrile
(20 mL). Solid Zn(OAc)2·2H2O (2 equiv) was added, and the resulting
mixture was stirred for 2 h at room temperature. The metal salt dissolved
completely upon complexation and the color of the reaction mixture
turned from yellow-red to bright yellow. Single crystals suitable for X-ray
crystallography were obtained after a few days at �20 8C. After reduction
of the solution volume, a second crystalline sample could be obtained.
Overall yield: 61%. 1H NMR (MeOD, 400 MHz): d =1.95 (s, 6H; CH3


acetate), 2.27 (s, 3H; CH3), 2.86 (t, 3J=5.20 Hz, 2H; CH2�N=), 3.06 (t,
3J=5.18 Hz, 2H; CH2�N), 4.37 (d, 2J=16.01 Hz, 2H; 1H of each CH2�
py), 4.67 (d, 2J=16.01 Hz, 2H; 1H of each CH2�py), 7.13 (m, 1H), 7.32–
7.40 (m, 6H), 7.47 (m, 2H), 7.90 (m, 2H), 8.01 (m, 2H) (all CHarom), 8.10
(s, 1H; HC=N), 8.56 (m, 2H; CHarom), 8.69 ppm (s, 1H; HC=N�N);
13C NMR (MeOD, 100 MHz): d =19.8 (CH3), 23.7 (CH3 acetate), 56.2
(CH2�N), 59.8 (CH2�N=), 62.5 (CH2�py), 123.7, 124.3, 125.6, 126.5,
128.9, 129.0, 131.6, 136.9, 140.4, 140.9, 141.0, 149.0 (all Carom), 156.2 (C=


N�N), 157.0 (Carom), 167.1 (Ph�O), 169.2 (C=N), 173.7 (N=C�O),
179.6 ppm (C=O acetate); IR(KBr): ñ=1647 and 1606 cm�1 (C=N and
C=N�N=C); UV/Vis (MeCN): lmax (e)=292 (13400), 343 (12000), 402
(16700), 415 nm (sh, 16400 m


�1 cm�1) (see Figure S5 in the Supporting In-
formation); MS (micro-ESI in methanol/acetonitrile): m/z : 651
([Zn2(bpampbh)(OH)]+), 665 ([Zn2(bpampbh)(OMe)]+), 693 (100%,
[Zn2(bpampbh)(OAc)]+); elemental analysis calcd (%) for
[Zn2(bpampbh)(OAc)2](H2O)3, C34H40N6O9Zn2 (807.5): C 50.57, H 4.99,
N 10.41; found: C 50.74, H 4.56, N 10.04.


[Ni2(bpampbh)(m-H2O)(h1-OAc)(H2O)](OAc) (NiNi): A solution of the
ligand H2bpampbh (200 mmol) and triethylamine (2 equiv) in acetonitrile
(15 mL) was added to a suspension of Ni(OAc)2·4H2O (2 equiv) in aceto-
nitrile (5 mL). After 2 h stirring at room temperature, the nickel salt was
completely dissolved. The volume of the mixture was reduced to 10 mL
and the resulting red-brown solution was left at �20 8C. Single crystals
suitable for X-ray crystallography were obtained after a few days. A
second crop of crystalline material could be isolated by slow evaporation
at room temperature after two days. Overall yield: 68%. IR(KBr): ñ=


1650 and 1606 cm�1 (C=N and C=N�N=C); UV/Vis (MeCN): lmax(e)=


307 (15400), 349 (13400), 407 (14000), 570 (sh, 30), 802 (sh, 25), 937 nm
(47 m


�1 cm�1) (see Figure S6 in the Supporting Information); MS (micro-
ESI in acetonitrile): m/z : 637 (100%, [Ni2(bpampbh)(OH)]+), 679
([Ni2(bpampbh)(OAc)]+); elemental analysis calcd (%) for
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[Ni2(bpampbh)(OAc)(H2O)2](OAc)(H2O)3, C34H44N6O11Ni2 (830.13): C
49.19, H 5.34, N 10.12; found: C 49.28, H 5.27, N 10.14.


[NiZn(bpampbh)(m,h1-OAc)(h1-OAc)] (NiZn): A solution of the ligand
H2bpampbh (200 mmol) and triethylamine (2 equiv) in acetonitrile
(15 mL) was added to a suspension of Ni(OAc)2·4H2O (1 equiv) and
Zn(OAc)2·2H2O (1 equiv) in acetonitrile (5 mL). After 2 h stirring at
room temperature, the metal salts were completely dissolved. The
volume of the mixture was reduced to 10 mL and the resulting brown so-
lution was left at �20 8C. Single crystals suitable for X-ray crystallogra-
phy were obtained after a few days. Yield: 71%. IR(KBr): ñ=1652 and
1606 cm�1 (C=N and C=N�N=C); UV/Vis (MeCN): lmax(e)=305
(14200), 345 (13200), 404 (16600), 417 (sh, 16200), 552 (17), 798 (sh, 11),
942 nm (26 m


�1 cm�1) (see Figure S7 in the Supporting Information); MS
(micro-ESI in acetonitrile): m/z : 685 (100%, [NiZn(bpampbh)(OAc)]+);
elemental analysis calcd (%) for [NiZn(bpampbh)(OAc)2]·
(H2O)2.5(HOAc)0.5, C35H41N6O9.5NiZn (821.82): C 51.15, H 5.03, N 10.23;
found: C 51.32, H 5.05, N 10.29.


CAUTION! In general, perchlorate salts of metal complexes with organic
ligands are potentially explosive. While the present complex has not
proved to be shock sensitive, only small quantities should be prepared and
great care is recommended.


[Ni2(bpampbh)(m,h1-N3)]ClO4 (NiNi(N3)): A solution of the ligand
H2bpampbh (200 mmol) and triethylamine (2 equiv) in acetonitrile
(15 mL) was reacted with a solution of Ni(ClO4)2·6H2O (2 equiv) in ace-
tonitrile (5 mL) at room temperature. After stirring for 10 min, one
equivalent of solid NaN3 was added to the red-brown solution. After fur-
ther stirring for 2 h, the NaN3 dissolved completely and NiNi(N3) was ob-
tained as polycrystalline brown solid at �20 8C. Yield: >70%. Single
crystals were isolated by slow evaporation of the reaction solution. Redis-
solving NiNi(N3) in methanol and subsequent slow evaporation of the
solvent resulted in crystallization of the methanol adduct
[Ni2(bpampbh)(m,h1-N3)(MeOH)2](ClO4)0.5(N3)0.5 (NiNi(N3)(MeOH)2).
All given analytical data are based on the NiNi(N3) derivative unless oth-
erwise stated. IR(KBr): ñ=2078 (m-N3), 1652 and 1607 (C=N and C=N�
N=C), 1095 cm�1 (ClO4); UV/Vis (MeCN): lmax(e)=302 (18000), 357
(13000), 413 (11600), 490 (sh, 400), 560 (sh, 140), 828 (34), 905 nm
(37 m


�1 cm�1) (see Figure S8 in the Supporting Information); UV/Vis
(MeOH): lmax(e)=303 (18000), 335 (13300), 395 (sh, 11400), 414
(12100), 540 (43), 885 nm (51 m


�1 cm�1) (see Figure S9 in the Supporting
Information); MS (micro-ESI in acetonitrile): m/z : 662 (100%,


[Ni2(bpampbh)(N3)]
+); elemental analysis calcd (%) for


[Ni2(bpampbh)(N3)](ClO4)(H2O)0.25, C30H28.5N9O6.25ClNi2 (767.95): C
46.92, H 3.74, N 16.42; found: C 47.02, H 3.64, N 16.48.


Measurements of SOD-like reactivity : Superoxide radical anions were
generated using the xanthine/xanthine oxidase system, the time-depen-
dent radical concentration was monitored by following the reduction of
nitro blue tetrazolium (NBT) to formazan dye spectrophotometrically at
560 nm.[34,35] All solutions were prepared by using phosphate buffer
(50 mm, pH 7.8) as solvent. In a typical experiment, NBT (75 mL,
2.2 mm), xanthine (100 mL, 800 mM), complex solution (100 mL, 0 to
10 mm), and buffer (900 mL) were mixed in a cuvette placed in the spec-
trophotometer. The reaction was started by adding a solution of xanthine
oxidase (500 mL, 52 mgmL�1) and stopped after 120 s. The inhibition of
the NBT reduction is calculated according to I(%)= (DA0�DAc)·100/DA0,
in which DA0 and DAc are the observed absorbance changes in absence
or presence of complex, respectively. The experiment was carried out
twice for each complex concentration. To evaluate whether the genera-
tion of superoxide by xanthine oxidase is affected by direct interactions
between the examined complex and the enzyme, the formation rate of
uric acid in the system was kinetically followed at 290 nm in absence and
presence of NiNi.


X-ray crystallographic studies : The intensity data were collected on a
Nonius KappaCCD diffractometer using graphite-monochromated MoKa


radiation. Data were corrected for Lorentz and polarization effects, but
not for absorption.[38,39, 40] Details of data collection and refinement proce-
dure are summarized in Table 2 (Table S5 in the Supporting Information
for NiNi(N3)). The structures were solved by direct methods with the
program SHELXS-97[41] and refined by full-matrix least squares tech-
niques against F2


o with the software package SHELXL-97.[41] All non-hy-
drogen atoms were refined anisotropically, except the disordered acetate
ligands and the acetonitrile and water molecules in ZnZn placed on half-
occupied positions as well as the non-coordinated solvent molecules and
the azide counter ion in NiNi(N3)(MeOH)2. The diffraction data obtained
for NiNi(N3) only allowed the determination of the structural motif of
the complex cation (for selected structural parameters see Table S6 in the
Supporting Information). The residual electron density indicates a disor-
der problem of one of the ligand-based pyridyl groups, which could not
be resolved. Nevertheless, it is important to note that no electron density
is found that would indicate the existence of apical ligands of the hydra-


Table 2. Crystal data, data collection, and refinement parameters for compounds ZnZn, NiNi, NiZn, and NiNi(N3)(MeOH)2.


ZnZn NiNi NiZn NiNi(N3)(MeOH)2


formula C35H34.83N6.5O6.17Zn2 C35.5H40.25N6.75O10.5Ni2 C37.3H39.6N7O7.3NiZn C33H40N10.5O7.5Cl0.5Ni2
Mr [gmol�1] 775.93 851.95 826.84 838.90
T [K] 183(2) 183(2) 183(2) 183(2)
crystal size [mm] 0.5S0.5S0.4 0.6S0.6S0.5 0.6S0.6S0.4 0.5S0.5S0.5
crystal system triclinic triclinic orthorhombic monoclinic
space group P1̄ P1̄ P212121 C2/c
a [pm] 1087.160(10) 1157.45(5) 1538.34(4) 3026.87(9)
b [pm] 1691.81(3) 1757.59(7) 1544.72(3) 2173.87(8)
c [pm] 2826.36(4) 2030.65(5) 1768.36(5) 1413.61(4)
a [8] 82.7480(10) 86.600(2) 90.00 90.00
b [8] 87.5020(10) 75.993(2) 90.00 114.832(2)
g [8] 85.2740(10) 82.958(2) 90.00 90.00
V [nm3] 5.13642(13) 3.9760(3) 4.20216(18) 8.4416(5)
Z 6 4 4 8
1calcd [gcm�3] 1.505 1.423 1.307 1.320
m [mm�1] 1.457 1.011 1.072 0.979
qmin, qmax [8] 2.34, 27.49 2.56, 27.47 2.19, 27.47 2.22, 27.49
unique data 23161 17936 9602 9678
data with I>2s(I) 15922 9829 7668 6084
no. of parameters 1344 1040 530 481
wR2 (all data, F2


o) 0.1300 0.1474 0.1435 0.2498
R1 (I>2s(I)) 0.0510 0.0575 0.0501 0.0733
flack-parameter – – �0.025(14) –
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zide-bound nickel center. The programs XP (SIEMENS Analytical X-ray
Instruments) was used for structure representations.


CCDC–-654629, 654630, 654631, 654632, and 654633 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Facile Synthesis of Gold Nanoparticles with Narrow Size Distribution by
Using AuCl or AuBr as the Precursor


Xianmao Lu,[a] Hsing-Yu Tuan,[b] Brian A. Korgel,[c] and Younan Xia*[a]


Introduction


Among all nanostructured materials, Au nanoparticles with
sizes ranging from 1.5 to �100 nm are probably the most ex-
tensively studied systems as a result of their intriguing prop-
erties and fascinating applications.[1] The excellent chemical
stability, biocompatibility, surface plasmon resonance effect,
and unique catalytic activity associated with Au nanoparti-
cles have enabled a broad range of applications in areas that
include biomedical research,[2] electronics,[3] information


storage,[4] and photovoltaic devices.[5] Notable examples in-
clude cancer diagnosis,[6] molecular ruler,[7] DNA sequence
detection,[8] low-temperature catalysis for the conversion of
CO to CO2,


[9] as well as thermal[10] and colormetric[11] sens-
ing. Not surprisingly, these and other applications have
fueled research related to the preparation of Au nanoparti-
cles with controllable sizes, diverse morphologies, and as-
sorted functionalities.[12]


The first synthesis of Au colloids was reported �150 years
ago by Michael Faraday who used phosphorous to reduce
AuCl4


� ions.[13] Since then, many methods based on the re-
duction of AuIII salts have been developed by various re-
searchers. For instance, Turkevich employed a mild reducing
agent, sodium citrate, to form Au colloids in aqueous solu-
tion from AuCl4


�.[14] In 1994, another milestone was ach-
ieved in the synthesis of Au nanoparticles by the Brust
group.[15] In their work, Au nanoparticles with relatively
narrow polydispersities and controllable sizes were obtained
by reducing AuCl4


� with NaBH4 in the presence of a cap-
ping ligand, dodecanethiol, and a phase transfer agent, tet-
raoctylammonium bromide. As elemental Au can be easily
generated by reducing the salts of Au ions, many different
reducing agents, including hydrazine,[16] amines,[17] alco-
hols,[18] polymers,[19] and even fungus,[20] in addition to the


Abstract: Gold(I) halides, including
AuCl and AuBr, were employed for
the first time as precursors in the syn-
thesis of Au nanoparticles. The synthe-
sis was accomplished by dissolving AuI


halides in chloroform in the presence
of alkylamines, followed by decomposi-
tion at 60 8C. The relative low stability
of the AuI halides and there derivatives
eliminated the need for a reducing
agent, which is usually required for
AuIII-based precursors to generate Au
nanoparticles. Controlled growth of Au
nanoparticles with a narrow size distri-
bution was achieved when AuCl and


oleylamine were used for the synthesis.
FTIR and mass spectra revealed that a
complex, [AuCl(oleylamine)], was
formed through coordination between
oleylamine and AuCl. Thermolysis of
the complex in chloroform led to the
formation of dioleylamine and Au
nanoparticles. When oleylamine was
replaced with octadecylamine, much
larger nanoparticles were obtained due
to the lower stability of [AuCl(octade-


cylamine)] complex relative to [Au-
Cl(oleylamine)]. Au nanoparticles can
also be prepared from AuBr through
thermolysis of the [AuBr(oleylamine)]
complex. Due to the oxidative etching
effect caused by Br�, the nanoparticles
obtained from AuBr exhibited an
aspect ratio of 1.28, in contrast to 1.0
for the particles made from AuCl.
Compared to the existing methods for
preparing Au nanoparticles through
the reduction of AuIII compounds, this
new approach based on AuI halides
offers great flexibility in terms of size
control.
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widely used hydrides, have proven to be effective for synthe-
sizing Au nanoparticles. Additionally, various capping li-
gands, including alkanethiols,[15,21] alkylamines,[17,22] and poly-
mers,[23] together with different preparation techniques, such
as wet chemical synthesis,[15] radiolysis,[24] sonochemical ap-
proach,[25] and the UV irradiation method,[26] have all been
extended to the synthesis of Au nanoparticles.


Although both AuIII and AuI are common oxidation states
of gold, precursors for the synthesis of Au nanoparticles are
mainly based on AuIII derivatives, in particular, HAuCl4. To
date, AuI compounds have rarely been explored as precur-
sors for generating Au nanoparticles. However, it has been
proposed that AuI as an intermediate state may play a criti-
cal role in controlling the morphology of Au nanostructures
synthesized from AuIII ions.[27] In addition, Liz-MarzGn and
co-workers have showed that AuIII may oxidize Au0 in the
presence of cetyltrimethylammonium bromide (CTAB) to
alter the morphology of the Au nanoparticles.[28] Therefore,
understanding the reduction of AuI into elemental Au would
be helpful to achieve a better control of the size, shape, and
crystallinity for the Au nanoparticles. It has been demon-
strated that reduction of a AuI alkylphosphine complex,
[AuCl ACHTUNGTRENNUNG(PR3)], by B2H6 could lead to the formation of Au55


clusters.[29] In an attempt to make Au nanoparticles from
AuI species, Nakamoto and co-workers showed that ther-
molysis of AuI complexes, such as [C14H29N ACHTUNGTRENNUNG(CH3)3][Au-
ACHTUNGTRENNUNG(SC12H25)2] or [Au(C13H27COO) ACHTUNGTRENNUNG(PPh3)] at 180 8C could yield
Au nanoparticles with sizes around 26 nm.[30] Chaudret and
co-workers also found that AuI alkylamine complexes, de-
rived from [AuCl(tetrahydrothiophene)] complex from its
reaction with primary amines, could self-assemble on a sub-
strate and form Au nanoparticles.[31] For both cases, howev-
er, control over the nanoparticle growth could hardly be
achieved as the reaction conditions require either a high
temperature or decomposition on a substrate. The special
procedures required for preparing these complexes also
limit their wide use as Au precursors. Most recently, Stucky
and co-workers demonstrated that Au nanoparticles with
relatively narrow polydispersity could be obtained from
[AuCl ACHTUNGTRENNUNG(PPh3)] complex by using tert-butylamine borane as a
reductant.[32]


AuI halides, such as AuCl and AuBr, are readily available
and their rich chemistry has long been recognized.[33] Even
though the low solubility in most solvents limited their use
in the synthesis of Au nanoparticles, AuCl and AuBr can
form soluble complexes with many ligands, such as al-
kenes,[34] alkylamines,[35] and alkylphosphines,[36] and these
complexes in turn can serve as Au precursors. Both AuCl
and AuBr exhibit relatively low stability under ambient con-
ditions and can undergo disproportionation to form Au0 and
AuIII species even at room temperature. The low stability of
AuCl, AuBr, and their derivatives makes it possible to pre-
pare Au nanoparticles under desirable mild reaction condi-
tions without a reducing agent. The low reaction tempera-
tures, the improved solubility of their complexes in various
solvents, and the independence of any reducing agent would
provide great flexibility for the preparation of Au nanostruc-


tures from AuI halides for various applications. Herein, we
report our investigation on the use of AuCl and AuBr as Au
precursors to synthesize Au nanoparticles with alkylamine
(either oleylamine or octadecylamine) as the coordinating
agent and stabilizer. It is found that AuI halides can be dis-
solved in many organic solvents including chloroform by
forming a complex with oleylamine or octadecylamine.
When heated to a relatively low temperature of 60 8C, the
AuI–alkylamine complexes gave rise to Au nanoparticles
with a narrow size distribution.


Results and Discussion


Au nanoparticles made from AuCl and oleylamine : Figure 1
shows TEM images of the Au nanoparticles synthesized
from AuCl and oleylamine at 60 8C, with chloroform as the
solvent. After washing with acetone, the nanoparticles were
precipitated out by centrifugation and they are readily dis-
persible in solvents, such as chloroform and hexane. The Au
nanoparticles synthesized by this procedure exhibited a rela-
tively narrow size distribution without size-selective separa-
tion. The average diameter of the nanoparticles was 12.7 nm
with a standard deviation of 8% relative to the mean diame-
ter for the sample obtained from the chloroform solution
with 20 mm AuCl and 0.4m oleylamine. The high-resolution


Figure 1. a) TEM image of Au nanoparticles synthesized at 60 8C from
AuCl and oleylamine in CHCl3. The concentration of AuCl and oleyla-
mine, respectively, was 20mm and 0.4m. The average diameter of the par-
ticles was 12.7 nm with a relative narrow size distribution of 8%.
b) HRTEM revealing the multiple-twinned structure for the Au nanopar-
ticles.


Chem. Eur. J. 2008, 14, 1584 – 1591 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1585


FULL PAPER



www.chemeurj.org





TEM images of the nanoparticles revealed a multiply twin-
ned structure, typical for nanoparticles of Au and other
noble metals with a face-centered cubic structure at small
sizes. The yield of the nanoparticles was �80% when the re-
action was stopped at 24 h, indicating that the majority of
the AuCl had been converted to Au0 and further incorporat-
ed into Au nanoparticles.


Figure 2 compares the FTIR spectra for oleylamine, the
complex formed from oleylamine and AuCl, and the Au
nanoparticles. The spectrum of oleylamine is characterized


by bands at ñ=3450 cm�1 for the N�H stretch mode, ñ=


1640 cm�1 for the C=C stretch mode, and ñ=1380 cm�1 for
the CH2 bending mode, in addition to the typical C�H
stretch near ñ=2850–2960 cm�1. When the oleylamine was
mixed with AuCl in chloroform and a [AuCl(oleylamine)]
complex had formed, the spectrum was nearly identical to
that of the oleylamine, except that the C=C stretch mode
was shifted to ñ=1590 cm�1 from the original ñ=1640 cm�1


for oleylamine. This shift could be attributed to coordination
between the C=C bond of oleylamine and AuCl. Generally,
the complexes formed from AuCl and alkenes are not stable
and they may rapidly decompose at room temperature. The
decomposition of [AuCl(oleylamine)] complex at 60 8C,
however, did not complete in 24 h. This additional stability
might be provided by the amine group through the forma-
tion of a N�H···Cl hydrogen bond.[35] Upon heating, the
[AuCl(oleylamine)] complex decomposed to generate Au
nanoparticles. The C=C stretch for Au nanoparticles shifted
back to 1640 cm�1, at the same wavenumber as the C=C in
oleylamine, indicating the disassociation of the C=C bond
from the complex.


The formation of [AuCl(oleylamine)] complex was also
confirmed by using MS analysis. The MS in the positive-ion
mode for the mixture of AuCl and oleylamine in chloroform


exhibited three peaks at m/z : 268.3 for oleylamine, 464.3 for
[AuI(oleylamine]+ , and 500.3 for [AuCl(oleylamine)] before
the reaction (Figure 3a). The combined peak intensity for
[AuI(oleylamine)]+ and [AuCl(oleylamine)] is one fourth of
the peak intensity for oleylamine, which is consistent with
the starting molar ratio of oleylamine to AuCl at 5:1 for this
sample. Once the reaction started at 60 8C, the intensity of
[AuI(oleylamine)]+ and [AuCl(oleylamine)] decreased and
another peak at m/z : 516.5 started to appear. After 8 h, the
relative peak intensity for m/z : 464.3 decreased to about
half of its original value, and the intensity for the peak at
m/z : 516.5 became stronger than the peak of m/z : 464.3 for
oleylamine and AuCl complex (Figure 3b). With the in-
crease of reaction time, the intensity of the m/z : 464.3 peak
continued to decrease, while the peak intensity at m/z : 516.5
continued to increase. When the reaction was stopped at
24 h, the peak at m/z : 464.3 nearly disappeared (Figure 3c).


The fragmentation spectrum for the peak at m/z : 516.5
was obtained in the positive mode (Figure 3d). The resultant
spectrum shows two major peaks at m/z : 266.3 and 280.4,
which can be attributed to [C8H17�CH=CH�ACHTUNGTRENNUNG(CH2)8�NH]+


and [C8H17�CH=CH�ACHTUNGTRENNUNG(CH2)8�NH-CH2]
+ , respectively.


Therefore, the peak at m/z : 516.5 can be assigned to molec-
ular dioleylamine [C8H17�CH=CH�ACHTUNGTRENNUNG(CH2)8]2�NH. Based on
the experimental observation and spectroscopic analysis, we
propose the following reaction mechanism for the formation
of Au nanoparticles:


2 ½AuClðC8H17�CH¼CH�ðCH2Þ8�NH2Þ�
! 2 Au0 þ ½C8H17�CH¼CH�ðCH2Þ8�2�NHþ Cl2 þNH3


When the [AuCl(oleylamine)] complex was heated up to
60 8C in chloroform, a slow thermolysis occurred. The [Au-
Cl(oleylamine)] complex decomposed to give elemental Au0


and the oleylamine in the complex condensates to form dio-
leylamine. The Au0 atoms nucleated and grew into nanopar-
ticles stabilized by oleylamine and/or dioleylamine. The
mechanism for the formation of dioleylamine remains un-
clear but it may be attributed to the strong noncovalent
AuI–AuI interaction between two [AuCl(oleylamine)] com-
plexes due to the hybridization and relativistic effect.[37,38]


This so-called “aurophilic” interaction has been recognized
as being responsible for the aggregation of AuI–thiolate
complexes,[39] and it has also been observed in AuI–amine
complexes.[35, 38]


The reaction was closely monitored as the [AuCl(oleyl-
amine)] complex decomposed and the formation of Au
nanoparticles proceeded. Figure 4 shows the TEM images of
the Au nanoparticles obtained at different reaction times.
When the reaction was stopped at 3 h, very few Au nanopar-
ticles were found. The size of the nanoparticles was
�4.1 nm, much smaller than those obtained after 24 h. With
the progress of the reaction, the size of the Au nanoparticles
increased. At 6, 12, and 18 h, the average diameter of the
Au nanoparticles became 5.8, 9.2, and 10.1 nm, respectively.
The diameter reached 12.7 nm when the reaction was stop-


Figure 2. FTIR spectra of oleylamine, [AuCl(oleylamine)] complex, and
Au nanoparticles capped with oleylamine. Note that the C=C stretch
mode shifted from ñ=1640 cm�1 for oleylaimne to a lower frequency of
ñ=1590 cm�1 for AuCl and oleylamine complex is due to the coordina-
tion of C=C with AuCl. The C=C stretch mode for oleylamine-capped
Au nanoparticles obtained by decomposing AuCl and oleylamine com-
plex, however, was at the same frequency (ñ=1640 cm�1) as free oleyl-
amine.
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ped at 24 h. When the reaction time was further prolonged,
the size distribution decreased because of the involvement
of Oswald ripening.


During the reaction process, the color of the solution
changed gradually from clear to pink, indicating the slow de-
composition of [AuCl(oleylamine)] and formation of Au
nanoparticles. The UV/Vis spectra of the Au nanoparticles
obtained at different reaction times are presented in
Figure 5. As mentioned above, AuI halide compounds are
generally unstable and they tend to disproportionate to
form Au0 and AuIII. However, disproportionation of [Au-
Cl(oleylamine)] complex was not observed when it was
heated up to 60 8C in chloroform, as no absorption band for
an AuIII species, typically at l=330 nm, was observed during
the progress of the reaction. The absorption maximum at
l=530 nm, a peculiar characteristic of the localized surface
plasmon resonance peak of Au colloids, started to appear
after three hours of reaction and the intensity increased
steadily with the progress of the reaction, consistent with
the observation by TEM, showing both the size and the
number of particles increased with the reaction time.


To optimize the synthesis, re-
actions with various concentra-
tions of AuCl and molar ratios
of oleylamine to AuCl were in-
vestigated. Figure 6 shows the
TEM images of the Au nano-
particles formed by varying the
reaction conditions. It was
found that a narrow size distri-
bution (<10%) could only be
achieved for the nanoparticles
when the molar ratio of oleyl-
amine to AuCl was above 20.
Further increases of the molar
ratio of oleylamine to AuCl to
30 did not change the size dis-
tribution. When the molar
ratio is below 20, the nanopar-
ticles exhibited polydispersity.
For example, the sizes of the
nanoparticles formed at an
oleylamine/AuCl molar ratio
of 5 and 10 showed the relative
standard deviation of 28 and
18%, respectively, much
higher than 8% for the nano-
particles obtained at an oleyla-
mine to AuCl molar ratio of
20. Once formed, the Au nano-
particles are well protected by
the oleylamine and they can be
readily dispersed in many or-
ganic solvents including chloro-
form, hexane, and toluene,
even after multiple washings.


Octadecylamine as the stabilizer : During the formation of
Au nanoparticles from AuCl, oleylamine serves as both the
complexing agent and capping ligand. In addition to oleyl-
amine, octadecylamine was also employed as the stabilizer to
grow Au nanoparticles. Figure 7a shows a TEM image of Au
nanoparticles formed from the reaction of 20 mm AuCl in
chloroform with a molar ratio of octadecylamine to AuCl of
20. Although octadecylamine and oleylamine exhibit similar
basicity and affinity to metals caused by the NH2 group, the
morphologies of the Au nanoparticles obtained from them
are significantly different. The particles formed with octade-
cylamine showed an average size of �100 nm, 8 times larger
than that of the particles made from oleylamine. A similar
observation has been reported by Zurcher and co-workers
in the synthesis of Co nanorods.[40] In their study, when
oleylamine and octadecylamine were used as the capping li-
gands, the resultant Co nanorods showed different sizes,
aspect ratios, and polydispersities. The difference was attrib-
uted to the supramolecular organization and/or dynamics of
the ligands in solution, as oleylamine exhibits a “cis” config-
uration, leading to a shorter extended distance in solution.


Figure 3. Mass spectra for [AuCl(oleylamine)] complex before and after heating up to 60 8C in CHCl3. a) Once
mixed, the AuCl and oleylamine formed a complex of [AuCl(oleylamine)], as confirmed by the peaks at m/z :
464 for [AuI(oleylamine)]+ and m/z : 500 for [AuCl(oleylamine)], respectively. b) After heating to 60 8C in
CHCl3 for 8 h, the peak intensity for the [AuCl(oleylamine)] complex decreased, while another peak at m/z :
516.5 appeared. c) With the progress of the reaction, the peak intensity of [AuCl(oleylamine)] complex contin-
ued to decrease and the peak intensity of m/z : 516.5 continued to increase. At 24 h, the peak at m/z : 464.3 was
barely observable, indicating that most of the [AuCl(oleylamine)] complex had decomposed. d) The MS/MS
fragmentation for the peak at m/z : 516.5. Note that the molar ratio of oleylamine to AuCl for MS samples was
5:1. The intensities for oleylamine in (a), (b), and (c) were cut to adapt to the intensity of the complex.
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In the present case, however, a different mechanism is ex-
pected because if the molecular length is the determining
factor for the morphology of the nanoparticles, the product
obtained from oleylamine should be larger than those made


from octadecylamine. As revealed by the FTIR spectra, the
oleylamine can form a complex with AuCl through the C=C
bond. The lack of C=C in octadecylamine will limit its coor-
dination with AuCl to the amine group. Even though both
C=C and amine groups can form complexes with AuCl,[34,35]


study of the coordination between Au+ and C2H4 and NH3


has shown that the bond strength of [AuACHTUNGTRENNUNG(CH2=CH2)]
+ is


larger than that of [Au ACHTUNGTRENNUNG(NH3)]
+ .[39,41] Accordingly, the com-


plex formed from AuCl and oleylamine would be more
stable than the complex formed from AuCl and octadecyl-
amine. Additional stabilization can also be provided by the
secondary interactions from the amine group.[35] The higher
stability of [AuCl(oleylamine)] complex will cause slower
decomposition and thus a slower growth rate for the Au
nanoparticles when oleylamine instead of octadecylamine is
used in the reaction. In addition, according to the study by
Sastry and co-workers for the interactions between amine
molecules and Au nanoparticles,[42] there exist two different
modes of bonding: i) weak electrostatic interactions involv-
ing the protonated amine molecules and the chloroaurate
ions on the surface of the nanoparticles and ii) strong com-
plexation in the form of Au0


nACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(NH2R)]m. In the case of
AuCl, as chloroaurate ions could not be formed, the stabili-
zation of Au nanoparticles is mainly due to the formation of
[AuCl ACHTUNGTRENNUNG(NH2R)] complex. Therefore, more stable [AuCl(o-
leylamine)] complex may provide better passivation to the
Au nanoparticles, and, therefore, smaller sizes and a narrow-
er size distribution than the samples from the [AuCl(octade-
cylamine)] complex.


AuBr as the Au precursor : In addition to AuCl, another AuI


halide, AuBr was also tested as the precursor to form Au
nanoparticles. Similar to AuCl, AuBr is able to form a com-
plex with oleylamine when chloroform is used as the sol-
vent. When heated up to 60 8C in chloroform, the [AuBr(o-
leylamine)] complex decomposed gradually and the color of
the solution turned from colorless to dark red. The reaction
rate for AuBr to form Au nanoparticles is much higher than


Figure 5. UV/Vis absorption spectra for the decomposition of AuCl in
CHCl3 with the presence of oleylamine showing the intensity of the sur-
face plasmon resonance peak gradually increases with reaction time.


Figure 4. Morphological evolution of the Au nanoparticles obtained from
20 mm AuCl with 0.4m oleylamine at different reaction times: a) t=3 h,
d=4.1 nm; b) t=6 h, d=5.8 nm; c) t=12 h, d=9.2 nm; and d) t=18 h,
d=10.1 nm. The size distribution decreased with the reaction time.
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that of AuCl; the reaction was completed in 3 h at 60 8C in-
stead of 24 h with AuCl as the precursor. Figure 7b shows
the TEM image of the Au nanostructures formed from
AuBr in the presence of oleylamine with chloroform as the
solvent. Instead of forming only spherical nanoparticles as
in the case of AuCl, the decomposition of AuBr produced a
mixture of nanospheres and nanobars. The average aspect
ratio for the particles is 1.28, while the aspect ratio for nano-
particles made from AuCl is nearly 1.0. The formation of
nanobars can be attributed to the anisotropic growth in-
duced by the Br ACHTUNGTRENNUNG. As noticed by Murphy and co-workers, the
presence of bromide is critical to the formation of Au nano-
rods from the reduction of HAuCl4 with CTAB as the sur-
factant.[43] Our recent studies also showed that KBr can
assist the growth of Au nanorods, Pt nanobars, and Pd nano-
rods and nanobars.[44] The one-dimensional growth of these
nanostructures is probably related to the chemisorption of
bromide on the seed to promote the formation of certain
facets, such as {100} and {110}, followed by localized oxida-


Figure 6. TEM images of Au nanoparticles obtained from the reaction of
AuCl with different concentrations in CHCl3 at 60 8C with oleylamine as
the capping ligand. a) [AuCl]=20 mm, oleylamine/AuCl 5:1; b) [AuCl]=


20 mm, oleylamine/AuCl 10:1; c) [AuCl]=10 mm, oleylamine/AuCl 20:1;
and d) [AuCl]=50 mm, oleylamine/AuCl 20:1. A narrow size distribution
could only be achieved when the molar ratio of oleylamine to AuCl was
above 20.


Figure 7. TEM images of Au nanoparticles obtained from the reaction of
a) AuCl with octadecylamine and b) AuBr with oleylamine in CHCl3 at
60 8C. While Au nanoparticles made from 20 mm AuCl and 0.4m oleyl-
amine were �12 nm in size, the particles made from 20 mm AuCl and
0.4m octadecylamine in CHCl3 at the same reaction temperature had an
average size of �100 nm. This result indicates that the C=C bond of
oleylamine plays a critical role in stabilizing the nanoparticles and con-
trolling their size. The decomposition of [AuBr(oleylamine)] complex
was much faster than that of [AuCl(oleylamine)]. It took only three
hours to complete the reaction. The sample showed a mixture of spheri-
cal and rod-shaped particles with an average aspect ratio of �1.28. For
comparison, the aspect ratio for the Au nanoparticles made from AuCl
was nearly 1.0.
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tive etching on one specific face of the seed to initiate pref-
erential growth on this face.


Conclusion


We have successfully developed a facile wet chemical
method for synthesizing Au nanoparticles with narrow size
distribution by using AuI halide compounds. Both AuCl and
AuBr have proven to be effective precursors for generating
Au nanoparticles simply by thermolysis under mild reaction
conditions without the need for any reducing agent. When
coordinated with oleylamine, AuCl could decompose slowly
at 60 8C in chloroform and controlled growth of Au nanopar-
ticles was achieved. The average size of the Au nanoparti-
cles was �12 nm in diameter with a low polydispersity of
8% when the molar ratio of oleylamine to AuCl was 20.
The UV/Vis and mass spectrometry measurements during
the reaction process revealed a slow thermolysis of the [Au-
Cl(oleylamine)] complex to form Au nanoparticles and dio-
leylamine. When octadecylamine instead of oleylamine was
used as the capping ligand, much larger particles with sizes
around 100 nm were obtained. Although both capping li-
gands are similar in terms of the length of the hydrocarbon
chains and the basicity, the oleylamine could form a more
stable complex with AuCl than octadecylamine because the
coordination bond between AuCl and C=C is believed to be
stronger than that between AuCl and RNH2. The higher sta-
bility and thus slower decomposition of [AuCl(oleylamine)]
than [AuCl(octadecylamine)] led to a better control over
the size of Au nanoparticles in the presence of oleylamine.
When AuBr was used as the Au precursor to decompose in
chloroform in the presence of oleylamine, a mixture of
nanospheres and nanobars with average aspect ratio of 1.28
was obtained, indicating that one-dimensional growth was
promoted for the case of AuBr, possibly due to the effect of
local oxidative etching caused by Br�. This one-step AuI-
based preparation method is independent of reducing agent
and is expected to find applications that require mild reac-
tion conditions.


Experimental Section


Chemicals : All solvents, including chloroform, hexane, and acetone were
received from Fisher Scientific and used as-received. Gold(I) chloride
(99.9%; obtained from Aldrich), and gold(I) bromide (obtained from
City Chemicals) were stored in a desiccator to avoid moisture. Oleyla-
mine (technical grade, 70%) and octadecylamine (99.0%) were obtained
from Aldrich and used without further purification.


Synthesis of Au nanoparticles from AuCl and AuBr : In a typical reac-
tion, AuCl (or AuBr) (0.01 g) was mixed in a glass vial (20 mL) with cer-
tain volumes of oleylamine and chloroform according to the desired con-
centrations. After agitating for two minutes, AuCl (or AuBr) was dis-
solved and a clear solution of AuI complex was formed. The solution of
AuCl (or AuBr) was then heated up to 60 8C by using an oil bath with
stirring. Upon completion of the reaction, the nanoparticles were precipi-
tated out with acetone (5 mL), followed by centrifugation (3900 rpm,
5 min). The nanoparticles were then re-dispersed with chloroform (2 mL)


and washed with acetone (5 mL). The precipitated particles were dis-
persed in chloroform (2 mL). Synthesis of nanoparticles with octadecyla-
mine followed the same procedures.


Characterization : The UV/Vis spectra were recorded with a Cary 50 UV/
Vis spectrometer by using a quartz cuvette with an optical path length of
1 cm. The samples at different reaction times were prepared by diluting
an aliquot of the reactant mixture (0.1 mL) with chloroform (3 mL). The
FTIR spectra were collected by using a Bruker Vector 33 IR spectrome-
ter by drop casting the sample solutions onto KBr pellets, followed by
drying under vacuum. TEM studies were done with a Philips EM420T
microscope operated at 120 kV by drop casting the particle dispersions
on copper grids coated with formvar and carbon film (SPI, West Chester,
PA). High-resolution TEM (HRTEM) images were obtained with a
JEOL 2010F microscope operated at 200 kV accelerating voltage. Mass
spectra were taken with a Bruker Esquire LC-ion trap mass spectrometer
with electrospray ion source operating in a positive mode. For sample
preparation, reactant mixture (5 mL) before or after the reaction was
added into a vial and diluted with iso-propanol (5 mL).
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Cell migration is involved in a number of physiological pro-
cesses, including ovulation, embryonic development, tissue
regeneration, and inflammation.[1] Cell migration is also ob-
served in pathological conditions such as tumour angiogene-
sis, cancer cell invasion and metastasis and consequently in-
hibitors have significant potential as a novel therapy for
cancer. Migrastatin 1, a natural product derived from isomi-
grastatin, is an inhibitor of cell migration.[2,3] The first total
chemical synthesis of 1 was achieved by Danishefsky and
co-workers[4] and recently an alternative route has been de-
scribed by Reymond and Cossy.[5] A semi-synthetic ap-
proach has been described to 1 from isomigrastatin by Shen
and co-workers.[6] The preparation of migrastatin analogues,
a diversion from the total synthesis of 1 by the Danishefsky


group, led to the identification of simpler analogues such as
3, based on the macrolide core, that are ~1000-fold more
potent than migrastatin in cell migration assays in vitro.[7]


The macrolactam 4a and macroketone 4b (Scheme 1), close
structural analogues to 3, block Rac activation. Rac is a
small GTPase and controls levels of cellular cGMP. The
Rac/cGMP pathway has recently been shown to be involved
in platelet derived growth factor induced fibroblast cell mi-
gration and lamellipodia formation.[8] The migrastatin deriv-
atives 4 nearly completely inhibit lung metastasis of highly
metastatic mammary carcinoma cells in mouse models indi-
cating promise for such macrocyclic compounds as anti-
metastatic agents.[9] They also inhibit metastasis of breast
cancer cells, prostate cancer cells, and colon cancer cells but
not normal mammary-gland epithelial cells, fibroblasts, and
leukocytes, indicating they are specific small-molecule inhib-
itors of tumour metastasis. More recently quinic acid based
macrolides have been synthesized that inhibit murine 4T1
breast tumour cell migration.[10] In addition, dorrigocin A 2
also derived from isomigrastatin, and related to migrastatin
by hydrolysis of the lactone and isomerisation of one alkene
group, displays interesting biological properties, inhibiting
the carboxymethyltransferase involved in Ras processing[11]


and reversing the morphology of ras-transformed NIH/3T3
cells.[12] The synthesis of a fragment of 2,3-dihydrodorrigocin
A has been achieved[13] but the biological evaluation of this
fragment has not been described. As part of a goal in the


Abstract: The synthesis of a range of
analogues of the migrastatin macrolide
core has been achieved from tri-O-
acetyl-d-glucal in order to facilitate
structure–activity studies. Efficient
macrolactone formation was achieved
in the presence of a reactive olefin, by
increasing steric hindrance in the olefin
environment. Acyclic analogues of mi-
grastatin, structurally related to dorri-
gocin A, have also been prepared from
d-glucal. The dorrigocin A analogues


were prepared using the combination
of the cross metathesis of ethyl 6-hep-
tenoate with a glycal derivative and a
subsequent allylic rearrangement–
alkene isomerisation reaction (Perlin
reaction). A synthetic route is thus pro-
vided that will enable dorrigocin A an-


alogues to be prepared in parallel to
migrastatin analogues in the search for
novel anti-cancer and anti-arthritic
therapeutics. Biological evaluation of
one migrastatin and one dorrigocin A
sugar derived analogue show that they
inhibit proliferation and serum-induced
migration of tumour and synovial cells
at higher concentrations than evodia-
mine. Dorrigocin A analogues dis-
played similar potency to analogues of
the migrastatin core.
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development of novel compounds that have potential in
therapy of angiogenesis dependant disease and with a view
to obtaining more information regarding the structure–activ-
ity of migrastatin analogues, we have developed a synthesis
from d-glucal of novel analogues of the macrolide core
structures. In addition the synthetic route has been adapted
to facilitate the preparation of novel dorrigocin A analogues
with a view to biological evaluation. Both analogues of the
migrastatin core macrolide and dorrigocin A, derived from
d-glucal, have been found have similar potency as inhibitors
of migration of breast tumour cells and synoviocytes.


The Danishefsky approach to migrastatin and its macro-
lide core involved the synthesis of intermediate 10 and its
conversion to 3 via 11 by a sequence of reactions that in-
cludes a water induced allylic rearrangement,[14] and ring-
closing metathesis (RCM)[15] to form the macrocyclic ring.[16]


We planned to explore the synthesis of the acyclic com-
pound 12 from d-glucal and to then investigate its conver-
sion into novel migrastatin analogues (Scheme 2).


The synthetic investigations began with easy accessible
tri-O-acetyl-d-glucal. The acetate groups were first removed
using potassium carbonate and methanol and then tert-butyl-
dimethylsilyl (TBS)-protecting groups introduced to all free
hydroxyl groups. The TBS-protecting group at O-6 was next
selectively removed using HF/pyridine and 13 was obtained
in 68% yield over three steps (Scheme 3). This alcohol 13
was converted to an aldehyde using the Swern oxidation
and its subsequent reaction with vinyl magnesium bromide
gave a ~1:1 mixture of diastereoisomers 14a and 14b in
78% yield over two steps. Other methods for the oxidation


of alcohol 13 were investigat-
ed; the oxidation with TPAP/
NMO was slow, whereas oxi-
dation with PCC on scales
above 2 g led to epimerisation
at C-5 and a mixture of diaste-
reoisomeric aldehydes. The ox-
idation with PCC did give the
desired product in over 80%
yield on a scale below 2 g. At-
tempts to purify the aldehyde
precursor to 14a and 14b by
chromatography led to a mix-
ture of stereoisomers due to
an epimerisation at C-5 and
thus it was more advantageous
to react the aldehyde from the
Swern oxidation directly with-
out purification. The diastereo-
isomers 14a and 14b were sep-
arated by using flash chroma-
tography.
Both stereoisomers 14a and


14b were used separately for
the synthesis of migrastatin an-


alogues. Methylation of the free 6-OH group of 14a to give
15a was best effected using NaH and iodomethane in the
presence of catalytic amounts of [18]crown-6 (Scheme 4).
Other methylation reactions were less satisfactory and these
included an investigation of Me2SO4 in the presence of alu-


Scheme 1. Structures of migrastatin, dorrigocin A and analogues.


Scheme 2. Proposed synthesis of macrolide precursors from d-glucal.


Scheme 3. Synthesis of the diastereoisomers 14a and 14b. a) cat. K2CO3,
MeOH; b) TBSCl, DMF; c) HF/pyridine, THF, 3 h (68% over three
steps); d) DMSO, (COCl)2, NEt3, CH2Cl2, �78 8C ! RT; e) 2 equiv
vinyl-MgBr, THF, �78 8C (78% two steps).
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mina, CaCO3, Ag2O and iodomethane, Me3OBF4 in the
presence of 2,6-lutidine or NaH and iodomethane in ab-
sence of a crown ether. The silyl-protecting groups were ex-
changed for acetate protecting groups in two steps to give
15a, which was obtained in 52% overall yield from 14a.
The allylic rearrangement of 15a in the presence of water in
THF at 80 8C gave the lactol 16a. Attempts to carry out sim-
ilar allylic rearrangement reactions with the silylated prod-
uct obtained from the methylation of 14a were not success-
ful and neither were attempts at acid-catalysed rearrange-
ments of the diol intermediate obtained from desilylation of
14a at room temperature. Reduction of the latent aldehyde
of 16a using lithium borohydride gave the desired acyclic in-
termediate 12a. The moderate yield (68%) of the product
obtained from this reduction reaction appears to arise from
the tendency of the acetate group to migrate onto either of
the two free OH groups of the product 12a. It was therefore
necessary to stop the reduction reaction after only 1 min to
reduce acetate migration. A similar sequence of reactions
from 14b gave 12b (47%) via 15b and 16b. The determina-
tion of the X-ray crystal structure of 16b (Figure 1) provid-
ed the basis for the assignment of the absolute configuration
at C-6 of the diastereoisomers 12a and 12b and other com-
pounds described herein.
The regioselective acylation of 12a using 6-heptenoyl


chloride was next carried out and gave 17a. Ring-closing
metathesis (Scheme 5) of 17a was not trivial and a number
of attempts (varying the catalyst, concentration, solvent,
temperature, and reaction time) to obtain the desired prod-
uct in good yield were not successful. The reaction of 17a
with the Grubbs 2nd generation catalyst in toluene at 90 8C


proved best and gave the desired product 5 after five mi-
nutes in 38% yield. Overall the migrastatin analogue 5 was
obtained from d-glucal with an overall yield of 5% after 12
steps. Despite numerous attempts, RCM could not be ach-
ieved for 17b, which had been prepared from 12b by the
same conditions as used for the preparation of 17a. The
only product which could be identified was a homodimer of
17b and a number of other unidentified products were ob-
tained.


A reason for the low yields of macrolactone from 17a and
no macrocyclisation from 17b is possibly due to the pres-
ence of the Z-alkene group of 17a and 17b, which has the
potential to undergo competing metathesis processes, conse-
quently reducing the efficiency of the desired macrolactone
formation. The di-O-TBS protected intermediate 18b was
thus synthesised (Scheme 6) from 12b. It was envisaged that
the increased steric bulk in the environment of the reactive
alkene in 18b would block undesired metathesis processes
at this site and facilitate RCM to give the desired macrolac-
tone. Steric effects that reduce the rates of metathesis pro-
cesses have been described in the literature.[17] The acetate
protecting group was thus removed from 12b, then all three
OH groups were converted to their TBS ethers using


Scheme 4. Synthesis of 12a and 12b. a) NaH, MeI, [18]crown-6, THF; b)
TBAF, THF; c) Ac2O, pyridine, CH2Cl2 (52%); c) H2O/THF 10:1, 80 8C,
no light; d) LiBH4, THF (68% over two steps).


Figure 1. X-ray crystal structure of 16b. Thermal ellipsoids are drawn on
the 25% probability level


Scheme 5. Synthesis of 5. a) Grubbs-II (20%), toluene, 90 8C, 5 min
(38%).


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1592 – 16001594


P. V. Murphy et al.



www.chemeurj.org





TBSOTf in the presence of
2,6-lutidine and the subsequent
regioselective desilylation
under acidic conditions provid-
ed 18b. The attempted use of
TBSCl and imidazole in the si-
lylation reaction was not suc-
cessful. The Mitsunobu reac-
tion of 18b with 6-heptenoic
acid gave 19b in 84% yield.
Gratifyingly the RCM of 19b
gave 20b in high yield (97%)
using the Grubbs 2nd genera-
tion catalyst in toluene at
80 8C after 30 minutes. The
TBS groups were finally re-
moved from 20b to give 6
(67%). Overall the macrolac-
tone 6 was obtained in 16 steps
in 6% yield from d-glucal.
The synthesis of dorrigocin A analogues was also ach-


ieved from 15b. Firstly a cross-metathesis (CM)[16] of 15b
with ethyl 6-heptenoate (Scheme 7) gave (E)-alkene 21 in
55% yield. Whilst the water promoted allylic rearrangement
of a glycal gives an unsaturated lactol (e.g. as for synthesis
of 16a) with the olefin having Z geometry, it is known that
the olefin of the lactol can be isomerised to the correspond-
ing E isomer giving an unsaturated aldehyde.[18] Thus allylic
rearrangement and subsequent olefin isomerisation of the
glycal 21 under Perlin conditions[19] gave the aldehyde 22 in
high yield (94%). For 22 the 1H NMR coupling constant be-
tween the relevant alkene protons was 15.8 Hz, supporting
the stereochemical assignment. In general for compounds
described herein, the olefin stereochemistry was determined
on the basis of 1H NMR coupling constants. The work-up of
this reaction was important, and an extraction with dichloro-
methane after filtration proved to be essential to ensure the
efficient isolation of 22. The aldehyde group of 22 was re-


duced using sodium borohydride to give 8 and subsequent
saponification of the ester groups of 8 gave the dorrigocin A
analogue 9. Alternatively the aldehyde 22 was acetylated
and subsequent reduction of the aldehyde group of the
product reduced gave 7.
The compounds 5–8 were evaluated for their effects on


proliferation and migration (acid phosphatase assay) of
mouse breast tumour 4T1 cells and human K4 IM synovio-
cyte cells, that latter being relevant to primary rheumatoid
arthritis synoviocyte responses.[20–21] Evodiamine was found
to be a significantly more potent inhibitor of growth and mi-
gration of these cell types than the migrastatin or dorrigocin
A analogues (full details are supplied in the Supporting In-
formation) indicating the compounds described herein are
not as potent as those synthesised by Danishefsky and co-
workers, at least for the cell types studied herein.
In conclusion, syntheses of both migrastatin and dorrigo-


cin A analogues from d-glucal have been successfully ach-


ieved, providing a basis for synthesis of sugar derived ana-
logues and their subsequent biological investigation as inhib-
itors of the migration of diverse cell types. Ring closing
metathesis in the presence of a reactive olefin that has po-
tential to undergo competing metathesis reactions was ach-
ieved in the presence of bulky protecting groups. Prelimina-
ry biological evaluation has indicated that the compounds
are less effective than evodiamine at inhibiting proliferation
and serum-induced migration of 4T1 and K4 IM cells. A
strategy has been devised that would enable dorrigocin A
analogues to be prepared in parallel to migrastatin ana-
logues in the search for novel anti-cancer and anti-arthritic
therapeutics that act as cell migration inhibitors. The biolog-
ical properties of the synthesized compounds are being in-
vestigated more widely and will be reported in due course
as will the synthesis of further analogues.


Scheme 6. Synthesis of 6. a) NaOMe, MeOH, 0 8C; b) TBSOTf, CH2Cl2,
2,6-lutidine; c) AcOH/THF/H2O 3:1:1 (59% over three steps); d) PPh3,
DIAD, 6-heptenoic acid, toluene (84%); e) Grubbs-II (30%), toluene,
80 8C, 30 min (97%); f) TBAF, THF (67%).


Scheme 7. Synthesis of dorrigocin A analogues. a) CH2Cl2, Grubbs-II (55%); b) HgSO4, H2SO4, dioxane
(94%); c) NaBH4, THF, 0 8C (65%); d) THF/H2O/MeOH, LiOH (40%); e) i) Ac2O, pyridine, CH2Cl2 (33%);
ii) NaBH4, THF, 0 8C (39%).
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Experimental Section


General methods : NMR spectra were recorded with a Varian 300, 400,
500 or 600 MHz spectrometer. Chemical shifts are reported relative to in-
ternal Me4Si in CDCl3 (d 0.0) or HOD for D2O (d 4.79) for 1H and (d
77.16) for 13C. 1H NMR signals were assigned with the aid of COSY. 13C
signals were assigned with the aid of DEPT-135, HSQC and HMBC.
Mass spectra were recorded on a Micromass LCT KC420 or Micromass
Quattro. TLC was performed on aluminium sheets precoated with silica
gel 60 (HF254, E. Merck) and spots visualized by UV and charring with
1:20 H2SO4/EtOH. Flash column chromatography was generally em-
ployed and was carried out using silica gel 60 (0.040–0.630 mm, E.
Merck) and employed a stepwise solvent polarity gradient correlated
with the TLC mobility. Chromatography solvents used were EtOAc,
CH2Cl2 (Riedel-deHaen), cyclohexane and MeOH (Sigma Aldrich). An-
hydrous DMF and anhydrous toluene were used as purchased from
Sigma-Aldrich. THF, CH2Cl2 and methanol were used as obtained from a
Pure-Solv solvent purification system. Tri-O-acetyl-d-glucal was obtained
from Sigma-Aldrich.


3,4-Di-O-(tert-butyldimethylsilyl)-d-glucal (13): K2CO3 (1.0 g, 7.24 mmol)
was added to tri-O-acetyl-d-glucal (20.0 g, 73.5 mol) in methanol
(120 mL) and the solution was stirred at room temperature for 4 h. The
solvent was then removed under diminished pressure and any remaining
methanol was removed by co-evaporation with CHCl3 (3L40 mL) to
afford a pale brown syrup. The syrup was dissolved in anhydrous DMF
(100 mL) and imidazole (49.0 g, 720 mmol) was added. TBSCl (52.0 g,
345 mmol) in DMF (80 mL) was added to the solution via cannula under
stirring. The resulting solution was stirred for 18 h at room temperature
after which the reaction was poured into water (300 mL) and the product
was extracted with Et2O (4L500 mL). The combined organic layers were
dried (MgSO4) and the solvent was removed under diminished pressure.
Removal of high boiling TBS impurities was achieved by Kugelrohr dis-
tillation at 150 8C for 1.5 h gave the tri-O-silylated d-glucal derivative as
a pale orange oil (35.5 g, 99%). Rf=0.70 (cyclohexane/EtOAc 95:5);
[a]D=�29.0 (c = 1.08, CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d =6.32 (d, J=6.3 Hz, 1H), 4.69 (dd, J=5.8, 4.4 Hz, 1H), 3.99
(dtd, J=7.3, 3.6, 1.3 Hz, 1H), 3.94 (dd, J=11.2, 7.4 Hz, 1H), 3.89 (m,
1H), 3.80 (m, 1H), 3.76 (dd, J=11.2, 3.5 Hz, 1H), 0.90, 0.89 (2s, 27H),
0.10, 0.08, 0.06, 0.05 ppm (4s, 16H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d =143.0, 101.4, 80.1, 70.2, 66.7, 61.8, 26.0, 25.9, 18.4, 18.0, �4.2,
�4.3, �4.7 ppm; IR (thin film): ñ =2954, 2932, 2887, 2859, 1649, 1472,
1408, 1390, 1362, 1254, 1100, 1173, 1006, 963, 878, 838, 778, 669 cm�1;
HR-ESMS: m/z : calcd for C24H52NaO4Si2: 511.3071; found: 511.3076
[M+Na]+ .


A solution of 3,4,6-tri-O-tert-butyldimethylsilyl-d-glucal (35.5 g,
72.6 mmol) in anhydrous THF (540 mL) in a polypropylene bottle was
cooled to 0 8C and HF/pyridine in THF (200 mL of stock solution pre-
pared from 25 mL HF/pyridine, 50 mL anhydrous pyridine and 125 mL
anhydrous THF) was added and the solution was allowed to attain room
temperature. After 4 h, the reaction was quenched by the careful addi-
tion of saturated NaHCO3 solution (800 mL) followed by addition of
EtOAc (800 mL) and the resulting mixture was allowed to stir at room
temperature for a further 10 minutes. The organic layer was removed
and the aqueous layer extracted with EtOAc (3L500 mL). The combined
organic layers were dried (MgSO4) and the solvent removed under di-
minished pressure. Chromatography of the residue (cyclohexane/EtOAc
100:0 to 97:3) afforded 13 (18.445 g, 68%). Rf=0.28 (cyclohexane/EtOAc
90:10); m.p. 69–70 8C; [a]20D =�59.8 (c=1.05 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=6.39 (d, J=6.3 Hz, 1H), 4.72 (ddd,
J=6.2, 4.5, 0.9 Hz, 1H), 4.06–4.01 (m, 1H), 3.95 (t, J=3.8 Hz, 1H), 3.89
(dt, J=12.2, 5.8 Hz, 1H), 3.84–3.80 (m, 1H), 3.74 (ddd, J=12.6, 8.4,
4.7 Hz, 1H), 2.48 (dd, J=8.3, 5.2 Hz, 1H), 0.92 (2 s, 9H), 0.91 (2 s, 9H),
0.13, 0.12 ppm (3s, 12H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=


143.7, 101.2, 78.6, 70.6, 66.6, 61.8, 25.81, 25.76, 18.04, 18.01, �4.3, �4.4,
�4.7 ppm; IR (thin film): ñ=3460, 2954, 2929, 2895, 2858, 1649, 1473,
1254, 1111, 1065, 837, 777 cm�1; HR-ESMS: m/z : calcd for C18H37O4Si2:
373.2230; found: 373.2248 [M�H]� .


(1S)-1-[(2R,3R,4S)-3,4-Bis-(tert-butyldimethylsilyloxy)-3,4-dihydro-2H-
pyran-2-yl]-prop-2-en-1-ol (14a) and (1R)-1-[(2R,3R,4S)-3,4-bis-(tert-bu-
tyldimethylsilyloxy)-3,4-dihydro-2H-pyran-2-yl]-prop-2-en-1-ol (14b): A
solution of oxalyl chloride (3.22 mL, 36.9 mmol) in dry CH2Cl2 (120 mL)
was cooled to �78 8C and anhydrous DMSO (3.23 mL, 45.5 mmol) in dry
CH2Cl2 (10 mL) was then added dropwise. After stirring at low tempera-
ture for 20 min, the solution was allowed to warm to �40 8C and the alco-
hol 13 (10.65 g, 28.43 mmol) in dry CH2Cl2 (45 mL) was added dropwise.
The resulting white suspension was stirred for 20 min before triethyla-
mine (12 mL, 86.1 mmol) was added dropwise and the mixture was
stirred for a further 45 min at �40 8C, before it was allowed to attain
room temperature. After 4 h, the mixture was poured onto cold water
(100 mL) and saturated NH4Cl solution (100 mL). The aqueous layer was
extracted with CH2Cl2 (4L250 mL) and the combined organic layers
were washed with water (150 mL) and twice with saturated NaHCO3 so-
lution (150 mL). Then the organic layers were dried (MgSO4) and the
solvent was removed in vacuo to afford the crude aldehyde as a yellow
solid (10.57 g).


The aldehyde (10.57 g, 28.4 mmol) was dissolved in anhydrous THF
(100 mL) and the solution was cooled to �78 8C. Vinyl magnesium bro-
mide (60 mL of a 1.0m solution in THF) was added dropwise and the
mixture was stirred at low temperature for 45 min, and for a further 2 h
at room temperature. The mixture was then cooled to �20 8C and satu-
rated NH4Cl solution (60 mL) was added dropwise. The mixture allowed
to attain room temperature and the aqueous layer then extracted with
Et2O (4L250 mL) and the combined organic layers washed with brine
(70 mL), dried (MgSO4) and the solvent removed under reduced pres-
sure. Chromatography of the residue (cyclohexane/Et2O 100:0 to 97:3)
gave 14a (4.56 g, 40%, Rf=0.40 cyclohexane/Et2O 90:10) and 14b
(4.28 g, 38%, Rf=0.25, cyclohexane/Et2O 90:10). Analytical data for
14a : [a]20D =�57.78(c=1.03 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=6.45 (d, J=6.3 Hz, 1H), 5.97 (ddd, J=16.0, 10.6, 4.9 Hz, 1H),
5.37 (d, J=17.2 Hz, 1H), 5.22 (d, J=10.6 Hz, 1H), 4.75 (br t, J = 5.1 Hz,
1H), 4.41 (brq, J = 6.7 Hz, 1H), 4.10 (br s, 1H), 3.93 (d, J=7.2 Hz, 1H),
3.89 (m, 1H), 3.51 (d, J=7.0 Hz, 1H), 0.91 (s, 18H), 0.14, 0.09 ppm (2s,
12H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=144.5, 137.8), 115.4,
99.6, 80.4, 71.4, 68.4, 65.1, 26.9, 25.8, 25.7, 18.0, �4.4, �4.68, �4.75,
�4.77 ppm; IR (thin film): ñ=2931, 2858, 1643, 1471, 1408, 1362, 1254,
1092, 1041, 1003, 924, 879, 839, 777, 671 cm�1; HR-ESMS: m/z : calcd for
C20H39O4Si2: 399.2387; found: 399.2380 [M�H]� . Analytical data for 14b :
[a]20D =�54.98 (c=1.01 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=6.39 (d, J=6.3 Hz, 1H), 5.85 (ddd, J=17.4, 10.8, 6.9 Hz, 1H),
5.43 (dd, J=17.4, 1.5 Hz, 1H), 5.25 (dd, J=9.3, 1.5 Hz, 1H), 4.75 (m,
1H), 4.54 (br s, 1H), 3.97–3.94 (m, 1H), 3.89 (m, 1H), 3.80 (m, 1H), 3.07
(br s, 1H), 0.90, 0.88 (2 s, 18H), 0.11, 0.10, 0.09 ppm (4s, 12H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d =143.7, 137.2, 116.6, 101.2, 81.8, 70.3,
69.9, 66.4, 25.9, 25.8, 18.1, 18.0, �4.35, �4.36, �4.43, �4.8 ppm; IR (thin
film): ñ=3460, 3068, 2954, 2931, 2895, 2858, 1649, 1471, 1408, 1390, 1362,
1254, 1090, 1063, 1005, 916, 883, 837, 777 cm�1; HR-ESMS: m/z : calcd for
C20H40O4Si2Na: 423.2363; found: 423.2381 [M+Na]+ .


(1R)-1-[(2R,3R,4S)-3,4-Diacetoxy)-3,4-dihydro-2H-pyran-2-yl]-prop-2-
en-1-yl methyl ether (15b)


Alcohol 14b : (0.24 g, 0.60 mmol) in THF (6.0 mL) was cooled to 0 8C
and NaH (35.2 mg of 60% dispersion in mineral oil, 0.88 mmol) was
added portionwise, followed by methyl iodide (195 mL, 3.13 mmol) and
[18]crown-6 (16 mg, 0.06 mmol). The reaction mixture was allowed to
attain room temperature and stirred for a further 2 h and cooled to 0 8C.
Diethyl ether was added (10 mL) followed by saturated NH4Cl solution
(2 mL) and the mixture was allowed to attain room temperature once
more. The aqueous layer was washed with Et2O (3L10 mL), the com-
bined organic layers were dried (MgSO4) and the solvent removed under
diminished pressure. Chromatography of the residue (cyclohexane/Et2O
100:0 to 90:10 gave methyl ether of 14b as a colourless oil (0.20 g, 80%);
Rf=0.22 (CH2Cl2/cyclohexane 20:80); [a]20D =�43.7 (c=3.1 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =6.37 (d, J=6.3 Hz, 1H),
5.83 (ddd, J=17.3, 10.5, 6.7 Hz, 1H), 5.36 (d, J=17.3 Hz, 1H), 5.31 (d,
J=10.5 Hz, 1H), 4.73 (ddd, J=6.0, 4.3, 1.1 Hz, 1H), 4.13 (t, J=7.0 Hz,
1H), 3.94 (t, J=3.7 Hz, 1H), 3.91 (t, J=3.6 Hz, 1H), 3.75 (ddd, J=7.3,
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3.9, 1.3 Hz, 1H), 3.29 (s, 3H), 0.89, 0.86 (2s, 18H), 0.09, 0.08, 0.06,
0.06 ppm (4s, 12H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=143.0),
135.1, 118.5, 101.6, 81.3, 77.9, 69.6, 67.4, 56.7, 26.0, 25.8, 18.2, 18.0, �4.1,
�4.2, �4.2, �4.9 ppm; IR (thin film): ñ= 3074, 2954, 2931, 2893, 2858,
1647, 1464, 1254, 1109, 1092, 1063, 835, 777 cm�1; HR-ESMS: m/z : calcd
for C21H42NaO4Si2: 437.2519; found: 437.2527 [M+Na]+ .


The oil (2.38 g, 5.74 mmol) obtained from the methylation of 14b was
dissolved in THF (70 mL) at 0 8C and TBAF (11.4 mL of 1.0m solution in
THF, 11.4 mmol) was added and the solution was allowed to attain room
temperature and was stirred for a further 12 h. The mixture was then di-
luted with EtOAc (20 mL) and saturated NH4Cl solution (20 mL). The
organic layer was separated, the aqueous layer was extracted with
EtOAc (3L50 mL), the combined organic layers were dried (MgSO4)
and the solvent removed under diminished pressure. Chromatography of
the residue (EtOAc/cyclohexane 1:1 to 1:0) gave a diol as a pale yellow
oil (1.00 g, 94%). Rf=0.10 (EtOAc/cyclohexane 1:1); [a]


20
D =�24.88 (c=


1.04 in CHCl3);
1H NMR (300 MHz, CDCl3): d=6.30 (dd, J=6.0, 1.7 Hz,


1H), 5.91 (ddd, J=17.7, 10.0, 7.6 Hz, 1H), 5.37–5.33 (overlapping signals,
2H), 4.69 (dd, J=6.0, 2.1 Hz, 1H), 4.25 (d, J=7.3 Hz, 1H), 4.15 (br s,
1H), 4.05 (dd, J=7.7, 2.4 Hz, 1H), 3.87 (dd, J=10.1, 7.4 Hz, 1H), 3.77
(dd, J=10.1, 2.5 Hz, 1H), 3.64 (br s, 1H), 3.35 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d =143.2, 133.2, 118.6, 102.5, 80.0, 78.9,
70.4, 69.9, 57.4 ppm; HR-ESMS: m/z : calcd for C9H14O4Na: 209.0790;
found: 209.0800 [M+Na]+ .


To the yellow oil (0.52 g, 2.79 mmol) in CH2Cl2 (7.7 mL) was added pyri-
dine (1.13 mL, 14.0 mmol) and acetic anhydride (2.63 mL, 27.8 mmol)
and the mixture was stirred overnight at room temperature. Ice (5 mL)
was added and stirring continued and the mixture was allowed to attain
room temperature and water (5 mL) and CH2Cl2 (10 mL) were then
added. The organic layer was separated and the aqueous layer was
washed with EtOAc (3L50 mL) and the combined organic layers were
dried (MgSO4) and the solvent removed under diminished pressure to
give 15b as a yellow oil (0.75 g, 99%). Rf=0.60 (EtOAc/cyclohexane
1:1); [a]20D =�24.6 (c=4.8 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=6.47 (d, J=6.0 Hz, 1H), 5.81 (ddd, J=18.2, 10.4, 7.9 Hz, 1H),
5.39–5.31 (m, 4H), 4.77 (m, 1H), 3.98 (dd, J=8.4, 4.5 Hz, 1H), 3.75 (dd,
J=7.7, 5.0 Hz, 1H), 3.26 (s, 3H), 2.06, 2.02 ppm (2s, 6H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=170.5, 169.2, 146.1, 134.0, 120.4, 98.9,
79.1, 77.7, 67.9, 67.4, 56.8, 21.0, 20.8 ppm; IR (thin film): ñ = 3078, 2983,
2935, 2825, 1743, 1649, 1427, 1371, 1236, 1045, 958, 920, 822, 754 cm�1;
HR-ESMS: calcd for C13H18NaO6: 293.1001; found: 293.0990 [M+H]+ .


(1S)-1-[(2R,3R,4S)-3,4-Diacetoxy-3,4-dihydro-2H-pyran-2-yl]-prop-2-en-
1-yl methyl ether (15a): The reaction of alcohol 14a (2.602 g, 6.5 mmol)
in THF (50 mL) with NaH (360 mg of 60% dispersion in mineral oil,
9.00 mmol), methyl iodide (2.0 mL, 32.1 mmol) and [18]crown-6 (100 mg,
0.38 mmol) as described for 14b gave a methyl ether (2.30 g; Rf=0.65,
cyclohexane/Et2O 9:1) as a colourless oil after chromatography (silica
gel, cyclohexane/Et2O 100:0 to 98:2). This oil (2.30 g, 5.546 mmol) was
dissolved in THF (80 mL) and the mixture cooled to 0 8C. TBAF
(15.5 mL of 1.0m solution in THF, 15.5 mmol) was added and the mixture
allowed to attain room temperature and was stirred for a further 20 h.
EtOAc (50 mL) and saturated NH4Cl solution (40 mL) were then added
and the organic layer separated. The aqueous layer was washed with
EtOAc (3L50 mL) and the combined organic layers were dried (MgSO4)
and the solvent removed under diminished pressure. The residue was pu-
rified by chromatography (EtOAc/cyclohexane 1:1 to 1:0) to give the diol
intermediate as a pale yellow oil (0.705 g, 58% over two steps). Rf=0.20
(EtOAc/cyclohexane 1:1); [a]20D =�11.78 (c=1.01 in CHCl3);


1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=6.29 (d, J=5.3 Hz, 1H), 5.80 (ddd,
J=17.2, 10.5, 8.2 Hz, 1H), 5.37 (d, J=10.2 Hz, 1H), 5.35 (dd, J=17.2 Hz,
1H), 4.67 (d, J=6.0 Hz, 1H), 4.20 (brd, J=7.0 Hz, 1H), 3.97 (dd, J=8.1,
3.7 Hz, 1H), 3.88 (dd, J=9.8, 3.8 Hz, 1H), 3.59 (dd, J=9.7, 7.2 Hz, 1H),
3.33 ppm (s, 3H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d =144.0,
133.4, 120.5, 102.5, 82.8, 78.1, 71.0, 69.6, 56.5 ppm; HR-ESMS: m/z : calcd
for C9H14O4Na: 209.0790; found: 209.0800 [M+Na]+ .


To the yellow oil (0.370 g, 1.99 mmol) in CH2Cl2 (8 mL) was added pyri-
dine (1.1 mL, 13.6 mmol) and acetic anhydride (2.2 mL, 23.3 mmol) and
the solution was stirred overnight at room temperature. Ice (5 mL) was


then added and the stirred mixture was allowed to attain room tempera-
ture, and then diluted with water (5 mL) and CH2Cl2 (10 mL). The organ-
ic layer was separated and the aqueous layer was washed with EtOAc
(3L50 mL) and the combined organic layers were dried (MgSO4) and the
solvent removed under diminished pressure to give 15a as a yellow oil
(0.484 g, 90%). Rf=0.65 (EtOAc/cyclohexane 1:1); [a]20D =�29.28 (c=


1.03 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=6.39 (d, J=


6.1 Hz, 1H), 5.66 (dt, J=17.5, 8.8 Hz, 1H), 5.30 (d, J=10.3 Hz, 1H),
5.22–5.16 (overlapping signals, 3H), 4.76 (br t, J=4.6 Hz, 1H), 4.04 (t, J=


6.2 Hz, 1H), 3.78 (t, J=7.0 Hz, 1H), 3.22 (s, 3H), 1.99, 1.97 ppm (2s,
6H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=169.8, 169.0, 145.4,
133.7, 120.1, 98.2, 79.4, 76.4, 67.5, 66.3, 55.9, 20.7, 20.5 ppm; IR (thin
film): ñ=3078, 2985, 2940, 2897, 2825, 1741, 1650, 1372, 1238, 1225, 1045,
1026, 959 cm�1; HR-ESMS: m/z : calcd for C13H18NaO6 293.1001; found:
293.1004 [M+Na]+ .


(2Z,4R,5R,6S)-4-Acetoxy-6-methoxy-octa-2,7-diene-1,5-diol (12a): To
water (10 mL), pre-heated to 80 8C in a flask from which light was ex-
cluded, was added 15a (45 mg, 0.166 mmol) in THF (1 mL) and the mix-
ture was stirred vigorously for 3 h. The mixture was cooled rapidly and
the sample was freeze dried and gave 16a as a white solid. This solid was
dissolved in anhydrous THF (6 mL) at 0 8C and LiBH4 (200 mL of 2.0m


solution in THF, 0.4 mmol) was added. After 60 s a solution of HCl
(1.0n) was added until no more effervescence was observed and the mix-
ture was stirred for a further 20 min at 0 8C. The mixture was allowed to
attain room temperature and the product then extracted with EtOAc (3L
10 mL). The organic layers were combined, dried (MgSO4) and the sol-
vent was removed under diminished pressure. Chromatography (EtOAc/
cyclohexane 1:9 to 1:0) gave 12a (26 mg, 68% over two steps) as a col-
ourless oil. Rf=0.15 (EtOAc/cyclohexane 1:1); [a]


20
D =�13.58 (c=1.02 in


CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=6.02 (dt, J=10.0,


7.2 Hz, 1H), 5.75 (ddd, J=17.6, 10.2, 8.1 Hz, 1H), 5.64 (dd, J=9.8,
5.4 Hz, 1H), 5.60 (t, J=10.2 Hz, 1H), 5.42 (d, J=10.1 Hz, 1H), 5.30 (d,
J=17.3 Hz, 1H), 4.36 (dd, J=12.8, 8.0 Hz, 1H), 4.09 (dd, J=12.7, 6.5 Hz,
1H), 3.83 (t, J=5.7 Hz, 1H), 3.52 (t, J=7.1 Hz, 1H), 3.26 (s, 3H), 2.68,
2.46 (br s, 2H), 2.05 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=170.4,
134.7, 134.1, 126.4, 121.3, 82.9, 73.3, 70.4, 58.2, 56.6, 21.3 ppm, IR (thin
film): ñ=3420, 2983, 2929, 2826, 1734, 1373, 1241, 1078, 1026, 781 cm�1;
HR-ESMS: m/z : calcd for C11H18O5Na: 253.1052; found: 253.1041
[M+Na]+ .


(2Z,4R,5R,6R)-4-Acetoxy-6-methoxy-octa-2,7-diene-1,5-diol (12b): Diac-
etate 15b (913 mg, 3.378 mmol) in THF (5 mL) was added to a flask con-
taining water (50 mL) at 80 8C, from which light had been excluded, and
the mixture was stirred vigorously for 23 h. The mixture was then cooled
rapidly and the water was removed by freeze drying to give 16b as a
white solid (761 mg, 98%), which was used without further purification
in the next step. IR (thin film): ñ=3419, 2983, 2933, 2902, 2827, 1739,
1691, 1427, 1371, 1238, 1182, 1128, 1082, 1036, 976, 935 cm� ; HR-ESMS:
m/z : calcd for C11H15O5: 227.0919; found: 227.0927 [M�H]� .
To 16b (761 mg, 3.334 mmol) in anhydrous THF (30 mL) at 0 8C was
added LiBH4 (1.9 mL of a 2.0m solution in THF, 3.8 mmol). After 60 s a
solution of HCl (1.0n) was added until no more effervescence was ob-
served and the mixture was stirred for a further 20 min at 0 8C and then
allowed to attain room temperature. The mixture was extracted with
EtOAc (3L50 mL), the organic layers were combined, dried (MgSO4)
and the solvent removed under diminished pressure. Chromatography
(EtOAc/cyclohexane 1:9 to 1:0) of the residue gave 12b colourless oil
(388 mg, 50% over two steps). Rf=0.15 (EtOAc/cyclohexane 1:1); [a]


20
D =


+51.88 (c=0.99 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


5.98 (ddd, J=10.7, 7.7, 6.2 Hz, 1H), 5.70 (ddd, J=17.2, 10.3, 8.2 Hz, 1H),
5.65 (t, J=10.5 Hz, 1H), 5.52 (dd, J=9.9, 4.9 Hz, 1H), 5.40 (d, J=


10.3 Hz, 1H), 5.31 (d, J=17.1 Hz, 1H), 4.35 (dd, J=13.1, 7.8 Hz, 1H),
4.06 (dd, J=13.0, 6.2 Hz, 1H), 3.71 (dd, J=6.5, 4.9 Hz, 1H), 3.44 (dd J=


8.1, 6.6 Hz, 1H), 3.30 (s, 3H), 2.09 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=170.5, 134.6, 134.0, 125.5, 120.6, 82.5, 74.1, 69.6,
58.3, 56.3, 21.2 ppm.


[(2Z,4R,5R,6S)-4-Acetoxy-5-hydroxy-6-methoxy-octa-2,7-diene-1-yl]
hept-6-enoate (17a): To 6-heptenoic acid (35 mL, 0.257 mmol) in anhy-
drous CH2Cl2 was added oxalyl chloride (27 mL, 0.31 mmol) and one
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drop of anhydrous DMF, and the resulting mixture was stirred for 2 h at
room temperature. A mixture of the alcohol 12a (53 mg, 0.23 mmol) and
imidazole (22 mg, 0.32 mmol) in anhydrous CH2Cl2 was then added and
the reaction was stirred overnight at room temperature. HCl (1 mL of a
0.1m solution) was then added and stirring continued for a further 5 min
and then CH2Cl2 (5 mL) and water (2 mL) were added. The organic layer
was separated and the aqueous layer was extracted with CH2Cl2 (3L
10 mL). The organic layers were combined, dried (MgSO4) and the sol-
vent removed under diminished pressure. Chromatography (EtOAc/cy-
clohexane 1:9 to 4:6) of the residue gave 17a (50 mg, 70%) as a colour-
less oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.90–5.60 (m, 5H),
5.40 (dd, J=10.3, 5.1 Hz, 1H), 5.30 (dd, J=17.2, 6.5 Hz, 1H), 4.95 (m,
2H), 4.30 (dd, J=15.6, 7.7 Hz, 1H), 4.21 (dd, J=15.6, 7.7 Hz, 1H), 3.81
(m, 1H), 3.48 (q, J = 7.3 Hz, 1H), 3.26 (s, 3H), 2.31 (t, J=7.5 Hz, 1H),
2.29, (s, 3H), 2.30–2.25 (m, 2H), 1.65–1.55 (m, 2H), 1.45–1.30 ppm (m,
2H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=173.5, 169.6, 138.3,
134.4, 130.2, 126.9, 120.9, 114.6, 82.9, 73.6, 70.1, 56.3, 39.6, 34.0, 33.3, 28.3,
24.3, 21.0 ppm; HR-ESMS: m/z : calcd for C18H28O6Na: 363.1784; found:
363.1799 [M+Na]+ .


(7E,9S,10R,11R,11Z)-11-Acetoxy-10-hydroxy-9-methoxy-oxacyclotetra-
deca-7,12-dien-2-one (5): To 17a (17 mg, 0.05 mmol) in degassed and
dried toluene (90 mL) at 90 8C was added, via a cannula, Grubbs catalyst
2nd generation (9 mg, 0.011 mmol) in degassed and dried toluene (5 mL).
Heating was continued for 5 min at 90 8C and the solution was then fil-
tered through a short column of silica, washing with EtOAc. The organic
layer was removed under diminished pressure and 5 (6 mg, 38%) was ob-
tained as a colourless oil after chromatography (EtOAc/cyclohexane 9:1
to 7:3) of the residue. 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =5.81
(m, 2H), 5.61 (m, 2H), 5.51 (dd, J=16.1, 8.2 Hz, 1H), 4.78 (ddd, J=14.9,
4.7, 2.2 Hz, 1H), 4.59 (ddd, J=14.9, 5.3, 0.8 Hz, 1H), 3.95 (d, J=8.7 Hz,
1H), 3.69 (d, J=7.9 Hz, 1H), 3.32 (s, 3H), 2.43 (ddd, J=13.6, 8.7, 5.7 Hz,
1H), 2.25–2.15 (m, 2H), 2.15–2.05 (m, 1H), 2.06, (s, 3H), 1.85–1.70 (m,
2H), 1.55–1.45 ppm (m, 2H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=171.6, 168.1, 134.6, 128.6, 127.7, 125.5, 81.8, 74.1, 69.7, 61.2, 56.6, 34.2,
30.8, 26.7, 23.8, 22.0 ppm; HR-ESMS: m/z : calcd for C16H24O6Na:
335.1471; found: 335.1487 [M+Na]+ .


(2Z,4R,5R,6R)-6-Methoxy-4,5-bis-(tert-butyldimethylsilyloxy)-octa-2,7-
diene-1-ol (18b): To 12b (405 mg, 1.76 mmol) in anhydrous methanol
(10 mL) at 0 8C was added sodium (76 mg, 3.3 mmol) and the mixture
was then allowed to attain room temperature and after stirring for 2 h,
the solution was evaporated and the residue was taken up in CH2Cl2
(40 mL) and tert-butyldimethylsilyl triflate (2.0 mL, 8.7 mmol) and 2,6-lu-
tidine (2.0 mL, 17.2 mmol) were added. The mixture was stirred for 2 h
at room temperature, satd. NaHCO3 was added and the mixture was ex-
tracted with CH2Cl2 (3L50 mL). The organic layers were combined,
dried (MgSO4) and the solvent removed under diminished pressure.
Chromatography of the residue (EtOAc/cyclohexane 0:100 to 1:99) gave
fully silylated compound as a colourless oil (851 mg, 91% over two
steps). Rf=0.70 (EtOAc/cyclohexane 5:95); [a]20D =++22.48 (c=0.99 in
CHCl3);


1H NMR (300 MHz, CDCl3): d =5.68 (ddd, J=17.2, 10.4, 8.1 Hz,
1H), 5.51 (m, 2H), 5.26 (dd, J=10.5, 2.0 Hz, 1H), 5.21 (dd, J=17.2,
2.0 Hz, 1H), 4.40 (dd, J=7.0, 3.1 Hz, 1H), 4.22 (dd, J=12.9, 5.7 Hz, 1H),
4.06 (dd, J=12.9, 3.7 Hz, 1H), 3.62 (dd, J=6.6, 3.2 Hz, 1H), 3.41 (dd, J=


8.0, 6.7 Hz, 1H), 3.22 (s, 3H), 0.90, 0.89, 0.87 (3 s, 27H), 0.07, 0.06, 0.05,
0.02 ppm (4s, 18H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=135.5,
130.5, 118.7, 84.2, 79.7, 69.5, 59.8, 56.2, 26.1, 26.0, 25.9 (3s), 18.4, 18.2
(2s), �4.2, �4.3, �4.7, �5.2 ppm; IR (thin film): ñ=2955, 2930, 2858,
1640, 1473, 1253, 1149, 1080, 836, 776 cm�1; HR-ESMS: m/z : calcd for
C27H58O4Si3Na: 553.3541; found: 553.3521 [M+Na]+ .


This intermediate (373 mg, 0.702 mmol) was dissolved in AcOH/THF/
H2O 3:1:1 (50 mL) and the mixture was stirred at room temperature for
42 h. Solid Na2CO3 was then added and the mixture extracted with Et2O
(3L60 mL). The organic layers were combined, dried (MgSO4) and the
solvent removed under diminished pressure. Chromatography of the resi-
due (EtOAc/cyclohexane 0:100 to 5:95) gave 18b as colourless oil
(190 mg, 65%). Rf=0.40 (EtOAc/cyclohexane 30:70); [a]


20
D =++10.28 (c=


1.01 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =5.72 (ddd,


J=17.3, 10.4, 8.0 Hz, 1H), 5.68–5.60 (m, 2H), 5.27 (dd, J=10.4, 1.9 Hz,


1H), 5.22 (dd, J=17.3, 1.9 Hz, 1H), 4.55 (dd, J=8.4, 3.9 Hz, 1H), 4.12
(m, 2H), 3.66 (dd, J=5.9, 4.0 Hz, 1H), 3.48 (dd, J=8.0, 5.9 Hz, 1H), 3.23
(s, 3H), 0.90, 0.89, 0.87 (3s, 18H), 0.07, 0.06, 0.05, 0.02 ppm (4s, 12H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=135.6, 132.6, 129.6, 118.7,
84.1, 79.1, 69.0, 59.4, 56.3, 26.9, 26.1, 25.9, 18.4, 18.2, �4.0, �4.2, �4.3,
�4.7 ppm; IR (thin film): ñ=3369, 3079, 2954, 2930, 2888, 2857, 1472,
1253, 1148, 1075, 836, 777 cm�1; ; HR-ESMS: m/z : calcd for
C21H44O4Si2Na: 439.2676; found: 439.2671 [M+Na]+ .


[(2Z,4R,5R,6R)-6-Methoxy-4,5-bis-(tert-butyldimethylsilyloxy)-octa-2,7-
diene-1-yl] hept-6-enoate (19b): To 18b (70 mg, 0.168 mmol), 6-hepteno-
ic acid (45 mL, 0.33 mmol), and triphenylphosphine (120 mg, 0.458 mmol)
in toluene (4 mL), diisopropyl azodicarboxylate (105 mL, 0.533 mmol)
was added dropwise and the resulting mixture stirred at room tempera-
ture for 2 h. Satd. NH4Cl was added and the mixture extracted with
EtOAc (3L15 mL). The organic layers were combined, washed with
brine, dried (MgSO4) and the solvent removed under diminished pres-
sure. Chromatography (EtOAc/cyclohexane 0:100 to 2:98) gave 19b as a
yellow oil (74 mg, 84%). Rf=0.45 (EtOAc/cyclohexane 5:95); [a]20D =


+15.88 (c=0.98 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


5.79 (ddt, J=17.0, 10.3, 6.7 Hz, 1H), 5.75–5.65 (m, 2H), 5.54 (dt, J=11.3,
6.2 Hz, 1H), 5.28 (dd, J=10.6, 1.6 Hz, 1H), 5.21 (dd, J=17.2, 1.8 Hz,
1H), 5.00 (dq, J=17.2, 1.7 Hz, 1H), 4.95 (dq, J=10.2, 1.5 Hz, 1H), 4.65
(dd, J=12.9, 7.8 Hz, 1H), 4.53 (dd, J=12.9, 6.1 Hz, 1H), 4.45 (dd, J=9.3,
3.2 Hz, 1H), 3.67 (dd, J=6.5, 3.2 Hz, 1H), 3.38 (dd, J=8.0, 6.6 Hz, 1H),
3.22 (s, 3H), 2.31 (t, J=7.4 Hz, 2H), 2.06 (m, 2H), 1.64 (m, 2H), 1.42 (m,
2H), 0.90, 0.87 (2 s, 18H), 0.07, 0.06, 0.04, 0.01 ppm (4s, 12H); 13C NMR
(100 MHz, CDCl3, 25 8C, TMS): d=173.4, 138.4, 135.3, 134.1, 124.4,
119.0, 114.7, 84.2, 79.5, 69.1, 60.9, 56.2, 34.1, 33.4, 28.3, 26.1, 25.9, 24.4,
18.4, 18.2, �4.2, �4.4, �4.8 ppm; IR (thin film): ñ=3079, 2953, 2930,
2857, 1778, 1739, 1472, 1250, 1098, 836, 777 cm�1; HR-ESMS: m/z : calcd
for C28H54O5Si2Na: 549.3408; found: 549.3392 [M+Na]+ .


(7E,9R,10R,11R,12Z)-9-Methoxy-10,11-bis-(tert-butyldimethylsilyloxy)-
oxacyclotetradeca-7,12-dien-2-one (20b): Ester 19b (12 mg, 0.023 mmol)
was dissolved in dried and degassed toluene (40 mL) and the mixture
heated to 80 8C. Grubbs catalyst 2nd generation (6.0 mg 0.007 mmol) was
dissolved in toluene and added to the mixture via a cannula and heating
was continued for 30 min. The mixture was then filtered through a short
column of silica and the solvent removed under diminished pressure.
Chromatography (EtOAc/cyclohexane 0:100 to 2:98) gave 20b as a col-
ourless oil (11 mg, 97%). Rf=0.55 (EtOAc/cyclohexane 10:90); [a]D=


�20.28 (c=0.50 in CHCl3);
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=


5.96 (dd, J=11.5, 9.9 Hz, 1H), 5.65–5.60 (m, 2H), 5.31 (dd, J=15.6,
8.9 Hz, 1H), 4.65 (dd, J=9.8, 1.6 Hz, 1H), 4.60 (dd, J=13.1, 4.6 Hz, 1H),
4.49 (dd, J=13.1, 9.4 Hz, 1H), 3.78 (dd, J=7.4, 2.1 Hz, 1H), 3.19 (s and
m, 4H), 2.42–2.37 (m, 2H), 2.20–2.15 (m, 1H), 2.05–2.00 (m, 1H), 1.80–
1.75 (m, 2H), 1.50–1.45 (m, 1H), 1.45–1.40 (m, 1H), 0.90, 0.86 (2s, 18H),
0.09, 0.08, 0.04, 0.02 ppm (4s, 12H); 13C NMR (100 MHz, CDCl3): d=


173.5, 135.0, 134.4, 125.7, 122.7, 85.4, 79.2, 68.0, 61.3, 55.8, 34.7, 29.1, 26.6,
26.0, 25.9, 22.6, 18.4, 18.3, �4.2, �4.3, �4.4, �4.7 ppm; IR (thin film): ñ=


2955, 2928, 2855, 1738, 1653, 1472, 1252, 1147, 1072, 835, 775 cm�1; HR-
ESMS: m/z : calcd for C26H50O5Si2Na: 521.3095; found: 521.3094
[M+Na]+ .


(7E,9R,10S,11R,12Z)-10,11-Dihydroxy-9-methoxy-oxacyclotetradeca-
7,12-dien-2-one (6): To 20b (11.0 mg, 0.022 mmol) in THF (1.5 mL),
TBAF (120 mL of a 1.0m solution in THF, 0.12 mmol) was added, and the
resulting mixture was stirred at room temperature for 24 h. Solid NH4Cl
was added and the mixture extracted with EtOAc (3L15 mL). The or-
ganic layers were combined, washed with brine, dried (MgSO4) and the
solvent removed under diminished pressure. Chromatography (EtOAc/
cyclohexane 25:75 ! 40:60) gave 6 as a colourless oil (4.0 mg, 67%).
Rf=0.20 (EtOAc/cyclohexane 70:30); [a]20D =�348 (c=0.25 in CHCl3);
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=6.04 (t, J=10.3 Hz, 1H),
5.90–5.85 (m, 1H), 5.82 (dd, J=15.3, 7.8 Hz, 1H), 5.24 (dd, J=15.5,
8.7 Hz, 1H), 4.65 (dd, J=13.1, 8.7 Hz, 1H), 4.55–4.50 (m, 2H), 3.79 (dd,
J=8.6, 3.7 Hz, 1H), 3.40 (t, J = 8.6 Hz, 1H), 3.30 (s, 3H), 2.74 and 2.66
(2br s, 2H), 2.44 (ddd, J=15.0, 6.9, 4.5 Hz, 2H), 2.31 (ddd, J=14.7, 10.0,
4.3 Hz, 2H), 2.11 (m, 1H), 1.85–1.75 (m, 1H), 1.70–1.60 (m, 1H), 1.55–
1.50 (m, 1H), 1.35–1.25 ppm (m, 1H); 13C NMR (100 MHz, CDCl3, 25 8C,
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TMS): d=173.0, 137.5, 132.4, 126.8, 125.9, 83.8, 75.0, 66.5, 60.3, 56.0, 34.5,
30.3, 27.8, 22.6 ppm; HR-ESMS: m/z : calcd for C14H22O5Na: 293.1365;
found: 293.1379 [M+Na]+ .


Ethyl [(2R,3R,4S)-3,4-diacetoxy-3,4-dihydro-pyran-2-yl]-(6E,8R)-8-me-
thoxy-6-octenoate (21): To 15b (504 mg, 1.865 mmol) and ethyl 6-hepte-
noate (1.20 mL, 6.84 mmol) was added, via a cannula, the Grubbs’ cata-
lyst 2nd generation (79 mg, 0.093 mmol) which had been dissolved in de-
gassed and dried CH2Cl2 (15 mL) and the mixture was heated at reflux
for 48 h. The organic layer was removed under diminished pressure and
chromatography (EtOAc/cyclohexane 1:9 to 2:8) of the residue gave 21
as a colourless oil (412 mg, 55%). Rf=0.20 (EtOAc/cyclohexane 25:75);
[a]20D =�30.78 (c=0.95 in CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=6.46 (d, J=6.1 Hz, 1H), 5.73 (dt, J=15.4, 6.7 Hz, 1H), 5.56
(ddt, J=15.5, 8.4, 1.3 Hz, 1H), 5.33–5.30 (m, 2H), 4.75 (dd, J=6.1,
3.4 Hz, 1H), 4.09 (q, J=7.1 Hz, 2H), 3.95 (dd, J=8.4, 4.7 Hz, 1H), 3.69
(dd, J=8.4, 4.7 Hz, 1H), 3.21 (s, 3H), 2.28 (t, J=7.4 Hz, 2H), 2.10 (m,
2H), 2.05, 2.01 (2s, 6H), 1.61 (m, 2H), 1.42 (m, 2H), 1.22 ppm (t, J=


7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=173.5, 170.4
and 169.2, 145.9, 136.6, 125.7, 98.5, 78.5, 78.0, 68.1, 67.5, 60.1, 56.4, 34.0,
31.9, 28.4, 24.3, 21.0, 20.8, 14.2 ppm; HR-ESMS: m/z : calcd for
C20H30O8Na: 421.1838; found: 421.1834 [M+Na]+ .


(6E,8S,9R,10S,11E)-10-Acetoxy-9-hydroxy-8-methoxy-13-oxo-trideca-
6,11-dienoic acid ethyl ester (22): To a solution of 21 (92 mg, 0.23 mmol)
in dioxane (2 mL) was added H2SO4 (3 mL, 0.5 mm), and HgSO4 (10 mg,
0.034 mmol) and stirring continued for 15 h. The mixture was then fil-
tered through Celite, washing with CH2Cl2. The product was extracted
into CH2Cl2 (3L10 mL). The organic layers were combined, washed with
brine, dried (MgSO4) and the solvent removed under diminished pressure
to afford 22 as a colourless oil (77 mg, 94%). Rf=0.25 (EtOAc/cyclohex-
ane 1:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.59 (d, J=7.9 Hz,
1H), 6.93 (dd, J=15.8, 6.4 Hz, 1H), 6.21 (dd, J=15.8, 7.8 Hz, 1H), 5.76
(dt, J=15.4, 6.8 Hz, 1H), 5.55 (t, J=5.3 Hz, 1H), 5.37 (dd, J=15.8,
8.2 Hz, 1H), 4.12 (q, J=7.0 Hz, 2H), 3.72 (m, 1H), 3.48 (dd, J=8.2,
5.7 Hz, 1H), 3.27 (s, 3H), 2.92 (br s, 1H), 2.33 (m, 2H), 2.14–2.12 (2s,
6H), 2.12 (m, 2H), 1.65 (m, 2H), 1.45 (m, 2H), 1.25 ppm (t, J=7.2 Hz,
3H); HR-ESMS: m/z : calcd for C18H28O7Na: 379.1733; found: 379.1723
[M+Na]+ .


Ethyl (6E,8R,9R,10R,11E)-9,10-Diacetoxy-13-hydroxy-8-methoxy-tride-
ca-6,11-dienoate (7): To 22 (77 mg, 0.22 mmol) in dry CH2Cl2 (10 mL)
was added pyridine (51 mg, 0.64 mmol) and acetic anhydride (120 mL,
1.27 mmol) and the mixture left to stand overnight. Water was added and
the product extracted into CH2Cl2 (3L30 mL). The organic layers were
then combined, dried (MgSO4) and the solvent removed under diminish-
ed pressure. Chromatography (EtOAc/cyclohexane 1:1) of the residue
gave the acetylated aldehyde intermediate as a colourless oil (28 mg,
33%). Rf=0.40 (EtOAc/cyclohexane 1:1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =9.56 (d, J=7.8 Hz, 1H), 6.76 (dd, J=15.8, 5.7 Hz, 1H),
6.23 (dd, J=15.8, 7.2 Hz, 1H), 5.76 (dt, J=15.4, 7.2 Hz, 1H), 5.70 (t, J=


5.9 Hz, 1H), 5.27 (dd, J=15.5, 8.0 Hz, 1H), 5.20 (t, J=4.9 Hz, 1H), 4.12
(q, J=7.1 Hz, 2H), 3.71 (dd, J=8.2, 5.1 Hz, 1H), 3.24 (s, 3H), 2.29 (t, J=


7.5 Hz, 2H), 2.09–2.07 (2s, 6H), 2.10–2.05 (m, 2H), 1.63 (m, 2H), 1.43
(m, 2H), 1.24 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d =192.8, 173.5, 170.0, 169.3, 149.3, 137.0, 133.6, 125.1, 80.5, 74.4,
71.3, 60.2, 56.5, 34.0, 31.9, 28.4, 24.4, 20.7, 14.2 ppm; HR-ESMS: m/z :
calcd for C20H30O8Na: 421.1838; found: 421.1851 [M+Na]+ .


To a solution of this aldehyde (28 mg, 0.07 mmol) in THF (5 mL) at 0 8C
was added NaBH4 (6 mg, 0.16 mmol) and the mixture stirred for 4 h. HCl
(0.2n) was then added and the mixture extracted with EtOAc (3L
10 mL). The organic layers were then combined, dried (MgSO4) and the
solvent removed under diminished pressure. Chromatography (EtOAc/
cyclohexane 70:30) gave 7 as a colourless oil (11 mg, 39%). [a]20D =++


27.78 (c=0.55 in CHCl3);
1H NMR (300 MHz, CDCl3): d =5.92 (dt, J2–3=


15.6, 5.0 Hz, 1H), 5.76–5.66 (m, 2H), 5.43 (dd, J=7.8, 5.0 Hz, 1H), 5.28
(dd, J=15.3, 8.2 Hz, 1H), 5.13 (t, J=5.6 Hz, 1H), 4.16 (brd, J=5.0 Hz,
2H), 4.12 (q, J=7.1 Hz, 2H), 3.62–3.57 (m, 1H), 3.21 (s, 3H), 2.30 (t, J=


7.3 Hz, 2H), 2.09–2.03 (2s, 6H), 2.10–2.05 (m, 2H), 1.63 (m, 2H), 1.40
(m, 2H), 1.24 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


173.9), 170.5, 169.8, 136.9, 135.6, 125.8, 124.8, 80.8, 74.8, 72.6, 62.8, 60.5,


56.6, 34.3, 32.1, 28.7, 24.6, 21.3, 21.2, 14.4 ppm; IR (thin film): ñ=3428,
2931, 1736, 1642, 1372, 1226, 1025 cm�1; HR-ESMS: m/z : calcd for
C20H32O8Na: 423.1995; found: 423.1996 [M+Na]+ .


Ethyl (6E,8S,9R,10S,11E)-10-Acetoxy-9,13-dihydroxy-8-methoxy-trideca-
6,11-dienoate (8): To 22 (183 mg, 0.51 mmol) in THF (20 mL) at 0 8C was
added NaBH4 (39 mg, 1.03 mmol) and the mixture was stirred for 8 min.
HCl (0.2n) was then added and the mixture extracted with EtOAc (3L
30 mL). The organic layers were then combined, dried (MgSO4) and the
solvent removed under diminished pressure. Chromatography (EtOAc/
cyclohexane 25:75) of the residue gave 8 as a colorless oil (119 mg,
65%). Rf=0.20 (EtOAc/cyclohexane 25:75); [a]20D =++17.88 (c=1.95 in
CHCl3);


1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.95–5.85 (m, 2H),
5.76 (m, 1H), 5.35–5.30 (m, 2H), 4.18 (d, J=4.1 Hz, 2H), 4.13 (q, J=


7.1 Hz, 2H), 3.67 (m, 1H), 3.39 (t, J=7.8 Hz, 1H), 3.25 (s, 3H), 2.32 (m,
2H), 2.12 (s, 3H), 2.12–2.07 (m, 2H), 1.66 (m, 2H), 1.44 (m, 2H),
1.26 ppm (t, J=7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=173.9, 170.2, 137.7, 135.1, 126.3, 125.0, 82.6, 75.1, 74.1, 63.0, 60.5, 56.1,
34.3, 32.2, 28.7, 24.6, 21.5, 14.5 ppm; IR (thin film): ñ=3428, 2933, 1733,
1647, 1373, 1240, 1024 cm�1; HR-ESMS: m/z : calcd for C18H30O7Na:
381.1889; found: 381.1877 [M+Na]+ .


(6E,8R,9R,10R,11E)-9,10,13-Trihydroxy-8-methoxy-trideca-6,11-dienoic
acid (9): To 8 (26 mg, 0.073 mmol) in THF/water/methanol 4:1:1 (3 mL)
was added dropwise LiOH (3 mL of 1.0m solution in water). After 1 h
HCl (0.2m) was added and the solvent removed. The residue was dis-
solved in brine and then extracted with EtOAc (3L10 mL). The organic
layers were combined, dried (MgSO4) and the solvent removed under di-
minished pressure. Chromatography (MeOH/CHCl3 0:1 to 1:1) of the
residue gave 9 as a colourless oil (8 mg, 40%). Rf=0.30 (MeOH/CHCl3
2:8); [a]20D =++5.08 (c=0.35 in CH3OH);


1H NMR (300 MHz, CD3OD):
d=5.85–5.70 (m, 3H), 5.45 (dd, J=15.5, 8.5 Hz, 1H), 4.15–4.10 (m, 2H),
3.65 (dd, J=8.3, 5.0 Hz, 1H), 3.60–3.55 (m, 1H), 3.39 (t, J=5.4, 5.4 Hz,
1H), 3.26 (s, 3H), 2.40 (t, J=7.3 Hz, 2H), 2.17 (m, 2H), 1.64 (m, 2H),
1.49 ppm (m, 2H); 13C NMR (100 MHz, CD3OD): d =137.2, 132.9, 131.5,
128.5, 83.6, 78.1, 73.0, 63.3, 56.4, 33.2, 30.0, 26.2 ppm; HR-ESMS: m/z :
calcd for C14H23O6: 287.1495; found: 287.1482 [M�H]� .


Acknowledgements


This work was supported by Science Foundation Ireland (Programme
Grant 03/IBN/B352).The authors are grateful to Dr. Helge Mueller-Bunz
for the X-ray structure determination and to Professor Janine Cossy for
advice regarding the use of TBS protection in RCM reactions for the syn-
thesis of migrastatin and analogues.


[1] D. Chodniewicz, R. L. Klemke, Exp. Cell Res. 2004, 301, 31–37.
[2] a) K. Nakae, Y. Yoshimoto, M. Ueda, T. Sawa, Y. Takahashi, H. Na-


ganawa, T. Takeuchi, M. J. Imoto, J. Antibiot. 2000, 53, 1228–1230;
b) E. J. Woo, C. M. Starks, J. R. Carney, R. Arslanian, L. Cadapan,
S. Zavala, P. Licari, J. Antibiot. 2002, 55, 141–146.


[3] J. Ju, S.-K. Lim, H. Jiang, B. Shen, J. Am. Chem. Soc. 2005, 127,
1622–1623.


[4] C. Gaul, J. T. Njardarson, S. J. Danishefsky, J. Am. Chem. Soc. 2003,
125, 6042–6043.


[5] S. Reymond, J. Cossy, Tetrahedron 2007, 63, 5918–5929.
[6] J. Ju, S.-K. Lim, H. Jiang, J.-W. Seo, Y. Her, B. Shen, Org. Lett.


2006, 8, 5865–5868.
[7] a) C. Gaul, J. T. Njardarson, D. Shan, D. C. Dorn, K.-D. Wu, W. P.


Tong, X.-Y. Huang, M. A. S. Moore, S. J. Danishefsky, J. Am. Chem.
Soc. 2004, 126, 11326–11337; b) J. T. Njardarson, C. Gaul, D. Shan,
X.-Y. Huang, S. J. Danishefsky, J. Am. Chem. Soc. 2004, 126, 1038–
1040.


[8] D. Guo, Y. Tan, D. Wang, K. S. Madhusoodanan, Y. Zheng, T.
Maack, J. J. Zhang, X.-Y. Huang, Cell 2007, 128, 341–355.


[9] D. Shan, L. Chen, J. T. Njardarson, C. Gaul, X. Ma, S. J. Danishef-
sky, X.-Y. Huang, Proc. Natl. Acad. Sci. USA 2005, 102, 3772–3776.


Chem. Eur. J. 2008, 14, 1592 – 1600 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1599


FULL PAPERNatural Products



http://dx.doi.org/10.1016/j.yexcr.2004.08.006

http://dx.doi.org/10.1016/j.yexcr.2004.08.006

http://dx.doi.org/10.1016/j.yexcr.2004.08.006

http://dx.doi.org/10.1021/ja043808i

http://dx.doi.org/10.1021/ja043808i

http://dx.doi.org/10.1021/ja043808i

http://dx.doi.org/10.1021/ja043808i

http://dx.doi.org/10.1021/ja0349103

http://dx.doi.org/10.1021/ja0349103

http://dx.doi.org/10.1021/ja0349103

http://dx.doi.org/10.1021/ja0349103

http://dx.doi.org/10.1016/j.tet.2007.02.107

http://dx.doi.org/10.1016/j.tet.2007.02.107

http://dx.doi.org/10.1016/j.tet.2007.02.107

http://dx.doi.org/10.1021/ol062470p

http://dx.doi.org/10.1021/ol062470p

http://dx.doi.org/10.1021/ol062470p

http://dx.doi.org/10.1021/ol062470p

http://dx.doi.org/10.1021/ja048779q

http://dx.doi.org/10.1021/ja048779q

http://dx.doi.org/10.1021/ja048779q

http://dx.doi.org/10.1021/ja048779q

http://dx.doi.org/10.1021/ja039714a

http://dx.doi.org/10.1021/ja039714a

http://dx.doi.org/10.1021/ja039714a

http://dx.doi.org/10.1016/j.cell.2006.11.048

http://dx.doi.org/10.1016/j.cell.2006.11.048

http://dx.doi.org/10.1016/j.cell.2006.11.048

http://dx.doi.org/10.1073/pnas.0500658102

http://dx.doi.org/10.1073/pnas.0500658102

http://dx.doi.org/10.1073/pnas.0500658102

www.chemeurj.org





[10] B. B. Metaferia, L. Chen, H. Baker, X.-Y. Huang, C. A. Bewley, J.
Am. Chem. Soc. 2007, 129, 2434–2435.


[11] Y. Kloog, A. D. Cox, Mol. Med. Today 2000, 6, 398–402.
[12] S. Kadam, J. B. McAlpine, J. Antibiot. 1994, 47, 875–880.
[13] J.-Y. Le Brazidec, C. A. Gilson, M. F. Boehm, J. Org. Chem. 2005,


70, 8212–8215.
[14] B. Helferich, Adv. Carbohydr. Chem. Biochem. 1952, 7, 209–245.
[15] S. T. Nguyen, T. M. Trnka, R. H. Grubbs, Acc. Chem. Res. 2001, 34,


18–29.
[16] For a review on ring closing metathesis in the synthesis of natural


products see: A. Gradillas, J. Perez-Castells, Angew. Chem. 2006,
118, 6232–6247; Angew. Chem. Int. Ed. 2006, 45, 6086–6101.


[17] A. K. Chatterjee, T. L. Choi, D. P. Sanders, R. H. Grubbs, J. Am.
Chem. Soc. 2003, 125, 11360–11370.


[18] S. Y. K. Tam, B. Fraser-Reid, Carbohydr. Res. 1975, 45, 29–43.
[19] F. Gonzalez, S. Lesage, A. S. Perlin, Carbohydr. Res. 1975, 42, 267–


274.
[20] A. N. McEvoy, E. A. Murphy, T. Ponnio; O. M. Conneely, B. Bresni-


han, O. E. P. Murphy, J. Immunol. 2002, 168, 2979.
[21] P. Tak, B. Bresnihan, Arthritis Rheum. 2000, 43, 2619.


Received: July 5, 2007
Revised: October 16, 2007


Published online: November 23, 2007


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1592 – 16001600


P. V. Murphy et al.



http://dx.doi.org/10.1021/ja068538d

http://dx.doi.org/10.1021/ja068538d

http://dx.doi.org/10.1021/ja068538d

http://dx.doi.org/10.1021/ja068538d

http://dx.doi.org/10.1016/S1357-4310(00)01789-5

http://dx.doi.org/10.1016/S1357-4310(00)01789-5

http://dx.doi.org/10.1016/S1357-4310(00)01789-5

http://dx.doi.org/10.1002/ange.200600641

http://dx.doi.org/10.1002/ange.200600641

http://dx.doi.org/10.1002/ange.200600641

http://dx.doi.org/10.1002/ange.200600641

http://dx.doi.org/10.1002/anie.200600641

http://dx.doi.org/10.1002/anie.200600641

http://dx.doi.org/10.1002/anie.200600641

http://dx.doi.org/10.1021/ja0214882

http://dx.doi.org/10.1021/ja0214882

http://dx.doi.org/10.1021/ja0214882

http://dx.doi.org/10.1021/ja0214882

http://dx.doi.org/10.1016/S0008-6215(00)85863-2

http://dx.doi.org/10.1016/S0008-6215(00)85863-2

http://dx.doi.org/10.1016/S0008-6215(00)85863-2

http://dx.doi.org/10.1016/S0008-6215(00)84269-X

http://dx.doi.org/10.1016/S0008-6215(00)84269-X

http://dx.doi.org/10.1016/S0008-6215(00)84269-X

http://dx.doi.org/10.1002/1529-0131(200012)43:12%3C2619::AID-ANR1%3E3.0.CO;2-V

www.chemeurj.org






DOI: 10.1002/chem.200701053


Surfactant-Free Synthesis of Hyperbranched Monoclinic Bismuth Vanadate
and its Applications in Photocatalysis, Gas Sensing, and Lithium-Ion
Batteries


Yu Zhao, Yi Xie,* Xi Zhu, Si Yan, and Sunxi Wang[a]


Introduction


Outside the realm of biology, some of the most beautiful
and familiar examples of spontaneous pattern formation in
nature can be found in the growth of crystals. Investigation
into the chemical systems of these attractive crystal struc-
tures has shown that the distinctive size, shape, and chemical
functionality of such structures make them promising candi-
dates for the design and fabrication of new functional mate-
rials.[1] One example of these attractive patterns, the hyper-
branched structure, is common in nature across a wide
range of size scales.[2] Hyperbranched crystals usually have
hexagonal or cubic symmetry, and have been obtained
through different strategies, such as spontaneous ordered ag-
gregation[3] and surfactant/ligand-assisted processes.[4] For
example, well-defined a-Fe2O3 dendritic fractals have been
fabricated from the hydrolysis of a single iron complex pre-
cursor by using spontaneously self-assembled nanoscale


building blocks,[3a] and PbS 3D dendritic nanostructures
have been obtained through a surfactant/ligand-assisted hy-
drothermal method.[4a] However, hyperbranched materials
with low crystal symmetry (for instance, monoclinic) are not
common in nature. To the best of our knowledge, the fabri-
cation of hyperbranched structures of such materials without
the assistance of templates, microemulsions, surfactant mi-
celles, and so on, has seldom been reported to date. Thus, a
challenge remains for material scientists to find simple and
reliable methods for the controlled synthesis of hierarchical-
ly hyperbranched architectures of low crystal-symmetry ma-
terials with designed chemical components and expected
functionalities.


Over the past few decades considerable attention has
been devoted to metal-oxide semiconductors, which have
extremely important applications in various fields, such as
gas sensing,[5] lithium-ion batteries,[6] and photocatalysis.[7]


One member of the Aurivillius family of layered oxides,
monoclinic bismuth vanadate (m-BiVO4) has attracted con-
siderable attention as a result of its properties. This com-
pound, which has important applications in pigments,[8] ionic
conductivity,[9] and ferroelasticity,[10] also has the ability to
photocatalytically split H2O into O2 and H2 from an aque-
ous solution of AgNO3


[11d] and can photodegrade organic
pollutants under visible-light irradiation.[11a–c] These novel
photochemical properties make m-BiVO4 a promising func-
tional material with considerable potential applications in


Abstract: Hyperbranched monoclinic
BiVO4 (h-BiVO4) has been synthesized
on a large scale and with good uni-
formity by a surfactant-free hydrother-
mal route. h-BiVO4 consists of four
trunks with branches distributed on op-
posite sides. From observation of the
intermediates at an early stage of the
reaction process, it can be seen that
during formation h-BiVO4 has different
growth rates along the a, b, and c axes.


Based on crystal structure analysis and
experimental results, h-BiVO4 shows
preferential growth along the [100] di-
rection, and subsequently, along the
[010] and [001] directions. As-synthe-
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catalytic ability in the photodegrada-
tion reaction of an aqueous solution of
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solving the energy and environmental issues that confront
mankind today. Traditional methods for synthesizing m-
BiVO4 usually involve solid-state or melting reactions at
high temperatures.[12] It would be of interest if a preparation
method that controls the crystal forms under mild conditions
could be developed. Recent advances have shown that m-
BiVO4 can be readily synthesized through a hydrothermal
process.[11] The benefits of this method are the relatively low
temperature required, environmentally friendly reaction
conditions, and controllable morphology and size distribu-
tion.


Herein, we report the synthesis of m-BiVO4 with a hyper-
branched structure without the assistance of surfactants. Hy-
perbranched monoclinic BiVO4 (h-BiVO4) has been synthe-
sized by the hydrothermal treatment of BiACHTUNGTRENNUNG(NO3)3 and
NaVO4 under acidic conditions. The structure is formed as a
result of fast growth along the [100] direction and relatively
slow growth along the [010] direction. h-BiVO4 exhibits
better photocatalytic ability when compared with hierarchi-
cal m-BiVO4 frameworks, which were synthesized by a sur-
factant-assisted route outlined previously.[11b] As an impor-
tant metal oxide semiconductor with a layered structure, we
have investigated the electrochemical behavior of m-BiVO4


for potential applications in gas sensing and lithium-ion bat-
teries. h-BiVO4 shows a high sensitivity to ethanol and form-
aldehyde gases, favorable discharge capacity, and capacity
retention, which indicates that h-BiVO4 represents an ad-
vanced material for building microdevices with predictable
functionalities. This work could be of great importance for
the exploration and expansion of potential applications of
m-BiVO4.


Results and Discussion


Figure 1 shows the field-emission scanning electron micro-
scopy (FESEM) images and XRD pattern of the synthesized


product. A panoramic morphology of the product is present-
ed in Figure 1a that reveals the hyperbranched structure and
indicates a high yield. A magnified FESEM image that
shows an individual h-BiVO4 architecture is presented in
Figure 1b. The hyperbranched structure grows with four pro-
nounced trunks, which have corrugations and ordered
branches that are symmetrically distributed on opposite
sides of the trunks. The length of the trunks is 3 to 5 mm,
whereas the length of the branches ranges from 200 to
500 nm. Figure 1c shows a magnified FESEM image of an
individual trunk. All of the branches have a similar structure
and opposing directions of protrusion. It is also worth
noting that there are some protuberances, rather than
branches, that grow perpendicular to both the trunk and the
branches. Figure 1d shows the XRD pattern of h-BiVO4. All
of the diffraction peaks can be indexed as a monoclinic lat-
tice (space group I2/b) of BiVO4 with cell constants of a=


5.200, b=5.097, and c=11.74 J, which are consistent with
the values given by the Joint Committee on Powder Diffrac-
tion Standards (JCPDS 83-1700). No peaks for other phases
or impurities were detected, which indicated the high purity
of the product.


Figure 2 shows transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM) images of h-BiVO4 and the associated selective


area electron diffraction (SAED) and energy-dispersive X-
ray spectroscopy (EDX) patterns. Figure 2a shows the TEM
image of an individual trunk. Despite the fact that there are
some shorter branches positioned between the normal-sized
branches, in general the closer the branches are to the tip of
the trunk the shorter they become. This phenomenon sug-
gests that the growth rates of the trunks and the branches
are clearly different. Figure 2b and c shows HRTEM images
and SAED patterns of the trunk and branch, respectively, as


Figure 1. a) A representative FESEM image of the hyperbranched m-
BiVO4. b) A magnified FESEM image that shows a single hyperbranch
of h-BiVO4. c) A magnified FESEM image that shows the trunk of h-
BiVO4. d) The XRD pattern of h-BiVO4.


Figure 2. a) A TEM image of the trunk of an individual hyperbranch. b)
and c) The HRTEM images (left) associated with the SAED patterns
(right) of h-BiVO4. d) The corresponding EDX pattern of h-BiVO4.
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indicated in Figure 2a. The separations of 2.59 and 2.60 J in
Figure 2b and c, respectively, correspond to the distance be-
tween adjacent (200) crystal planes, whereas the separations
of 2.35 (Figure 2b) and 2.55 J (Figure 2c) correspond to the
distance between adjacent (114) and (020) crystal planes, re-
spectively. h-BiVO4 shows fast growth along the [100] direc-
tion (the trunk) and subsequent growth along the [010] di-
rection (the branch). In combination with the FESEM ob-
servations (Figure 1c), the results indicate that the growth
rate along the [001] direction is much slower than along the
[100] or [010] directions because no branches grow out from
the trunk in this direction. Figure 2d shows the EDX spec-
trum of h-BiVO4. Only bismuth, vanadium, and oxygen sig-
nals were observed (copper and carbon signals arise from
the TEM grid), which indicates the high purity of the prod-
uct. The ratio of Bi:V atoms is approximately 1:1.08, which
is consistent with the stoichiometric ratio of BiVO4.


Regarding the formation of h-BiVO4, it is thought that
protons play a key role because there are no other tem-
plates or organic additives in the reaction system. For a
complete view of the morphology evolution, a detailed
time-dependent study was conducted. Figure 3a to f shows a


series of TEM images of the intermediates taken at intervals
of 10 min, 20 min, 30 min, 45 min, 1 h and 3 h, respectively,
after the reaction had begun. The intermediates clearly
show a continuous morphology evolution from a square to a
tetrapod-branched structure, and finally to a hyperbranched
structure. After the reaction had proceeded for 10 min,
square particles were generated and after 30 min the inter-
mediates had grown bigger and became tetrapod-branched
structures. As the reaction time increased to 3 h, branches
grew out of the trunks. For reaction times of 6 h, the product
consisted predominantly of h-BiVO4. Accompanying XRD
analysis indicated that the intermediates were phase-pure
m-BiVO4 (see the Supporting Information). To understand
why protons seriously affected the formation of the hyper-
branched structure, we first considered the crystal structure


of m-BiVO4.
[11a] Figure 4a (left–right) shows the side eleva-


tion of the {100}, {010}, and {001} facets, respectively. The
V�O polyhedrons (VOPs) and Bi�O polyhedrons (BOPs)


are closely packed along the [100] direction (Figure 4a, left),
whereas along the [010] direction they are less closely
packed and have aligned tunnels (Figure 4a, center). We be-
lieve that these aligned tunnels facilitate the dissolution of
BiVO4 in strongly acidic conditions (pH 2–3) because there
is enough space for protons to intercalate into the tunnels.
As the intercalation of protons and the dissolution process
occurs, the growth rate along the [010] direction slows
down. However, in comparison, the growth rate along the
[100] direction is not as seriously affected by proton interca-
lation because of the closely packed VOPs and BOPs.
Therefore, the [100] direction becomes the preferential ori-
entation direction. The m-BiVO4 crystal has layers arranged
in a lamellar structure along the [001] direction (Figure 4a,
right). The space between these neighboring layers favors
the proton-intercalation-induced dissolution process. There-
fore, the growth rate along the [001] direction is rapidly de-
celerated, and instead of branches, only protuberances grow
out of the trunk. This proton-induced dissolution process for
the generation of micro- and nanostructures has also been
observed in the synthesis of metal-oxide-based materials,
such as a-Fe2O3 nanotubes,[13] ammonium molybdenum/
tungsten bronze nanorods,[14] and vanadium pentoxide nano-
belts,[15] , which are a result of acidity during formation and
are closely related to the crystal structure. Based on the
time-dependent morphology evolution evidence and the
crystal structure analysis, a proton-induced dissolution pro-
cess for the formation of h-BiVO4 has been proposed. A
schematic illustration of this process is presented in Fig-
ure 4b.


Although the hyperbranched-formation process has been
deduced, direct evidence of the shape transformation caused
by proton intercalation and dissolution cannot be proved.


Figure 3. a)–f) A series of TEM images of the intermediate products col-
lected at intervals of 10 min, 20 min, 30 min, 45 min, 1 h, and 3 h, respec-
tively. The scale bars are 100, 200, 200, 200, 400 and 500 nm, respectively.


Figure 4. a) Side elevation views of the {100}, {010} and {001} facets (left–
right) of a 2N2N1 section of m-BiVO4. b) A schematic illustration of the
formation process of the hyperbranched structure.
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To confirm the key role that protons play in this formation
process, we conducted a series of parallel experiments to in-
directly verify the rationality of our proposed formation pro-
cess. Figure 5a to d shows the products obtained at different


pH values (1.0, 4.0, 6.0, and 8.0, respectively). XRD analysis
has confirmed the monoclinic lattice of BiVO4 (see the Sup-
porting Information). As the pH value decreases from be-
tween 2.0 and 3.0 to 1.0, the product appears to be rodlike
and the branches are shortened (Figure 5a), which indicates
that the proton intercalation and dissolution process be-
comes more intense. The tunnels aligned along the [010] di-
rection are more likely to be attacked by protons, and there-
fore, the growth rate along the [010] direction slows down,
which results in the formation of shortened branches (com-
pared with h-BiVO4). As the pH value increases from be-
tween 2.0 and 3.0 to 4.0, the product appears to be grapelike
(see Figure 5b). Shorter branches are aligned around the
trunk and the length of the branches in different directions
is indistinguishable. This result suggests that as the proton
concentration decreases, the intercalation and dissolution
process is weakened and the growth rate along the [010] and
[001] directions are evenly matched. However, the ruling
growth direction is still along the [100] direction. As the pH
value is increased to 6.0 and then 8.0, only particles can be
distinguished (Figure 5c and d, respectively). The increased
pH value leads to a decreased intensity of proton intercala-
tion and dissolution, and therefore, no specific morphology
apart from particles can be obtained.


Photodegradation of H2O and organic pollutants with
photocatalysts is promising as a method to solve the urgent
energy and environmental issues that confront mankind
today. In prior research some UV-light-driven photocata-
lysts, TiO2 for instance, have been extensively studied.[16]


However, UV light makes up only 4% of the total solar
energy emissions compared with visible light, which ac-
counts for 43%. Therefore, the development of visible-light-
driven photocatalysts with high-energy-transfer efficiency,


low toxicity, and low cost for industrial production has
become one of the most challenging tasks. The photocatalyt-
ic performance of h-BiVO4 was tested on the photodegrada-
tion of N,N,N’,N’-tetraethylated rhodamine B (RB) under
visible-light irradiation. The UV/Vis diffuse reflectance
spectrum of h-BiVO4 is shown in Figure 6a. h-BiVO4 shows
a strong absorption in the visible-light region in addition to
that in the UV-light region. The energy of the band gap of
h-BiVO4 can be obtained from a plot of (ahn)2 versus
photon energy (hn ; Figure 6a, inset). The value estimated
from the x axis intercept of the tangent is 2.3 eV, which is
consistent with previous reports.[11d,17] Figure 6b shows the
decrease in UV/Vis absorption intensity of the solution of
RB with time, recorded at 15 min intervals. The photodeg-
ACHTUNGTRENNUNGradation rate is over 90% after 45 min under visible-light ir-
radiation. We also used commercial TiO2 (commercial De-
gussa P25 TiO2) and dense bulk m-BiVO4 particles (Fig-
ure 5d) as references to evaluate the photocatalytic perfor-
mance of h-BiVO4. As illustrated in the inset of Figure 6b, it
is obvious that h-BiVO4 exhibits superior photocatalytic
abilities over P25 and dense bulk m-BiVO4 particles. More-
over, h-BiVO4 exhibits better photodegradation efficiency
compared with the m-BiVO4 hierarchical frameworks of our
previous report.[11b] We assume that the surfactant-free reac-
tion system is responsible for the enhancement of photode-


Figure 5. a)–d) FESEM images of the products obtained at pH values of
1.0, 4.0, 6.0 and 8.0, respectively.


Figure 6. a) The UV/Vis diffuse reflectance spectra of h-BiVO4. Inset: A
plot of (ahn)2 vs. photon energy (hn). b) Changes to the UV/Vis spectrum
of an aqueous solution of RB as a function of irradiation time. Inset:
Comparison of the change in RB concentration under different catalytic
conditions; !=photocatalyst-free solution, ~=P25, *=dense bulk m-
BiVO4 particles, and &=h-BiVO4.
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gradation efficiency. Generally, the activity of a photocata-
lyst increases with an increase in surface area, not only be-
cause the photocatalytic reaction usually takes place on the
surface, but also because the efficiency of the electron–hole
separation is promoted.[18] The complete removal of surfac-
tant is a complicated process and there is a considerable
chance of organic molecules being adsorbed onto the sur-
face, which would prevent direct contact with pollutant mol-
ecules and decrease the photodegradation efficiency.


The electrochemical behavior of m-BiVO4 is of concern
when considering the fact that it is a metal-oxide semicon-
ductor with a layered structure. Herein, the applications of
h-BiVO4 in gas sensing and lithium-ion batteries were inves-
tigated. Sensing devices based on metal-oxide semiconduc-
tors are mainly used for the detection of combustible and
noxious gases. When a metal-oxide semiconductor is ex-
posed to reducing or oxidizing gases, its resistance varies in
accordance with the gas concentration. The theory for the
operation of such sensors involves adsorption/desorption
phenomena and reactions at the surface of the metal
oxide.[5a] The gas sensitivity is defined as the resistance ratio
Rair/Rgas, in which Rair and Rgas are the electrical resistances
for the sensor in air and gas, respectively. The sensing prop-
erties of h-BiVO4 towards trace levels of gas were analyzed
at room temperature in dry air. Figure 7 shows the room
temperature gas-sensing characteristic of h-BiVO4 (sensitiv-
ity vs. gas-vapor concentration) in response to ethanol and
formaldehyde (curves a) and b), respectively) compared
with dense bulk m-BiVO4 particles (curves c) and d), respec-
tively). The sensitivity of h-BiVO4 increases with an increase
in the concentration of ethanol or formaldehyde gas. How-
ever, the dense bulk m-BiVO4 particles are less sensitive to
the concentration of gas present. The sensitivity of h-BiVO4


to the two gases is distinguishable even at a concentration
of 10 ppm. The higher sensitivity of h-BiVO4 can be attribut-
ed to the relatively large surface area compared with the
dense bulk particles, which gives a better opportunity to
adsorb and desorb gas molecules.[19] In our study, we found
that the on and off responses for h-BiVO4 can be repeated
many times without observing major changes in the signal,


which indicates stable reversibility and potential applications
in combustible and noxious gas detection.


For years world-wide research has been focused on find-
ing alternative anode materials for lithium-ion batteries to
improve their energy density and safety.[20] It was found that
3D transition-metal oxides have enhanced reversible capaci-
ties compared with that of graphite.[21] The electrochemical
behavior and layered structure of m-BiVO4 facilitates the
intercalation and deintercalation of lithium ions compared
with the dense bulk materials, which is noteworthy in the
field of rechargeable lithium-ion batteries. Figure 8 shows


the voltage (2.5–1.0 V) versus discharge capacity curve for a
cell (current density=50 mAhg�1, 293 K) for the 2nd, 20th,
and 50th cycles. The discharge curve of the h-BiVO4 elec-
trode has a long plateau. The highest discharge capacity of
the second cycle is 226.8 mAhg�1, whereas the reversible dis-
charge capacity after 50 cycles is 168.3 mAhg�1 (74% of the
second discharge capacity). The inset of Figure 8 shows the
cyclic performance of the h-BiVO4 electrode. The relatively
high discharge capacity and stable capacity retention indi-
cate a potential application as a cathode material in lithium-
ion batteries.


Conclusion


In conclusion, m-BiVO4 with a hyperbranched structure has
been successfully synthesized through a surfactant-free hy-
drothermal route. The dissolution process and the arrange-
ment of VOPs and BOPs in the crystal result in different
growth rates along the a, b, and c axes, therefore, a proton-
induced intercalation–dissolution process for the formation
of the hyperbranched structure has been proposed. h-BiVO4


shows excellent visible-light driven photocatalytic ability in
the photodegradation of RB in solution. The electrochemi-
cal behavior of h-BiVO4 in gas sensing and in lithium-ion
batteries was also investigated. The high sensitivity to etha-
nol and formaldehyde gases, and favorable discharge capaci-


Figure 7. a) and b) The sensitivity (at RT) of h-BiVO4 to ethanol (&) and
formaldehyde (*), respectively. c) and d) The sensitivity (at RT) of dense
bulk m-BiVO4 particles to ethanol (&) and formaldehyde (*), respective-
ly.


Figure 8. Voltage versus discharge capacity curves for the 2nd, 20th, and
50th cycles of an h-BiVO4/Li cell between 2.5 and 1.0 V. Inset: The corre-
sponding cyclic performance of the cell.
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ty and capacity retention, suggest that h-BiVO4 has promis-
ing potential for application in these fields.


Experimental Section


All of the chemicals used were analytical reagents, purchased from
Shanghai Chemical Company and used without further purification. In a
typical procedure, Bi ACHTUNGTRENNUNG(NO3)3·5H2O (240 mg, 0.50 mmol) was dissolved in
distilled water (50 mL) and sonicated for 5 min to give a clear solution.
Then Na3VO4·12H2O (400 mg, 1.0 mmol) was added and stirred for
5 min to give an opaque solution. The pH value was then adjusted to ap-
proximately 2.0 to 3.0 with 2m aqueous nitric acid before the solution
was transferred to a Teflon-lined stainless steel autoclave with a capacity
of 60 mL. The autoclave was heated to 473 K at a ramping rate of
5 Kmin�1 and maintained at 473 K for 6 h. After the autoclave cooled to
room temperature, the bright yellow precipitate was collected, washed
several times with distilled water and ethanol, and dried in a vacuum
drying oven at 333 K for 6 h before characterization.


XRD patterns were recorded by using a Philips XQPert Pro Super diffrac-
tometer with CuKa radiation (l =1.54178 J), FESEM was performed by
using an FEI Sirion-200 SEM, the TEM and HRTEM images associated
with SAED and EDX analyses were performed by using a JEOL-2010
TEM with an acceleration voltage of 200 kV. The photocatalytic perfor-
mance of h-BiVO4 was evaluated by the degradation of RB under visi-
ble-light irradiation, which was provided by a Xenon lamp with a 380 nm
cut-off filter. An aqueous suspension of BiVO4 was prepared by adding
powdered h-BiVO4 (200 mg) to an aqueous solution of RB (100.0 mL, 5N
10�5


m). The solution was protected from light and stirred for 6 h to reach
adsorption equilibrium and uniform dispersion. At 15 min intervals after
irradiation, the dispersion was filtered and the RB concentration of the
filtrate was determined by using a UV/Vis-NIR spectrophotometer (Shi-
madzu SolidSpec-3700DUV). The same procedure was performed for
P25 and dense bulk m-BiVO4. Gas sensing measurements were per-
formed at room temperature with a WS-30A system (Weisheng Instru-
ments, Zhengzhou, China). The lithium-ion battery electrode experi-
ments were carried out by using a Land battery system (CT2001A). The
performance of h-BiVO4 as a cathode was evaluated by using a Teflon
cell with a lithium-metal anode. The cathode was a mixture of h-BiVO4,
acetylene black, and poly(vinylidene fluoride) with a weight ratio of
80:15:5. The electrolyte was 1m LiPF6 in ethylene carbonate/diethyl car-
bonate (1:1) and the separator was a Celgard 2320. The cell was assem-
bled in a glove box filled with high-purity argon gas. The galvanostatic
charge/discharge experiment was performed between 2.5 and 1.0 V at a
constant discharge rate of 50 mAg�1 at 293 K.
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Preferred Functionalization of Metallic and Small-Diameter Single-Walled
Carbon Nanotubes by Nucleophilic Addition of Organolithium and
-Magnesium Compounds Followed by Reoxidation


David Wunderlich, Frank Hauke, and Andreas Hirsch*[a]


Introduction


Addition reactions to the sidewalls of single-walled carbon
nanotubes (SWNTs)[1] are among the most important func-
tionalization methods in the field of new carbon allotrope
chemistry.[2] These transformations are accompanied by the
formation of sidewall sp3 C atoms carrying the covalently
bound addends. The major interest in sidewall functionaliza-
tion of SWNTs is driven by opportunities such as: 1) to in-
crease the solubility and processibility; 2) to combine their
properties with those of other classes of compounds; 3) to
increase the functionality; and last but not least 4) to study
the intrinsic chemical properties of SWNTs. The most inter-
esting chemical properties with respect to sidewall function-
alization are 1) the reactivity and 2) the selectivity of indi-
vidual exfoliated tubes toward either the direct binding of


addends or the binding of addends accompanied by preced-
ing electron-transfer reactions.


The available experimental and theoretical work on side-
wall additions reveals clearly that the reactivity of SWNTs
toward addition reactions is considerably lower than that of
classical molecules involving a conjugated p system.[2,3] Only
very reactive addends undergo addition reactions with the
tubes. Also, the related fullerenes such as C60 are more reac-
tive than SWNTs because the “sp2 C atoms” of the fullerene
core are considerably more pyramidalized, even when the
diameter of the tubes is as small as that of C60, for exam-
ple.[3,4] Whereas C60 easily undergoes [4+2] cycloadditions
with mild dienes[5] such as cyclopentadiene, only a few ex-
amples of reactions of very reactive dienes with SWNTs
have been reported.[6]


As prepared, SWNT samples consist of a mixture of tubes
with different diameters and helicities. Diameter-dependent
selectivity of addition reactions is expected.[3,4] In the case
of direct covalent binding of an addend, tubes with smaller
diameter should be attacked preferentially. Their C atoms
exhibit a higher degree of pyramidalization and consequent-
ly store more strain energy. Experimentally, the preferred
burning,[7] etching,[8] or ozonation[9] of smaller-diameter


Abstract: Covalent sidewall addition to
single-walled nanotubes (SWNTs) of a
series of organolithium and organo-
magnesium compounds (nBuLi, tBuLi,
EtLi, nHexLi, nBuMgCl, tBuMgCl)
followed by reoxidation is reported.
The functionalized Rn-SWNTs were
characterized by Raman and NIR
emission spectroscopy. The reaction of
SWNTs with organolithium and mag-
nesium compounds exhibits pro-
nounced selectivity: in general, metallic
tubes are more reactive than semicon-
ducting ones. The reactivity of SWNTs
toward the addition of organometallic


compounds is inversely proportional to
the diameter of the tubes. This was de-
termined simultaneously and independ-
ently for both metallic and semicon-
ducting SWNTs. The reactivity also de-
pends on the steric demands of the
addend. Binding of the bulky t-butyl
addend is less favorable than addition
of primary alkyl groups. Significantly,
although tBuLi is less reactive than, for


example, nBuLi, it is less selective
toward the preferred reaction with
metallic tubes. This unexpected behav-
ior is explained by fast electron trans-
fer to the metallic SWNTs having low-
lying electronic states close to the
Fermi level, a competitive initial pro-
cess. The NIR emission of weakly func-
tionalized semiconducting SWNTs, also
reported for the first time, implies in-
teresting applications of functionalized
tubes as novel fluorescent reporter
molecules.
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tubes has been observed, but no detailed experimental in-
vestigation of the dependence of selectivity on tube diame-
ter in the addition of organic addends has been reported yet
except in the addition of diazonium salts, where it was
found, however, that for semiconducting SWNTs the reac-
tivity increases with increasing diameter.[10] Conceptually,
further selectivity mechanisms are associated with the heli-
ACHTUNGTRENNUNGcity or the metal versus the semiconductor behavior of
SWNTs. Selectivity based on differing helicities has so far
been reported in theoretical contributions only,[4c] but the
first experimental evidence for higher reactivity of metallic
versus semiconducting tubes has already been provided.[10–12]


We have recently reported a clean method for the synthe-
sis of t-butylated SWNTs by a nucleophilic alkylation fol-
lowed by reoxidation.[12] Similarly to BillupsL reductive alky-
lation in liquid ammonia,[13] this functionalization method
has the advantage that the very soluble, negatively charged
intermediates are exfoliated, owing to electrostatic repul-
sion. Consequently tubes can be addressed chemically as in-
dividuals and are not agglomerated in bundles. Significantly,
we have received the first evidence for a preferred alkyl-
ACHTUNGTRENNUNGation of metallic over semiconducting nanotubes.[12] This
preference can be explained by the availability of accessible
electronic states close to the Fermi level, which leads to a
stabilization of transition states during the covalent attach-
ment of a nucleophilic addend (Figure 1).[12] Along the same


lines, the selectivity can also be explained by a traditional
chemical concept reported by Joselevich, stating that the
metallic species are less aromatic and have a smaller
HOMO–LUMO gap.[14]


We recognized that this reaction sequence offers exciting
opportunities for the systematic investigation of the selectiv-
ity principles of addition reactions to SWNT sidewalls. We
now report on some fundamental aspects of SWNT chemis-
try based on Raman and fluorescence spectroscopic charac-
terization of SWNT derivatives obtained from the reaction
with a series of organolithium and organomagnesium com-
pounds followed by reoxidation. In particular, we show for
the first time that: 1) for a whole series of organometallic
compounds metallic SWNTs are more reactive than semi-


conducting ones; 2) the reactivity of SWNTs toward the ad-
dition of organometallic compounds is inversely proportion-
al to the diameter; 3) the dependence on diameter of selec-
tivity holds for both metallic- and semiconducting SWNTs,
simultaneously and independently; 4) the selectivity of the
addition to metallic tubes versus semiconducting tubes is
not correlated inversely with the reactivity of organometallic
compounds toward sterically nonhindered substrates; and 5)
weakly functionalized semiconducting tubes still fluoresce in
the near infrared (NIR).


Results and Discussion


Commercially available purified HiPco
N


SWNTs[15] (CNI)
were used as starting materials. They were further purified
by sonication and boiling in concentrated hydrochloric acid
to remove iron catalyst particles. Before treatment with an
organometallic reagent, the tubes were dispersed in anhy-
drous cyclohexane in an ultrasonic bath under an inert gas
atmosphere to disintegrate larger particles and disperse the
bundles. To this dispersion, which reagglomerates easily
when the sonication is stopped, a fivefold excess of a solu-
tion of n-butyllithium, t-butyllithium, ethyllithium, n-hexyl-
lithium, n-butylmagnesium chloride, or t-butylmagnesium
chloride was added slowly (Scheme 1). The reaction mixture
was stirred for 30 min and subsequently sonicated for
30 min to facilitate the reaction with the organometallic


Figure 1. Schematic representation of the density of electronic states
(DOS) for a) a semiconducting and b) a metallic nanotube.


Scheme 1. Alkylation of SWNTs by RM(X) followed by reoxidation. R=


nBu, tBu, Et, or nHex; M=Li or Mg; X=Cl (for M=Mg).
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compounds. During this process a very stable homogeneous
dispersion was formed. As we have shown previously, the
stability of the black dispersions of dissolved tubes is a
result of the electrostatic repulsion of the intermediates Rn-
SWNTn� that causes exfoliation of the bundles
(Scheme 1).[12] The intermediates Rn-SWNTn� are formed by
addition of the addends R to the sidewalls of the tubes, ac-
companied by the transfer of one electron per R. This reac-
tion is also well known as the initial step of the hydroalkyl-
ACHTUNGTRENNUNGation and arylACHTUNGTRENNUNGation of fullerenes such as C60 and C70.


[5] After
the sonication step the reaction mixture was stirred for an-
other 20 h. Subsequently, the intermediates Rn-SWNTn�


were oxidized to give the reaction products Rn-SWNT by
bubbling oxygen through the solution for 30 min
(Scheme 1).


During this procedure the tubes are precipitated, owing to
aggregation caused by the removal of the negative charge.
The corresponding reaction products are denoted as Rn(M)-
SWNTwith M indicating the metal of the organometallic re-
agent (Li or Mg). We have replaced the carcinogenic ben-
zene in our previous report on the t-butylation of SWNTs[12]


by cyclohexane. SWNT alkylation with nBuLi and tBuLi in
a variety of solvents showed, for example, that THF[16] is not
suitable because the dispersion of the SWNTs in the pres-
ence of the organometallic reagent obtained by sonication
was not stable. Most importantly, Raman spectroscopy re-
vealed that almost no functionalization of the carbon nano-
tubes took place. Comparative results were obtained when a
benzene/THF mixture (1:1) was used as solvent. Significant-
ly, cyclohexane proved to be as good as benzene and was
therefore used to replace benzene in this study. The compar-
ison of reactions with nBuMgCl and tBuMgCl at RT and
0 8C revealed no significant difference. The alkylated deri-
vates Rn-SWNT are more soluble in organic solvents such as
1,2-dichloroethane than the unmodified tubes, but less solu-
ble in water in the presence of sodium dodecylbenzenesulfo-
nate (SDBS) as surfactant. TGA-MS analysis revealed the
presence of covalently bound addends by the unequivocal
determination of their molecular mass after thermal cleav-
age in the 160–440 8C range.


Raman spectroscopy is one of the most powerful methods
for investigating covalent sidewall functionalization.[17] Co-
valent binding of addends characteristically affects the in-
tensity ratio of the SWNT Raman bands. The most notice-
ACHTUNGTRENNUNGable change is an increase in the intensity of the D band
(�1250–1450 cm�1), which arises from the generation of sp3


C atoms as defects in the sidewalls, relative to those of the
radial breathing modes (RBMs) (�100–300 cm�1) and the
G band (�1500–1600 cm�1). The intensity ratio between the
D band and the G band is therefore taken as a parameter
for the extent of functionalization.[2,18] However, highly func-
tionalized SWNTs do normally exhibit reduced intensities of
the RBMs and the G band in comparison to the unmodified
tubes.[19] For this behavior two possible explanations can be
considered. Firstly, the covalent modification disrupts the
electronic band structure, thus reducing the resonance en-
hancement of the Raman process significantly. The same


phenomenon also reduces the intensity of the D band at
very high degrees of functionalization.[11a] Second, the de-
crease in intensity is related to functionalization-induced
changes in the overall symmetry and bonding structure of
the tubes.[18] By using the area ratio of the D peak to the G
peak (AD/AG) as a parameter for the extent of the function-
alization, we normalize all Raman spectra to the intensity of
the G band. Raman spectroscopy is a resonant process: that
is, Raman signals of particular carbon nanotubes are greatly
enhanced if either the incoming laser energy or the scat-
tered radiation matches an allowed electronic transition of
the tube (single resonance). Therefore, it is possible to ad-
dress different kinds of SWNTs with different excitation
wavelengths. The assignment of tubes that are resonant for
a given wavelength has been investigated carefully and sys-
tematically and can be taken from the “Kataura plots.”[11b,20]


In our experiments we used two different excitation wave-
lengths: 532 nm is predominantly resonant for metallic
nanotubes, whereas 780 nm is predominantly resonant for
semiconducting tubes.[11b] In both cases characteristic
changes of the intensities of the D bands and RBMs can be
observed after covalent sidewall functionalization. The D
band also shows dispersive behavior (the peak frequency in-
creases with increasing laser excitation energy). For the
Raman measurements Rn-SWNT samples were prepared as
bucky papers.


The G bands obtained with 532 nm excitation exhibit a
pronounced asymmetry at the low-frequency side, which is
attributed to a Breit–Wigner–Fano (BWF) resonance of
metallic nanotubes (Figure 2, right). At 780 nm excitation


the G band splits into a higher-frequency (G+) and a lower-
frequency (G�) component; both exhibit a symmetric line
shape and are attributed to semiconducting nanotubes
(Figure 3, right).[21]


The Raman spectra of the pristine material, nBun(Li)-
SWNTs, and tBun(Li)-SWNTs excited at 532 and 780 nm are
shown in Figures 2 and 3, respectively. It is clear from the


Figure 2. Raman spectra (532 nm excitation) of pristine SWNTs (solid
line), nBun(Li)-SWNTs (broken line), and tBun(Li)-SWNTs (dotted line).
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average values for the ratio of AD/AG to AD0/AG0 of the pris-
tine SWNTs (Table 1) that the intensities of the D bands in-
crease considerably after functionalization, especially for ex-
citation at 532 nm, where the metallic tubes are addressed.
Significantly, n-butyllithium is much more reactive to metal-
lic tubes than t-butyllithium. Yet t-butyllithium produces a
higher degree of functionalization in the semiconducting
tubes than n-butyllithium. For nBun(Li)-SWNT the AD/AG


ratio at 532 nm is almost four times that at 780 nm. The con-
clusion is that n-butyllithium is more reactive than t-butyl-
lithium but, most interestingly, it is more selective toward
metallic tubes. This behavior is counterintuitive at first
glance. Our interpretation is given below.


The RBM part of the Raman spectra taken at 532 nm ex-
citation reveals four predominant metallic M11 transitions at
190, 229, 239, and 273 cm�1, which are typical for the HiPco
nanotubes (Figures 2 and 3, left). The calculated diameters
of the corresponding tubes using the relationship wRBM=


Adt
�1+B (A=223.5 nmcm�1, B=12.5 cm�1)[22] are (from


left to right) 1.26, 1.04, 0.99, and 0.86 nm. By using the
modified Kataura plot[11b] it is possible to assign the peaks to
the (12,6), (9,6), (10,4), and (9,3) chirality indices. In the
regime of the metallic tubes, the intensity changes in the
RBM region at 532 nm excitation caused by the alkylation


are correlated inversely with the changes in the D-band in-
tensities (Figure 2). Most significantly, the decreases in the
intensities of the bands attributed to the small-diameter
tubes such as the (9,3) band at 273 cm�1 are considerably
more pronounced with increasing D-band intensity than
those of the higher-diameter SWNTs such as the (12,6) tube
(Figure 2, left). For tBun(Li)-SWNT the RBM intensities of
tubes with intermediate diameters, for example, (9,6) and
(10,4), are almost equal to the intensity of the (9,3) band. In
the highly functionalized nBun(Li)-SWNT the band of the
(9,3) mode has almost disappeared. In contrast, the intensity
of the RBM of the highest-diameter (12,6) tube is almost
equal to those of the (10,6) and (9,6) tubes. The conclusion
from these results is that there is pronounced selectivity as-
sociated with the alkylation of metallic SWNTs: the reactivi-
ty of metallic tubes is correlated inversely with the diameter.
The decrease in RBM intensity in functionalized Rn-SWNTs
is a result of the reduction of symmetry caused by the bind-
ing of addends. Conceptually, an ensemble of functionalized
tubes with a given (m,n) helicity is expected to be complete-
ly desymmetrized, since even for the ideal case in which
every tube contains the same number of addends R a
myriad of regioisomers will be formed.


At 780 nm excitation, five S22 bands for semiconducting
tubes at 205, 215, 225, 230, and 265 cm�1 (Figure 3, left) can
be seen. From the Kataura plot these can be attributed to
the (14,1), (9,7), (10,5), (8,7) and/or (13,0), and (10,2) tubes,
respectively. The corresponding diameters are 1.15, 1.10,
1.05, 1.03, and 0.88 nm. In the samples of functionalized
nBun(Li)-SWNTs and tBun(Li)-SWNTs the (9,7), (10,5), and
(8,7)/ ACHTUNGTRENNUNG(13,0) modes are not resolved. The most pronounced
decrease in intensity is observed for the (10,2) tubes of the
smallest diameter. However, compared to the metallic (9,3)
tubes addressed at 532 nm excitation this decrease is less
prominent. The conclusion from this set of experiments is
again that the reactivity of semiconducting tubes is correlat-
ed inversely with the diameter. Results obtained for the
functionalization of SWNTs with ethyllithium and n-hexyl-
lithium are comparable to those of the n-butyllithium reac-
tion: there is pronounced selectivity of 1) metallic tube func-
tionalization and 2) small-diameter tube functionalization
for both metallic and semiconducting tubes.


To investigate further the influence of the nucleophilicity
of the functionalization reagent, we also prepared the alkyl-
ACHTUNGTRENNUNGated nBun(Mg)-SWNT and tBun(Mg)-SWNT tubes by alkyl-
ACHTUNGTRENNUNGating the SWNTs with the less reactive Grignard reagents
nBuMgCl and tBuMgCl (Scheme 1). Comparison of the D-
band and RBM intensities of the Raman spectra of the pris-
tine starting material, nBun(Mg)-SWNT, and tBun(Mg)-
SWNT excited at 532 nm and 780 nm (Figures 4 and 5) and
the AD/AG ratios (Table 1) confirms the expectation that
nBuMgCl is a much weaker alkylation agent than nBuLi.
Most significantly it reacts very selectively with the small-di-
ameter metallic SWNTs. In the semiconducting regime ad-
dressed by 780 nm excitation the intensity changes of the D
band and the RBMs are negligibly low, leading to the con-
clusion that nBuMgCl is not very reactive to semiconducting


Figure 3. Raman spectra (780 nm excitation) of pristine SWNTs (solid
line), nBun(Li)-SWNTs (broken line), and tBun(Li)-SWNTs (dotted line).


Table 1. Comparison of the Raman (AD/AG) ratios of the samples for
two different excitation wavelengths. Also given are qualitative indica-
tions of the reactivity and the selectivity of the relevant organometallic
reagent toward alkylation of SWNTs.


Sample Raman, 532 nm Raman, 780 nm
AD/AG


[a] Reactivity AD/AG
[a] Reactivity


nBun(Li)-SWNTs[b] 5.8 high 1.5 intermediate
tBun(Li)-SWNTs[c] 1.9 intermediate 1.7 intermediate
nBun(Mg)-SWNTs[d] 2.4 high 1.3 low
tBun(Mg)-SWNTs[e] 1.2 low 1.0 low


[a] Values are the ratios AD/AG relative to AD0/AG0 of the pristine
SWNTs. [b–e] Average values of [b] 5, [c] 11, [d] 5, and [e] 4 different ex-
periments.
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tubes. The same analysis of the Raman spectra of tBun(Mg)-
SWNTs reveals that tBuMgCl is very unreactive to both
metallic and semiconducting SWNTs.


The reactivity and selectivity profile of the organometallic
reagents toward alkylation of SWNTs is indicated qualita-
tively as high, intermediate, or low in Table 1. In general,
the organolithium compounds are more reactive than the
Grignard compounds, as expected. nBuLi is more reactive
than tBuLi. However, nBuLi is more selective toward metal-
lic tubes. Among the Grignard compounds, tBuMgCl is less
reactive than nBuMgCl. Almost no indication of a sidewall
functionalization can be deduced from Raman spectroscopy,
in contrast to the more sensitive fluorescence spectroscopy
(see below). The reactivity of a tube is correlated inversely
with its diameter. The lower reactivity of the tBu com-
pounds than the nBu compounds can be explained by the
steric bulk of the tBu group, which disfavors covalent bond
formation. The steric hindrance of the tBu groups has al-
ready been recognized in fullerene chemistry. NMR spectro-


scopic investigations of tBu-C60
� prepared by the analogous


reaction of tBuLi with C60 revealed a hindered rotation of
the tBu group with DG� =9.3 kcalmol�1.[23] In the case of
binding of a tBu group to an SWNT, the steric hindrance is
even more pronounced, because the C atoms of nanotubes
are considerably less pyramidalized[3] and this increases the
repulsive interaction between the very bulky binding part-
ners. We have recently provided experimental evidence for
this hindrance by demonstrating, by STM, frozen rotation of
the tBu group in tBun-SWNT at low temperatures.[12] It is
very interesting that although tBuLi is less reactive than
nBuLi, it is also less selective for the attack of metallic
tubes. This cannot be explained by single-step additions of
tBu anions to the tubes because when the binding of tBu
groups is less favorable, the selectivity should increase. Es-
pecially in the case of the reaction with tBuLi, which is by
far the strongest reducing reagent in this series (with the
highest HOMO energy), it is possible that a fast electron
transfer to the tube can be a competitive initial process. An
electron transfer process is further facilitated by the lower
propensity of the tBu group to bind directly to the sidewall
of the tubes. The importance of electron transfer preceding
covalent binding has been considered for the addition of or-
ganometallics to C60, and was confirmed for amine additions
to fullerenes.[5] In the reaction of diazonium salts with
SWNTs also, electron transfer (in this case from the tube to
the addend) was suggested to be the initial process.[10] The
next step in the formation of the intermediates Rn-SWNTn�


would be the considerably slower nucleophilic addition of
tBuLi present in large excess. This is now less favorable be-
cause of electrostatic repulsion. At the same time reactions
with nonreduced semiconducting tubes become more pre-
ferred because no electrostatic repulsion has to be over-
come.


Besides Raman spectroscopy, NIR fluorescence spectros-
copy represents another very powerful technique for the
specific characterization of SWNTs. In this paper we present
this method for the first time in detail for the investigation
of sidewall-functionalized nanotubes. The detection of the
near-IR photoluminescence across the band gap in semicon-
ducting tubes can be achieved only in isolated SWNTs; oth-
erwise neighboring metallic nanotubes in the bundles would
quench the fluorescence.[24] This exfoliation was accom-
plished by using sodium dodecylbenzenesulfonate (SDBS)
as a surfactant in water.[25] Solutions with a concentration of
0.1 mg SWNTs per mL water/SDBS solution were prepared
and samples were taken from the supernatant after sonica-
tion and precipitation of the insoluble nanotubes. All the
functionalized samples exhibited lower fluorescence intensi-
ties than the starting material, as a result of two different ef-
fects: 1) the decreased solubility of the samples in water/
SDBS with higher degrees of functionalization (according to
the Raman results); 2) a limited fluorescence quantum effi-
ciency by fast nonradiative decay channels, which may be as-
sociated with trapping at defect sites.[26] We used a Kataura
plot,[27] based on empirical results of spectrofluorimetric
data for identified SWNTs in aqueous SDS suspension and


Figure 4. Raman spectra (532 nm excitation) of pristine SWNTs (solid
line), nBun(Mg)-SWNTs (broken line), and tBun(Mg)-SWNTs (dotted
line).


Figure 5. Raman spectra (780 nm excitation) of pristine SWNTs (solid
line), nBun(Mg)-SWNTs (broken line) and tBun(Mg)-SWNTs (dotted
line).


Chem. Eur. J. 2008, 14, 1607 – 1614 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1611


FULL PAPERFunctionalization of Single-Walled Carbon Nanotubes



www.chemeurj.org





fitted to empirical expressions, to assign the observed S11


bands to nanotube chirality indices and diameters. It is re-
ported that only small systematic spectral shifts of less than
2% can be expected for individual SWNTs suspended in
other aqueous surfactants.[26,28] In typical fluorescence spec-
tra of the pristine HiPco material (Figure 6, solid line) at ex-


citation wavelengths of 660 and 785 nm. The bands at 954,
978, 1026, 1058, 1110, 1124, 1175, 1199, 1250, 1323, and
1371 nm are attributed to the indices (8,3), (6,5), (7,5),
(10,2), (8,4), (7,6), (8,6), (11,3), (10,3) and/or (10,5), (9,7),
and (11,4), with diameters of 0.78, 0.76, 0.83, 0.88, 0.84, 0.90,
0.97, 1.01, 0.94 and/or 1.05, 1.10, and 1.07 nm respectively.[21]


In the fluorescence spectra of nBun(Li)- and tBun(Li)-
SWNTs (also shown in Figure 6), the emission intensities of
the functionalized samples are much lower and the bands
are broadened significantly compared to the pristine materi-
al. To provide better comparability the spectra of the pris-
tine material were reduced in emission intensity by a factor
of 10. UV/Vis–NIR absorption spectra (Figure 7) of the


same samples in D2O/SDBS corroborate these results and
demonstrate the typical loss of the absorption features asso-
ciated with covalent sidewall functionalization.[11a] The dis-
appearance of the features in the region of the M11 transi-
tions (�400–600 nm) of the metallic tubes, in comparison to
the pristine material, is significant.[11a] The fluorescence re-
sults are in good agreement with the Raman investigation in
the semiconducting regime (780 nm excitation). Increasing
the degree of functionalization of the semiconducting tubes
causes a reduction of (Raman) emission intensity. nBun(Li)-
SWNT exhibit higher emission intensity than tBun(Li)-
SWNT tubes. The preferred reaction of the small-diameter
tubes is also clear. At the excitation wavelength of 660 nm
the intensities of the peaks caused by the (8,3), (7,5), (10,2),
and (7,6) tubes are strongly reduced compared to those of
the (8,6), (10,3)/ ACHTUNGTRENNUNG(10,5), and (11,4) tubes. Excitation at
785 nm reveals the same trend, with two exceptions. The
peak at 978 nm ((6,5) tube) with the smallest diameter
(0.76 nm) in this series of (not detectable at 660 nm excita-
tion) is very sharp and intense. This sharp peak is also found
in the corresponding spectra of the functionalized tubes Rn-
SWNT (Figure 8). One explanation is that the (6,5) tube has


almost not been functionalized at all, another that this tube
species has a particularly high solubility in SDBS/water at
low degrees of functionalization. Fluorescence spectroscopy
of individualized SWNTs is a very sensitive method and
shows some changes, which are not observable by Raman
spectroscopy of the bulk material, in greater detail. Illustra-
tive examples are the spectra of nBun(Mg)- and tBun(Mg)-
SWNTs (Figure 8). The Raman spectra taken in the semi-
conducting regime (780 nm; Figure 5) displayed only very
small changes in the RMB region and, especially for
tBun(Mg)-SWNT, no changes of the D band can be ob-
served. In contrast the corresponding fluorescence spectra
clearly reveal the preferred alkylation of the smaller-diame-


Figure 6. Fluorescence spectra (left: 660 nm excitation, right: 785 nm ex-
citation) of pristine SWNTs (solid line), nBun(Li)-SWNTs (broken line),
and tBun(Li)-SWNTs (dotted line). For better comparison the relative
peak intensities in the spectra of the pristine tubes were reduced by a
factor of 10.


Figure 7. UV/Vis–NIR spectra of pristine SWNTs (solid line), nBun(Li)-
SWNTs (broken line), and tBun(Li)-SWNTs (dotted line).


Figure 8. Fluorescence spectra (left: 660 nm excitation, right: 785 nm ex-
citation) of pristine SWNTs (solid line), nBun(Mg)-SWNTs (broken line),
and tBun(Mg)-SWNTs (dotted line). The intensity of the pristine SWNTs
is decreased by a factor of 10.
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ter tubes with the chirality indices (8,3), (7,5), (10,2), (8,4),
and (7,6), which exhibit considerably lower intensity than
those of the higher-diameter tubes with the chirality indices
(8,6), (11,3), (10,3)/ ACHTUNGTRENNUNG(10,5), (9,7), and (11,4). This behavior is
less pronounced for tBun(Mg)-SWNT, for which the peaks
are sharper, almost like the pristine material, but the emis-
sion intensity is still strongly decreased compared to the
starting material (the spectra of the functionalized tubes in
Figure 8 are magnified by a factor of 10 for better compari-
son). This corroborates the results obtained by Raman spec-
troscopy (Figures 4 and 5) and clearly demonstrates that the
reaction with tBuMgCl leads to the lowest degrees of func-
tionalization in this series. Here, only fluorescence spectros-
copy is sensitive enough to detect the changes caused by the
sidewall functionalization. The fluorescence spectra of
Etn(Li)-SWNT and nHexn(Li)-SWNT are comparable to
those of nBun(Li)- and tBun(Li)-SWNTs.


Conclusion


The reaction of SWNTs with organolithium and magnesium
compounds exhibits pronounced selectivity. In general, met-
allic tubes are more reactive than semiconducting ones. This
is explained by the finite density of states above the Fermi
level in metallic tubes. The reactivity of SWNTs toward the
addition of organometallic compounds is inversely propor-
tional to the diameter: for example, tubes with a smaller di-
ameter and more highly pyramidalized sp2 C atoms are
more reactive. This is a result of higher strain energy, which
can be relieved after sidewall addition. Previous theoretical
calculations clearly predicted this trend.[3] We find diameter
selectivity both for metallic and semiconducting tubes. The
reactivity depends also on the steric demands of the addend.
Binding of the bulky t-butyl addend is less favorable than
the addition of primary alkyl groups. Significantly, although
tBuLi is less reactive than, for example, nBuLi, it is less se-
lective toward the preferred reaction with metallic tubes.
The explanation for this unexpected behavior is that fast
electron transfer to the metallic SWNTs, which have low
lying electronic states close to the Fermi level, represents a
competitive initial process. This is especially important for
tBuLi, as it has by far the highest HOMO energy and lowest
oxidation potential in this series of reagents. An electron-
transfer process is further facilitated by the lower propensi-
ty, as a result of steric hindrance, of the tBu group to bind
directly to the sidewalls of the tubes. The subsequent addi-
tion of tBuLi to reduced metallic tubes is then disfavored, as
a result of electrostatic repulsion. The latter finding implies
that the reactivity and selectivity of SWNTs toward the re-
action with organometallic compounds can be influenced
further by preceding reduction or oxidation steps. Initial
chemical or electrochemical reduction should decrease the
reactivity of metallic tubes, and oxidation should increase it.
After highly efficient and selective sidewall binding of the
addends, the increased solubility of functionalized metallic
SWNTs should enable separation from unreacted semicon-


ducting tubes by extraction. We have shown previously that
the electronic properties of the parent SWNTs can be recov-
ered after thermal cleavage of the addends.[12] Highly effi-
cient separation of metallic from semiconducting tubes is
still a challenge.[11] Even more challenging is the separation
according to the difference in tube diameter.[7–10] Work
along these lines based on the findings presented in this
study is currently under way in our laboratory. We have also
reported for the first time on the NIR emission of weakly
functionalized semiconducting SWNTs. Our findings imply
interesting applications of functionalized tubes as novel fluo-
rescent reporter molecules in, for example, biological sys-
tems, which has already proven to be a successful concept in
the case of noncovalently modified SWNTs.[22a,29]


Experimental Section


General : SWNTs were obtained from Carbon Nanotechnologies Inc. (pu-
rified HiPco


N


single-wall carbon nanotubes) and further purified by soni-
cation and boiling in hydrochloric acid (37%). Chemicals and solvents
were purchased from Acros (Geel, Belgium) and used as received.
Raman spectra were recorded from the solid (bucky paper) with a
Thermo Nicolet Almega XR dispersive Raman spectrometer (lex=532
and 780 nm). Fluorescence spectra were recorded with an NS1 Nano-
Spectralyzer from Applied NanoFluorescence LLC (lex=660 and
785 nm) in a solution of sodium dodecylbenzenesulfonate (SDBS, 1%
w/w) in water (0.1 mg SWNTs per mL). The spectra were measured from
the supernatant after sonication (5 min) and precipitation (one day) of
the insoluble SWNTs. Samples for UV/Vis-NIR measurement were pre-
pared analogously but in D2O instead of water. The spectra were record-
ed with a Shimadzu UV3102-PC instrument. Thermogravimetric analysis
with mass spectroscopy (TGA-MS) was accomplished on a Netzsch
STA 409 CD instrument with Skimmer QMS 422 (temperature program:
80 8C for 30 min, 80–600 8C with a 10 8Cmin–1 gradient and 600 8C for
30 min; initial weights �5–10 mg. Sonications were performed with a
Bandelin Sonorex RK 106 or with a Hielscher UP400S ultrasonic pro-
cessor.


General procedure for synthesis of Rn(M)-SWNT: In a nitrogen-purged
and heat-dried four-necked round-bottomed flask (250 mL), equipped
with two gas inlets and pressure compensation, purified HiPCO SWNTs
(20 mg, 1.7 mmol of carbon) were dispersed in anhydrous cyclohexane
(100 mL) under sonication (15 min). To this dispersion ethyllithium (1.7m


in butyl ether), n-butyllithium (1.6m in hexane), t-butyllithium (1.5m in
pentane), n-hexyllithium (2.3m in hexane), n-butylmagnesium chloride
(1.7m in THF/toluene), or t-butylmagnesium chloride (1.7m in THF) in
fivefold excess (related to moles of carbon) was added dropwise over a
10 min period. The resulting suspension was then stirred (30 min, RT or
0 8C) and subsequently sonicated (30 min), resulting in a stable, black, ho-
mogeneous dispersion. The reaction mixture was stirred (20 h, RT or
0 8C) and successively quenched by bubbling oxygen through the solution
(30 min). The heterogeneous dispersion formed was diluted with cyclo-
hexane (100 mL), transferred into a separation funnel, and purged with
water and dilute hydrochloric acid until the pH value remained neutral.
The organic layer with the nanotubes was filtered through a PP mem-
brane filter (0.2 mm) and washed with cyclohexane, ethanol, and water.
The resulting black solid was dried in a vacuum oven (50 8C) overnight to
produce a bucky paper of Rn(M)-SWNTs.
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Large-Scale Synthesis of Single-Crystalline RE2O3 (RE=Y, Dy, Ho, Er)
Nanobelts by a Solid–Liquid-Phase Chemical Route


Min Han,[a, b] Nai-En Shi,[a] Wen-Li Zhang,[a] Bao-Jun Li,[a] Jian-Hua Sun,[a]


Kun-Ji Chen,[b] Jian-Ming Zhu,[b] Xin Wang,[c] and Zheng Xu*[a]


Introduction


The development and innovation of synthetic strategies for
materials is of great importance in the advancement of sci-
ence and technology. Thermal decomposition based on non-
hydrolytic systems or a combination method (i.e., organo-
metallic precursors in high-boiling-point organic solvents are
decomposed or combined to obtain the desired inorganic
nanocrystals) has proven to be highly versatile and reliable.
Using this method, many highly monodispersed metal[1–3]


and semiconductor nanocrystals[4–6] with tuneable sizes and
shapes have been successfully synthesized. However, the
shapes of the obtained nanocrystals are mainly spherical,
cubic, rodlike, arrowlike, multipod-like, and polyhedral.[7–11]


The quasi-1D beltlike nanostructure (i.e. , the nanobelt),
which was discovered in 2001[12] and serves as an ideal candi-
date material for studying the fundamental physical and
chemical properties in confined systems,[13,14] has not been
effectively and systematically synthesized by using this
method. To the best of our knowledge, only CdSe nanorib-
bons have been synthesized by using the reaction of CdCl2
and octylammonium selenocarbamate in an octylamine
media very recently.[15] Therefore, exploring and developing


Abstract: Yttrium-group heavy rare-
earth sesquioxide (RE2O3, RE=Y, Dy,
Ho, Er) nanobelts were successfully
fabricated by thermolysis of solid RE-
ACHTUNGTRENNUNG(NO3)3·xH2O in a dodecylamine/1-oc-
tadecene mixed solvent system. The
synthetic principle is based on separat-
ing the nucleation and growth process-
es by utilizing the poor solubility of
RE ACHTUNGTRENNUNG(NO3)3·cH2O in the solvent mixture
and the heat-transportation difference
between the liquid and solid. By using
dodecylamine, RE2O3 nanobelts can be
readily obtained. X-ray diffraction
(XRD) analysis shows that the synthe-


sized RE2O3 nanobelts are body-cen-
tered cubic and crystalline. Field-emis-
sion scanning electron microscopy (FE-
SEM), transmission electron microsco-
py (TEM), selective-area electron dif-
fraction (SAED), and high-resolution
transmission electron microscopy (HR-
TEM) demonstrate that the synthe-
sized RE2O3 compounds possess regu-
lar geometric structure (beltlike) with


perfect crystallinity. Preliminary experi-
mental results prove that the dodecyl-
ACHTUNGTRENNUNGamine plays a key role in the formation
of RE2O3 nanobelts and cannot be re-
placed by other surfactants. Further-
more, this method can be extended to
the synthesis of RE2O3 nanobelt/metal
nanocrystal nanocomposites and ABO3


(A=Y, Dy, Ho, Er; B=Al) and
A3B5O12 (A=Y, Dy, Ho, Er; B=Al)-
type ternary oxide nanobelts, using
mixed-metal nitrate salts in the correct
stoichiometry instead of single rare-
earth nitrates.
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a nonhydrolytic thermal synthetic method to fabricate other
functional nanobelts on a large scale is necessary and con-
tinues to be a key challenge in the field of material synthe-
sis.


As a class of important functional materials, rare-earth
sesquioxides (RE2O3) have attracted much attention be-
cause these materials have potential applications in many in-
dustrial fields.[16] Some methods, such as solvothermal and
thermal decomposition, have been used to synthesize RE2O3


nanoparticles, nanowires, nanodisks, and nanotubes.[11,17–21]


Recently, light rare-earth sesquioxide (La2O3) nanobelts
were synthesized through a mixed alkali/solvent method
combined with thermal treatment.[22] However, yttrium-
group heavy rare-earth sesquioxide (RE2O3, RE=Y, Dy,
Ho, Er) nanobelts have not been reported so far, which may
be attributed to their extremely high melting points (m.p.
�2500 8C). Therefore, it is necessary to search for an effec-
tive method to synthesize RE2O3 (RE=Y, Dy, Ho, Er)
nanobelts which is not only important for fundamental re-
search but also for application in practical fields.


Herein, we report a nonhydrolytic thermal decomposition
route to synthesize RE2O3 (RE=Y, Dy, Ho, Er) single-crys-
talline nanobelts. The typical synthesis is based on the ther-
molysis of solid RE ACHTUNGTRENNUNG(NO3)3·xH2O (RE=Y, Dy, Ho, Er) in a
dodecylamine/1-octadecene mixed solvent from room tem-
perature to 320 8C at a rate of 6 8Cmin�1. Because the start-
ing materials are solid and have poor solubility in the organ-
ic liquid media, we refer to this process as a “solid–liquid-
phase chemical route”. Taking advantage of the poor solu-
bility of RE ACHTUNGTRENNUNG(NO3)3·xH2O in these solvents, and the differ-
ence in heat transportation between the liquid and solid, the
nucleation and growth processes can be efficiently separat-
ed, which is different from the conventional “hot-injection”
method.[4,23,24] The operation is quite simple and environ-
mentally friendly, with no release of NOx pollutants. Also,
this method is effective for the synthesis of single-crystalline
RE2O3 (RE=Y, Dy, Ho, Er) nanobelts on a gram scale. We
use Y2O3 nanobelts as a typical example for discussion of
the experimental results; the other nanobelts will be briefly
introduced.


Results and Discussion


XRD analysis of the Y2O3 nanobelts : The phase structure
and crystallinity of the Y2O3 nanobelts was examined by X-
ray diffraction (XRD) studies (Figure 1). Ten obvious dif-
fraction peaks were observed. In comparison with the Joint
Committee on Powder Diffraction Standard Card (JCPDS)
No. 82–2415, those peaks can be indexed as (211), (222),
(400), (332), (134), (440), (611), (622), (444), and (662)
planes of the body-centered cubic phase Y2O3. The result
shows that the product has good crystallinity.


FE-SEM, TEM, and HR-TEM analysis of the Y2O3 nano-
belts : Typical field-emission scanning electron microscopy
(FE-SEM) images of the Y2O3 nanobelts are shown in


Figure 2. A low-magnification FE-SEM image (Figure 2a)
shows large-surface-area straight and bent beltlike nano-
structures, which are several micrometers in length. A repre-
sentative high-magnification SEM image (Figure 2b) reveals


that each nanobelt has a uniform width of about 50–220 nm
and a thickness of about 20–30 nm along the entire length.
The ratio of width to thickness is about 2–10:1. The rectan-
gular cross sections of the nanobelts also can be observed
(the regions indicated by the arrows in Figure 2b). The
small particles on the surface of the belts are attributed to
the sputtered gold nanoparticles during the FE-SEM meas-
urements.


Transmission electron microscopy (TEM) observation
(Figure 3a) demonstrates that the as-synthesized Y2O3 pos-
sesses beltlike structures, which is consistent with the FE-


Figure 1. XRD pattern of the synthesized Y2O3 nanobelts.


Figure 2. FE-SEM images of the synthesized Y2O3 nanobelts. a) Low-
magnification FE-SEM image, inset shows the bent nanobelts. b) High-
magnification FE-SEM image.
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SEM result. A selected-area electron diffraction (SAED)
pattern (inset of Figure 3a) recorded perpendicular to the
top surface of the nanobelt shows clear diffraction spots
along the entire length of the nanobelt, thus indicating that
the nanobelt is structurally uniform and singularly crystal-
line. The corresponding zone axis is [011̄], thus suggesting
that the thickness direction of the nanobelt is (011̄). A high-
resolution TEM (HR-TEM; Figure 3b) image shows clear
fringes and gives lattice spacing of 3.06 P, which corre-
sponds to the interplanar separation between the (222)
plane of the body-centered cubic phase of Y2O3. Taken to-
gether the SAED and HRTEM results shows that the pre-
ferred growth direction (or long axis) of the Y2O3 nanobelt
is (011) and the width direction (or side surface) is (100). A
related schematic pattern is shown in Figure 3c.


Growth mechanism of the Y2O3 nanobelts : Because the
starting material is solid yttrium nitrate and the solvent is a
mixture of 1-octadecene and dodecylamine, we speculate
that the formation of Y2O3 nanobelts follows a “solid–
liquid–solid” (SLS) process, which may be as follows: In the
initial stage, a small amount of solid nitrate is gradually dis-
solved in the solvent to form an intermediate complex with
the dodecylamine as the temperature increases. The dis-
solved nitrate decomposes to form the crystal nuclei. With a
further increase in temperature, the decomposition reaction
begins to take place violently at the interface between the
solid surface and solvent. Subsequently, the decomposed
product enters into the liquid phase with the help of the do-
decylamine, which leads to the growth of the crystal nuclei.
The color of the liquid phase turns to light brown concomi-
tantly as a result of the by-product NOx, which reacts with
dodecylamine and 1-octadecene. As a result of the efficient
separation of nucleation from growth, 1D nanostructures
may be obtained. Dodecylamine plays a key role in the for-
mation of 1D beltlike nanostructures and cannot be re-
placed by other surfactants, such as cetyltrimethylammoni-
um bromide (CTAB), sodium dodecylsulfate (SDS), and
oleic acid (OA; Figure 4a–c). Although Y2O3 nanobelts can


be obtained using hexadecylamine instead of dodecylamine,
the nanobelts form bundles and the size distribution be-
comes broad (Figure 4d). The reason for this behavior may
be that increasing the chain length of the organoamine leads
to greater steric barriers and Van der Waals interactions,
which affect the growth dynamic process and the aggrega-
tion of the organoamines. In addition, the temperature of
the solvent at which the solid starting material is added has
a great impact on the morphology of the obtained product.
High-quality Y2O3 nanobelts are obtained when the solvent
containing the solid starting material is heated from room
temperature to 320 8C; whereas only sheetlike microstruc-
tures with two sharp tips and some nanoparticles are ob-
tained when the starting material is added directly at 320 8C
(see the Supporting Information).


To obtain further insight into the growth mechanism of
the Y2O3 nanobelts, their growth process was studied by
monitoring the reaction at different temperatures and with
different ripening times. When the reaction temperature
reached 200 and 262 8C, two samples were extracted and
their morphologies were evaluated by TEM analysis (see
the Supporting Information). When the reaction tempera-
ture reached 200 8C, the short beltlike nanostructures ap-
peared with some spherical nanoparticles. When the temper-
ature reached 262 8C, the spherical nanoparticles disap-
peared and only the beltlike nanostructures remained. This
behavior may give a hint to the formation mechanism of the
nanobelts, namely, that nanobelts are likely to grow from
those nanoparticles. After the reaction temperature reached
320 8C, another four samples were taken at 4, 10, 20, and
30 min (samples 1–4, respectively); the corresponding TEM
images are shown in Figure 5. When the reaction tempera-
ture was kept at 320 8C for 4 min (sample 1), large-surface-


Figure 3. TEM images of the synthesized Y2O3 sample. a) Low-magnifica-
tion TEM image of the Y2O3 nanobelts. b) HR-TEM image of a single
Y2O3 nanobelt. c) Schematic diagrams of the geometrical configuration
of the Y2O3 nanobelt.


Figure 4. FE-SEM images and TEM image of the Y2O3 sample synthe-
sized using various surfactants instead of dodecylamine while keeping
other conditions constant. a) CTAB, b) SDS, c) OA, d) TEM image of
the synthesized Y2O3 nanobelts using hexadecylamine instead of dodecyl-
amine.
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area nanobelts were observed (Figure 5a,b) with a length
and width of about 1.0–2.0 mm and 55–200 nm, respectively.
However, the crystallinity of the nanobelts was poor. Only
concentric rings appeared in the SAED pattern. With the in-
creasing reaction time, the nanobelts continued to grow. For
sample 2 (10 min), the length and width of the nanobelts
reached approximately 3 mm and 60–220 nm (Figure 5c). For
sample 3 (20 min), the length of the nanobelts reached ap-
proximately 5–10 mm (Figure 5d,e). SAED analysis along
the entire length of the nanobelts showed clear diffraction
spots, thus confirming the formation of single-crystalline
Y2O3 nanobelts. On further prolonging of the reaction time,
the crystallinity and quality of the nanobelts was much
higher. High-quality straight and twisted nanobelts were ob-
tained when the reaction temperature was kept at 320 8C for
30 min (Figure 5 f–h). As the reaction system involves solid
and liquid phases, the nucleation and growth process are
quite complicated. Therefore, the detailed formation mecha-
nism cannot be given at present and further study is needed.


Synthesis and analysis of Dy2O3, Ho2O3, and Er2O3 nano-
belts : Keeping the volumes of dodecylamine and 1-octade-
cene constant, Dy2O3, Ho2O3, and Er2O3 nanobelts can be
obtained by using solid DyACHTUNGTRENNUNG(NO3)3·xH2O, Ho ACHTUNGTRENNUNG(NO3)3·xH2O,
and ErACHTUNGTRENNUNG(NO3)3·xH2O, respectively, instead of solid Y-
ACHTUNGTRENNUNG(NO3)3·6H2O. The XRD patterns of the Dy2O3, Ho2O3, and
Er2O3 nanobelts are shown in Figure 6 and typical FE-SEM
and TEM images in Figure 7. The length of the Dy2O3,
Ho2O3, and Er2O3 nanobelts is about several micrometers,
their widths are about 30–250 nm, and their thicknesses are
about 15–60 nm. The ratio of width to thickness is about 2–
15:1. Corresponding SAED and HRTEM analysis (see the
Supporting Information) demonstrates that all the nanobelts


are highly crystalline and are consistent with the XRD re-
sults. From a series of experiments, we found that the forma-
tion of rare-earth sesquioxide nanobelts is correlated to the
structural nature of the oxides. The present experimental re-
sults demonstrate that by using this method yttrium-group
heavy rare-earth sesquioxides readily form nanobelts,
whereas light rare-earth sesquioxide nanobelts are difficult
to obtain by the same procedure. In addition, it should be
mentioned that RE2O3 nanobelts loaded with silver nano-
crystals (see the Supporting Information) can be easily ob-
tained by using AgNO3 and solid RE ACHTUNGTRENNUNG(NO3)3 instead of just
solid RE ACHTUNGTRENNUNG(NO3)3. The experimental results show that RE2O3


nanobelts loaded with silver nanocrystals are excellent cata-


Figure 5. TEM images of the synthesized Y2O3 nanobelts treated at 320 8C for different times. TEM images of sample 1 after incubation for 4 min at a)
low- and b) high-magnification. c) TEM image of sample 2 after incubation for 10 min. d, e) TEM images of sample 3 after incubation for 20 min. The
inset of (e) shows the corresponding SAED pattern for an individual nanobelt. f–h) The corresponding TEM images of sample 4 after incubation for
30 min. The insets of (g) and (h) are the SAED patterns for the individual straight and bent nanobelts.


Figure 6. XRD pattern of the synthesized Dy2O3 (a), Ho2O3 (b), and
Er2O3 (c) nanobelts.
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lysts for the hydrogenation of nitro compounds in high yield
and selectivity, which will be reported later.


Conclusion


In summary, by using a facile solid–liquid-phase chemical
route RE2O3 (RE=Y, Dy, Ho, Er) single-crystalline nano-
belts with body-centered cubic phase structures have been
successfully synthesized on a gram scale under low-tempera-
ture and atmospheric-pressure conditions. The remarkable
features of this method are that a common RE ACHTUNGTRENNUNG(NO3)3·cH2O
solid is used as the starting material, and a single surfactant
(i.e., dodecylamine) serves as the capping reagent. The pro-
cess is simple, economic, and environmental friendly. Fur-
thermore, this method can be extended to synthesize RE2O3


nanobelt/metal nanocrystal nanocomposites and ABO3-
(A=Y, Dy, Ho, Er; B=Al) and A3B5O12 (A=Y, Dy, Ho,
Er; B=Al)-type ternary oxide nanobelts, by using mixed
metal nitrate salts in stoichiometric proportions instead of a
single rare earth nitrate. This development not only enriches
the present family of nanobelts but also provides new oppor-
tunities to fabricate nanobelt-based functional devices. Fur-
ther study on the growth mechanism of nanobelts through
our system will promote the development of nucleation and
growth theory in a heterogeneous-phase system.


Experimental Section


Chemicals : All chemicals used in this study are analytical-grade reagents
obtained commercially without further purification. The chemical re-
agents were rare earth nitrate salts (RE ACHTUNGTRENNUNG(NO3)3·xH2O, purity>99.9%,
Shanghai), heptane, absolute alcohol (analytical grade, Shanghai), dode-
cylamine (>98.0%, Aldrich), and 1-octadecene (technical grade, >90%,
Aldrich).


Typical synthesis of Y2O3 nanobelts : A solid sample of Y ACHTUNGTRENNUNG(NO3)3·6H2O
(1.05–4.50 g), dodecylamine (10–20 mL), and 1-octadecene (5–10 mL)
were added to a 250-mL three-necked flask. Subsequently, the reactor
was heated to 320 8C at a rate of 6 8Cmin�1 and maintained at 320 8C for
30 min. A crude product was obtained, which could be dispersed in non-
polar solvents. Addition of absolute ethanol (50 mL) caused the forma-
tion of a white precipitate, which was separated and washed with heptane
and absolute ethanol several times to remove the by-products. Finally,
the precipitate was dried in vacuum at 60 8C for 4 h. The dried precipitate
was calcinated in air at 500 8C for 2 h at a heating rate of 1.5 8Cmin�1.
The organic compounds covering the surface of the nanobelts were readi-
ly removed, which did not destroy the shape of the product.


Synthesis of Dy2O3, Ho2O3, and Er2O3 nanobelts : The synthetic processes
were similar to that for the Y2O3 nanobelts. Solid samples of Dy-
ACHTUNGTRENNUNG(NO3)3·xH2O, HoACHTUNGTRENNUNG(NO3)3·xH2O, and Er ACHTUNGTRENNUNG(NO3)3·xH2O were used instead of
solid Y ACHTUNGTRENNUNG(NO3)3·6H2O, and the other conditions were kept constant, thus
easily obtaining Dy2O3, Ho2O3, and Er2O3 nanobelts. The post-treatment
processes were the same as for Y2O3 nanobelts.


Characterization : The XRD patterns were recorded on a powder sample
using an X’Pert diffractometer (Panalytical) with CuKa radiation (l=


1.5406 P) in 2q ranging from 10 to 80 8. The corresponding work voltage
and current was 40 kV and 40 mA, respectively. FE-SEM images were
taken on a LEO-1530 VP scanning-electron microscope with an acceler-
ating voltage of 20 kV. The TEM images were taken on a JEM-200CX in-
strument (Japan) with an accelerating voltage of 200 kV. The HR-TEM
images were recorded on a JEOL-2010 apparatus at an accelerating volt-
age of 400 kV.
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Introduction


Photolabile protecting groups have numerous applications
in chemistry. Their removal only requires light and allows a
very mild deprotection of sensitive molecules. The protec-
tion of biological signaling molecules by conversion into in-
active light-sensitive derivatives is also very attractive and
photoactivatable or caged biomolecules represent a power-
ful tool for cell biology, because they permit the controlled
delivery of bioactive molecules without physically disturbing
within organised biological systems with high temporal and
spatial precision.[1–3] When caged, the biomolecule is ren-
dered biologically inactive by covalent attachment of a pho-
tochemically removable protecting group (caging group) to
the key pharmacophoric functionality. Flash photolysis by
using light of a specific wavelength cleaves the modifying
group, that is, it triggers the uncaging and rapidly activates
the molecule. Among the available different caging groups
the coumarinylmethyl moieties have received increased at-
tention in recent years. They are members of arylalkyl-type
photo-removable protecting groups and photolysis of their


caged derivatives produces upon cleavage of a C�O bond
an anion of the leaving group and a solvent-trapped
coumarin as a photo by-product.


Herein, we describe the caging and uncaging of different
molecules with COOH, OH, NH2, and SH functionalities
(Scheme 1) by using our recently developed {7-[bis(carboxy-
methyl)amino]coumarin-4-yl}methyl (BCMACM) chromo-
phore,[4] and its {7-[bis(carboxymethyl)amino]coumarin-4-
yl}methoxycarbonyl (BCMACMOC) variant, respectively.
The BCMACM protecting group is a water-soluble version
of the earlier introduced 7-(dialkylamino)coumarinylmethyl
caging groups.[5–7] Caging of carboxylic acids, alcohols, and
amines by using coumarinylmethyl or coumarinylmethoxy-
carbonyl protecting groups has already been described.[4,8–19]


Coumarinylmethoxycarbonyl protected thioalcohols and
thio ACHTUNGTRENNUNGphenols have not yet been reported.


The special features of the BCMACM or BCMACMOC
protecting groups are the efficient photochemical release
upon irradiation in the visible wavelength region due to
large long-wavelength absorptivities, the sensitivity to two-
photon excitation, and the good solubility in aqueous buffer
by virtue of their anionic centres. The simultaneous appear-
ance of these properties is unique. Long-wavelength absorp-
tions allow uncaging to occur under non-damaging light con-
ditions to cells. Two-photon excitation is also favourable for
a less-damaging release of biomolecules, gives significantly
deeper tissue penetration, and allows more localised photo-
release. Caging of biomolecules frequently leads to very hy-
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drophobic derivatives and therefore a water-soluble protect-
ing group is favourable in most cases.


Results and Discussion


Caged model compounds 1a,c,e,h, and the caged bioactive
molecules 1b,d, f,g (see Scheme 1)—compounds 1a and 1d
we have already recently introduced[4,18]—were synthesised
starting from the key building block (caging agent) 7-[bis-
(tert-butoxycarbonylmethyl)amino]-4-(hydroxymethyl)cou-
marin (6).[4] For synthesis of 1a,b phenylacetic acid or the
Boc-protected amino acid l-phenylalanine were esterified
with 6 in the presence of dimethylaminopyridine (DMAP)
and N,N’-dicyclohexylcarbodiimide (DCC) and upon purifi-
cation by using flash chromatography or preparative re-
verse-phase HPLC converted to 1a,b by removal of the tert-
butyl groups and, in the case of 1b, also of the tert-butoxy-
carbonyl (Boc) group by using trifluoroacetic acid (TFA)
(Scheme 2).


Compounds 1c–h were prepared as shown in Scheme 3 by
reaction of 6 with 4-nitrophenyl chloroformate to the car-
bonate 7, reaction of 7 with phenol (5c), the vanilloid recep-
tor channel agonist capsaicin (5d), 2-phenylethanol (5e),
the a-adrenergic receptor ligand l-norepinephrine (5 f), the
N-(9-fluorenylmethoxycarbonyl) (Fmoc)-protected amino
acid l-cysteine (5g), or 4-acetamidothiophenol (5h) in the


presence of DMAP to yield the
corresponding tert-butyl-pro-
tected derivatives, which were
purified by flash chromatogra-
phy, or by reverse-phase HPLC
on a preparative scale and then
deprotected with TFA to gener-
ate the carbonates 1c–e, the
carbamate 1 f, and the thiocar-
bonates 1g and 1h.


The BCMACM ester 1a, the
BCMACMOC-caged alcohol
1e, the BCMACMOC-caged
amine 1 f, and the BCMAC-
MOC-caged thioalcohol 1g are
resistant to spontaneous hydro-
ACHTUNGTRENNUNGlysis in the dark. HPLC moni-
toring of the caged compounds
in aqueous HEPES buffer, at
pH 7.2, during a 24-hour period
revealed <0.5% of the free
uncaged compounds at room
temperature (HEPES=2-[4-(2-
hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid). More sus-
ceptibility to hydrolysis in the
dark was observed in the case
of the phenyl carbonates 1c,d
and the phenyl thiocarbonate


1h. We found that approximately 7.5% of 1c, 3% of 1d and
10% of 1h were hydrolysed in HEPES buffer, at pH 7.2,
within 24 h. For 1h the estimated half-life time was about
140 h. Nevertheless, BCMACMOC-caged phenols and thio-
phenols should be sufficiently stable with respect to the time
needed for electrophysiological experiments. Only 1b was


Scheme 1. A) Structures and B) photolysis of the phototriggers 1a–h.


Scheme 2. Synthesis of 1a,b : a) 3a,b, DMAP, DCC, EtOAc, room tem-
perature, 4 h; b) TFA/CH2Cl2/H2O (75:24:1).


Scheme 3. Synthesis of 1c–h : a) 4-Nitrophenyl chloroformate, DMAP or
iPr2EtN, room temperature, 1 h; b) 5c–h, DMAP or iPr2EtN, room tem-
perature, 1–20 h; c) TFA/CH2Cl2/H2O (75:24:1), room temperature,
30 min.
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found to a large extent to be unstable in the dark in aqueous
HEPES buffer at pH 7.2. The percentages of 1b remaining
after one and six hours in the dark were 95 and 75%, re-
spectively. Hydrolysis of 1b is dependent upon pH. As ex-
pected[20] the compound is more stable at lower pH. We
found that 17% of 1b was hydrolysed in citrate/phosphate
buffer at pH 4.0 within 24 h. Because hydrolysis in the dark
is often a serious problem it seems that 1b is less suitable as
caged compound and requires some care to minimize con-
tamination by free amino acid. Spontaneous hydrolysis was
also described for the l-glutamic acid g-(6-bromo-7-hydrox-
y�coumarin-4-yl)methyl ester in aqueous buffer.[9]


As expected, compounds 1a–h were readily soluble in
aqueous buffer at pH 7.2. The limit of aqueous solubility
was not determined, but all the compounds were soluble to
at least 1 mm concentrations without any problem. This is
important for the administration of high concentrations of
the phototriggers under physiological conditions.


Photoactivation of the (coumarin-4-yl)methyl esters 1a,b
by irradiation with light of the wavelengths of 334–436 nm
in aqueous buffer leads to 7-[bis(carboxymethyl)amino]-4-
(hydroxymethyl)coumarin (2), a proton, and the phenylace-
tic acid anion 3a and phenylalanine anion 3b, respectively
(Scheme 1). Upon irradiation at 334–436 nm, the phototrig-
gers 1c–h release 2, CO2, and 5c–h (Scheme 1). As we have
shown earlier for other coumarinylmethyl-caged com-
pounds[8,21,22] we assume that the photochemical conversion
proceeds by means of a photochemical SN1 mechanism (sol-
vent-assisted photoheterolysis). Such a photolysis pathway
implies that the formation of 2 and, in the case of the photo-
cleavage of the compounds 1a,b, also the formation of 3a
and 3b is very fast. Using the linear free energy relation-
ships found for 7-(dimethylamino)coumarinylmethyl esters
between the rate of photocleavage and the pKa values of the
acids released during the photolysis,[22] we estimate that 1a–
h are photolysed within the nanosecond time-scale. Howev-
er, photolytic cleavage of the carbonates 1c–d, the carba-
mate 1 f, and the thiocarbonates 1g and 1h does not liberate
the compounds 5c–h directly, but unstable carbonate, carba-
mate, or thiocarbonate salt intermediates (4c–h) are
formed, which undergo decarboxylation in a thermal hydro-
ACHTUNGTRENNUNGlysis step to yield 5c–h. The decarboxylation is rate-limiting
and results in a marked slowing of product release after
photolysis.[12] On the basis of the measured decarboxylation
rates upon photolysis of other carbonate-caged phenols,[23, 24]


carbonate-caged alcohols,[26] and carbamate-caged
amines,[27,28] the formation of 5c,d, f should occur with rate
constants of >100 s�1 and that of 5e with a rate constant of
about 0.4 s�1. Product-release rates from thiocarbonate inter-
mediates upon photolysis have not yet been determined.
The relatively slow kinetics in comparison to those of the
esters 1a,b and of phosphates will not be a problem in some
applications, but of course can be a potential drawback that
limits the applicability of these caged compounds.


The photochemical characteristics of the compounds 1a–h
in HEPES buffer (pH 7.2) are summarised in Table 1. The
absorption spectra show maxima at about 380 nm and the


extinction coefficients, e, are high. As shown exemplarily in
Figure 1 for compound 1 f the phototriggers 1a–h absorb
light up to 450 nm allowing uncaging at wavelengths


>430 nm under non-damaging light conditions. The single-
photon photochemical quantum yields for disappearance of
1a and 1e–g, fchem, are significantly lower than those of the
phosphates[4] probably because the corresponding carboxyl-
ic, carbamic, or thiocarbonic acid anions 3a and 4e–h have
lower leaving-group abilities. It appears that the strength of
the photoreleased acid influences the efficiency of product
formation. The photochemical quantum yields of disappear-
ance of 1c,d,h are comparatively high clearly due to the res-
onance stabilization of the leaving group by the phenyl
moiety. However, the compounds 1a and 1e–g allow effi-
cient uncaging too, because the product ef is proportional
to the amount of the product release for a given photon ex-
posure and the compounds have practically useful ef values
due to their high extinction coefficients. BCMACM- and


Table 1. Long-wavelength absorption maxima, lmax
abs , extinction coeffi-


cients at the absorption maxima and at 430 nm, emax and e430, photochemi-
cal quantum yields, fchem, fluorescence maxima, lmax


f , fluorescence quan-
tum yields, ff, of the BCMACM/BCMACMOC-caged compounds 1a–1h
and of 2 in CH3CN/HEPES-KCl buffer (5:95), pH 7.2.


Compound lmax
abs


[nm]
emax


ACHTUNGTRENNUNG[m�1 cm�1]
e430


ACHTUNGTRENNUNG[m�1 cm�1]
fhem


[a] lmax
f


[nm]
ff


[b]


1a 381 20000 2100 0.02 488 0.040
1b 383 20000 3100 n.d. n.d. n.d.
1c 381 19200 2300 0.15 498 0.038
1d 383 18750 2300 0.12 478 0.021
1e 382 19800 2200 0.08 500 0.041
1 f 380 18300 1600 0.01 503 0.087
1g 383 18500 2000 0.06 480 0.052
1h 383 18700 2700 0.09 497 0.011
2 376 18400 – – 479 0.170


Estimated average uncertainties: [a] 15%. [b] 8%. n.d.=not determined.


Figure 1. UV/Vis spectrum of 1 f in CH3CN/HEPES-KCl buffer (5:95),
pH 7.2.
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BCMACMOC-caged compounds are sensitive not only to
one-photon, but also to two-photon excitation, that means
UV absorption can be replaced by the simultaneous absorp-
tion of two infrared (IR) photons. Two-photon uncaging
allows more localised photorelease with excellent three-di-
mensional resolution, and IR light gives significantly deeper
tissue penetration than UV/Vis light. Direct comparison of
the time course for two-photon uncaging of 1a and 1d,e
with that of N-[6-bromo-7-hydroxycoumarin-4-yl)methoxy-
carbonyl]-l-glutamic acid (Bhc-Glu)[9] by using a femtosec-
ond-pulsed, mode-locked Ti-sapphire laser at 740 nm reveals
that 1a photodecomposes initially less efficiently (factor
0.4), whereas 1d and 1e photodecompose initially 2.6 and
1.5 times more efficiently than Bhc-Glu under identical con-
ditions. Because Bhc-Glu displays a two-photon uncaging
action cross section, du, at 740 nm of about one Goeppert–
Mayer unit (GM; 1 GM=10�50 cm4sphoton�1), the two-
photon action cross section of 1a should be lower and those
of 1d,e larger than 1 GM.


The fluorescence quantum yields, ff, of 1a–h are signifi-
cantly smaller than that of the photoreleased alcohol 2
(Table 1). Alcohol 2 also fluoresces inside cells.[4] Thus, fluo-
rescence spectroscopic visualization of the progress of the
photorelease from BCMACM- or BCMACMOC-caged
compounds within cells becomes possible, as earlier demon-
strated by using {6,7-[bis(carboxymethyl)amino]coumarin-4-
yl}-caged cyclic nucleotides.[29]


We have very recently described useful applications of the
caged capsaicin 1d as a research tool in pain physiology.[18]


The compound did not display measurable biological activi-
ty up to concentrations of 10 mm and also had high photo-
sensitivity under physiological conditions. Compared with
other caged vanilloid ligands,[24,25,30] 1d shows a lot of advan-
tages, only the relatively slow photorelease kinetics is not
optimal. Compound 1h and its tert-butyl-protected precursor
are useful as active esters for the effective introduction of
the BCMACMOC protecting group to SH or NH2 functions
of peptides. Applications by using 1 f,g are in progress.


Conclusion


We evaluated the usefulness of the BCMACM/BCMAC-
MOC-caging moiety for the design of phototriggers for bio-
molecules with different classes of functional groups. Our
results demonstrate that BCMACM and BCMACMOC are
very useful caging groups. They allow caging and uncaging
of the most important functional groups of biological rele-
vance as shown exemplarily for the derivatives 1a–h. The
phototriggers possess favourable properties. They are, with
the exception of 1b, sufficiently resistant to hydrolysis and
are soluble in aqueous buffer. Photocleavage is efficient
upon long-wavelength UV/Vis excitation, as well as, expo-
sure to IR light.


Other applications, for instance, in organic chemistry are
conceivable, because hydrophilic photochemical protecting
groups that allow efficient release of carboxylic acid, alco-


hol/phenol, amine, and thioalcohol/thiophenol leaving
groups by using visible light in aqueous media are unique.


Experimental Section


Materials : N-Boc-l-phenylalanine (acid form of 3b), phenol (5c), 2-phe-
nylethanol (5e), and l-norepinephrine (5 f) were purchased from Acros
Organics (Belgium). N-Fmoc-(S)-trityl-l-cysteine, 4-nitrophenyl chloro-
formate, 4-acetamidothiophenol (5h), 4-dimethylaminopyridine
(DMAP), N,N’-dicyclohexylcarbodiimide (DCC), and iPr2EtN were ob-
tained from Fluka (Germany). Trifluoroacetic acid (TFA) was from Lan-
caster (UK). Capsaicin (5d) was obtained from Sigma (Germany). The
remaining chemicals were of the highest grade commercially available
and were used without further purification. 7-[Bis(carboxymethyl)-
ACHTUNGTRENNUNGamino]-4-(hydroxymethyl)coumarin (2), 7-[bis(tert-butoxycarbonylmeth-
ACHTUNGTRENNUNGyl)amino]-4-(hydroxymethyl)coumarin (6), and {7-[bis(carboxymethyl)-
amino]coumarin-4-yl}methyl phenylacetate (1a) were prepared as de-
scribed previously.[4] TLC plates (silica gel 60 F254) were purchased from
E. Merck (Germany). Silica gel for flash chromatography was from J. T.
Baker (The Netherlands). CH3CN from Riedel-de HaNn (Germany) was
of HPLC grade. Water was purified with a Milli-Q-Plus system (Milli-
pore, Germany). All reactions were carried out under N2. The synthetic
and analytical procedures with caged compounds were performed under
yellow light provided by sodium vapor lamps.


Instrumentation : 1H and 13C NMR spectra were recorded by using a Bru-
ker AV 300 or a Bruker DRX 600 spectrometer. Chemical shifts are
given in parts per million (ppm) by using the residue solvent peaks as ref-
erence relative to TMS. The J values are given in Hz. Mass spectra were
measured by using electrospray ionization (ESI) mass spectrometry in
the positive ionization mode by using an Agilent 6210 ESI-TOF spec-
trometer (Agilent Technologies, USA). UV/Vis spectra were recorded by
using a UV/Vis spectrophotometer Lambda 9 (Perkin–Elmer). Fluores-
cence spectra were recorded by using a Jasco FP-6500 spectrometer. Ana-
lytical reverse-phase HPLC (RP-HPLC) was carried out by using a Shi-
madzu LC-20 system (flow rate: 1 mLmin�1) equipped with a DAD-UV
detector and a fluorescence detector (lexc =380 nm, lem =495 nm) by
using a PLRP-S column, 300 Q, 8 mm, 250R4.6 mm from Polymer Labo-
ratories (UK) or a Nucleodur 100-5 C18 ec column, 100 Q, 5 mm, 250R
4 mm, Macherey–Nagel (Germany). Preparative RP-HPLC was conduct-
ed by using a Shimadzu LC-8 A system (flow rate: 10 mLmin�1) with a
UV/Vis detector (SPD-6 AV, lexc =254 nm) over a Nucleogel RP 100-10
(100 Q, 10 mm, 300R25 mm) or a Nucleodur 100-5 C18 ec column (100 Q,
5 mm, 250R21 mm) from Macherey–Nagel (Germany). One-photon pho-
tolysis of all synthesised photoprotected compounds in solution was per-
formed by using a high-pressure mercury lamp (HBO 500, Oriel, USA)
with controlled light intensity and metal interference transmission filters
(365 or 436 nm, Oriel, USA). For all experiments, UV and fluorescence
quartz cuvettes with a path length of 1 cm and a cross-sectional area of
1 cm2 were used. During irradiation, the solutions in the cuvettes were
mixed by a magnetic stirrer. All synthetic and analytical procedures were
performed in darkness or under yellow light provided by sodium vapor
lamps. The melting points were uncorrected.


N-Boc-l-phenylalanine {7-[bis(tert-butoxycarbonylmethyl)amino]coumar-
in-4-yl}methyl ester : Compound 6 (64.3 mg, 0.15 mmol) was dissolved in
EtOAc (3 mL), cooled to 10 8C, and then N-Boc-l-phenylalanine
(39.8 mg, 0.15 mmol), some DMAP, and DCC (38.8 mg, 0.19 mmol) were
added with stirring. The mixture was allowed to warm to room tempera-
ture, stirred for 4 h, filtered, evaporated, and the residue purified by
preparative RP-HPLC. The desired product was eluted by use of a linear
gradient of 40–95% B in 60 min (eluent A, H2O; eluent B, CH3CN). The
fraction with a retention time of 59 min was collected, evaporated in
vacuo, redissolved in CH3CN/H2O, and lyophilised to give the desired
product (45 mg, 45%) as a pale yellow solid. M.p. 76–78 8C (decomp);
TLC: Rf=0.53 (THF/hexane 1:2 v/v); tR =19.45 min (analytical HPLC,
20–95% B in A in 20 min, eluent A, H2O; eluent B, CH3CN); 1H NMR
(300 MHz, [D6]DMSO, 27 8C, TMS): d =1.33 (s, 9H), 1.42 (s, 18H), 2.89–
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3.09 (m, 2H), 4.19 (s, 4H), 4.27–4.35 (m, 1H), 5.26–5.38 (m, 2H), 6.12 (s,
1H), 6.47 (d, J=1.9 Hz, 1H), 6.55 (dd, J=9.0 and 1.9 Hz, 1H), 7.20–7.30
(m, 5H), 7.47 ppm (d, J=9.0 Hz, 1H); 13C NMR (75.5 MHz, [D6]DMSO,
27 8C): d=27.7, 28.1, 36.2, 53.5, 55.4, 61.6, 78.5, 81.1, 98.1, 106.7, 106.9,
109.1, 125.3, 126.5, 128.2, 129.1, 137.3, 150.0, 151.3, 155.0, 155.5, 160.2,
168.8, 171.6 ppm; HRMS (ESI): m/z : calcd for C36H46N2O10 [M+Na]+ :
689.3050; found: 689.3041.


l-Phenylalanine {7-[bis(carboxymethyl)amino]coumarin-4-yl}methyl ester
trifluoroacetate, (O-BCMACM-caged phenylalanine, 1b): A sample
(40 mg, 0.06 mmol) of the product described above was stirred in a mix-
ture (5 mL) of TFA/CH2Cl2/H2O (75:24:1) at room temperature for
30 min. The solvents were evaporated and the residue purified by prepa-
rative RP-HPLC (PLRP-S). Compound 1b was eluted by use of a linear
gradient of 5–95% B in 75 min (eluent A, H2O/0.1% TFA; eluent B,
CH3CN). The fraction with a retention time of 35.4 min was collected,
evaporated in vacuo, redissolved in CH3CN/H2O, and lyophilised to give
1b (16 mg, 58.3%) as a pale-yellow solid. M.p. >110 8C (decomp);
[a]25


D =++3.6 (c=0.67 in DMSO); tR =11.8 min (analytical HPLC, PLRP-
S, 5–95% B in A in 20 min, eluent A, H2O/0.1% TFA; eluent B,
CH3CN); 1H NMR (300 MHz, [D6]DMSO, 27 8C, TMS): d=3.08–3.22 (m,
2H), 4.21 (s, 4H), 4.52 (t, J=6.8 Hz, 1H) 5.29 (d, J=15.2 Hz, 1H), 5.43
(d, J=15.2 Hz, 1H), 6.07 (s, 1H), 6.46 (s, 1H), 6.54 (d, J=9.0 Hz, 1H),
7.23–7.34 (m, 5H), 7.40 (d, J=8.9 Hz, 1H), 8.53 ppm (br s, 2H);
13C NMR (75.5 MHz, [D6]DMSO, 27 8C): d =36.1, 53.2, 53.5, 62.6, 97.9,
106.6, 107.1, 109.0, 125.4, 127.4, 128.6, 129.3, 134.4, 148.9, 151.3, 155.1,
160.2, 168.6, 171.5 ppm; 19F NMR (282.5 MHz, [D6]DMSO, 27 8C, with
neat CF3COOH as external reference relative to neat CFCl3): d=


�73.9 ppm; HRMS (ESI): m/z : calcd for C23H22N2O8 [M+H]+ : 455.1454;
found 455.1468; elemental analysis calcd (%) for
C23H22N2O8·1H2O·CF3COOH (586.48): C 51.20, H 4.30, N 4.73; found: C
50.92, H 4.10, N 4.98.


{7- ACHTUNGTRENNUNG[Bis(tert-butoxycarbonylmethyl)amino]coumarin-4-yl}methyl phenyl
carbonate : DMAP (36.7 mg, 0.3 mmol), and 4-nitrophenyl chloroformate
(60.5 mg, 0.3 mmol) were added with stirring to a solution of 6 (103 mg,
0.24 mmol) in THF (5 mL). The reaction mixture was stirred at room
temperature for 1.0 h, filtered, and evaporated. The residue containing
the intermediately formed active ester 7 was dissolved in CH2Cl2 (5 mL),
after which DMAP (36.7 mg, 0.3 mmol) and phenol (5c, 28.2 mg,
0.3 mmol) were added. The reaction mixture was stirred for 3.5 h, evapo-
rated, and purified by preparative RP-HPLC (Nucleogel 100-10). The de-
sired product was eluted by using a linear gradient 50–95% B in 80 min
(eluent A, H2O; eluent B, CH3CN). The main fraction with a retention
time of 54.3 min was collected, evaporated in vacuo, redissolved in
CH3CN/H2O, and lyophilised to give the product (65 mg, 50%) as pale
yellow crystals. M.p. 79–81 8C; TLC: Rf =0.16 (hexane/EtOAc, 16:6 v/v);
tR =14.97 min (analytical HPLC, PLRP-S, 5–95% B in A in 20 min,
eluent A, H2O; eluent B, CH3CN); 1H NMR (600 MHz, [D6]DMSO,
27 8C, TMS): d =1.42 (s, 18H), 4.20 (s, 4H), 5.49 (s, 2H), 6.17 (s, 1H),
6.49 (d, J=2.1 Hz, 1H), 6.61 (dd, J=8.9 and 2.2 Hz, 1H), 7.28–7.33 (m,
3H), 7.43–7.48 (m, 2H), 7.59 ppm (d, J=8.9 Hz, 1H); 13C NMR
(75.5 MHz [D6]DMSO, 27 8C): d=27.7, 53.5, 65.4, 81.1, 98.2, 106.9, 107.4,
109.2, 121.2, 125.5, 126.3, 129.6, 149.3, 150.7, 151.5, 152.5, 155.1, 160.2,
168.7 ppm; HRMS (ESI): m/z : calcd for C29H33N1O9 [M+H]+ : 540.2234;
found: 540.2226.


{7- ACHTUNGTRENNUNG[Bis(carboxymethyl)amino]coumarin-4-yl}methyl phenyl carbonate
(1c): The bis-tert-butyl ester of 1c (54.0 mg, 0.1 mmol) was stirred in a
mixture (5 mL) of TFA/CH2Cl2/H2O (74:25:1) at room temperature for
20 min. The solvents were evaporated, and the residue was coevaporated
two times with diethyl ether, dissolved in CH3CN/H2O, and lyophilised to
give 1c (40.6 mg, 93.5%) as a pale yellow solid. M.p. >110 8C (decomp);
TLC: Rf =0.34 (CHCl3/MeOH/1% TFA, 95:5:1 v/v); tR =8.10 min (ana-
lytical HPLC, PLRP-S, 30–95% B in A in 20 min, eluent A, 0.1% TFA/
H2O; eluent B, CH3CN); 1H NMR (600 MHz, [D6]DMSO, 27 8C, TMS):
d=4.24 (s, 4H), 5.48 (s, 2H), 6.17 (s, 1H), 6.50 (d, J=2.2 Hz, 1H), 6.63
(dd, J=9.0 and 2.2 Hz, 1H), 7.30–7.33 (m, 3H), 7.43–7.48 (m, 2H), 7.57
(d, J=9.0 Hz, 1H), 12.93 ppm (s, 2H); 13C NMR (75.5 MHz [D6]DMSO,
27 8C): d =52.9, 65.4, 98.1, 106.7, 107.3, 109.2, 121.2, 125.6, 126.4, 129.7,
149.3, 150.7, 151.5, 152.5, 155.2, 160.2, 171.3 ppm; HRMS (ESI): m/z :


calcd for C21H17N1O9 [M+H]+ : 428.0982; found: 428.0991; elemental
analysis calcd (%) for C21H17N1O9·0.5H2O (436.38): C 57.80, H 4.16, N
3.21; found: C 57.44, H 4.42, N 3.12.


(E)-{7-[Bis(tert-butoxycarbonylmethyl)amino]coumarin-4-yl}methyl 2-
methoxy-4-[(8-methylnon-6-enamido)methyl]phenyl carbonate : This
compound was prepared by modification of our previously reported pro-
cedure[18] by stirring of 6 (103 mg, 0.24 mmol), DMAP (36.7 mg,
0.3 mmol), and 4-nitrophenyl chloroformate (60.5 mg, 0.3 mmol) in THF
(5 mL) for 1 h, filtration, evaporation of the filtrate, and reaction of the
formed 7 with capsaicin (91.6 mg, 0.3 mmol) in CH2Cl2 (5 mL) in the
presence of DMAP (36.7 mg, 0.3 mmol) for 3.5 h. Working up as de-
scribed gave the pure product (65 mg, 36%).


(E)-{7-[Bis(carboxymethyl)amino]coumarin-4-yl}methyl 2-methoxy-4-[(8-
methylnon-6-enamido)methyl]phenyl carbonate (BCMACMOC-caged
capsaicin, 1d): Compound 1d was prepared by deprotection of the bis-
tert-butyl ester of 1d (60 mg, 0.08 mmol) with a mixture (10 mL) of TFA/
CH2Cl2/H2O (50:50:1) by stirring at room temperature for 20 min. Work-
ing up as described[18] gave the pure product (54 mg, 100%). The spectral
and analytical data for 1d were in accordance with those earlier de-
scribed.[18]


{7- ACHTUNGTRENNUNG[Bis(tert-butoxycarbonylmethyl)amino]coumarin-4-yl}methyl 2-phenyl-
ethyl carbonate : The active ester 7 was prepared from 6 (103 mg,
0.24 mmol) and 4-nitrophenyl chloroformate (60.5 mg, 0.3 mmol) in THF
(5 mL) in the presence of DMAP (36.7 mg, 0.3 mmol) as described for
the bis-tert-butyl ester of 1c. Dissolution of 7 in CH2Cl2 (5 mL), addition
of DMAP (36.7 mg, 0.3 mmol) and 2-phenylethanol (5e, 36.7 mg,
0.3 mmol), stirring at room temperature for 3.5 h, evaporation, purifica-
tion by preparative RP-HPLC (PLRP-S) by using a linear gradient 50–
95% B in 80 min (eluent A, H2O; eluent B, CH3CN, retention time=


56.9 min), and lyophilization gave the desired product (50 mg, 37%) as a
pale yellow solid. M.p. 45–47 8C; TLC: Rf =0.75 (THF/hexane, 1:1 v/v);
tR =16.5 min (analytical HPLC, PLRP-S, 50–95% B in A in 22 min,
eluent A, H2O; eluent B, CH3CN); 1H NMR (300 MHz, [D6]DMSO,
27 8C, TMS): d=1.42 (s, 18H), 2.95 (t, J=6.7 Hz, 2H), 4.20 (s, 4H), 4.37
(t, J=6.7 Hz, 2H), 5.33 (s, 2H), 6.01 (s, 1H), 6.48 (d, J=1.9 Hz, 1H),
6.58 (dd, J=9.0 and 1.9 Hz, 1H), 7.21–7.32 (m, 5H), 7.50 ppm (d, J=


9.0 Hz, 1H); 13C NMR (75.5 MHz [D6]DMSO, 27 8C): d =27.7, 34.2, 53.5,
64.4, 68.5, 81.1, 98.2, 106.9, 107.0, 109.2, 125.4, 126.4, 128.4, 128.8, 137.4,
149.9, 151.4, 153.9, 155.1, 160.2, 168.7 ppm; HRMS (ESI): m/z : calcd for
C31H37N1O9 [M+Na]+ : 590.2366; found: 590.2360.


{7- ACHTUNGTRENNUNG[Bis(carboxymethyl)amino]coumarin-4-yl}methyl 2-phenylethyl car-
bonate (1e): The bis-tert-butyl ester of 1e (43 mg, 0.075 mmol) was
stirred in a mixture (7.5 mL) of TFA/CH2Cl2/H2O (74:25:1) at room tem-
perature for 20 min. The solvents were evaporated, and the residue was
co-evaporated two times with diethyl ether, dissolved in CH3CN/H2O,
and lyophilised to give 1e (35 mg, 100%). Because the product was not
absolutely pure it was purified by preparative RP-HPLC (Nucleodur 100-
5). The desired product was eluted by use of a linear gradient of 30–95%
B in 70 min (eluent A, H2O/0.1% TFA; eluent B, CH3CN). The fraction
with a retention time of 32.4 min was collected, evaporated in vacuo, re-
dissolved in CH3CN/H2O, and lyophilised to give pure 1e (25 mg, 72%)
as a pale yellow solid. M.p. >75 8C (decomp); tR =14.2 min (analytical
HPLC, Nucleodur 100-5, 30–95% B in A in 20 min, eluent A, 0.1%
TFA/H2O; eluent B, CH3CN); 1H NMR (300 MHz, [D6]DMSO, 27 8C,
TMS): d =2.95 (t, J=6.7 Hz, 2H), 4.23 (s, 4H), 4.37 (t, J=6.7 Hz, 2H),
5.33 (s, 2H), 6.01 (s, 1H), 6.48 (d, J=2.4 Hz, 1H), 6.60 (dd, J=9.2 and
2.4 Hz, 1H), 7.18–7.32 (m, 5H), 7.48 (d, J=8.9 Hz, 1H), 13.00 ppm (br s,
2H); 13C NMR (75.5 MHz [D6]DMSO, 27 8C): d=34.2, 52.8, 64.5, 68.5,
98.1, 106.7, 106.9, 109.2, 125.4, 126.5, 128.4, 128.8, 137.5, 149.9, 151.5,
154.0, 155.1, 160.2, 171.3 ppm; HRMS (ESI): m/z : calcd for C23H21N1O9


[M+H]+ : 456.1295; found: 456.1291; elemental analysis calcd (%) for
C23H21N1O9·0.5H2O (464.43): C 59.48, H 4.77, N 3.02; found: C 59.09, H
4.84, N 3.31.


N-{{7-[Bis(tert-butoxycarbonylmethyl)amino]coumarin-4-yl}methoxycar-
bonyl}-l-norepinephrine : The active ester 7 was prepared from 6
(103 mg, 0.24 mmol) and 4-nitrophenyl chloroformate (60.5 mg,
0.3 mmol) in THF (5 mL) in the presence of DMAP (36.7 mg, 0.3 mmol)
as described for the bis-tert-butyl ester of 1c. Dissolution of 7 in DMF
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(4 mL), addition of DMAP (36.7 mg, 0.3 mmol) and l-norepinephrine hy-
drochloride (5 f, 51.4 mg, 0.25 mmol), again addition of DMAP (36.7 mg,
0.3 mmol) stirring at room temperature for 3.5 h, evaporation, purifica-
tion by preparative RP-HPLC (Nucleogel 100-10) by using a linear gradi-
ent 30–95% B in 60 min (eluent A, H2O; eluent B, CH3CN, retention
time=37.2 min) and lyophilization gave the desired product (70 mg,
47.4%) as a pale-yellow solid. M.p. 115–116 8C; TLC: Rf =0.38 (THF/
hexane, 1:1 v/v); tR =11.2 min (analytical HPLC, PLRP-S, 30–95% B in
A in 20 min, eluent A, H2O; eluent B, CH3CN); 1H NMR (300 MHz,
[D6]DMSO, 27 8C, TMS): d=1.42 (s, 18H) 3.04–3.15 (m, 2H), 4.19 (s,
4H), 4.41–4.45 (m, 1H), 5.19–5.22 (m, 3H), 6.10 (s, 1H), 6.47 (d, J=


1.9 Hz, 1H), 6.56 (m, 2H), 6.66 (d, J=8.0 Hz, 1H), 6.74 (s, 1H), 7.46–
7.52 (m, 2H), 8.67 (s, 1H), 8.78 ppm (s, 1H); 13C NMR (75.5 MHz
[D6]DMSO, 27 8C): d =27.7, 48.7, 53.5, 60.8, 71.1, 81.1, 98.2, 105.9, 107.0,
109.1, 113.4, 115.1, 116.9, 125.1, 134.5, 144.3, 144.9, 151.3, 151.9, 155.0,
155.4, 160.5, 168.8 ppm; HRMS (ESI): m/z : calcd for C31H38N2O11


[M+Na]+ : 637.2373; found: 615.2361.


N-{{7-[Bis(carboxymethyl)amino]coumarin-4-yl}methoxycarbonyl}-l-nor-
epinephrine (N-BCMACMOC-caged l-norepinephrine, 1 f): The bis-tert-
butyl ester of 1 f (45 mg, 0.073 mmol) was stirred in a mixture (15 mL) of
TFA/CH2Cl2/H2O (50:50:1) at room temperature for 10 min. The solvents
were evaporated, and the residue was co-evaporated two times with di-
ethyl ether, dissolved in CH3CN/H2O, and lyophilised to give 38.7 mg
(0.073 mmol, 100%) of 1 f. Because the product was not absolutely pure
it was purified by preparative RP-HPLC (Nucleogel 100-10). The desired
product was eluted by use of a linear gradient of 5–60% B in 70 min
(eluent A, H2O/0.1% TFA; eluent B, CH3CN). The fraction with a reten-
tion time of 35.5 min was collected, evaporated in vacuo, redissolved in
CH3CN/H2O, and lyophilised to give pure 1 f (29.8 mg, 77%) as pale-
yellow solid. M.p. >155 8C (decomp); [a]25


D =++29.4 (c=0.67 in DMSO);
tR =10.5 min (analytical HPLC, (PLRP-S), 5–60% B in A in 20 min,
eluent A, 0.1% TFA/H2O; eluent B, CH3CN); 1H NMR (300 MHz,
[D6]DMSO, 27 8C, TMS): d=3.04–3.12 (m, 2H), 4.22 (s, 4H), 4.42 (t, J=


6.1 Hz, 1H), 5.22 (s, 3H), 6.09 (s, 1H), 6.47 (d, J=1.7 Hz, 1H), 6.53–6.61
(m, 2H), 6.69 (dd, J=7.1 and J=1.7 Hz, 1H), 6.73 (d, J=1.2 Hz, 1H),
7.48–7.53 (m, 2H), 8.71 (s, 1H), 8.82 (s, 1H), 12.89 ppm (br s, 2H);
13C NMR (75.5 MHz [D6]DMSO, 27 8C): d=48.7, 52.7, 60.8, 71.1, 98.0,
105.9, 106.8, 109.1, 113.4, 115.1, 116.9, 125.2, 134.5, 144.3, 144.9, 151.4,
151.8, 155.0, 155.5, 160.5, 171.3 ppm; HRMS (ESI): m/z : calcd for
C23H22N2O11 [M+Na]+ : 525.1121; found: 525.1147; elemental analysis
calcd (%) for C23H22N2O11·1.5H2O (464.43): C 52.18, H 4.76, N 5.29;
found: C 52.19, H 4.98, N 5.42.


(S)-{{7-[Bis(tert-butoxycarbonylmethyl)amino]coumarin-4-yl}methoxycar-
bonyl}-N-Fmoc-l-cysteine : The active ester 7 was prepared by following
the procedure described for the bis-tert-butyl ester of 1c from 6
(154.3 mg, 0.36 mmol) and 4-nitrophenyl chloroformate (86 mg,
0.43 mmol) in CH2Cl2 (5 mL) in the presence of DMAP (52 mg,
0.3 mmol). To the solution of 7 were added a solution of N-Fmoc-l-cys-
teine (148 mg, 0.43 mmol; prepared by treatment of N-Fmoc-(S)-trityl-l-
cysteine (252 mg, 0.43 mmol) with a mixture (4 mL) of TFA/CH2Cl2/H2O
(74:25:1) in the presence of triisopropylsilane (0.088 mL, 0.43 mmol) at
room temperature, for 30 min, and evaporation) in CH2Cl2 (5 mL) and
DMAP (150 mg, 1.23 mmol). The mixture was stirred at room tempera-
ture for 20 h, was evaporated, and purified by preparative RP-HPLC
(Nucleodur 100-5) by using a linear gradient 30–95% B in 60 min (eluent
A, 0.1% TFA/H2O; eluent B, CH3CN; retention time=54.1 min). Lyo-
philization gave the desired product (49 mg, 17%) as a pale-yellow solid.
M.p. 108–110 8C (decomp); TLC: Rf =0.22 (CH2Cl2/CH3OH, 9:1 v/v);
tR =18.37 min (analytical HPLC, Nucleodur 100-5, 30–95% B in A in
20 min, eluent A, H2O; eluent B, CH3CN); 1H NMR (300 MHz,
[D6]DMSO, 27 8C, TMS): d =1.41 (s, 18H), 3.08–3.15 (m, 1H), 3.41–3.47
(m, 1H), 4.19 (s, 4H), 4.21–4.34 (m, 4H), 5.48 (s, 2H), 6.05 (s, 1H), 6.47
(d, J=1.9 Hz, 1H), 6.58 (dd, J=9.0 and J=2.3 Hz, 1H), 7.31 (t, J=


7.3 Hz, 2H), 7.40 (t, J=7.4 Hz, 2H), 7.47 (d, J=8.9 Hz, 1H), 7.71 (d, J=


7.3 Hz, 2H), 7.87 (d, J=8.0 Hz, 1H), 7.89 (d, J=7.3 Hz, 2H), 12.88 ppm
(br s, 1H); 13C NMR (75 MHz [D6]DMSO, 27 8C): d=27.7, 32.3, 46.6,
53.3, 53.5, 64.3, 65.8, 81.1, 98.2, 106.8, 107.2, 109.2, 120.1, 125.2, 125.4,
127.0, 127.6, 140.7, 143.7, 149.5, 151.5, 155.1, 156.0, 160.2, 168.7, 169.6,
171.5 ppm; HRMS (ESI): m/z : calcd for C41H44N2O12S1 [M+H]+ :


789.2693; found: 789.2697; elemental analysis calcd (%) for
C41H44N2O12S1 (788.26): C 62.42, H 5.62, N 3.55, S 4.06; found: C 62.27,
H 5.91, N 3.76, S 4.04.


(S)-{{7-[Bis(carboxymethyl)amino]coumarin-4-yl}methoxycarbonyl}-N-
Fmoc-l-cysteine ((S)-BCMACMOC-caged N-Fmoc-l-cysteine, 1g): The
bis-tert-butyl ester of 1g (19.9 mg, 0.025 mmol) was stirred in a mixture
(4 mL) of TFA/CH2Cl2/H2O (75:24:1) at room temperature for 30 min.
The solvents were evaporated, and the residue was coevaporated two
times with diethyl ether, dissolved in CH3CN/H2O, and purified by prepa-
rative RP-HPLC (Nucleogel RP 100-10). The desired product was eluted
by use of a linear gradient of 30–95% B in 60 min (eluent A, H2O/0.1%
TFA; eluent B, CH3CN). The fraction with a retention time of 35.1 min
was collected, evaporated in vacuo, redissolved in CH3CN/H2O, and
lyophilised to give pure 1g (16.9 mg, 98.6%) as a pale-yellow solid. M.p.
>157 8C (decomp); [a]25


D =�35.7 (c=0.67 in DMSO); tR =10.93 min (ana-
lytical HPLC, PLRP-S, 30–95% B in A in 20 min, eluent A, 0.1% TFA/
H2O; eluent B, CH3CN); 1H NMR (300 MHz, [D6]DMSO, 27 8C, TMS):
d=3.10–3.14 (m, 1H), 3.42–3.45 (m, 1H), 4.23 (s, 4H), 4.23–4.35 (m,
4H), 5.47 (s, 2H), 6.04 (s, 1H), 6.48 (d, J=1.9 Hz, 1H), 6.58 (dd, J=9.0
and J=2.0 Hz, 1H), 7.32 (t, J=7.3 Hz, 2H), 7.40–7.41 (m, 2H), 7.46 (d,
J=8.9 Hz, 1H), 7.71–7.72 (m, 2H), 7.87 (d, J=8.0 Hz, 1H) 7.89 (d, J=


7.2 Hz, 2H), 12.88 ppm (br s, 3H); 13C NMR (75.5 MHz [D6]DMSO,
27 8C): d=32.2, 46.6, 52.7, 53.3, 64.2, 65.7, 98.1, 106.6, 107.1, 109.2, 120.1,
125.2, 125.4, 127.0, 127.6, 140.7, 143.7, 149.5, 151.5, 155.1, 156.0, 160.2,
169.6, 171.2, 171.5 ppm; HRMS (ESI): m/z : calcd for C33H28N2O12S1


[M+H]+ : 677.1451; found: 677.1450; elemental analysis calcd (%) for
C33H28N2O12S1·0.5H2O (685.66): C 57.81, H 4.26, N 4.09, S 4.68; found: C
57.78, H 4.27, N 4.14, S 4.49.


O-{{7-[Bis(carboxymethyl)amino]coumarin-4-yl}methyl} (S)-(4-
acetamido ACHTUNGTRENNUNGphenyl) thiocarbonate (BCMACMOC-caged 4-acetamidothio-
phenol, 1h): The active ester 7 was prepared following the procedure de-
scribed for the bis-tert-butyl ester of 1c from 6 (103 mg, 0.24 mmol) and
4-nitrophenyl chloroformate (75 mg, 0.38 mmol) in CH2Cl2 (5 mL) in the
presence of iPr2EtN (48 mg, 0.38 mmol). To the solution of 7 were added
a solution of 4-acetamidothiophenol (62 mg, 0.38 mmol) in CH2Cl2
(5 mL) and iPr2EtN (48 mg, 0.38 mmol). The mixture was stirred at room
temperature for 1 h and the formed O-{{7-[bis(tert-butoxycarbonylmethyl)-
amino]coumarin-4-yl}methyl} (S)-(4-acetamidophenyl) thiocarbonate de-
protected without separation by treatment with TFA (3 mL) and stirring
for 30 min. Compound 1h was precipitated by addition of Et2O and puri-
fied by preparative RP-HPLC (Nucleodur 100-5) by using a linear gradi-
ent 10–50% B in 60 min (eluent A, 0.1% TFA/H2O; eluent B, CH3CN;
retention time=50.6 min). Lyophilization gave 1h (61 mg, 49%) as a
pale-yellow solid. M.p. >135 8C (decomp); tR =6.54 min (analytical
HPLC, Nucleodur 100-5, 30–95% B in A in 20 min, eluent A, 0.1%
TFA/H2O; eluent B, CH3CN); 1H NMR (300 MHz, [D6]DMSO, 27 8C,
TMS): d=2.07 (s, 3H), 4.23 (s, 4H), 5.48 (s, 2H), 6.01 (s, 1H), 6.48 (d,
J=2.0 Hz, 1H), 6.61 (dd, J=9.0 and J=2.0 Hz, 1H), 7.46 (d, J=8.9 Hz,
1H), 7.51 (d, J=8.7 Hz, 1H), 7.68 (d, J=8.6 Hz, 2H), 10.17 (s, 1H),
12.78 ppm (br s, 2H); 13C NMR (75.5 MHz, [D6]DMSO, 27 8C): d=24.1,
52.7, 64.6, 98.1, 106.7, 107.2, 109.2, 119.3, 119.5, 125.5, 135.7, 141.1, 149.5,
151.5, 155.1, 160.2, 168.7, 171.2 ppm; HRMS (ESI): m/z : calcd for
C23H20N2O9S1 [M+H]+ : 501.0968; found: 501.0978; elemental analysis
calcd (%) for C23H20N2O9S1·H2O (518.50): C 53.28, H 4.28, N 5.40, S 6.18;
found: C 52.90, H 4.25, N 5.51, S 6.00.


Solubility : The solubilities of 1a–h in HEPES buffer (10 mm HEPES and
120 mm KCl adjusted to pH 7.2 with 2n KOH) were estimated by using
analytical RP-HPLC at room temperature.


Hydrolytic stability : Freshly prepared solutions of 1a–h in HEPES
buffer, pH 7.2, and of 1b in citrate/phosphate buffer, pH 4.0, were left in
the dark at room temperature and monitored over a period of 24 h by
using analytical RP-HPLC.


Photochemical quantum yields : The differential photochemical quantum
yields (fchem) were determined for 1a and 1c–h at 365 nm in 5% CH3CN/
0.01m HEPES/KOH buffer (pH 7.2) by the relative method as previously
described[31] by using (6,7-dimethoxycoumarin-4-yl)methyl diethyl phos-
phate (fchem =0.08)[32] in 5% CH3CN/0.01m HEPES/KOH buffer
(pH 7.2) as standard. Identical absorbances for the references and 1a or
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1c–h were used during photolysis. For kinetic investigations the irradiat-
ed solutions of 1a, 1c–h, and (6,7-dimethoxycoumarin-4-yl)methyl diethyl
phosphate were analysed by using analytical HPLC.


Fluorescence quantum yields : The fluorescence quantum yields (ff) of
1a, 1c–h, and of 6 were determined at 25 8C in CH3CN/HEPES buffer
(5:95), pH 7.2, by the relative method[33] versus quinine sulfate in 0.1n


H2SO4 as a standard (ff =0.545). At the excitation wavelength used, the
absorbance values of the standard and the investigated compounds were
identical.
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Introduction


In a recent review article on molecular loops and belts, Y.
Tobe pointed out that “[n]cyclacenes have been one of the


most fascinating yet unrealized target molecules for synthet-
ic chemists”.[1] This statement describes to the point a rather
unfortunate situation in which several groups worldwide
have undertaking enormous efforts to find access to com-
pounds with the general structure A or their closely related
congeners B (Figure 1).[2] So far only potential precursors
have been prepared, which all are characterized by an inter-
rupted p-conjugation. Chemical conversions of any of these
“precursors” to the respective through-conjugated targets
failed altogether, whereas the same conversions worked well
when applied to non-cyclic model compounds.[3] A recent,
rather astonishing observation along these lines is the find-
ing that treatment of 1 (Figure 1) with concentrated sulphu-
ric acid at 150 8C left this material completely unchanged,
whereas model 3 underwent clean dehydration to 4 under
much milder conditions (Scheme 1).[4] The reluctance of
cyclic precursors to undergo aromatization led to the per-
ception that such transformations are associated with a con-
siderable energy price, namely the build-up of strain, which
“protects” the aromatic targets from forming.[5]


In another recent experiment it was reported that precur-
sor 1 in the presence of methylsulfonic acid at 150 8C suffers
conversion into an insoluble black material, the structural
analysis of which did not yet lead to an unambiguous result
but, at the same time, is not in contradiction to the assump-
tion of an intermediately formed, possibly more conjugated
transient species which subsequently suffers cross-linking.[4]


Abstract: The two compounds, 1 and 5,
are investigated by means of collision-
induced dissociation experiments by
using ion cyclotron resonance mass
spectrometry and other mass spectro-
metric techniques as to their ability to
act as precursors for the fully unsatu-
rated double-stranded target com-
pound 2. These experiments are com-
plemented by flask-type pyrolyses of 5,
the products of which are analyzed by


mass spectrometry. For 1, no conditions
were found under which the expected
molecular ion of 2 at m/z 932 ap-
peared, however, for its derivative 5
this was possible. This interesting find-
ing is not in contradiction with the


chemical structure of the long sought
for compound 2 but calculations sug-
gest that this compound may have iso-
merized into one where the conjuga-
tion is interrupted by hydrogen shift
from the solubilizing alkyl chains into
the cycle3s perimeter. The key driving
force for such an isomerization would
be the considerable relief of strain
energy.
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Given these findings spanning between “no reaction at all”
and possibly “overreaction” into a brickstone-like, black
network, it was considered advisable to test other variants
of how to generate and analyze target compound 2. The
mass spectrometer has proven a useful tool in the identifica-
tion of otherwise inaccessible compounds and spectacular
cases were reported. Many examples of unique structures
that were synthesized and analysed in the gas phase using
special mass spectrometric techniques are known, for exam-
ple, the pioneering finding of fullerenes by Smalley and co-
workers.[6]


We report here mass spectrometric experiments which
shine more light onto possible ways leading to the fully aro-
matic target structure 2 and related compounds. The inter-
pretation of some mass spectrometric results is supported by
quantum-mechanical calculations.[7]


Results and Discussion


Compound 1, a potential precursor for 2? Flask-type experi-
ments aiming at generating the fully aromatic derivative 2
of the belt-shaped macrocycle 1 through acid-catalyzed de-


hydration reactions at elevated temperatures did not lead to
success as yet. This failure initiated thoughts whether it
would be possible to enforce the elimination of 1’s two
formal water molecules (water: oxygen bridge plus adjacent
two hydrogen atoms) under mass spectrometric conditions.
In the initial publication on compound 1, its electron impact
(EI) mass spectrum was reported to show the molecular ion
peak at m/z 968 and also a peak at m/z 484, which had the
highest intensity. This latter peak appeared at half the mass
of the parent ion which may indicate that fragmentation
under EI conditions passes through a retro-Diels–Alder
(RDA) channel. The present work started therefore in ap-
plying different mass spectrometric conditions to 1 to see
whether other fragmentation paths could be activated.
Therefore, MALDI spectra were run both in the presence
and absence of acidic matrix materials [2,3-dihydroxybenzo-
ic acid (DHB)]. In either case very similar spectra were ob-
tained as the above EI spectrum, revealing the presence of
both ions. In order to make sure that it was in fact RDA
which generated the peak at m/z 484 and not a sequence of
fragmentations which may comprise dehydration, collision
induced dissociation (CID) experiments were performed
with cationized 1 that was generated in an electrospray ioni-
zation (ESI) source connected to an ion cyclotron resonance
(ICR) mass spectrometer. For this purpose compound 1 was
converted into a charged species by injecting it into the ESI
source in methanol (~10�5 gmL�1) in the presence of
AgNO3 (addition of 5 mL of a 0. 001 gmL�1 stock aqueous
solution to 1 mL of sample in methanol). The resulting [1+
109Ag]+ ions were isolated as single entities in the gas phase
and then activated by collisions with argon atoms. This
treatment afforded exclusively the product ion of m/z 484
(Figure 2) which strongly supports the proposed RDA frag-
mentation channel (Scheme 2). Thus, not only the pyrolysis
of 1 during the MALDI experiment but also the gas phase
experiments show that the availability of higher energy does
not enable the formation of 2 from 1 and that, therefore,
compound 1 does not seem to be an appropriate precursor
for 2.


Tetraacetate 5, a precursor for “2”: These findings made it
necessary to use potential precursors for 2 which could not
undergo RDA. This prerequisite was fulfilled with com-


Figure 1. Side view of an (unknown) cyclacene (A) and the belt-region of
a buckyball (B) (Double-bonds and side chains omitted for clarity) as
well as the chemical structures of a potential precursor, 1, for the belt of
fullerene C84 (D2), 2. R = hexyl.


Scheme 1. Dehydration of the non-cyclic model compound 3 to its fully
conjugated congener 4.


Figure 2. Isolated [1+ 109Ag]+ ion and its decomposition product at m/z
484 after collision with argon atoms.
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pound 5[4] which, as a tetraacetate, had the additional bene-
fit of potentially being able to undergo acetic acid elimina-
tions, which are well-established organic chemistry tools for
synthesizing olefins under pyrolytic conditions.[8] In the con-
crete case, four such eliminations would lead directly to
target 2 (Scheme 3).


Compound 5 was analyzed by MALDI mass spectrometry
(without matrix) and showed the expected molecular ion of
m/z 1172. Upon electrospray ionization,[9] the [M+H]+ ion
could not be observed but instead its decomposition prod-
uct, the [M+H�AcOH]+ ion of m/z 1113 was detected. This
ion, which in Scheme 4 and Figure 3a is referred as C, was
subjected to collisions with argon atoms under CID condi-
tions and the resulting fragmen-
tation studied. There seem to
be two competing channels for
the fragmentation of the acetic
acid moieties which involve
either the direct fragmentation
of the entire moiety (�60 Da)
or a two-step event in which
first ketene (�42 Da) is cleaved
off which is then followed by
loss of a water molecule
(�18 Da).[10] Thus, according to
the first variant, the formation
of H from C (Figure 3a) passes
through the ions E and F by
three sequential losses of acetic
acid, finally giving rise to ion H
at m/z 933 which corresponds
to the mass expected for pro-
tonated 2 ([2+H]+). In the
second variant, the fragmenta-
tion of C starts with the well-
known[10] elimination of ketene
(�42 Da) affording ion D of
m/z 1071. This ion then further
dissociates by the loss of water
to give E. Ketene fragmenta-
tion is also observed for F


which results in the formation of G. Subsequently G suffers
loss of water to give H.


Thus, upon acid-catalyzed fragmentation of the tetraace-
tate precursor 5, a species is generated in the gas phase
whose molar mass corresponds to the one expected for the
protonated form of 2. The simplest (and perhaps most ap-
pealing) assumption would be that this species is in fact
[2+H]+ . It is important to note, however, that eventual rear-
rangements of either the carbon skeleton of 2[11] or its pro-
tons[12] would not be detected by this mass spectrometry ex-
periment and can therefore not be excluded. This is why the
number of this product is put into quote (“2”) throughout
the paper. A theoretical treatment of some rearrangements
is given below.


Scheme 2. Proposed decomposition of [1+ 109Ag]+ according to a retro-
Diels–Alder (RDA) pathway in CID experiments using argon.


Scheme 3. Starting compound 5 for mass spectrometry and flask-type ex-
periments aiming at cleaving off the four acetic acid moieties on the way
to the fully aromatic belt 2.


Scheme 4. Possible fragmentation paths of compound 5 under acidic conditions. Note that the intermediates C
and D in this representation still contain two acetate units in their non-shown parts. Also note that there is no
information about the regiochemical course of the fragmentation. It may well be that the first two acetates are
not cleaved off at the same six-membered ring as this scheme suggests. R = hexyl.
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In order to generate the non-protonated molecular ion of
“2” in the gas phase, the [M+H]+ ion of m/z 933 (H) has to
lose a hydrogen atom. Hence the CID experiment was re-
peated in the presence of the persistent radical tetramethyl-
piperidine oxide (TEMPO) which is known to abstract
labile hydrogen atoms (Scheme 5).[13] The CID spectrum of
the [M+H�AcOH]+ ion of “2” in the presence of TEMPO
(Figure 3b), however, indicated the abstraction to take place
only from ion D, giving rise to radical cation D’, and not
from H. Unfortunately, the ion [“2”+H]+ itself stayed un-
changed. At this point it was concluded that by this tech-
nique it was not easily possible to get a direct proof for the
existence of the molecular ion of “2”.


In a closely related CID experiment the starting com-
pound 5 was treated with AgNO3 prior to electrospray ioni-
zation. In contrast to the above experiment, where the
[M+H]+ ion ([5+H]+) was not stable enough to be subject-
ed to CID, the corresponding [M+Ag]+ ion ([5+Ag]+)
could in fact be isolated and provided the opportunity to
monitor the entire fragmentation process (Figure 4). Here
however the ketene variant is less prominent.


Pyrolysis of compound 5 to generate “2”: Stimulated by the
promising finding that four acetates can be cleaved off the
starting compound 5, its pyrolysis was also tried in prelimi-
nary flask-type experiments and the products analysed by
mass spectrometry. 10–40 mg of the fine, yellow powder of 5
were placed in a small flask together with a large excess of
freshly sublimed, parent anthracene to discourage eventual
oligomerization. After evacuation, the flask was immersed
into a pre-heated metal bath (330 8C), whereupon the an-
thracene melted within approximately 1 min and a homoge-
nous mixture formed.[14] After 3 min the flask was removed
from the bath and allowed to cool. The entire mixture had
changed its color to deep-red and was applied as obtained
to a recycling, high-pressure GPC. During the first cycle sev-
eral fractions were isolated, whose comprehensive analysis


is rather complex and will be
reported later.[15] In one such
experiment a fraction with a
medium retention time was iso-
lated and analyzed by MALDI-
TOF mass spectrometry
(Figure 5).


The spectrum of this fraction
indicates a mixture of com-
pounds, only some of which
could be identified. An abun-
dant ion was observed around
m/z 933, while the mass of the
expected target 2 is 932 Da. It
is also apparent that the group
of peaks around m/z 933 is


Figure 3. CID mass spectra of the [5+H�AcOH]+ ion (C) in the ab-
sence (a) and presence of TEMPO (b). The spectrum in a) shows the two
different decomposition paths. The ion D’ in b) is generated from D by
collision with TEMPO which is concluded from the fact that only when
TEMPO is present, a signal at m/z 1070 is observed. For further explana-
tion see Scheme 4 and text.


Scheme 5. CID experiments aiming at the generation of the molecular ion of “2”. R = hexyl.


Figure 4. CID mass spectrum of the [5+Ag]+ ion showing the entire frag-
mentation process from [M+Ag]+ all the way to [M+Ag�3HOA-
c�AgOAc]+ which corresponds to ion H of Figure 3. The ketene variant
does not seem to be very relevant here.
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rather complex and therefore reasonable to assume that ion-
ized, protonated and reduced species coexist. The reduced
species would result from dihydrogen additions which are
not typical for aromatic compounds (see below). Also pres-
ent is a group of peaks at m/z 950, the relative intensities of
which vary from one experiment to the next and appear as a
mixture of ions differing from one another by 1 Da. This
signal group has tentatively been assigned to the
[“2”+H2O]+ ion and may either be the product of a cova-
lent water addition to “2”[16] or one of the pyrolysis products
that is reluctant to eliminate a water molecule. The former
assignment may be considered unusual but is backed by the
results of a calculation according to which such an addition
is enthalpically feasible (see below). Finally, the ions at m/z
1110 and 1128 indicate addition of anthracene to “2” and to
“ ACHTUNGTRENNUNG(2+H2O)”, respectively. The latter assignment may have
future mechanistic implications[17] and was therefore con-
firmed by independent high resolution MALDI mass spec-
trometry which afforded m/z 1110.622 (calcd: 1110.6104)
and m/z 1128.631 (calcd: 1128.6209), respectively. A struc-
tural proposal for the anthracene adducts cannot be made at
present. It should be noted that the fraction did not contain
any free anthracene and that therefore the anthracene ad-
ducts could not have been formed in the mass spectrometer.


In an independent pyrolysis the last fraction of the recy-
cling GPC separation was analyzed in somewhat more detail
which led to a deeper insight into the composition of the
rather complex patterns in which relevant ions appear in the
mass spectrum depicted in Figure 5. Figure 6 contains the
low and high mass range parts of a MALDI-TOF spectrum
of this fraction together with calculated isotope distributions
of relevant intermediates. From the bottom lines of Figure 6
it seems that this fraction[18] consists of three components,
which give rise to the molecular ion minus two, three and
four acetic acid molecules. The signals show an increasing
complexity in this order. For an assignment they were com-
pared with calculated isotopic distributions taking reduc-


tions by two hydrogen atoms into account. The experimental
signal at m/z 1052 ([5�2HOAc]+) is almost identical with
the calculated one (Figure 6, right column, line two from
top) which indicates that negligible reduction has taken
place if any. The experimental signal group above m/z 990
consists of two isotopic patterns, the one that starts at m/z
992 is corresponding to the [5�3HOAc]+ ion and the one
starting at m/z 994 to [5�3HOAc+2H]+ . The latter is thus
a reduction product. The most important signal group, final-
ly, appears at above m/z 930 and consists of three superim-
posed isotopic patterns as the comparison with the three cal-
culated spectra on top of it show. First, the pattern of the
[5�4HOAc]+ ion at m/z 932 can be identified. This is super-
imposed by two series of reduction products, namely
[5�4HOAc+2H]+ starting at m/z 934 and
[5�4HOAc+4H]+ starting at m/z 936. The fact that the iso-
topic series starting at m/z 932 can actually be detected
shows that in contrast to the measurements discussed above
the present experiments provide an opportunity to get hold
of the true molecular ion of “2”. Compound “2” obviously
has a tendency to add two hydrogen atoms in each of the
two consecutive reduction steps and not more. It should be
noted that this hydrogen addition does not take place in the
mass spectrometer. Repeated measurements under different
conditions leave the proportion between hydrogenated and
non hydrogenated compounds unaltered.


This observation supports “2” to have two anthracene
units, the reduction of each of which at the 9,10-positions
would be energetically favourable in light of the proven
desire of 2 to reduce its strain (see next section).


Figure 5. MALDI-TOF mass spectrum of an intermediate fraction of the
flask-type pyrolysis of compound 5 in the presence of a large excess of
anthracene (no matrix).


Figure 6. The low molar mass (left, bottom line) and high molar mass
parts (right, bottom line) of a pyrolysis product3s MALDI mass spectrum
of compound 5 [first fraction (“2”)]. These parts of the spectrum are
compared with calculated isotope patterns of the parent molecular ion
[“2”]+ (left, lower center line) and the ion of its first and second reduc-
tion products [“2”+2H]+ (left, higher center line) and [“2”+4H]+ (left,
top line), respectively, as well as the molecular ions of 5 (right, lower
center line) and its fragmentation products [5-HOAc]+ (right, lower
center line), [5-2HOAc]+ (right, higher center line), and [5-3HOAc]+


(right, top line), respectively.
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Structure and reactivity aspects : A theoretical study


Models : The molecules under study are large, thus not
suited for high level computational studies. Appropriate
models had to be chosen therefore. It was shown that a
model which contains only the structural motif that repre-
sents one of the two repeating units does not properly repre-
sent the belt system 2.[19] Thus, the only acceptable simplifi-
cation was to use the unsubstituted belt (referred to as T0,
whereby T stands for theory) and the tetraethyl-belt (T1) as
models for the tetrahexyl-belt 2.


Structural aspects : The possibility of carbon skeletal rear-
rangements exists,[11] but such reactions are unlikely to
occur. Unless the macrocycle is opened, skeletal rearrange-
ments do not lead to any isomer that should be significantly
more stable than 2. Since the system undergoes rather
unique addition reactions such as addition of water and hy-
drogen which are not typical to aromatic systems it is con-
cluded that the macrocycle does not open. However, regard-
ing hydrogen shift the picture is different. It was shown in
experimental and computational studies that the rearrange-
ment of a hydrogen atom from the methyl group of 9-meth-
ylanthracene to the 10-position to yield 9-methylene-10-hy-
droanthracene is endothermic, but annulation of aromatic
rings decreases this endothermicity, and the process is about
thermoneutral in a pentacene derivative.[20] Although it has
been shown that the anthracene and naphthalene moieties
in T0 behave much like free anthracene and naphthalene,
respectively[21] and thus the electronic conjugation is mini-
mal, the possibility of a hydrogen shift was studied for T1.
In such a process one hydrogen atom moves from the CH2


ethyl group positioned at C-9 to C-10 (for simplicity the
numbering is chosen like in parent anthracene), forming a
double bond at C-9 and an sp3 center at C-10.[22] A single
such rearrangement (to form SRT1) is exothermic by
13.8 kcalmol�1. A second rearrangement on the opposite
side of the belt system (to form DRT1; SR and DR stands
for singly rearranged and doubly rearranged, respectively)
can lead to two products, where the methylenes are on the
same rim or on opposite rims, each as syn and anti isomers.
The distance between the two methylenes and the symmetry
of the system suggests that in both cases the syn and anti
isomers are of the same energy. However, the second rear-
rangement is exothermic by additional 15.1 kcalmol�1 to


form either the isomer where two methylenes are on the
same rim (the one shown) or the one where the methylenes
are on opposite rims. The reasons for this exothermicity and
its implication on the chemistry of the compound are dis-
cussed below. At this point, it looks feasible that the struc-
ture of “2” may be either 2 or its singly or doubly hydrogen
shifted isomers.


The compound—above referred to as “2”—undergoes ad-
dition of hydrogen and possibly even water easier than
many other conjugated compounds. These additions were
studied computationally. As mentioned above, T0 and T1
were used as models, but the computational level (B3LYP/6-
311G*, see Experimental Section) was not good enough for
obtaining reliable absolute enthalpies for these reactions. In
order to nevertheless have a good estimation of the thermo-
chemistry involved, the following procedure was applied
here. The addition of water and dihydrogen to the 9,10-posi-
tions of anthracene (T2) to yield 9-hydroxy-9,10-dihydroan-
thracene (T3) and 9,10-dihydroanthracene [T4, Eq. (1a) and
(1b), respectively] were calculated at the G3 computational
level which furnishes extremely accurate heats of formations
(within 1 kcalmol�1 from experimental values). The addi-
tions to T0 and T1 were compared with the same respective
additions to T2 through isodesmic reactions. This enabled to
conclude quite precisely how much an addition to T0 or T1
is more or less exothermic from the respective addition to
T2. Application of the energies obtained from equation 1
allows a good estimation of the absolute thermochemistry of
the additions to T0 and T1. The numbers reported are DH8
in kcalmol�1.


Equations (2–5) compare the water addition to anthra-
cene and T1 (and T0) at the same respective positions. The
results (Table 1) indicate that the addition of water to T0
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and T1 is more exothermic by 20.7-23.9 kcalmol�1 than to
anthracene. Note that the difference between T0 and T1 is
minimal [Eq. (5)] which suggests that for thermochemistry
purposes T0 is a good model. A comparison between the
stability of the different isomers of the water addition to T1
(see Supporting Information for the energies) suggests that
the addition to the 9,10-positions is the most exothermic,
and to the 1,4 and 2,3-positions it is less exothermic by 12.0
and 37.2 kcalmol�1, respectively. Thus, since the addition of
water to the 9,10-positions of a T1 is more exothermic by
22.4 kcalmol�1 than the addition of water to the 9,10-posi-
tions of anthracene [Eq. (2)], and the absolute heat of water
addition to the 9,10-positions of anthracene is 2.4 kcalmol�1


[Eq. (1a)], it can be concluded that the addition of water to
T1 is exothermic by 20.0 kcalmol�1. Therefore, this reaction,
which is not very common for aromatic compounds, should
be a feasible one for 2.


Because of the above-described results, the addition of di-
hydrogen to T1 was studied only for the 9,10-positions.
Equation (6) suggests that the hydrogenation of T1 is more
exothermic than that of anthracene by 23.2 kcalmol�1.
Adding to this result the energy for hydrogenation of an-
thracene [�15.6 kcalmol�1, Eq. (1b)], it is concluded that
the addition of hydrogen to T1 is rather exothermic by
38.8 kcalmol�1. The bond separation Equations (7) and (8)


compare the addition of a second water and hydrogen mole-
cule to the other 9,10-positions of T1 with 10-hydroxy-9,10-
dihydro-T1 and dihydro-T1, respectively, and T1.


The results (Table 1) suggest that the addition of a second
molecule is even more exothermic than the first one, so that
the addition of two water molecules to T1 is exothermic by
42.2 kcalmol�1 and the addition of two dihydrogen mole-
cules to T1 is exothermic by as much as 80.2 kcalmol�1.


These data are in qualitative agreement with the mass
spectrometric observation which proved an unusual reduc-
tion of “2” by two times two hydrogen atoms. A mass that
fits a single water addition to 2 was observed as well, but a
mass that fit [2+2H2O] was not observed, although the cal-
culations indicate that a second water addition is more exo-
thermic than the first. This may be due to the difficulty of
isolating compounds from the complexed product mixture,
but may also indicate that the structure of “2” is not 2 but
rather a hexyl analogue of SRT1 or DRT1.


Why is the addition to T0 and T1 exothermic by an
almost constant amount (21–24 kcalmol�1) from the respec-
tive addition to anthracene regardless at which (respective
two) positions the hydrogens or OH and H (H2O) are at-
tached to the anthracene moieties of T0 or T1? Is this find-
ing related to the fact that the 1,5-H-shifts (to yield SRT1
and DRT1 from T1) are exothermic whereas they are endo-
thermic in 9-methylanthracene? Figure 7 shows side views
of T1, 9,10-dihydro-T1, and 9,9’,10,10’-tetrahydro-T1. The
symmetric structure of T1 forces it to be completely round.
Consequently all the carbon atoms are considerably non-


Table 1. ZPE-corrected DE and DH values for Equations (2-8).


Equation ZPE-corrected DE DH


(2) �22.0 �22.4
(3) �20.7 �20.7
(4) �23.8 �23.9
(5) �1.3 �1.5
(6) �23.0 �23.2
(7) �2.3 �2.2
(8) �2.5 �2.6


Figure 7. Side view of a) T1, b) 9,10-dihydro-T1 and c) 9,9’,10,10’-tetrahy-
dro-T1.
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planar. The addition of H2 (or H2O) results in a drop-
shaped system, allowing for the release of strain energy by
planarizing some of the sp2 carbon atoms. The addition of
the second H2 results in an ellipsoidal shape where all sp2


carbon atoms are almost planar. Addition of H2 (or water)
at any of the positions results in a similar drop-shaped mole-
cule, thus releasing almost the same amount of strain re-
gardless to which position the hydrogen or water were
added and regardless the absolute exothermicity or endo-
thermicity of the addition reactions. The high amount of
strain which is released upon addition (which is the differ-
ence between the belt and anthracene, namely, ca.
23 kcalmol�1 for the first addition and additional ca.
25 kcalmol�1 for the second addition) allows reactions that
are intrinsically endothermic to nevertheless occur here on
the bent structures.


Figure 8 shows the side view of SRT1 and DRT1. A com-
parison to the hydrogenated T1 (Figure 7) suggests that the
rearrangements cause change of structures similar to the hy-
drogenation. Obviously, strain is released in the 1,5-rear-
rangements.


Let us examine the addition of water and dihydrogen to
anthracene and T1. A single addition of water and H2 to T1
is more exothermic than the respective additions to anthra-
cene by 22.4 and 23.2 kcalmol�1, respectively. Addition of
the second water and dihydrogen is more exothermic by
24.6 and 25.8 kcalmol�1 than to anthracene. Since both reac-
tions are very different [Eq. (1)] it is concluded that these
(almost equal) numbers represent the release of strain upon
additions to T1. From looking at the shapes of the single
and double rearranged products of T1 (Figure 8) it is con-
cluded that strain is released by these rearrangements. If it
is assumed that the amount of strain that is released upon
rearrangement is equal to that released on additions, then
electronically the single rearrangement is endothermic by
8.6–9.4 kcalmol�1, and the second rearrangement is endo-
thermic by 9.5–10.7 kcalmol�1. These numbers are very simi-
lar to those obtained for the rearrangements in 9-methyl an-
thracene to 9-methylene-10-hydroanthracene (11.0 kcal
mol�1 at B3LYP/6-311+GACHTUNGTRENNUNG(d,p) theoretical level).[20] These
results support the NICS-scan results which suggest that the
conjugation between the anthracenic and naphthalenic moi-


eties in 2 is minimal and suggest the possibility of “2” being
actually the single and/or double rearranged product.


Addition of two water and H2 molecules to the double re-
arranged T1 leads to the same products as the respective
double additions to the non-rearranged T1. The hydrogena-
tion is thus exothermic by 50.0 kcalmol�1 but the addition of
two water molecules is exothermic by only 13.3 kcalmol�1,
out of which about 7-8 kcalmol�1 are released for the first
water addition and 5-6 kcalmol�1 are released upon the
second (assuming that the amount of strain released for ad-
dition of water and rearrangement are similar). There is also
another factor that has to be considered. The mechanism of
hydration involves the formation of a carbenium ion. It may
be that protonation of SRT1 and/or DRT1 occurs at the belt
carbon and not at the alkylidene one leading to a more
stable carbenium ion than the protonation of the alkylidenic
carbon in the rearranged T1. In this case the product of the
hydration will have the hydroxyl group on the alkyl carbon.
Calculations (at B3LYP/6-311G*) show that T5 is less stable
than T6 by 3.6 kcalmol�1. In summary, addition of water to


SRT1 is slightly exothermic and addition of two water mole-
cules to DRT1 is either slightly exothermic or slightly endo-
thermic. Throughout the discussion only exo additions were
considered. The reason is that endo additions are unlikely
for kinetic and thermodynamic reasons. a) For an endo
attack the reactant has to approach from the inside of the
macrocycle, thus kinetically less feasible. b) Due to the cur-
vature of the macrocycle the pp orbitals have higher coeffi-
cients outside the macrocycle, thus are more prone to an
exo attack. c) the product of the endo addition should be
less stable than the one of the exo addition due to steric re-
pulsion between the alkyl groups across the 9,10-positions.


As mentioned above, the absence of a mass that corre-
sponds to [2+2H2O] is not conclusive evidence that the
compound doesn3t exist in the complex product mixture.
However, the experimental evidence obtained so far togeth-
er with the computational results favor the structure of the
hexyl analogues of DRT1 as the structure of “2”, although
the possibility of “2” being the hexyl analogue of SRT1 or 2
cannot be ruled out at this stage.


Conclusion


This paper describes experimental work supported by DFT
and G3 computations getting the closest to one of the major
targets on the “wishlist” of chemistry, namely a fully conju-
gated, double-stranded cycle like target 2. First it is de-


Figure 8. Side view of a) SRT1 and b) DRT1.
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scribed that compound 1 is not a precursor for this bucky-
belt-type compound. Neither could an indication for a mass
spectrometrically induced dehydration be found, nor RDA
of 1 be prevented. However, the tetraacetate 5 allowed car-
rying out exciting steps towards the generation of “2”. Its
pyrolysis at 330 8C upon chromatographic separation gave a
deeply red fraction with a molecular ion at m/z 932 which is
exactly the expected mass for 2. In addition, high resolution
MALDI MS matches the molecular composition of 2. Calcu-
lations suggest, however, that this mass may not be due to
target compound 2 but rather rearranged isomers which un-
derwent one or two 1,5-hydrogen shifts with formation of
one or two exocyclic double bonds, respectively (analogues
to SRT1 and DRT1). The key argument here is that each of
the rearrangement steps results in a considerable loss of
strain energy through which the system is stabilized. Surpris-
ingly the mass spectra of the pyrolysis product not only
show the isotopic pattern at m/z 932 but also two superim-
posing patterns starting at m/z 934 and 936 which may indi-
cate an unprecedented high propensity of the compound
with m/z 932 (whatever its structure may be) to undergo
two (and not more) consecutive hydrogenation steps. Target
2 contains two opposing, strained anthracene units, whose
hydrogenations at the 9,10-positions—based on the calcula-
tions—result in a relief of strain energy on the same order
of magnitude than that expected for the (potential) rear-
rangement of target 2 into the isomers which suffered single
and double 1,5-hydrogen shifts, respectively. The simplest
but not necessarily correct assumption is that precursor 5
upon pyrolysis forms in fact the desired target 2 as a transi-
ent species which, however, then suffers either fast rear-
rangements to the corresponding rearranged products (same
structures than SRT1 and DRT1 except for hexyl chains in-
stead of ethyl) and/or similarly fast hydrogenations. The cal-
culations indicate that also the single and double rearranged
products may show hydrogenation(s). In any case, the frac-
tion under consideration contains a mixture and further
work including complicated separations is required. This
will be reported subsequently. At present it cannot be decid-
ed with certainty whether the compound that gives rise to
m/z 932 is actually 2 or one of its rearranged isomers.


Experimental Section


Compounds 5 and 6 were prepared as previously reported.[4,18]


Column chromatography : 10–40 mg of the fine, yellow powder of 5 were
placed in a small flask together with a large excess of freshly sublimed
anthracene. After evacuation, the flask was immersed into a pre-heated
metal bath (330 8C), whereupon the anthracene melted within approxi-
mately 1 min and a homogenous mixture formed. The colour of the reac-
tion mixture changed quickly from yellow to orange to deep-red. After
3 min (using a stop-watch) the flask was removed from the bath and al-
lowed to cool. The reaction mixture was dissolved in chloroform and
fractionated using a preparative recycling GPC (Japan Analytical Indus-
try Co. Ltd., LC 9101) equipped with a pump (Hitachi L-7110, flow rate
3.5 mLmin�1), a degasser (GASTORR-702), a RI detector (Jai RI-7), a
UV detector (Jai UV-3702, l=254 nm) and two columns (Jaigel 2H and


2.5H, 20S600 mm for each) using chloroform as eluent at room tempera-
ture.


Mass spectrometry : Samples were dissolved in dichloromethane and
after short drying at RT analyzed by MALDI MS at the positive mode.
Mass analyses were performed with the aid of a micro MX MALDI-TOF
instrument (Waters, Manchester) using 337 nm radiation from a nitrogen
laser. The mass spectrometer was operated in the reflectron mode, at
12 kV accelerating voltage. Matrix suppression was not used and mass
spectra were averaged over ~10 individual laser shots. The laser intensity
was adjusted just over the threshold for ion production.


Computational details : Gaussian 03[7] code was used. All the molecules
under study underwent full geometry optimizations at the B3LYP/6-
311G(d) hybrid density functional theoretical level and analytical fre-
quencies calculations to ensure real minima (i.e., Nimag=0) and to obtain
zero point energies necessary for the thermodynamic calculations. The
number reported are DH8r in kcalmol�1 unless otherwise noted.
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Introduction


Indoles and pyrroles are key motifs in many pharmacologi-
cally and biologically active compounds, and the synthesis of
optically active indolyl and pyrrolyl derivatives has been the
topic of numerous investigations.[1] Many methods for the
stereoselective ring opening of epoxides with N-, O- and S-
nucleophiles have been developed[2] including enzymatic
processes,[3] but regio- and stereoselective reactions with
carbon nucleophiles are rare.[4–8] Apart from reactions with
trimethylsilyl cyanide[4] and strong nucleophiles, such as phe-
nyllithium,[5] dialkyl zinc compounds,[6] or enolates,[7] reac-
tions with electron-rich arenes, for example, indoles and pyr-
roles, have been reported.[8–14]


As the nucleophilicity of indoles and pyrroles is not suffi-
cient for a direct attack at ordinary epoxides, activation of
the C�O bond is generally needed. The use of strong Lewis
acids is problematic, because they may trigger isomeriza-
tions of the epoxides with formation of carbonyl com-
pounds. Thus, Ranu and Jana reported a selective synthesis
of benzylic aldehydes and ketones by treatment of the cor-
responding epoxides with indium ACHTUNGTRENNUNG(III) chloride.[9a] On the
other hand, the InBr3-catalyzed reaction of indoles with op-


tically pure styrene oxide gave 2-(1H-indol-3-yl)-2-phenyl-
ethanols in good yields and 99% ee (ee=enantiomeric ex-
cess),[9b] and InCl3 has been successfully employed as a cata-
lyst for the reactions of indoles with racemic styrene oxide
in CH2Cl2. Under the same conditions, aliphatic epoxides
gave mixtures of regioisomeric products with favored attack
at the less-substituted oxirane position.[9c] High enantioselec-
tivities but lower yields (up to 64%) were obtained when
the reaction of 1-methylindole with enantiopure styrene
oxide was catalyzed by a polymer-supported indium Lewis
acid (Amberlyst-In).[9d]


To avoid undesired isomerizations, most investigations of
the reactions of indoles with epoxides employed mild Lewis
acids. Thus, LiClO4 has been reported to catalyze the reac-
tions of aliphatic and aromatic epoxides with indoles to give
high yields of 3-substituted indoles (Scheme 1); the stereo-
chemistry of these reactions was not investigated.[10a,b]


Somewhat lower yields of these substitution products
were obtained when the reactions of indoles with styrene
oxide were catalyzed by nanocrystalline titanium(IV)
oxide.[10c]


Aliphatic and aromatic epoxides were reported to react
with indole, pyrrole, furan, and thiophene in the presence of
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Scheme 1. Reactions of indole with aliphatic and aromatic epoxides cata-
lyzed by LiClO4 under solvent-free conditions (60 8C).[10a]
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10 mol% [ZrCl2Cp2] (Cp=cyclopentadienyl) to give good
yields of substitution products. The NMR spectra, which
were claimed to indicate the regioselective 3-attack at these
heteroarenes, have not been published, however. Because
enantiopure epoxides were not used in this study, the stereo-
chemical course of these reactions could not be derived.[10d]


Ytterbium ACHTUNGTRENNUNG(III) triflate was found to be the most efficient
Lewis acid to catalyze the regio- and stereoselective reaction
of indole with glycidyl phenyl ether at 10 kbar.[11]


At elevated pressure (10 kbar) indole reacts with aromatic
epoxides in acetonitrile even without a catalyst to give mod-
erate yields of 2-(1H-indol-3-yl)-2-phenylethanols.[12] Later
studies on the stereochemistry of the reaction of (R)-styrene
oxide with indole in acetonitrile at 10 kbar and 42 8C
showed that the substitution product was formed in 56%
yield and 92% ee (Scheme 2). Addition of silica gel in-
creased the yield but resulted in a slight decrease in stereo-
selectivity.[13a]


Also the HBF4-silica-gel-supported reactions of styrene
oxide with indoles and pyrroles in CH2Cl2 were reported to
give substitution products in good yields, but the stereo-
chemistry was not investigated; aliphatic epoxides did not
react.[13b]


Enantioselective addition of 2-methylindole to aromatic
epoxides catalyzed by [Cr ACHTUNGTRENNUNG(salen)] complexes resulted in ki-
netic resolution and formation of 3-substituted indoles in
moderate yields but with high enantiomeric excesses.[14]


The well-known ionizing power of fluorinated alcohols[15]


was previously employed by BMguM[16] to assist the ring
opening of epoxides in their reactions with aromatic amines.
We report now that 2,2,2-trifluoroethanol is also a suitable
solvent for the noncatalyzed reactions of epoxides with in-
doles and pyrroles.


Results and Discussion


Screening of the reaction conditions : WinsteinNs investiga-
tions on the rates of nucleophilic substitutions have shown
that the heterolyses of C�X bonds are assisted by protic sol-
vents with a high ionizing power Y.[17] To examine whether
electrophilic assistance by protic solvents can also enable
the attack of electron-rich arenes at epoxides, we studied
the reactions of (R)-(+)-styrene oxide [(R)-1] with the
parent indole (2a) and 1,2-dimethylindole (2b) in various
solvents (Scheme 3).


Table 1 (entries 1–3) shows that indole (2a) did not react
with styrene oxide (1) in methanol, ethanol, or 90% aque-
ous acetonitrile at 70–90 8C. In the latter case, no conversion
of 1 took place, while in methanol and ethanol small
amounts of the corresponding 2-alkoxy-2-phenylethanols 4b
and 4c were obtained (<3% GCMS). Previously, we discov-
ered that indoles are allylated and benzylated in 80% aque-
ous acetone in good yields when allyl and benzyl halides
were stirred with the indoles in this solvent.[18] Under these
conditions, no conversion of indole (2a) was observed at
room temperature (entry 4), but at 60 8C, the reaction of 2a
with (R)-1 gave 9% of (R)-3a with high enantiomeric
excess (>99% ee, entry 5). Better yields of 3a have been
obtained in 40% aqueous ethanol (16% at room tempera-
ture and 45% at 80 8C, entries 6 and 7).


Best chemical yields (up to 79%, entries 8 and 9) with
high enantiomeric excesses (>99% ee) were observed when
the reactions were performed in 2,2,2-trifluoroethanol.


1,2-Dimethylindole (2b) reacted similarly, but gave some-
what better yields. Again, nucleophilic attack of 2b at rac-1
was not observable in methanol, ethanol, and acetonitrile/
water (90:10 v/v, entries 10–12). When using 80% aqueous
acetone as the solvent, 7% of (R)-3b was isolated after 72 h
at room temperature (entry 13); at 60 8C the yield increased
to 17% after 14 h (>99% ee in both cases, entry 14). As
with 2a, higher yields of (R)-3b were obtained in ethanol/
water (40:60 v/v, entries 15 and 16) and even 90% of enan-
tiopure (R)-3b has been obtained when 2,2,2-trifluoroetha-
nol was used as the solvent (entries 17 and 18).


The yields correlate with WinsteinNs solvent ionizing
power Y.[15,17] No reactions took place in poorly ionizing sol-
vents, such as ethanol (Y=�2.40) or methanol (Y=�1.12)


Abstract in German: Aliphatische und aromatische Epoxide
reagieren regio- und stereoselektiv mit Indolen und Pyrrolen
in 2,2,2-Trifluorethanol ohne Zusatz eines Katalysators oder
eines anderen Additivs. W2hrend aromatische Epoxide selek-
tiv an der benzylischen Position angegriffen werden, reagie-
ren aliphatische Epoxide an der sterisch weniger gehinderten
Position. Die Reaktion chiraler Epoxide liefert sehr hohe
Enantiomeren4bersch4sse (>99% ee).


Scheme 2. High pressure and silica-gel assisted reaction of indole with
optically pure (R)-styrene oxide.[12, 13a]


Scheme 3. Reactions of (R)-styrene oxide ((R)-1) with indole (2a) and
1,2-dimethylindole (2b) in different solvents.
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while slow ring opening was observed in 80% aqueous ace-
tone (Y=�0.70). The increased yields obtained in 40%
aqueous ethanol reflect the higher ionizing power Y of this
solvent (Y=2.62). The excellent yields obtained in 2,2,2-tri-
fluoroethanol are due to its high ionizing power (Y=2.53)
and low solvent nucleophilicity,[19] which explains the ab-
sence of side products which were observed in ethanol or
methanol.


Variation of the nucleophiles : The conditions of experiments
9 and 18 (Table 1), that is, heating of equimolar amounts of
heteroarenes and styrene oxide (1) in CF3CH2OH at 80 8C,
were then employed for screening the scope of nucleophiles
for this reaction (Scheme 4).


The reactions of the indoles 2a–e (N>5)[20] gave exclu-
sively the (R)-2-(1H-indol-3-yl)-2-phenylethanols 3a–e in
good yields with a high enantiomeric excess (Table 2). Ex-
clusive substitution at the 3-position of the indole skeleton
was observed. When indoles bearing electron-withdrawing


groups were used, the yields of the substitution products 3
decreased. 5-Bromoindole (2 f) with N=4.38[20] gave only
45% of 3 f accompanied by 19% of the trifluoroethyl ether
4d, which is formed by nucleophilic attack of 2,2,2-trifluoro-
ethanol at the benzylic position of 1. The nucleophilicity of
5-cyanoindole (2g) is so low (N=2.83)[20] that it does not act
as a nucleophile at all and, again, the only reaction product
obtained after 72 h at 80 8C was 17% of the ether 4d. In
line with these findings, the even weaker nucleophile anisole
(N=�1.18)[21] did not react with styrene oxide (1) under
these conditions. When CF3CH2OH acted as a nucleophile,
styrene oxide (1) was also regioselectively attacked at the
benzylic position to yield ether 4d.


Evidence for the constitution of 4d comes from 13C NMR
and mass spectroscopy. A 2:1 mixture of 4d and 4e is
formed by heating styrene oxide (1) in CF3CH2OH/
CF3CH2ONa for 11 h at 80 8C. Both ethers show only very
small M+ peaks, m/z : 220, but PhCHOCH2CF3


+ (m/z : 189)
appears only in the spectrum of 4d, whereas PhCHOH+


(m/z : 107) was found in the spectrum of 4e.
Both fragments are typical for each compound. Another


argument for the differentiation of 4d and 4e is given by


Table 1. Reactions of (R)-styrene oxide ((R)-1) with indole (2a) and 1,2-dimethylindole (2b) in different solvents (1m solutions) to yield compounds
(R)-3a or (R)-3b.


Entry Solvent[a] Y[b] N[c] t [h] T [8C] Yield 3 [%][d] ee [%][e]


Reactions with indole (2a)
1 EtOH �2.40 7.44 72 80 –[f] –
2 MeOH �1.12 7.54 72 70 –[g] –
3 MeCN/H2O 90:10 – 4.56 72 90 –[h] –
4 acetone/H2O 80:20 �0.70 5.77 72 RT –[h] –
5 acetone/H2O 80:20 �0.70 5.77 72 60 9 >99
6 EtOH/H2O 40:60 2.62 5.81 72 RT 16 >99
7 EtOH/H2O 40:60 2.62 5.81 72 80 45 >99
8 CF3CH2OH 2.53 1.23 48 RT 65[i] >99
9 CF3CH2OH 2.53 1.23 10 80 79 >99


Reactions with 1,2-dimethylindole (2b)
10 EtOH �2.40 7.44 72 80 –[f] –
11 MeOH �1.12 7.54 72 70 –[g] –
12 MeCN/H2O 90:10 – 4.56 72 90 –[h] –
13 acetone/H2O 80:20 �0.70 5.77 72 RT 7 >99
14 acetone/H2O 80:20 �0.70 5.77 14 60 17 >99
15 EtOH/H2O 40:60 2.62 5.81 72 RT 29 >99
16 EtOH/H2O 40:60 2.62 5.81 12 80 54 >99
17 CF3CH2OH 2.53 1.23 24 RT 77 >99
18 CF3CH2OH 2.53 1.23 3 80 90 >99


[a] Solvent mixtures are given as v/v. [b] Ionizing powers Y taken are YBr from reference [15]. [c] Solvent nucleophilicities are taken from reference [19].
[d] Isolated yields of 3a (entries 1–9) or 3b (entries 10–18) after column chromatography. [e] Enantiomeric excess determined by chiral HPLC from the
reaction mixtures and isolated compounds by comparing their retention times to those reported in the literature (see also the Experimental Section).
[f] Trace amounts of 4c have been detected in GCMS. [g] Trace amounts of 4b have been detected in GCMS. [h] No conversion. [i] Trace amounts of 4d
have been detected in GCMS.


Scheme 4. Reactions of indoles 2a–g with (R)-styrene oxide ((R)-1).
FG= functional group.
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the chemical shifts in the carbon NMR spectra. While the
benzylic carbon of 4d absorbs at d=84.6 ppm and the meth-
ylene group at d=67.1 ppm, 4e shows the corresponding
peaks at d=72.9 and 78.0 ppm. This is in line with the shifts
in 1-phenylethane-1,2-diol (4a) in which the benzylic proton
absorbs at d=74.7 ppm and the CH2 group at d=


67.9 ppm.[22] The ratio of 2:1 (4d/4e) was derived from the
peak areas in GCMS and the 1H NMR spectroscopic inte-
grals.


Reactions of pyrroles : As the pyrroles 5a–f are somewhat
more nucleophilic than the analogously substituted indoles,
their reactions with styrene oxide (1) in CF3CH2OH at 80 8C
were faster (Scheme 5, Table 3).


An equimolar mixture of the parent pyrrole (5a) and (R)-
1 gave a 2:1 mixture of the two regioisomers (R)-6a and
(R)-6b in 68% yield within 1 h (Table 3, entry 1). Monitor-
ing the reaction via GCMS revealed a change of the 6a/6b
ratio during the reaction. After 15 min only the 2-isomer 6a


was detectable by GC. The
ratio 6a/6b decreased to 5.5:1
after 30 min, to 2.7:1 after
45 min and, finally, to 2.0:1
after 1 h. Attempts to elucidate
the mechanism of the rear-
rangement of 6a into 6b have
not been made. The bisalkylat-
ed pyrrole, 2-[5-(2-hydroxy-1-
phenylethyl)-1H-pyrrol-2-yl]-2-
phenylethanol,[13a] was obtained
in 17% yield as a side product.
Bisalkylation was suppressed
when styrene oxide (1) was
combined with five equivalents
of pyrrole (5a).


1-Methylpyrrole (5b) reacted
with (R)-1 within 1 h to give a
1:1 mixture of (R)-7a and (R)-
7b, which did not change
during the reaction (entry 2).
Pyrroles 5c and 5d, in which
the 2- and 5-positions of the
pyrrole ring are blocked by
methyl groups, gave the 3-sub-
stitution products rac-8 with
rac-1 and (R)-9 with (R)-1 in 30
and 74% yields, respectively.
2,4-Dimethylpyrrole (5e) and
3-ethyl-2,4-dimethylpyrrole
(5 f), the strongest nucleophiles
in the series of alkyl-substituted
pyrroles, reacted with rac-1
within 1 h to give rac-10 and
rac-11 in 55 and 56% yields, re-
spectively. The fact that in all
reactions with pyrroles only


moderate yields of substitution products are observed is
probably due to the high tendency of pyrroles to oligomer-
ize or polymerize leading to nonvolatile distillation residues.
The isolated products showed high enantiomeric excesses
(>99% ee in all examined cases).


All reactions described in Tables 2 and 3, which were in-
vestigated stereochemically, were performed with racemic
and optically pure styrene oxide (1). Because the two enan-
tiomers obtained with racemic styrene oxide (rac-1) were
separable by chiral HPLC, we can conclude that the substi-


Table 2. Reactions of (R)-styrene oxide ((R)-1) with indoles 2a–g in CF3CH2OH (80 8C).


Indole N[a] t [h] Product 3 Yield [%][b] ee [%][c]


2a 5.55 4 3a 67 >99


2b 6.54 3 3b 90 >99


2c 5.75 4 3c 73 >99


2d 6.91 3 3d 72 >99


2e 6.22 3 3e 72 >99


2 f 4.38 72 3 f 45[d] >99


2g 2.83 72 3g – –[e] –


[a] Nucleophilicities of the indoles taken from ref. [20] ; [b] Isolated yields of 3 after column chromatography.
[c] Enantiomeric excess determined by chiral HPLC from the reaction mixtures and isolated compounds.
[d] 19% of ether 4d has been detected; conversion was not complete. [e] 17% of 4d has been detected along
with the starting materials.


Scheme 5. Reactions of pyrroles 5a–f with (R)-styrene oxide ((R)-1).
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tution products obtained with enantiopure styrene oxide
((R)-1) had an ee value of more than 99%.


Reactions with stilbene oxides : Analogous reactions with
cis- and rac-trans-stilbene oxide (12) were studied with the
indoles 2a–c (Scheme 6).


In all cases, the reactions with trans-12 gave considerably
better yields than with cis-12 ; indole (2a) did not react with
cis-12, and the starting materials have been recovered
(Table 4, entry 2). Both diastereomers of stilbene oxide re-


acted stereospecifically with 2b
and 2c, and the NMR spectra
of the resulting triarylethanols
showed that the diastereomers
obtained from trans-12 differed
from those obtained from cis-
12. In diastereomer 13ba, ob-
tained from trans-12 and 1,2-di-
methylindole (2b), the two ben-
zylic protons absorb as doublets
(J=9.9 Hz) at d=4.49 and
5.76 ppm, while the correspond-
ing resonances of the diastereo-
mer 13bb are at d=4.55 (d, J=


8.9 Hz) and d=5.76 ppm (dd,
J=8.9, 3.6 Hz). The additional
3.6 Hz splitting of the d=


5.76 ppm resonance in CD3CN
is due to coupling with the OH
proton (d=3.05 ppm, d, J=


3.6 Hz). Analogous spectra
were observed for the products
obtained from the reactions of
the stilbene oxides with 1-meth-
ylindole (2c).


Reactions with other aromatic
epoxides : rac-(p-Methoxyphe-
nyl)oxirane (14) reacted with
1,2-dimethylindole (2b) in
2,2,2-trifluoroethanol within 4 h
to give rac-15 in 69% yield
(Scheme 7).


rac-3-Phenyloxirane-2-car-
boxylic acid ethyl ester (16),


which was used as a 8:1 mixture of trans and cis isomers,
turned out to be particularly reactive and gave better yields
with 5-bromoindole (2 f) than styrene oxide (Scheme 8).
NMR spectroscopic and GCMS analysis of the products re-
vealed that only one of the potential diastereomers of rac-17
and rac-18 was formed. With the assumption that, again,
back-side attack of the nucleophile at the epoxide takes
place, we conclude that an exclusive reaction with the major
isomer (trans-16) took place while the cis-isomer was not at-
tacked.


Reactions with aliphatic epoxides : 1,2-Dimethylindole (2b)
was used as a probe to examine reactions with aliphatic ep-
oxides. Cyclohexene oxide (19) gave only 21% of rac-20
after 72 h, whereas 2-(2,2,2-trifluoroethoxy)cyclohexanol
(rac-21) was formed as the major product (Scheme 9). The
yield of 20 increased to 31% when the reaction mixture was
heated for one week and an additional 1.5 equivalents of 19
was added after 3 and 5 d. Again, back-side attack at the ep-
oxide is observed, and rac-20 is formed as the only diaste-
reomer. The trans configuration of 20 can be determined by
an analysis of the coupling constants of the axial proton of


Table 3. Reactions of (R)-styrene oxide ((R)-1) with pyrroles 5a–f in CF3CH2OH at 80 8C (1 h).


Entry Pyrrole Product Yield [%][a] ee [%][b]


1 5a 6a/b 68[c] >99


2 5b 7a/b 55 >99


3 5c 8 30 n.d.[d]


4 5d 9 74 >99


5 5e 10 55 n.d.[d]


6 5 f 11 56 n.d.[d]


[a] Isolated yields after column chromatography. [b] Enantiomeric excess determined by chiral HPLC from re-
action products and isolated compounds. [c] 17% of 2-[5-(2-hydroxy-1-phenylethyl)-1H-pyrrol-2-yl]-2-phenyl-
ethanol has been isolated as a side product. [d] Not determined; reaction was only studied with rac-1.


Scheme 6. Reaction of indoles 2a–c with trans- and cis-stilbene oxide
(12) in CF3CH2OH at 80 8C.
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the CHOH group. It shows two
axial–axial couplings of 10.4 Hz
and one axial-equatorial cou-
pling of 4.1 Hz, indicating that
the OH group and the indolyl
group occupy equatorial posi-
tions on the cyclohexane ring.


The monosubstituted aliphat-
ic epoxides rac-22 and rac-23
were selectively attacked at the
less-substituted position
(Scheme 10).


rac-1,2-Epoxyhexane (rac-22)
gave 32% of alcohol 24 after
10 h as well as 28% of 1-(2,2,2-
trifluoroethoxy)-hexan-2-ol (de-
termined by GCMS). The con-
stitution of compound 24 is de-
rived from its 1H NMR spec-
trum with a multiplet for
CHOH at d=3.84 ppm and two
dd at d=2.74 and 2.94 ppm for
the diastereotopic protons at C-
1 and from the 13C NMR spec-
trum in which all CH2 groups
resonate at d <38 ppm. The re-
gioisomeric primary alcohol
arising from nucleophilic attack
at the higher substituted posi-


tion of 22 should show the 1H and 13C NMR spectroscopic
resonances of the CH2OH group at lower field. Analogous
NMR arguments allowed us to identify 25 as a secondary al-
cohol, which was formed in 51% yield when glycidyl methyl


Table 4. Reactions of indoles 2a–c with trans- and cis-stilbene oxide (12) in CF3CH2OH at 80 8C.


Entry Indole Stilbene oxide t [h] Product 13 Yield [%][a]


1 2a rac-trans-12 42 rac-13aa 37


2 2a cis-12 42 – – –[b]


3 2b rac-trans-12 9 rac-13ba 66


4 2b cis-12 24 rac-13bb 17


5 2c rac-trans-12 29 rac-13ca 69


6 2c cis-12 29 rac-13cb 19


[a] Isolated yields after column chromatography. [b] No conversion observed.


Scheme 7. Reaction of rac-(p-methoxyphenyl)oxirane (14) with 1,2-dime-
thylindole (2b).


Scheme 8. Reactions of rac-3-phenyloxirane-2-carboxylic acid ethyl ester
(16) with 1,2-dimethylindole (2b) and 5-bromoindole (2 f).


Scheme 10. Reactions of rac-1,2-epoxyhexane (rac-22) and rac-glycidyl
methyl ether (rac-23) with 1,2-dimethylindole (2b) in CF3CH2OH at
80 8C.


Scheme 9. Reaction of cyclohexene oxide (19) with 1,2-dimethylindole
(2b).


Chem. Eur. J. 2008, 14, 1638 – 1647 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1643


FULL PAPEREpoxides



www.chemeurj.org





ether (rac-23) was heated with 1,2-dimethylindole (2b) for
48 h in CF3CH2OH.


Conclusion


Aromatic and aliphatic epoxides can be attacked nucleophi-
lically by electron-rich arenes when the ring-opening reac-
tion is electrophilically assisted by 2,2,2-trifluoroethanol.
The high stereoselectivites of the reactions (>99% ee) indi-
cate the operation of SN2-type processes. This is also the
case for styrene oxides, in which nucleophilic attack occurs
regioselectively at the benzylic position, that is, at the posi-
tion which is usually favored in SN1-type reactions. The prin-
ciple of electrophilic solvent assistance of SN2-type reactions
demonstrated in this work should systematically be explored
also for other types of SN2 reactions.


Experimental Section


General : All solvents were distilled prior to use. Water was purified with
Millipore MilliQplus. All starting materials were commercially available
and used as received, 1-methylindole (2c), 2,5-dimethylpyrrole (5c), and
2,4-dimethylpyrrole (5e) were distilled. 1,2-Dimethylindole (2b) was re-
crystallized from methanol prior to use. 2-(4-Methoxyphenyl)oxirane (14)
was synthesized according to a literature procedure.[24] 1H NMR spectra
were recorded on a Bruker ARX 300 or Varian Inova 400. Chemical
shifts refer to TMS or the solvent resonance as the internal standards
(CDCl3: d=7.26 ppm, CD3CN: d=1.94 ppm). Multiplicities are given as
s= singlet, d=doublet, t= triplet, q=quartet, br=broad, and m=multip-
let. 13C NMR spectra were recorded on Bruker ARX 300 or Varian VXR
400 spectrometers with broad-band proton decoupling. Chemical shifts
refer to TMS or the solvent as internal standards (CDCl3: d=77.0 ppm,
CD3CN: d=1.32, 118.3 ppm). Spin multiplicities are derived from
DEPT135 spectra. GCMS spectra were recorded on an Agilent 5973
MSD spectrometer (HP-5MS capillar column with 30 m length, 0.25 mm
diameter, 1.0 mLmin�1 flow rate, injector, split, He carrier gas, quadrupol
mass spectrometer). Chromatographic purification was carried out with
Merck silica gel 60 (mesh 40–63 mm) by common or flash-column chro-
matography. MPLC separation was done on a B?chi Sepacore System
(pump manager C-615, C-605 pumps, C-660 fraction collector and C-635
photometer). HPLC analysis was performed on a Waters HPLC system
(550 pumps, degasser, PDA, single injector). Chiralpak IB was used as a
stationary phase (0.46 cm IDR25 cm length) at 20 8C and calibrated with
flavanone prior to use. Eluents, flow rate, detection, and retention times
are listed. In some cases, Chiracel OD-H (0.46 cm IDR25 cm length) was
used as a chiral column. Kugelrohr distillations were performed by using
a B?chi GKR-50 Kugelrohr oven. The boiling points refer to the oven
temperature. Optical rotations were measured by using a Perkin–Elmer
polarimeter 343 over a path length of 10 cm with the sample temperature
maintained at 20 8C in the solvent indicated.


General reaction procedure : The epoxide (3.0 mmol) was added all at
once to a solution of the nucleophile (3.0 mmol) in the corresponding sol-
vent (3 mL), and the resulting mixture was stirred for the specified time
at room temperature or under reflux. Three different workup techniques
were used.


Workup A : When the reaction was finished, the solvent was removed in
vacuo and the crude product was purified by Kugelrohr distillation and/
or column chromatography.


Workup B : When the product precipitated from the reaction mixture it
was filtered off, washed with cold EtOH (3R5 mL), and recrystallized
from EtOH.


Workup C : When aqueous solvent mixtures were used, Et2O (10 mL) and
then H2O (10 mL) were added and the aqueous phase was extracted with
Et2O (3R10 mL). The combined organic phases were dried (MgSO4), and
after evaporation of the solvent in vacuo, the crude product was purified
by Kugelrohr distillation and/or column chromatography.


(R)-2-(1H-Indol-3-yl)-2-phenylethanol (3a):[9c,10b,c,12, 13] Indole (2a,
351 mg, 3.00 mmol) and (R)-styrene oxide [(R)-1, 342 mL, 3.00 mmol]
were stirred in CF3CH2OH (3 mL) at 80 8C (10 h) to yield after column
chromatography (silica gel, hexanes/ethyl acetate 2:1) 3a as a colorless
solid (477 mg, 67%). Rf=0.211; [a]20D =++12.8 (c=1.60 in CHCl3);
1H NMR (400 MHz, CDCl3): d=1.64 (br s, 1H; OH), 4.16 (dd, J=7.1,
11 Hz, 1H; 1-H), 4.23 (dd, J=6.7, 11 Hz, 1H; 1-H), 4.47 (t, J=6.9 Hz,
1H; 2-H), 7.04 (ddd, J=0.9, 7.1, 7.9 Hz, 1H; ArH), 7.07 (d, J=2.2 Hz,
1H; ArH), 7.15–7.24 (m, 2H; ArH), 7.28–7.34 (m, 5H; ArH), 7.44 (d,
J=7.9 Hz, 1H; ArH), 8.09 ppm (br s, 1H; NH); 13C NMR (100 MHz,
CDCl3): d=45.6 (d; 2-C), 66.4 (t; 1-C), 111.1 (d; 7’-C), 116.0 (s; 3’-C),
119.4 (d; 4’-C), 119.5 (d; 5’-C), 121.9 (d; 6’-C), 122.3 (d; Ph), 125.8 (d; 2’-
C), 128.3 (s; 3a’-C), 128.6 (d; Ph), 128.7 (d; Ph), 136.5 (s; 7a’-C),
141.6 ppm (s; Ph), signal assignments are based on gHMBC and gHSQC
experiments; GCMS (t=12.6 min): m/z (%): 237 (13) [M+], 207 (18), 206
(100), 204 (17), 178 (13); Chiral HPLC: OD-H (isocratic, heptane/isopro-
panol 85:15, 0.5 mLmin�1, UV at 215 nm, t(S)=28.7 min, t(R)=


37.8 min); IB (isocratic, heptane/isopropanol 95:5 containing 0.01% di-
ethylamine, 1.0 mLmin�1, UV at 275 nm, t(S)=40.5 min, t(R)=47.9 min),
>99% ee.


(R)-2-(1,2-Dimethyl-1H-indol-3-yl)-2-phenylethanol (3b):[9d] 1,2-Dime-
thylindole (2b, 726 mg, 5.00 mmol) and (R)-styrene oxide ((R)-1, 571 mL,
5.00 mmol) were stirred in CF3CH2OH (5 mL) at 80 8C (4 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 1:1) 3b as
a yellow oil (1.19 g, 90%). Rf=0.565; [a]20D =�77.0 (c=1.45 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.53 (br s, 1H; OH), 2.29 (s, 3H; 2’-Me),
3.59 (s, 3H; NMe), 4.26 (d, J=7.6 Hz, 2H; 1-H), 4.43 (t, J=7.6 Hz, 1H;
2-H), 6.93 (ddd, J=1.1, 7.0, 8.0 Hz, 1H; ArH), 7.05–7.12 (m, 2H; ArH),
7.15–7.27 (m; 5H), 7.39 ppm (d, J=8.0 Hz, 1H; ArH); 13C NMR
(75.5 MHz, CDCl3): d=10.7 (q), 29.6 (q), 45.4 (d), 65.1 (t), 108.9 (d),
109.3 (s), 119.1 (d), 119.2 (d), 120.7 (d), 126.2 (d), 127.9 (s), 128.4 (d),
135.2 (s), 136.9 (s), 141.9 ppm (s); GCMS (t=13.5 min): m/z (%): 265
(18) [M+], 235 (20), 234 (100), 218 (10); Chiral HPLC: OD-H (isocratic,
heptane/isopropanol 85:15, 0.5 mLmin�1, UV at 215 nm, t(S)=24.3 min,
t(R)=29.0 min); IB (isocratic, heptane/isopropanol 95:5 containing
0.01% diethylamine, 1.0 mLmin�1, UV at 275 nm, t(S)=11.7 min, t(R)=


26.3 min), >99% ee.


2-Methoxy-2-phenylethanol (4b):[25] GCMS: (t=7.1 min): m/z (%): 152
(5) [M+], 135 (7) [M+�H2O], 121 (100) [M+�CH2OH], 91 (8).


2-Ethoxy-2-phenylethanol (4c):[26] GCMS (t=7.9 min): m/z (%): 165 (5)
[M+], 135 (100) [M+�CH2OH], 91 (6).


2-Phenyl-2-(2,2,2-trifluoroethoxy)ethanol (4d) and 1-phenyl-2-(2,2,2-tri-
fluoroethoxy)ethanol (4e): A solution of rac-styrene oxide (rac-1,
571 mL, 5.00 mmol) in CF3CH2OH (5 mL) was cooled to 0 8C and sodium
hydride (204 mg, 5.10 mmol) was added in portions. The reaction mixture
was then allowed to come to room temperature and was heated to 80 8C
for 10 h. The mixture was poured onto saturated NaCl solution (20 mL)
and the aqueous phase was extracted with Et2O (3R30 mL). The com-
bined organic layers were washed with H2O (30 mL) and dried (MgSO4).
After removal of the solvent in vacuo, the crude product was purified by
Kugelrohr distillation (5R10�2 mbar, 131–140 8C) to yield a 2:1 mixture
of 4d and 4e as a colorless liquid (561 mg, 51%). 1H NMR (300 MHz,
CDCl3): d=2.55 (br s; 1H; OH of 4d and 4e), 3.59–3.99 (m, 4H; two
CH2 of 4d and 4e), 4.54 (dd, J=3.6, 8.3 Hz, 0.66H; CH of 4d), 4.89 (dd,
J=3.2, 8.6 Hz, 0.34H; CH of 4e), 7.27–7.40 ppm (m, 5H; ArH of 4d and
4e); 13C NMR (75.5 MHz, CDCl3): d=66.2 (q, JCF=34 Hz), 67.1 (t), 68.8
(q, JCF=34 Hz), 72.9 (d), 78.0 (t), 84.6 (d), 123.9 (q, JCF=288 Hz), 126.2
(d), 126.9 (d), 128.1 (d), 128.2 (d), 128.6 (d), 128.9 (d), 136.7 (s),
139.7 ppm (s); 19F NMR (282 MHz, CDCl3): d =�74.59 (t, J=8.8 Hz, 3F
of 4e), �74.46 ppm (t, J=8.8 Hz, 3F of 4d); GCMS: 4e (t=6.2 min): m/z
(%): 189 (100); 4d (t=6.5 min): m/z (%): 107 (100), 79 (59), 77 (37).


(R)-2-(1-Methyl-1H-indol-3-yl)-2-phenylethanol (3c):[10c,12, 13a] 1-Methylin-
dole (2c, 384 mL, 3.00 mmol) and (R)-styrene oxide ((R)-1, 342 mL,
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3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (4 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 1:1) 3c as
a yellow oil (550 mg, 73%). Rf=0.659; [a]20D =++3.9 (c=1.66 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.82 (br s, 1H; OH), 3.73 (s, 3H; NMe),
4.14 (dd, J=7.1, 11 Hz, 1H; 1-H), 4.21 (dd, J=6.7, 11 Hz, 1H; 1-H), 4.46
(t, J=6.9 Hz, 1H; 2-H), 6.93 (s, 1H; ArH), 7.03 (ddd, J=1.2, 6.9, 8.0 Hz,
1H; ArH), 7.17–7.35 (m, 7H; ArH), 7.45 ppm (td, J=0.9, 8.0 Hz, 1H;
ArH); 13C NMR (75.5 MHz, CDCl3): d=32.7 (q), 45.6 (d), 66.4 (t), 109.2
(d), 114.4 (s), 119.0 (d), 119.4 (d), 121.8 (d), 126.6 (d), 126.7 (d), 127.4
(d), 128.2 (s), 128.6 (d), 137.2 (s), 141.8 ppm (s); GCMS (t=12.0 min):
m/z (%): 251 (13) [M+], 221 (18), 220 (100), 204 (11); Chiral HPLC:
OD-H (isocratic, heptane/isopropanol 85:15, 0.5 mLmin�1, UV at
215 nm, t(S)=22.7 min, t(R)=45.3 min), IB (isocratic, heptane/isopropa-
nol 90:10 containing 0.01% diethylamine, 1.0 mLmin�1, UV at 275 nm,
t(S)=13.6 min, t(R)=23.3 min): >99% ee.


(R)-2-(2-Methyl-1H-indol-3-yl)-2-phenylethanol (3d):[9c,10b, c,12, 13] 2-Meth-
ylindole (2d, 394 mg, 3.00 mmol) and (R)-styrene oxide ((R)-1, 342 mL,
3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (4 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 1:1) 3d as
a yellow oil (536 mg, 72%). Rf=0.479; 1H NMR (300 MHz, CDCl3): d=


2.03 (s, 3H, Me), 2.56 (s, 1H; OH), 4.16 (d, J=7.6 Hz, 2H; 1-H), 4.31 (t,
J=7.6 Hz, 1H; 2-H), 6.90–7.14 (m, 7H; ArH), 7.20–7.22 (m, 2H; ArH),
7.37 (d, J=7.8 Hz, 1H; ArH), 7.99 ppm (s, 1H; NH); 13C NMR
(75.5 MHz, CDCl3): d=11.6 (q), 30.4 (d), 64.6 (t), 109.6 (d), 110.4 (d),
117.2 (d), 119.0 (d), 120.5 (d), 125.9 (d), 127.7 (d), 128.1 (d), 128.9 (s),
133.0 (s), 135.2 (s), 141.6 ppm (s); GCMS (t=13.3 min): m/z (%): 251
(15) [M+], 221 (19), 220 (100), 204 (8), 178 (7); Chiral HPLC: IB (iso-
cratic, heptane/isopropanol 90:10 containing 0.01% diethylamine,
1.0 mLmin�1, UV at 275 nm, t(S)=18.4 min, t(R)=21.1 min): >99% ee.


(R)-2-(5-Methoxy-1H-indol-3-yl)-2-phenylethanol (3e):[10c,13] 5-Methoxy-
indole (2e, 442 mg, 3.00 mmol) and (R)-styrene oxide ((R)-1, 342 mL,
3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (3 h) to yield
after column chromatography (hexanes/ethyl acetate 1:1) 3e as a beige
solid (577 mg, 72%). Rf=0.420; 1H NMR (300 MHz, CDCl3): d =2.51
(br s, 1H; OH), 3.61 (s, 3H; OMe), 4.00 (dd, J=7.2, 11 Hz, 1H; diaste-
reotopic 1-H), 4.07 (dd, J=6.8 Hz, 1H, 1H; diastereotopic 1-H), 4.30 (t,
J=6.9 Hz, 1H; 2-H), 6.73–6.82 (m, 3H; ArH), 7.00–7.24 (m, 6H; ArH),
8.37 ppm (br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3): d=45.3 (d), 55.5
(q), 66.0 (t), 101.0 (d), 111.7 (d), 111.8 (d), 115.0 (s), 122.7 (d), 126.3 (d),
127.2 (s), 128.1 (d), 128.2 (d), 131.5 (s), 141.7 (s), 153.4 ppm (s); GCMS
(t=17.2 min): m/z (%): 267 (16) [M+], 237 (18), 236 (100), 204 (13);
Chiral HPLC: IB (isocratic, heptane/isopropanol 90:10 containing 0.01%
diethylamine, 1.0 mLmin�1, UV at 275 nm, t(S)=31.5 min, t(R)=


33.4 min): >99% ee.


(R)-2-(5-Bromo-1H-indol-3-yl)-2-phenylethanol (3 f):[9b,d, 13b] 5-Bromoin-
dole (2 f, 588 mg, 3.00 mmol) and (R)-styrene oxide ((R)-1, 342 mL,
3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (72 h) to yield 3 f
as colorless crystals (427 mg, 45%). 1H NMR (300 MHz, CDCl3): d=1.80
(br s, 1H; OH), 4.09 (dd, J=7.1, 11 Hz, 1H; diastereotopic 1-H), 4.16
(dd, J=6.6, 11 Hz, 1H; diastereotopic 1-H), 4.41 (t, J=6.7 Hz, 1H; 2-H),
7.11 (s, 1H; ArH), 7.20–7.43 (m, 7H; ArH), 7.58 (s, 1H; ArH), 8.28 ppm
(br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3): d=45.4 (d), 66.4 (t), 112.6
(d), 112.8 (s), 115.8 (s), 121.8 (d), 123.1 (d), 125.1 (d), 126.9 (d), 128.2 (d),
128.7 (d), 128.8 (s), 135.0 (s), 141.2 ppm (s); GCMS (t=21.1 min): m/z
(%): 317 (12), 315 (12), 287 (15), 286 (99), 285 (17), 284 (100), 204 (39),
176 (10); Chiral HPLC: IB (isocratic, heptane/isopropanol 98:2 contain-
ing 0.01% diethylamine, 1.0 mLmin�1, UV at 275 nm, t(S)=45.3 min,
t(R)=53.8 min): >99% ee.


(R)-2-Phenyl-2-(1H-pyrrol-2-yl)ethanol (6a) and (R)-2-phenyl-2-(1H-
pyrrol-3-yl)ethanol (6b):[13] Pyrrole (5a, 119 mL, 1.00 mmol) and (R)-sty-
rene oxide ((R)-1, 114 mL, 1.00 mmol) were stirred in CF3CH2OH (1 mL)
at 80 8C (1 h) to yield after column chromatography (silica gel, hexanes/
ethyl acetate 1:2) a 2:1 mixture of 6a and 6b as a yellow oil (127 mg,
68%). 6a : Rf=0.313, 6b : Rf=0.373; 1H NMR (200 MHz, CDCl3): d=


2.73 (br s, 1H), 3.02 (br s, 2H), 3.87–4.17 (m, 9H), 5.90–5.93 (m, 2H),
6.02–6.09 (m, 3H), 6.57–6.61 (m, 1H), 6.62–6.71 (m, 3H), 7.18–7.40 (m,
15H), 9.08 (br s, 3H); GCMS: 6a (t=10.8 min): m/z (%): 187 (100) [M+


], 156 (100), 128 (12); 6b (t=10.4 min): m/z (%): 187 (8) [M+], 156


(100), 128 (17); Chiral HPLC: OD-H (isocratic, heptane/isopropanol
85:15, 0.5 mLmin�1, UV at 215 nm, 6a : t(S)=38.7 min, t(R)=41.1 min):
>99% ee ; 6b : t(S)=25.9 min, t(R)=31.0 min: >99% ee.


(R)-2-Phenyl-2-(1-methyl-1H-pyrrol-2-yl)ethanol (7a) and (R)-2-phenyl-
2-(1-methyl-1H-pyrrol-3-yl)ethanol (7b):[13] 1-Methylpyrrole (5b, 119 mL,
1.00 mmol) and (R)-styrene oxide ((R)-1, 114 mL, 1.00 mmol) were stirred
in CF3CH2OH (1 mL) at 80 8C (1 h) to yield after column chromatogra-
phy (silica gel, hexanes/ethyl acetate 1:1) a 1:1 mixture of 7a and 7b as a
yellow oil (111 mg, 55%) which was separated by column chromatogra-
phy. Rf=0.420 (7a), 0.391 (7b); 1H NMR (300 MHz, CDCl3): 7a : d =1.78
(br s, 1H; OH), 3.33 (s, 3H; NMe), 3.89–4.20 (m, 3H; 1-H, 2-H), 6.14–
6.18 (m, 2H; ArH), 6.59 (t, J=2.4 Hz, 1H; ArH), 7.14–7.32 ppm (m,
5H); 7b : d=1.78 (br s, 1H; OH), 3.60 (s, 3H; NMe), 3.94–4.10 (m, 3H;
1-H, 2-H), 6.03 (t, J=2.1 Hz, 1H; ArH), 6.43 (s, 1H; ArH), 6.56 (t, J=


2.1 Hz, 1H; ArH), 7.20–7.31 ppm (m, 5H; ArH); 13C NMR (75.5 MHz,
CDCl3): 7a : d =33.7 (q), 46.5 (d), 66.4 (t), 105.5 (d), 106.8 (d), 122.4 (d),
126.9 (d), 128.2 (d), 128.7 (d), 131.6 (s), 140.2 ppm (s); 7b : d=41.8 (q),
47.2 (d), 67.3 (t), 107.8 (d), 120.1 (s), 122.3 (d), 123.8 (d), 126.7 (d), 128.3
(d), 128.7 (d), 142.8 ppm (s); GCMS: 7a (t=10.7 min): m/z (%): 201 (9)
[M+], 170 (100); 7b (t=10.4 min): m/z (%): 201 (11) [M+], 170 (100);
Chiral HPLC: OD-H (isocratic, heptane/iso-propanol 85:15,
0.5 mLmin�1, UV at 215 nm, 7a : t(S)=17.2 min, t(R)=10.5 min:
>99% ee ; 7b : t(S)=9.2 min, t(R)=12.6 min): >99% ee.


rac-2-(2,5-Dimethyl-1H-pyrrol-3-yl)-2-phenylethanol (8):[13a] 2,5-Dime-
thylpyrrole (5c, 119 mL, 1.00 mmol) and rac-styrene oxide (rac-1, 114 mL,
1.00 mmol) were stirred in CF3CH2OH (1 mL) at 80 8C (1 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 1:1) 8 as
an orange oil (65 mg, 30%). Rf=0.311; 1H NMR (400 MHz, CD3CN):
d=2.07 (s, 3H; 2’-Me), 2.12 (s, 3H; 5’-Me), 2.44 (br s, 1H; OH), 3.88–
3.97 (m, 3H; 1-H, 2-H), 5.64 (s, 1H; 4’-H), 7.12–7.27 (m, 5H; ArH),
8.43 ppm (br s, 1H; NH); 13C NMR (100 MHz, CD3CN): d=11.0 (q), 12.7
(q), 46.6 (d), 66.9 (t), 105.2 (d), 127.4 (d), 128.5 (d), 128.9 (d), 129.2 (s),
130.6 (s), 138.3 (s), 145.4 ppm (s); GCMS (t=9.0 min): m/z (%): 215 (12)
[M+], 185 (15), 184 (100).


(R)-2-Phenyl-2-(1,2,5-trimethyl-1H-pyrrol-3-yl)ethanol (9): 1,2,5-Trime-
thylpyrrole (5d, 238 mL, 2.00 mmol) and (R)-styrene oxide ((R)-1,
228 mL, 2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (1 h) to
yield after column chromatography (silica gel, hexanes/ethyl acetate 3:1)
9 as a yellow oil (339 mg, 74%). Rf=0.313; 1H NMR (400 MHz,
CD3CN): d =2.09 (s, 3H), 2.14 (s, 3H), 2.49 (br s, 1H; OH), 3.31 (s, 3H;
NMe), 3.82–3.97 (m, 3H; 1-H, 2-H), 5.71 (s, 1H; 4’-H), 7.13–7.17 (m,
1H; ArH), 7.22–7.29 ppm (m, 4H; ArH); 13C NMR (100 MHz, CD3CN):
d=10.1 (q), 12.4 (q), 30.4 (q), 46.8 (d), 66.9 (t), 104.6 (d), 119.3 (s), 124.9
(s), 126.6 (d), 127.7 (s), 128.9 (d), 129.0 (d), 145.5 ppm (s); GCMS: (t=
9.4 min): m/z (%): 229 (14) [M+], 198 (100), 196 (7), 182 (7), 181 (6);
Chiral HPLC: IB (isocratic, heptane/iso-propanol 90:10 containing
0.01% diethylamine, 1.0 mLmin�1, UV at 275 nm, t(S)=31.5 min, t(R)=


36.6 min): >99% ee. HR-EIMS: calcd for C15H19NO: 229.1467; found:
229.1473.


rac-2-(3,5-Dimethyl-1H-pyrrol-2-yl)-2-phenylethanol (10): 2,4-Dimethyl-
pyrrole (5e, 119 mL, 1.00 mmol) and rac-styrene oxide (rac-1, 114 mL,
1.00 mmol) were stirred in CF3CH2OH (1 mL) at 80 8C (1 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 1:1) 10 as
a yellow oil (118 mg, 55%). Rf=0.298; 1H NMR (400 MHz, CD3CN): d=


1.90 (s, 3H; 3’-Me), 2.13 (s, 3H; 5’-Me), 2.80 (brs, 1H; OH), 3.93–4.01
(m, 2H; 1-H), 4.11–4.14 (m, 1H; 2-H), 5.52 (s, 1H; 4’-H), 7.16–7.31 (m,
5H; ArH), 8.59 ppm (br s, 1H; NH); 13C NMR (100 MHz, CD3CN): d=


11.2 (q), 12.8 (q), 45.9 (d), 65.7 (t), 108.5 (d), 115.2 (s), 126.4 (s), 127.0
(d), 127.1 (s), 128.9 (d), 129.3 (d), 143.6 ppm (s); GCMS (t=8.5 min):
m/z (%): 215 (12) [M+], 185 (15), 184 (100).


rac-2-(4-Ethyl-3,5-dimethyl-1H-pyrrol-2-yl)-2-phenylethanol (11): 3-
Ethyl-2,4-dimethylpyrrole (5 f, 246 mg, 2.00 mmol) and rac-styrene oxide
(rac-1, 229 mL, 2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C
(1 h) to yield after column chromatography (silica gel, hexanes/ethyl ace-
tate 2:1) 11 as a yellow oil (272 mg, 56%). Rf=0.331; 1H NMR
(400 MHz, CD3CN): d=0.98–1.03 (m, 3H; CH2CH3), 1.88 (s, 3H; 3’-Me),
2.09 (s, 3H; 5’-Me), 2.29–2.35 (m, 2H; CH2CH3), 3.79 (s, 1H; OH), 3.94
(dd, J=6.8, 11 Hz, 1H; 1-H), 3.99 (dd, J=6.6, 11 Hz, 1H; 1-H), 4.13 (dd,
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J=6.7, 6.7 Hz, 1H; 2-H), 7.24–7.32 (m, 5H; ArH), 8.40 ppm (br s, 1H;
NH); 13C NMR (100 MHz, CD3CN): d=9.26 (q), 10.8 (q), 16.1 (q), 18.1
(t), 45.9 (d), 65.6 (t), 113.9 (s), 126.7 (s), 127.0 (d), 128.9 (d), 129.2 (s),
129.3 (d), 143.7 ppm (s); GCMS (t=9.2 min): m/z (%): 243 (15) [M+],
213 (21), 212 (100), 196 (8), 181 (9).


rac-2-(1H-Indol-3-yl)-1,2-diphenylethanol (13aa):[9c,10c,12] Indole (2a,
234 mg, 2.00 mmol) and trans-stilbene oxide (rac-trans-12, 392 mg,
2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (42 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 2:1) 13aa
as a pale-yellow oil (231 mg, 37%). Rf=0.517; 1H NMR (400 MHz,
CD3CN): d=3.24 (d, J=4.3 Hz, 1H; OH), 4.63 (d, J=8.7 Hz, 1H; 2-H),
5.46 (dd, J=4.3, 8.7 Hz, 1H; 1-H), 6.94–7.50 (m, 15H; ArH), 9.06 ppm
(br s, 1H; NH); 13C NMR (100 MHz, CD3CN): d=50.9 (d), 76.6 (d),
110.9 (d), 116.8 (s), 119.2 (d), 119.3 (d), 122.0 (d), 122.5 (d), 126.6 (d),
126.8 (d), 127.0 (s), 127.4 (d), 128.0 (d), 128.3 (d), 129.4 (d), 135.9 (s),
140.2 (s), 142.8 ppm (s); GCMS: (t=26.0 min): m/z (%): 313 (1) [M+],
207 (28), 206 (100), 204 (13), 178 (10), 77 (4).


rac-2-(1,2-Dimethyl-1H-indol-3-yl)-1,2-diphenylethanol (13ba): 1,2-Di-
methylindole (2b, 291 mg, 2.00 mmol) and trans-stilbene oxide (rac-trans-
12, 392 mg, 2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (9 h)
to yield 13ba as colorless crystals (450 mg, 66%). 1H NMR (300 MHz,
CDCl3): d=2.02 (s, 3H; 2’-Me), 2.26 (s, 1H; OH), 3.42 (s, 3H; NMe),
4.49 (d, J=9.9 Hz, 1H; 2-H), 5.76 (d, J=9.9 Hz, 1H; 1-H), 6.99–7.33 (m,
11H; ArH), 7.58–7.60 (m, 2H; ArH), 7.69–7.71 ppm (m, 1H; ArH);
13C NMR (75.5 MHz, CDCl3): d=10.2 (q), 29.4 (q), 52.1 (d), 74.9 (d),
108.6 (d), 111.2 (s), 118.7 (d), 119.6 (d), 120.1 (d), 126.3 (d), 126.4 (d),
126.6 (s), 127.2 (d), 127.7 (d), 128.5 (d), 128.8 (d), 133.6 (s), 136.7 (s),
142.0 (s), 143.1 ppm (s); GCMS (t=25.2 min): m/z (%): 341 (1) [M+],
235 (20), 234 (100), 218 (8).


rac-2-(1,2-Dimethyl-1H-indol-3-yl)-1,2-diphenylethanol (13bb): 1,2-Di-
methylindole (2b, 294 mg, 2.00 mmol) and cis-stilbene oxide (cis-12,
392 mg, 2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (24 h) to
yield after column chromatography (silica gel, hexanes/ethyl acetate 2:1)
13bb as colorless crystals (116 mg, 17%). Rf=0.484; 1H NMR (400 MHz,
CD3CN): d=2.34 (s, 3H; 2’-Me), 3.05 (d, J=3.6 Hz, 1H; OH), 3.63 (s,
3H; NMe), 4.55 (d, J=8.9 Hz, 1H; 2-H), 5.76 (dd, J=3.6, 8.9 Hz, 1H; 1-
H), 6.98–7.05 (m, 2H; ArH), 7.09–7.14 (m, 3H; ArH), 7.17–7.26 (m, 3H;
ArH), 7.30–7.36 (m, 5H; ArH), 7.81 ppm (d, J=8.0 Hz, 1H; ArH);
13C NMR (100 MHz, CD3CN): d=10.8 (q), 30.0 (q), 52.7 (d), 75.8 (d),
109.8 (d), 111.3 (s), 119.5 (d), 120.6 (d), 121.1 (d), 126.6 (d), 127.8 (s),
128.0 (d), 128.2 (d), 128.7 (d), 128.8 (d), 129.5 (d), 136.3 (s), 137.9 (s),
144.2 (s), 145.2 ppm (s); GCMS (t=26.8 min): m/z (%): 341 (1) [M+],
235 (20), 234 (100), 218 (8).


rac-2-(1-Methyl-1H-indol-3-yl)-1,2-diphenylethanol (13ca): 1-Methylin-
dole (2c, 260 mL, 2.00 mmol) and trans-stilbene oxide (rac-trans-12,
392 mg, 2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (29 h) to
yield after column chromatography (silica gel, hexanes/ethyl acetate 3:1)
13ca as an orange oil (452 mg, 69%). Rf=0.435; 1H NMR (300 MHz,
CDCl3): d=2.33 (br s, 1H; OH), 3.36 (s, 3H; NMe), 4.52 (d, J=6.3 Hz,
1H; 2-H), 5.33 (d, J=6.3 Hz, 1H; 1-H), 6.87–6.92 (m, 2H; ArH), 7.03–
7.15 (m, 10H; ArH), 7.18–7.22 (m, 2H; ArH), 7.27 ppm (ddd, J=0.7, 1.8,
7.8 Hz, 1H; ArH); 13C NMR (75.5 MHz, CDCl3): d=32.3 (q), 50.8 (d),
76.3 (d), 108.9 (d), 115.2 (s), 118.6 (d), 119.1 (d), 121.3 (d), 126.4 (d),
126.5 (d), 127.1 (d), 127.2 (d), 127.3 (s), 127.8 (d), 128.0 (d), 129.3 (d),
136.6 (s), 140.4 (s), 142.9 ppm (s); GCMS: (t=22.6 min): m/z (%): 327
(1) [M+], 221 (20), 220 (100), 204 (8), 178 (5).


rac-2-(1-Methyl-1H-indol-3-yl)-1,2-diphenylethanol (13cb):[14] 1-Methyl-
indole (2c, 260 mL, 2.00 mmol) and cis-stilbene oxide (cis-12, 397 mg,
2.00 mmol) were stirred in CF3CH2OH (2 mL) at 80 8C (29 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 2:1) 13cb
as white crystals (124 mg, 19%). Rf=0.543; 1H NMR (300 MHz,
CD3CN): d=2.53 (br s, 1H; OH), 3.77 (s, 3H; NMe), 4.56 (d, J=8.1 Hz,
1H; 2-H), 5.31 (d, J=8.1 Hz, 1H; 1-H), 7.00–7.28 (m, 14H; ArH),
7.44 ppm (brd, J=7.8 Hz, 1H; ArH); 13C NMR (75.5 MHz, CD3CN): d=


32.8 (q), 52.2 (d), 77.7 (d), 109.2 (d), 113.7 (s), 119.1 (d), 119.5 (d), 121.9
(d), 126.2 (d), 126.8 (d), 127.2 (d), 127.3 (d), 127.9 (d), 128.0 (s), 128.1
(d), 128.6 (d), 137.1 (s), 141.9 (s), 142.5 ppm (s); GCMS (t=22.6 min):
m/z (%): 327 (1) [M+], 221 (20), 220 (100), 204 (8), 178 (5).


rac-2-(1,2-Dimethyl-1H-indol-3-yl)-2-(4-methoxyphenyl)ethanol (15): 1,2-
Dimethyl-indole (2b, 436 mg, 3.00 mmol) and 2-(4-methoxyphenyl)oxir-
ane (14, 451 mg, 3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C
(4 h) to yield after column chromatography (silica gel, hexanes/ethyl ace-
tate 2:1) 15 as a yellow oil (611 mg, 69%). Rf=0.415; 1H NMR
(300 MHz, CDCl3): d=1.61 (br s, 1H; OH), 2.36 (s, 3H; 2’-Me), 3.66 (s,
3H; NMe), 3.75 (s, 3H; OMe), 4.29 (d, J=8.4 Hz, 2H; 1-H), 4.45 (t, J=


7.8 Hz, 1H; 2-H), 6.80 (d, J=6.3 Hz, 2H; ArH), 7.00 (dd, J=8.1, 8.1 Hz,
1H; ArH), 7.14 (dd, J=8.1, 8.1 Hz, 1H; ArH), 7.22–7.28 (m, 3H; ArH),
7.46 ppm (d, J=8.1 Hz, 1H; ArH); 13C NMR (75.5 MHz, CDCl3): d=


10.6 (q), 29.6 (q), 44.6 (d), 55.2 (q), 65.3 (t), 108.8 (d), 109.5 (s), 113.8 (d),
119.1 (d), 119.3 (d), 120.6 (d), 126.6 (s), 128.8 (d), 133.9 (s), 135.0 (s),
136.9 (s), 157.9 ppm (s); GCMS (t=19.7 min): m/z (%): 295 (11) [M+],
277 (11), 265 (21), 264 (100), 262 (8), 220 (9).


rac-Ethyl-3-(1,2-dimethyl-1H-indol-3-yl)-2-hydroxy-3-phenylpropanoate
(17): 1,2-Dimethylindole (2b, 290 mg, 2.00 mmol) and trans-ethyl-2-phe-
nylglycidate (16, 343 mL, 2.00 mmol) were stirred in CF3CH2OH (2 mL)
at 80 8C (5 h) to yield after column chromatography (silica gel, hexanes/
ethyl acetate 2:1) 17 as colorless crystals (513 mg, 76%). Rf=0.349;
1H NMR (300 MHz, CDCl3): d =0.87 (t, J=7.1 Hz, 3H; OCH2CH3), 2.32
(s, 3H; 2’-Me), 2.78 (d, J=7.3 Hz, 1H; OH), 3.62 (s, 3H; NMe), 3.93,
3.95 (2Rq, J=7.1 Hz, 2H; diastereotopic OCH2CH3), 4.70 (d, J=6.6 Hz,
1H; 3-H), 5.01 (dd, J=6.6, 7.3 Hz, 1H; 2-H), 6.98–7.04 (m, 1H; ArH),
7.09–7.27 (m, 5H; ArH), 7.42 (d, J=7.7 Hz, 2H; ArH), 7.59 ppm (d, J=


7.7 Hz, 1H; ArH); 13C NMR (75.5 MHz, CDCl3): d=10.8 (q), 13.6 (q),
29.5 (q), 47.1 (d), 61.2 (t), 73.5 (d), 108.5 (d), 110.5 (s), 119.0 (d), 119.5
(d), 120.6 (d), 126.3 (d), 127.0 (s), 128.2 (d), 128.6 (d), 134.1 (s), 136.6 (s),
140.6 (s), 174.1 ppm (s); GCMS (t=17.4 min): m/z (%): 337 (3) [M+],
235 (19), 234 (100), 218 (7).


rac-Ethyl-3-(5-bromo-1H-indol-3-yl)-2-hydroxy-3-phenylpropanoate (18):
5-Bromoindole (2 f, 980 mg, 5.00 mmol) and trans-ethyl-2-phenylglycidate
(16, 858 mL, 5.00 mmol) were stirred in CF3CH2OH (5 mL) at 80 8C
(24 h) to yield after column chromatography (silica gel, hexanes/ethyl
acetate 1:1) 18 as a yellow oil (912 mg, 47%). Rf=0.614; 1H NMR
(600 MHz, CDCl3): d=1.27 (t, J=7.2 Hz, 3H; OCH2CH3), 2.90 (d, J=


6.6 Hz, 1H; OH), 4.20 (q, J=7.2 Hz, 2H; OCH2CH3), 4.69–4.71 (m, 1H;
3-H), 4.86–4.89 (m, 1H; 2-H), 7.17–7.29 (m, 7H; ArH), 7.47 (s, 1H;
ArH), 7.49 (s, 1H; ArH), 8.20 ppm (br s, 1H; NH); 13C NMR (150 MHz,
CDCl3): d =14.2 (q), 46.0 (d), 61.9 (t), 73.8 (d), 112.5 (d), 112.7 (s), 115.9
(s), 121.5 (d), 124.2 (d), 124.9 (d), 127.3 (d), 128.3 (d), 128.7 (s), 129.1 (d),
134.6 (s), 138.1 (s), 173.4 ppm (s); GCMS (t=7.8 min): m/z (%): 212
(34), 211 (12), 210 (100), 175 (51), 165 (49), 147 (80), 137 (31), 129 (29),
102 (90), 77 (15), 75 (17), 51 (17); HR-EIMS: calcd for C19H18


35BrNO3:
388.0538; found: 388.0531.


rac-2-(1,2-Dimethyl-1H-indol-3-yl)cyclohexanol (20):[23] 1,2-Dimethylin-
dole (2b, 436 mg, 3.00 mmol) and cyclohexene oxide (19, 304 mL,
3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (72 h) to yield
after column chromatography (silica gel, hexanes/ethyl acetate 4:1) 20 as
white crystals (153 mg, 21%). When this reaction was repeated, and an-
other 3.00 mmol (304 mL) of 19 were added after 72 h and 1.50 mmol
(152 mL) of 19 after 160 h, 20 was obtained in 31% yield. Rf=0.297;
1H NMR (300 MHz, CDCl3): d=1.15–2.21 (m, 9H), 2.40 (s, 3H; 2’-Me),
2.61–2.75 (m, 1H; 2-H), 3.66 (s, 3H; NMe), 4.06 (td, J=4.1, 10 Hz, 1H;
1-H), 7.00–7.28 (m, 3H; ArH), 7.68 ppm (d, J=8.0 Hz, 1H; ArH);
13C NMR (75.5 MHz, CDCl3): d=10.7 (q), 25.2 (t), 26.6 (t), 29.6 (q), 31.5
(t), 34.3 (d), 35.7 (t), 73.7 (d), 108.9 (d), 109.1 (s), 110.5 (d), 118.7 (d),
120.6 (d), 132.3 (s), 137.0 (s), 137.1 ppm (s); GCMS (t=10.9 min): m/z
(%): 243 (86) [M+], 184 (78), 171 (19), 158 (100), 144 (12), 115 (7).


rac-2-(2,2,2-Trifluoroethoxy)cyclohexanol (21): GCMS (t=7.9 min): m/z
(%): 198 (5) [M+], 180 (17), 152 (32), 139 (10), 98 (68), 81 (100), 70 (17),
55 (12), 41 (20).


rac-1-(1,2-Dimethyl-1H-indol-3-yl)hexan-2-ol (24): 1,2-Dimethylindole
(2b, 436 mg, 3.00 mmol) and 1,2-epoxyhexane (22, 362 mL, 3.00 mmol)
were stirred in CF3CH2OH (3 mL) at 80 8C (48 h) to yield after column
chromatography (silica gel, hexanes/ethyl acetate=3:1) 24 as a pale-
yellow oil (236 mg, 32%). Rf=0.610; 1H NMR (300 MHz, CDCl3): d=


0.92 (t, J=6.9 Hz, 3H; 6-H), 1.32–1.62 (m, 6H; 3-H, 4-H, 5-H), 2.37 (s,
3H; 2’-Me), 2.74 (dd, J=8.7, 14 Hz, 1H; 1-H), 2.94 (dd, J=4.2, 14 Hz,


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1638 – 16471646


H. Mayr and M. Westermaier



www.chemeurj.org





1H; 1-H), 3.65 (s, 3H; NMe), 3.79–3.89 (m, 1H; 2-H), 7.04–7.26 (m, 3H;
ArH), 7.51 ppm (d, J=7.8 Hz, 1H; ArH); 13C NMR (75.5 MHz, CDCl3):
d=10.5 (q), 14.1 (q), 22.8 (t), 28.2 (t), 29.5 (q), 32.9 (t), 36.6 (t), 71.1 (d),
107.1 (s), 108.5 (d), 118.1 (d), 118.9 (d), 120.7 (d), 127.9 (s), 134.4 (s),
136.7 ppm (s); GCMS (t=10.2 min): m/z (%): 245 (15) [M+], 159 (13),
158 (100), 143 (5).


rac-1-(1,2-Dimethyl-1H-indol-3-yl)-3-methoxypropan-2-ol (25): 1,2-Dime-
thylindole (2b, 436 mg, 3.00 mmol) and glycidyl methyl ether (23,
265 mg, 3.00 mmol) were stirred in CF3CH2OH (3 mL) at 80 8C (48 h) to
yield after column chromatography (silica gel, hexanes/ethyl acetate 1:1)
25 as a colorless oil (357 mg, 51%). Rf=0.404; 1H NMR (300 MHz,
CDCl3): d =2.29 (s, 3H; 2’-Me), 2.62 (br s, 1H; OH), 2.88 (d, J=6.9 Hz,
2H; 1-H), 3.23–3.36 (m, 5H; 3-H, NMe), 3.52 (s, 3H; OMe), 3.95–4.03
(m, 1H; 2-H), 7.01–7.18 ppm (m, 3H; ArH), 7.49 ppm (d, J=7.8 Hz, 1H;
ArH); 13C NMR (75.5 MHz, CDCl3): d=10.2 (q), 28.6 (t), 29.4 (q), 58.9
(q), 70.8 (d), 75.9 (t), 106.4 (s), 108.5 (d), 117.9 (d), 118.8 (d), 120.6 (d),
127.9 (s), 134.2 (s), 136.5 ppm (s); GCMS (t=9.6 min): m/z (%): 233 (21)
[M+], 159 (11), 158 (100).
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Ultrasensitive Fluorescent Responses of Water-Soluble, Zwitterionic, Boronic
Acid-Bearing, Regioregular Head-to-Tail Polythiophene to Biological Species


Cuihua Xue, Feifei Cai, and Haiying Liu*[a]


Introduction


Conjugated polymers have become attractive sensing mate-
rials because they display higher sensitivities to analytes
than devices which use small molecules.[1–6] The sensitivities
arise from collective optical or conducting properties of the
conjugated polymers that are extremely sensitive to minor
external structural perturbations or to electron-density
changes within the polymer backbone in the presence of an-
alytes.[1–5] In particular, water-soluble conjugated polymers
show promising biosensing applications for DNA,[4] en-
zymes,[7] proteins,[8–10] bacteria,[8,11] and other biologically im-
portant species.[12] Conjugated polymers have been made
water-soluble by introducing highly branched hydroxyls,[13]


carbohydrates,[8,9, 11,14,15] or hydrophilic ionic groups, such as
sulfonic,[16,17] carboxylic,[18,19] ammonium,[4] or phosphonate
groups,[20] to the polymer side chains to overcome p–p stack-
ing interactions among the hydrophobic polymer backbones
and enhance enthalpic interactions with water. Boronic
acids are well known to bind diol species with high affinities
via reversible boronate formation in aqueous solution.[21–25]


Their common interactions are with cis-1,2 or 1,3-diols of
saccharides to form five- or six-membered rings via two co-
valent bonds.[25] As a result, boronic acids have been widely
incorporated into small molecules as artificial receptors in
circular dichroism and fluorescent detection of saccha-
rides.[21–25] Poly(aniline boronic acid) has been prepared by
electrochemistry for potentiometric detection of saccha-
ride.[26] Incorporation of boronic acid as side chain residues
is expected to offer a highly sensitive fluorescent sensing
material for carbohydrates by amplification through cooper-
ative multivalent interactions among carbohydrates and bor-
onic acid residues. In this article, we first report synthesis of
a water-soluble zwitterionic boronic acid-bearing regioregu-
lar head-to-tail conjugated polythiophene and investigate its
fluorescent responses to monosaccharides, lactose, ascorbic
acid, and dopamine. The polymer displays ultrasensitive re-
sponses to these biological species through multivalent inter-
actions, and possesses a binding constant of up to 4.605105


with lactose.


Results and Discussion


The synthetic route to regioregular head-to-tail polythio-
phene bearing boronic acid residues is shown in Scheme 1.
We used a synthetic strategy of post-polymerization func-
tionalization of regioregular head-to-tail conjugated poly(3-
bromohexylthiophene) (polymer 1) with 3-pyridineboronic
acid through a quaternization reaction between a pyridine


Abstract: Water-soluble regioregular
head-to-tail zwitterionic fluorescent
conjugated boronic acid-bearing poly-
thiophene (polymer 2) was prepared
through a postpolymerization quaterni-
zation of a pyridine group of 3-pyridi-
neboronic acid with bromide groups of
regioregular head-to-tail poly(3-bromo-
hexylthiophene) (polymer 1). Titration
of monosaccharides, lactose, ascorbic


acid, or dopamine with 0.1m phosphate
buffer (pH 7.4), containing 4.0 mm of
polymer 2, results in significant concen-
tration-dependent quenching of the po-
lymer fluorescence. The polymer dis-


plays an optimum response to the bio-
logical species at pH 7.0. The binding
constants of polymer 2 with mannose,
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105, 3.275105, and 4.605105, respec-
tively.


Keywords: boronic acid ·
carbohydrates · fluorescence ·
polythiophene · Sensors


[a] C. Xue, F. Cai, Prof. H. Liu
Department of Chemistry
Michigan Technological University
Townsend Drive 1400 (USA)
Fax: (+1)906-487-2061
E-mail : hyliu@mtu.edu


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1648 – 16531648







group of 3-pyridineboronic acid with the polymer bromide
groups for water-soluble zwitterionic regioregular head-to-
tail glycopolythiophene bearing boronic acid residues (poly-
mer 2), as the polymerization for regioregular head-to-tail
polythiophenes is typically achieved by the Grignard meta-
thesis method initially reported by McCullough et al.[27–31]


Regioregular head-to-tail poly(3-bromohexylthiophene) (po-
lymer 1) was synthesized by means of condensation poly-
merization by using the Grignard metathesis method in ex-
cellent yield and with a high degree of polymerization
(Scheme 1),[29] according to gel-permeation chromatography
(yield: 90%, Mn: 25,900 gmol�1; polydispersity: 1.75).


The solubility of zwitterionic boronic acid-bearing re-
gioregular head-to-tail polythiophenes is different from its
precursor polymer. The precursor polymer 1 is readily solu-
ble in common solvents, such as THF, chloroform, methyl-
ene chloride, and moderately soluble in DMF and DMSO,
but insoluble in ethanol, methanol, acetone, and water. The
zwitterionic polymer 2 is insoluble in ethanol, acetone, ace-
tonitrile, THF, chloroform, methylene chloride, and toluene,
but readily soluble in water. Water solubility of polymer 2
arises from the hydrophilic feature of its ionic pyridinium
groups which overcomes the p–p stacking interactions
among the hydrophobic polymer backbones and enhances
enthalpic interactions with water


The precursor polymer 1 exhibits an UV/Vis absorption
maximum peak at lmax=400 nm, and emission maximum
peak at lmax=558 nm in chloroform solution, which were as-
cribed to the p–p* transition of the conjugated polymer
backbone (Figure 1a). Its fluorescent quantum yield in
chloroform solution was 2.0% by using quinine sulfate in
0.1n sulfuric acid as the reference for absolute quantum ef-
ficiency (fn=55%).[32] Polymer 2 displays a red shift relative
to polymer 1 as it exhibits maximum absorption and mission
peaks at lmax=410 and 560 nm in aqueous solution (Fig-
ure 1b). Introduction of boronic acid residues to polythio-
phene does not quench the polymer fluorescence as polymer
2 possesses a little higher fluorescent quantum yield (with
fluorescent quantum efficiency of 2.1% in 0.1m phosphate
buffer (pH 7.4)) than that of polymer 1.


The UV/Vis absorption and
fluorescent spectra of polymer
2 were measured in 0.1m phos-
phate buffer solution (pH 7.4)
in the absence and presence of
monosaccharides, lactose, vita-
min C, and dopamine. Fig-
ure 2a–d shows typical fluores-
cent spectra of polymer 2 in
the absence and presence of
glucose, lactose, dopamine, and
ascorbic acid, respectively. Ti-
tration of these biological spe-
cies to a polymer phosphate
buffer resulted in a significant
concentration-dependent
quenching of the polymer fluo-


rescence. The quenching of the polymer fluorescence might
be due to the polymer confirmation changes caused by mul-
tivalent interactions among boronic acid residues and carbo-
hydrates. In addition, titration of lactose, vitamin C, or dop-


Scheme 1. Synthetic route to water-soluble zwitterionic boronic acid-bearing regioregular head-to-tail polythio-
phenes. NBS: N-bromosuccinimide, dppp: 1,2-bis(diphenylphosphino)propane.


Figure 1. UV/Vis absorption and fluorescent spectra of a) polymer 1 in
chloroform solution and b) polymer 2 in aqueous solution.


Chem. Eur. J. 2008, 14, 1648 – 1653 B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1649


FULL PAPER



www.chemeurj.org





amine to a phosphate buffer solution of polymer 2 caused a
slight red shift of the polymer fluorescence (Figure 2b–d).
However, titration of these biological species to the same
polymer phosphate buffer only caused slight decreases of
UV/Vis absorbance of the polymer without significant
Stokes shift (please see the Supporting Information).


Boronic acid readily binds to diols of these saccharides to
form boronate anion species in phosphate buffer (pH 7.4).
Monosaccharides usually bearing five OH groups tend to
form 1+2 monosaccharide-phenylboronic acid complexes as
one phenylboronic acid reacts with two OH groups (1,2- and


1,3-diols) of monosaccharides
to form five- or six-membered
rings via two covalent bonds,
respectively.[33,34] The observed
selectivity order of these com-
plexes with one phenylboronic
acid is always the same, which
is governed by the inherent
structures of monosaccharides.
Among the monosaccharides,
fructose possesses the highest
association constant whereas


glucose has the lowest association constant as a five-mem-
bered ring with cis-1,2-diols of fructose being usually the
most stable.[33,34] In contrast, the boronic acid-grafted poly-
mer is expected to display a different stability order through
multivalent interactions compared with one phenylboronic
acid as it can react with four of the five OH groups of mon-
osaccharides, and with up to eight groups of disaccharides.
As a result, polymer 2 exhibits the most sensitive response
to lactose through multivalent interactions between lactose
and boronic acid groups.


Figure 2. Fluorescent spectra of polymer 2 (4.0 mm) in 0.1m phosphate buffer (pH 7.4) in the absence and presence of different concentrations of a) glu-
cose, b) lactose, c) dopamine, and d) vitamin C.
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Conjugated polymers feature short emissive lifetimes on
the order of 0.2–0.5 ns, unless they contain organometallic
fragments.[17,35,36] As a result, only static quenching is pre-
dominant.[17, 35,36] In static quenching, the quencher forms a
ground-state complex with the fluorophore which is then
quenched after excitation: quenching constant KSV in static
quenching equals the apparent complex formation constant
of quencher to fluorophore. The use of the Stern–Volmer re-
lationship offers a simple way to determine binding con-
stants (Figure 3).[37] A quantitative measure of the fluores-
cent quenching can be achieved by determining the well-
known Stern–Volmer constant, KSV:


[37]


I0=I ¼ 1þKSV½Q� ð1Þ


in which [Q] is the concentration of quencher, I0 stands for
the intensity of fluorescence in the absence of the quencher,
and I is the fluorescence intensity as a function of quencher
concentration [Q]. The equation reveals that I0/I increases
in direct proportion to the concentration of the quencher,


and KSV, slope of the plots, is the Stern–Volmer constant, de-
fining the efficiency of fluorescent quenching. When all
other variables are held constant, the higher the value of
KSV, the lower the concentration of quencher required to
quench the fluorescence.[37] The Stern–Volmer quenching
constants of polymer 2 by different carbohydrates, dopamine
and vitamin C were calculated and are listed in Table 1.


Ester formation between boronic acids and diols in aque-
ous solution strongly depends on pH according to the equili-
bria in Scheme 2. To obtain a favorable binding, the forma-
tion of the hydroxyboronate (D), which contains a tetrahe-
dral boron atom, is desirable. Because pKa(2) is 1–2 units


lower than pKa(1),
[38] the complex D will only exist in fair


amounts at neutral pH if the boronic acid has a pKa�7.0.
As the aromatic boronic acid derivatives have pKa values
ranging from 8 to 10,[39] it requires more alkaline conditions
to form strong complexes (Scheme 2). Strong electron-with-
drawing substituents on the aromatic moiety are required to
lower the pKa values of boronic acid derivatives. For exam-
ple, 4-carboxy-3-nitrophenylbronic acid has a pKa of 7.0.[40]


Our approach for measuring carbohydrates at neutral pH is
to take advantage of a zwitterionic pyridinium hydroxyboro-
nate with a very low pKa value of 4.0,[41] which was obtained
through post-polymerization functionalization of bromide-
bearing polythiophene with 3-pyridineboronic acid. Alkyla-
tion of the nitrogen in 3-pyridineboronic acid would give a
pyridinium salt, which not only functions as an electron-
withdrawing group but also makes the polymer soluble in
water. We investigated the pH effect on fluorescent respons-
es of polymer 2 to carbohydrates (Figure 4). As we expect-
ed, the polymer displayed an optimum response to fructose
or lactose at pH 7.0 in 0.1m phosphate buffer.


Figure 3. The Stern–Volmer curves of polymer 2 with different concentra-
tions of biological species in 0.1m phosphate buffer (pH 7.4; ~ lactose,
* dopamine, & vitamin C, ^ galactose, * glucose, ^ fructose, & man-
nose).


Table 1. The Stern–Volmer quenching constants of polymer 2 by biological species.


Species Fructose Glucose Galactose Mannose Vitamin C Dopamine Lactose


quenching constant 1.135105 1.235105 1.695105 3.335104 3.175105 3.275105 4.605105


Scheme 2. Equilibria between boronic acids and diols.


Figure 4. Fluorescent responses of polymer to fructose at different pH
values. Concentration of lactose: & 0.0 mm, * 1.0 mm, ^ 2.0 mm,
~ 4.0 mm.
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Conclusion


A water-soluble zwitterionic boronic acid-bearing regioregu-
lar head-to-tail polythiophene has been synthesized and its
fluorescent responses to carbohydrates, dopamine, and as-
corbic acid have been studied. The polymer exhibits ultra-
sensitive responses to carbohydrates through multivalent co-
operative interactions at pH 7.4 in 0.1m phosphate buffer.


Experimental Section


Instrumentation : 1H and 13C NMR spectra were recorded on a 400 MHz
Varian Unity Inova spectrophotometer. UV absorption spectra were
taken on a Hewlett–Packard 8452 A Diode Array UV/Vis spectropho-
tometer. Fluorescence spectra were obtained on a steady-state Spex Flu-
orolog 1681 fluorometer. All concentrations of polymers reported in the
paper are prepared in terms of a polymer repeat unit. Analytical gel per-
meation chromatography (GPC) was obtained from a Waters 6000 A
equipped with a Waters Model 440 ultraviolet absorbance detector at a
wavelength of l =254 nm and a Waters Model 2410 refractive index de-
tector. Three American Polymer Standards Corp. Ultrastyragel columns
in series with porosity indices of 103, 104, and 105 M were used and
housed in an oven thermostated at 30 8C. THF was used as an eluent and
the molecular weight was measured relative to polystyrene standards.


Materials synthesis : Unless otherwise indicated, all reagents and solvents
were obtained from commercial suppliers (Aldrich, Fluka, Acros, Lancas-
ter), and were used without further purification. Air- and moisture-sensi-
tive reactions were conducted in oven-dried glassware by using standard
Schlenk line or drybox techniques under an inert atmosphere of dry
argon. 3-Bromohexylthiophene and 2,5-dibromo-3-bromohexylthiophene
were prepared according to a reported procedure.[29]


Preparation of poly(3-bromohexylthiophene) (polymer 1): Regioregular
head-to-tail conjugated poly(3-bromohexylthiophene) was prepared ac-
cording to a reported procedure.[29] 3-Bromohexyl-2,5-dibromothiophene
(2) (2.02 g, 5.0 mmol) was added to dry THF (30 mL) containing
CH3MgBr (1.7 mL, 5 mmol). [NiCl2ACHTUNGTRENNUNG(dppp)] (14 mg, 0.03 mmol) was
added after the mixture had been stirred at 75 8C for 2 h. After further
stirring at 75 8C for 1 h, the resulting solution was cooled to room temper-
ature and poured into methanol (200 mL) to precipitate the polymer.
The solid polymer was filtered, further purified by extraction in a Soxhlet
extractor with refluxing methanol for 24 h, and dried under vacuum to
give 0.9 g of 98% regioregular head-to-tail coupled polymer 1. 1H NMR
(400 MHz, CDCl3): d =6.97 (s, 1H), 3.41 (t, 2H), 2.81 (m, 2H), 1.87 (m,
2H), 1.71 (m, 2H), 1.48 ppm (m. 4H); GPC (THF, polystyrene standard):
Mn: 25,900 gmol�1, polydispersity: 1.75; displays UV/Vis absorption
maxima at lmax=400 nm and emission maxima at lmax=558 nm in chloro-
form solution.


Preparation of polythiophene bearing boronic acid residues (polymer 2):
3-Pyridineboronic acid (0.3 g) was added to a solution of polymer 1
(0.2 g) dissolved in a mixture of DMF (30 mL) and THF (20 mL). The
flask was degassed and refilled with N2. The mixture was stirred at 70 8C
under a N2 atmosphere for 48 h. After removing most of the solvent, the
residue was precipitated in THF (60 mL). The precipitate was collected
by filtration, washed with THF (100 mL) several times, and dried under
vacuum at room temperature to obtain polymer 2 as a dark-red solid.
1H NMR (400 MHz, D2O): d=8.49 (m, 4H), 7.74 (m, 2H), 7.50 (s, 1H),
4.38 (m, 2H), 3.38 (m, 2H), 1.84 (m, 4H), 1.30 ppm (m, 4H); we failed
to collect a nice 13C NMR spectrum as the polymer concentration in
water is not high enough for the experiment; displays UV/Vis absorption
maxima at lmax=410 nm and emission maxima at lmax=570 nm in aque-
ous solution; IR (KBr): ñ=3339, 2920, 1630, 1376, 1055, 793, 678 cm�1.
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Asymmetric Synthetic Access to the Hetisine Alkaloids:
Total Synthesis of (+)-Nominine


Kevin M. Peese[b] and David Y. Gin*[a]


Introduction


The genera of Aconitum and Delpinium, and to a lesser
extent, Rumex, Consolida, and Spiraea, are rich sources of
diterpenoid alkaloids.[1] The C20-diterpenoid alkaloids have
been classified by Wang and Liang into two principal groups
(Figure 1), the atisane class and the kaurane class, based on
their respective carbon skeletons. The atisine (1), danuda-
tine (2), hetidine (3), and hetisine (4) alkaloids comprise the
atisane structural family, and the veatchine (5) and napeline
(6) alkaloids make up the kaurane family. The hetisine natu-
ral products (4) are the largest subgroup of the atisane diter-
penoid alkaloids, and are among the most structurally com-
plex. Among the first of the hetisine alkaloids isolated
(Figure 2) were nominine (7),[2,3] kobusine (8),[4,5] pseudoko-
busine (9),[6,7] and hetisine (10)[7–9] more than five decades
ago. Subsequently, over 100 additional hetisine alkaloids
have been isolated and characterized. The C20-diterpenoid
alkaloids have long been recognized as active constituents
within many traditional Eastern herbal medicines. Pharma-
cological investigations have revealed that the hetisine alka-


loids exhibit a diverse range of biological activities,[1,10–12] ex-
emplified by local anesthetic, anti-inflammatory, anti-ar-
rhythmic activities of nominine (7), potent vasodilatory ac-
tivities of kobusine (8) and pseudokobusine (9), and hypo-
tensive activity of hetisine (10).
The C20-diterpenoid alkaloids have also served as classic


targets in natural product synthesis, resulting in the total


Keywords: alkaloids · asymmetric
synthesis · cycloaddition · hetisine ·
natural products


Abstract: A dual cycloaddition strategy for the synthesis of the hetisine alkaloids
has been developed, illustrated by a concise asymmetric total synthesis of (+)-no-
minine (7). The approach relies on an early-stage intramolecular 1,3-dipolar cyclo-
addition of a 4-oxido-isoquinolinium betaine dipole with an ene–nitrile dipolaro-
phile. Subsequent late-stage pyrrolidine-induced dienamine isomerization/Diels–
Alder cascade allows for rapid construction of the carbon�nitrogen polycyclic skel-
eton within this class of C20-diterpenoid alkaloids.
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syntheses of natural products within the atisine (1),[13–18]


veatchine (5),[19–23] and napelline (6)[24,25] subclasses. Despite
this progress, synthetic efforts toward the hetisine subclass
(4) have been comparatively sparse. Efforts by van der
Baan and Bickelhaupt[26] led to the synthesis of the bridged
aza-tricyclic core 11 (Figure 3) via intramolecular enolate al-


kylation, a strategy potentially amenable to multiple families
of the C20-diterpenoid alkaloids. Shibanuma and Okamoto


[27]


were the first to disclose the synthesis of the fully-formed
bridged N-heterocyclic array (i.e. , 12) within the hetisine
skeleton, involving the key sequence of intramolecular
alkene aziridination and chloride-mediated ring opening,
followed by reduction and Hofmann–Lçffler–Freytag reac-
tion to form the requisite C�N bonds. An elegant strategy
was reported by Winkler and Kwak[28] to access the bridged
pyrrolidine 13, employing a highly efficient intramolecular
[2+2]-photocycloaddition of a vinylogous imide, followed by
a retro-Mannich–Mannich cascade. More recently, Williams
and Mander[29–31] applied a double Mannich protocol in con-
junction with an intramolecular bridgehead arylation[32,33] as
key elements in their synthesis of the advanced veatchine-
like intermediate 14. The first completed synthesis of a heti-
sine natural product was reported by Muratake and Nat-
sume in 2004 (Scheme 1),[34] more than 60 years after the ini-
tial discovery of this alkaloid family. This heroic synthesis of
nominine (7)[35–38] involved several key transformations, in-
cluding aldehyde a-arylation[39] to form the C9�C10 bond in
15, Lewis acid catalyzed acetal–ene reaction to construct the
C14�C20 linkage in 16, reductive radical cyclization to form
the C12�C16 bond in 17, and late-stage intramolecular N-al-
kylation to construct the N–C20 linkage, culminating in a
40-step racemic synthesis of nominine (7).


In our development of a novel strategy to access the heti-
sine carbon�nitrogen scaffold, construction of the maximally
bridging C�C bonds via multiple cycloaddition processes
formed the basis of the synthesis plan (Scheme 2).[40] An
edge-on conformational view of nominine (7) revealed two
promising key elements for simplification, namely the bridg-
ing pyrrolidine embedded in the azabicycloACHTUNGTRENNUNG[3.2.1]octane
core, as well as the cyclohexane moiety within the bicyclo-
ACHTUNGTRENNUNG[2.2.2]octane substructure of 7. The former could be con-
structed via an early-stage intramolecular 1,3-dipolar cyclo-
addition (i.e. , 20) with an endocyclic 1,3-dipole, thereby rap-
idly establishing the entire N-heterocyclic array within the
alkaloid target. Subsequent late-stage intramolecular Diels–
Alder reaction of an appropriately positioned diene and di-
enophile (i.e. , 19) would then complete the hetisine skeleton
(i.e., 18), allowing for minimal additional functional group
interconversions to realize the natural product 7. Taken to-
gether, these two cycloaddition transformations constitute a
potentially expeditious entry into the hetisine framework
from relatively simple precursors.


Results and Discussion


1,3-Dipolar cycloaddition via non-stabilized endocyclic azo-
methine ylides : The use of azomethine ylides in the synthe-
sis of pyrrolidine-containing complex alkaloids is well-estab-
lished,[41–45] and formed the basis of our approach to con-
struct the N-heterocyclic core within the hetisine alkaloids.
A plethora of methods exist for the generation of these aza-
1,3-dipoles, including, fluoride-mediated desilylation of a-
iminium species, electrocyclic ring-opening of aziridines, and
tautomerization of a-amino acid ester imines. Of these, the
Vedejs strategy of desilylation of a-iminium intermediates is
among the most widely used methods for the generation of
non-stabilized azomethine ylides,[46] wherein a notable ex-
tension by Padwa has allowed access to this class of 1,3-di-
poles from sequential N-alkylation and desilylation of vinyl-
ogous imidates.[47] A complementary variant to this ap-
proach has also been recently developed, involving the O-
sulfonylation and desilylation of N-CH2TMS tertiary vinylo-
gous amides.[48] In adapting this method to the construction
of the pyrrolidine ring embedded in the azabicyclo-
ACHTUNGTRENNUNG[3.2.1]nonane core in the hetisine alkaloids, the generation
of a six-membered endocyclic azomethine ylide to serve as a


Figure 3.


Scheme 1. First completed synthesis of a hetisine natural product report-
ed by Muratake and Natsume.[34]


Scheme 2. Retrosynthetic analysis.
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dipole in the presence of a tethered dipolarophile function-
ality (i.e., 22, Scheme 3) is required (for full experimental
details, see Supporting Information). In this scenario, O-acti-
vation (ROTf) of an endocyclic vinylogous amide (i.e., the
a-TMS-dihydropyridone 21), followed by subsequent desily-
lation of the resultant iminium salt, would furnish the azo-
methine ylide 22. If the torsional and steric constraints in 22
permit, intramolecular dipolar cycloaddition would ensue to
provide the requisite bridged pyrrolidine core 23.


Since examples of the generation and cycloaddition of en-
docyclic non-stabilized azomethine ylides are rare,[49–54]


model investigations involving the dihydropyridone 28
(Scheme 4) were initiated to assess the feasibility of the key
dipolar cycloaddition step in the synthesis. Attractive strat-
egies to access 6-TMS-2,3-dihydro-4-pyridone moieties such
as 28 have been reported, most notably involving the addi-
tion of silyl-Grignard nucleophiles to N-acyl-4-methoxypyri-
dinium derivatives.[55,56] Unfortunately, the impracticality of
late stage N-deprotection and subsequent neopentyl N-alky-
lation to form dihydropyridones such as 21 (i.e., Scheme 3)
led us to consider an alternate, more flexible approach, in-
corporating an imine–hetero-Diels–Alder reaction employ-
ing DanishefskyIs diene (27, Scheme 4).[57] To investigate


this plan, the preparation of a model a-TMS-dihydropyri-
done 28 would require access to a C-silyl aldimine dieno-
phile such as 26. Moffatt–Swern oxidation of trimethylsilyl-
methanol (24) afforded an ether solution of highly reactive
formyl silane 25,[58,59] which was immediately exposed to
benzylamine to provide the transient C-silyl aldimine dieno-
phile 26. Treatment of the unpurified aldimine 26 with Dani-
shefskyIs diene 27 and ZnCl2 yielded the dihydropyridone
cycloadduct 28 (61% from 24). This one-pot procedure pro-
vided a convenient protocol to access C-silyl aldimines, and
established this class of imines to be competent dienophiles
in the hetero-Diels–Alder reaction.
The ready access to the endocyclic vinylogous amide 28


allowed for evaluation of its suitability to serve as an endo-
cyclic non-stabilized azomethine ylide precursor. O-Activa-
tion of 28 (Scheme 5) with MeOTf or BzOTf followed by


treatment with tetrabutylammonium triphenylsilyldifluorosi-
licate (TBAT) as a source of anhydrous fluoride[60] provided
the putative azomethine ylide 29, which was trapped with


several activated dipolarophiles. Dimethylacetylenedicar-
boxylate, phenylvinylsulfone and o-nitrobenzylacrylate all
provided the desired azabicycloACHTUNGTRENNUNG[3.2.1]octane cycloadducts
30–33, albeit in low yields. While the efficiency of these in-
termolecular reactions is far from optimal, these experi-
ments nonetheless demonstrate the feasibility of the dipolar
cycloaddition, and signal the possibility of enhancing the ef-
ficiency of the process in an intramolecular mode, a varia-
tion required for the synthesis of the hetisine alkaloids.
Efforts on this front commenced with 3-methylcyclohexe-


none (34, Scheme 6), employed as an electrophile for conju-
gate addition of cyanide with Al(CN)Et2


[61] to afford the
transient aluminum enolate. Activation of this enolate with
anhydrous fluoride (TBAT) followed by treatment with
Tf2O led to smooth O-triflation to provide the vinyl triflate
35 (81%). Reduction of the nitrile with DIBAL-H followed
by NaBH4 produced the neopentyl amine 36, which served
as the nitrogen source for an imine–hetero-Diels–Alder re-
action. This proceeded with the conversion of amine 36 to
its corresponding C-silyl aldimine by condensation with for-
myltrimethylsilane, generated in situ from Moffatt–Swern
oxidation of trimethylsilylmethanol (see above). The unpuri-
fied imine was subsequently exposed to DanishefskyIs diene
27 with ZnCl2 catalysis to provide the vinylogous amide 37
(55% from 36, 1.2:1 dr). Stille coupling[62] of vinyl triflate 37
with (E)-methyl 3-(tributylstannyl)acrylate afforded the di-
enoate 39 (87%), a substrate which incorporated both the
dipolarophile group and the dipole precursor. Although the
complex endocyclic vinylogous amide 39 was conveniently
accessed, all attempts at azomethine ylide generation (via
O-acylation or O-alkylation and subsequent desilylation)
followed by intramolecular cycloaddition to prepare the ad-
vanced pyrrolidine intermediate 42 were unsuccessful, lead-
ing instead to complex mixtures of unidentifiable products.
Nevertheless, several findings emerged from these studies.
Interestingly, O-activation of dihydropyridone 39 with
MeOTf proceeded with near quantitative conversion to the
vinylogous iminium triflate 40 as evidenced by 1H NMR,
even though this intermediate could not be successfully ad-
vanced to the cycloadduct 42. Furthermore, when the vinyl-


Scheme 3. Approach to bridged pyrrolidine core 23.


Scheme 4. a) (COCl)2, DMSO, NEt3, Et2O, �78!0 8C; b) BnNH2, sol-
vent evaporation, 23 8C; c) add 27, ZnCl2, CH2Cl2, 0!23 8C, 61% over-
all.


Scheme 5. Synthesis of azabicycloACHTUNGTRENNUNG[3.2.1]octane cycloadducts 30–33.
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ogous amide 37, prior to installation of the pendant dienoate
functionality, is activated with MeOTf and then exposed to
TBAT, intermolecular cycloaddition could be performed
with dimethyl acetylenedicarboxylate (DMAD) to provide
the azabicycloACHTUNGTRENNUNG[3.2.1]octane 38 in 57% yield, thereby con-
firming at least the successful generation of the azomethine
ylide dipole from 37. That the intramolecular cycloaddition
could not be induced from 37 or 39 suggests prohibitive
steric and/or torsional constraints in the desired transition
state (i.e. , 43, Figure 4) leading to competitive unproductive
reaction manifolds arising from the highly reactive, short-
lived 1,3-dipole. These results indicated that much of the dif-
ficulties may stem from the lack of stability of the azome-
thine ylide in 43, and this eventually led to re-evaluation of
the cycloaddition strategy with the aim of employing a more
stabilized 1,3-dipole.


Intramolecular 1,3-dipolar cycloadditions with 3-oxidopyri-
dinium betaines : Given our lack of success in effecting intra-
molecular cycloaddition with non-stabilized azomethine
ylides, a significantly more stable 1,3-dipole equivalent,


namely a 3-oxidopyridinium betaine, was explored in the
context of pyrrolidine construction for the hetisine alkaloids.
Dipolar cycloaddition of 3-oxidopyridinium betaines, intro-
duced by Katritzky,[63–69] are useful synthetic transformations
for increasing structural complexity in the construction of
bridged N-heterocycles (44+45!46, Scheme 7). This class
of betaines constitutes moderately reactive aza-1,3-dipoles
that undergo dipolar cycloadditions at the 2- and 6-positions
with alkenes and alkynes to produce tropanone-like adducts
of varying complexity, including a handful of examples that
proceed in an intramolecular mode.[70–76]


In applying this approach to the synthesis of the hetisine
alkaloids, the initial aim was to prepare the 3-oxidopyridini-
um betaine 50 (Scheme 8), incorporating a pendant ene–ni-
trile as an electronically activated, less sterically demanding
dipolarophile. Although N-alkylation of substituted pyri-
dines is the most direct and common method for the prepa-
ration of 3-oxipyridinium betaines,[63] concerns with nucleo-
philic substitution at a neopentyl carbon to form the N�C19
bond in 50 directed our efforts to pursuing an alternate ap-
proach involving the aza-Achmatowicz reaction.[77–80] This
sequence relied on our previously prepared nitrile 35, which
was reduced to the corresponding aldehyde 47 (DIBAL-H,
92%) and then subjected to reductive amination with furfur-
ylamine to provide the secondary amine 48 (99%). To intro-
duce an appropriate electron deficient dipolarophile activat-


Figure 4.


Scheme 6. a) i) Al(CN)Et2, PhH, 23 8C; ii) TBAT, then Tf2O, 81%; b)
DIBAL-H, 0 8C, toluene, NaBH4/MeOH quench, 88%; c) i) TMSCHO,
Et2O, 0 8C; ii) solvent evaporation, 0 8C; iii) 27, ZnCl2, CH2Cl2, 0!23 8C,
55%, 1.2:1 dr; d) methyl (E)-3-tributylstannylacrylate, [Pd ACHTUNGTRENNUNG(PPh3)4], LiCl,
THF, reflux, 87%; e) MeOTf, CH2Cl2, 23 8C; DMAD, TBAT, 57%, 1:1
dr; f) MeOTf, CDCl3, 23 8C, >95%.


Scheme 7. 3-Oxidopyridinium betaine cycloaddition.


Scheme 8. a) DIBAL-H, 0 8C, PhMe, 92%; b) furfurylamine·HCl,
NaBH4, MeOH, 3 N MS, 23 8C, 99%; c) KCN, [18]crown-6, [Pd ACHTUNGTRENNUNG(PPh3)4],
PhH, 75 8C, 75%; d) Br2, 1:1 AcOH/water, 0 8C, 65%; e) [0.15m] toluene,
170 8C, 5 d, 73%.
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ing group that would also serve as a convenient dienophile
precursor, the vinyl triflate moiety in 48 was then converted
to ene–nitrile 49 (75%) via Pd-catalyzed cyanation with
KCN. Bromine-mediated aza-Achmatowicz reaction of 50
delivered the oxidopyridinium betaine 50 (65%), which
could be purified by silica gel flash chromatography. Un-
fortunately, heating (up to 170 8C) a solution of betaine 50
in a variety of solvents failed to effect the desired intramo-
lecular dipolar cycloaddition (i.e. , 50 ! 51 ! 52), as the tri-
cyclic oxidopyridinium betaine 54 was the only discernable
product (73%) after a prolonged reaction time (5 d). The
formation of 54 was the result of direct conjugate addition
of the betaine 53 into the ene-nitrile, followed by aromatiza-
tion, being the dominant reaction pathway. While the forma-
tion of the indolizinium species 54 provides access to an in-
teresting heterocyclic scaffold,[81] the unmet challenges of ac-
cessing the desired azabicycloACHTUNGTRENNUNG[3.2.1]octane skeleton of the
hetisine alkaloids remained.
Since the undesired conjugate addition pathway emerged


as the principal obstacle at this juncture, a strategy was
adopted in which a removable electron-deficient dipolaro-
phile activating group (i.e., a sulfone) was installed at the
vinyl C5-position in a cycloaddition substrate such as 59
(Scheme 9). It was anticipated that reversal of the polariza-
tion of the dipolarophile p-system would preclude a conju-
gate addition pathway (i.e., 59 ! 62 ! 63) that would nec-
essarily proceed via a high energy bridged transition state.
This may provide an opportunity for the favored cycloaddi-
tion process (i.e., 59 ! 60 ! 61) to surface as the dominant
reaction pathway. This approach began with 2-cyano-2-
methylcyclohexanone (55), which was readily prepared from
1,5-dicyanopentane via a previously reported three-step se-
quence.[82] Condensation of ketone 55 with thiophenol pro-
duced the vinyl sulfide 56 (84%). Subsequent reduction of
the nitrile in 56 with DIBAL-H afforded the corresponding
neopentyl aldehyde, which allowed for oxidation of the


vinyl sulfide functionality to the vinylsulfone 57 (75%, 2
steps) with m-CPBA. Introduction of the oxidopyridinium
betaine dipole proceeded with reductive amination of alde-
hyde 57 with furfurylamine to produce amine 58 (91%),
which smoothly underwent aza-Achmatowicz oxidative rear-
rangement to provide the cycloaddition precursor 59 (77%).
Heating of a dilute solution of 3-oxidopyridinium betaine 59
in refluxing toluene provided the desired cycloadduct 61
(70%), the structure of which was unambiguously verified
by its X-ray crystal structure. That none of the isomeric con-
jugate addition product 63 was formed in this reaction rein-
forces the hypothesis of an energetically disfavored bridged
transition state 62 giving way to the more favorable cycload-
dition manifold (60). This promising result presented a
highly efficient route to the entire N-heterocyclic array
within the hetisine framework in the form of 61. Further ad-
vancement of this intermediate toward the hetisine alkaloids
would involve installation of the diene–dienophile pair for
late-stage intramolecular Diels–Alder reaction (i.e., 19,
Scheme 2). While installation of the 1,3-diene moiety onto
61 (Scheme 9) can be envisioned to occur via a variety of
six-membered annulation strategies at the C8–C14 positions,
introduction of a dienophile moiety, required at the C10-po-
sition of 61, is considerably more challenging since a
method for controlled C–H activation at this bridgehead po-
sition is not obvious.
In light of this challenge, installation of an appropriate


C10-dienophile precursor prior to the key dipolar cycloaddi-
tion event was pursued. This involved (Scheme 10) bromina-
tion of the alkene at C10 within our previously prepared
vinyl sulfide 56 to form vinyl bromide 64 (92%), which al-
lowed for metal–halogen exchange with iPrMgCl.[83] The re-
sulting vinyl Grignard reagent was alkylated with BOMCl in
the presence of CuCN to provide tetrasubstituted alkene 65
(81%). The nitrile within 65 was then reduced (DIBAL-H)
to afford the corresponding aldehyde (74%), allowing for
sulfide oxidation (m-CPBA) to provide the vinyl sulfone 66
(62%). Subsequent reductive amination with furfurylamine
furnished amine 67 (78%), allowing for bromine-mediated
oxidative rearrangement to provide the oxidopyridinium be-
taine 68 (67%). Investigation into the cycloaddition reaction
of betaine 68 led to its heating in refluxing toluene with the
hopes of acquiring pyrrolidine 70 via the anticipated transi-
tion state 69. However, none of the cycloadduct 70 was de-
tected; rather, the isomeric intramolecular cycloadduct 73
was isolated (43%) as the primary product; its structure was
initially delineated by a battery of spectroscopic data and ul-
timately unambiguously verified through single crystal X-ray
analysis.
This outcome arose from initial isomerization of the tetra-


substituted C5�C10 alkene in 68 to its trisubstituted C1�
C10 alkene counterpart 71, eventually leading to intramolec-
ular dipolar cycloaddition of this unactivated dipolarophile
to generate the observed cycloadduct 73. This initial “decon-
jugation” event (68 ! 71) is likely driven by release of
steric strain to allow for access to a lower energy pathway
for intramolecular cycloaddition. Qualitative conformational


Scheme 9. a) PhSH, P2O5, CH2Cl2, 23 8C, 84%; b) DIBAL-H, toluene,
0 8C, 82%; c) m-CPBA, CH2Cl2, 0 8C, 91%; d) furfurylamine·HCl,
NaBH3CN, 3 N MS, NEt3, MeOH, 23 8C, 91%; e) Br2, MeOH, H2O, 0 8C,
77%; f) [0.05m], PhMe, reflux, 70%.


www.chemeurj.org A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1654 – 16651658


D. Y. Gin and K. M. Peese



www.chemeurj.org





analysis of the initially anticipated cycloaddition transition
state of the tetrasubstituted dipolarophile (74, Scheme 11)
reveals that the pendant oxidopyridinium dipole must


extend from a pseudo-axial orientation. This would con-
strain three neighboring exocyclic substituents, namely the
vinyl benzyloxymethyl, the vinyl sulfone, and pseudoequato-
rial allylic methyl group, to all be nearly coplanar in an
early transition state model 74. By contrast, significant relief
of steric strain would result from alkene isomerization to
the C1–C10 position to form the trisubstituted alkene 75, in
which the same three exocyclic substituents would approxi-
mate mutual pseudo-gauche relative orientations. While the
mechanism of the alkene isomerization of 68 to 71 is not
known, the process is not surprising in retrospect given that
electronic influences of the sulfone moiety on a,b-alkenes


are primarily inductive in nature. It has been shown that the
sulfone moiety imparts little electronic stabilization to at-
tached alkenes through conjugation, since ground state d-or-
bital resonance does little to stabilize a,b-2p-p-systems.[84]


Indeed, this property of vinyl sulfones has on occasion been
synthetically exploited.[85–87] Although the formation of cy-
cloadduct 73 constitutes entry into a novel bridged pyrroli-
dine scaffold, its formation could not be abated in favor of
the desired cycloadduct 70, as all attempts to preclude
alkene isomerization through either rigorous exclusion of
adventitious proton sources, or decreasing substrate concen-
tration, met with no success.
The unavoidable alkene isomerization of vinyl sulfone 68


led to the exploration of a cycloaddition substrate incorpo-
rating a C10-nitroalkene dipolarophile functionality (i.e. , 81,
Scheme 12). It was anticipated that use of the nitroalkene
would preclude alkene isomerization in the cycloaddition
due to an increased degree of conjugative stabilization, even
though the propensity of 81 to undergo unproductive conju-
gate addition might be enhanced. These efforts were initiat-
ed with the formation of the thermodynamic TMS-enol
ether of 2-methylcyclohexanone (76, Scheme 12), followed
by trityl-ClO4-catalyzed a-alkylation with 2-methoxy-1,3-di-
oxolane to afford the keto-dioxolane 77 (81%).[88] Nitration
at the a’-position of 77 was accomplished with iBuONO2
and K-OtBu to provide the a’-nitroketone 78 (91%) as a
diastereomeric/tautomeric mixture, which could be convert-
ed to the corresponding nitroalkene (69%) under the Luche
reduction protocol.[89] After acetal hydrolysis to form alde-
hyde 79 (78%), the familiar sequence (unoptimized) of re-
ductive amination with furfurylamine and aza-Achmatowicz
rearrangement was executed to form amine 80 (34%) and
oxidopyridinium betaine 81 (64%), respectively. Microwave
heating of oxidopyridinium 81 at 170 8C provided the cyclo-
adduct 83. While this experiment afforded, for the first time,


Scheme 10. a) Br2, MeCN, 80 8C, 92%; b) iPr2MgCl, CuCN, THF, 0 8C,
then BOMCl, 81%; c) DIBAL-H, toluene, 0 8C, 74%; d) m-CPBA,
CH2Cl2, 0 8C, 62%; e) furfurylamine·HCl, NaBH4, 3 N MS, NEt3, MeOH,
23 8C, 78%; f) Br2, MeOH, H2O, 0 8C, 41%; g) [0.01m], PhMe, 120 8C,
67%.


Scheme 11.


Scheme 12. a) iPr2NMgBr; TMSCl, NEt3, HMPA, Et2O, 23 8C, 77%; b)
TrClO4, 2-methoxy-1,3-dioxolane, CH2Cl2, �78 8C, 81%; c) iBuONO2,
tBuOK, 23 8C, 91%; d) CeCl3·7H2O, NaBH4, EtOH, 23 8C, 69%; e) TFA/
H2O 4:1, 23 8C, 78%; f) i) furfurylamine·HCl, NEt3, 4 N MS, MeOH; ii)
NaBH ACHTUNGTRENNUNG(OAc)3, CH2Cl2, 23 8C, 34%; g) Br2, 1:1 AcOH/H2O, 0 8C, 64%; h)
[0.01m], PhMe, 170 8C (MW wave), 14% (plus 81% rec. 81).
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a C10-derivatized cycloadduct comprising the hetisine N-
heterocyclic substructure, the transformation advanced to
no further than �14% conversion. Moreover, the structure
of pyrrolidine 83, verified by spectroscopic scrutiny, was that
derived from a cycloaddition which proceeded opposite to
what would be expected from a dipole HOMO-controlled
process, implying contra-kinetic electronic selectivity. These
data suggest that the cycloaddition outcome might be the
result of thermodynamic selection, a fact that was verified
when purified cycloadduct 83 was re-subjected to the reac-
tion conditions, leading to re-establishment of a �6:1 ratio
of betaine 81 and cycloadduct 83, respectively. From this
critical finding, a more efficient synthetic approach to the
hetisine alkaloids was pursued based on a thermodynamic
(as opposed to a kinetic) analysis of the key 1,3-dipolar cy-
cloaddition event.


Intramolecular 1,3-dipolar cycloadditions with 4-oxidoiso-
quinolinium betaines : The unfavorable equilibrium observed
in the conversion of 3-oxidopyridinium 81 to its pyrrolidine
cycloadduct 83 (Scheme 12) led to an overhaul in the design
of the cycloaddition substrate. As a result, the exploration
of 4-oxidoisoquinolinium betaine dipoles was initiated with
the goal of lowering the energetic cost of breaking aromatic-
ity of the dipole in the cycloaddition event to the point
where the transformation might be rendered exothermic.
Calculations by Bird regarding resonance stabilization ener-
gies (RSE) of various aromatic and heteroaromatic com-
pounds provide a useful framework in this context.[90] In
these estimates, the sum of the individual RSEs (Figure 5)


of pyridine (84) and benzene (85) exceeds the RSE (by
�8 kcalmol�1) of isoquinoline (86), the molecular fusion of
the two individual aromatic systems. This in turn suggests
that the aromatic resonance stabilization of the isolated het-
erocyclic “pyridinyl subunit” within isoquinoline (86) is less
than that of pyridine (84) itself, perhaps by a few kcalmol�1.
If this analogy can be reasonably transferred to aromatic be-
taine substrates, one can infer that the aromatic stabilization
of the “oxidopyridinium subunit” (i.e., the dipole compo-
nent) within 4-oxidoisoquinolinium intermediate 88 is also
less (i.e. , more destabilized) compared to that of 3-oxidopyr-
idinium substrate 87 itself. This proposed net relative
ground state destabilization of a 4-oxidoisoquinilinium
dipole highlights its potential to serve in a more thermody-
namically favorable dipolar cycloaddition.


Notably, the earlier cycloaddition employing the nitroal-
kene–oxidopyridinium substrate 81 (Scheme 13a, also
Scheme 12) was found to be endothermic by �1.6 kcalmol�1
(i.e., �14% conversion at 170 8C). Thus, only a relatively
small perturbation in the relative ground state energies of
the reagent and product need be achieved to reverse the
thermodynamic outcome of the reaction. If this could be ac-
complished with the use of a moderately destabilized 4-oxi-
doisoquinolinium dipole such as 89 (Scheme 13b), rapid
access to a highly advanced synthetic intermediate such as
90 would be possible. Indeed, the allure of this strategy is
heightened by the likelihood of the pendant benzo-ring
within the isoquinolinium dipole 89 to eventually serve as
the structural foundation for a Diels–Alder diene in the
later stages of the synthesis, a prospect contingent, of
course, on an acceptable level of regioselectivity in the dipo-
lar cycloaddition.


The use of 4-oxidoisoquinolinium betaines in 1,3-dipolar
cycloadditions was first reported by Katritzky.[91] Despite the
synthetic potential of this transformation, only a handful of
these cycloadditions have appeared,[92–99] wherein the paucity
of intramolecular examples is notable.[100] Several methods
exist for the preparation of 4-oxidoisoquinolinium betaines,
including N-alkylation of hydroxyisoquinolines, fragmenta-
tion of benzo-keto aziridines,[92] cyclocondensation–oxida-
tion of diesters,[98] and RhII-catalyzed annulation of a-diazo-
carbonyl groups onto imines.[96] However, direct application
of any of these strategies toward the appropriately substitut-
ed 4-oxidoisoquinolinium 89 was not obvious, and so an al-
ternative strategy was pursued based on a late-stage cycloar-
omatization–condensation event, similar to that in the
second phase of the classic aza-Achmatowicz reaction. Prep-
aration of the 4-oxidoisoquinolinium betaine commenced
with commercially available 4-methoxybenzaldehyde di-
methyl acetal (91, Scheme 14) in which directed ortho-lithia-


Figure 5.


Scheme 13.


Scheme 14. a) tBuLi, Et2O, �23 8C; ClCH2C(O)N ACHTUNGTRENNUNG(OMe)Me, 52%; b)
NaN3, acetone, 23 8C, 95%; c) AcCl, MeOH, 99%, 3:2 dr.
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tion[101] and acylation with a-chloro-N-methoxy-N-methyl-
acetamide provided the chloroacetophenone 92 (52%). Nu-
cleophilic substitution of the chloride in 92 with NaN3 pro-
ceeded smoothly (95%), allowing for subsequent acid-cata-
lyzed acetal isomerization in MeOH to produce the bicyclic
diacetal 93 (99%) as a 3:2 mixture of diastereomers.
Convergent attachment of the dipole precursor 93 with


the nitroalkene dipolarophile component 79 was accom-
plished (Scheme 15) with a Staudinger–aza-Wittig reaction,


in which azide 93 was initially exposed to Bu3P, followed by
sequential treatment with the nitroalkene–aldehyde 79 and
NaBH ACHTUNGTRENNUNG(OAc)3. The resultant amine 94 (74%) was isolated
as an inconsequential 3:3:2:2 mixture of diastereomers, all
of which were converged to the 4-oxidoisoquinolinium be-
taine 95 via TFA-catalyzed extrusion of MeOH (98%). In-
vestigations into the intramolecular 1,3-dipolar cycloaddi-
tion of 95 involved its heating in a dilute solution of 5%
MeCN in toluene at 90 8C in a microwave reactor. After
30 min at this temperature, 4-oxidoisoquinolinium betaine
95 was quantitatively converted to three isomeric products,
namely the bridged pyrrolidine cycloadducts 98 and 100, as
well as the tetracyclic betaine 96 (arising from intramolecu-
lar conjugate addition of 95) in a 4:2:3 isomeric ratio, re-
spectively. Upon increasing the reaction time, the proportion
of the tetracyclic betaine 96 also increased, ultimately to the
point of its exclusive formation. These data suggest that the
cycloaddition of 95 to form the bridged pyrrolidines 98 and
100 is relatively rapid compared with that of conjugate addi-
tion of 95 to form betaine 96. Additionally, the cycloaddition
of 95 is reversible, in which reversion of cycloadducts 98/100
to a small quantity of bicyclic betaine 95 allows for its even-


tual irreversible funneling via conjugate addition to the tet-
racyclic betaine 96, the thermodynamic sink in the reaction.
Despite the unavoidable diminution of the desired cycload-
ducts in this process, the presence of only a small (undetect-
able) amount of the intermediary betaine 95 in the eventual
accumulation of 96 from 98/100 suggests that the partial
equilibrium of the cycloaddition (95 Q 98/100) indeed repre-
sents an exothermic process.[102] This validates the strategy of
using oxidoisoquinolinium betaines over oxidopyridinium
betaines to effect a more favorable cycloaddition equilibri-
um, yet there remained the specific issue of avoiding irrever-
sible conjugate addition of 95 for application to the synthe-
sis of the hetisine alkaloids.
This challenge was addressed with a final modification of


the dipolarophile component of the 4-oxidoisoquinilinium
betaine cycloaddition precursor, wherein the use of the less
activated ene–nitrile dipolarophile was re-investigated. Al-
though previous studies with this class of dipolarophile
failed to effect intramolecular cycloaddition with 3-oxido-
pyridinium dipoles (i.e. , 50, Scheme 8), the conjugate addi-
tion manifold was also extremely slow (170 8C, 5 d). Thus,
the use of a more reactive isoquinolinium betaine dipole
with an ene–nitrile dipolarophile may result in the cycload-
dition emerging as the preferred reaction pathway. The ene–
nitrile was readily prepared from the vinyl triflate 47
(Scheme 16), beginning with Pd-catalyzed cyanation with
Zn(CN)2


[103] to provide the nitrile–alkene 101 (85%). Appli-
cation of the previously established Staudinger–aza-Wittig
sequence in the coupling of aldehyde 101 and azide 92 pro-
vided the amine 102 (79%) as a mixture of four diastereo-
mers. Treatment of this mixture with TFA effected cycloaro-
matization to afford the 4-oxidoisoquinolinium betaine 103
(93%). When a dilute solution of this cycloaddition precur-
sor was heated to 180 8C in THF (sealed tube) for 15 h, a
mixture of the betaine 103 and the cycloadducts 104 and 105


Scheme 15. a) 93, PBu3, CH2Cl2, 23 8C; add 79 ; add NaBH ACHTUNGTRENNUNG(OAc)3, 74%
(3:3:2:2 dr); b) 1:10 TFA/CH2Cl2, 0 8C, 98%; c) [0.008m], PhMe, 90 8C
(MW wave), 30 min, ! 98/100/96 with 4:2:3 isomeric ratio.


Scheme 16. a) Zn(CN)2, [Pd ACHTUNGTRENNUNG(PPh3)4], DMF, 60 8C, 85%; b) 93, PBu3,
CH2Cl2, 23 8C; add 101; add NaBH ACHTUNGTRENNUNG(OAc)3, 79% (3:3:2:2 dr); c) 1:10
TFA/CH2Cl2, 0 8C, 93%; d) [1.5m], 180 8C, THF, 97%, 104/105 1:3.6 at
equilibrium.
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was isolated in a 03:21:76 ratio, respectively. Importantly,
this ratio was invariant to extended reaction times, and con-
tained no trace of conjugate addition by-products, indicating
that the cycloaddition was indeed exothermic (97% conver-
sion), and that the unproductive conjugate addition pathway
had been completely suppressed. However, the 1:3.6 isomer-
ic ratio of the cycloadducts favored the undesired isomer
105. Nevertheless, the cycloaddition process was verified to
be under thermodynamic control, as isolation and re-subjec-
tion of the undesired cycloadduct 105 to the reaction condi-
tions led to re-establishment of the equilibrium ratio of iso-
mers. Given this near quantitative interconversion of iso-
mers from 103, a procedure for iterative thermal re-equili-
bration in the recycling of 105 was established, allowing for
accumulation of the desired cycloadduct 104 at �20% per
equilibration with minimal loss of material.


Intramolecular Diels–Alder reaction and the synthesis of (�)-
nominine (7): Advancement of the pyrrolidine cycloadduct
104 (Scheme 17) toward nominine (7), the simplest of the
hetisine alkaloid family, began with benzylic ketone-to-


methylene reduction. This was performed with the sequen-
tial operations of: 1) reduction to the benzylic alcohol (5:1
dr); 2) chlorination of the resultant benzylic alcohol (6:1
dr); and 3) free radical benzylic de-chlorination to provide
the bridged pyrrolidine skeleton 106 (68%, three steps).
Conversion of the nitrile in 106 to an alkene dienophile was
straightforward, initially involving its reduction to the corre-
sponding aldehyde (85%) with DIBAL-H, followed by
Wittig methylenation to afford the alkene 107 (96%). In se-
curing the diene component for the proposed Diels–Alder
reaction, the arene in 107 was reduced under the Birch pro-
tocol (Na, THF, iPr2CHOH)


[104] to afford the transient 1,4-
dienol ether, which was hydrolyzed upon acidic work-up to
afford the g,d-unsaturated cyclohexenone derivative 108
(97%).
With efficient access to g,d-unsaturated cyclohexenone


108, it was envisioned that isomerization of the endocyclic
alkene to provide the conjugated enone functionality would
provide a key intermediate for generation of the required
1,3-diene for intramolecular [4+2] cycloaddition. Unfortu-
nately, all efforts to convert 108 to is a,b-enone isomer met
with no success. Exposure of 108 to a variety of either acidic
or basic reagents/catalysts under mild conditions resulted in
no reaction, while more forcing conditions led only to its de-
composition. This suggests that the de-conjugated enone
moiety in 108 may already be in its thermodynamically fa-
vored form. However, a significant advance emerged during
attempts at generating conjugated diene functionalities
through the formation of iminium/enamine intermediates.
When enone 108 was treated with pyrrolidine in refluxing
MeOH, the fully intact polycyclic hetisine skeleton 111
(verified by X-ray analysis) could be isolated in 78%. This
intriguing outcome is likely the result of initial reversible
iminium formation via dehydrative condensation of pyrroli-
dine and enone 108. In a polar protic solvent (MeOH) at
elevated temperature, isomerization of the transient imini-
um species to several distinct dienamine constitutional- and
stereo-isomeric forms would occur, with one of them being
the dienamine 109. Among all of the possible isomers in dy-
namic equilibration, only dienamine 109 is conducive to a
favorable intramolecular Diels–Alder transition state, result-
ing in Curtin-Hammett kinetics that funnel the equilibrating
intermediates irreversibly to the Diels–Alder adduct 110,
and ultimately to ketone 111 after enamine hydrolysis.
Having secured the critical [4+2]-cycloaddition reaction in
the synthesis, the final functional group interconversions in-
volved Wittig olefination of the ketone in 111 to form
alkene 112 (77%), followed by diastereoselective allylic hy-
droxylation of with SeO2


[105,106] to afford (� )-nominine (7,
66%, 7:1 dr), whose structure was verified by single crystal
X-ray analysis. Overall, the total synthesis of (� )-7 was ac-
complished in a 15-step sequence with only a single protec-
tive group manipulation.


Enantioselective total synthesis of (+)-nominine (7): Adap-
tation of our racemic synthesis of nominine (7) to a non-rac-
emic route focused on asymmetric induction at an early


Scheme 17. a) NaBH4, EtOH, 23 8C; b) SOCl2, CH2Cl2, reflux; c)
Bu3SnH, AIBN, PhH, reflux, 68% (3 steps); d) DIBAL-H, PhMe, 0 8C,
85%; e) Ph3P=CH2, THF, 23 8C, 96%; f) Na


0, Me2CHOH, THF, NH3,
�78 8C; HCl(aq), 97%; g) 9:1 MeOH/pyrrolidine, 60 8C, 78%; h) Ph3P=
CH2, THF, 70 8C, 77%; i) SeO2, tBuOOH, CH2Cl2, 23 8C, 66%, 7:1 dr.
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stage in the synthetic route to establish the absolute stereo-
chemical course of the synthesis. Although nominine (7) in-
corporates ten chiral carbon centers, initial establishment of
the absolute configuration of the C4-quaternary carbon
would allow for effective diastereoselective stereochemical
relay to the remaining stereocenters in the natural product.
In the racemic synthesis of nominine (7), the enol triflate in-
termediate 47 (Scheme 16) served as a key early chiral race-
mic intermediate. The C�C bond-forming event to establish
the quaternary C4 center in 47 was accomplished earlier by
conjugate addition of cyanide onto an enone electrophile
(34 ! 35, Scheme 6); unfortunately, an enantioselective var-
iant of this cyanide conjugate addition has not been report-
ed.
Recently, Hoveyda reported the enantioselective conju-


gate addition of alkylzinc and arylzinc nucleophiles for the
formation of quaternary carbon stereogenic centers.[107] In
this method (Scheme 18), treatment of cyclic g-keto enoates
113 with dialkyl or diarylzinc reagents in the presence of
CuOTf and the chiral N-heterocyclic carbene ligand com-
plex 114 [(S,S)-NHC] provided the conjugate addition prod-
ucts 115 with good to excellent levels of asymmetric induc-
tion. Moreover, in related conjugate additions with 3-alkyl-
substituted a,b-enones, the initial Zn–enolate product of nu-
cleophilic addition could be trapped at oxygen with Tf2O to
furnish enol triflate products.[108]


Application of this methodology to the asymmetric syn-
thesis of (+)-nominine (7) thus necessitated several changes
in the early stages of the sequence (Scheme 19), commenc-
ing with allylic oxidation of methyl 1-cyclohexene-1-carbox-
ylate (116) with CrO3. The resultant g-keto enoates 117
(56%) was then used as the electrophile for asymmetric
conjugate addition with the Hoveyda protocol, employing
the (S,S)-NHC catalyst 114 in the presence of CuOTf and
ZnMe2. The corresponding zinc enolate intermediate was
then trapped with Tf2O to provide the enol triflate (+)-118
(91%) with good enantioselectivity (92:8 er) as determined
by chiral HPLC. The enantio-enriched vinyl triflate 118 was
then subjected to low-temperature DIBAL-H reduction of
the ester to provide the corresponding aldehyde (+)-47
(92%), an enantio-enriched intermediate that directly inter-
cepts its racemic counterpart in our earlier synthesis (i.e. ,
47, Scheme 16). Palladium-catalyzed cyanation of enol tri-
flate 47 then furnished the ene–nitrile (+)-101 (82%). Alde-
hyde (+)-101 was then coupled to the cyclic ketal azide 93


via the Staudinger–aza-Wittig protocol to afford amine 102
(82%) as a diastereomeric mixture, which was readily con-
verted to the oxidoisoquinolinium betaine 103 upon TFA-
mediated cycloaromatization (98%). The intramolecular di-
polar cycloaddition of enantio-enriched 103 proceeded as
expected, providing the cycloadducts 105 and 104 in a 3.6:1
isomeric ratio, respectively. Reiterative thermal re-equilibra-
tion of the isolated cycloadduct 105 allowed for accumula-
tion of the desired cycloadduct (+)-104, which could be re-
crystallized to enantiopurity (>99:1 er). The remaining
steps in the asymmetric synthesis mirrored that of the
above-mentioned racemic synthesis (Scheme 17), whereby
the identical nine-step sequence was executed in comparable
yields, providing (+)-nominine (7, [a]D=++50.7, c=1.09,
MeOH).[2,3] These efforts mark the first enantioselective
synthesis of (+)-nominine (7), comprising a 16-step se-
quence.


Conclusion


A concise synthetic entry to the hetisine class of diterpenoid
alkaloids is described. The synthesis was predicated on the
successful development of a dual cycloaddition strategy, in-
cluding an intramolecular 1,3-dipolar cycloaddition with a 4-
oxidoisoquinilinium betaine dipole, as well as a pyrrolidine-


Scheme 18.


Scheme 19. a) CrO3, Ac2O, AcOH, CH2Cl2, 23 8C, 56%; b) 114,
(CuOTf)2·PhH, ZnMe2, tBuOMe, 0 8C; add 117, �30 8C; add Tf2O, 0 8C,
88%, 92:08 er; c) DIBAL-H, pentane, �105 8C, 92%; d) Zn(CN)2, [Pd-
ACHTUNGTRENNUNG(PPh3)4], DMF, 60 8C, 82%; e) 93, PBu3, CH2Cl2, 23 8C; add (+)-101; add
NaBH ACHTUNGTRENNUNG(OAc)3, 82% (3:2 dr); f) 1:10 TFA/CH2Cl2, 0 8C, 98%; g) [0.32m],
180 8C, THF, 97%, (+)-104/105 1:3.6 at equilibrium; recrystallized from
iPrOH, 104 92:8 ! >99:01 er.
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induced dienamine isomerization/Diels–Alder cascade.
Early investigations demonstrated the facility with which 3-
oxidopyridinium betaines could be prepared and applied to
complex intramolecular cycloadditions in the preparation of
the N-heterocyclic subunit of the hetisine alkaloids. Later
studies extended the approach to the use of 4-oxidoisoqui-
nolinium betaine dipoles, prepared by a novel cycloaromati-
zation strategy, ultimately enabling an expedient racemic
synthesis of (� )-nominine (7) in a 15-step sequence. The
synthetic route also provided an attractive setting with
which to apply novel catalytic asymmetric conjugate addi-
tion methodology recently disclosed by Hoveyda. Early-
stage modification in the racemic synthetic route permitted
successful application of this enantioselective transformation
in the context of multi-step synthesis, culminating in the first
asymmetric synthesis of (+)-nominine (7). This total synthe-
sis of (+)-7 signals a novel strategic approach to the hetisine
class of C20-diterpenoid alkaloids that will likely enable
ready access to the other, more highly oxidized members of
this natural product family.
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