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Like the rings of Saturn a fully conjugated cyclododeca-2,7-carbazole surrounds a
porphyrin template. The macrocycle can be released from the template. The cover
shows a single-molecule STM measurement with the structure of cyclododeca-2,7-
carbazole in the foreground. The tunneling current is dominated by the conjugated
cyclic structure and shows an “electronic hole” in the center. For further details on
these molecules and their self-assembly into columnar stacks see the Communication
by K. M&llen et al. on page 4685 ff.

Transcription Factors
Small-molecule ligands that can modulate gene transcription by interacting with
different sites on multiprotein complexes and thereby exerting different functions
have been described by H.-D. Arndt in his Minireview on page 4552 ff.

Bioanalysis
Modern bioanalytical techniques based on fluorescence resonance energy transfer
(FRET) are discussed by I. L. Medintz and co-workers in their Review on
page 4562 ff. Particular emphasis is given to novel donor and acceptor materials and
the combination of different classes of materials.

Supramolecular Chemistry
In their Communication on page 4590 ff., L. G. Marinescu and M. Bols show that at
neutral pH and ambient temperature, hydrogen peroxide and benzyl alcohols meet in
the active site of a cyclodextrin-derived ketone and react up to 60000 times faster
than they do outside the cyclodextrin.
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The following Communications have been judged by at least two referees to be “very
important papers” and will be published online at www.angewandte.org soon:

J. M. Goicoechea, S. C. Sevov*
[Zn9Bi11]5� : A Ligand-Free Intermetalloid Cluster

W. Su, S. Raders, J. G. Verkade,* X. Liao, J. F. Hartwig*
Palladium-Catalyzed a-Arylation of Trimethylsilyl Enol Ethers
with Aryl Bromides and Chlorides: A Synergistic Effect of Two
Metal Fluorides as Additives

A. Abo-Riziq, B. O. Crews, M. P. Callahan, L. Grace, M. S. de Vries*
Spectroscopy of Isolated Gramicidin Peptides

V. Lemieux, S. Gauthier, N. R. Branda*
Selective and Sequential Photorelease Using Molecular Switches

C. Ye,* Y. Bando, G. Shen, D. Golberg
Formation of Single-Crystalline SrAl2O4 Nanotubes by a Roll-Up
and Post-Annealing Approach

A. Narayanaswamy, H. Xu, N. Pradhan, X. Peng*
Single-Crystal Nanoflowers with Different Chemical
Compositions and Physical Properties Grown by Limited Ligand
Protection

Tyrosinases are essential enzymes that
occur in all organisms and belong to the
class of type3 copper proteins. The first
crystal structure of a tyrosinase (from
Streptomyces castaneoglobisporus) has
been achieved and offers important

insights into the mechanism of phenol
hydroxylation (see scheme; Cu blue,
O red, substrate orange; trans-axial posi-
tion on CuA: gray dot), the process of
activation, and the incorporation of
copper.

Small can do too : Recent research on
transcriptional factors has uncovered
small-molecule ligands that are able to
modulate gene transcription by interact-
ing with multiprotein complexes. Some of
these compounds bind to different sites
on the target proteins and therefore exert
different functions. The picture shows the
association of the HDM2 protein (bronze)
with the tumor suppressor p53 (green),
and two small molecules that influence
p53 function positively.
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Dye another day : Modern donor and
acceptor materials for fluorescence reso-
nance energy transfer (FRET) analyses
(see picture) comprise photochromic
dyes, semiconductor nanocrystals, nano-
particles, fluorescent amino acids, poly-
mers, and genetically encoded protein, in

additional to “traditional” organic dyes.
The scope and boundaries of such sys-
tems, as well as avaible methods for
bioconjugation are discussed, with an
emphasis on the combination of different
materials.

Promoting the atomic dialogue! At neutral
pH and ambient temperature, a cyclo-
dextrin-derived ketone causes hydrogen
peroxide and benzyl alcohols to meet in
its active site and react up to 60000 times
faster than they do outside the cyclodex-
trin.

A clue to the origin of chirality? A solution
of proline with high enantiomeric excess
(85–99% ee) was obtained from solid
proline of only 10% ee through novel

dissolution and crystallization processes
(see scheme). This observation may be an
explanation for the origin of chirality on
Earth.
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A scattering of silver : Polyhedral silver
nanocrystals display complex and distinct
scattering signatures dictated by their
shape and size (see picture). The ability to
engineer specific plasmon modes should
have profound consequences for surface-
enhanced Raman spectroscopy, subwave-
length optics, and plasmonic transport.

Light twisting and untwisting : UV light
was found to drive reversible helical-
nanofiber formation based on the photo-
dimerization and photodissociation of the
thymine residue in the 1,w-thymidylic acid
appended bolaamphiphile. 1H NMR
spectroscopy revealed that UV irradiation
of the self-assembled nanofibers induces
a helical structure through the formation
of a cis–syn isomer of the thymine moiety.

A bit on the side : A side-chain polyro-
taxane that consists of simple compo-
nents is successfully constructed and

controlled by using photoisomerization of
an azobenzene moiety at the terminal of
the side chain.

Arrested precipitation of In2S3 affords
ultrathin hexagonal nanoplates with 0.76-
nm thickness and controllable sizes of 22–
63 nm. The pictures show (from left to

right) TEM images of 63-nm nanoplates
aligned parallel to a support, a side view of
nanoplates, and 45-nm nanoplates self-
assembled into microwires.
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Escape route : The laser-initiated release
of fluorescently labeled polymers from
polyelectrolyte-multilayer microcapsules
is demonstrated inside living cancer cells.
A polymer is incorporated in capsules with
metal nanoparticles in their walls, which

serve as light-absorbing centers. The
capsules are internalized by cells and
near-infrared light ruptures the walls of
the capsules, thus releasing the content
into the cells.

Surprisingly stable anti-periplanar confor-
mers of CFTA amides form the basis of a
new and very reliable method for deter-
mining the absolute configuration of
chiral primary amines by 1H NMR spec-
troscopy (see picture). CFTA=a-cyano-a-
fluoro-p-tolylacetic acid.

Playing the field : Application of an electric
field to the thermodynamic equilibria of
constitutionally dynamic sets of imines
and amines that contain an imine with
liquid-crystalline properties and a negative
dielectric anisotropy leads to the amplifi-

cation of the constituent that couples
most strongly to the electric field, namely
the liquid crystal (LC, see example). The
field can thus induce a liquid to nematic
phase transition.

Swapping partners : The presence of N-
oxide functions in double-helical dimers
formed from oligo(pyridinecarboxamide)s
promotes heterodimerization (see pic-
ture). This process mimicks the essence
of base pairing and information storage in
DNA through heterologous A/T and G/C
Watson–Crick base pairing.
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Neutral organic guest molecules are con-
fined within the cavities of a porous
coordination polymer. The key interaction
is that of electron-deficient p planes of the
polymer surface with electronegative
atoms of the guest molecules (see pic-
ture). Evidence from thermogravimetric
analysis suggests that guests with two
electronegative atoms form more-stable
complexes with the polymer than those
with one electronegative atom.

Casting clusters from the mold : Tris-
(ethylzinc) phosphazenates exhibit a
bowl-shaped coordination surface of three
Lewis acidic EtZn moieties and three
Lewis basic N sites. This surface provides
a perfect mold for planar {(ZnO)3} rings
and hexagonal {(ZnO)6} prisms. The zinc
oxide clusters were generated in situ by
reaction of phosphazene hydrates with
diethylzinc.

Two for the price of one : The total
synthesis of (þ)-cylindricine C has been
achieved in six steps using a catalytic
asymmetric Michael reaction and tandem

cyclization. A newly designed two-center
organocatalyst gives good selectivity in
this Michael reaction. TaDiAS= tartrate-
derived diammonium salt.

Hooking up : Self-assembly of a porphyrin
amidine and fulleropyrrolidine carboxylic
acid based on a two-point amidinium–
carboxylate motif leads to supramolecular
dyads of high stability (Ka�107m�1 in
toluene/acetonitrile (9:1)). The synergy of
the hydrogen bonds and electrostatic
interactions has been shown to be parti-
cularly beneficial in terms of electronic
coupling between both electroactive
components of the dyads.
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Successful matchmaking : The combina-
tion of a chiral nitrene precursor with a
chiral rhodium(II) catalyst is the key factor
that allows efficient intermolecular regio-
selective C�H amination. Good-to-excel-

lent yields and excellent diastereoselec-
tivities can be obtained with a stoichio-
metric amount of the C�H bond contain-
ing substrate. nttl=N-1,8-naphthoyl-tert-
leucine.

In a (nut)shell : Covalently wrapped in a
protecting and solubilizing dendrimeric
shell (see picture), an initially hydropho-
bic two-photon fluorophore becomes a
biocompatible contrast agent with strong
emission for imaging in vivo by multi-
photon microscopy.

Wine into vinegar : It is possible to
selectively oxidize ethanol into acetic acid
in aqueous solution with air as the oxidant
and a heterogeneous gold catalyst (see
TEM image of supported gold particles) at
temperatures of about 423 K and O2

pressures of 0.6 MPa. This reaction pro-
ceeds readily in aqueous acidic media
with yields of up to 90% and CO2 as the
only major by-product.

Gold is not so inert after all ! X-ray
absorption spectroscopy was used to
probe the activation of O2 and its reaction
with CO over an Au/Al2O3 catalyst. The

catalytic activity of small gold particles in
the oxidation of CO arises from their
ability to transfer charge to oxygen (see
picture).
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Tin inside In : Hollow and tin-filled nano-
tubes of single-crystalline In(OH)3 are
grown in a one-step solution–liquid–
solid–solid (SLSS) process, and the
structural properties of nanotubes syn-
thesized under different growth condi-

tions characterized and studied. The
nanofluidic properties of the interior Sn
(see picture) are demonstrated by its
response to a rising environmental tem-
perature brought about by electron-beam
irradiation.

Highly attractive : Features typical of a
single-molecule magnet (that is, a high
anisotropy barrier of 25 K, very slow zero-
field relaxation, and a large coercive field
of 15 kOe) are exhibited by a DyIIICuII

nonanuclear complex, which was synthe-
sized by using a Schiff base ligand. The
picture shows the {DyCuO} core of the
cluster (dark green Dy, light green Cu, red
O) and low-temperature magnetization
curves.

A M@bius arrangement of the bonds
directly attached to a metallamacrocycle
was observed for the AuI complex [Au3-
(CNC)(m-Ph2PCH2PPh2)2]+, which was
self-assembled by treating the lithium salt
of pyridyl-2,6-diphenyl2� (CNC) with
[Au2Cl2(m-Ph2PCH2PPh2)]. The trinuclear
AuI complex has intramolecular Au···Au
and C�H···p interactions, exhibits a
remarkable stability in solution, and is
cytotoxic toward cancer cell lines.

A novel spin-polarization mechanism
involving the intramolecular ion pair
*AC�-DC+-R, which competes with a spin–
orbit intersystem crossing, is proposed for
the formation of the uniquely spin-polar-

ized quartet photoexcited state observed
for 1, which consists of a bodipy acceptor
(A), a phenylanthracene donor (D), and a
stable verdazyl radical (R).
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Tamed OATS : A scheme that integrates
homogeneous biocatalysis in organic–
aqueous mixtures with CO2-induced
separation has been developed. This
method allows for simultaneous product
recovery and recycling of the homoge-
neous biocatalyst for reuse.

Re-discovery : The only rhenium(VII)–
chlorine compound known previously was
ReO3Cl, and chloride oxides of composi-
tion AO2Cl3 (A=nonmetal or metal) were
completely unknown. The synthesis of
ReO2Cl3 has now been achieved. The
compound exists as a chlorine-bridged
dimer (see Figure; Re red, O blue,
Cl green) in the solid state, and as a
monomer in solution.

A good beginning is half the battle.
Combined experimental and theoretical
studies concerning the dehydrogenation
of hydrocarbons by [V3O7]+ underline the
decisive role of the initial C�H activation
step. Propane is found to be unreactive,
whereas 1-butene rapidly reacts with
[V3O7]+ (see picture).

Hand in hand : In a combination of
experimental (mass spectrometry) and
theoretical (density functional theory)
studies [V4O10]+ is described as the first
polynuclear transition-metal oxide cap-
able of activating methane at room tem-
perature (see picture). The [V4O10]+ cation
can be considered a prototype of oxide
clusters of early 3d transition metals.
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Round up : A fully conjugated cyclodo-
deca-2,7-carbazole is prepared around a
porphyrin template and the correspond-
ing empty macrocycle then released.
Single molecules could be visualized by
STM (see image) and their arrangement
by atomic force microscopy. The macro-
cycles self-assemble into a hexagonal
array of columns. Efficient energy transfer
occurs from the peripheral carbazole
psystem to the central porphyrin core.

*Corrigendum
Supramolecular Chirality in Layered
Crystals of Achiral Ammonium Salts and
Fatty Acids: A Hierarchical Interpretation

A. Tanaka, K. Inoue, I. Hisaki, N. Tohnai,
M. Miyata,* A. Matsumoto 4142–4145

Angew. Chem. Int. Ed. 2006, 45

DOI 10.1002/anie.200504424

In Reference [8] of this Communication, the space group for crystal 1·2 appeared
incorrectly and should read as P1 (no. 1).

A Stable Silylenoid and a Donor-Stabilized
Chlorosilylene: Low-Coordinate Silicon
Compounds—A Never-Ending Story?

M. Weidenbruch* 4241–4242

Angew. Chem. Int. Ed. 2006, 45

DOI 10.1002/anie.200601414

In Equation (3) of the Highlight, the carbodiimide 14 incorrectly appeared below the
arrow and the tert-butyl groups in 15 were inadvertently omitted. The correct equation is
shown below.
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The Evolution of Stereochemistry**
Hans-Dieter Arndt

Scientists from academia and industry
once again convened at B�rgenstock,
above Lake Lucerne (Switzerland), for
the 41st EUCHEM Conference on Ste-
reochemistry, chaired by Bernhard
Kr'utler (University of Innsbruck,
Austria). According to a long tradition
the program of the conference was not
disclosed beforehand, and so an element
of surprise lay in store for the 125 parti-
cipants of this year.s meeting.

The President and his organizational
committee (Hans-Beat B�rgi, Univer-
sity of Bern; Fran3ois Diederich, ETH
Z�rich; E. Peter K�ndig, University of
Geneva; Klaus M�ller, Hoffmann-
La Roche; Philippe Renaud, University
of Bern; Jay Siegel, University of
Z�rich) organized a series of lectures
that covered the breadth of current
research in organic chemistry and
encompassed aspects of structure, syn-
thesis, and reactivity, as well as materials
science and nanotechnology, functional
biological oligomers, chemical biology,
and even molecular evolution. Two
poster sessions over four afternoons
provided the opportunity for additional
presentations and comprehensive dis-
cussions alike.

The scientific program was opened
by Peter Seeberger (ETH Z�rich, CH),
who presented an insightful analysis of
the structural space of oligosaccharides,
the scalable syntheses of monosacchar-
ide building blocks, and the scope as
well as some limitations of automated
oligosaccharide synthesis. He demon-
strated, furthermore, how to prepare
and utilize microarrays of surface-
immobilized oligosaccharides (e.g. hep-
arin sulfates) and how potent synthetic
vaccines based on oligosaccharides can
be in the prophylaxis against malaria.

Thereafter, Antonio Echavarren
(ICIQ Tarragona, Spain) devoted his
presentation to noble-metal catalysis.
He showed what kind of complex cyclo-
isomerizations and reaction cascades of
enynes can be induced by Pt and Au
catalysts. Fine tuning of the ligands
allowed the reactivities of Au catalysts
to be adjusted, and unforeseen reaction
pathways could be explained by the
intermediacy of Au–carbene complexes.

In the first evening lecture, Rainer
Herges (University of Kiel, Germany)
drew the participants into the world of
M=bius objects. He presented the first
synthesis of an isolable M=bius-aro-
matic compound from tetradehydro-
dianthracene and the cyclobutadiene
dimer, as well as studies about the
C17H17

+ cation, for which he also expects
a M=bius-type ground state. The eve-
ning was crowned by a performance of
the Crab Canon from the musical offer-
ing (J.-S. Bach), whose score can be
deliberately projected onto a M=bius
strip to deliver a version that plays
continuously by two strings!

The next day was dedicated to the
materials sciences. Chad Mirkin (North-
western University, Evanston, USA)
introduced a parallelized concept for
dip-pen lithography, which allows the
many thousandfold reproduction of
micrometer-scaled structures by AFM
manipulations. By optimizing the syn-
thesis of DNA-functionalized nanopar-
ticles, his group was able to develop
sensitive assay formats for bioanalytical
applications. Additionally he reported
that such DNA–nanoparticle conjugates

surprisingly penetrate the wall of living
cells without transfection reagents and
as such can elicit antisense effects.

Collin Nuckolls (Columbia Univer-
sity, New York, USA) then turned to
molecular electronics and introduced
the investigation of conducting organic
single molecules, which had been
attached in nanometer-sized “gaps”
between conducting electrodes or the
ends of carbon nanotubes, both cova-
lently as well as noncovalently. Further-
more, he presented a study on the
characterization of carbenes bound on
Ru metal surfaces (stable up to 1608C)
which enabled the stable cross-linking of
Ru nanoparticles by ring-opening meta-
thesis polymerization (ROMP).

In the evening, Hermann Gaub
(LMU M�nchen, Germany) opened
the toolbox of force microscopy, which
his group uses to characterize the
unfolding of proteins and association
of molecules. He reported how DNA
oligonucleotides can be used to achieve
a higher sensitivity and perform meas-
urements in parallel, and demonstrated
with force-coupled azobenzene mole-
cules the principle of a molecular, light-
driven motor (a “photo-Otto-cycle”).

On the third day, Donald Hilvert
(ETH Z�rich, Switzerland) gave an
account on catalytic antibodies and
their specific optimization and selection
by yeast cell surface display techniques.
He also reported on the molecular
evolution of a chorismate mutase
dimer and its “halved” constructs. The
monomers thus obtained displayed
many properties of a molten globule,
with a high level of catalytic activity
retained.

The lecture by Morten Meldal
(Carlsberg Laboratory, Copenhagen,
Denmark) was directed towards combi-
natorial chemistry. With carefully opti-
mized solid-phase synthesis of small-
compound libraries, cell-based assays on
beads could be developed. He then
described the combinatorial generation
of non-natural receptors and metallo-
peptides as catalysts, and then intro-
duced a novel technique to encode and
automatically identify single polymer
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beads by using a “fingerprint” of copoly-
merized fluorescent particles.

The focus of the fourth day was on
synthetic chemistry. Shengming Ma
(Institute of Organic Chemistry, Shang-
hai, China) illustrated how allenes can
be utilized for selective transformations.
He presented metal-induced reaction
cascades that lead to interesting poly-
cyclic skeletons as well as detailed
investigations on steroselective electro-
philic additions to allenes. He also
showed how allenyl thioethers and sulf-
oxides can be used as bifunctional
building blocks for synthesis.

Ilan Marek (Technion, Haifa, Israel)
continued in this direction with chiral
3,3-disubstituted allyl organometallics
for the generation of quaternary stero-
centers. He described the development
of chiral sulfoxide directing groups to
suppress metallotropic shifts and allow
for good stereoinduction. The corre-
sponding reagents could even be
sequentially formed and reacted in a
one-pot organometallic multicompo-
nent reaction (alkenylsulfoxide, organo-
copper, diethylzinc, diiodomethane,
aldehyde).

In the evening, Donna Blackmond
(Imperial College, London, UK) gave a
provocative yet stimulating account of
her kinetic studies of catalytic reaction
systems. She reported detailed studies of
autocatalytic reactions (Soai reaction,
organocatalytic a-hydroxyamination of
aldehydes) and the intricate influence of
the solubility of single intermediates. A
systematic study of the phase diagrams
of stereoisomers of amino acids corro-

borated the frequent enrichment of one
isomer in the supernatant (eutectic for
serine: 99% ee in solution), which could
be of relevance for prebiotic organo-
catalytic reaction networks.

The final day was devoted to bio-
molecules and especially their molecu-
lar evolution. Ronald Breaker (Yale
University, New Haven, USA) demon-
strated the successful in vitro evolution
of functional riboswitches on the basis of
coupled aptamer and ribozyme
domains, respectively, which could
even be fused to realize molecular
logical gates. He then discussed how
biologically important riboswitches can
be successfully found and characterized,
opening up new aspects of gene regu-
lation with small molecules.

Gerald Joyce (Scripps Research
Institute, La Jolla, USA) described
thereafter the in vitro evolution of
RNA-templated RNA polymerases
from oligonucleotides, which could
even be performed with a reduced set
of bases (three or even two) as well as
with DNA or RNA. He then presented
how up to 280 evolutionary cycles per
day can be carried out in a miniaturized
microfluidic device, which suggests that
“molecular evolution on a chip” may
become feasible in the near future.

The scientific program was con-
cluded by Robert Stroud (UC San
Francisco, USA), who clarified the
transport of water and ammonia mole-
cules by high-resolution crystal structure
analyses of membrane-bound transport
proteins. The surprising selectivity of
aquaporines for water molecule trans-

port versus the intrinsically much more
mobile protons could be traced to a
pseudo-centrosymmetrically bound
water molecule at the center of the
channel. On the basis of a high-resolu-
tion structure of the ammonia channel
AmtB (1.34 N), Stroud suggested a
model to describe the permeation of
neutral NH3 molecules (instead of the
charged NH4

+ ions) through the selec-
tivity filter of this channel and thus
explain its extraordinary selectivity.

In his closing talk, Klaus M�ller
(Hoffmann-La Roche) gave a humor-
istic review in the style of “Dr. Seuss” of
the scientific aspects of the meeting and
set the scene for lighthearted reflections.

The 41st EUCHEM Conference on
Stereochemistry displayed all facets of
organic chemistry and served as a cross-
disciplinary platform for all participants.
Unfortunately, the venerable B�rgen-
stock Hotel complex will close next year
for reconstruction. Nevertheless, the
president of next year.s meeting, Samir
Zard (Ecole Polytechnique, Paliseau,
France), and the organizing committee
have found an alternative nearby, still at
B�rgenstock and not far from the tradi-
tional location. The 42nd EUCHEM
Conference on Stereochemistry will
take place on April 14–20, 2007 (http://
www.stereochemistry-buergenstock.ch).
We await with great anticipation to learn
what lies in store for the participants at
the next “B�rgenstock Conference”.
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1. Introduction

The resolution of the structure of an
important protein is always a major
event in biological sciences. This applies
in particular to the recently published,
first crystal structure of tyrosinase,
which was determined by Matoba et al.
on a bacterial tyrosinase from Strepto-
myces castaneoglobisporus at a resolu-
tion of 1.4 �.[1] Tyrosinases are essential
copper-containing enzymes that occur in
all organisms.[2–7] They are involved in
browning processes of skin, hair, and
fruit, and in wound healing or the
immune response. Tyrosinases initiate
the synthesis of melanin by catalyzing
the hydroxylation of monophenols to
ortho-diphenols and the subsequent
two-electron oxidation to ortho-qui-
nones with molecular oxygen
(Scheme 1). The latter reaction is also
catalyzed by the related enzyme cate-
chol oxidase (Scheme 1), which, how-
ever, is unable to mediate the phenol
hydroxylation step. Both tyrosinase and
catechol oxidase belong to the mono-
phenol oxidase family and possess active
sites with two copper atoms (CuA und
CuB), both of which are coordinated by
three histidine residues (type3 copper
proteins). The third group of proteins

that have type3 copper active sites are
the hemocyanins, which serve as oxygen
carriers in some arthropods and mol-
luscs, analogous to hemoglobin in verte-
brates.[8] Arthropod hemocyanin and
mollusc hemocyanin differ with respect
to their sequences and structures, but
both exhibit highly cooperative oxygen-
binding behavior.[9]

Before any X-ray crystallographic
information on type3 copper proteins
was available, spectroscopic and mech-
anistic experiments had already shown
that the active site of tyrosinase is very
similar to that of hemocyanin.[6,10] On
the basis of spectral comparison with a
corresponding model complex from Ki-
tajima and Moro-oka,[11] it was further
concluded that these metalloproteins in
their oxy form should bind dioxygen as
peroxide in the unique side-on bridging
(m-h2:h2) manner, as was later confirmed
by crystal structures of oxy hemocyanin
from arthropods[12] and molluscs.[13] The
existence of the same side-on peroxide-
bridged oxy form in tyrosinase has now
impressively been demonstrated by the
new tyrosinase structure from Strepto-
myces castaneoglobisporus (sTy). Al-

though no crystallographically charac-
terized oxy structure is available yet for
catechol oxidase, data from UV/Vis and
resonance Raman spectroscopy indicate
that dioxygen is also bound as a side-on
bridging peroxide ligand in this en-
zyme.[14,15] Thus, dioxygen binds to all
type3 copper proteins in the same way,
as has been anticipated for many years.

2. Protein Folding and the
Active Site

In view of their almost identical
active sites, the very different functions
of tyrosinase, hemocyanin, and catechol
oxidase are remarkable and have
aroused the interest of researchers for
a very long time. The quaternary struc-
tures of these proteins also differ appre-
ciably.[8] Depending on the species, he-
mocyanins of arthropods consist of hex-
amers and integer multiples thereof (1 >
6, 2 > 6, 4 > 6, 6 > 6, and 8 > 6), whereas
hemocyanins from molluscs form deca-
mers or didecamers.[8a,b,9] Phenol oxidas-
es, in contrast, occur as monomers (as in
sTy), dimers (as in human tyrosi-

Scheme 1. Top: Tyrosinases catalyze the conversion of monophenols to ortho-quinones via
ortho-diphenols. Bottom: Catechol oxidase catalyzes only the second step (ortho-diphenol!
ortho-quinone).
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nase),[2,5] or hexamers (as found in some
arthropods).[16] The monomers of type3
copper proteins, in turn, consist of two
or three domains with different folding
motifs (for three domains: I=N termi-
nal, II= central, III=C terminal).[16b]

The crystal structures of sTy, catechol
oxidase, and molluscan hemocyanin re-
veal that these proteins have the second
domain in common, which folds in a
“four a-helix bundle” motif and bears
the active site with the two copper atoms
CuA and CuB (Figure 1a–d). In mol-
luscan hemocyanin, access to the active
site is blocked by the C-terminal do-
main; moreover, in the case of a struc-
turally characterized functional unit of
hemocyanin from Octopus dofleini
(Odg), a leucine group (Leu2830) of

this domain (III) extends into the pocket
of the active site. In arthropodan hemo-
cyanin, on the other hand, the active site
is shielded by domain I, and addition-
ally, as in the case of hemocyanin from
Limulus, a phenylalanine residue
(Phe49) of this domain extends into
the substrate binding site. External sub-
strates thus cannot reach the active site,
and the only physiological role of he-
mocyanin is O2 binding and transport.[17]

For the inactive form of catechol
oxidase from the sweet potato, Ipomoea
batatas, (IbCO) the active site is covered
by domain III. After dissociation of this
domain the active site is accessible to
substrates.[18] This finding is in agree-
ment with a recent report on plant and
fungal polyphenol oxidases in which

domain III blocks the entrance to the
active site with a conserved phenylala-
nine residue.[4] External substrates can
thus be converted by the binuclear
copper center only after dissociation of
this domain. The crystal structure of
tyrosinase, finally, has been obtained on
a complex of this protein with a caddie
protein (ORF378; ORF=open reading
frame), which again shields the active
site. In this case a tyrosine residue
(Tyr98) of ORF378 extends into the
substrate binding pocket.[1] After disso-
ciation of the caddie protein, the active
site of sTy is accessible to substrates.

A comparison of the dinuclear active
sites of Limulus hemocyanin, Octopus
hemocyanin, IbCO, and sTy shows that
each of the metal centers is coordinated
by the Ne atoms of three histidine resi-
dues. All six histidine residues are con-
served among the type3 copper proteins
and exhibit a very similar binding ge-
ometry (Figure 1e). In catechol oxidase
and Octopus hemocyanin, an unusual
cysteine–histidine bond stabilizes the
second of the histidine residues that
coordinate to CuA, the only histidine
residue which is located on a flexible
loop and is not bonded to a rigid a helix.
This thioether bond also appears to be
present in most molluscan hemocyanins
and fungal tyrosinases,[3] but is absent in
sTy, mouse and human tyrosinase,[19] and
arthropodan hemocyanin.

Besides the oxy form, Matoba
et al.[1] were also successful in obtaining
structures of two met forms of sTy (metI
and metII) which contain two
CuII centers that are bridged by one
and two water (hydroxide) ligands, re-
spectively. Furthermore, they structur-
ally characterized the deoxy form which
contains two CuI centers and is able to
bind O2, thereby being converted into
the oxy form. In this way, all relevant
intermediates of the tyrosinase catalytic
cycle[6,20] are now structurally character-
ized, thus making it possible to draw
some important conclusions with re-
spect to the chemistry of the tyrosinase
active site.

3. Substrate Binding Geometry:
Hints from X-ray Crystallography

The most interesting step among the
reactions that are catalyzed by tyrosi-

Figure 1. a)–d) Active sites of four crystallographically characterized type3 copper proteins:
a) Octopus dofleini hemocyanin[13] (green), b) Limulus polyphemus hemocyanin[12] (red), c) Ipo-
moea batatas catechol oxidase[22] (blue), d) Streptomyces castaneoglobisporus tyrosinase[1]

(orange). The copper-binding histidine residues are bound to a helices and loops (gray). The
Cys�His bonds are colored in yellow; the copper–oxygen complexes are shown by space-filling
representations. e) A superposition of the four active sites demonstrates the high degree of
structural similarity (color codes as above).
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nase is the ortho hydroxylation of tyro-
sine, as mediated by the oxy form of this
enzyme. Of crucial importance for this
reaction is the orientation of the phe-
nolic substrate with respect to the binu-
clear copper active site. Experimental
information on this point has mostly
been derived from spectroscopic studies
on the bonding of inhibitors to tyrosi-
nase.[10,21] Alternatively, it has been
proposed that an external tyrosine sub-
strate is oriented at the active site of
tyrosinase in the same way as Phe49 in
the Limulus oxy hemocyanin struc-
ture.[17] Most interestingly, the new ty-
rosinase structure reveals a very similar
arrangement in which a tyrosine residue
(Tyr98) from the associated caddie
protein extends into the pocket of the
active site like a potential substrate
(Figure 2, top). This tyrosine residue,
however, is not hydroxylated since all of
its atoms are more than 3.4 � away from
the Cu2O2 unit, and a closer approach to
the active site is prevented by the
attachment to the caddie protein. For a
free tyrosine substrate, however, this
would be possible, as shown below.

Figure 2 (middle) shows the Limulus
oxy site along with Phe49 from do-
main I (see Section 2). In the para
position of the phenyl ring of Phe49
(which can almost be superimposed with
that of Tyr98 in sTy) an oxygen atom has
been added to generate a putative
tyrosine substrate. The orientation of
the phenyl group is further determined
by a hydrophobic interaction with one of
the histidine residues that coordinate to
CuB (His328); an analogous interaction
occurs in sTy between the phenyl ring of
Tyr98 and His194 (Figure 2, top). For
the coordination of diphenols to the
active site of catechol oxidase, a sub-
strate bonding geometry has been de-
rived on the basis of the crystallograph-
ically characterized, PTU-bound met
form of IbCO (PTU=phenylthiourea).
Specifically, Klabunde et al.[22] proposed
that the phenyl ring of the diphenol is
aligned with the phenyl ring of the
inhibitor, which in turn can almost be
superimposed with the phenyl ring of
Phe49 in Limulus hemocyanin and
Tyr98 in sTy. This way, a substrate
bonding geometry that exhibits one
Cu�O bond to CuB and one phenoxo
bridge between CuA and CuB is ob-
tained (Figure 2, bottom); a hydropho-

bic interaction with His244 further
stabilizes the substrate orientation.

Importantly, CuA in IbCO is shield-
ed by a phenylalanine residue (Phe261).
At this structural position in sTy there is
instead an isoleucine residue; that is,
CuA is not masked by a bulky residue in
sTy. This could indicate that CuA is
necessary for the bonding and conversion
of monophenols to o-quinones which in
turn would provide a possible explana-
tion for the functional difference be-
tween catechol oxidase and tyrosinase.

4. Substrate Binding Site: CuA or
CuB?

There has been considerable debate
on whether external substrates of tyro-
sinase bind to CuA or to CuB.[1,6, 17,21,22]

New information on this point can now
be obtained from a detailed analysis of
the metII and oxy structures of sTy.
These two forms are very similar, such

that metII may be taken to analyze
substrate bonding to oxy (Figure 3a). In
the metII structure, the CuA center
exhibits a tetragonal-pyramidal geome-
try, with two bridging water (hydroxide)
ligands and two histidine residues in
equatorial positions and one histidine
residue in an axial position. If a sub-
strate binds to such a copper center, it
will coordinate in the position trans to
the axial histidine residue. The three
Ne(His)�CuA bond lengths are 2.09
(His38), 2.26 (His54), and 2.43 �
(His63), thus indicating that the former
two are equatorial and the latter axial.
This assignment disagrees with the anal-
ysis of Matoba et al., who assign the
axial position of CuA to His54.[23] How-
ever, the much longer Cu�N bond
length of His63 unequivocally indicates
that this residue occupies the axial
position of CuA.[24] Importantly, the
position trans to His63 (Figure 3a) is
freely accessible from the substrate
binding pocket, in contrast to the posi-

Figure 2. Stereoviews of the active sites and substrate binding pockets of sTy (top), Limulus
polyphemus hemocyanin (middle), and IbCO (bottom). The substrate binding pockets are
occupied by Tyr98 (top), Phe49 (augmented by an oxygen atom (black) to generate a tyrosine
residue; middle), and a catechol (bottom). The catechol is constructed from the phenyl ring of
the inhibitor PTU by adding two oxygen atoms. Cu: blue; O2: red; His: green; substrate
(tyrosine/catechol): orange; shielding residues: cyan. The hydroxyl groups of the tyrosines are
oriented more towards CuA than CuB. In the case of IbCO, CuA cannot be approached because
it is shielded by a phenylanaline residue.
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tion trans to His54. If the substrate
binds to CuA, it will thus bind trans-
axially to His63.

The CuB center of metII and oxy
also exhibits a tetragonal-pyramidal ge-
ometry, but here the distinction between
axial and equatorial histidine residues is
somewhat less pronounced. Matoba
et al.[1] assigned the equatorial positions
of CuB to His194 and His216, whereas
the axial position is occupied by His190.

This assignment disagrees with the fact
that in all three structures (metI, metII,
oxy) the Ne(His216)�CuB bond is the
longest, thereby indicating that His216
is in the axial position. The position
trans to His216 is also accessible from
the substrate binding pocket. Thus, in
sTy, a phenolic substrate could in prin-
ciple also bind to CuB, in the position
trans to His216. Alternatively, the role
of CuB for substrate binding in sTy may
be to provide structural guidance to the
orientation of the phenyl ring of the
substrate through a hydrophobic inter-
action with His194, as suggested for the
interaction between a possible substrate
and His244 of IbCO or His328 of
Limulus hemocyanin.

5. Hydroxylation of Tyrosine

On the basis of this concept, the
following mechanism for the hydroxyl-
ation of tyrosine can be envisaged. After
approach to the oxy site, the substrate is
preoriented through a hydrophobic in-
teraction with His194 on CuB, such that
its C�O bond is oriented towards CuA,
in analogy to the orientation of Tyr98
(Figure 3a). The substrate is then shift-
ed towards CuA to bind in the position
trans to His63 (Figure 3b). Then, hy-
droxylation of the aromatic ring occurs.
To this end, the O�O axis of the peroxo
ligand rotates to point towards the
phenolic ring; moreover, the substrate
may rotate slightly around the C�O axis
(Figure 3c). The proximity of the ortho
position of the phenolic ring to the side-
on coordinated peroxo group then en-
ables an electrophilic attack of the
Cu2O2 moiety on the aromatic ring,
whereby concomitant cleavage of the
O�O bond occurs.[17,25] The o-quinone
product is formed via a diphenolic
intermediate that binds in a bidentate
fashion, and is subsequently released
from the active site, thus regenerating
the deoxy form. This sequence of reac-
tions is summarized in Scheme 2.

6. Activation Mechanism and
Copper Incorporation

The major difference between he-
mocyanin on the one hand and tyrosi-
dase/catechol oxidase on the other is the

accessibility of substrates to the active
site (see Sections 2 and 3). As long as
hemocyanins serve as oxygen carriers,
the entrance to the active site in do-
main II is blocked, and the substrate
binding pocket is additionally occupied
by a residue from, depending on the
organism, domain I or III (for example,
Phe49 for Limulus hemocyanin). It has
been hypothesized that this residue acts
as a “placeholder” for monophenolic
substrates.[17] These substrates can enter
the active site after the placeholder has
been pulled out of the substrate binding
pocket, which occurs by dissociation of
domain I or III. In hemocyanin this
“activation” step can be achieved artifi-
cially by limited proteolysis or confor-
mational movement of the N-terminal
domain by treatment with sodium do-
decylsulfate (SDS).[16] The physiological
activation of fungal and plant polyphe-
nol oxidases or IbCO occurs similarly by
cleavage of domain III, which blocks the
active site.[3,4]

In sTy a caddie protein (ORF378)
has been cocrystallized which shields the
entrance to the active site and contains a
tyrosine residue (Tyr98) that extends
into the pocket of the active site. Mato-
ba et al.[1] found that this caddie protein
also binds copper centers through a
number of histidine residues. The elec-
tron density maps suggest that the
copper atoms “jump” from histidine
cluster to histidine cluster, from which
the authors conclude that the caddie
protein is responsible for the incorpo-
ration of copper into the metal-free
expressed enzyme. Details of this pro-
cess are, however, unknown,[7] and it is
unclear how the copper atoms ultimate-
ly reach the active site of sTy. The
authors even show that upon increase
of the copper concentration in solution
the caddie protein dissociates from
sTy.[1] In light of the above considera-
tions, this dissociation can also be inter-
preted as an activation of the enzyme,
thus making the active site accessible to
external substrates.

7. Conclusions

The first structure of a tyrosinase is a
breakthrough in the chemistry and biol-
ogy of copper proteins. It contributes
new and interesting aspects to long-

Figure 3. Orientation of a tyrosine substrate at
the active site of oxy tyrosinase. a) Initial
configuration after approach to the active site,
as based on the crystal structure of sTy.
b) Shift of the substrate to CuA. c) Rotation of
the O�O axis towards the aromatic ring and
electrophilic attack at the ortho position. Cu:
blue; His on CuA: red; His on CuB: green;
O2: red; monophenolic substrate: orange
(oxygen atom therein: black); equatorial coor-
dination of CuA and CuB: yellow frame; axial
coordination of CuA and CuB: yellow bonds;
trans-axial coordination of CuA: gray dot.
Molecular graphics created with Yasara
(http://www.yasara.org) and Povray (http://
www.povray.org).
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standing problems related to the proper-
ties of type3 copper proteins and sup-
ports some of the concepts developed
earlier to account for the functional
differences observed in this class of
proteins. Significant insights have in
particular been obtained with respect
to the following points:
* Tyrosinase and catechol oxidase: X-

ray crystallography indicates that in
catechol oxidase the CuA site is
shielded whereas in sTy it is not, thus
supporting the hypothesis that mono-
phenols should bind to CuA in order
to be converted into o-quinones.
Nevertheless, the crystal structures
of sTy also leave open the possibility
that monophenols bind to CuB.

* Molecular mechanism of monophe-
nol hydroxylation: The structures
provide information regarding the
possible orientation of phenolic sub-
strates at the active site, which is the
basis for a mechanistic understanding
of monophenol hydroxylation.

* Activation and copper incorpora-
tion: The Tyr98 residue provided by
the cocrystallized caddie protein sup-
ports the “placeholder” concept for

the activation of type3 copper en-
zymes. The caddie protein further
appears to be responsible for copper
incorporation, but the mechanism of
this process remains to be elucidated.
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1. Introduction

The genetic information encoded in cellular DNA is only
revealed on regulated expression, that is, its transcription into
the pre-mRNA. This process is tightly controlled by nuclear
factors embedded in complex cellular signaling networks. In
higher organisms, an estimated 5–10% of all gene-coding
capacity is dedicated to proteins that regulate transcription.[1]

The expression level of particular genes is associated with
specific phenotypes, and aberrant expression of genes is
interlinked with a multitude of diseases. Hence, small
molecules with the ability to interfere directly with the
transcriptional machinery carry great potential not only as
therapeutic agents, but also as research tools in chemical
biology. Such molecules could be used to clarify the intriguing
interplay between chromatin, transcription factors, and gene
expression levels.

The most important way to target genes with small
molecules is to capitalize on inherently ligand-dependent
transcription factors, the so-called nuclear receptors
(NRs).[2,3] A multitude of steroid- and non-steroid-based
effectors (e.g. selective estrogen receptor modulators,

“SERMs”) are currently in scientific
and clinical use or development. But
unfortunately, their application re-
mains inherently limited to NR-depen-
dent genes or phenotypes.

To open up new activity profiles, it
would be desirable to target more components of the
transcriptional machinery as specifically as possible. As tools
for chemical-biology research, such compounds may allow
advancement in our understanding of transcriptional events
and complement investigations on upstream signal trans-
duction cascades. With respect to drug development, direct
modulation of transcription remains a territory rarely ex-
plored (with the prominent exception of nuclear receptors);
new findings could therefore open up distinct therapeutic
windows, especially in the anticancer field.[4] In the following
sections, recent advances, mainly in the area of small
molecules that directly interact with proteins of the transcrip-
tional machinery will be discussed.[5]

2. Transcription initiation

The promoter-specific transcription initiation of protein
coding genes (Figure 1) requires both gene-specific (TF) and
general transcription factors (GTF), which assemble cooper-
atively on cognate DNA elements upstream of the coding
region (“promoter”).[6] Transcription factors can recruit
coactivator proteins,[7] which in turn may stabilize GTFs on
the core promoter. Furthermore, they induce chromatin
remodeling and recruit additional proteins to form a large
bridging multiprotein assembly currently termed “media-
tor”.[8] A unifying nomenclature for the considerable variety
of mediator- and mediator-like components has recently been
suggested.[8c] Altogether they establish a stable preinitiation
complex that recruits RNA polymerase II (RNA Pol II) to
initiate gene transcription.[8d]

Signal transduction cascades ultimately trigger transcriptional
programs that are executed by transcription factors interacting with
coactivator or corepressor proteins in large multi-protein complexes.
Despite the difficulties associated with discovering and verifying
potent antagonists (or agonists) of protein–protein interaction events,
several small molecules have been identified within the last few years
that modulate transcription by directly interacting with transcriptional
proteins. Some of these small molecules display surprising selectivity
and some even show efficacy in vivo. This review summarizes the
current status in this developing field to illustrate the emerging
opportunities in the chemical biology of transcription.
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Evidence is mounting that the assembly of nuclear factors
on chromatin is highly dynamic (seconds timescale) and may
obey a stochastic sensing model.[9, 10] Statically bound proteins
seem to be rare and the exception to the rules. Moreover,
even an actively transcribed locus appears to undergo
constant dynamic remodeling (minutes timescale).[10a] There-
fore, although transcription initiation may necessitate the
association of several dozen transcription factors and medi-
ating proteins, interception or modulation of this process
should be feasible and reasonably fast. Small molecules
binding to transcription factors, coactivators, or DNA should
lead to destabilization of the multi-protein assembly (Fig-
ure 1), reduce RNA Pol II recruitment, and hence lower the
expression levels of the encoded gene. This antagonist
concept has been experimentally validated in several cases.
The alternative stabilization of multi-TF assemblies by small-
molecule agonists leading to upregulation has been demon-
strated in model systems (see Section 5).

3. Inhibitors of transcription-factor association

Transcription factors seldom work as single molecules, but
rather function mostly in conjunction with many other
transcription factors bound to promoter DNA. As an under-
lying principle, most transcription factors form homo- or
heterodimers as a small subunit and in a cooperative fashion.
Often, it is only these dimers that have a high-enough binding
affinity and specificity for cognate DNA. Disturbing the
dimerization of a crucial TF could be a promising strategy to
exert influence on gene expression and curb the dimerization
of important transcription factors (Scheme 1).

3.1. Myc/Max

The first such interaction for which a small-molecule
antagonist was identified was Myc/Max.[11] c-Myc is a basic
helix–loop–helix leucine-zipper transcription factor that is
involved in cell proliferation and differentiation suppression,
and was found to be frequently upregulated in human
cancers.[12] The activation is however driven by heterodimers
formed from c-Myc with the partner protein Max. To identify
antagonists of the Myc–Max interaction, Vogt and co-workers
utilized fusion proteins of cyan (CFP) and yellow fluorescent
protein (YFP) with c-Myc and Max in a fluorescence
resonance energy transfer (FRET)-based experiment.[11] In
a high-throughput dimerization assay, several antagonists
were discovered with activities in the medium micromolar
range, with isoindoline 1 (Scheme 1) being the most potent
(50 mm). Furthermore, isoindoline 1 interfered with an
oncogenic transformation of cultured chicken-embryo fibro-
blasts (approximately 20 mm), thus providing a proof of
principle for targeting this TF dimerization in general.[11]

After this finding, different compounds that are able to

Hans-Dieter Arndt, born 1971, studied
Chemistry at Ulm, London (Imperial Col-
lege), and Marburg university. He obtained
his doctorate in 2002 with Ulrich Koert at
the Humboldt University of Berlin for work
on artificial ion channels. After postdoctoral
research with Peter B. Dervan at the
California Institute of Technology, where he
investigated protein-recruiting DNA ligands,
he became group leader at the Max Planck
Institute for Molecular Physiology in 2004
and Emmy-Noether fellow at the University
of Dortmund. His research interests focus
on the chemical biology of transcription and
translation as well as organic synthesis.

Figure 1. Simplified representation of the assembly of the transcrip-
tion–initiation complex illustrating specific interference with small
molecules that target DNA (blue), transcription factors (yellow), or
coactivators/mediator (orange). A coactivator may also bind to the
GTFs and to chromatin as well as other coactivators (not depicted).
TF= transcription factor, GTF=general transcription factors, RNA
Pol II=RNA polymerase II, TATA=TATA box, TBP=TATA-box-binding
protein, TAF=TBP-associated factor, +1= transcription start site.

Scheme 1. Chemical structures of the transcription-factor association
inhibitors (1–4). Boc= tert-butoxycarbonyl.
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disrupt the Myc–Max interaction have been disclosed by
Prochownik and co-workers.[13] In this case, yeast two-hybrid
assays were employed to screen for c-Myc–Max disruption. In
this way, dichlorocarbazole 2 was uncovered, among other
effective inhibitors, from a commercial library. Importantly, 2
was not only reported to prevent c-Myc–Max dimerization
in vitro in the low micromolar range but also to inhibit
fibroblast proliferation in a c-Myc-dependent manner. Fur-
thermore, growth of tumor xenografts in nude mice was
prevented when they were pretreated with 2 (39 mm) before
inoculation. Although the potency of 2 is still not high, it
strongly supports the general potential of c-Myc–Max antag-
onists for anticancer treatment. This is further supported by a
very recent study[14] in which structurally related naphthols
were identified as antagonists (17–36 mm) of the c-Myc–Max
interaction in vitro and also showed activity in cellular
transformation assays.

3.2. STAT-3

As a second group of TFs of potential interest, STATs
(signal transducer and activator of transcription) have been
investigated. STATs are unique in their ability to transduce
extracellular signals and regulate transcription directly: After
phosphorylation events mediated by growth factor and
cytokine receptors or non-receptor-associated tyrosine kin-
ases (e.g. Abl or c-Src), the STATs dimerize through
reciprocal phosphotyrosine-SH2 domain (svc homology 2)
interactions. After translocation to the nucleus, these dimers
drive diverse transcriptional events associated with immune
response, inflammation, proliferation, differentiation, devel-
opment, and apoptosis.[15] STAT signaling in the cell is tightly
regulated. However, dysregulation of STAT subtypes is
regarded to be important for tumor malignancy, particularly
the overactivation of STAT3 and STAT5.[15b] In an investiga-
tion targeting STAT3, the tripeptide mimic 3was identified by
Turkson et al. as an inhibitor (40 mm) of STAT3 dimeriza-
tion,[16] with 3 being derived from a STAT-3 binding phos-
phopeptide. Cell permeability and stability of compound 3
may be critical, but Turkson et al. secured proof for not only
STAT3 dimer disruption, but also growth inhibition in cellular
assays. This validates the hypothesis that direct inhibition of
STAT3 dimerization (and in turn its activating potential) is
effective and may become a conceptual alternative to
targeting the STAT3 phosphorylating kinases upstream
(Abl, c-Src).[17]

3.3. HAP3

In a completely different approach, dihydropyran 4 was
identified from a small-molecule microarray to bind to the
yeast transcription factor HAP3 (heme-activated protein 3)
selectively.[18] HAP2/3/5 from yeast, as well as their homo-
logues in higher eukaryotes (NF-Y, CBF), bind as hetero-
trimers to highly conserved CCAAT DNA sequences with
subnanomolar affinities. Data from surface plasmon reso-
nance, reporter assays, and whole-genome profiling in yeast

showed that dihydropyran 4 binds to HAP3 directly (0.3 mm),
can downregulate HAP-dependent transcription (24 mm), and
affects HAP-dependent gene regulation on the genomic scale,
respectively. It will be interesting to see how dihydropyran 4
will affect the NF-Y complex, which serves more general and
diverse purposes in mammalian genomes than its HAP
homologue in yeast.[19]

4. Interference with cofactor interactions

Transcription factors are always endowed with at least two
functional domains: Primarily they bind to genomic DNA to
allow readout and processing of genomic programs that are
dependent on promoter sequences. On the other hand, they
interact with further cofactors to execute their function and
may therefore be regarded as quasi-combinatorial adaptor
proteins that mediate the DNA sequence context.[20] Many of
the proteins targeted by TFs are coactivator proteins neces-
sary for chromatin reorganization and transcription initiation,
or corepressor proteins that silence a gene or even a whole
locus. Interactions may also extend to basal transcription
factors or mediator components. Hence apart from TF–TF
interactions, a further possibility to affect transcription would
be modulating the communication of transcription factors
with coregulators as can be seen in Scheme 2. The progress in

this area has been notable, and efficacy in animal models
could even be demonstrated in several cases. Furthermore,
some of these molecules show clear selectivity for one binding
site within a multivalent protein (i.e. a protein with several
binding positions).

Scheme 2. Chemical structures of the transcription-cofactor associa-
tion modulators (5–8).
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4.1. b-Catenin

The multifunctional protein, b-catenin, transduces the
signals from the Wnt pathway as a transcriptional coactivator
and often becomes slightly hyperactive as a result of
oncogenic mutations.[21] On the molecular level, b-catenin
forms complexes in the nucleus, most importantly with the T-
cell factor (TCF) and lymphoid enhancer factor (LEF) family
of transcription factors, to become functional. This dimeriza-
tion event utilizes a large flat surface provided by the 12 mer
“armadillo repeat” of b-catenin (> 3600 G2)[22] and may
therefore be regarded as extremely difficult to be targeted
directly with small molecules. Nevertheless, in a high-
throughput screening experiment of natural products (7000
compounds), several small molecules were identified and
investigated in detail.[23] The planar quinone 5 (Scheme 2), a
fungal metabolite, emerged as one interesting candidate.
Quinone 5 disrupts the complex of pure b-catenin–TCF (3 mm

ELISA) in vitro as well as in cell extracts, inhibits cancer cell
proliferation that is dependent on cell type (0.4–3.4 mm),
suppresses the levels of b-catenin dependent targets (cy-
clin D1, c-myc) in HCT116 cells, and displays a strong
influence on b-catenin-dependent development in xenopus
embryos. Although the authors have cautioned that 5 may
have additional targets, quinone 5 remains a strong candidate
for direct b-catenin–TCF disruption. This becomes especially
noteworthy when considering that 45000 compounds from a
synthetic library did not yield any hits in the same high-
throughput screen.[24]

4.2. CREB binding protein (CBP) and p300

CBP and the highly homologous protein p300 are high-
molecular-weight (300 kDa) multidomain coactivator pro-
teins that function synergistically to reorganize chromatin and
activate transcription after recruitment by TFs.[25] Within the
transcriptional networks, CBP/p300 is generally considered a
limiting factor in terms of both rate and concentration. CBP/
p300 carries at least six interaction domains that are able to
interact with a plethora of TFs and mediator subunits. This
makes it a very complex target. However, recently three
different molecules have been found to interfere with TFs
that bind to CBP/p300 and yet target three distinct inter-
actions (Scheme 2).

In a 5000-compound library screen, piperazinone 6 was
found to downregulate b-catenin/TCF signaling.[26] In contrast
to quinone 5, however, it could be shown by affinity
chromatography that piperazinone 6 selectively binds to
CBP where it directly competes with b-catenin binding.
Mapping studies showed 6 to bind to the N terminus of CBP
(AA 1-111), which is also the site of recruitment for nuclear
receptors (RAR/RXR). Interestingly, compound 6 does not
bind to the highly homologous coactivator p300. Several
oncogenic targets downstream of b-catenin (e.g. survivin and
cyclin-D1) were found to be significantly downregulated after
treatment with piperazinone 6 both in cultured colon cancer
cells (25 mm) and in mice (150 mgkg�1 delivered intravenous-
ly), showing that this approach is effective in vivo.

For the binding of the prototypical CBP effector, the
molecule CREB (cAMP response element binding protein)
was recently reported as an antagonist.[27] Naphthol phos-
phate 7 was identified as a small-molecule antagonist of the
CREB–CBP interaction by NMR-spectroscopic-based
screening. Detailed NMR spectroscopic experiments led the
authors to the conclusion that 7 targets a binding site distal to
the CREB binding groove on the CBP KIX domain and
hence functions through an allosteric mechanism. Reported
assays confirmed the attenuation of CREB association in vivo
(10 mm). CREB is involved in hepatic gluconeogenesis and
therefore a possible diabetes type II target. Furthermore, as
the KIX domain on CBP serves as a binding platform for
various transcription factors, compounds like 7 indicate that
this binding platform can be influenced with varied outcomes.

The natural product chetomin (8) was identified in a high-
throughput screen for molecules able to interfere with p300–
HIF-1a binding.[28] HIF-1a is a key transcription factor in the
response of tissues to hypoxic (low O2) conditions and
therefore considered as an important potential antiangio-
genesis target. Indeed, it is the coactivator p300 that mediates
the potential of HIF-1a by docking it with its TAZ1 domain
(also called the CH1 domain). Chetomin 8 seems to disrupt
the TAZ1-domain fold on p300; hence HIF-1a is impaired in
its activity as it is necessary that p300 binding occurs at this
domain. This is also the case for other TFs that are attached to
this domain (demonstrated for HIF-2a and STAT2). This was
further corroborated by the fact that disulfide 8 does not lead
to covalent modification of the potentially reactive Cys-800 in
the crucial HIF-1a activation domain. The exact binding site
of chetomin 8 on p300 remains to be elucidated, but its high
potency in cellular assays (low nM) as well as nude-mouse
tumor xenografts (1 mgkg�1 delivered intravenously) carries
high promise that exploiting this novel mode of action may
become fruitful in the future.

4.3. Nuclear receptors

A nuclear receptor will generally adjust the conformation
of its ligand-binding domain in response to the binding of a
ligand (e.g. a steroid) and present a remodeled binding
surface that favors coactivator (for agonists) or corepressor
recruitment (antagonist or apo form).[29] Coactivators have
been shown to bind on top of the ligand-binding domain
through a highly conserved helical LxxLL motif, often termed
a “nuclear-receptor interaction box”. A high level of sophis-
tication has been reached in targeting this interface with
conformationally restrained peptides and peptidomimetics.[30]

Katzenellenbogen and co-workers have, however, recently
demonstrated that a small molecule is able to inhibit
coactivator -peptide binding to the estrogen receptor a (ER-
a) as well.[31] Following the rationale outlined above, the
authors designed various molecules presenting three leucine-
like side chains and investigated them for ER-a–coactivator
peptide complex disruption. Despite the modest effectiveness
of their optimal compound 9 (Kd� 30 mm), it is the first
nonpeptidic molecule that is able to reversibly disrupt the
binding of coactivators to an agonist-bound nuclear receptor.
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If this important proof of principle could be extended to more
potent ligands, selective interference with steroid-like NR
ligands could be realized in a novel fashion. Very recent
results from a high-throughput screen for thyroid hormone
receptor (TR) coregulator antagonists lead in this direction:
Guy and co-workers have uncovered vinyl-aryl ketones as
covalently reacting ligands of the TR that abrogate binding of
coactivators to the TR in the submicromolar range.[32]

4.4. p53

Certainly most intensively investigated in this field is the
tumor suppressor p53.[33,34] This potent transcription factor
integrates diverse stress signals and affects cell-cycle control,
senescence, and apoptosis pathways. Owing to its “cellular
gatekeeper” role, the p53 pathway is a hot spot for oncogenic
mutations that compromise p53 function. In healthy cells,
tight control of p53 levels is ensured by the regulator protein
HDM2 in humans (or the respective MDM2 homologue in
mice), which can shield the crucial p53 activation domain as
well as induce p53 degradation by its intrinsic RING-finger
and E3-type ubiquitin ligase activity. Blocking HDM2 should
therefore result in restoring and/or promoting of the benefi-
cial p53 activity in compromised cells.

In pursuing this goal, three independent groups have
recently reported potent small-molecule ligands that target
the p53 binding interface on HDM2/MDM2. Binding of p53
has been shown to occur in a cleft on HDM2 in which an a-
helical segment of p53 projects three side chains (Phe-19, Trp-
23, Leu-26) into a largely hydrophobic cavity (Figure 2).[35]

The first potent and selective small-molecule inhibitor of
the MDM2–p53 interaction was reported by a Roche
group,[36] which identified cis imidazolines as MDM2–p53-
antagonists after high-throughput screening and structure-
based optimization with affinities in the high nanomolar
range (Scheme 3). “Nutlin 3” (10) was found to bind MDM2
(0.1 mm) to inhibit cancer-cell growth (1–3 mm) and to

annihilate tumor growth in mouse xenograft models after
oral administration (400 mgkg�1/day). In these models, imi-
dazoline 10 compared well with the approved anti-cancer
drug doxorubicin.

In turn, a Johnson & Johnson group disclosed benzodia-
zepinones as an HDM2 antagonists, with benzodiazepine 11
as the most active in in vitro and cell-based assays.[37] Despite
considerable shape similarity to the cis imidazolines, the
reported benzodiazepinones seem to be less potent but could
still suppress cancer-cell growth at around 30 mm. Both the
nutlins 10 and benzodiazepine 11were characterized by X-ray
crystallography while bound to their respective target. They
were shown to target the p53 binding cleft on MDM2 (10) or
HDM2 (11).

Recently, spiro-oxindoles were reported as potent MDM2
antagonists by an academic team.[38] Interestingly, these
compounds were designed by substructure comparison with
natural-product-derived scaffolds as well as molecular mod-
eling, and synthesized by using an enantioselective dipolar
azomethinylide cycloaddition. Despite the few derivatives so
far reported, compound 12 compared favorably with the cis-
imidazolines as far as in vitro potency is concerned (see
Section 6, Table 1).

On the other hand, a distinct type of p53 activator was
recently described by Selivanova and co-workers.[39] Bisthio-
phenylfuran 13 (“RITA”) was identified by a library screen
with a pair of isogenic colon-cancer cell lines that differed
only in p53 status. The activity of RITAwas later confirmed in
several experimental setups. Most importantly, RITA 13 was
found to completely stop tumor growth in mouse xenografts
at 10 mgkg�1/day when the dose was delivered intravenously.
Although it interferes with HDM2–p53 complex formation,
13 seemingly does not bind to HDM2, but directly to p53 with
very high affinity (Kd= 1.5 nm). The authors concluded that
13 likely targets an as-yet unmapped allosteric site on p53. In
this way, 13 possibly blocks a conformational transition
involved in the complex formation with HDM2 and/or
stabilizes a conformation that recruits further cofactors.

Figure 2. Rendering of the HDM2 protein (bronze) crystal structure
associated with a p53 transactivation domain peptide (green).[35] The
residues crucial for binding are highlighted in purple (PDB–1YCR).

Scheme 3. Chemical structures of p53-modulating compounds (9–12).
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Given the complex biology of p53, this new paradigm requires
further confirmation.

Interestingly, native p53 was recently found by NMR
spectroscopy[40] to remain largely unstructured even when
bound to MDM2, and hence may require additional regu-
lators to fold into its activated state. As a caveat, this same
study reported that the strength of aggregation and precip-
itation of MDM2 can vary depending on the small-molecule
ligand. Nevertheless, the high potency of heterocycle 13 in
p53+ tumor tissues and its novel mode of action highlight the
potential for unbiased screening setups.

5. Modular non-peptidic activators

A completely different approach to target transcription
would be not to destabilize but to promote preinitiation
complex formation. This in turn should lead to more-frequent
transcription initiation events and elevated gene-expression
levels. Two- and three-hybrid setups utilize artificial activa-
tion for detection by transcriptional readout of reporter
constructs, and fusions proteins composed of activators and
DNA-binding domains from TFs have been shown to act as
artificial activators with novel properties.[41] Small molecules
endowed with stabilizing properties of transcriptional com-
plexes have not been reported to date. However, small
molecules that target components of the transcriptional
machinery allow non-peptidic, small-molecule activators to
be reached by the chemical biologist when modular design is
deliberately applied.

After identification of a suitable ligand for coactivator or
mediator proteins, for example, by screening for TF–cofactor
complex dissociation[42] or cofactor binding,[43] covalent at-
tachment to a module with high DNA affinity should generate
a novel activating entity (Figure 3). Activation of a specific

gene of interest can be ensured either thorough targeting a
DNA-binding protein (natural or artificial; Figure 3A) or
targeting the DNA itself with a sequence-specific small-
molecule ligand (Figure 3B). Such activation leads to small-
molecule protein–protein or protein–DNA dimerizers, re-
spectively. Along this line, three distinct molecules have
validated the feasibility of the concept with non-peptidic
activator modules (Scheme 4).

Isoxazolidine 14 and related compounds were found by
Mapp and co-workers to upregulate transcription of a target
gene 5–7-fold in vitro.[44] DNA affinity was conferred by the
attachment of methotrexate, which binds to an artificial
fusion protein composed of dihydrofolate reductase and the
DNA-binding domain of the yeast transcription factor, LexA.
Interestingly, both the stereochemistry and the substituent
distribution around the isoxazoline core seem to be variable
to some degree, a property that is likewise found in most
natural activator domains.[44b] The cellular target protein(s) of
the isoxazolidine activator as well as the degree of influence
of the accessory fusion protein on the activation process have
not been detailed, however.

Subsequently, Uesugi, Dervan, and co-workers reported a
conjugate (15) of wrenchnolol and a DNA-binding polyamide
that sequence specifically activated DNA transcription in vi-
tro without the need for an artificial DNA-binding protein.[45]

The compound wrenchnolol had previously been identified
and optimized as a micromolar ligand for Sur-2, a Ras-linked
subunit of the human mediator complex.[42] The wrenchnolol
conjugate 15 features a sequence specific DNA-binding
polyamide,[46] and both Sur-2 and RNA Pol II were demon-
strated to be recruited to target DNA. This corroborated the
reconstitution of the transcription-competent preinititation
complex from its presumed molecular components in vitro.

From a library of 100000 peptoids, Kodadek and co-
workers have recently identified three potent ligands for the
KIX domain of CBP that have the potential for recruiting this
general coactivator.[47] Conjugation to dexamethasone gave
compound 16, which was found to be cell permeable despite
its considerable size. The authors demonstrated that the
peptoid conjugate 16 functions as a strong activator in cellular
assays in vivo in which a fusion protein of the glucocorticoid-
receptor ligand-binding domain and the Gal4 DNA-binding
domain ensured specificity for an artificial reporter gene.
Notably, other CBP ligands identified would not deliver
potent activators as dexamethasone conjugates. Therefore,
the binding-site location and orientation within the coactiva-
tor seem to be crucial variables for function here.

6. Discussion and Outlook

Relevant data for compounds 1–13 are summarized in
Table 1. What conclusions can be drawn from these findings?
First, these various examples demonstrate that it is indeed
possible to identify potent and selective small molecules that
act on transcriptional processes, with some moving towards
the regime of drug-like potency in vivo. Second, potent
modulators for transcriptional cofactors may be easier to
generate than small molecules that target transcription factors
directly. Finally, it is possible to identify small molecules that
are able to target different regions of the same macro-
molecular target to give different outcomes.

Most of the compounds discussed here (1–13) share one
common structural feature: they project lipophilic residues in
a predefined 3D orientation, often almost star-like. This is
commonly deemed to mimic the 3D shape of a confined
protein domain (e.g., an a-helix or b-turn). Nevertheless, only

Figure 3. Schematic representation of modular artificial activators.
a) Activating module (red) attached to a ligand for a DNA-binding
protein (DBP, yellow), b) Activating module attached to a DNA-binding
molecule (blue). Code: coding region, TATA=TATA-box, +1= tran-
scription start site.

Transcription Modulators
Angewandte

Chemie

4557Angew. Chem. Int. Ed. 2006, 45, 4552 – 4560 
 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


a few of the compounds described herein are functional
“nonconventional peptidomimetics” like the cleft binders for

the HDM ligands (10, 11). The majority of the molecular
parameters of interactions are only coarsely defined, but a

complex, even allosteric influence on
protein structure is emerging in some of
the cases. In other words, they indirectly
modulate protein–protein interactions
by using the structural plasticity of the
binding interfaces. This plasticity may
be especially characteristic for tran-
scriptional proteins with their multimo-
dal, multivalent nature.

Even more conventional interac-
tions of small molecules with proteins
have unearthed surprises in this re-
gard.[48] A more precise, molecular un-
derstanding of these transcriptional
proteins and their interaction with the
small molecule modulators is hence
anxiously awaited. Nevertheless, it has
been conclusively demonstrated that
identifying potent small molecules that
target transcriptional proteins directly is
fundamentally feasible. Many exciting

Scheme 4. Chemical structures of modular non-peptidic activator compounds (13–15). Activating modules are located on the right side. R*=5-
thioureidofluoresceine, Ts= tosyl.

Table 1: Activities of small molecules in transcription modulation.

Compound Name Source[a] Target[b] IC50/Kd
[c] [mm]

1 IIA6B17 COM Myc/Max 50–125/n.d.
2 10074A4 COM c-Myc/Max n.d./�5
3 ISS-610 SGD STAT3 42/n.d.
4 haptamide B COM HAP3 24/0.33
5 PKF115-584 NAT TCF/b-catenin 3.2/n.d.
6 ICG-001 COM CBP/b-catenin 3/n.d.
7 KG-501 COM CBP/CREB 10/50
8 chetomin NAT p300/HIF-1a �0.01[d]/n.d.
9 – SGD ER-a[e] n.d./29
10 nutlin-3 COM MDM2/p53 1–3/0.09[f ]
11 – COM HDM2/p53 30/0.4[f ]

12 – SGD MDM2/p53 0.8–10/0.09[f ]

13 RITA COM p53 0.05–13/0.0015

[a] SGD= structure guided design, COM= combinatorial chemistry or library, NAT=natural
product or derivative. [b] Identified primary binding partners are shown underlined. [c] All values
are strongly assay- and cell-type dependent and should be compared only with great caution, even
when the same mode of action is likely. n.d.=not determined. [d] Reporter and two-hybrid assays
under hypoxic conditions. [e] The ER-ligand binding site was saturated with estradiol. [f ] Kd from
p53 peptide competition assays.
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advancements are likely to arise from the field: Most of the
compounds should serve as excellent molecular probes for
transcriptional regulation and some of them may even lead
the way to new therapeutic applications.
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1. Introduction

1.1. The FRET Process

Fluorescence resonance energy transfer (FRET) is a
nonradiative process whereby an excited state donor D
(usually a fluorophore) transfers energy to a proximal ground
state acceptor A through long-range dipole–dipole interac-
tions (Figure 1).[1,2] The acceptor must absorb energy at the
emission wavelength(s) of the donor, but does not necessarily
have to remit the energy fluorescently itself (i.e. dark
quenching). The rate of energy transfer is highly dependent
on many factors, such as the extent of spectral overlap, the
relative orientation of the transition dipoles, and, most
importantly, the distance between the donor and acceptor
molecules.[2] An intensive description of the physical basis of
FRET, which is beyond the scope of this review, can be found
in reference [2].

FRET usually occurs over distances comparable to the
dimensions of most biological macromolecules, that is, about
10 to 100 *. Although configurations in which multiple
donors and acceptors interact are increasingly common (see,
for example, references [3–5]), the following equations con-
sider energy transfer between a single linked D/A pair
separated by a fixed distance r and originate from the
theoretical treatment of F.rster.[2,6, 7] The energy transfer rate
kT(r) between a single D/A pair is dependent on the distance r
betweenD andA and can be expressed in terms of the F.rster
distance R0.R0 is the distance between D and A at which 50%
of the excited Dmolecules decay by energy transfer, while the
other half decay through other radiative or nonradiative
channels. R0 can be calculated from the spectral properties of
the D and A species [Eq. (1)].

R0 ¼ 9:78� 103½k2 n�4QD JðlÞ�1=6 ðin *Þ ð1Þ

The factor k2 describes the D/A transition dipole orienta-
tion and can range in value from 0 (perpendicular) to 4
(collinear/parallel). There has been much debate about which

dipole orientation value to assign for
particular FRET formats. Only in few
cases can the crystal structure of the D/

A molecules be determined; there is no other reliable
experimental method to measure absolute or fixed k2

values, which leads to potential uncertainties in subsequent
calculations.[2,8, 9] Fortunately, the accumulated evidence has
shown that the mobility and statistical dynamics of the dye
linker lead to a k2 value of approximately 2/3 in almost all
biological formats. This also sets an upper error limit of 35%
on any calculated distance.[2] Excellent discussions of this
issue are provided by dos Remedios and Moens[9] as well as
Stryer.[10] The refractive index n of the medium is ascribed a
value of 1.4 for biomolecules in aqueous solution. QD is the
quantum yield (QY) of the donor in the absence of the
acceptor and J(l) is the overlap integral, which represents the
degree of spectral overlap between the donor emission and
the acceptor absorption. The values for J(l) and R0 increase
with higher acceptor extinction coefficients and greater
overlap between the donor emission spectrum and the
acceptor absorption spectrum. Whether FRET will be effec-
tive at a particular distance r can be estimated by the “rule of
thumb” R0� 50% R0 for the upper and lower limits of the
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The use of F!rster or fluorescence resonance energy transfer (FRET)
as a spectroscopic technique has been in practice for over 50 years. A
search of ISI Web of Science with just the acronym “FRET” returns
more than 2300 citations from various areas such as structural eluci-
dation of biological molecules and their interactions, in vitro assays,
in vivo monitoring in cellular research, nucleic acid analysis, signal
transduction, light harvesting and metallic nanomaterials. The advent
of new classes of fluorophores including nanocrystals, nanoparticles,
polymers, and genetically encoded proteins, in conjunction with ever
more sophisticated equipment, has been vital in this development. This
review gives a critical overview of the major classes of fluorophore
materials that may act as donor, acceptor, or both in a FRET config-
uration. We focus in particular on the benefits and limitations of these
materials and their combinations, as well as the available methods of
bioconjugation.
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F.rster distance.[8, 9] The efficiency of the energy transfer can
be determined from either steady-state [Eq. (2)] or time-
resolved [Eq. (3)] measurements.

E ¼ 1�FDA

FD
ð2Þ

E ¼ 1� tDA

tD
ð3Þ

F is the relative donor fluorescence intensity in the
absence (FD) and presence (FDA) of the acceptor, and t is the
fluorescent lifetime of the donor in the absence (tD) and
presence (tDA) of the acceptor.

FRET is very appealing for bioanalysis because of its
intrinsic sensitivity to nanoscale changes in D/A separation
distance (proportional to r6). This property is exploited in
FRET techniques ranging from the assay of interactions of an
antigen with an antibody in vitro to the real-time imaging of
protein folding in vivo.[11,12] The myriad FRET configurations
and techniques currently in use are covered in many
reviews.[8, 13,14] Herein, we focus primarily on the fluorophore
materials utilized in bioanalytical FRET rather than the
process itself. The materials can be divided into various
classes: organic materials, which includes “traditional” dye
fluorophores, dark quenchers, and polymers; inorganic mate-
rials such as metal chelates, and metal and semiconductor
nanocrystals; fluorophores of biological origin such as
fluorescent proteins and amino acids; and biological com-
pounds that exhibit bioluminescence upon enzymatic catal-
ysis. These materials may function as either FRET donors,
FRET acceptors, or both, depending upon experimental
design. A major focus is on FRET between disparate classes
of materials; selected examples will be discussed for this
purpose.We also focus on potential FRETmaterials that have
not yet found practical application. Given the myriad
examples available, we cannot do justice to all developments
and we extend our apologies for any omissions.

1.2. Methods of Conjugating Fluorophores to Biomolecules

Fluorophore conjugation to biomolecules at known
distinct locations is the most desirable FRET configuration;
thus techniques for accomplishing this deserve some discus-
sion. The most commonly used reagents for site-specific
biolabeling are commercially available fluorophores with a
succinimidyl ester or maleimide reactive group that targets
the primary amino or thiol groups, respectively, on biomol-
ecules such as proteins or DNA. As proteins have many
primary amino groups (mostly lysine residues), the coupling is
relatively unspecific and variable dye-to-protein (D/P) ratios
result. Targeting thiol groups on cysteine residues with
maleimide chemistry is more specific as these can be easily

Igor L. Medintz, born 1968, studied chemis-
try and forensic science at John Jay College
of Criminal Justice, City University of New
York. In 1998, he received his PhD in
molecular biology under Prof. Corinne
Michels of Queens College (also CUNY). He
carried out postdoctoral research under Prof.
Richard A. Mathies (UC Berkeley) on the
development of FRET-based assays for
microfabricated devices for genetic analysis.
Since 2002 he has been at the Center for
Bio/Molecular Science and Engineering of
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is working in collaboration with Dr. Hedi Mattoussi on creating biosensors
with quantum dots.
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Center for Bio/Molecular Science and Engi-
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tory, where she is working on creating
fluorescent-based biosensors using the array
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Dr. Frances Ligler.

Figure 1. Schematic of the FRET process: Upon excitation, the excited-
state donor molecule transfers energy nonradiatively to a proximal
acceptor molecule located at distance r from the donor. The acceptor
releases the energy either through fluorescence or nonradiative chan-
nels. The spectra show the absorption (Abs) and emission (Em)
profiles of one of the most commonly used FRET pairs: fluorescein as
donor and rhodamine as acceptor.[309] Fluorescein can be efficiently
excited at 480 nm and emits at around 520 nm. The spectral overlap
between fluorescein emission and rhodamine absorption, as defined
by J(l), is observed at 500–600 nm. The FErster distance R0 for this
pair is 55 F. Thus, in an optimal configuration (r<55 F), excitation of
fluorescein at under 500 nm can result in significant FRET emission of
the rhodamine at above 600 nm. A=normalized absorption,
IF=normalized fluorescence.
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introduced into proteins recombinantly for this purpose.[15]

However, this too can be problematic, since disulfide bridges
already present in proteins may be critical to the conforma-
tion, and additional cysteine residues could destroy the
protein structure. Additionally, proteins expressing even a
single surface-exposed thiol group will form dimers when
purified, so that a reduction step is necessary prior to labeling.
The original chemistry for protein labeling was developed by
Gregorio Weber, and many of the probes he developed are
still in use today.[2] In general DNA and RNA labeling is less
challenging, as these can be synthesized with site-specific thiol
or amine groups, as well as nucleotides modified with a
variety of fluorophores and quenchers.[16, 17] Thus, both differ-
ential labeling and the exact placement of fluorophores within
the oligonucleotide structure are possible. Table 1 lists some
of the commonly available reactive groups on fluorophores
designed for labeling biomolecules, along with their targets.

A variety of protocols exist for introducing specific
functional groups onto biomolecules. Perhaps the best
available resource on this subject is HermansonFs Bioconju-
gate Techniques.[18] AGuide to Fluorescent Probes and Label-
ing Technologies by Haugland is another good source
(available free of charge from Molecular Probes).[19] Strat-
egies exist that employ noncovalent or electrostatic inter-
actions for associating fluorophores with biomolecules,
although these are not so attractive for FRET applica-
tions.[2, 19]

Several emerging technologies offer alternatives for site-
specific fluorescent labeling of proteins; most are geared
towards applications in vivo. Fluorescent proteins (FPs) such

as the green fluorescent protein (GFP) can be appended onto
existing proteins by using recombinant techniques, thus
allowing the endogenous expression of fluorescent protein
chimeras (see Section 3.2).[14,20,21] The FlAsH method
(FlAsH= 4’,5’-bis(1,3,2-dithioarsolan-2-yl)fluorescein) devel-
oped by Tsien allows in vivo coupling of nonfluorescent, cell-
permeable biarsenical fluorophores to proteins expressing an
optimized Cys-Cys-Pro-Gly-Cys-Cys sequence. Only the
reacted fluorophore is emissive. This labeling technique has
already been used for in vivo FRET applications
(Figure 2).[21–24]

The HaloTag method utilizes a fusion protein with a
dehalogenase domain, on which a fluorescent ligand is
conjugated through substitution of a chloride function.[25]

Another fusion protein based system, which allows both
in vivo and solution labeling of target proteins, is the
SNAP tag. This system utilizes a modified alkylguanine–
DNA alkyl transferase, which reacts with a p-benzylguanine-
modified fluorophore to form a thioether bond. Hellinga and
co-workers have also described a method for the sequential/
orthogonal labeling of multiple thiol groups on purified
proteins by exploiting metal coordination and disulfide bond
formation to protect cysteine residues in a Cys2His2 zinc-
finger domain.[26] Future strategies may include in vivo
incorporation of unnatural amino acids as unique labeling
sites.[27] Regardless of the FRET method chosen, having both
the donor and acceptor at known, distinct locations on
biomolecule(s) is most desirable for analysis of the exper-
imental data. It is also the most technically challenging to
accomplish on a single molecular entity.

2. Organic Materials

2.1. UV-, Vis-, and IR-Emitting Dyes

Organic dyes that emit in the ultraviolet (UV), visible
(Vis), and near-infrared (IR) region are considered “tradi-
tional” FRET dyes. They represent the majority of D/A pairs
currently used in FRETapplications and are also the first type
of dye usually tested with new or “nontraditional” materials.
The most common are several structurally related classes of
dyes whose emissions span the UV-to-IR spectrum (Figure 3).
Such dyes are available in reactive form from commercial
sources activated with N-hydroxysuccinimide (NHS) ester,

Lorenzo Berti, born 1971, studied Chemistry
at the University of Bologna (Italy) and
obtained his PhD in organic chemistry from
the same university in 2000. He carried out
postdoctoral research under Prof. Richard A.
Mathies at UC Berkeley, where he developed
universal FRET tags for DNA sequencing
and genotyping. Since 2003 he has been a
Research Scientist at the INFM-CNR in
Modena, Italy. His research interests include
developing linking strategies for conjugating
biomolecules to inorganic materials and
exploiting the potential of DNA for engineer-
ing nanostructures.

Table 1: Common reactive groups and methods for attaching fluorophores to biomolecules.[18, 19]

Target Reactive Group Comment

thiol maleimide, iodoacetyl, piridyldisulfide[a] site-specific but requires a free cysteine on proteins
primary amine succinimidyl esters (NHS), sulfonyl chlorides,

iso(thio)cyanates, carbonyl azides[a]
proteins may have many primary amines

carboxyl carbonyldiimidazoles, carbodiimides[b] allows further coupling to amines
hydroxyl carbonyldiimidazoles, periodate,

disuccinimidyl carbonate[b]
allows further coupling to amines

carbohydrates periodate[b] oxidizes sugars to create reactive aldehydes,
which couple to amines

intracellular proteins FlAsH[22] requires cloning
intracellular proteins SNAP-tag/HaloTag[25] requires cloning and commercial ligands
intracellular proteins fluorescent proteins[14,20,21] requires cloning and formation of a chimera

[a] Reactivity can also target amine- or thiol-modified DNA. [b] Multistep modifications.
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maleimide, hydrazide, or amine functionalities for bioconju-
gation. The UV dyes are typically pyrene-, naphthalene-, and
coumarin-based structures, while the Vis/near-IR dyes
include a variety of fluorescein-, rhodamine-, and cyanine-
based derivatives (Scheme 1).

Members of some dye families, such as the
cyanines (Cy), are closely related in structure,
whereas others, such as the AlexaFluor com-
pounds, are quite diverse. All dye families are
typically characterized by closely spaced, broad
absorption/emission profiles (small Stokes shift)
and all have both associated advantages and
disadvantages depending on the intended appli-
cation. For example, fluorescein dyes are popular
because of their high quantum yields, solubility,
and ease of bioconjugation, and fluorescence is
readily obtained by excitation with a standard
argon-ion laser (488 nm). However, fluorescein
has a high rate of photobleaching, is pH-sensitive
(which is sometimes advantageous, see Sec-
tion 2.3), and can self-quench at high degrees of
substitution. Alternatives such as Oregon Green
dyes (fluorinated fluorescein analogues), the
AlexaFluor compounds, the Cy family, and the

BODIPY compounds may alleviate some of these issues. Low
solubility in aqueous environments can be an issue for some
of the redder dyes, for which overlabeling can induce protein
precipitation. For FRET applications in particular, the broad
absorption/emission profiles and small Stokes shifts often
lead to direct excitation of the acceptor, which complicates
subsequent analysis. In general, their advantages include: the
availability from commercial sources, their relatively low cost,
the availability of established methods for bioconjugation,
and, most importantly, the extensive description of their
FRET properties in the literature.

Figure 2. Structure of the fluorescein derivative FlAsH in its nonfluorescent form and the
optimized hairpin motif with target cysteine residues highlighted (Xaa=generic amino acid).
After conjugating with this peptide sequence in vivo, the bound fluorophore becomes
emissive.[22,23]

Figure 3. Examples of available fluorescent dye and quencher families,
almost all of which have been used for FRETmeasurements. Absorb-
ance and emission maxima along with spectral regions covered by a
particular dye family are highlighted. Tetramethylrhodamine (TMR),
carboxytetramethylrhodamine (TAMRA), and carboxy-X-rhodamine
(ROX) are all rhodamine-based dyes. The most common D/A dye
combinations are coumarin/fluorescein, fluorescein/rhodamine, and
Cy3.5/Cy5. Popular dye/quencher combinations include rhodamine/
Dabcyl and Cy3/QSY9. Major suppliers are the companies Molecular
Probes (fluorescein, rhodamine, AlexaFluor, BODIPY Oregon Green,
Texas Red, and QSY quenchers), Amersham Biosciences (Cy dyes and
Cy5Q/Cy7Q quenchers), AnaSpec (HiLyte Fluors, QXL quenchers),
ATTO-TEC (ATTO dyes and quenchers), and Molecular Biotechnology
(DY dyes), Pierce (DyLight 547 and DyLight 647 dyes), Berry and
Associates (BlackBerry), and Biosearch Technologies (Black Hole).
FITC= fluorescein isothiocyanate.

Scheme 1. Structures of common UV/Vis fluorescent dyes. Typical
substituents at the R position include CO2

� , SO3
� , OH, OCH3, CH3,

and NO2; R
x marks the typical position of the bioconjugation linker.
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There are many resources available to
aid in choosing suitable D/A pairs, includ-
ing a number of reviews.[2,15,28,29] Wu and
Brand[30] offer an extensive list of donor–
acceptor dye pairs and their respective R0

values. HauglandFs Handbook is another
excellent resource.[19] The web-based pro-
grams of Invitrogen (http://probes.invitro-
gen.com/resources/spectraviewer/) and
BioRad (http://microscopy.biorad.com/
fluorescence/fluorophoreDatab.htm) allow
the researcher to plot multiple dye absorp-
tion/emission profiles to optimize spectral
overlap as well as choose appropriate
filters. Buschmann et al. also give an excel-
lent comparison of the physical and spec-
troscopic properties of a number of red-
absorbing dyes.[31]

Dye-to-dye FRET combinations still
remain state-of-the-art for many applica-
tions.[2, 8] Enzymes, designed substrates, and
cell surface receptors labeled with these
organic D/A dye pairs have been used both
in vitro and in vivo to monitor various
biochemical processes, such as 3’,5’ cyclic
monophosphate (cAMP) production,[32]

phosphodiesterase activity,[33] b-lactamase
activity,[34] integrin binding,[35,36] as well as
conformational and electrical processes in
single- ion channels.[37] Similar dye combi-
nations are also useful for FRET-based
biosensors, for examples, hydrogel-encap-
sulated glucose sensors[38] and sensors for
lysozyme,[39] zinc,[40] and cholera toxin.[41]

One area in which FRET applications with donor–
acceptor dye combinations has had tremendous impact is
nucleic acid analysis, particularly DNA sequencing and
genotyping.[16,28,29,42] Mathies, Glazer, and co-workers realized
that the use of a FRET system could simplify the instrumen-
tation needed for DNA sequencing. By utilizing a common
donor and four different acceptors (one for each of the DNA
bases) attached to common DNA primers, they created four
well-separated spectral emission windows that were excited at
only a single wavelength.[43–45] The use of FRET could
increase the acceptor emission with these primers by over
20 times with respect to directly excited non-FRET controls.
This FRET strategy became the backbone of the DNA
analysis technology that has revolutionized genomics and is
found in derivative genotyping technology such as the
Taqman assay.[16] A cassette version of the ET primers was
created for attachment to any desired thiolated primer or
oligonucleotide (Figure 4).[17] FRET-basedDNA sensors have
also been used to monitor pH variations in living cells during
apoptosis.[46]

Interestingly, the use of DNA scaffolds has helped address
fundamental questions about the dependence of the FRET
efficiency on the orientation of the D/A dyes.[47] The
immobilization of FRET-based DNA probes onto glass[48]

and gold[49] has recently been tested and will be important

for utilizing such probes in high-throughput parallel detectors
(analogues of DNA microarrays).

It is clear that traditional dye-to-dye FRET systems will
continue to play an important role. The substitution of the
donor and acceptor with other classes of fluorophore will be
driven by addressing deficiencies of organic dyes and creating
new applications.

2.2. Quencher Molecules

The use of quenching acceptors is becoming increasingly
popular in FRET systems. The principal advantage that these
molecules offer over their fluorescent counterparts is the
elimination of background fluorescence originating from
direct acceptor excitation or re-emission.

Quenchers can take the form of organic molecules or
metallic materials such as gold (Section 4.2). There are a
variety of organic quencher families available commercially
(Figure 3 and Scheme 2). Dabcyl (4-(4’-dimethylaminophe-
nylazo)benzoic acid) and Dabsyl (4-dimethylaminoazoben-
zene-4’-sulfonyl) are two of the most common nonfluorescent
acceptors, with absorption maxima centered at 485 and
466 nm, respectively. Other quencher families include the
QSY, QXL, ATTO, BlackBerry, and Black Hole quenchers.

Figure 4. a) Schematic of energy-transfer cassette primers.[17] Each of the cassettes is built upon a
common modified sugar-nucleotide backbone. The use of different acceptors creates four spectrally
separated emission windows centered at 520, 550, 580, and 605 nm. The energy-transfer cassettes are
attached to thiolated primers through thiol bridges. R6G=6-carboxyrhodamine-6-G, TAM=carboxyte-
tramethylrhodamine. b) Normalized absorbance and emission spectra (488-nm excitation) for each of
the four colors of an ET cassette compared with direct excitation of the corresponding control acceptor
dye at the same concentration. The factor by which the emission is increased in the FRET system
relative to the single dye control assay is indicated in red. Figure generously provided by R. Mathies,
UC Berkeley.
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These generally tend to have broad absorption spectra, which
allow them to function as acceptors for many dyes. Quenchers
are often applied to DNA analysis, in particular, in molecular
beacons in the form of acceptors paired with organic dye
donors (see review articles by Tan et al.[28,29] and Didenko[16]).
The principal advantage of this configuration is that it allows
monitoring of the donor channel alone and if sufficient
spectral separation is achieved opens the possibility of
“multiplexing” with other donor/quencher pairs. Besides
DNA-based diagnostics, molecular beacons incorporating
quencher species have been used to measure DNA perme-
ability of polyelectrolyte thin films,[50] and catalytic DNA
biosensors have detected lead ions.[51] Quencher-labeled
substrate analogues have been used in conjunction with
dye-labeled proteins for FRET-based displacement biosens-
ing of nutrients.[52] One of the few examples of a FRET system
in which organic quencher molecules are coupled to a non-
organic fluorophore involves quantum dot (QD) donors (see
Section 4.3).

2.3. Environmentally Sensitive Fluorophores

Environmentally sensitive fluorophores exhibit some
change in their absorbance and emission properties in
response to a change in their environment such as pH, ionic
strength or type, (e.g., Ca2+, Cl�), O2 saturation, solvation, or
polarity. It is difficult to define them as a completely discrete
class of fluorophores, as almost all fluorophores respond to
some perturbation in their environment.[2,19] Thus, these
fluorophores are usually defined by the analyte or condition
to which they respond most favorably (e.g., pH or calcium
indicator dyes).[19] Perhaps the best known example is
fluorescein (FAM; Scheme 1), whose absorption and emis-
sion change in response to pH as a function of ionization
equilibria (Figure 5).[19] This property has been extensively
exploited to monitor intracellular pH, and a variety of FAM
ester derivatives are available and are retained intracellularly
following delivery and ester hydrolysis. The most commonly

used probe for estimating intracellular pH is the polar
BCECF derivative developed by Tsien and co-workers.[53]

For pH monitoring, Molecular Probes offers a variety of
reactive FAM analogues and proprietary seminaphthorhoda-
fluors (SNARF), seminaphthofluoresceins (SNAFL), and
their ester derivatives.[19] The optimal working range of
these fluorophores is around pH 5–9. For acidic solutions,
Oregon Green and Lysosensors are more appropriate.[19]

However, the emission of these dyes is confined to the visible
and near-IR region, and many are not available with reactive
groups, so extensive chemical modification may be necessary
to attach them to biomolecules or other dyes. Again, Haug-
landFs Handbook[19] is a good reference for probes optimized
for monitoring pH, NO2, Ca

2+, Mg2+, Zn2+, Na+, Cl� , K+, and
membrane potential.

Several other dyes such as acrylodan and pyrene have also
been used as biosensors for changes in the environment of the
coupled protein.[15] Lakowicz and co-workers have utilized
FRET with environmentally sensitive acceptors to measure
pH values, as well as CO2 and NH3 concentrations by using
phase modulation fluorometry,[54,55] a technique that requires
specialized equipment and expertise. In general, FRET
configurations with environmentally sensitive fluorophores
have not been utilized extensively as most of the fluorophores
function adequately alone. Future applications of FRET-

Scheme 2. Structures of common organic quencher molecules. The
substituents R are listed; Rx marks the typical position of the
bioconjugation linker.

Figure 5. pH-dependent absorption (top) and emission (bottom) spec-
tra of fluorescein. The largest change is between pH 6 and pH 7.
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based environmental sensors could facilitate spatiotemporal-
correlated multicolor measurements of intracellular condi-
tions by working in conjunction with other dyes.

2.4. Dye-Labeled Microspheres/Nanoparticles

One of the limitations of conventional fluorescent assays
is the difficulty in conjugating more than one fluorophore to a
target. Conjugation to multiple fluorophores can increase the
signal and achieve lower limits of detection; however, it can
alter the function of the target biomolecule. To overcome
these limitations, functionalized polymeric microspheres have
been “soaked” with fluorophores, resulting in highly fluores-
cent nano- and microscale particles. Besides the increase in
fluorescence intensity, fluorescent microspheres present other
advantages. For instance, fluorophores that are water-insolu-
ble or lack a reactive group can be loaded into microspheres.
Fluorescent microspheres that absorb and emit from the UV
to the near IR and whose sizes can range from 2 mm down to
around 20 nm are available from, for example, Molecular
Probes, Bangs Laboratories, and Polysciences. Molecular
Probes also offer TransFluospheres, which are microspheres
loaded with a proprietary combination of dyes that optimize
internal FRET to yield large Stokes shifts.[56] Fluorescent
microspheres are also provided with a variety of surface
functionalities (e.g., biotin, avidin, collagen, amines, alde-
hydes, sulfates, and carboxylates) that allow facile bioconju-
gation to targets of interest. Functionalized spheres can also
be purchased and soaked with dyes by following published
procedures.[57,58]

Fluorescent microspheres have been extensively
employed in FRET-based analytical assays, especially flow
cytometry[59–61] and SNP genotyping.[62] Besides standard
fluorophores, fluorescent microspheres loaded with Eu-
based fluorophores are available which can be used for
time-resolved measurements of the energy transfer (Sec-
tion 4.1).[63] Apart from flow cytometry, the use of fluorescent
microspheres for FRET-based assays is still in their infancy.
However, their high fluorescence intensity, wide absorption
with multiple emission colors, multifaceted chemistry, and
commercial availability make them promising as donors,
especially for multiplex FRET assays.

2.5. Dendrimers and Polymers

Dendrimers are highly-branched polymers that are
obtained by stepwise synthesis.[64] A typical dendrimer con-
tains a core monomer from which multiple branches stem.
Each branch can be further expanded by adding other layers
of monomers.[65] The principal utility in the current context is
that multiple fluorophores and other chemical functionalities,
which may be modified further, can be conjugated or
adsorbed to the external shell to create highly fluorescent
dendrimers.[66–71] Inherently fluorescent dendrimers have also
been synthesized.[72, 73]

The oriented placement of dyes can allow the energy
absorbed at the periphery of the dendrimer to be funneled

through intramolecular energy transfer to a common acceptor
positioned at the core; thus the dendrimer effectively acts as
an artificial light-harvesting antenna (Figure 6, top).[74–77] The

major advantages of dendrimer-based fluorophores in bioas-
says are the increased absorption cross section and higher
fluorescence intensity.[78,79] Furthermore, as the solubility is
determined by the dendrimer, it is possible to deliver a drug
or a fluorophore to an environment in which it would
otherwise be insoluble.[80] Dendrimers have been used, for
example, as carriers for a variety of labels including metal
nanoparticles[81,82] and oligonucleotides,[83] as well as for
in vitro probes and in drug-delivery assays.[84,85] Intermolec-
ular energy transfer between dendrimers and other donors or
acceptors are known but not common. Examples include
FRET from dendrimers to pyrene polymers in Langmuir–
Blodgett multilayers[86] and between dendrimers.[87]

Dendrimers with functionalities that can be further
modified by the end user are commercially available (Den-
dritech and Dendritic Nanotechnologies). Genisphere com-
mercializes DNA-based dendrimers that can be used in
hybridization and detection of low-copy target genes. Qiagen

Figure 6. Top) Structure of a FRET dendrimer derived from a perylene
bis(dicarboximide) acceptor as the core and a coumarin functionalized
shell as the donor.[76] UV light (345 nm) is absorbed at the periphery,
transfered as electronic energy to the acceptor in the core, and from
there emited in the near-IR (685 nm; 99% ET efficiency). Bottom)
Structure of a biotin–polymer conjugate, employed in the detection of
DNA hybridization.[98]

FRET in Bioanalysis
Angewandte

Chemie

4569Angew. Chem. Int. Ed. 2006, 45, 4562 – 4588 
 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


offers dendrimers functionalized to bind both DNA and cells
for cellular transfection. Glen Research commercializes
monomers for generating multibranched synthetic DNA
dendrimers[88, 89] that can be employed for labeling oligonu-
cleotides with multiple fluorophores. Such multilabeled
dendrimeric primers can also be employed for high-sensitiv-
ity, multiplex PCR analysis (PCR= polymerase chain reac-
tion). The corresponding synthetic methods are also avail-
able.[64]

Fluorescent polymers are a related class of fluorophores
that can be either intrinsically fluorescent (e.g., conjugated
polymers) or functionalized with multiple fluorophores.[90–94]

Similar to dendrimers, fluorescent polymers are characterized
by high molar absorption coefficients and are effective light-
harvesting antennas. Disadvantages for their use as fluores-
cent labels for bioconjugation are their size and polydispers-
ity. The emission of fluorescent polymers is not localized,
since energy transfer occurs along the whole chain and thus
the emission is diffuse.[95] Polymers therefore cannot be used
as point donors in FRET systems. Nonetheless, fluorescent
polymers have found broad application as fluorescent layers
and in thin films for biosensors.[96, 97]

Polymer-based FRET systems have been successfully
employed in developing highly sensitive bioassays by exploit-
ing a phenomenon known as superquenching. Superquench-
ing is a photophysical phenomenon whereby certain fluores-
cent polymers act as strong fluorescence quenchers when
associated through electrostatic interactions with small mol-
ecules.[98] It occurs by a very efficient energy-transfer mech-

anism that is possible in solution and on surfaces. The effect
has been used in DNA hybridization (Figure 6, bottom),[98]

SNP analysis,[99] and protease detection.[100] Swager and co-
workers have harnessed this phenomenon to develop “ampli-
fied fluorescent polymer sensors” for a variety of explosives
and biological moieties.[97,101,102] Superquenching also occurs
in conjugates of gold nanoparticles and fluorescent poly-
mers;[103] such systems may be exploitable for bioassays.

2.6. Photochromic Dyes

Jovin and co-workers define photochromic compounds as
“having the ability to undergo a reversible transformation—in
response to illumination at appropriate wavelengths—
between two different structural forms having different
absorption (and in some cases, fluorescence) spectra”.[104]

The primary attraction of using photochromic dyes as
FRET acceptors is the possibility of reversibly switching the
acceptor (and hence the FRET effect) “on” and “off” with
light. Many interesting FRET configurations can be con-
structed with this concept.

Spiropyrans and functionally related molecules are among
the more prominent photochromic compounds. These mole-
cules exist in closed spiro forms (absorbance < 400 nm) that
undergo a light-driven intramolecular rearrangement to an
open merocyanine form (absorbance 500–700 nm; Fig-
ure 7a).[105] Jovin and co-workers have synthesized a family
of substituted diheteroarylethenes as photoswitchable accept-

Figure 7. a) Structure of sulfo-NHS-BIPS (sulfo-NHS=N-hydroxysulfosuccinimide sodium salt; BIPS=1’,3’,3’-trimethylspiro[2H-1-benzopyran-2,2’-
indoline]) in the spiropyran (SP) form before (left) and merocyanine (MC) form after (right) conjugation to a protein. b) Schematic representation
of quantum dot (QD) modulation by photochromic FRET after interacting with MBP-BIPS (MBP=maltose-binding protein). When BIPS is
converted to the MC form by UV light, the QD emission is reduced through FRET quenching. After photoconversion with white light to the SP
form, the direct emission of the QD is substantially increased. c) Photoluminescence spectra of the 555-nm luminescing QD 20 MBP-BIPS system
with a dye/protein ratio of 5 after photoconversion from the SP to the MC form. d) Effect of pcFRET on QD photoluminescence (initial change
from white light to UV). Figure adapted from reference [106] with permission of the American Chemical Society.
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ors for what they term photochromic FRET (pcFRET). Using
Luficer Yellow as a donor, they demonstrate 100% FRET
efficiency in 40 consecutive pcFRET switching cycles without
photophysical fatigue.[104] A further pcFRET system consisted
of a nitrospiropyran acceptor linked to a porphyrin donor as a
free base or complexed to zinc.[105]

A system consisting of a QD donor surrounded by
multiple spiropyran acceptors has also been investigated for
pcFRET (Figure 7b–d).[106] Altering the number of acceptors
around the central QD donor modulated the pcFRET
efficiency to between 25 and 50%. Other photochromic
dyes include substituted perfluorocyclopentene, dithienyle-
thenes, substituted oxazolylfulgides, and bismuth vanadate
pigments.[107–109] A variety of spironaphthoxazines and naph-
thopyrans (known as Reversacols) are available in more than
20 different colors from the company James Robinson.

There are inherent benefits to pcFRET. As a result of the
switching properties, two interconvertible FRET sensors with
different photophysical characteristics can be obtain from a
single configuration. The choice of switching wavelength can
be such that it does not overlap with the absorbance of the
donor. Jovin and co-workers have postulated that the use of
pcFRET could overcome problems in quantitative cell-based
FRET analysis (high local sensor densities, irreversible
photobleaching with continuous monitoring).[104] Although
the pcFRET process remains fascinating, a realistic biological
system has not yet been demonstrated.

3. Biological Materials

3.1. Natural Fluorophores

There are many naturally occurring, intrinsically fluores-
cent biomolecules, including several enzymatic cofactors and
the aromatic amino acids, tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe), which are the focus of this review
(Scheme 3).[2] Perhaps the single biggest benefit from using
these residues for fluorescence is their endogenous presence
in proteins/peptides and the ease with which they can either
be introduced into proteins recombinantly or synthesized into
nascent peptides. The strong UV absorbance of proteins at
280 nm (commonly used for quantitation) as well as the
emission at 340–360 nm originate mostly from the indole ring

of the tryptophan residue; tyrosine and phenylalanine con-
tribute to a much lesser extent.[2] The negligible quantum
yield (ca. 0.02) of phenylalanine makes it less amenable to
FRET, except perhaps in intraprotein configurations. Tyro-
sine is prone to quenching and energy transfer to tryptophan.
This leaves tryptophan as the most reliable residue for FRET
(see review articles and references [2,30,110]). A potential
drawback to FRETapplications with Trp is that the excitation
lines and anyD/A dyes will be confined to the UV region. The
fluorescence from these residues is also environmentally
sensitive and so placement of these residues deep within a
protein structure will produce results that differ from those at
the terminus of a small peptide. As an example of protein
fluorescence, the absorption and emission spectra of the
maltose-binding protein (MBP) are shown in Figure 8. MBP
is a well-characterized member of the bacterial periplasmic
binding protein (bPBP) superfamily and contains 8Trp,
15Tyr, and 15Phe residues.[15]

Myriad examples highlighting the versatility of these
endogenous fluorophores abound. These include a FRET
system with a Trp donor and dansyl acceptor to estimate the
helix–helix association of bacterioopsin.[111] A Trp donor has
also been used to measure the binding affinities for the E. coli
DEAD-Box RNA helicase DbpAwith fluorescent nucleotide
analogues as acceptor.[112] A Trp located within the core of a
reductase protein functioning in conjunction with a NADPH
coenzyme quencher was used for measuring binding affin-
ities.[113] Trp residues within the E. coli melibose permease
acting as energy donors for a fluorescent sugar analogue were
identified through their sequential mutagenesis.[114] A FRET
system consisting of a fixed Trp residue as donor and a
modified 3-nitrotyrosine as acceptor within the human a-
synuclein protein was used to demonstrate that the elongated
structure of a mutant is associated with ParkinsonFs dis-
ease.[115] Trp has also been used as an acceptor for a nitrile-
derivatized phenylalanine donor to study the conformation of
a 14-residue amphipathic peptide.[116] The distance between
helices in the M13 transmembrane procoat protein was

Scheme 3. Structures of the three naturally fluorescent aromatic amino
acids phenylalanine (Phe: QY=0.02, t	7 ns, lex	260 nm,
lem	282 nm), tryptophan (Trp: QY=0.13, t	3 ns, lex	295 nm,
lem	353 nm), and tyrosine (Tyr: QY=0.14, t	3–4 ns, lex	275 nm,
lem	304 nm).[2,110]

Figure 8. Normalized absorption and emission profile (lex	280 nm)
of maltose-binding protein (MBP; Mr	44,000).[4,15,129]
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measured by FRET with a Tyr donor and a Trp acceptor.[117]

Other FRET configurations include a Trp donor and a
chromium(III) acceptor,[118] and a homotransfer system
between Trp residues.[119]

Residue-to-residue FRET is more advantageous for
smaller distances (< 5 nm) and is ideal for intraprotein
studies. The R0 values reported by Wu and Brand for 14
combinations with Trp as the donor and a dye as the acceptor
range from 12 to 40 *, which also represents a good estimate
of the viable FRET range with dye acceptors.[30] From this
range one can generalize that Trp residues almost anywhere
within a “smaller” protein (diameter< 3 nm;Mr< 30000) will
probably function as either a donor or an acceptor for an
appropriate dye implanted within the protein structure.
Indeed, if several Trp residues are present they will contribute
to FRET to different extents on the basis of their separation
distance. In view of the relative ease of introducing mutations
into proteins, it should not be difficult to design modules with
fluorescent residues for appending onto proteins of interest.
These modules could function as efficient donors with large
absorption cross sections to augment a FRET-based biosens-
ing protein or as a tandem donor for a fluorescent protein or
in a light-harvesting complex. With the growing interest in the
structure and function of proteins, these endogenous fluo-
rophores clearly remain underutilized.

3.2. Fluorescent Proteins

Fluorescent proteins (FPs) are being used increasingly in
FRET systems, and the technologies and materials are
continually improving. There are clear conceptual benefits
to a fluorophore that is genetically appended onto the gene
coding for a protein of interest to create a fluorescent
chimera: the fluorophore and protein can then be co-
expressed intracellularly and, when visualized, reveal the
location and relative expression level.[14,20,21] The green
fluorescent protein (GFP; Figure 9) derived from the jellyfish
Aequorea victoria is the prototypical fluorophore of this
protein family and has been used to revolutionize many
aspects of cell biology.[120] Tsien provides an excellent
monograph on this protein and its photophysical function.[20]

The GFP was first described more than 40 years ago but was
not cloned until the early 1990s. Key to its widespread use was
the demonstration that this gene could be expressed in other
organisms, since the coding sequence alone contains every-
thing needed for the chromophore to mature and function.[20]

Key internal residues are modified during maturation to form
the p-hydroxybenzylideneimidazolinone chromophore,
located in the central helix and surrounded by 11 b strands
(b-can structure).

Many GFP variants exist that differ in protein and
chromophore structure and hence also in their absorbance
and emission profiles.[20] Through mutation and selection, a
more enhanced and stable GFP was produced, as well as blue,
cyan, and yellow fluorescent proteins (BFP, CFP, YFP).[21]

The red fluorescent protein (DS Red) was cloned in 1999 and
revealed to be an obligate tetramer that matured slowly from
green to red.[21,121,122] Tsien and co-workers developed a
monomeric red fluorescent protein (mRFP) and various other
red fluorophores, which they named after the fruit colors they
resemble.[21, 123] Other colors of FPs have been cloned from
coral; these also appear to be tetrameric.[21] Figure 10 shows
the absorption and emission profiles of representative FPs.

There are also commercially available FPs, such as the
red/green series of phycobilisome-derived PBXL fluoro-
phores.[124] These are stabilized multichromophore supra-
molecular protein complexes that can be linked to proteins.
The increased number of fluorophores provides significantly
higher sensitivity.

FPs are primarily being used for in vivo labeling of cells.
FPs encoded in plasmids are available that are optimized for
cloning proteins at either the N- or C-terminal. The plasmids
allow controlled expression in a variety of cells and organisms
including bacteria, yeast, and eukaryotes. The quantum yields
of these proteins are generally good, ranging from 0.17 for a
BFP to around 0.79 for a wild-type GFP, and largely depend
upon which mutations are present and the final chromophore
structure.[21] These benefits do, however, come with liabilities.
Most FPs are large (Mr	 25 to 30 kD and larger); appending a
protein of this size onto another protein while maintaining the
desired function can be problematic.[24] An FP can also be
placed in the center of a protein or on the intra- or
extracellular membrane; however, the correct folding, inser-
tion, and fluorescence are never guaranteed. FPs that form
dimers and tetramers can compound issues of creating
bifunctional chimeras.[21, 121] It can take several hours for FPs
to mature and for the final chromophore to be formed, and
the absorption and emission may shift during this process.
These proteins are also susceptible to pH, temperature, O2

concentration, and other environmental conditions.[20]

Although many FPs may be sensitive to photobleaching,
this need not be a liability, since advanced imaging techniques
such as fluorescence recovery after photobleaching (FRAP)
can exploit these phenomena.[125] As can be seen in Figure 10,
the generally broad absorption/emission profiles of an FP
may preclude multiplex analysis.

The strategy of Tsien and co-workers for FRET-based FP
indicators created a new class of genetically encoded sensors
for monitoring intracellular analytes.[126,127] The original con-
structs (termed “cameleons”) were designed to sense calciumFigure 9. Ribbon structure of the green fluorescent protein (GFP).
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and consisted of linear fusions of BFP or CFP donors and
enhanced GFP or YFP acceptors, which flanked calmodulin
and the calmodulin-binding peptide.[127] Upon Ca2+ binding,
calmodulin wraps around the peptide, so that the distance
between the flanking FPs is reduced and the FRET increased.
Following this strategy, the group of Frommer developed an
elegant series of intracellular sensors that consist of FPs fused
to the N- and C-termini of bPBPs.[128–130] The prototype
consisted of MBP with an enhanced CFP (ECFP) donor fused
to the N-terminus and a YFP acceptor fused to the C-
terminus (Figure 11).[129] MBP belongs to the superfamily of
hinge-binding proteins. Upon binding maltose, it undergoes a
conformational change around the central hinge. This move-
ment causes the two FPs to move closer together, thus altering
the FRETefficiency and allowing transduction by a change in
emission ratio of the donor and acceptor (Figures 11 and 12).

Additional sensors target glucose and ribose; however,
the FPs in these sensors move apart in response to binding,
thus resulting in a decrease in the D/A fluorescent ratio.[128,130]

The overlap of the absorption and emission spectra of

multiple-FP fusions results in small dynamic changes in
FRET configurations; therefore sensitive optical equipment
and spectral deconvolution are necessary. Biosensors that are
based on this tandem-FP consensus design have now been
developed to target kinases, lipases, various intracellular
second messengers, and proteases.[120]

Rice created a kinesin C-terminal GFP fusion and labeled
the kinesin with tetramethylrhodamine to allow FRET
monitoring of the conformational changes of the protein
upon binding nucleotides.[131] Hoffman et al. demonstrated a
novel combination of CFP and the FlAsH system to label a G-

Figure 10. a) Normalized absorption and b) fluorescence profiles of
representative fluorescent proteins: cyan fluorescent protein (cyan),
GFP, Zs Green, yellow fluorescent protein (YFP), and three variants of
red fluorescent protein (DS Red2, AS Red2, HC Red). Figure courtesy
of Clontech.[14]

Figure 11. Modified MBP fluorescent indicator. ECFP as donor was
fused to the N terminus of MBP, and YFP as a FRET acceptor was
fused to the C terminus. H indicates the portion of protein functioning
as a hinge between the two lobes of the MBP. The central binding
pocket of the MBP is located between the two lobes. In the abscence
of maltose, the two FPs are at their maximum distance from each
other and FRET is minimal. Upon binding maltose, the MBP under-
goes a conformation change that brings the two FPs into close
proximity and increases FRET, which can be monitored by the change
in ratio of the YFP and CFP emission (see Figure 12).[129]

Figure 12. a) Confocal image of a maltose-FP sensor expressed in
yeast. Fluorescence is detected in the cytosol but not in the vacuole.
Scale bar=1 mm. b) Changes of the maltose concentration in the
cytosol of yeast that expresses a maltose sensor with a Kd value of
25 mm. The graph indicates emission ratio as a function of maltose
uptake for a single yeast cell. Figure generously provided by W.
Frommer, Stanford University; reproduced with permission of the
National Academy of Sciences USA.[129]
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protein-coupled receptor system.[24] Dual labeling of the same
receptor with CFP and YFP maintained receptor activation
but disrupted downstream signaling. Replacing YFP with a
FlAsH dye allowed normal downstream signaling.[24]

Those interested in using these proteins can now consult
several guides.[21, 132] The increased interest in utilizing FPs for
FRET and other intracellular applications has stimulated
their continual improvement, and enhanced GFPs that are
more tolerant to pH and environment have been created.[20]

Through mutational selection, monomeric RFPs have been
developed from the original tetramers and dimers.[123,133] For
optimal FRET pairing, Nguyen and Daugherty developed a
CFP–YFP pair that exhibited a 20-fold change in the FRET
signal ratio (compared with a 3-fold change for the the
original construct).[134] This new D/A pair should enable
FP FRET sensors in which the donor and acceptor have less
than optimal configuration. FPs from different species have
also been cloned with new colors and interesting properties
such as photoconversion.[135]

3.3. Enzyme-Generated Bioluminescence

Enzyme-generated bioluminescence (BL) is a natural
phenomenon found in certain beetles, bacteria, and marine
species. In BL, the substrate luciferin is oxidized by a
luciferase enzyme in the presence of O2 and sometimes a
cofactor such as ATP.[136–139] The oxidation of luciferin yields
an excited-state molecule that decays with light emission
(Scheme 4). BL has found applications as a reporter in many
bioassays.[140–143] The light emitted from a BL system can also
be exploited for energy transfer to an appropriate
acceptor.[144–147] This process, known as bioluminescence
resonance energy transfer (BRET), is a variant of FRET
and is similarly efficient for D/A separation distances from 10
to 100 *.[141] Luciferase acts as the donor in a BRET system,
and the acceptor is usually GFP, which is also the physio-
logical acceptor in luminescent organisms.[148,149] The principal

advantage offered by BRET is that no excitation light source
is required to excite the donor, which avoids problems such as
light scattering, high background noise, and direct acceptor
excitation.[146] Additionally, since the donor or both the donor
and acceptor can be co-expressed in the cell as fusion proteins
and the excitation follows a localized event (luciferin
delivery), the target of interest can be excited specifically,
which is especially important for applications in vivo.[145]

BRET reporter pairs have been utilized for in vivo
monitoring of protein–protein interactions including the
interactions between circadian clock proteins,[144] insulin
receptor activity,[150–152] and the real-time monitoring of
intracellular ubiquitination.[145,153] Whereas the acceptor is
usually conserved as GFP or one of its variants, a variety of
related donor enzymes have been employed. The most
commonly exploited luciferases are the terrestrial and
marine bacterial luciferases and the eukaryotic firefly and
Renilla (Sea Pansy) luciferases (Table 2). Luciferases catalyze
the oxidation of reduced flavin mononucleotide (FMNH2)
and a long-chain aliphatic aldehyde in the presence of O2 to
yield blue light (Scheme 4a).[154,155] Because FMNH2 is rapidly
oxidized in air, this luciferase cannot provide continuous
emission, but instead generates only short bursts of light.[137]

Also, since these genes are not easily expressed in mammalian
cells, bacterial luciferases have found limited applications. No
BRETapplication of bacterial luciferase has been reported to
date.

The firefly luciferase/luciferin pair is the most commonly
exploited BL reporter system. This luciferase catalyzes the
oxidation of luciferin in the presence of ATP with emission of
green-yellow light (Scheme 4b).[156] The light emitted initially
is highly intense, but then decays to a sustained low-intensity
luminescence. The addition of coenzyme A can help to yield a
more-stable, high-intensity luminescence that decays over
several minutes.[157] Caged luciferin, which is designed for
intracellular delivery, is commercially available.[158] Once
inside the cell, this luciferin can be activated either by UV
light or by the action of intracellular esterases. The firefly

luciferase/luciferin system is probably the best
candidate for a BRET-based donor, as it shows a
high quantum yield (0.88) and is easily expressed in
E. coli. However, as its emission maximum is
around 560 nm, GFP and some of its variants are
not suitable as acceptors. Alternative acceptors such
as Cy3/Cy5 and the fluorescent protein DS Red
have already been used with this protein donor to
monitor antigen–antibody binding[159] and protein–
protein interactions.[160]

Renilla luciferase (RLuc) catalyzes the oxida-
tion of coelenterazine to coelenteramide with the
emission of blue light (Scheme 4c).[138] Although the
quantum yields of RLuc are low (0.07) in compar-
ison with those of firefly luciferase, the assays are
simpler to perform as cofactors are not required.
Unfortunately, RLuc exhibits a certain amount of
autoluminescence, which results in a less sensitive
assay. Even with this limitation, the Renilla lucifer-
ase/coelenterazine system is the first and probably
most exploited donor for BRET systems.[144] Exam-

Scheme 4. Bioluminescent substrates and enzymatic reactions of several common lucifer-
ases: a) the aliphatic aldehyde substrate of bacterial luciferase; b) structure and reaction of
luciferin, the substrate of firefly luciferase; c) colenterazine, the substrate for Renilla
luciferase and also part of apoaequorin.
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ples of its use include the monitoring of the dimerization of
the b-adrenergic receptor[161,162] and the binding of the insulin-
like growth factor II to the insulin-like growth factor binding
protein in living cells.[163] Two new Renilla genes (hRluc) that
are optimized for expression in mammalian cells have also
been created (Table 2). The emission of Renilla luciferase can
also be modulated by choosing the appropriate coelenter-
azine substrate, and several analogues with different emis-
sions are available.[164,165]

Perkin–Elmer has developed a proprietary BRET2 assay
that utilizes Renilla luciferase, a coelenterazine substrate
named DeepBlueC (emission at 395 nm), and an optimized
GFP2 acceptor. This configuration functions like a standard
BRET assay, but has greater spectral resolution between the
donor and acceptor pair.

Another luciferase from Gaussia (hGluc), has been
optimized for expression in both bacterial and mammalian
cells.[166,167] With a molecular mass of only 20 kDa (compared
with 35 kDa for Renilla), hGluc displays spectral character-
istics similar to Rluc while also addressing problems associ-
ated with steric constraints in chimeric fusions. Gaussia
luciferase expressed in mammalian cells generates up to 1000-
fold brighter light than native Renilla.[168] Although hGluc has
been employed as a reporter label for following DNA
hybridization[167] and for monitoring bacterial cells,[169] there
are no reports of its use as a BRET donor. Other isolated
luciferases include the 19-kDa luciferase from the luminous

shrimp Oplophorus gracilirostris, which catalyzes the oxida-
tion of coelenterazine and emits light at 454 nm with high
quantum yield at temperatures up to 40 8C.[170]

Aequorin, derived from jellyfish, is a Ca2+-sensitive
bioluminescent photoprotein consisting of the luciferase
apoaequorin complexed to its coelenterazine substrate (Sche-
me 4c)[171] . The blue bioluminescence of Aequorin is trig-
gered by Ca2+ ions; hence, its principal application is as a
reporter for Ca2+ ions.[139, 172]Aequorin has been employed as a
BRET donor to monitor the interaction between Streptavidin
(fused with Aequorin) and a biotin carboxyl carrier protein
(fused with an EGFP acceptor).[173] In a modified BRETassay,
the bioluminescence of biotinylated Aequorin was quenched
by Dabcyl or QSY-7-labeled avidin upon exposure to Ca2+

ions.[174]

In general, BRET systems with the described enzymatic
donors have been exploited mostly for in vivo assays. How-
ever, it is foreseeable that applications such as biosensors that
do not require an excitation source can be developed.

3.4. Enzyme-Generated Chemiluminescence

Enzyme-generated chemiluminescence (CL) is closely
related to BL, with the difference being that the luminophore
in this case is a synthetic substrate that is excited through an
enzymatically catalyzed reaction.[143] Scheme 5 and Table 2

Table 2: Characteristics of common enzymes that catalyze bioluminescent and chemiluminescent reactions, along with their substrates.

Enzyme Gene MW [kDA] Substrate Cofactor(s) lem Notes References

Bioluminescence
bacterial luciferase
(Vibrio, Photobacterium,
Xenorhabdus genera)

Lux 80
(dimer)

aliphatic aldehyde FMNH2,
O2

490 limited
applications

[136,154,155]

firefly luciferase
(Photinus pyralis)

Luc 61
(monomer)

luciferin[a] ,
caged luciferin[b]

ATP 560 coenzyme A increases
luminescence; BRET
acceptors: Cy3/Cy5, DS
Red.

[156–160]

Renilla luciferase Ruc,
hRluc

35
(monomer)

coelenterazine,
coelenterazine (h, n),[c]

coelenterazine cp, f,[d]

DeepBlueC

none 475
442–473

395

autoluminescence [138,147,164,165]

Gaussia luciferase hGluc 20
(monomer)

coelenterazine none 480 [e] [167–169]

Aequorin (from jellyfish
Aequorea victoria or
recombinant)

22
(monomer)

coelenterazine, f, h,
hcp, cp, and n

Ca2+ 445–475 [f ] [139,172]

Chemiluminescence
horseradish peroxidase
(Armoracia rusticana)

44
(glycoprotein)

luminol, isoluminol,
lumigen, acridan

H2O2
[g] 411–425 [h] [183–185]

alkaline phosphatase
(Pandalus borealis)

106
(homodimer)

1,2-dioxetanes (lumigen,
Lumi-Phos, CDP-Star)

480, 530 [i] [191,192]

[a] d-(�)-2-(6’-hydroxy-2’-benzothiazolyl)thiazoline-4-carboxylic acid. [b] Available from Molecular Probes, Promega. [c] Molecular Probes, Biotium.
[d] Available from Perkin Elmer (BRET2). [e] Available from Prolume and NEB. [f ] Available from Lux Biotech. and Molecular Probes. [g] Enhancers:
luciferin, fluorescein, phenolic compounds. [h] Aureon Biosystems, Vector Labs and Alpha Innotech. [i] Michigan Diagnostics.
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describe some common CL substrates along with their
processing enzymes. In general, the quantum yields for CL
are lower than for BL. CL has found broad applications as a
sensitive reporter system in drug screening, capillary electro-
phoresis, and immunoassays.[140–143, 175–177] Although examples
of chemiluminescent resonance energy transfer (CRET) are
known,[178–182] this concept remains relatively underexplored.
Akin to BRET systems, CL labels are potential donors in
CRET-based assays.

Horseradish peroxidase (HRP) is probably the most
commonly used enzyme for CL detection. Although a variety
of chemiluminescent substrates exist for this enzyme, luminol
and its luminogenic derivatives remain the most popular
(Scheme 5a).[183–185] In the presence of hydrogen peroxide,
HRPoxidizes luminol to give a luminescent species that emits
blue light (425 nm). Luminol is usually employed in con-
junction with an enhancer, such as luciferin, fluorescein, or a
phenolic compound.[186,187] Exposing acridan substrates to
HRP generates luminescent acridinium ester intermediates,
which decay with emission of yellow light (530 nm) at a higher
luminescent intensity than that of luminol (Scheme 5b).[188–190]

Alkaline phosphatase is also commonly used to catalyze the
oxidation of 1,2-dioxetanes as a luminogenic substrate
(Scheme 5c).[191,192] Since 1,2-dioxetanes are inherently unsta-
ble four-membered cyclic peroxides, more-stable substrates
such as adamantyl-1,2-dioxetane phosphate were developed.
Dioxetanes are usually delivered in combination with propri-
etary enhancers that increase the stability and luminosity, and
also expand the spectral range through energy transfer to
another fluorophore; in this way, two emission wavelengths
are obtained (480 and 530 nm). Dioxetanes can also be
luminogenic substrates for other enzymes such as b-d-
galactosidase, b-glucosidase, b-glucuronidase, arylesterase,
arylsulfatase, and neuramidase.

Although CRET systems have been utilized predomi-
nantly as reporters, the large number of recombinant enzymes
available, coupled with the low cost of commercial substrates

and the ability to control the emission wavelength, opens up
the possibility of exploring CRET applications in biosensors.

4. Inorganic Materials

4.1. Metal Chelate Complexes and Long-Lifetime Dyes

Luminescent lanthanides are the most prominent class of
long-lifetime dyes used for energy-transfer applications in
biophysical research. SelvinFs group has been at the forefront
of developing these probes for biological studies.[193] Four
lanthanides emit in the visible region: terbium, europium,
samarium, and dysprosium. Because of the high intensity of
their emission, Tb and Eu cations are most commonly used.

For biophysical applications, lanthanide cations are typ-
ically complexed within a chelate ligand, whose design must
fulfill several functional requirements (Figure 13): 1) The

lanthanide ion must form a tightly bound complex with the
ligand, so that high thermodynamic and photochemical
stability is achieved and the lanthanide ion is shielded from
the quenching effects of the surrounding solution. Chelate
ligands often take the form of polyaminocarboxylates,
pyridines, or salicylic acid derivatives.[193,194] 2) Relative to
common dyes, lanthanide ions have very low extinction
coefficients (	 1m�1 cm�1), which makes them difficult to
excite directly. Thus, the chelate label must contain an organic
chromophore in close proximity to the ion which functions as
a light-harvesting antenna or sensitizer. The sensitizer mol-
ecule absorbs incident light and transfers this energy to the
lanthanide ion. 3) The chelate label should possess a reactive
group to allow bioconjugation.

Scheme 5. Chemiluminescent substrates and the enzymatic reactions
of horseradish peroxidase (HRP) and alkaline phosphatase. a) Lumi-
nol; b) Acridan (also available as an ester); c) Adamantyl-1,2-dioxetane
(substrate for alkaline phosphatase and other enzymes).

Figure 13. Structure of the LanthaScreen Tb probe from Invitrogen with
the functionalities highlighted. The linker group is typically either an
NHS ester or isothiocyanate/maleimide group.
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Research continues on the improvement of antennas and
development of methods for the direct coupling of antennas
and chelators to the termini or side chains of nascent
peptides.[195, 196] The currently available linkers for coupling
these probes are relatively long and flexible, which leads to
some uncertainty in the analysis. Direct attachement of the
probes should improve the accuracy of measurements of the
D/A distance. Sources for lanthanide probes include CIS-Bio
International (cryptate-based probes), Perkin–Elmer, Invi-
trogen (LanthaScreen), and Amersham Biosciences (euro-
pium–TMT chelates).

Long-lifetime donors (fluorescent lifetime t> 100 ns to
several ms) have a number of technical advantages over
conventional fluorescent dyes (t= 1–5 ns). The principal
benefit arises from the ability, through time-resolved meas-
urements, to eliminate background fluorescence (from direct
excitation of dyes, scattering, and autofluorescence from cells
and biomolecules), thereby dramatically improving sensitiv-
ity. Lanthanide probes also possess multiple distinct, sharp
emission bands and large Stokes shifts, so that D/A emission
can be detected far from the excitation wavelength
(Figure 14). Together these properties allow lanthanide
probes to be coupled to a wide range of acceptor dyes.
Terbium, for example, has good spectral overlap with
fluorescein, rhodamine, and Cy3. SelvinFs review article has
a list of matching dyes along with their corresponding R0

values.[193]

Resonance energy transfer using lanthanide donors is
(more correctly) referred to as luminescent resonance energy
transfer (LRET), since technically lanthanide emission is not
considered fluorescence. However, it originates from the
same electric dipole transitions as conventional organic dyes
and is therefore governed by the same r6 distance dependence
as for FRET. The high quantum yields of the lanthanide
probes (0.1–0.4) translates into R0 values up to 100 *. Care
should be taken in the determination of the spectral overlap,
since some emission bands arise from both magnetic and
electric dipole transitions, whereas only the electrical tran-
sitions allow significant energy transfer.[197] Time-based meas-

urements require more-complex equipment than that needed
for steady-state measurements. However, because the dyes
have long lifetimes (ms to ms), the instrumentation is typically
less costly than that required for measurements with conven-
tional dyes (ns lifetimes). In fact, many microtiter well-plate
readers are available that allow gated lifetime measurements
in this timescale.

LRET studies with lanthanide probes typically use con-
ventional dyes as acceptors.[193] Lanthanide-based LRET has
been used to study the activity of enzymes such as telomerase,
caspase, helicase, and phosphatase.[198, 199] An Eu–Cy5 D/A
pair has also been used in high-throughput screening of
potential antimicrobial drugs.[200] The same Eu-Cy5 pair was
also used for competitive immunoassays of urinary albumin
and noncompetitive assays of morphine.[201,202] Tsourkas et al.
developed molecular beacons with Tb- and Eu-labeled DNA
donors and demonstrated that time-resolved measurements
with this LRET pair required neither a quencher nor a hairpin
structure on the lanthanide-labeled probe.[203] An LRET
system with a Tb donor and a Cy3 acceptor has also been used
to monitor DNA hybridization.[204] Lanthanide probes have
also been used in elucidating biological structures, for
example, for measuring conformational changes in ion
channels and enzymes, monitoring transmembrane signal
transmission through voltage-sensitive segments within a
functional potassium channel, and measuring distances
across thin muscle filaments.[193, 205–207]

Sigma–Aldrich offers a series of reactive ruthenium
complexes (Scheme 6) that were originally developed by

Lakowicz and co-workers as anisotropy labels for measuring
the rotational dynamics of proteins.[208,209] These Ru com-
plexes have lifetimes of approximately 500 ns and are thus
closer to organic dyes than lanthanides. As with the lantha-
nide probes the main advantage is the ability to monitor
fluorescence selectively after the background fluorescence
has decayed. Ru complexes have relatively small extinction
coefficients (14500m�1 cm�1) and low quantum yields (0.05),
but these disadvantages are again offset by their long
lifetimes, high photostability, fairly large Stokes shift, and

Figure 14. The unique sharp emission profile of the LanthaScreen Tb
probe (lexc,max	343 nm).

Scheme 6. Structure of the commercially available ruthenium complex
that is typically used in long-lifetime fluorescent studies.
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absorption across almost the entire visible spectrum
(Figure 15). Ru complexes have been applied as LRET
donors in direct and competitive immunoassays for human
serum albumin.[209] In another case, an environmentally

sensitive Sudan III diazo acceptor dye was coupled to a Ru
complex in silica gel and used for the LRET-based detection
of CO2.

[210] In a rare example of the use of the complex as an
acceptor, a glucose-binding protein was labeled with an
environmentally sensitive acrylodan dye and a Ru com-
plex.[211] The acrylodan was affected indirectly by glucose
(which altered the protein conformation), whereas the Ru
complex was not affected and thus served as an internal
standard for ratiometric measurements.

Other types of materials for LRET applications have
hardly been explored. All long-lifetime probes could quite
easily be paired with dark quenchers. However, time-gated
detection obviates this. As time-resolved fluorimeters become
more accessible, long-lifetime probes will see increased use in
LRET assays, driven mainly by the dramatic increase in
signal-to-noise ratio afforded.

4.2. Gold, Metal, and Silicon Nanoparticles
4.2.1. Gold

Gold nanoparticles (NPs) are increasingly used in FRET-
based applications, mostly because of their exceptional
quenching ability. Gold and other noble metals have unique
properties, such as plasmon resonances in the visible range
(typically with large extinction coefficients around
105 cm�1

m
�1), stable, unfluctuating signal intensities, and

resistance to photobleaching. Daniel and Astruc provide an
excellent review of almost all properties of gold NPs,[212]

including the somewhat murky distinction between clusters
and colloids (the later have size polydispersity).

Besides standard FRET considerations, the size and shape
of the gold NPs also play an important role in FRET systems.
Detailed studies have characterized the fluorescence quench-
ing of dyes attached at a fixed distance from the surface of

various sized gold NPs (1–30 nm) as well as dyes attached at
varying distances (2–16 nm) from the surface of 6-nm gold
NPs.[213] Almost all the gold NPs were found not only to
increase the nonradiative rate of decay of the dye, but also to
decrease the radiative rate—even 1-nm gold NPs were
capable of greater than 99% quenching efficiency.

Gold NPs can be produced in various sizes by using either
the citrate-reduction (diameter 16–147 nm) or the Brust–
Schiffrin method (diameter 1.5–5.2 nm).[212] One of the
intrinsic benefits of using gold NPs is that biomolecules
containing exposed thiol groups can be attached to the NPs
directly through gold–sulfur bonds. Gold NPs can also be
treated with sulfur-containing ligands that possess distinct
terminal groups (e.g., carboxylic acids or amines) that in turn
can be used for subsequent bioconjugation. Alternatively,
Nanoprobes offer 1.4-nm gold nanoclusters that are activated
with either a single succinimidyl ester or maleimide.

Gold NPs have been used successfully in FRET applica-
tions with molecular beacons for the sensing of DNA
(Figure 16). These were 100-fold more sensitive than previous

dye combinations.[214,215] The research group of Krauss
developed a system in which molecular beacons are immo-
bilized onto gold surfaces.[49,216] Both surface- and NP-based
molecular beacons using organic dye donors demonstrate a
high sensitivity for single base-pair mismatches. Seidel et al.
demonstrated a FRET-based immunoassay for the detection
of the pesticide atrazine by using gold-coated well plates
(Figure 17).[217] Recently, gold NPs have also been tested as
quenchers for semiconductor QDs (see Section 4.3). The
hybridization of two complementary pieces of single-strand
DNA, one attached to a QD and the other coupled to a 1.4-
nm gold NP, was monitored by FRET (Figure 18).[218, 219] The
formation of nanoscale assemblies between oppositely
charged QDs and gold NPs in solution has also been
monitored by FRET.[220] An inhibition assay with streptavi-
din-coated QDs and biotin-functionalized gold NPs has also
been reported (Figure 19).[221] The results from these studies

Figure 15. Absorption and emission profiles of the ruthenium complex
shown in Scheme 6.

Figure 16. Schematic of a gold nanoparticle probe: In the closed
hairpin structure, the D/A pair are in close proximity and the
fluorescence in quenched.[214] Hybridization of the target single strand
DNA opens up the structure of the molecular beacon, which increases
the distance between the gold NP and the dye and results in a
significant increase in fluorescence.
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suggest that such FRET configurations have tremendous
potential. The main advantages are the lower background
signal, the improved sensitivity, and the ability to label both
the gold NP and QD with multiple biologically active groups.

Gold is typically used for its quenching abilities; another
possible use in which highly fluorescent gold QDs are used
was described recently by Dickson and co-workers.[222,223]

Much like their semiconductor counterparts, these gold
QDs have size-tunable emission maxima, which shift to
longer wavelengths with increasing nanocluster size. Fluores-
cent gold QDs can be used in FRET applications as both
donors and acceptors; also, since the surface is stabilized with
poly(amidoamine) dendrimers (PAMAM), the free amines
on the dendrimer could be used in bioconjugation. It is quite
clear that the use of gold NPs and surfaces for FRET

measurements is still in its infancy, but many new applications
can be expected in the near future.

4.2.2. Metal and Silicon Nanoparticles

Interest in single-molecule optoelectronic materials has
driven research into the fluorescence properties of small
metallic NPs.[222, 224] Clusters constituted of just a few noble-
metal atoms show interesting emission properties, provided
they are appropriately stabilized.[225, 226] The fluorescence of
noble-metals NPs can be intense; however, it is difficult to
control the emission wavelength.[227] Besides gold NPs, silver
NPs have also been shown to have interesting optical
properties such as shape-dependent absorption and highly
intense fluorescence.[228–233] Copper nanoparticles have been
less studied; they display a large plasmon resonance peak in
the visible range and interesting nonlinear optical proper-
ties.[234–236]

Silicon NPs have equally interesting optical character-
istics, such as bright size-dependent photoluminescence and
broad excitation spectra.[237–240] Because of their brightness
and resistance to photobleaching, Si NPs have been inves-
tigated as fluorescent tags for DNA[241,242] and potentially
nontoxic alternatives to semiconductor materials for in vivo

Figure 17. Gold-coated well plates for the competitive immunoassay
detection of atrazine.[217] The binding of dye-labeled antibodies to the
atrazine immobilized on the gold surface results in FRET quenching of
the dye. Free atrazine in solution competes with the toxin on the gold,
prevents the binding of the antibody to the surface, and thus increases
the fluorescence.

Figure 18. Detection of DNA hybridization by quenching upon binding
of a gold-labeled single strand of target DNA. 1–3) Fluorescence signal
of the surface after introduction of the gold target; t=0 min (1), 5 min
(2), 15 min (3). Images generously supplied by T. Melvin and
reproduced with permission from the Royal Society of Chemistry. [218]

Figure 19. Top: Competitive inhibition assay for the detection of avidin
on the basis of quenching of QDs by gold nanoparticles. Binding of
the biotin-functionalized gold particle brings it into proximity of the
strepavidin-labeled QD, which results in FRET and loss of QD photo-
luminescence. Avidin in solution competes with the strepavidin-labeled
QDs for the biotin-gold particles and thus changes the FRET. Bottom:
The resulting dose response for the assay. Figure generously supplied
by E. Ohand; reproduced with permission from the American Chemical
Society.[221]
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imaging.[243] The synthesis and stabilization of Si NPs remains
tricky, although viable methods exist.[244,245] Wiesner and co-
workers developed hybrid nanoparticles with a fluorescent
core and a silicon shell which they refer to as CU dots
(Cornell University).[246] These hybrids are synthesized by
covalent conjugation of dye molecules to a silicon precursor
and condensation to form a dye-rich core. Finally, silicon sol–
gel monomers are added to form a denser outer silicon
network. Because of their photostability, tunability, and ease
of surface modification, applications of Si-based NPs as
FRET donors can be expected.

Extensive studies on metal NPs coated with fluorescent
dyes have confirmed plasmonic enhancement effects.[247–251]

This effect involves energy transfer from the excited-state
fluorophore to the plasmon resonance of the proximal metal
surface/particle, which results in significantly different fluo-
rophore excitation and emission properties.[249,251] Plasmon
enhancement also decreases the excited-state lifetime of the
fluorophore, which may increase stability by reducing photo-
bleaching. The type of metal, size of the NP, and the
fluorophore all have an influence in this complex process,
but the general effect is that the quantum yield of the
fluorophore increases dramatically, particularly for fluoro-
phores with low quantum yield.[253–259] For plasmon enhance-
ment to function, the spacing between fluorophore and metal
must be carefully tuned.[256–259] The effect has already been
exploited to increase the FRET efficiency between DNA-
bound fluorophores,[260] and it is just a matter of time before
more viable configurations are found.

4.3. Semiconductor Nanocrystals

Pioneering studies demonstrated that colloidal lumines-
cent semiconductor nanocrystals or QDs could be used for the
detection of proteins or DNA.[261,262] Extensive reviews can be
found in references [263–268]. QDs have several unique
intrinsic photophysical properties which make them attractive
biolabels: relatively high quantum yields, molar extinction
coefficients 10 to 100 times those of organic dyes, as well as
high resistance to photobleaching and chemical degrada-
tion.[263–265] In direct comparison with organic dyes, several
properties of QDs stand out: 1) size-tunable photolumines-
cent emission; 2) broad absorption spectra and large Stokes
shifts, which allow excitation of mixed QD populations at a
wavelength far from their emission wavelengths
(Figure 20).[263–265,269,270] For FRET applications in particular,
this means that QDs can be size-tuned or “dialed in” to give
better spectral overlap with a particular acceptor dye
(Figure 21).[271] As the spectral overlap increases, there is a
proportional increase in the value of R0, which, together with
the high quantum yield of the QDs, permit FRET systems
with longer separation distances. Since QDs can be excited at
almost any wavelength below their emission wavelength, an
excitation wavelength can be chosen that corresponds to the
absorption minimum of the acceptor so that direct excitation
is minimized.

QDs for biological assays are commercially available
(Quantum Dot Corporation and Evident Technologies).

These materials are available precoated with avidin or other
proteins to facilitate bioconjugation. There are also several
detailed monographs describing QD synthesis.[227,270,272–274]

The best available QDs for biological applications consist of
a CdSe core material coated with a ZnS shell (Figure 22). The
shell passivates the core, protects it from oxidation and
leeching, and at the same time significantly improves the
photoluminescence.[263–265,270] Since QDs are typically synthe-
sized from insoluble salts, they are also not water-soluble.
Therefore, the native organic ligands used for synthesis must
be exchanged with a bifunctional cap that attaches to the QD
with one functionality and provides solubility and possible
bioconjugation sites with the other. A wide variety of ligands
can be used; each have their own advantages and disadvan-
tages. For example, some limit dispersions of QDs to the basic
pH range, whereas others increase the size considerably.[263,265]

Figure 20. a) Correlation of emission maxima with the size of QDs
composed of different binary and ternary semiconductors. b) Absorp-
tion and emission of six different QDs (in buffer) that have been
utilized in several assays.[263] The black line shows the representative
absorption of the QDs that emit at 510 nm. Note that the absorption
increases steadily towards the UV. Figure generously provided by X.
Michalet, UCLA, and reproduced with permission from reference [265].
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Diverse strategies also exist for attaching biomolecules to
QDs, for example, covalent coupling,[261, 262] electrostatic or
metal-affinity-driven self-assembly, and biotin-avidin chemis-
try.[263,265,267,268,275,276] QDs consisting of various other binary
and ternary semiconductor materials including ZnS, CdS,
CdTe, PbSe, and CdHgTe with emissions ranging from the UV
to the IR have also been synthesized (Figure 20a).[263–265]

The finite size of QDs presents an interesting predica-
ment, since it can be both a benefit and a liability for FRET
applications. The diameters of the CdSe/ZnS QDs shown in
Figure 20b range from approximately 50 * for the 510-nm
QDs to more than 80 * for the 610-nm QDs (not including
the capping ligand, which can add between 20 and 100 * to
the overall size).[263,271,276,277] For many bioconjugates with a
QD donor and a dye-labeled protein as acceptor, the R0 value
may actually fall within the radius of the QD, which results in
a FRET efficiency that is relatively low for a D/A pair
consisting of a single QD and a single acceptor.[4, 271] However,
it has been shown that by loading a central QD donor with
multiple protein-based acceptors, the FRETefficiency can be
increased in proportion with the cross section of the FRET
acceptor.[263,271]

MattoussiFs group has been at the forefront of
exploring QD FRET for bioassays. They have char-
acterized and reported on D/A pairs of QD and dye-
labeled proteins,[271,277] QD-based sensors for maltose
and TNT,[4,278] surface-attached QD nanoassem-
blies,[279] QD-FRET-based reagentless biosensors,[280]

the control of QD-donor FRET by a photochromic
dye,[106] and the FRET-based structural elucidation of
QD–protein bioconjugates (Figure 23).[281] These
studies also demonstrate how FRET can be used
with two different classes of fluorophores that differ
in size by many orders of magnitude.

Other FRET applications with QDs include using
DNA complementarity to attach gold quenchers to
QDs[219] and using the quenching of these QDs to
monitor avidin–biotin interactions.[221] The dynamics
of DNA replication and telomerization have been
monitored with QD donors that were conjugated to
DNA primers and fluorescent nucleotide accept-
ors.[282] QDs have also been investigated as possible
FRET donors in molecular beacons.[283] QDs located
deep within lipid vesicles have been used as donors for

assaying interactions with other lipid-soluble and water-
soluble dyes.[284] There is also a continuing discussion about
using QDs as FRET-donating photosensitizers in photody-
namic cancer therapy.[285,286]

There are far fewer examples of QDs as acceptors in
biological contexts. There are two possible factors for this:
1) The broad absorbance profile, high extinction coefficients,
and the large size of QDs cause QD to be excited as well as or
better than any potential donor. 2) QDs have a longer lifetime
(t= 10 to 50 ns) than typical fluorescent dyes (t= 1 to
5 ns).[277] Thus, the opportunity exists to use a different class
of fluorophores, such as long-lifetime lanthanide chelates, as

Figure 21. Normalized absorption spectrum of Cy3 and emission spectra of
three QD solutions. The inset shows a plot of the resulting overlap functions
J(l), which highlight the ability to tune the emission of the QD by changing its
size to improve the spectral overlap with this acceptor.[271] Reproduced with
permission from the American Chemical Society.

Figure 22. Comparison of the size of QDs and several comparable
objects: FITC (fluorescein isothiocyanate), CdSe/ZnS QD (green: 4-nm
diameter; red: 6.5-nm diameter), qrod (rod-shaped QD), SAV (strepta-
vidin), IgG (immumoglobulin G). Figure generously provided by X.
Michalet, UCLA, and reproduced with permission from reference [265].

Figure 23. Side view of the structure of MBP as it self-assembles onto
the surface of a QD. Six rhodamine red structures are highlighted in
red. The distances from the center of the QD to each dye were
determined by FRET (yellow). The crystallographic coordinates of the
MBP were used in conjunction with these six distances to solve the
structure of the MBP bioconjugate. Reproduced with permission from
National Academy of Sciences USA.[281]
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donors in a FRET system, so as to exploit properties not
found in “conventional” organic dyes. In view of the unique
photophysical properties of QDs, we can expect their
continued utilization in many FRET-based biological assays.

5. Multi-FRET Systems

The naturally occurring multi-FRET biological systems
are exemplified by the light-harvesting phycobilisomes.[287–291]

These supramolecular complexes, found in blue-green cya-
nobacteria, red algae, and cryptomonad algae, function to
extend the wavelength range for photosynthesis in the marine
environment. Phycobilisomes consist of multiple phycobili-
protein subunits that can be pigmented or colorless; their
composition varies widely depending on the light quality and
the organism.[287–291]

An example of a multi-FRET function within a phycobi-
lisome is the absorption of light by the phycobiliprotein R-
phycoerythrin with subsequent energy transfer to C-phyco-
cyanin and from there to allophycocyanin. The latter is
connected through a linker chromophore to the photosyste-
m II of the photosynthesis complex. Glazer and Stryer
demonstrated that these tandem FRET probes could be
adapted for sensitive cellular labeling and immunoas-
says.[292, 293] Individually, these same fluorophores are also
commercially available in the PBXL series.[123] The energy-
transfer efficiency in this system approaches 100%—both the
complexity and the efficiency of this naturally occurring
energy-harvesting system are yet to be matched experimen-
tally.

Biologically inspired synthetic multi-FRET systems have
generally been used in two almost complementary configu-
rations. In one case, defined biological structures are used to
space or orient the fluorophores precisely.[5, 47,294–296] In the
converse case, multiple fluorophores are used to elucidate
biological structures.[3,297] DNA is perhaps the most attractive
biological platform for multi-FRET configurations for a
number of reasons: 1) its predictable structure and chemistry;
2) the inherent ability to introduce fluorophores at specific
sites;[5] 3) the ability to hybridize multiple dye-labeled
oligonucleotides to a complementary strand;[298] 4) the ability
to control the orientation of the attached fluorophores.[47]

DNA can be synthesized with multiple fluorophores or
thiol, amine, biotin, and other modifications at specific
terminal or internal sites. A change in the D/A spacing is
facile in this configuration and allows fine tuning of FRET
efficiency.[299, 300] Such multilabeled DNA structures have been
proposed as combinatorial fluorescence energy transfer
(CFET) tags for information encoding. Tong et al. con-
structed eight CFET tags by altering the spacing between
three fluorophores on a deoxyribose backbone to create
different emission ratios of each color (Scheme 7).[295,296] In
this configuration it is possible to excite at a single wavelength
and use the different emission ratios as unique FRET
signatures. The CFET tags have already been demonstrated
in genotyping assays.

MBP has also been used to test different protein-based
multi-FRET configurations.[26,52] Hellinga used orthogonal

protein labeling to create a triply labeled MBP: the labels,
FAM, tetramethylrhodamine (TMR), and Cy5, form a FRET
relay that responds to maltose according to the change in the
FRET ratio between FAM and Cy5, while the central TMR
acts as a relay.[26] In another approach, a Cy3–MBP conjugate
was used as a relay between a QD and a Cy3.5-labeled
analogue of maltose, bound in the central binding pocket of
the MBP (Figure 24). Although maltose sensing in this QD–
MBP displacement sensor is based on changes in the ratio of
FRET emission from MBP–Cy3 and Cy3.5, the sensor is
“driven” by the QD, which is the primarily excited participant
(Figure 25). This approach was helpful in overcoming inher-
ent limitations of the D/A distance.[52] A multi-FRET format
with 148 donors and 24 acceptors has been used to elucidate
the structure of tarantula hemocyanin.[301] A FRET system
with three fluorophores for a high-throughput drug screening
format has also been reported.[302] Recently, Wang and Tan
incorporated a combination of three organic dyes into silicon
nanoparticles and varied the ratio of these tandem dyes to
tune the FRET-mediated emission signatures.[303] This strat-
egy represents an interesting functional hybrid that combines
elements of silicon NPs,[237–240] CU dots,[246] and TransFluo-
spheres.[56]

Multi-FRET systems have tremendous potential for
elucidating protein structures and interactions, and a worth-

Scheme 7. Structure of a CFET tag, which is constructed through attachment
of chromophores to the modified thymidine residues of a nucleotide
backbone. The FAM donor is excited at 488 nm and transfers energy to the
proximal TAM and the terminal Cy5. TAM acts as a relay to forward energy
to the Cy5. The spacing between FAM and TAM is controlled by the number
of sugar phosphates m, and n defines the spacing between TAM and Cy5.
Through changing the spacings, the emission can be tuned so that a unique
ratiometric signature is produced. The CFET tag can be attached to DNA at
point q, whose spacing can also be controlled. Figure courtesy of A.
Tong.[295, 296]
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while strategy for their construction is in particular the
combination of different types of functionalized fluorophores.

6. New Materials

With the growth in recent years
of our understanding of FRET and
its applications, possibilities have
arisen for moving beyond the dis-
tance limitations of traditional
FRET applications (R0= 60–90 *,
r= 100–120 *). For example, Jares-
Erijman and Jovin[13] point out that
certain FRET parameters, including
R0, may be more plastic depending
upon experimental configuration
than previously thought. Specifi-
cally, the distance dependence of
energy-transfer from a point to a
plane could vary with the fourth

power of separation rather than the sixth.[13] Strouse and co-
workers investigated this aspect by using variable-length
DNA that was labeled at one end with FAM and at the other
with a 1.4-nmAu cluster (Figure 26).[304] The Au cluster acts as
a dipole surface and demonstrates 1/R4 distance dependence
of the surface energy transfer (SET). An SET radius d0

(analogous to R0) can be extrapolated.[304] SET may provide
a distance resolution of up to 220 * or more, which is twice
the distance resolution measurable with traditional dye-based
FRET pairs.

In a related approach, which is admittedly not directly
based on energy transfer, Alivisatos and co-workers demon-
strated a “molecular ruler” based on the plasmon coupling of
single Au or Ag nanoparticles.[305] Plasmon coupling allows
single pairs of nanoparticles separated by distances up to
700 * to be monitored. However, deducing absolute distance
values is complicated by factors such as the refractive index
and light scattering. Interestingly, these two processes specif-
ically necessitate the use of fluorophores distinct from
traditional organic dyes.

Figure 25. Maltose sensing using the configuration shown in
Figure 24. Inset: Close up of the MBP-Cy3 and b-CD-Cy3.5 fluores-
cence portions. Reproduced with permission of the Nature Publishing
Group.[4]

Figure 24. Schematic function of a multi-FRET QD maltose sensor. A 530-nm QD is surrounded
by about 10 MBPs (only one shown), each labeled with a single Cy3 molecule (absorption
maximum 556 nm, emission maximum 570 nm). b-Cyclodextrin, an analogue of the primary
maltose analyte, is labeled with Cy3.5 (b-CD-Cy3.5, absorption maximum 575 nm, emission
maximum 595 nm); it binds specifically in the binding pocket of MBP to complete the sensor
complex. Excitation of the QD results in excitation of the MBP-Cy3 (FRET 1), which in turn
excites the b-CD-Cy3.5 (FRET 2). Added maltose displaces b-CD-Cy3.5 and leads to increased
emission of Cy3.

Figure 26. a) Schematic of the FAM-DNA-Au system: FAM is appended to DNA with a 1.4-nm Au particle attached at the other end. Flexible C6

linkers produce cones of uncertainty (dR) for both appended moieties. Binding of M. EcoRI methyltransferase bends the DNA by 1288, which
alters distance R to R’ and results in a new D/A distance. b) Energy-transfer efficiency plotted against distance of separation R between FAM and
Au. Filled circles represent DNA lengths of 15 bp, 20 bp, 30 bp, and 60 bp. Efficiencies after M. EcoRI binding are shown in open symbols. The
dashed line is the theoretical FRET efficiency and the solid line is the theoretical SET efficiency. c) Distance-dependent length resolution of FRET
and SETmechanisms. The intersection of the curves is the distance at which the two methods have identical resolution. Figure generously
provided by G. Strouse F.S.U. and reproduced from reference [304] with permission from the American Chemical Society.
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7. Summary and Outlook

Despite the numerous examples of FRET systems with
divergent materials presented in this Review, FRET remains
an underused and underappreciated analytical tool. Possible
applications are numerous; for example, most commercial
DNA sequencers utilize energy-transfer primers or termina-
tors for fluorescent labeling as this simplifies the instrumental
optical systems needed yet few realize this realiance.[16,306–308]

There are few other bioanalytical techniques that can in so
many different experimental formats consistently provide
accurate intramolecular distance measurements in the nano-
meter range. We are fortunate to be part of an era in which
not only is sensitive detection equipment available, but there
are also many disparate materials that can be used as donors
and acceptors in FRET systems, and numerous methods to
label biomolecules. In particular, the use of nontraditional
combinations with materials other than the usual organic
donor and acceptor dyes will expand the applicability of
FRETanalysis. We predict six areas that will benefit the most
in the near future: 1) studies of protein and peptide folding
kinetics; 2) the elucidation of macromolecular interactions;
3) multicolor analysis, especially in vivo; 4) clinical and
in vitro assays; 5) novel nanomaterials; 6) single-molecule
FRET analyses.[310,311]

Addendum

During the production of this Review, several pertinent
papers were published which deserve mention. In a fascinat-
ing example of FRET between disparate classes of materials,
So et al. used BRET to illuminate QDs in the absence of
external excitation and demonstrated this for in vivo deep
tissue imaging.[312] A multi-FRET construct consisting of five
perylene bisimide dyes on a calixarene backbone was
demonstrated for potential use in light-harvesting arrays.[313]

Simultaneous multiplex FRETwith up to four QD donors was
demonstrated,[314] and a very informative review article on
BRET applications for determining protein–protein interac-
tions was published.[315]

Abbreviations

BFP blue fluorescent protein
BL bioluminescence
BRET bioluminescent resonance energy transfer
CFET combinatorial fluorescence energy transfer
CFP cyan fluorescent protein
CL chemiluminescence
CRET chemiluminescent resonance energy

transfer
D/A donor/acceptor
FAM fluorescein
FRET F.rster or fluorescence resonance energy

transfer
FP fluorescent protein
GFP green fluorescent protein
HRP horeradish peroxidase
MBP maltose-binding protein

NP nanoparticle
pcFRET photochromic FRET
QD quantum dot
QY quantum yield
R0 F.rster distance
SNP single nucleotide polymorphism
SET surface energy transfer
t excited-state fluorescent lifetime
YFP yellow fluorescent protein
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Enzymes have fascinated scientists since their discovery,
and, over some decades, one aim in organic chemistry has
been to create molecules that mimic the active sites of
enzymes and promote catalysis.[1–6] Nevertheless even today
there are relatively few examples of enzyme models that
actually perform Michaelis–Menten catalysis under enzy-
matic conditions (i.e., water, pH 7, ambient temperature),[7]

and very high rate accelerations under these conditions are
rare.[8] On the other hand progress in synthetic chemistry, in
this context, in carbohydrate chemistry,[9] now makes it
possible to prepare more sophisticated rigid catalysts.
Recently we reported the bridged ketocyclodextrins 1 and

2 (Scheme 1)[10] and that they catalyze the oxidation of

anilines to nitrobenzenes in the presence of hydrogen
peroxide (H2O2) in a reaction with enzyme kinetics and
with a ratio kcat/kuncat up to 1070.

[11] The cup-shaped com-
pounds 1 and 2 bind the aromatic amino group in their
hydrophobic cavities (Km� 1–5 mm), while the ketone func-
tionality is believed to form a hydroperoxide adduct with
H2O2 that is responsible for the oxidation of the bound
amine.[11] We have now found that 1 and 2 also catalyze the
oxidation of benzylic alcohols to aldehydes, and that for this
reaction the rate acceleration for the catalyzed reaction is
very high.
The cyclodextrins 1 and 2 catalyze the transformation of

benzylic alcohols into aldehydes (or ketones) in the presence
of hydrogen peroxide (72 mm) in aqueous solution, at room
temperature, and at pH 7.0 [Eq. (1)]. The reaction rate of the

catalyzed reaction is observable even at cyclodextrin concen-
trations that are 10000 times lower than the substrate
concentration and as low as 1 mm. GC-MS analysis revealed
that complete oxidation of the starting material can be
achieved. The reaction follows Michaelis–Menten kinetics
(Figure 1), can be inhibited by addition of cyclopentanol, and

is catalyzed neither by b-cyclodextrin nor by 1,3-dichloroa-
cetone (DCA, Table 1). 1,3-Diacetoxyacetone (DAA) cata-
lyzes the reaction slightly (Table 1). Under these reaction
conditions 1 and 2 are stable and preincubation with hydrogen
peroxide for a couple of hours does not decrease the catalytic
activity.
The kinetic data (Km and kcat) for a range of benzyl alcohol

substrates were obtained from vcat vs. [S] data (vcat : velocity of
the catalyzed reaction, S: substrate) in the usual manner using
nonlinear least-squares fitting and are shown in Table 1. For
pH 7 and 25 8C, the Km values range from (0.21� 0.07) to
(5.0� 1.6) mm which are typical values for the binding of
small aromatic molecules by cyclodextrins. The kcat constants
vary from about 10�6 to about 2.5 < 10�4 s�1 and since the first-
order rate constant for the background oxidation (kuncat)
under these condition is 10�8–10�9 s�1 the ratio between the
reaction rates for the reactions inside and outside the cavity
(kcat/kuncat) varies from about 400 to about 29000 at 25 8C. The
comparison with diacetoxyacetone is also significant: DAA
catalysis gives a second-order rate constant kcat,2 of 4 <
10�4m�1 s�1, which has to be compared to the kcat/Km values
for 1 and 2 that are 1.35 < 10�2 and 1.75 < 10�2m�1 s�1,
respectively; it follows that the supramolecular catalysts are
30 to 45 fold more efficient than DAA. As can be seen from
Table 1 secondary alcohols (Me or Ph substituents) are
oxidized as well. A range of substituents on the aromatic
ring is tolerated though with variations in the catalysis rate.
For three reactions, a study of pH and temperature effects

was performed (see Table 1, entries marked with [a]). The
reaction rate increases with temperature and pH value, but
above pH 9 the catalyst starts to decompose, presumably as a
result of the lability of the esters At pH 8.0 and 45 8C the rate
increase observed for the oxidation of 2-hydroxybenzyl
alcohol is approximately 6.3 < 104. Though this value still is
lower than that found for natural enzymes, where rate
increases have been calculated[12] to lie between 106 and
1018, it is fascinating to consider that since 2 has a 102 times

Scheme 1. Catalysts 1 and 2, which consist of a core of either a- or b-
cyclodextrin with dihydroxyacetone attached to the primary rim through
ester bonds.

Figure 1. Hanes plot of the 2-catalyzed ([2]=0.38 mm) oxidation of 2-
methoxybenzyl alcohol to 2-methoxybenzaldehyde in the presence of
72 mm H2O2, 25 8C.
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smaller molecular weight than a typical
enzyme, the efficiency per mass unit is in
the same range.
From the series of p-substituted benzyl

alcohols (see Table 1) one can construct a
Hammett plot (Figure 2), which gives a
correlation between kcat and s of r2= 0.82,
and 1.9 as the reaction constant (1).[13] This
value suggests that the transition state is
ionic and has some negative charge at the
reaction center. A comparison of 1-phenyl-
ethanol with its 1-deuterated analogue
(Table 1) reveals a small isotope effect (kH/
kD= 1.4). Based on this we suggest a
mechanism (Scheme 2) related to what has
been formulated for the tungsten-catalyzed
H2O2-oxidation of alcohols, which also gives
a relatively low isotope effect (kH/kD= 2).

[14]

This mechanism is also similar to what we
have proposed for amine oxidation.[11] The
somewhat high 1 value[15] could be an
indication that the reaction is facilitated by
hydrogen bonding between the proton of
the benzylic alcohol and a Lewis base, such
as the keto hydroxy group, thus invoking the
cyclic mechanism outlined. The remarkable
supramolecular catalysis displayed by 1 and
2 under mild aqueous conditions is, as
discussed above, in the best case as efficient
per mass-unit catalyst as that of some
natural enzymes. When this level of catal-
ysis can be achieved, practical applications
of such molecules are not far away.

Experimental Section
Determining the rate of oxidation: Each reaction
was performed on 4–16 samples (2 mL each) of
the appropriate substrate at different concentra-
tions in 95 mm phosphate buffer containing
72 mm H2O2 and either 1 or 2 (1 mg) or nothing
(as control). The reactions were followed at 25 8C
using UV absorption at an appropriate wave-
length[16] and typically monitored for 5 h. Veloc-
ities were determined as the slope of the progress
curve of each reaction. The velocities of the

Table 1: Kinetic data for the oxidation of various benzylic alcohols to aldehydes catalyzed by 1 or 2 and
compared with those of other potential catalysts. Except otherwise noted the experiments were
performed in a 95 mm phosphate buffer at 25 8C and pH 7 with a H2O2 concentration of 72 mm and with
a concentration of the catalyst of 0.38 mm.

Substrate A or X Catalyst kcat [ A10
6 s�1] Km [mm] kcat/kuncat

1 26.9�3.2 2.0�0.7 1690�230
2 26.3�2.0 1.5�0.4 1650�150
2[a] 244�6 – 989�28
2[c] no catalysis 2.2�0.2 1

DCA no catalysis – 1
DAA[d] –

1H 1 24.4�1.5 0.72�0.30 5930�360
1H 2 22.6�1.7 5.0�1.6 5490�420
2H 2 15.8�1.4 0.77�0.63 not determined

1 18.6�0.3 1.1�0.1 973�22
2 18.3�0.4 0.84�0.1 960�34

b-CD no catalysis – 1
2 6.24�0.63 1.3�0.2 28600�9200
2[a] 62.1�0.8 1.20�0.15 62900�5500
2[b] no catalysis – 1

DCA no catalysis – 1
OMe 2 3.41�0.07 0.52�0.08 2740�130
Cl 2 8.90�0.35 0.61�0.17 971�76
Br 2 66.8�4.5 0.71�0.19 366�27
Br 2[a] 591�62 1.2�0.4 82�13

1 5.62�0.44 1.83�0.51 748�106
2 4.55�0.47 1.09�0.56 887�103

OMe 1 9.63�0.60 2.52�0.43 6760�570
OMe 2 3.85�0.12 0.97�0.16 2700�110
OMe 2[a] 159�12 6.1�0.8 1760�130
OH 2 1.28�0.08 0.09�0.08 not determined
F 2 9.10�0.49 0.66�0.23 402�41
Cl 2 21.5�0.4 0.37�0.05 707�155
Br 1 33.7�0.9 1.15�0.12 1030�30
Br 2 24.2�0.1 0.93�0.02 739�4
Me 2 3.93�0.98 0.78�0.93 945�236
OMe 2 1.57�0.03 0.50�0.06 2120�86
Cl 2 16.0�0.8 0.21�0.07 446�81

2 293�51 11.8�2.3 539�94

[a] T=45 8C, pH 8. [b] Cyclopentanol (109 mm) was added as inhibitor. [c] H2O2 was replaced with tert-
butyl hydroperoxide. [d] kcat,2=0.4 mm

�1 s�1; kcat/kuncat=9.8 mm
�1.

Figure 2. Hammett plot of the 2-catalyzed oxidation of p-substituted
benzyl alcohols at pH 7.0 in the presence of 72 mm H2O2, 25 8C. The
plot has a slope (1) of 1.93 and a correlation r2 of 0.82.

Scheme 2. Proposed mechanism of the catalytic process. First hydro-
gen peroxide is added to the ketone, and then bound substrate is
oxidized. The oxidation step may be assisted by a hydrogen bond.
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uncatalyzed reactions were obtained directly from the control
samples, those of the catalyzed reactions were calculated by
subtracting the uncatalyzed rate from the total rate of the appropriate
cyclodextrin-containing sample. The vcat values were used to construct
Hanes plots ([S]/v vs. [S]) to ensure that the reaction follows
Michaelis–Menten kinetics. In that case Km and vmax were determined
using least-squares nonlinear regression fitting to the vmax vs. [S]
curve. kcat was calculated as vmax/[cyclodextrin]. kuncat was determined
as the slope from a plot of vuncat vs. [S].

[16]

GC-MS experiments: A pseudo-preparative experiment was
performed by mixing 0.5 mmol substrate with 0.02 mmol catalyst 1
or 2 in 1.5 mL H2O and slowly adding 1.5 mL H2O2, 35%. The
mixture was incubated at 25 8C from 3 h to several days. After
extraction of the mixture with dichloromethane and evaporation the
sample was analyzed in a Hewlett-Packard 5890A gas chromatograph
equipped with a 5971A MSD mass-selective detector.
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How homochiral amino acids and sugars arose out of a
presumably prochiral prebiotic environment is a puzzling
question,[1] to which many answers have been proposed: for
example, absolute asymmetric synthesis with circularly polar-
ized light, photoreactions in chiral crystals, and asymmetric
automultiplication with asymmetric autocatalysis, as exem-
plified by the recent work of Soai et al.[2] There are reports
describing a connection between the chirality of amino acids
and sugars: Amplification of ee was observed in the a-
aminoxylation of an aldehyde using proline as catalyst to
generate a key intermediate of sugars,[3] while amino acids
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have been proposed as asymmetric catalysts for the synthesis
of sugars.[4] Recently, Cordova et al. demonstrated the syn-
thesis of a hexose (55% ee) from proline with low ee
(20% ee), with a nonlinear effect.[5] Herein, we demonstrate
experimentally a connection between an amino acid with low
ee (10% ee) and a chiral sugar intermediate of high enantio-
meric purity (96% ee).

Amino acids promote several organic transformations,
and proline, a widely distributed amino acid, is one of the
most effective organic catalysts.[6] In 1971, Hajos and Parrish,
as well as Eder et al., reported an intramolecular aldol
reaction catalyzed by proline.[7] Following the observation of
the intermolecular version of this reaction by List, Lerner,
and Barbas in 2000,[8] other highly enantioselective catalytic
reactions using proline have been developed, including
aldol[9] and Mannich[10] reactions, and a-amination[11] and a-
aminoxylation[12] of carbonyl compounds.

We have observed that a solution of proline with high ee
can be obtained from solid proline of low optical purity during
the dissolution process. As proline is only very sparingly
soluble in pure CHCl3, and as the addition of EtOH increases
its solubility therein, we employed CHCl3 containing 1%
EtOH as solvent. CHCl3 stabilized with amylene (not with
EtOH) was distilled from CaH2 before use, and then EtOH
was added (1%). At first, reproducibility of the solubility was
poor. After several experiments, both the surface and the
particle size of the solid proline were found to be important.
Proline that had been recrystallized from EtOH and ground
with a mortar under an Ar atmosphere was employed.

The experiment using 10% ee l-rich proline was per-
formed as follows: CHCl3 (20 mL) containing 1% EtOH was
added to a mixture of l-proline (550 mg) and d-proline
(450 mg; 10% ee combined) at 0 8C, and the suspension was
stirred for 24 h at this temperature under an Ar atmosphere.
After filtration of the insoluble proline, a solution (17–19 mL)
containing proline (40–65 mg) was obtained, the ee value of
which was very high (85–99% ee). It is particularly unusual
that a proline solution with very high ee was obtained from
proline of low ee ; this phenomenon is not observed in other
solvents such as EtOH and dimethyl sulfoxide.

A solution of proline with very high ee (97–99% ee) was
also obtained from proline with even lower ee (1.0% ee).
Even by using nearly racemic proline (< 0.4% ee), which was
prepared from l-proline (250� 1 mg) and d-proline (250�
1 mg), the optical purity of proline in solution was found to be
very high. With the exception of phenylalanine (Phe), we
were unable to demonstrate any enrichment of ee in CHCl3
solution with other amino acids (Val, Met, and Tyr) because of
their extremely low solubility in that solvent. In the case of
Phe, although it is only very sparingly soluble in CHCl3, a
solution of Phe with 10% ee was obtained from a solid of
40% ee. This observation also indicates that there is some-
thing special in the dissolution of proline.

To clarify the reason for these phenomena, the crystal
structures of l-proline[13] and dl-proline,[14] recrystallized
from EtOH, were analyzed (Figure 1, Figure 2). The powder
X-ray diffraction (XRD) method was used to confirm that the
crystal forms of the powdered l- and dl-prolines were the
same as those of the corresponding single crystals. Both

crystals have very similar structural motifs, forming a column
structure with N�H···O hydrogen bonds. However, the joining
modes of these columns are quite different: In the chiral
crystal, the columns align antiparallel and each molecule in
the column connects with those in two neighboring columns
through hydrogen bonds to form a 2D sheet structure
(Figure 3). On the other hand, in the racemic crystal each
molecule in the column forms two centrosymmetric hydrogen
bonds with the nearest neighboring enantiomeric column to
form a ladder structure (Figure 4). These ladders are linked
by rather weak C�H···O interactions. As the heterochiral
molecules bind together with two hydrogen bonds, their
association is energetically preferable to that of homochiral
molecules, and this causes racemic crystals to be much less
soluble than those of the pure enantiomers (0.01–0.09 gL�1

versus 6.1–6.3 gL�1 at 0 8C in CHCl3 containing 1% EtOH).
Therefore, crystals of dl-proline precipitate preferably from a
mixture of enantiomers in solution.

To shed more light on the reaction mechanism, the
following experiments were performed: 1) CHCl3 (100 mL)

Figure 1. Hydrogen-bonded dimer structure formed between the col-
umns in a crystal of l-proline.[13]

Figure 2. Hydrogen-bonded dimer structure formed between the col-
umns in a crystal of dl-proline.
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and EtOH (1 mL) were added to a mixture of l-proline
(2.25 g) and d-proline (2.75 g; total 10% ee d-rich), and the
reaction mixture was stirred for a certain time. 2) d-proline
(2.75 g, total 10% ee d-rich) was added to a CHCl3/EtOH
suspension (100 mL:1 mL) of l-proline (2.25 g) at 0 8C, and
the reaction mixture was stirred for a certain time. In these
two reactions, the ee of proline in solution was measured
while the content of dl-proline in the solid was analyzed by

XRD (the results are summarized in Table 1 and Table 2,
respectively). Both experiments show an increase in dl-
proline content of the solid with reaction time. After 12 h,

most of the l- and d-proline had been converted into dl-
proline and the ee of proline in solution was very high
(> 90% ee). In the second experiment, the proline isomer in
excess in solution changed from the l to the d enantiomer
within 1 h, with the formation of solid dl-proline. Thus, the
highly selective dissolution of one enantiomer of proline is
caused not by a simple extraction of the excess enantiomer
but by the following dissolution and crystallization mecha-
nism: Soluble l- and d-prolines dissolve in the solvent, and
the less-soluble racemic dl-proline, but not a conglomerate,
precipitates.

The dissolution and crystallization process is also different
from that of standard recrystallization. Although the recrys-
tallization of proline from EtOH or from EtOH/Et2O

[15] has
been known for a long time, there are no reports describing a
change in the ee value of proline by recrystallization, either in
solution or in the solid state. We thus examined the
recrystallization of proline (10% ee) in different solvents
and analyzed the ee of proline in the filtrate (Table 3). CHCl3
could not be used as solvent owing to the low solubility of
proline in this solvent alone. No increase in eewas observed in
H2O. Though a substantial increase in ee was observed in
EtOH or in iPrOH and water (1:1), it was not so large relative
to that observed with CHCl3 containing 1% EtOH.

For some compounds, homochiral crystals have been
obtained from solutions of low ee by the preferential

Figure 3. Crystal structure of l-proline.[13] O red, N blue, C black
(large), H black (small).

Figure 4. Crystal structure of dl-proline. O red, N blue, C black (large),
H black (small).

Table 1: The effect of time on the ee of proline in solution and on the
content of the dl isomer in the solid.[a]

Entry t [h] Solubility
[mgmL�1][b]

ee [%][c] Content
[%][d]

1 0.17 2.9 7[e] 7
2 1 0.3 57[e] 46
3 6 1.3 96[e] 77
4 12 3.5 95[e] 84

[a] CHCl3 containing 1% EtOH was added to a mixture of l- and d-
proline; see text for details. [b] Solubility of proline in CHCl3/EtOH
(100:1). [c] ee of proline in solution. [d] Content of dl-proline in solid.
[e] d-enantiomer rich.

Table 2: The effect of time on the ee of proline in solution and on the
content of the dl isomer in the solid.[a]

Entry t [h] Solubility
[mgmL�1][b]

ee [%][c] Content
[%][d]

1 0 6.7 �100[e] 0
2 0.17 3.9 76[f ] 33
3 1 0.65 68[f ] 54
4 6 2.6 90[f ] 83
5 12 3.7 92[f ] 92

[a] d-proline was added to a suspension of l-proline in CHCl3 containing
1% EtOH; see text for details. [b] Solubility of proline in CHCl3/EtOH
(100:1). [c] ee of proline in solution. [d] Content of dl-proline in solid.
[e] l-enantiomer rich. [f ] d-enantiomer rich.
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crystallization of conglomerates,[16] a process that is distinct
from the present phenomena in which a solution with very
high ee is obtained from a solid of low ee. Though several
examples are known for which a chiral crystal is more soluble
than the corresponding racemic one, there is only one report
describing the enrichment of an enantiomer in solution during
recrystallization, a special case in which polymorphic trans-
formation occurs during crystallization.[17] In the present case,
a solution of proline with very high ee is obtained from a solid
of low ee during the processes of dissolution and crystalliza-
tion, a mechanism which is completely different to that of any
other known resolution.

As optically pure proline is known to promote several
asymmetric reactions, one possible application of the solution
of proline of high ee obtained from proline solid of low ee is a-
aminoxylation of propanal.[12a,b,c] As shown in Scheme 1, the

product was obtained in 96% ee, demonstrating that this
proline solution can be applied to other useful asymmetric
transformations. When proline with 10% ee was employed in
a-aminoxylation without filtration, the ee of the product was
low (19% ee) and a slight nonlinear effect was observed, as
reported by Blackmond and co-workers.[3] This slight increase
in ee can be explained in some part as follows: The initial ee of
proline in solution is very high, but as the reaction proceeds
the ee of proline in solution begins to decrease because the
generated product acts as a polarized solvent to bring both d-
and l-proline from the solid into the organic phase. That is,
while the ee of proline in the initial solution is extremely high,
this ee in solution decreases as the reaction progresses owing
to the increased solubility of both l- and d-proline in the
mixture of solvent, propanal, and forming products.[18,19]

The fact that a solution of proline of high ee was obtained
from solid proline with low eemay be involved in the origin of
chirality on Earth. Proline has been used as the catalyst in a
short synthesis of sugars[4,5] and in the synthesis of a-
hydroxyaldehydes, key molecules for sugar synthesis, by

reaction of aldehydes with molecular oxygen under photo-
irradiation—plausible prebiotic conditions.[20] As an enantio-
merically enriched solution of proline might be separated
from solid proline by filtration through strata, one can
speculate that in the prebiotic era a similar mechanism
involving proline of very low ee was involved in the
generation of other biologically important homochiral
organic molecules.

Some amino acids have been found in meteorites with
significant enantiomeric excess.[21] Though proline is scarcely
present in meteorites, it was found in the room-temperature
residue of an interstellar ice analogue that had been irradiated
with UV light under high vacuum at 12 K, which indicates
that proline may have been produced in the prebiotic era.[22]

Therefore, it seems possible that asymmetric photolysis in
interstellar clouds may produce optically active proline.
Under certain circumstances the imbalance thus generated
could be amplified into an optically enriched solution of
proline by selective dissolution. Such a solution can promote
many organic transformations and generate important inter-
mediates of sugar synthesis with very high optical purity, as
demonstrated in the present report. Though the present
reaction is only successful under certain limited conditions, it
may indicate a possible mechanism by which an amino acid of
low ee generated homochirality in biologically important
organic molecules in the prebiotic environment.[23]
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Subwavelength silver nanoparticles display a variety of
unrivaled optical properties in the visible and near-IR
regime, including scattering cross-sections that are orders of
magnitude higher than the fluorescence emission from
organic dyes as well as intense local amplification of electro-
magnetic fields. These phenomena result from localized
surface plasmons (LSPs), where the plasma oscillations of
free electrons in the metal are bound by nanoparticle
geometry. Plasmon excitation occurs when a photon is
absorbed at a metal–dielectric interface, transferring energy
into the collective oscillations of conduction electrons, which
are coupled in-phase with incident radiation. For silver and
gold nanoparticles, these resonant frequencies occur at wave-
lengths in the visible region, giving rise to the brilliant colors
that are characteristic of their colloidal solutions.

For silver particles with diameter d! l, a single dipolar
plasmon mode is allowed.[1] However, for particles with lower
symmetry or anisotropic dielectric surroundings, the nature of
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these LSP modes is more difficult to map. Elongated shapes
such as nanowires and rods experience a “lightning-rod
effect”, whereby the metal structure acts as an antenna for
electromagnetic field amplification as a result of highly
polarized LSPs.[2] Nanostructures that contain sharp vertexes,
such as triangular plates[3] and icosahedra,[4] have also been
shown to exhibit multipolar plasmon modes. Principally,
polyhedral shapes with well-defined facets and corners are
predicted to have distinct scattering signatures in addition to
scattering efficiencies that are orders of magnitude higher
than those of their spherical counterparts.[5] Scanning near-
field[6] and TEM-correlated darkfield experiments[7] are
among the few experimental attempts to spatially resolve
these shape-dependent plasmons. Here, we employ a strategic
synthetic approach to correlate nanocrystal geometry with
specific LSP modes, investigating the systematic shape
evolution of polyhedral nanocrystals.

We synthesized monodisperse colloidal solutions of silver
nanocrystals with regular polyhedral shapes and bound
entirely by {100} and {111} facets of the fcc crystal lattice
(Figure 1a). These nanocrystals were synthesized using the
polyol method,[8] where the metal salt is reduced by a diol
solvent at near-reflux temperatures (� 180 8C) in the pres-
ence of a polymeric stabilizing agent. We used poly(vinyl
pyrrolidone) (PVP) as the capping polymer as it has been
demonstrated to be a successful shape control agent for fcc
metals.[9,10] We adapted the synthetic procedure first devel-
oped by Sun and Xia,[9] who reported the use of PVP for the
formation of silver nanocubes. In a typical synthesis, silver

nitrate and PVP were dissolved separately and then injected
periodically into a solution of hot pentanediol. Depending on
how long these sequential additions are continued, specific
polyhedral shapes can be obtained in high yield.

As seen in the scanning electron microscopy (SEM)
images in Figure 1b–f, we synthesized a variety of nanocrystal
shapes with uniform sizes: cubes (d� 80 nm), truncated cubes
(d� 120 nm), cuboctahedra (d� 150–200 nm), truncated
octahedra (d� 200–250 nm), and octahedra (d� 250–
300 nm). Transmission electron microscopy images (see
Supporting Information) confirm that the polyhedra are
single-crystalline and exhibit atomically defined facets with
sharp edges and corners. Although similar truncated shapes
have been previously observed,[11] this is the first observation
of metallic octahedral nanocrystals as the majority product.
On the basis of energetic considerations, the optimal particle
shape for an fcc metal is a truncated octahedron with regular
hexagonal faces.[12] Thus, the formation of octahedra suggests
that the polyhedral nanocrystals observed here result from a
kinetically limited reaction equilibrium.

To investigate this growth mechanism, we employed UV/
Vis absorption spectrometry (Agilent, UV/Visible Chemsta-
tion) to probe shape-specific LSPs in the optical frequencies.
Figure 2 displays a plot of the dipolar plasmon wavelength as

a function of reaction time. This LSP mode is associated with
nanoparticle volume and undergoes a red shift with increasing
diameter. The graph indicates that shape evolution occurs in
two steps: fast nucleation, which occurs at an exponential
rate, and slow growth, which occurs at a linear rate. Initially,
small silver particles (< 10 nm) nucleate and develop into
nanocubes bound by {100} planes, which are thought to be
selectively stabilized by adsorbed PVP. As the reaction is
continued, silver deposits selectively onto the {100} nano-
crystal facets rather than growing in a layer-by-layer fashion
(Figure 1a). The {111}-capped corners of the nanocube are
stabilized during this growth period in which the nanocrystal
evolves from a {100}-bound cube to a {111}-bound octahe-
dron. The stability of both {100} and {111} planes in the
presence of PVP indicates that shape control may not be

Figure 1. By extending the polyol reaction for a given time period,
various polyhedral shapes capped with {100} and {111} faces can be
obtained in high yield. a) A schematic of the nucleation and growth
process, in which silver continuously deposits onto the {100} facet to
eventually result in a completely {111}-bound octahedron. b–f) SEM
images of cubes, truncated cubes, cuboctahedra, truncated octahedra,
and octahedra, respectively (scale bar: 100 nm).

Figure 2. Plot of reaction time versus dipolar surface plasmon wave-
length, which is correlated to nanocrystal volume. Exponential nano-
crystal growth corresponds to the nucleation process, whereas the
linear regime corresponds to slow layer-by-layer growth.
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explicitly dictated by the capping polymer. Rather, prefer-
ential crystal growth seems to result from a kinetically limited
equilibrium influenced heavily by reaction parameters such as
temperature, reactant concentration, and reactant molar
ratios.

UV/Vis spectra were obtained after the colloidal solutions
were repeatedly washed with ethanol to remove excess
polymer and filtered (Millipore, DVPP Durapore Membrane
Filters). The extinction spectra (extinction= scattering+
absorption) in Figure 3a show the differences in LSP modes
for colloidal suspensions of cubes, cuboctahedra, and octahe-
dra, all of which exhibit highly complex plasmon signatures as
a result of their geometric anisotropy. These LSPs can be
assigned by comparing experimental extinction spectra with
theoretical extinction cross-section curves calculated using
the discrete dipole approximation (DDA).[13] DDA is an
analytical method used to model light scattering by small
particles, whose optical properties experience strong variation
with particle size, shape, and local environment. We used an
algorithm developed by Draine and Flatau[14] in which the
nanocrystal is represented by a scattering target composed of
point dipoles and is subjected to an incident plane wave. As
seen in Figure 3b,c, the theoretical curves obtained with this
method agree remarkably well with our experimental data.

Note that because DDA calculations were performed for a
vacuum environment, the experimental resonances appear
slightly red-shifted (< 10 nm) as expected for a higher
dielectric medium.

With this data, we can begin to relate optical signature
with the physical geometry of each silver nanocrystal shape.
The optical properties of silver nanocubes with an edge length
a= 30 nm have been studied in depth in Reference [15] with
respect to different refractive media, but only two resonances
were observed for these particles. For nanocubes with a=
80 nm, the theoretical curve predicts six strong LSP reso-
nances. The lowest frequency (first and second) modes at l
� 480 nm and l� 550 nm correspond to quadrupolar and
dipolar LSPmodes, respectively. The quadrupolar mode is the
sharpest and the strongest LSP mode. For truncated cubes
whose corners are replaced by a flat {111} facet, this LSP
mode disappears (see Supporting Information). This indicates
that for the quadrupolar mode, amplitude is particularly high
at the eight corners of the cube. As the cube truncates and
develops increasingly larger {111} facets, the third and fourth
plasmon modes increasingly dominate the scattering spec-
trum. For a cuboctahedron with a= 151 nm, these modes are
red-shifted and appear at l� 430 nm and l� 480 nm. Thus,
for the third and fourth LSP modes, amplitude is strongly

associated with the edges of
the polyhedra. Previous cal-
culations in which the optical
absorption of NaCl crystals
was predicted qualitatively
agree with these spatial
assignments.[16]

The characteristic optical
signature for octahedral-
shaped nanocrystals is much
greater in complexity com-
pared to the other polyhedral
shapes, despite their shared
Oh symmetry. Octahedral par-
ticles exhibit several strong
LSP modes as well as fine
structure in the form of many
less-intense resonances (Fig-
ure 3a). This fine structure is
well-resolved in the UV/Vis
spectrum in the 400–600 nm
range, where no less than six
LSP bands can be clearly
distinguished. DDA calcula-
tions (Figure 3b) assign these
higher frequency LSPs as hex-
apolar and higher-order
modes, while the resonances
at l� 800 nm are mainly
quadrupolar in nature.

Extinction measurements
for colloidal solutions, how-
ever, are bulk measurements
which rely on sample homo-
geneity. To investigate shape-

Figure 3. Silver nanocubes, cuboctahedra, and octahedra display distinct scattering signatures despite
possessing the same point group symmetry. a) UV/Vis spectra of colloidal dispersions. b) DDA simulations
for single particles of each shape, where a is the edge length for the polyhedron. c) Darkfield scattering
spectra for single nanocrystals. For cuboctahedra, varying degrees of truncation exist within the sample.
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dependent scattering at the single-particle level, we also
collected darkfield Rayleigh scattering signals from individual
nanocrystals. In these experiments, a drop of the colloidal
solution was cast onto a glass coverslip and irradiated with a
tungsten lamp. The scattering colors of the silver nanocrystals
were observed by using an inverted microscope (Olympus
IX71) equipped with a darkfield condenser and collection
objective. The images in Figure 4 are real colors captured by a

digital camera (Olympus DP70, 12MP). Each colored circle is
the total scattered light from a single nanocrystal. Cubes (a
� 80 nm) strongly scatter green light, given that their
strongest LSP resonances occur around l� 500–550 nm. As
the nanocrystal shape increases in volume and evolves into its
truncated forms, the scattering color changes from green to
yellow and eventually to the red-orange color characteristic of
octahedra (a� 300 nm).

Scattering spectra from single nanocrystals can be
obtained by directing scattered light to an imaging CCD
and spectrometer. The sample preparation is identical to the
aforementioned experiments, in which the nanocrystals are
cast onto a glass substrate. This sampling geometry, however,
is conducive to substrate effects because the particle is in
intimate contact with two different media: glass and air. This
anisotropic dielectric environment can greatly influence
LSPs.[17] To prevent this effect, we prepared our nanocrystals
with a thick (� 50 nm) silica shell to ensure a homogenous
dielectric surrounding (see Supporting Information). In gen-
eral, increasing the refractive index of the nanocrystal
environment leads to a red shift in the frequencies of allowed
plasmon modes but the overall line shape is unaffected, which
can be confirmed experimentally by UV/Vis measurements.
Figure 3c shows representative scattering signatures for
single nanocrystals with cubic, cuboctahedral, and octahedral
shapes. Although only the most intense LSP bands appear,
the spectra for the cube and octahedron agree well with UV/
Vis extinction measurements (absorption effects are negli-
gible above 400 nm) and DDA calculations. Three represen-
tative scattering spectra for cuboctahedral nanocrystals are
shown in Figure 3c because varying degrees of truncation
exist within the same sample. It is perhaps this shape variance
that accounts for the lack of fine structure predicted by theory
and a broadening of LSP peaks in the UV/Vis spectrum of the
colloidal solution.

Thus far, we have investigated LSPs for different poly-
hedral nanocrystals for both isotropically distributed colloidal
suspensions and isolated single particles. From both a

theoretical and experimental standpoint, the nature of these
modes is of great interest given their ability to spatially
confine light to a metal–dielectric interface. The ability to
engineer metallic nanocrystals that allow the excitation of
specific localized surface plasmon modes should have pro-
found consequences for research fields such as surface-
enhanced Raman spectroscopy[18,19] or plasmonic transport.[20]

Future experiments may further elucidate the mechanism for
local field amplification and electromagnetic coupling, in
addition to providing important optical characterization of
these metallic nanoscale building blocks.

Experimental Section
Nanocrystal synthesis: Silver nitrate (0.50 g) and copper(II) chloride
(0.86 mg) were dissolved in 1,5-pentanediol (12.5 mL) in a glass vial.
In a separate vial, PVP (Mw= 55000 amu, 0.25 g) was dissolved in 1,5-
pentanediol (12.5 mL). Using a temperature-controlled silicone oil
bath, 1,5-pentanediol (20 mL) was heated for 10 min. The two
precursor solutions were then injected into the hot reaction flask at
different rates: 500 mL of the silver nitrate solution every minute and
250 mL of the PVP solution every 30 s. For nanocubes, this addition
was stopped once the solution turned opaque (� 6 min). For
truncated cubes, cuboctahedra, and octahedra, the addition of
precursor solutions was continued for a longer period of time
(�120 min for octahedral nanocrystals).

Silica coating: 5 mL of colloidal solution was diluted with propan-
2-ol (15 mL) and deionized water (5 mL). While stirring vigorously,
tetraethoxysilane (400 mL) and ammonium hydroxide (400 mL) were
added to the mixture. The reaction was allowed to proceed for 10 min
before the solution was centrifuged and the precipitate was collected.

Darkfield scattering measurements: A dilute colloidal solution of
nanocrystals was drop-cast onto a clean glass coverslip and then dried
under vacuum (� 10�2 Torr). Samples were then illuminated with a
100-W halogen bulb using a darkfield condenser (NA= 1.2–1.4) with
immersion oil. Light was collected through a 60 F microscope
objective lens (NA= 0.7) and captured by a 1340F 400-pixel back-
illuminated CCD (Princeton Instruments, Spec-10:400B) and spec-
trometer (Princeton Instruments, SpectraPro 2300i).
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Reversible Photochemical Conversion of Helicity
in Self-Assembled Nanofibers from a 1,w-
Thymidylic Acid Appended Bolaamphiphile

Rika Iwaura and Toshimi Shimizu*

Activation of photoreactive compounds, such as azobenzene-
containing derivatives,[1–3] stilbene-containing compounds,[4]

dithienylcyclopentene,[5] maleic acid amide derivatives,[6] and
2H-chromene-containing compounds,[7] is known to induce
changes in the self-assembly behavior of the molecules. For
example, UV light can act as a switching trigger not only to
drive a change in the self-assembled morphology from
spheres to rods[1] but also to induce gel-to-sol phase tran-
sitions.[2,4, 6, 7] Sometimes, linearly polarized light allows a
single film of a liquid crystal network containing an azoben-
zene chromophore to bend in any direction.[8] In all cases,
configurational or conformational changes in the molecular
structures lead to a substantial change in the self-assembled
morphologies based on each molecule. The most widely used
photoswitching molecules are azobenzene derivatives

because of the large photoinduced changes in their molecular
geometry.

UV light is also known to cause diverse chemical
reactions, such as photodimerization in the nucleobase
moieties of DNA.[9,10] The major photoproduct is a cis–syn
cyclobutane pyrimidine dimer. Except for our previous
study,[11] there have been no reports of direct visualization
focusing on the effect of thymine photodimerization on the
morphologies of self-assembled nanofibers. Moreover, no one
has ever addressed reversible induction of helical and non-
helical morphologies, driven by light or photoreaction, in
molecular self-assemblies consisting of bilayer or monolayer
membranes. Here we describe for the first time the reversible
conversion of helicity, driven by a photochemical process of
the thymine moiety with UV light, in self-assembled nano-
fibers from a 1,w-thymidylic acid appended bolaamphiphile, 1
(Scheme 1).

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) provided evidence that the bolaamphi-
phile 1 self-assembles in aqueous solutions into fiber struc-
tures with 10-nm thickness and 80-nm width as typical
dimensions.[12] A field emission (FE) SEM[13] image of the
self-assembled nanofibers from 1 revealed the presence of
nonhelical nanorod or nanofiber structures with diameters
ranging from 100–300 nm (Figure 1a). A high-magnification
image allowed us to observe a bundle formation of four fibers,
each 50 nm in diameter (Figure 1b). UV irradiation at l=

280 nm (UV280) for 2–3 h gave helical features to parts of the

Scheme 1. Conversion of the monomer 1 into the photodimer 2 and
the structure of the cys–syn isomer.
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self-assembled nanofibers (Figures 1c,d, indicated by arrows).
The helical structures stood out clearly after 4 h of UV280

irradiation. The helical pitches of the self-assemblies were
estimated to be 300–550 nm (Figures 1e,f). Finally, 3 days of
UV280 irradiation caused all of the nanofibers to form helical
structures with pitches of 350–400 nm (Figures 1g,h). The
number of helical nanofibers increases with time after UV280

irradiation. We thus found that exposure to UV light strongly
affects the self-assembled morphologies of 1 and eventually
induces helical twisting in the nanofiber structures. The
helicity observed by FE-SEM was found to be right-handed
for all of the nanofibers. Interestingly, irradiation of this
sample with UV light at l= 240 nm (UV240) for 3 h converted
the helical fibers to intrinsically nonhelical ones (Figures 1 i,j).

To examine the photodimerization behavior of the
thymine moiety in 1, we carried out UV spectroscopy and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) measurements for
the self-assembled nanofibers. The UV280 irradiation gradu-
ally caused a decrease in the absorption intensity at 270 nm[9]

to 30% of the original value for the self-assembled nanofibers
of 1 over a period of 5 h (Figures 2a,b). This finding gives
strong evidence for the formation of thymine photodimers in

the self-assembly of 1. MALDI-TOF MS measurements also
support this fact. The spectrum for the nanofibers after UV280

irradiation for 3 days gave the peak ascribable to the
dimerized component 2 (Scheme 1) at m/z 1844, in addition
to the peak assignable to the monomer 1 atm/z 922. We were
unable to observe any peaks corresponding to other high-
mass components such as trimers or oligomers. Therefore, we
concluded that the dimerization of the thymine moiety takes
place between one end of two molecules in the self-assembly
of 1.

On the other hand, UV240 irradiation of previously UV280-
irradiated nanofibers for 3 h induced the recovery of up to
60% of the absorption intensity of the thymine moiety
(Figure 2b). This finding clearly indicates that photodissoci-
ation of the thymine dimer occurs in the self-assembly system.

Next, we performed UV280 irradiation on the self-assem-
bled nanofibers of 1 in the presence of complementary 6-mer
oligoadenylic acid, dA6. The UVabsorption maximum of the
nucleic acids, that is, thymine and adenine, scarcely changed
upon UV280 irradiation (Figures 2c,d), which means that no
thymine photodimers form in the presence of the comple-
mentary component dA6.

Figure 3 shows partial 1H NMR spectra for the self-
assembled nanofibers before and after UV irradiation. Two
additional peaks appeared at d= 1.22 and 1.23 ppm in the
methyl-proton region after UV irradiation (Figure 3b); these
peaks were ascribable to the C5 position of the thymine
photodimer. The appearance of these two signals after the

Figure 1. FE-SEM images of the self-assembled nanofibers from 1 in
aqueous solution. a,b) Images before UV irradiation. c–h) Images after
UV irradiation at l=280 nm for c) 2 h, d) 3 h, e) and f) 4 h, and
g) and h) 3 days. i,j) Images after the successive UV irradiation at
l=280 nm for 5 h and then at l=240 nm for 3 h.

Figure 2. a) Time dependence of UV-spectral changes for the self-
assemblies of 1 in aqueous solution (2.2B10�3

m) on UV irradiation at
l=280 nm. b) Time dependence of UV absorbance at l=270 nm on
UV irradiation at l=280 nm (0–5 h) and then at l=240 nm (5–8 h).
c) Time dependence of the UV-spectral changes for the binary mixture
of 1 and dA6 in aqueous solution (2.2B10�3/7B10�5

m) upon UV
irradiation at l=280 nm. d) Time dependence of the UV absorbance
at l=270 nm for the binary mixture of 1 and dA6 upon UV irradiation
at l=280 nm.

Communications

4602 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4601 –4604

http://www.angewandte.org


UV280-irradiated self-assembly of 1 is compatible with the
previous results on related cys–syn photodimers.[14,15] Thus,
the MS and 1H NMR measurements strongly support the
conclusion that the major photodimer product from 1 is the
cis–syn isomer 2, in which one end of the bolaamphiphile is
associated with the end of another molecule.

CD spectra for the self-assembly of 1 before and after
exposure to UV light gave two relatively strong CD bands
(positive and negative ones at 290 and 235 nm, respectively),
in addition to zero crossing at 246 nm (Figure 4). Similar split

patterns were also observed for the CD spectrum of right-
handed oligo- and polynucleotides.[16,17] UV280 irradiation
induced the blue shift of the positive band from 290 to 285 nm
and a reduction in the intensities of both bands. The large
alterations in the CD spectra indicate the different molecular
orientation of the thymidylic acid moieties associated with the
photodimerization.[17] Interestingly, the CD intensities at
285 nm gradually decreased over a period of 4 h of UV280

irradiation, whereas the reduction in the UV absorption
intensities at around 270 nm was complete even after 2 h
(Figures 2a,b). CD spectroscopy is more sensitive to the
observed helical-nanofiber formation than the UV measure-

ments and probes the later changes in molecular packing
owing to the photodimerization (Figures 1e,f).

The self-assembled nanofibers from 1 consist of mono-
layer sheets with a long period of 3.59 nm (Figure 5a).[12]

Before UV280 irradiation, the molecules hold together,
stabilized by noncovalent interactions, such as base stacking
between the thymine moieties and hydrophobic interactions
between the oligomethylene chains (Figures 5b,c).[12] The
stacking features of the thymine moieties in the self-assembly
of 1[12] should be favorable for effective photodimerization,
even in the absence of a triplet photosensitizer such as
acetone.[9] Actually, UV280 irradiation of the self-assembly of 1
causes the photodimerization of the thymine moieties with
the formation of covalent bonds partially in the monolayer
sheets. The generation of a cis–syn derivative after the UV
irradiation is compatible with the fact that the cis–syn isomer
is a major product when the stacked thymine bases in DNA or
dinucleotide are exposed to UV light.[9] The UV absorption
change (Figure 2a) indicated the amount of photodimerized
thymine to be 63%. The estimated quantity is enough to
convert all of the molecular packing of the self-assembly of 1
into helical-nanofiber structures. The formation of the cis–syn
isomer generates no chiral centers, which are commonly seen
in the molecular building blocks of helical assemblies.[18]

Therefore, we think that the role of the cis–syn isomer is to
enhance and to stabilize the chirality of the d-sugar moiety in
1.

After UV280 irradiation, each thymine base tilts to form a
nonparallel orientation with the central cyclobutane ring
puckering by 208, as seen in the DNA crystal structure[10]

Figure 3. Partial 1H NMR spectra (600 MHz, at 80 8C in [D6]DMSO) of
a) the self-assembled nanofibers from 1 before UV irradiation and
b) those after UV irradiation at l=280 nm for 3 days.

Figure 4. CD spectral changes for the diluted self-assemblies from 1 in
aqueous solution (2.2B10�3

m) upon UV irradiation at l=280 nm
(black lines). For reference, the CD spectrum of 3’-thymidine mono-
phosphate in aqueous solution is shown as a dashed line
(4.3B10�3

m).

Figure 5. A proposed mechanism for the reversible photochemical
conversion by UV irradiation in the self-assembled nanofibers from 1.
a) Monolayer sheets of the self-assembly of 1 with a long period of
3.59 nm. b) Molecular model of two thymidine moieties and schematic
illustration of the two 1 molecules in the monolayer sheets before UV
irradiation. c) Self-assembled nonhelical nanofiber from 1 before UV
irradiation. d) Molecular model of a thymidine photodimer and sche-
matic illustration of the dimer molecule 2 in the monolayer sheets
after UV irradiation. e) Twisted monolayer. f) The resultant helical
nanofiber. g) Recovery of the nonhelical nanofiber after UV240 irradi-
ation of the cis–syn thymine dimer in the self-assembly from 1.
h) Inhibition of the photodimerization of thymine moieties in 1 in the
presence of complementary dA6 by the formation of A–T base pairs.
The molecular structures of the models in (b) and (d) were drawn by
using the VMD software[22] on the basis of information in ref. [10] and
the Protein Databank (http://www.pdb.org/; PDB file code: 1T4L).
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(Figure 5d, molecular models). Therefore, the photodimeri-
zation of the thymine moieties should greatly affect the
molecular packing in the self-assembly of 1. The covalent
formation of a cis–syn cyclobutane pyrimidine dimer allows a
half molecule of the dimer to pack at a nonzero angle with
respect to their nearest neighbors. This feature leads us to
suppose that the chiral molecular packing induces twisting in
the monolayer sheets, which results in twisting of the resultant
nanofibers (Figures 5d–f).[19] The nanofiber structures with no
helical features were recovered after the UV240 irradiation on
the cis–syn thymine dimer in the self-assembly system of 1
(Figure 5g). FE-SEM and UV measurements clearly evi-
denced the photolysis of the thymine dimer into the thymine
monomer. On the other hand, the presence of the comple-
mentary dA6 molecule acts to effectively suppress the photo-
dimerization of the thymine moiety in 1. The nucleotide
bolaamphiphile 1 and the complementary oligoadenylic acids
form binary complexes through the complementary A–T base
pair. We have indeed found the formation of intertwined,
nonhelical nanofibers based on binary self-assembly of 1 and
dA6.

[20] The complementary base pairing will provide the self-
assembled structures of 1 with molecular packing that is
resistant to the photodimerization of the thymine moiety.[21]

In conclusion, we have demonstrated that UV light directs
the reversible photochemical conversion between self-assem-
bled helical nanofibers and nonhelical ones from the 1,w-
nucleotide bolaamphiphile 1. The photodimerization of a part
of the thymine moiety of 1 produces a cis–syn photodimer, 2,
in the self-assemblies and this results in right-handed helical
nanofibers. Photodissociation of the dimer 2 converts the
helical fibers into nonhelical ones again. These findings are of
great importance in terms of the photochemical switching of
nanofiber morphologies.

Experimental Section
1 was synthesized by coupling 1,20-icosanediol with thymidylic acid
by use of phosphoramidite methods, as reported elsewhere.[12] The
self-assembly of 1 (2.2 C 10�3

m) was irradiated with monochromated
light (Bunkoh-keiki, SM-5) at l= 280 or 240 nm for photodimeriza-
tion and photodissociation, respectively. For the UV irradiation at l=
280 nm, a UV 28 colored optical glass (Hoya) was used to cut off the
light below l= 280 nm. To prepare the binary self-assembly solutions
for UV irradiation, we added dA6 to the aqueous solution of 1 and
adjusted the concentrations of 1 and dA6 to 2.2 C 10�2 and 0.7 C 10�3

m,
respectively. This aqueous solution was treated in the same manner as
the self-assembly of 1 mentioned above. FE-SEM observation was
conducted on a JEOL S-4800 instrument (accelerate voltage 0.5–
1.8 kV, working distance 4 mm). UV, 1H NMR, and CD spectroscopy
and MALDI-TOF mass spectrometry were carried out by using UV-
3300 (Hitachi), LA600 (600 MHz, JEOL), J-820 (Jasco), and Kratos
Kompact-MALDI III (Shimadzu) instruments, respectively. See the
Supporting Information for further details of the experiments.
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Recently, polyrotaxanes have attracted much interest from
researchers from the viewpoint of nanotechnological appli-
cations.[1] In particular, well-defined polyrotaxanes that con-
sist of simple components are becoming important for the
construction of more sophisticated molecular machines.
There are a number of designs and strategies for the
preparation of polyrotaxanes.[2] Among these approaches,
the side-chain polyrotaxane is one of the simplest architec-
tures, but there are only a few examples of side-chain
polyrotaxanes that contain cyclodextrin (CD),[3] apart from
those of Ritter and co-workers.[4] Extensive studies by Ritter[4]

demonstrated the successful synthesis of side-chain polyrot-
axanes primarily in organic media frommethylated b-CD and
various polymers.

Over the past decade, we have been studying the
interaction of cyclodextrins with polymer side chains attached
to water-soluble polymers.[5] Herein, we report an example of
the successful construction of CD-based side-chain polyrot-
axanes in aqueous media, in which CD includes polymer side
chains preferentially from the side with the secondary
hydroxy functionality, by using a combination of simple
components, a-CD and hydrophobically modified poly-
(acrylic acid) (pAA).

We have reported that CD interacts with polymer side
chains and forms inclusion complexes.[5] For example, a-CD
forms 1:1 inclusion complexes with alkyl side chains attached
to the pAA backbone in aqueous media at lower a-CD
concentrations.[6] The structure of 1:1 complexes of a-CDwith
hexyl- and dodecyl-modified pAAs (pCn, n= 6 and 12,
respectively; Scheme 1) were investigated in detail by 2D
NOESY analysis (Figure 1). Both the spectra exhibit clear
correlation peaks between the inner protons in the a-CD
cavity and protons in the alkyl side chains, indicative of the

formation of inclusion complexes of a-CD with the alkyl side
chains. It is of note that both the spectra also exhibit
significant correlation peaks between the protons at the 5-
position in a-CD and the protons of the terminal methyl
group in the alkyl side chains. These data indicate that a-CD
includes the side chains preferentially from the side of the
secondary hydroxy group. In other words, we have success-

Scheme 1. Structures of the polymers used in this study.

Figure 1. 2D NOESY spectra of solutions of a) pC6 and b) pC12 (5 gL
�1)

in the presence of a-CD (10 gL�1).

[*] I. Tomatsu, Dr. A. Hashidzume, Prof. Dr. A. Harada
Department of Macromolecular Science
Graduate School of Science
Osaka University Toyonaka
Osaka 560-0043 (Japan)
Fax: (+81)6-6850-5445
E-mail: harada@chem.sci.osaka-u.ac.jp

[**] We thank Prof. Dr. Tatsuki Kitayama, Associate Professor Dr. Koichi
Ute, and Takashi Nishimura for pulsed-field-gradient NMR meas-
urements and analyses. I.T. appreciates Research Fellowships for
Young Scientists from the Japan Society for the Promotion of
Science.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

4605Angew. Chem. Int. Ed. 2006, 45, 4605 –4608 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



fully obtained unidirectionally included side-chain poly-
pseudorotaxanes by using a combination of simple compo-
nents. At present, we are not sure of the driving force for the
unidirectional inclusion, but it should be thermodynamically
driven: certain interactions between the hydroxy groups in a-
CD and the carboxylate groups in the pAA backbone may
lead to a stronger interaction between the side of the
secondary hydroxy group that bears more hydroxy groups
with the pAA backbone. Thus, this observation may be in
contrast to the cases of kinetically driven unidirectional
inclusion reported recently.[7,8]

These observations motivated us to construct unidirec-
tionally included side-chain polyrotaxanes in aqueous media.
For this purpose, we prepared two azobenzene-carrying
pAAs, namely, pAAs modified with azo moieties through
hexamethylene and dodecamethylene linkers (pCnAzo, n= 6
and 12, respectively; Scheme 1). As azobenzene derivatives
are isomerized from trans to cis under irradiation with UV
light,[9] it is expected that side-chain polyrotaxanes can be
controlled by utilizing photoisomerization of the azo moiety
in pCnAzo.[10]

The formation of inclusion complexes of a-CD with
pCnAzo was confirmed by UV/Vis absorption spectroscopy
(see the Supporting Information). The structure of inclusion
complexes of a-CD with pCnAzo was also explored by 2D
NOESY analysis. The spectrum for the a-CD/pC6Azo mix-
ture exhibits correlation peaks between the inner protons in
the a-CD cavity and protons in the azo and C6 moieties, thus
indicating that a-CD includes both the moieties in the
polymer side chain (Figure 2a). The correlation peaks
between a-CD and the azo moiety are stronger than those
between a-CD and the C6 linker, thus indicating that a-CD
interacts with the azo moiety more favorably than with the C6

linker. The spectrum for the a-CD/pC12Azo mixture also
indicates that a-CD included both the azo and C12 moieties
(Figure 3a). The correlation peaks between a-CD and the C12

linker are much stronger than those between a-CD and the
azo moiety, thus indicating that a-CD interacts with the C12

linker much more favorably than with the azo moiety.
When we irradiated the a-CD/pCnAzo mixtures with UV

light, more than 75% of the azo moieties were isomerized
into the cis form. The formation of the side-chain polyrot-
axane was investigated by 2D NOESYanalysis. The spectrum
for the a-CD/pC6Azo mixture after UV irradiation exhibits
no significant correlation peaks between the protons in a-CD
and those in the azo moiety and in the C6 linker, thus
indicating that the inclusion complex of a-CD with the side
chain is dissociated by trans-to-cis photoisomerization (Fig-
ure 2b). This observation implies that the C6 linker is so short
that side-chain polyrotaxanes are not formed. On the other
hand, the spectrum for the a-CD/pC12Azo mixture after UV
irradiation exhibits correlation peaks between the inner
protons in a-CD and those in the C12 linker (Figure 3b).
This observation means that a-CD stays on the C12 linker,
even after trans-to-cis photoisomerization of the azo moiety,
which is indicative of the formation of the side-chain
polyrotaxane. The formation of the side-chain polyrotaxane
was confirmed by pulsed-field-gradient NMR spectroscopy,
which demonstrated two diffusion modes of the signals as a

result of a-CD with diffusion constants 6.8 A 10�12 (complexed
a-CD) and 1.7 A 10�10 (free a-CD) m2s�1 (see the Supporting
Information). As shown in Figure 4a, the expanded 2D
NOESY spectrum for the a-CD/pC12Azo mixture exhibits a
weak but clear correlation peak between protons of the 5-
position in a-CD and the proton e of the cis azo moiety. This
spectrum indicates that the C12 linker is included by a-CD, in
which the primary hydroxy side is close to the azo moiety
(Figure 4b).

In conclusion, we have successfully constructed a CD-
based side-chain polyrotaxane with unidirectional inclusion in
aqueous media by using a combination of the simple
components, a-CD and pC12Azo. We are investigating the
driving force for the unidirectional inclusion.

Experimental Section
Materials: Poly(acrylic acid) (pAA; Wako Pure Chemical Industries,
Ltd.) was used as supplied. The average molecular weight of pAAwas
reported to be 250000 by the supplier. a-Cyclodextrin (a-CD) was

Figure 2. 2D NOESY spectra of a solution of pC6Azo (10 gL
�1) in the

presence of a-CD (10 gL�1) measured a) before and b) after UV
irradiation.
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recrystallized twice from water. Milli-Q water was used for prepara-
tion of aqueous solutions. Other reagents were used as received.

Preparation of hydrophobically modified pAAs: Alkyl-modified
pAAs (pCn, n=number of carbon atoms in the alkyl chain) were
prepared from pAA and respective amines in the presence of N,N’-
dicyclohexylcarbodiimide (DCC) according to the procedure of
Iliopoulos and co-workers.[11] The preparation details are described
elsewhere.[6] The degrees of modification (x) were determined to be
5.4 and 5.2 mol% for pC6 and pC12, respectively, by 1H NMR
spectroscopic analysis. Azobenzene-modified pAAs (pCnAzo, n=
number of carbon atoms in the alkylene linker) were also prepared
by the same procedure. The preparation details are described
elsewhere.[12] The degrees of modification (x) were determined to
be 3.8 and 2.7 mol% for pC6Azo and pC12Azo, respectively, by
1H NMR spectroscopic analysis.

NMR: Two-dimensional NOESY NMR spectra were recorded
with a VARIAN UNITY INOVA PLUS 600 NMR or JEOL JNM
LA500 NMR spectrometer at 30 8C. Sample solutions were prepared
with D2O containing 0.05m sodium carbonate and 0.05m sodium
bicarbonate. Sample solutions were heated at 60 8C for 1 day, and
then the solution was irradiated with UV light for 12 h. Pulsed-field-
gradient NMR measurements were performed on a VARIAN

UNITY INOVA 750 NMR spectrometer at 25 8C. Diffusion constants
were calculated using the direct exponential curve resolution
algorithm and the maximum entropy method. The experimental
details are described elsewhere.[13]

UV/Vis absorption spectroscopy: UV/Vis absorption spectra
were recorded with a ShimadzuUV-2500PC spectrophotometer using
a 1-cm path length quartz cuvette. Sample solutions were prepared
with a carbonate buffer solution containing 0.05m sodium carbonate
and 0.05m sodium bicarbonate, and the solution was heated at 60 8C
for 1 day.

Photoisomerization: pC6Azo and pC12Azo were isomerized from
trans to cis isomers by UV irradiation with a 500-W Xe lamp (Ushio
Inc.) equipped with a cutoff filter (Hoya UV34) and a band-pass filter
(Hoya U340). The distance between the sample cell and the lamp was
fixed at 40 cm.
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Synthesis, Optical Properties, and Self-Assembly
of Ultrathin Hexagonal In2S3 Nanoplates**
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Anisotropic nonspherical nanomaterials have attracted a
special attention in material science because of their unique
chemical, physical, and optical properties, which are greatly

affected by their shape and size.[1] Thus, many efforts have
been made to synthesize nanorods and nanowires.[2] Com-
pared with one-dimensional (1D) structures, 2D nanomate-
rials such as nanoplates and nanodisks have been relatively
little explored and require further investigation. To date the
following nanoplates have been prepared: hexagonal[3]

(Co(OH)2, Cu2S, SbTe3, Bi2Te3, etc.), trigonal
[4] (Au, Ag, Pd,

Bi, Se, LaF3, etc.), square
[5] (rare earth metals, Bi2WO6, etc.),

and circular[6] (Ag, Co, etc.).
Over the last two decades, the chemical and physical

properties of diverse semiconductor nanocrystals have been
investigated.[7] Compared to the corresponding conventional
bulk materials, semiconductor nanomaterials show unique
optical, mechanical, electronic, and catalytic properties which
are highly dependent on size and shape. Of the known
semiconductor nanomaterials, perhaps the semiconducting
metal chalcogenides have been studied most widely. In
particular, most studies have focused on II–VI quantum
dots (QDs) such as CdS, ZnS, and CdSe.[8] Moreover, I–VI
QDs such as Ag2S and Cu2S have received significant
attention.[9] Compared with the semiconductor nanomaterials
mentioned above, the optical and electronic properties of
metal chalcogenides which have 1:1.5 molar ratio of metal to
chalcogenide in their unit cells have received comparatively
little attention. These include In2S3, Bi2S3, and Sb2S3 nano-
crystals.[10]

Indium sulfide (In2S3) exists in three different crystalline
forms: a-In2S3 (defect cubic), b-In2S3 (defect spinel), and g-
In2S3 (layered structure).

[11] Of these, b-In2S3 is an n-type
semiconductor with a band gap of 2.0–2.3 eV and is stable
above 420 8C.[12] Moreover, the unique luminescence proper-
ties of b-In2S3 have enabled its use as a phosphor in display
devices.[13] Furthermore, its photoconductive properties[14]

make it a promising candidate for photovoltaic applications
such as solar cells. Recently, it was reported that solar cell
devices prepared by using b-In2S3 as a buffer layer show
16.4% conversion efficiency, which is very close to that of the
standard CdS buffer layer.[15] Much effort has been made to
replace highly toxic cadmium with other metals for environ-
mental reasons.[16]

A number of synthetic methods[17] have been developed to
prepare b-In2S3, for example, direct reacting of the elements
at high temperature, heating In2O3 in H2S, thermal decom-
position of organometallic precursors, and metathesis reac-
tion between InCl3 and Li2S. To fabricate thin films of b-In2S3
for solar cell applications, several deposition techniques, such
as organometallic chemical deposition, spray pyrolysis, and
chemical bath deposition, have been developed.[18] b-In2S3 can
also be prepared by a wet chemical approach,[19] that is, by
reaction between aqueous InCl3 and H2S, (NH4)2S, or NaSH;
by laser-induced formation of In2S3 from sodium polysulfide
in aqueous solution; by using red light and Na2S; by forming
colloidal particles in reverse micelles; by injecting H2S into
In(ClO4)3 solution; by hydrothermal treatment of an acidic
sol of InCl3 and Na2S; or by sonochemical synthesis from
InCl3 and MeCSNH2. Recently, 3-nm b-In2S3 nanocrystals
were prepared by an arrested-precipitation method using
aqueous InCl3 solution and a thiol stabilizer.

[20] However, as
far as we are aware, the synthesis of b-In2S3 in organic media
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has received little attention, although it is well recognized that
various organic surfactants can be excellent reaction media
for synthesis of high-quality nanocrystals.[21]

Herein we report on the synthesis of monodisperse
hexagonal b-In2S3 nanoplates of 0.76-nm thickness in organic
media at high temperature by using the arrested-precipitation
method. In a typical synthesis, oleylamine was used as a
stabilizer and solvent. Anhydrous InCl3 and sulfur powder
were dissolved in well-dried oleylamine (9–18 mL), and the
mixture was then heated to 215 8C and held at this temper-
ature for 1 h. A bright yellow precipitate formed during the
aging step. The TEM images of these precipitates revealed
hexagonal nanoparticles (Figure 1a–c). More detailled TEM

investigation showed the synthesized nanoparticles to have a
hexagonal plate form. Side views of these plates were
obtained on grids, and high-resolution (HR) TEM revealed
a plate thickness of 0.76 nm (Figure 1d), which makes them,
as far as we are aware, the thinnest nanoplates known.[22]

Moreover, by changing the concentration of the precursor
in oleylamine, we were able to control the size of these
hexagonal nanoplates, as shown in Figures 1a–c and e–h.
Using 0.10m precursor solution, we obtained 63-nm hexago-
nal nanoplates, and when its concentration was reduced to
0.050m, the nanoplate size decreased to 45 nm. Also we
obtained 33- and 22-nm hexagonal nanoplates using 0.025m
and 0.00125m precursor solutions, respectively. Interestingly,
the nanoplate thickness remained constant throughout the
above experiments, and this implies that growth along one
plane is much slower than along the others. Unfortunately,
numerous trials to determine the retarded-growth direction
by HRTEM were unsuccessful because of the extreme
thinness of the plates. However, we could get some informa-
tion about this retarded-growth direction from X-ray diffrac-
tion patterns.

Figure 2 shows representative powder X-ray diffraction
(XRD) and electron diffraction (ED) patterns of 33-nm
hexagonal nanoplates. The powder XRD patterns revealed
three sharp peaks at 27.2, 47.9, and 55.88 originating from
(109), (400), and (533), which are very close to those reported
for b-In2S3 (JCPDS card 25-390).

[23] From the Debye–Scherrer

equation, the size of the nanoplates was calculated to be
37 nm from the half-width of the (400) diffraction peak, which
is consistent with the size determined by TEM. We could not
find the (220) and (309) diffraction peaks, which were
expected at 32 and 448 correspondingly. According to a
library spectrum[23] of bulk b-In2S3, the (220) and (309) peaks
should be of high intensity. Thus, we suggest that the retarded
growth direction may be related to these two lattice planes.
The ED pattern shows two broad diffraction circles, which
correspond to d spacings of 3.10 and 1.94 G, respectively.
These are consistent with the literature values of 3.241 and
1.912 G originating from the (109) and (400) reflections of b-
In2S3.

[23]

To confirm the chemical stoichiometry of the synthesized
nanoplates, we performed energy dispersive spectroscopy
(EDS) for indium and sulfur on four samples. All samples
showed In:S= 1:1.5 (see Supporting Information for EDS
spectra of all samples). Figure 3 shows a representative EDS
spectrum of 45-nm nanoplates. It is noteworthy that In2S3
remained the sole product when the amount of sulfur was
reduced to 0.075 equivalents versus indium.

We carried out UV/Vis absorption and photolumines-
cence (PL) studies to investigate the optical properties of the
ultrathin hexagonal nanoplates. Dispersed hexane solutions
of nanoplates had a slightly luminescent yellow color (inset in
Figure 3b). Figure 3b shows a representative UV/Vis absorp-
tion spectrum of 45-nm hexagonal nanoplates. Compared to
the absorption peak of 3.0-nm nanoparticles,[20] that of 45-nm

Figure 1. TEM images of a) 63-nm, b) 45-nm, and c) 33-nm b-In2S3

nanoplates; d) side view of nanoplates; and histograms illustrating the
particle size distributions for e) 63-nm, f) 45-nm, g) 33-nm, and h) 22-
nm b-In2S3 nanoplates.

Figure 2. Powder XRD (left) and ED (right) patterns of 33-nm In2S3

nanoplates.

Figure 3. a) EDS and b) UV/Vis absorption spectra of 45-nm In2S3

nanoplates, inset: photo of sample.
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nanoplates was red-shifted by 30 nm. In addition, the UV/Vis
spectra of nanoplates showed a steplike shape, which was
mentioned to be an indicator of conduction and valence band
transition in b-In2S3.

[20] Interestingly, we observed no signifi-
cant differences between the UV/Vis spectra of 63-, 45-, 33-,
and 22-nm nanoplates (see Supporting Information for UV/
Vis spectra of 63-, 45-, and 22-nm nanoplates), which implies
that the sizes (22–63 nm) of the nanoplates are beyond the
quantum confinement range. Detailed optical characteriza-
tions including emission, quantum yields, and decay kinetics
will be reported elsewhere. In addition, the electrolumines-
cence properties of nanoplates will be characterized after
layering on indium tin oxide (ITO)/glass by the Langmuir–
Blodgett technique.

For applications in various optical devices, including solar
cells, thin-film fabrication techniques are needed.[18] Since the
hexagonal nanoplates are extremely thin, we believe that
these nanomaterials can be used as building blocks to prepare
subnanometer films by self-assembly. The high surface area of
the 2D nanoplates, as compared with 0D or 1D nanomaterials,
is interesting from the aspect of self-assembly behavior.
Recently, the formation of spherelike macrostructures by self-
assembly of hexagonal nanoplates was reported.[24]

Hexagonal In2S3 nanoplates showed two self-assembly
patterns in TEM studies: parallel alignment to a solid support
and upright alignment due to interactions with other nano-
plates. Interestingly, these self-assembly behaviors depend on
nanoplate size and concentration. When nanoplate size was
reduced from 63 to 22 nm, upright alignment was favored, and
when the concentration of nanoplates in the mother solution
was reduced, parallel alignment was favorable, as sketched in
Figure 4.

The 63-nm nanoplates showed a preference toward
parallel alignment to a solid support (Figure 5a), and we
also observed a regular parallel packing structure (Figure 5b).
For 45-nm nanoplates, the self-assembly process was strongly
concentration dependent. When we used a dilute solution (ca.
5 mg of nanoplates in 2 mL of dichloromethane) to induce
self-assembly by drop casting on a grid, we observed
substantial parallel alignment to the solid support (Figure 5c).
In some regions of the grid, we observed both parallel and
upright alignments of 45-nm nanoplates (Figure 5d). When
we used a relatively concentrated sample of 45-nm nanoplates

(ca. 20 mg in 1 mL of dichloromethane), we observed upright
alignment in almost all regions (Figure 5e, f. In the case of 33-
and 22-nm nanoplates, the upright alignment was strongly
favored. It can be speculated that this behavior is due to
greater attraction between larger nanoplates and the carbon
film on the grid. Interestingly, more hexagonal nanoplates
which are perpendicular to the surface of the grid (parallel to
electron beam of the TEM) were observed for 33- and 22-nm
nanoplates. (Figure 5g,h) Using HRTEM, we measured the
thicknesses of and the distances between aligned nanoplates.
The inside distance between two aligned nanoplates was
about 1.3 nm and nanoplate thickness was 0.76 nm. (Fig-
ure 1d) Low-angle powder XRD studies also provided
information about distances in the self-assembled structures.
The two peaks in the low-angle XRD pattern in Figure 5 i
correspond to 2.7 and 1.3 nm, which agree well with the
results of HRTEM studies. This understanding of the self-
assembly behavior of nanoplates could be helpful for future
applications of these materials to photovoltaic devices.

In conclusion, we have synthesized ultrathin hexagonal b-
In2S3 nanoplates of unprecedented thinness by an arrested-
precipitation method from organic media and characterized
them using TEM, powder XRD, and EDS studies. These
nanoplates showed intriguing optical properties and self-
assembly behavior. b-In2S3 is a common material for solar cell
applications,[18] and many efforts have been made to fabricate
this material in thin-film form on a suitable support. The b-
In2S3 nanoplates are 0.76 nm thick and show size- and
concentration-dependent self-assembly behavior. We are
now trying to assemble a monolayer on a solid support such
as ITO. We believe that these self-assembling nanoplates can

Figure 4. Sketch of size-dependent self-assembly of In2S3 nanoplates.
a) Parallel alignment and b) upright alignment.

Figure 5. TEM images of a,b) parallel-aligned 63-nm nanoplates, c–
f) 45-nm nanoplates at relatively low (c,d) and high (e, f) concentra-
tion, and g,h) 33-nm nanoplates at relatively high concentration;
i) low-angle powder XRD pattern of self-assembled 45-nm nanoplates.
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be used for the development of diverse ultrathin nano-
devices,[25] such as solar cells.

Experimental Section
All spectroscopic studies were performed on as-prepared nanoplates
without employing any size-selection process. TEM and HRTEM
images were recorded with a JEOL 2100F unit operated at 200 kV.
The self-assembly of nanoplates was carried out on carbon-coated
copper grids by drop casting nanoplates dispersed in dichlorome-
thane. EDS was preformed on a FE-SEM (JSM6700F). Powder XRD
patterns were obtained on a Rigaku MAX-2200 with filtered CuKa
radiation. UV/Vis absorption spectra of hexagonal nanoplates were
recorded on a Jasco V-500 spectrophotometer. For UV/Vis experi-
ments, solutions of 4 mg of nanoplates in hexane (HPLC grade,
Burdick & Jackson, 100 mL) were used.

In a typical synthetic procedure, anhydrous InCl3 and 1.5 equiv-
alents of sulfur powder were added to 9–18 mL of oleylamine. After
heating the mixture at 110 8C for 1 h, the temperature was increased to
2158C and held for 1 h. After cooling the solution to 358C, methanol
was added to the reaction mixture and the precipitate formed was
retrieved by centrifugation. After repeating this washing procedure
twice, the obtained precipitates were dried under vacuum. Using 0.10,
0.050, 0.025, 0.0125m solutions of indium chloride in oleylamine, we
obtained 63-, 45-, 33-, and 22-nm hexagonal nanoplates.
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Drug delivery into biological cells is an important and
growing area of application.[1] Among other systems, such as
gels,[2] polymeric micelles,[3] liposomes,[4a,b] and colloids,[4c]

nanoengineered polyelectrolyte multilayer microcapsules[5]

offer a unique opportunity to combine surface multifunction-
ality with design flexibility for the delivery of encapsulated
materials into designated compartments and cells.[6] Further-
more, microcapsules can be arranged in arrays for imag-
ing,[7a,b] could be appropriate candidates for a cell-sorting
system,[7c,d] and serve as fluorescence markers for the
characterization of cells by fluorescence-activated cell sorting
(FACS).[7e] The capsules are fabricated using the layer-by-
layer (LbL) method[8] by alternately adsorbing oppositely
charged polymers on colloidal templates followed by core
dissolution. In this regard, proteins and biocompatible
polymers have also received increased interest.[9] The main
advantage of such a method is the precise control over the
chemical composition of the surfaces.

In the area of biomedical applications, polyelectrolyte-
multilayer capsules are envisioned for the delivery of
encapsulated materials into biological cells.[6] Recently, we
have presented the real-time monitoring and remote release
of encapsulated materials from polyelectrolyte-multilayer
capsules on the single-capsule level.[10] Such an approach[10]

is different from the studies reported by other research
groups[11] in that it is performed on a single-capsule level,
which is the method ideally suited to applications where
precise control is necessary. In addition, the distinctive feature
reported in reference [10b] is the measurement of the
temperature rise induced locally by absorption of laser light
by nanoparticles.

In general, nanoparticles[12] are becoming ubiquitous
components that link chemistry and physics with biology
and biochemistry. They can be embedded in the walls of
capsules to provide functionality,[6a] and they are also finding
increasing interest for biological imaging.[13] Herein, we show
that polyelectrolyte-multilayer capsules containing metallic
nanoparticles in their walls can be remotely activated to
release encapsulatedmaterial inside living cells. Fluorescently
labeled polymers were chosen as a model system for
encapsulated materials. The remote-release experiments
were conducted according to the following scheme. The
polyelectrolyte-multilayer shells were doped with metal
nanoparticles, which served as absorption centers for energy
supplied by a laser beam. These absorption centers cause local
heating that disrupts the local polymer matrix and allows the
encapsulated material to leave the interior of the capsule.

When using lasers with biological objects, it is important
to minimize the absorption of laser light by cells and tissue.
This can be accomplished by choosing the laser wavelength in
the biologically “friendly” window[14a,b]—the near-infrared
(NIR) part of the spectrum. Usually the spectral properties of
water[14c] serve as a good criterion, as it constitutes 80–85% of
eukaryotic cells. Indeed, in water the temperature rise in the
focus of a laser diode with wavelength 850 nm and operating
at optical powers up to 100 mW during less than 1 s exposure
time was reported to be under 1 K.[14d] Other important
parameters that control the interaction of laser light with the
absorption centers are the size of the nanoparticles and their
concentration on the microcapsules.[10b] The concentration of
metal nanoparticles plays an important role for two reasons:
1) when the distance between the two adjacent nanoparticles
is of the order of their size, the thermal effects produced by
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adjacent nanoparticles add up; and 2) the interaction of
nanoparticles located in close proximity to each other results
in an increase of absorption at lower energies or higher
wavelengths (causing the so-called red shift) compared to the
surface plasmon resonance band of stand-alone nanoparti-
cles.[15] In this regard, spatial arrangement of the nanoparticles
is essential[16a–c] and control of their distribution is para-
mount.[16d]

In the present studies we used silver nanoparticles[10a] for
the remote activation of microcapsules, defined as deforma-
tion of their shape upon laser illumination, inside the cells.
These nanoparticles were chosen because they provide dark
contrast in transmission microscopy as a result of their high
concentration on the capsules. Most of the silver nano-
particles were larger than 20 nm. These features lead to
nonvanishing absorption[10a] in the NIR part of the spectrum
as a consequence of dipolar and higher-order multipolar
contributions[15b,c] and interaction between the nanoparti-
cles.[15a] This finding is consistent with the visible–NIR
spectral characteristics of silver nanoparticles with larger
sizes[15b] located in clusters.[15c] Further studies were conducted
of the release of encapsulated polymers from microcapsules
containing gold and gold sulfide nanoparticles.[17] These
nanoparticles absorb in the NIR part of the spectrum,[17]

and the nature of the NIR absorption is the subject of
continuing research.[17e]

Encapsulation of macromolecules can be performed, for
example, by pH-controlled[18] swelling and shrinking of
capsules[19] or with a matrix polyelectrolyte system.[20] We
encapsulated an Alexa Fluor 488 (AF-488) dextran conjugate
by a thermal[21] treatment method developed by KDhler
et al.[21b] and based on the size reduction of strong polyelec-
trolyte sodium poly(styrene sulfonate)(PSS)/poly(diallyldi-
methylammonium chloride) (PDADMAC) microcapsules
upon heating. Indeed, temperature was shown to affect the
polyelectrolyte multilayers.[22] The heat-induced shrinking of
microcapsules with a balanced charge ratio of polyelectro-
lytes is attributed to the reduced water/polyelectrolyte inter-
face and subsequently lower surface energy.[21b] Therefore, the
heat treatment of microcapsules applied in our study was
accompanied by a reduction in size from about 4.5 to about
3 mm, which entrapped the dextran.

Figure 1 presents AFM images of a typical dried capsule
before and after heat treatment. Upon heat treatment, the
thickness of the walls of the capsules increases from about 14
to about 42 nm. Furthermore, the polymers incorporated
inside the capsules smooth the surfaces of their walls. Peaks
and valleys in the range of 55–120 nm can be seen in the
thermally treated capsules without encapsulated polymer
(Figure 1d–f). In contrast, the thermally treated capsules
containing encapsulated polymer exhibit a uniform thickness
of about 40 nm. The presence of polymers inside the micro-
capsules leaves the average wall thickness virtually
unchanged but alters the texture and reduces the roughness
(Figure 1g–i). Nanoparticles embedded in the walls of the
capsules can also be seen after heat treatment (inset to
Figure 1 i). The capsules were constructed on silica templates,
which have a negligible effect on polyelectrolyte multi-
layers.[21b]

The mechanical properties of the polyelectrolyte micro-
capsules[23a–f] and multilayers[23g–j] have been the subject of
extensive research. The studies conducted by AFM[23b,c]

revealed that forces in the range of hundreds of piconewtons
are sufficient to induce buckling of capsules that were not
thermally treated. The study of the mechanical properties of
thermally treated PSS/PDADMAC capsules at room temper-
ature demonstrated[23e] that after heating for 20 min at 50 8C,
the stiffness increased by four times (from � 220 to
� 870 pNnm�1) and, even more remarkably, by more than
ten times (from � 220 to � 2600 pNnm�1) upon heat treat-
ment at 55 8C. Such an enhancement of the stiffness is
attributed to the increase of the wall thickness that accom-
panies the heat shrinking. The improvement of the mechan-
ical integrity of thermally treated capsules was also consistent
with our observations,[6c] as the thickness of the walls has an
important influence on the percentage of capsules that are
deformed upon ingestion by cells. Capsules with thicker walls
are less likely to be deformed, and are thus more suited to the
delivery of encapsulated materials.

All encapsulation and release experiments were per-
formed with the AF-488 dextran conjugate because it is
significantly brighter and more photostable than other green
fluorophores,[24a,b] which is a required condition for experi-
ments under physiological conditions. The pH stability of
encapsulated AF-488 dextran at different pH values was

Figure 1. a,b) AFM and c) TEM images of (PSS/PDADMAC)4 polyelec-
trolyte-multilayer capsules with gold and gold sulfide nanoparticles
embedded in their walls before thermal treatment; the height marked
by the red arrows in the inset to (b) corresponds to 28 nm. d,e) AFM
and f) SEM images of a similar capsule after thermal treatment
without encapsulated polymer; the heights marked by the green, red,
and black arrows in the inset to (e) are 55, 87, and 120 nm,
respectively. g,h) AFM and i) TEM images of a similar capsule after
thermal treatment with encapsulated AF-488 dextran. The height
marked by the red arrows in the inset to (h) is 82 nm; the inset to (i)
shows a magnified area. All values for heights correspond to the
double wall thickness. The scale bars in all images correspond to
1 mm.
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investigated in comparison to that of fluorescein isothiocya-
nate (FITC) dextran (see Supporting Information), which is a
commonly used, strongly pH-dependent, fluorescently
labeled polymer that exists in four forms in solution.[24c–f] At
pH> 5, both phenol and carboxylic groups of the FITC dye
molecules are ionized, whereas at pH< 5 the majority of them
are in their neutral or cationic, predominantly nonfluorescent,
state. This results in decreasing fluorescence at lower pH
values (see Supporting Information). A sharp contrast
between the pH stability of AF-488 and FITC dextran is
observed. Therefore, AF-488 can be used in experiments
where stability is required, whereas FITC is intended for pH
and other sensors. In addition, experiments were performed
to determine both the mechanical integrity of capsules
without nanoparticles and the photostability of encapsulated
AF-488 dextran.

In fluorescent dyes the excitation from the ground state to
the first singlet state S1 dominates the absorption processes,[25]

while higher-order photon excitation may influence the signal
only at high photon fluxes (typically with femtosecond
lasers).[25b] The laser wavelength (830 nm) is located outside
the 450–510 nm absorption band of AF-488 dextran (see
Supporting Information). Notwithstanding this fact, a control
experiment was conducted in which microcapsules without
embedded nanoparticles were exposed to laser light with
intensities and conditions similar to those used in the release
studies (see Supporting Information). It served to test both
the photostability (or exclude the possibility of photobleach-
ing) and the mechanical integrity of microcapsules filled with
AF-488 dextran but without nanoparticles in their walls upon
laser excitation. Illumination was performed by a laser
operating in the continuous wave (CW) mode at 830 nm
with an incident intensity of 50 mW. Notably, although the
laser operated in a CW mode, the shutter of the laser was
opened for a short pulse (on the order of seconds or less)
during the illumination. No fluorescence intensity changes
were observed before and after illumination. In addition to
test the photostability, this experiment also provides evidence
that a capsule without nanoparticles is not deformed upon
illumination with laser light. Note that the laser beam was
directed from the top, thus pushing the capsule against the
cover slide as a result of the radiation pressure of light[26] so
that the capsule remained in the focus. Further studies were
conducted with capsules containing nanoparticles in their
walls.

Before the release studies, we performed experiments on
the remote activation of capsules inside living cells. For this
purpose, we fed living cells with capsules containing silver
nanoparticles in their walls. These capsules were prepared
according to the method described previously;[10a] they had no
encapsulated material inside and were chosen for dark
contrast in transmission. An ingested capsule was illuminated
with a CW laser beam directed from the bottom and
operating at 830 nm with a power of 50 mW. Figure 2
demonstrates that a capsule can be opened or activated
remotely inside a cell. The rupture of the capsule (Figure 2c)
demonstrates that a laser–nanoparticle interaction through
thermal processes[10b] is responsible for its activation. Other
processes, for example transport of protons or electron

redistribution around the nanoparticles,[27] do not determine
the activation of and eventual release from microcapsules,
because the polyelectrolyte multilayers were shown to be
permeable for protons[24c] and the local redistribution of
electrons cannot cause the rupture of the capsules. In the next
step, release experiments were conducted with AF-488
dextran-filled capsules containing gold and gold sulfide
nanoparticles in the walls.

Figure 3 demonstrates the release of encapsulated AF-
488-labeled dextran inside a living cell upon laser illumina-
tion. The fluorescence image of the capsules is presented in

Figure 3a, while Figure 3b shows the superimposed fluores-
cence and transmission signals from the same cell and the
same capsules before illumination by laser light. The capsule
appears filled (Figure 3c) before illumination. Similar images
of the same capsule after illumination (Figure 3d–f) show
that, although there is some leftover fluorescence in the walls
of the capsules, most polymer molecules had left the interior
of the capsule. The leftover fluorescence traces in the walls of
the capsule are consistent with earlier reported experi-
ments.[10b] Notably, the rise in temperature during laser
illumination of capsules with embedded nanoparticles is
several degrees and it is concentrated in the vicinity of the
capsules.[10b] In our experiments, the cells adhered to the
substrate both before and after the release of the encapsu-

Figure 2. Remote activation of a capsule containing silver nanoparti-
cles in its walls. The capsule was ingested by a living MDA-MB-435S
cancer cell. The images show the cell before (a), during (b), and after
(c) illumination with a laser. The scale bars correspond to 10 mm.

Figure 3. Sequence of images showing the release of fluorescent AF-
488 dextran inside a living MDA-MB-435S cell. a) Fluorescence image
of a filled capsule; b) superimposed fluorescence and transmission
images of the capsule inside the same cell; c) fluorescence intensity I
profile plotted along the length L of the red line in (a). d)–f) Similar
data after exposure of the cell to a laser beam. The scale bars in all
images correspond to 5 mm.
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lated polymer, which indicates that this method is feasible for
the delivery of encapsulated materials into cells.

In the activation and release experiments, contrary to the
photostability tests, the laser beam was directed from the
bottom onto the chamber containing the living cells because
of its design. In such a geometry, capsules not taken up by
cells are pushed up by the laser beam and away from the field
of view as a result of the radiation pressure of light.[26] This
effect is demonstrated in Figure 4, which shows that capsules

situated on top of a cell are pushed out of the field of view by
the laser. Figure 4a shows that an agglomerate of capsules is
located in the field of view slightly above the cell, whose
contours can also be seen. Figure 4b shows the same cell and
the same agglomerate of capsules during laser illumination,
while Figure 4c presents the same cell after liftoff of the
capsules. The agglomerate of the capsules is not a heavy
aggregate, as part of it can still be seen in Figure 4c. Besides,
the cell itself did not undergo changes, which is consistent
with the data reported for the temperature rise during laser
illumination.[14d] These experiments with “flying capsules”
demonstrate that the release of encapsulated material can be
carried out only from capsules internalized by the cells;
capsules merely adherent to the outer membrane were lifted
up and away from the imaging plane.

In conclusion, the release of encapsulated material from
polyelectrolyte-multilayer capsules has been demonstrated
inside living cells. Metal nanoparticles were incorporated
inside the walls of the capsules, and served as energy-
absorbing centers for illumination by laser light. AF-488
dextran was successfully incorporated into the capsules using
a novel heat-shrinking method. The capsules obtained by such
a method exhibit improved mechanical stability—properties
important for the delivery of encapsulated material. Upon
illumination by laser light, the encapsulated dextran leaves

the interior of a capsule inside a living cancer cell. Capsules
not internalized by the cells are pushed up by the laser and
move away from the field of view upon laser illumination
from the bottom. The study presented herein serves as a
significant step toward the use of polyelectrolyte-multilayer
capsules for the delivery of medicine into biological cells, and
is, therefore, relevant to research on drug delivery.[1] The
presented method is different from previous, albeit also
important, studies in that it is conducted on an individual-
capsule level and offers an improved degree of control and
monitoring.

Experimental Section
Polyelectrolyte-multilayer capsules were prepared according to the
previously described method.[5, 21] Silica particles (SiO2, 4.55 mm;
Microparticles GmbH, Berlin, Germany) were alternately coated
with four double layers of PDADMAC (Mw� 200–350 kDa; Sigma–
Aldrich, Munich, Germany) and PSS (Mw= 70 kDa; Sigma–Aldrich).
FITC dextran (Sigma–Aldrich) was used in pH stability tests. All
chemicals were used without further purification. The water used in
all experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher than
18.2 MWcm.

For activation studies, silver-containing microcapsules were
prepared according to the method described earlier.[10a] For release
studies, gold and gold sulfide[17] nanoparticles were deposited in the
layers according to the method described earlier.[10b] After deposition
of eight polyelectrolyte monolayers, silica cores were dissolved in
0.1m HF.[21b] Alexa Fluor 488 dextran conjugate (AF-488 dextran,
Mw= 10 kDa; Invitrogen, Karlsruhe, Germany) was encapsulated in
(PDADMAC/PSS)4 capsules according to the thermal treatment
method.[21b,c]

The optical setup used in the experiments was similar to that
described previously.[10] The laser was operated in CW mode, and the
shutter was opened during illumination for brief pulses of the order of
seconds or less. MDA-MB-435S cancer cell lines were used in the
experiments; they were seeded on the substrate overnight, then
approximately 30 capsules per cell were added and the experiments
were carried out after incubation for 4 h as previously reported.[6c]
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Determination of the Absolute Configuration of
Chiral Primary Amines by 1H NMR Spectroscopic
Analysis**
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Methods for the determination of the absolute configuration
of chiral molecules are indispensable in modern organic
chemistry, especially in asymmetric synthesis and in studies of
the structures of complex natural products.[1] Although the
modified Mosher method[2] with a-methoxy-a-trifluorome-
thylphenylacetic acid (MTPA, 1)[3] is often employed for this

purpose, many cases have been identified in which the MTPA
procedure can not be applied, either because of the low
reactivity of MTPA chloride (2)[4] or because of the number of
complex conformers observed in the MTPA derivatives.[5] To
overcome these limitations, we developed a-cyano-a-fluoro-
phenylacetic acid (CFPA, 3), in which the fluorine atom is
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located on the stereogenic center. We found that CFPA
chloride (4) reacts with nucleophiles 500 times faster than
MTPA chloride (2), and even undergoes condensation with
hindered nucleophiles, such as pinacolyl alcohol.[6]

The phenyl hydrogen atoms of CFPA give rise to a
complex multiplet in the 1H NMR spectrum, which can often
complicate the analysis of the 1H NMR spectra of substrates
with aromatic substituents. We therefore decided to search for
a derivatizing agent with more readily distinguishable aro-
matic proton signals to simplify the assignment of proton
signals to the derivatized diastereomers.[7] This approach led
to our development of a-cyano-a-fluoro-p-tolylacetic acid
(CFTA, 5 ; Tol= tolyl),[8] a reagent that can be used in the
determination of the absolute configuration of chiral carbi-
nols,[9] even those with two essentially identical substitu-
ents.[10] Herein, we report that the CFTA method is also
reliably applicable to the determination of the absolute
configuration of various chiral amine compounds.

We measured the chemical-shift difference, DdH
(dS�dR),

[11] for corresponding protons of the diastereomeric
(S)- and (R)-CFTA amides of chiral primary amines 7–14 of
known absolute configuration (Scheme 1).[2] All proton
signals for the amine residue were assigned for both the (S)-
and (R)-CFTA diastereomers by means of COSY and other
NMR spectroscopic techniques. Thus, aDdH value was readily
obtained for each hydrogen atom of the diastereomers.

The CFTA–amide plane is defined as the plane with an
all-anti (F�C)�(C=O)�(N�H)�(C�H) conformation[12]

(Scheme 2). When the CFTA amides are depicted in a
manner such that the two substituents at the stereogenic
center adjacent to the N atom are in the plane of the page
(which is perpendicular to the CFTA–amide plane) and the
a hydrogen atom is coming out of the plane of the page, the
hydrogen atoms with negative DdH values are invariably on
the left-hand side of the CFTA–amide plane and those with
positive DdH values are on the right-hand side of the CFTA–
amide plane (Scheme 1). In general, greater DdH values were
observed for the CFTA amides than for the MTPA amides.
Thus, the CFTA method enables the determination of the
absolute configuration of chiral amines by 1H NMR spectros-
copy much more readily and accurately than the method with
MTPA.

To investigate the scope and limitations of the CFTA
method, we applied our procedure to the multiply labeled
amino acid derivatives 15 and 16. From the Dd values
obtained by 1H and 2H NMR spectroscopy, we found that
both 15 and 16 have the S absolute configuration, as was
expected from the synthetic route used for their prepara-
tion.[13] X-ray analysis of the CFTA amide of 15 confirmed the
S configuration for this derivative.[14]

The signs of Dd on each side of the CFTA–amide plane
were opposite for the CFTA amides to those observed for the
CFTA esters[9] and also opposite to those observed with
MTPA amides. Therefore, we propose that the stable
conformation for the amides is that in which the C�F bond
occupies an anti-periplanar position with respect to the C=O
bond (Scheme 2), in contrast to the syn-periplanar conforma-
tion that is favored in the case of the CFTA esters. The amides
of the chiral amines RSRRCHNH2 can be viewed from the left-

hand side in an extended Newman projection, in which the
amide linkage is omitted for convenience. Conformational
arguments can be used to explain the algebraic signs of the
Dd values. In the case of the (S)-CFTA diastereomer, the
signals for the hydrogen atoms of the RR group should always
be shifted upfield as a result of the anisotropic shielding of the
aromatic ring. In contrast, for the R diastereomer, the hydro-
gen atoms of the RS group are shielded, and these signals
should therefore appear upfield. Thus, the Dd values for the
protons on the left-hand side of the CFTA–amide plane
should be negative and those for the protons on the right-
hand side of the plane should be positive. This conformation
was supported by X-ray crystallographic analysis of the CFTA

Scheme 1. DdH or DdD values for CFTA amide diastereomers of chiral
amines 7–16.
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amide of 1-phenylethylamine[8a] and ab initio calculations
(GAUSSIAN98, RHF/6-31+G*) of the CFPA amide of Val-
OMe as a similar molecule.[8b]

In summary, we have presented the CFTA method as a
new and reliable procedure for the determination of the
absolute configuration of chiral amines. This method has
important advantages over other conceptually similar proce-
dures available because of the very high reactivity of the
agent[6] and because the C�F bond at the stereocenter exerts
strong conformational control on the amides.[12b] For these
reasons we feel this method should be widely applicable.
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Dynamic combinatorial chemistry (DCC) forms the covalent
domain of constitutional dynamic chemistry (CDC)[1,2] which
covers reversible constitutional reorganization on both the
molecular (covalent) and supramolecular (noncovalent)
levels. It gives access to all possible combinations of the
available components, which are connected through rever-
sible covalent bonds. It thus generates constitutional dynamic
libraries (CDLs) that, at thermodynamic equilibrium, display
all the constituents or leave some of them virtual, depending
on the conditions.[1a] Such systems can be driven either by
internal organization (self-recognition) or by external inter-
action (species binding). As a result, the equilibrium may shift
to the over-expression of selected products through an
adaptative process. To date, the discrimination between the
constituents of dynamic libraries has centered on the utiliza-
tion of target recognition as a driving force, in particular as a
result of applications in drug discovery.[3] In the course of our
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investigations toward the design of adaptative chemical
systems that respond to a wide array of environmental
parameters, we have become interested in the potential
offered by the possibility to drive constituent reorganization
and amplification/selection by component exchange, by
external physical (temperature,[4a] phase transition[5]), or
chemical (protons,[4] metal ions[4b,c,6]) triggers. Changes in
the composition of the members of a constitutional dynamic
library (CDL) represent an adaptation of the dynamic system
in response to the perturbation. Such effects are of special
interest in terms of developing dynamic materials that
respond to environmental effectors.[7, 8]

To extend the range of physical external triggers for
inducing selection processes, we have explored the possibility
of using an electric field to influence the thermodynamic
equilibrium in a mixture of constitutionally interrelated
compounds. To this end, the development of dynamic liquid
crystals (LCs) appeared particularly well-suited for three
main reasons: 1) the wide use of LCs as materials, in
particular for display technology;[9] 2) the potential existence
of various LC phases—such as nematic, smectic, etc.—
depending on the constitution of the mixtures and molecular
structure of the components;[10] and 3) the well-known
behavior of LCs to become macroscopically oriented and
stabilized in either electric[11] or magnetic fields.[12]

We herein describe the perturbations imposed by an
electric field on mixtures of imines and amines containing an
LC-type imine with a negative dielectric anisotropy, namely
MBBA (1) or EBBA (5, Scheme 1). Two distinct phenomena
have been observed that are linked to the transitions between
isotropic and nematic phases. The first one consists of the
expulsion from the LC, upon application of an electric field,
of compounds that do not participate in the formation of a
nematic phase; the second is based on a direct effect of the
electric field on the thermody-
namic equilibria in a CDL by
the coupling of the field to the
LC-forming entity and its sub-
sequent stabilization/amplifica-
tion.

The effect of constitutional
modifications by component
exchange on the isotropic/nem-
atic phase transition tempera-
tures (TI/N) of MBBA (1) was
investigated by following UV/
Vis spectroscopic changes upon introduction of various
amounts of several additives (Figure 1).[13]

The value of TI/N decreased linearly as a function of the
amount of additive and the slopes of the lines fall into two
sets. In one set are the additives which cannot lead to a new
imine by constitutional reorganization (triethylamine, cyclo-
pentanol, N,N-dimethylaniline) and where the addition of
15 mol% of compound results in a decrease in the TI/N value
to close to room temperature. The second set contains the
additives which can react with MBBA (1) by transimination
reactions[14] (cyclopentylamine, aniline, 2,4-dimethoxybenzyl-
amine) with formation of new imines, and where the addition
of only 3 mol% of compound is enough to give a TI/N value

close to room temperature. This differential behavior sug-
gested that it was the generation of recombinant imines that
led to marked changes in the value of TI/N.

We then investigated whether an electric field would
influence the equilibria involving compounds 1, 2, 3, and 4 as
well as 5, 2, 3, and 6, respectively, where the imines 1 and 5 are
LCs, but 4 and 6 are not (Scheme 1) and should result in
changes in the TI/N value.

The experiments were performed on thin films of 21-
(�5 %) mm thickness between transparent indium tin oxide
(ITO) plates so that sufficiently high voltages could be
applied to the systems. Under these conditions, the maximum
voltage applied was 3.5 @ 104 Vcm�1(�0.15@104 V cm�1)
which enabled a high resistivity (R� 6 @ 107 Wcm�1) to be
maintained and to avoid fast degradation of the compounds as
well as heating-induced phenomena arising from the electric
current.[15] The phase transition could be observed both with
the naked eye (as a consequence of the opacity of the nematic
phase under a high electric field in the dynamic scattering
mode, DSM)[16] and by using a polarized light microscope
(Figure 2A).

Figure 1. Representation of the evolution of the phase-transition tem-
perature (TN/I) of MBBA (1) as a function of increasing amounts of
various additives. Phase-transition temperatures were determined by
using variable temperature UV/Vis spectroscopy as the average of the
transitions recorded in the heating/cooling cycles of 10 mm thickness
films (l=400 nm and VDT=1 8C/min). NMR spectroscopic observa-
tion was used to ensure that equilibrium was reached.

Scheme 1. Component exchange between MBBA (1) or EBBA (5) and cyclopentylamine (2) leading to a
constitutional dynamic equilibrium with 4-butylaniline (3) and imines 4 or 6, respectively, modulated by
an applied electric field.
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The molecular composi-
tion of the system described
in Scheme 1 at equilibrium
was obtained from the
1H NMR spectra of the solu-
tions of complete mixtures in
CDCl3 set between the ITO
plates, and by superimposition
of the NMR spectra of the
pure compounds. Under neat
conditions, the rate of the
transimination reaction was
slow enough (V0 = 1.84mh�1,
t1/2 = 64 min; for a 1:2 ratio of
1:0.64 and for T= 22.7 8C) to
allow accurate measurements
by NMR spectroscopy.[17] A
static electric field was applied
to the two dynamic mixtures
illustrated in Scheme 1 and the
evolution of the equilibrium amounts (namely, expression) of
MBBA (1) and EBBA (5) was followed as a function of field
strength (Figure 3).

The data showed a nonlinear displacement of the
equilibrium, which shifts towards the generation of MBBA
and EBBA, respectively, as the field strength increases. That
this change (about 6%) was not a result of a variation in

temperature is indicated by the fact that heating the ITO
plates (even by tens of degrees) led to a much smaller
displacement of the equilibrium (about 2%) than that
observed with the electric field.[15, 18] Several other mixtures
involving aniline, benzylamine, isopentylamine, and allyl-
amine, and even libraries containing all these amines together
led to similar observations. In all these cases an accelerated

Figure 2. A) Left: Typical appearance of the ITO plates (7.25E2.5 cm) as a function of time in an experiment using MBBA (1) in the presence of
additives and under the influence of an electric field (when the applied voltage is superior to the minimum necessary for observing the changes
through the dynamic scattering mode[16]): top: liquid mixture; middle: coexistence between liquid and nematic phases; bottom: nematic phase
over the entire ITO plate. Right: Microscopy observation, using a polarized light microscope in transmission mode (E40), which shows the
expansion of the nematic phase into the liquid one under the influence of an electric field (E=0 V at the instant of the snapshot). B) Partial
400 MHz 1H NMR spectra showing the changes in chemical composition induced by the application of an electric field (E=3.5E104 Vcm�1

(�5%)) at 24 8C for 2 h on the equilibrium described in Scheme 2 (red spectrum), compared to the control experiment without field (black line).

Figure 3. A) Effect of the strength of the electric field, at 22.5 8C after 24 h, on the equilibria described in
Scheme 1 for an initial molar ratio of MBBA:cyclopentylamine of 1:0.2�1.1% (&) and for an initial molar
ratio of EBBA:cyclopentylamine of 1:0.25�1.1% (&)). B) Effect of the temperature, after 24 h, on the
equilibrium of the reaction described in Scheme 1 with MBBA (initial molar ratio of MBBA:2 1:0.2). D
shows the scale change for comparing the effect of electric field (A) and temperature (B) on the
equilibrium.
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loss of the volatile amines by evaporation occurred (Fig-
ure 3A), which led to irreversible systems. To confirm these
findings, we studied a nondynamic system consisting of a
mixture of MBBA (1) and cyclopentanol in which component
exchange does not occur; a similar enhanced loss of cyclo-
pentanol by evaporation under the influence of the electric
field was observed.[19] The behavior of the present systems
may be related to some electrohydrodynamic effects in the
DSM that result from the coupling of the LC molecules (of
negative dielectric anisotropy) to the electric field, and that
lead to an extrusion (and subsequent evaporation) of the
foreign (volatile) substances not involved in the LC mole-
cules.[20] It could also present interesting applications, for
example, for the controlled release of molecules or for the
design of sensors.

The next step was to design a fully reversible system to
examine the direct influence of the electric field on the
equilibrium itself. A proof of principle was finally obtained
using EBBA (5) and (the nonvolatile) 2-methoxyaniline (7;
b.p. 225 8C) in the process described in Scheme 2, which led
through transimination to an equilibrating reaction with 3 and
the non-LC imine 8.

The 1H NMR spectra of mixtures of EBBA (5) and 7,
chosen so as to correspond to a TI/N value close to room
temperature (molar ratio 5 :7= 79.3:20.7� 1.2%) were deter-
mined in the absence and in the presence of an applied
electric field (E= 3.5 @ 104 V cm�1(�5%)) after 2 h equilibra-
tion at 24 8C (Figure 2B). The relative variation of the
percentage of 4-butylaniline (3) with respect to the initial
molar ratio of 5:3 (93:7) for various strengths of the electric
field is shown in Figure 4, together with kinetic data for
reaching equilibrium in the presence of the electric field and
after switching it off.

The spectra in Figure 2B show an increase in the amount
of 5 and 7 at equilibrium under the applied electric field, and a
concomitant decrease of 3 and 8. The increase in 7 is of
particular importance: as it is nonvolatile relative to cyclo-

pentylamine (2), loss by evaporation cannot here be the
driving force for the evolution of the system, thus the changes
observed may be ascribed to the direct effect of the electric
field on the equilibrium. Moreover, there is an exponential
correlation between the strength of the field and the
equilibrium displacement (Figure 4A). Furthermore, the
field-induced perturbation was fully reversible, as shown in
Figure 4B by the evolution of the system as a function of time
under applied electric field, compared to the control experi-
ment, and after the field had been shut off. Whereas the
equilibrium was attained in about 2 h in the presence of the

field, after switching it off, the initial
position of the equilibrium was
restored after about 6 h in a CDCl3

solution at 24 8C. The reversibility
between the ITO plates at 24 8C was
a very slow process in the absence of
DSM (more than several days), while
heating the plates without field at 45 8C
for 4 h led to the return of the equilib-

rium to its initial position. Thus, a faster interconversion over
several cycles would require acting on both parameters:
electric field and temperature.

Finally, we investigated whether, in the absence of an
applied field, a temperature-induced phase transition would
by itself have an effect on the constitutional equilibrium
(Figure 5).

The changes in composition remained very minor com-
pared to those observed under an applied electric field, with
relative variations in the fraction of 4-butylaniline of less than
3% both inside a single phase and at the phase transitions.

Scheme 2. Transimination reaction between EBBA (5) and 2-methoxyaniline (7) leading to an equilibrium
with 4-butylaniline (3) and imine 8, modulated by the presence of an electric field.

Figure 4. A) Effect of the strength of the electric field, at 24 8C for 2 h
on the equilibrium described in Scheme 2 (molar ratio of EBBA:7
79.3:20.7�1.2%); each reaction was repeated three times and the
error bars represent values between �10%. B) Kinetics of the variation
of the equilibrium between ITO plates under a field E=3.5E104 Vcm�1

(�5%; ~; solid line curve); kinetics of equilibration after stopping the
electric field and dissolution (C=3.84m in CDCl3; *, dashed line
curve); and kinetics of equilibration after stopping the electric field
and dissolution, for an initial applied field of E=3.03E104 Vcm�1

(�5%; ~, dashed line curve). The values are given using the relative
variation in the percentage of amine 3 (experiments with and without
field (&; solid line curve)), and corrected for the dilution effect.
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When the same system was studied at higher temperatures,
the liquid to nematic phase transition was observed up to
55 8C, when the mixture starts losing its electric resistance.[21]

It is known that applying an electric field to genuine liquid
crystals with either positive[11,15b] or negative[22] dielectric
anisotropy leads only to a small change in the TI/N values
(typically � 1 K for an applied field of 2 @ 105 V cm�1). The
marked change in the TI/N values observed here must result
from a specific property of the present system, namely its
constitutional variation under application of an electric field.
Furthermore, when the mixture described in Scheme 2 was
studied under a field of 3.5 @ 104 V cm�1 (� 5%) for 2 h at a
5 :7 ratio of 69.5:30.5 (� 1.3%), which does not allow a phase
transition from liquid to nematic at 24 8C, a comparable
change occurred in the composition at equilibrium (18% for
the relative variation of 3). This observation indicates the
coupling of EBBA (5) to the electric field even in the liquid
paranematic phase, as a result of the electric field induced
formation of cybotactic groups—small sets of locally organ-
ized molecules.

In conclusion, we have shown that the interaction between
an electric field and LC molecules having a negative dielectric
anisotropy can lead to two different phenomena: 1) a
purification of the system by extrusion of the molecules that
do not couple to the electric field, probably through electro-
hydrodynamic processes; and 2) a direct action of the electric
field on a constitutional dynamic equilibrium involving LC
molecules formed from components connected through
reversible imine-type bonds.[23] The amplified constituent is
that which couples the strongest to the electric field (the
liquid crystal), and this amplification can consequently result
in a phase transition from liquid to nematic. The processes
described here broaden the scope of CDC by demonstrating
the influence of a particularly interesting environmental
parameter, the electric field, and illustrate the adaptation of
the dynamic mixtures to a physical effector through the

formation of the “fittest” constituent, that presenting the
strongest coupling to the field.[24] This approach may in
principle be applied 1) to more complex mixtures, in partic-
ular containing several different dynamic LC molecules, 2) to
systems involving different reversible covalent processes, as
well as 3) to supramolecular LCs or LC polymers.[8] The
phenomena discovered could also be of potential interest for
practical applications in various areas, such as the fine-tuning
of a given material or controlled release processes.

Experimental Section
General aspects: All reagents were purchased at the highest
commercial quality and used without further purification except for
EBBA (5) which was recrystallized by slow cooling from a hot
saturated solution in heptane, and for 2-methoxyaniline (7) which was
distilled two times, immediately prior to use. The phase-transition
temperatures (42.5 8C for MBBA and 78.5 8C for EBBA) agreed with
those reported in the literature. 1H NMR spectra were recorded on a
Bruker Avance 400 MHz spectrometer. To avoid the catalysis of the
transimination reaction, traces of acid in the deuterated chloroform
were removed by flash chromatography through neutral alumina
immediately prior to use. The ITO plates were purchased from
Aldrich (70–100 ohm; ref: 576352) and the electric field was applied
with a TTi EX752M multimode PSU generator. The resistivity of the
thin films was measured with a Keithley 6517A instrument. The
temperature of the samples was regulated by placing the ITO plates
on a thermostated surface, controlled by a Polystat cc2 Huber system,
and checked at the surface of the glass slides using a thermocouple
(Bead Probe Keithley 6517-TP).

General procedure for cross-over experiments and determina-
tions of thermodynamic and kinetic data: In a typical protocol the
compounds to exchange were mixed in a closed vial. The mixture was
heated up to 60 8C for 5 min, then cooled down to room temperature,
and left for 2 h at that temperature. Then, 38 mL (� 5%) of the neat
mixture was placed between two ITO plates by using a microsyringe,
and the glass plates were gently pressed to get a thin film (21 mm,
� 5%) over the entire surface (18.1 cm2; see Figure 2A). The plates
were thermostated, and then connected to the cathode and the anode
of the generator; electric fields between 0 and 75 V were applied (for
an applied field of 75 V, the experimental errors will lead to a value of
3.5 @ 104 V cm�1 (� 0.15 @ 104 V cm�1). After a given time, the electric
field was shut off, and the whole mixture contained between the two
plates was dissolved in CDCl3 (2 mL), immediately prior to 1H NMR
measurements (within 5 minutes). The 1H NMR spectra were
recorded until stabilization of the equilibria for both the experiment
with the field as well as the thermostated control experiment (without
field but with the same initial mixture). The values for the changes in
sample composition were obtained from comparison of the spectra
for the two corresponding experiments after the same time of
equilibration in solution.
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Chemists have exploited the ability of nucleic acids to form
sequence-selective double-stranded hybrids and have turned
it into an incredibly powerful tool to direct chemical syn-
thesis[1] and to create well-defined discrete nanoarchitectures
and two-dimensional patterns.[2] Non-natural double-stranded
molecules held together by noncovalent interactions which
mimic nucleic acid hybridization[3] may potentially be useful
in a similar way. For example, hydrogen-bonded duplexes
based on linear oligoamide strands have recently been used to
template cross-olefin metathesis.[4] Such applications require
the hybridization of two different strands to form a cross-
hybrid so that each strand can selectively bring a given
functionality or a given structural unit to the duplex. In DNA,
this is expressed by the fact that the basic level of comple-
mentarity—canonical A/T and G/C base pairing—is indeed
heterologous and not homologous. However, most synthetic
oligomers that hybridize into double-stranded structures
reported to date are homodimers, including most of the
numerous helicates,[5] hydrogen-bonded linear tapes[6–10] and
helices,[11] as well as the aromatic oligoamides (AOAs)
derived from 2,6-diaminopyridine and 2,6-pyridinedicarbox-
ylic acid that we have been studying.[12,13] There are only a few
examples of heterodimerized oligomeric strands that form
helicates[14] and hydrogen-bonded structures,[4, 15,16] as well as
of hybrids based on the assembly of electron-poor and
electron-rich aromatic compounds,[17] but among these, less
than a handful (two to our knowledge)[14,16] possess a well-
characterized structure. Herein, we describe our discovery of
a cross-hybridization between double helices formed by
AOAs and their N-oxide derivatives.

In solution, oligomers such as 1a, 2a, and 3a (Scheme 1)
form single helices[18] that can extend like springs and
intertwine into double-helical homodimers.[12, 19] The single

and double helices are in slow exchange on the NMR
timescale, thus giving rise to two sets of signals for heptamer
1a (Figure 1a) and for heptamer 2a (Figure 2a). The

proportions of these signals allow calculation of the dimeri-
zation constants as Kdim(1a)2= 30 Lmol�1 (DGdim(1a)2=
�8.4 kJmol�1) and Kdim(2a)2= 120 Lmol�1 (DGdim(2a)2=
�11.9 kJmol�1) in CDCl3 at 25 8C—the difference between
the two being assigned to effects of terminal substituents
(decanoylamino versus tert-butylcarbamate) and side chains
(decyloxy versus hydrogen). Recently, we showed that
oligomers possessing 2,6-diaminopyridines as their terminal
residues can be cleanly converted into the corresponding
bis(pyridine N-oxide)s in the presence of meta-chloroperben-
zoic acid (MCPBA), with only the terminal residues oxi-
dized.[13] Specifically, 1a was converted into 1b and pentamer
3a into 3b. Furthermore, the N-oxidized oligomers also
possess the ability to hybridize into double-helical dimers:

Scheme 1. Oligomers studied. Bn=benzyl.

Figure 1. Partial 400 MHz 1H NMR spectra at 25 8C showing the amide
resonances of: a) 1a (8 mm), b) 1b (8.5 mm), and c) 1a+1b (8 mm

each). The resonances were assigned to 1a (*), (1a)2 (*), 1b (~),
(1b)2 (~), and 1a·1b (^). The signal of the peripheral amide NH
protons of 1a within single or within double helices appears at higher
field in the aromatic region.
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spectra such as that shown in Figure 1b allow calculation of
Kdim(1b)2= 125 Lmol�1 (DGdim(1b)2=�12.0 kJmol�1); this
value is about four times higher than Kdim(1a)2.

[13]

The AOAs are amenable to chemical transformations but
still retain their ability to hybridize, which prompted us to
explore the possibility of cross-hybridization between chemi-
cally different oligomers. Thus when 1a and its di-N-oxide 1b
are mixed in stoichiometric amounts (8 mm each), the NMR
spectrum (Figure 1c) shows minor signals of both monomers
and both homodimers, but the spectrum is dominated by new
signals, the multiplicity of which exactly corresponds to that
expected for heterodimer 1a·1b. The variation in the
intensities of these signals, which decrease upon diluting or
heating the solution, and their low chemical shifts are
consistent with this assignment. Most importantly, the cross-
hybrid seems considerably more stable than either of the
homodimers: Kassoc(1a·1b)= 1140 Lmol�1, which corre-
sponds to DGassoc(1a·1b)=�17.4 kJmol�1. In the hypothet-
ical case where each individual strand would bring the same
stabilization energy to a duplex regardless of its nature, the
expected value would have been DGassoc(1a·1b)= (DGdim-
(1a)2 + DGdim(1b)2)/2�RT ln(2)=�11.5 kJmol�1 (the
second term accounts for the statistical factor that favors
cross-hybridization at the expense of homodimerization). The
heterodimer is thus stabilized by 5.9 kJmol�1 relative to this
theoretical value.

Oligomers 1a and 1b have long alkyl chains and do not
crystallize. Unsubstituted heptamer 2a, however, is highly
crystalline and has been characterized in the solid state, both
as a single helix and as a double helix.[12] We thus prepared
heptamer bis-N-oxide 2b and heptamer mono-N-oxide 2c
from 2a in the hope that crystals of the heterodimer could be
grown. This proved unsuccessful and only single helical 2b
could be characterized (in several crystalline forms).[20]

However, the behavior of 2a, 2b, and 2c in solution is fully
consistent with that of 1a and 1b. As shown in Figure 2b and
c, bis-N-oxide dimerizes with Kdim(2b)2= 22 Lmol�1 (DGdim-
(2b)2=�7.6 kJmol�1)[21] while 2a and 2b cross-hybridize
with Kassoc(2a·2b)= 650 Lmol�1 (DGassoc(2a·2b)=
�16.1 kJmol�1). The cross-hybrid is more stable by
5.1 kJmol�1 relative to the theoretical value of (DGdim-
(2a)2 + DGdim(2b)2)/2�RT ln(2)=�11.0 kJmol�1. Cross-
hybrid 2a·2b prevails at 25 8C (Figure 2c) and even more so
at lower temperatures (Figure 2d,e), although the other
species then become too minor to determine the Kassoc values
accurately.

Heptamer 2c, which contains only one N-oxide function,
can in principle form parallel and antiparallel dimers, depend-
ing on whether theN-oxide functions of the two strands reside
at the same end or at opposite ends of the duplex. Figure 3

shows that two sets of signals can indeed be assigned to two
different dimers, but that their amounts differ by a factor of
7.8, which represents an energy difference between the two
dimers of DDGdim(2c)= 5.1 kJmol�1. The NMR spectra alone
do not allow an unambiguous assignment of the two sets of
signals. However, it seems reasonable to assign the major
species to antiparallel (2c)2 and the minor species to parallel
(2c)2 on the basis of the stability of 1a·1b and 2a·2b, in which
only one N-oxide function is found at each end of the duplex.

Complete solid-state characterization of the homo- and
heterodimerization products was obtained with pentamers 3a
and 3b. As shown in Figure 4, the homodimer was obtained
when either 3a or 3b was left to crystallize alone,[12,13] but
cocrystals of the two strands (a heterodimer) were obtained
when an equimolar mixture of the two was left to crystal-
lize.[22] The structure of 3a·3b is remarkably similar to that of
(3b)2 (Figure 4) despite the fact that the unit cells, the space
groups, and the crystallization solvent (and thus the included
solvent molecules) of the two crystals are different. The
relative positions of the two strands and the interactions
between them (for example, aromatic···aromatic distances
and a single interstrand NH···ON hydrogen bond) are
identical in 3a·3b and (3b)2. These findings corroborate the
solution studies and supports the complete compatibility
between the hybridization of the two series of AOAs.
However, it does little to clarify the origin of the larger
stability of heterodimers which presumably lies in electro-

Figure 2. Partial 400 MHz 1H NMR spectra showing the amide reso-
nances of: a) 2a at 25 8C (32 mm), b) 2b at 25 8C (32 mm), c) 2a+2b
at 25 8C (32 mm each), d) 2a+2b at 0 8C (32 mm each), and
e) 2a+2b at �25 8C (32 mm each). The resonances were assigned to
2a (*), (2a)2 (*), 2b (~), (2b)2 (~), and 2a·2b (^). The signal of the
peripheral amide NH protons of 1a within single or within double
helices appears at higher field in the aromatic region.

Figure 3. Partial 400 MHz 1H NMR spectra at 25 8C showing the amide
resonances of 2c at a) 32 mm and b) 2 mm. The resonances were
assigned to 2c (*), antiparallel (2c)2 (^), and parallel (2c)2 (*). The
signal of one of the two peripheral carbamate NH protons of 2c
appears at higher field in the aromatic region.
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static interactions between amide, pyridine, and pyridine N-
oxide moieties. Specifically, the surprising stack of four
pyridine N-oxides rings with all their dipoles in a parallel
orientation, as observed in the structure of (3b)2, certainly
causes unfavorable electrostatic interactions that are relieved
in the structure of 3a·3b. We performed ab initio density
functional theory calculations (RHF, 6-31G* basis set) using
GAMESS[23] to evaluate the electrostatics of the pyridine and
pyridineN-oxide molecules. The dipole moment of pyridine is
estimated as 2.31 D, whilst that of pyridine N-oxide is more
than twice as large (5.24 D) and has the same orientation. In
addition to dipolar interactions, local charges certainly come
into play. The partial charge on the pyridine nitrogen atom is
�0.51 whilst that on the pyridine N-oxide nitrogen atom is
only �0.07, with the electrons being located on the oxygen
atom (�0.62). One may actually wonder why the pyridine N-
oxide oligomers hybridize at all. Orbital electron densities
show that the p clouds of pyridine N-oxide are not as
electron-rich as those of pyridine, which probably favors
face-to-face p–p interactions with the N-oxides.

It is worth noting that each aromatic ring within the 3a·3b
duplex interacts directly with two other aromatic rings, one
below and one above. The stability of a given duplex may thus
be affected in a complex way, depending on whether the rings
above and below each aromatic unit are oxidized or not. In
DNA, base-pairing energy is known to vary significantly
depending on the nature of the neighboring base pairs; such
effects could be even more pronounced in heptameric or
pentameric molecular duplexes such as 1a·1b and 3a·3b.

The tendency of N-oxide AOAs to hybridize with their
precursors rather than with themselves represents an original
example of cross-hybridization. It contrasts with other experi-
ments where self-recognition was reported to prevail over
heterologous recognition.[24] The hybridization of AOAs may
provide a means to elaborate complex sequence-selective
hybridization of longer oligomers and more than two N-oxide
functions per duplex.
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Porous Coordination Polymer with p Lewis
Acidic Pore Surfaces, {[Cu3(CN)3{hat(CN)3-
(OEt)3}]·3THF}n**
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Modification of chemical properties of porous coordination
polymers (PCPs) is very topical in the area of materials

chemistry.[1] PCPs with functional groups such as open metal
sites or metal-free organic groups in the pores have attracted
attention because of their versatile applicability to gas
storage, ion exchange, heterogeneous catalysis, and selective
guest adsorption. There is no doubt that an adsorption system
specific to a target molecule can be realized when multiple
interaction sites are located at suitable positions on a regular
micropore.[2] To obtain such systems, aromatic p moieties
could be a key component for the effective confinement of
guest molecules that is not only shape-selective but also site-
selective due to their large surface area and feasibly
modifiable functionality, which is responsible for their
interaction with guests.[3] In general, aromatic p faces, such
as those of benzene, interact with positively charged groups or
hydrogen atoms as a Lewis base (so-called, cation–p[4] and
XH–p-type interactions, in which X is O,N,C[5]). These
interactions play important roles in chemical and biological
recognition as well as in the construction of protein struc-
tures.[6] In contrast, interactions of negatively charged atoms
with aromatic rings (i.e., anion–p interactions) are rare.
However, several recent reports claimed that electron-
deficient p systems could operate as receptors capable of
binding an anion or molecule with electronegative atoms.[7,8]

In spite of the importance of this interaction and the interest
that it has generated, experimental studies within porous
frameworks are still rare and recent reports have focused on
interaction of discrete anion receptors.[8, 9] The investigation
and discovery of PCPs with neutral p Lewis acidic sites is
significant to the design of a new type of interaction site that
makes the surface functionality of the pores useful.

To realize PCPs with electron-deficient p systems, hex-
aazatriphenylene (hat) derivatives were chosen as building
units[10–12] as they have electron-deficient heterocyclic cores
responsible for anion–p interactions[11] and three chelating
sites, which are useful for the construction of a coordination
network.[10] Previously, we reported anion-trapping host
systems constructed from hat derivatives,[12a] and a recent
theoretical investigation demonstrated that hat derivatives
could be used for the molecular recognition of anions.[11c]

Herein, we report a 3D PCP of a hat derivative, which
incorporates neutral guest molecules that have electroneg-
ative atoms with the aid of an electron-deficient p surface
(Scheme 1).

A coordination polymer, {[CuI
3(CN)3{hat(CN)3-

(OEt)3}]·3 THF}n (1�THF), was prepared by the slow inter-
mixing of a solution of [CuI

2(m-h2,h2-benzoquinone)(OAc)2] in
ethanol and a solution of hat(CN)6 in THF.[13] This reaction
affordsC3 symmetrical hat(CN)3(OEt)3 and CN� ions through
the substitution of an ethoxy for a cyano group (Scheme 2).[14]

Single-crystal X-ray diffraction measurements confirmed that
the distorted tetrahedron around the CuI cation consists of
two nitrogen atoms from hat(CN)3(OEt)3, one nitrogen atom,
and one carbon atom from the cyanide anions. These cyanide
ligands link the two tetrahedral copper ions to form a 3D
(8,3)-c type network (Figure 1).[15] There are two kinds of
pores in this structure: one is a large 1D channel running
along the c axis with a cross section of 10 ? 10 @2 (Figure 1a);
the other pore is just a pocket located along the channel, in
which the hat units form a floor and a ceiling and whose
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portals open to three adjacent channels (Figure 1b). The
crystal structure in Figure 1c,d reveals that the three THF
molecules are accommodated in the cavity. Interestingly, the
THF molecules do not sit parallel but perpendicular to the hat
plane, and the vertical distance between the hat plane and the
oxygen atom is 2.97 @,[16] which indicates that there is an
attractive interaction between the oxygen atom and the hat
p plane that is attributed to an anion–p type interaction.

Thermogravimetric analysis (TGA) of 1�THF shows that
the removal of two THF molecules in the temperature range
30–80 8C is accompanied by a severe broadening of the X-ray
powder diffraction (XRPD) pattern (see Supporting Infor-
mation).[17] Complete removal of three THF molecules was
accomplished by putting 1�THF in a vacuum at 50 8C or by
washing with EtOH to afford an amorphous guest-free solid,
1. However, by soaking 1 in THF, a porous framework
identical to that of 1�THF returns, as demonstrated by
XRPD (see Supporting Information). This phenomenon also
occurs with 1,4-dioxane (dox), N,N-dimethylformamide
(DMF) or in an ethanol solution of pyrazine (pyz; see
Supporting Information. Such an amorphous-to-crystal phase
transition is associated with the guest (G) inclusion as shown
in Equation (1).

1 ðamorphous phaseÞ þ G ! 1 � G ðcrystal phaseÞ ð1Þ

In contrast, when 1 is soaked in hydrocarbons (hexane,
cyclohexane, and benzene), linear ethers and alcohols (di-
ethylether, methanol, and ethanol), and a large-molecule
compound (4,4’-bipyridyl), there are no sharp peaks in the
corresponding XRPD patterns. The structural recovery
occurs only for guest molecules with at least one electro-

negative atom, X, and which are the right size for the cavity,
thus indicating that the origin of the guest-responsive phase
transformation is the guest-selective inclusion in the cavity
promoted by X–p(hat) interactions.

To determine the crystal structures of 1 with other guests,
single crystals were obtained by the crystal-to-crystal guest
exchange of 1�THF with pyz and dox. When single crystals of
1�THF were immersed in an ethanol solution of pyz (0.1m) at
room temperature for several days, the THF molecules in the
cavity were replaced by pyz to give 1�pyz without loss of
crystallinity. Similarly, single crystals of 1�dox were obtained
by immersing single crystals of 1�THF in a mixture of dox/
EtOH (1:1 v/v).

The crystallographic analysis reveals that the framework
of 1�pyz is isomorphous to that of 1�THF; the pyz molecules

Scheme 2. Synthesis of 1�THF.

Figure 1. Structural representation of 1�THF. a) 1D channel structure
constructed by CuI, hat(CN)3(OEt)3, and cyanide anions (Cu, red; C,
gray ; N, blue). The ethoxy and cyano groups of hat and the THF
molecules are omitted for clarity. b) Schematic representation of the
pore structure of 1�THF. c) Crystal structure of the cavity defined by
two hat molecules. (O, red; C, gray) d) View of hat with THF along the
c axis. Disordered THF molecules are omitted for clarity in (c) and (d).

Scheme 1. Inclusion of solvent guest molecules into pores comprising
p planes.
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are accommodated within the cavity in place of the THF
molecules. The accommodation of pyz involves elongation of
the crystal dimension along the crystallographic c axis
(8.7244(9) @!8.791(2) @; D= 0.07 @) and shrinking along
the a and b axes (18.1226(19) @!18.034(5) @; D=�0.09 @).
In the cavity, the edge-to-face contact between a nitrogen
atom of pyz and the hat p plane is easily identified, with a
separation of 3.02 @ (Figure 2a). The pyz plane disorders
over two positions around the C2 axes with an angle, q, of 408
(Figure 2b). The short p(hat)–N(pyz) separations indicate
that two nitrogen atoms of the pyz molecule interact with the
two p planes of the hat moieties.

Similarly, the single crystal structure of 1�dox shows that
the dox molecules are accommodated within the cavity. The
O–p separations are 2.93–2.95 @ (see Supporting Informa-
tion). In all cases of 1�G , the X–p separations indicate that
the electronegative atoms of the guest molecules interact with
the hat p planes, and the lone pair of X is directed towards the
p face as in the case of hexafluorobenzene complexes.[7c,18] It
is worth noting that there are no recognizable specific host–
guest interactions except for the X–p plane contact in the
crystal structures of 1�G. These results confirm that the
origin of the guest-selective inclusion of 1 is the interaction
between p Lewis acid and electronegative atoms.

Information about the dynamics of the confined guest
molecules in the host framework is important for an in-depth
understanding of how strongly the guest molecules are
accommodated. We acquired solid-state 2H NMR spectra of
1�[D4]pyz between 183 and 293 K, which show doublet
patterns of [D4]pyz in the cavity over the whole temperature
range. The simulation of the signal affords an anisotropic
motion of the [D4]pyz, which is a pyz ring rotation around the
molecular NN axis perpendicular to the hat plane. The
motion has two kinds of frequencies and moves over four sites

with angles of 08, 408, 1808 and 2208. This result is consistent
with the crystallographic structure of disordered pyz shown in
Figure 2b. The restricted motion is caused by the interaction
between two nitrogen atoms of pyz and hat p planes.

TGA and XRPD measurements of heated samples of
1�THF show that the crystallinity of 1�G is not retained
upon the loss of the guest molecules (Supporting Informa-
tion).[17] Therefore, the presence of guest molecules is
essential to maintain the framework. Unlike results obtained
from the analysis of 1�THF, the results of crystallographic
analysis and solid-state 2H NMR spectra of 1�pyz reveal that
the pyz molecules behave as if the two nitrogen atoms at both
ends of the molecule bind with the two p planes of hat
moieties. The multiple interactions in 1�pyz could influence
the stability of the framework. Indeed, XRPD measurements
with heating and TGA show that 1�pyz is stable up to 120 8C
(Supporting Information). Interestingly, placing 1�pyz under
vacuum or washing the compound with ethanol does not
result in the removal of pyz molecules and there is no
significant loss in crystallinity. In contrast, 1�THF gradually
collapses upon the removal of THF molecules under ambient
temperature and pressure. Such strong accommodation and
enhanced stability of the crystal phase of 1�pyz is ascribed to
the pillar support of the pyz within the cavity, which arises
from the two-point N–p interactions.

In conclusion, we have demonstrated that neutral organic
guest molecules can be confined within the cavities of a
porous coordination polymer through the interaction
between electronegative atoms and electron-deficient
p planes, the so-called anion–p interaction. This interaction
could be exploited to design a new family of PCPs.

Experimental Section
Synthesis of 1�THF: hat(CN)6 was prepared according to reported
procedures.[19] An ethanol solution of [CuI

2(m-h2,h2-benzoquinone)-
(OAc)2] (10 mm, 2 mL), prepared by the in situ reaction of copper (II)
acetate with hydroquinone in ethanol,[13] was carefully layered on a
hat(CN)6 solution in THF, where a mixed solvent of THF/ethanol (1:1
v/v) was placed between the two layers. Dark brown crystals suitable
for single-crystal X-ray analysis were obtained after one week. For
elemental analysis, these crystals were collected, washed with EtOH
and dried in vacuo. Elemental analysis of guest-free solid, 1, calcd for
C24H15Cu3N12O3 (%): C 40.59, H 2.13, N 23.67; found: C 39.65,
H 2.42, N 22.72. IR (Nujol): ñ= 2236 cm�1 (CN from hat(CN)3-
(OEt)3), 2138 cm�1 (cyanide anion).

Physical measurements: XRPD data were collected on a Rigaku
RINT 2000 (Ultima) diffractometer by using CuKa radiation. Ele-
mental analyses were measured on Thermo Finnigan EA1112. TGA
was carried out with a Rigaku Instrument TG8120 in a nitrogen
atmosphere at 2 8C min�1. IR spectra were recorded on a Perkin-
Elmer 2000 FTIR spectrophotometer with samples prepared with
Nujol. Solid-state 2H NMR spectra were measured by a Varian
Chemagnetics CMX-300 spectrometer operated at 45.826 MHz and
the quadrupole pulse sequence was used for the measurements.
Simulated spectra were produced by using home-written FORTRAN
programs.

X-ray structure determination: X-ray structures were determined
on a Rigaku Mercury CCD system with MoKa radiation. In all cases,
the structure was solved by direct methods (SIR 97) and refined on F2

in SHELXL-97. Crystal data for 1�THF, C12CuN4O2, Mr= 295.70,
hexagonal, space group P63/mmc, (no. 194), a= 18.1226(19), c=

Figure 2. a) Crystal structure of the cavity of 1�pyz. The ethoxy and
cyano groups and disordered pyz molecules are omitted for clarity.
b) Schematic illustration of disordered structure of pyz. c) Selected
2H NMR spectra (black line: experimental; red line: simulation) of the
[D4]pyz molecule of 1�[D4]pyz (see Supporting Information).
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8.7244(9) @, V= 2481.5(4) @3, Z= 6, 1calcd = 1.187 gcm�3, F(000)=
870, m(MoKa)= 1.321 cm�1, T=�50 8C, 2qmax = 50.08, l(MoKa)=
0.71070 @, reflections collected/unique 17476/858, R(Rw)= 0.077
(0.218), GOF= 1.220 and 66 parameters. The residual electron
density (min./max.) is �0.41/0.48 e@�3. Solvent molecules and some
disordered molecules were refined isotropically, whereas other atoms
were refined anisotropically. The C�C and C�O bond lenghts in THF
were restrained to 1.54 @. Crystal data for 1�pyz, C12H4CuN6O, Mr=

311.75, hexagonal, space group P63/mmc, (no. 194), a= 18.034(5), c=
8.791(2) @, V= 2476.0(11) @3, Z= 6, 1calcd = 1.254 gcm�3, F(000)=
930, m(MoKa)= 1.326 cm�1, T=�50 8C, 2qmax = 50.08, l(MoKa)=
0.71070 @, reflections collected/unique 17608/859, R(Rw)= 0.060
(0.172), GOF= 1.166 and 67 parameters. The residual electron
density (min./max.) is �0.50/0.59 e@�3. Disordered atoms were
refined isotropically, whereas other non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of pyz were placed geometrically
and refined by using a riding model with Uiso constrained to be 1.2
times Ueq of the carrier atom. Crystal data for 1�dox, C12H4CuN6O,
Mr= 311.75, hexagonal, space group P63/mmc, (no. 194), a=
18.421(5), c= 8.537(5) @, V= 2508.8(18) @3, Z= 6, 1calcd =
1.238 gcm�3, F(000)= 918, m(MoKa)= 1.314 cm�1, T=�50 8C,
2qmax = 50.08, l(MoKa)= 0.71070 @, reflections collected/unique
14492/866, R(Rw)= 0.067 (0.175), GOF= 1.137 and 75 parameters.
The residual electron density (min./max.) is �0.53/0.57 e@�3. Solvent
molecules and some of disordered molecules were refined isotropi-
cally, whereas other atoms were refined anisotropically. CCDC-
600740, CCDC-600741 and CCDC-600742 contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Molecular metal oxide complexes can serve as valuable
models in various areas, including surface–substrate interac-
tions in heterogeneous catalysis, metal oxide particles in
porous solids, deposition, precipitation, and condensation
reactions that lead to MxOy framework structures.[1] High
oxidation-state metal oxide complexes [{RmMxOy}n] exhibit a
variety of frameworks [{MxOy}n] that comprise ring or cage
structures.[2] While the metal centers are shielded by anionic
organic ligands, R, the oxygen centers, as a result of their low
basicity, can occupy corner positions of the framework. In
contrast, complex oxides of + I and + II metal ions are fairly
basic. Hence, their oxide ions are located at interstitial sites
surrounded by excess metal ions, and complexes bearing more
than two oxide centers are rare.[3] A notable exception is a
complex reported by Mulvey and co-workers that contains six
oxide ions. It comprises an {(MgO)6} core enclosed by six
NaNR2 moieties.[4]

Over the past years, we have studied the coordination
behavior of multianionic phosphazenate ligands.[5] The tria-
nionic ligand A features three anionic N centers at equatorial
positions (Neq) of the chair-shaped {P3N3} ring and offers three
chelating Neq–Nring sites (Scheme 1).[6] Herein, we report that

the tris(ethylzinc) complex B can act as a template for
trimeric and hexameric zinc oxide clusters through the bowl-
shaped coordination surface of three Lewis basic Neq func-
tions and three Lewis acidic Zn centers. The n-propyl

derivative was obtained by deprotonation of the phosphazene
(nPrNH)6P3N3 (1) with three equivalents of Et2Zn in hexane.
The resulting complex 2 shows a singlet at d= 26.4 ppm in the
31P NMR spectrum. Compound 2 exists as a dimeric complex
of molecular D3 symmetry in the solid state (Figure 1).[7] Two
B segments are linked through six short Zn�Neq interactions
(av: 2.038 >). Although the Zn�Nring bonds are also short (av:
2.046 >), the Zn�Neq interactions insideB appear to be rather
loose (av: 2.390 >).

Recently, we found that phosphazenes (RNH)6P3N3

crystallize in the presence of water as distinct hydrates,
(RNH)6P3N3·xH2O, which display hydrogen-bonded net-
works in the solid state.[8] This behavior suggested to us that
we should treat these hydrates with 3 + x equivalents of
Et2Zn in anticipation that three equivalents of Et2Zn
deprotonate the phosphazene to form B. The ZnO, generated
by the in situ hydrolysis of x equivalents of Et2Zn by
x equivalents of water, might then be trapped within the
molecular complex. Compound 1·1.5H2O crystallized from a
solution of 1 in hexane exposed to moist air. Subsequently, it
was treated with 4.5 equivalents of Et2Zn in hexane, thus
giving a singlet at d= 26.1 ppm in the 31P NMR spectrum. The
crystal structure of the product complex 3 shows a planar
{(ZnO)3} ring sandwiched between two B segments
(Figure 1).[7] The cyclohexyl (Cy) derivative (CyNH)6P3N3

(4) crystallized as the pentahydrate 4·5H2O from THF/
water. Proceeding in the same manner as in the synthesis of 3,
we treated 4·5H2O with eight equivalents of Et2Zn in hexane.
The reaction solution was filtered from a small amount of
precipitate (presumably excess ZnO). The crystal structure of
the product complex 5 comprises a hexagonal {(ZnO)6} prism
sandwiched between two B segments (Figure 1).[7] To the best
of our knowledge, zinc oxide clusters that contain more than
two oxide ions have not been reported. There is one example
of a planar {(ZnO)3} ring with hydroxide ions,[9] but there are
no precedents for {(ZnO)6} prisms.

Complexes 3 and 5 display molecular D3 and S6 symme-
tries, respectively. Both are derived from the insertion of zinc
oxide clusters into the dimeric arrangement of two B seg-
ments. The coordination surface of B provides a perfect mold
for trimeric and hexameric ZnO clusters that bind Zn ions
through Neq centers and oxide ions to the EtZn units. As a
result, the {(ZnO)3} ring structure of 3 demands the phos-
phazenate ligands to be eclipsed, whereas the {(ZnO)6} prism
of 5 is supported by a staggered ligand arrangement. The
selection of either the ring or prism assembly is largely
determined by the steric demand of the R substituents. The
cyclohexyl groups are too bulky to maintain the eclipsed
conformation, but they are able to interdigitate in the
staggered conformation of 5. When 4·1.5H2O

[10] was treated
with 4.5 equivalents of Et2Zn with the aim of producing a
{(ZnO)3} ring complex, only an indistinct product mixture was
obtained. On the other hand, when the trihydrate of
(iBuNH)6P3N3 (6·3H2O),[10] which features the less bulky
isobutyl groups, was treated with six equivalents of Et2Zn to
form a {(ZnO)6} complex, the product 7 contained a {(ZnO)3}
unit similar to that found in 3.[7]

The eclipsed ligand arrangement forces the {(ZnO)3} ring
of 3 into a planar conformation that shows minimal deviation

Scheme 1. Trianionic ligand A and tris(ethylzinc) complex B.
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from the mean plane (0.007(1) >), whereas the staggered
arrangement in 5 enables the six-membered rings of the
{(ZnO)6} prisms to pucker slightly into a chair-conformation
(0.054(1) >). The {(PN)3} rings of 3 and 5 show very little
puckering (0.052(2) and 0.063(1) >, respectively), whereas
those of 2 exhibit a more pronounced chair-conformation
(0.162(1) >). This behavior suggests that there is some
flexibility within the ligand to adapt to the host structure by
tightening or widening its grip. The average distance between
the Neq sites within B provides a useful ligand grip parameter
that measures 5.22 > in 2 and that tightens upon coordination
of zinc oxide to 4.77 and 4.80 > in 3 and 5, respectively.

The bond lengths of the {(ZnO)3} ring in 3 fall within a
narrow range of 1.962(2)–1.974(2) >. The bond angles in the
{(ZnO)3} ring are much wider at the Zn (av: 126.48) than at
the O center (av: 113.68). The {(ZnO)6} cage of 5 contains
three types of topologically unique Zn�O bonds (labeled h, j,
and k in Figure 1c). Bonds h and k alternate around both six-
membered Zn�O rings. The slightly longer bonds h are
parallel to EtZn�Neq bonds of the adjacent B segment. Bulk
ZnO (zincite) exhibits the hexagonal wurtzite structure,[11]

whereas its high pressure phase (hpZnO) adapts the cubic
structure of rock salt.[12] Zn�O bond lengths in zincite
compare well with those found in 3 and 5. Figure 2 illustrates

how the {(ZnO)6} prism of 5 relates to the open {(ZnO)6}
segment of zincite and also to the corresponding {(ZnO)6}
segment of hpZnO. The prism can be regarded as an
intermediate along the pathway of a hypothetical trans-
formation: Compression of the open zincite-type segment
along the z axis gives the prism, which furnishes the cubic
arrangement of hpZnO when squashed along the x axis.

In conclusion, we have shown that tris(ethylzinc) phos-
phazenates can act as templates for the construction of novel
zinc oxide clusters. Their bowl-shaped coordination surface of
three Lewis acidic and three Lewis basic sites provides a
perfect mold for planar {(ZnO)3} rings and hexagonal
{(ZnO)6} prisms. The availability of well-defined phosphazene
hydrates (RNH)6P3N3·xH2O offers a convenient route for
reactions of reactive metal reagents with stoichiometric
amounts of water in situ. In principle, other small substrates
that form distinct adducts (RNH)6P3N3·yHzX could react in a
similar fashion, thus producing small molecular frameworks
that are trapped inside organometal phosphazenate com-
plexes.

Figure 1. Crystal structures of a) 2, b) 3, and c) 5. Zn light gray, P
medium gray, N dark gray, O black, C white. H atoms are omitted for
clarity. Selected bond lengths [@] averaged over topologically equivalent
bonds: 2 : P-N(a) 1.629, P-N(b) 1.654, P-N(c) 1.626, Zn-N(d) 2.046,
Zn-N(e) 2.390, Zn-N(f) 2.038; 3 : P-N(a) 1.623, P-N(b) 1.647, P-N(c)
1.636, Zn-N(d) 2.115, Zn-N(e) 2.292, Zn-N(f) 2.067, Zn-O(g) 1.966,
Zn-O(h) 1.968; 5 : P-N(a) 1.622, P-N(b) 1.650, P-N(c) 1.641, Zn-N(d)
2.176, Zn-N(e) 2.290, Zn-N(f) 2.021, Zn-O(g) 1.949, Zn-O(h) 1.963,
Zn-O(j) 1.984, Zn-O(k) 2.034.

Figure 2. The {(ZnO)6} segments of 5 (center), zincite (left), and
hpZnO (right).
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Experimental Section
All operations were performed in an inert-gas atmosphere. Com-
pounds 1, 4, and 6 were prepared as described previously.[13] Et2Zn
was applied as a 1.0m solution in hexane. NMR spectra were taken
from [D8]toluene solutions.

2 : Et2Zn (6.2 mmol) in hexane (6.2 mL) was added to a solution
of 1 (1 g, 2.07 mmol) in hexane (20 mL). The reaction mixture was
stirred for 12 h, filtered, and concentrated. Colorless crystals formed
after 3 days at 5 8C (1.32 g, 84%). M.p. > 275 8C (decomp); 1H NMR
(400 MHz): d= 0.66 (q, ZnCH2), 1.58 (t, ZnCH2CH3), 0.8–2.3 (m, nPr-
H), 3.2–3.4 ppm (m, NCH2);

13C NMR (100 MHz): d= 12.9, 21.7, 24.4,
25.0, 30.7, 35.5, 48.7, 61.50 ppm; 31P NMR (162 MHz): d= 26.4 ppm;
IR (Nujol): ñ= 3393 w, 1256 s, 1084 vs, 1021 vs, 948 w, 862 w, 799
s cm�1.

3 : Et2Zn (3.5 mmol) in hexane (3.5 mL) was added to a
suspension of 1·1.5H2O (0.40 g, 0.78 mmol) in hexane (10 mL). The
reaction mixture was stirred for 12 h, filtered, and concentrated.
Colorless crystals formed after 2 days at �20 8C (0.46 g, 67%). M.p.
> 162 8C (decomp); 1H NMR (400 MHz): d= 0.73 (q, CH2Zn), 0.84 (t,
NHCH2CH2CH3), 1.68 (t, CH3CH2Zn), 1.03 (t, NCH2CH2CH3), 1.34
(q, NHCH2CH2), 1.87 (m, NCH2CH2), 2.08 (m, NH), 2.86 (m,
NHCH2), 3.06 (m, NCH2);

13C NMR (100 MHz): d= 1.1, 11.1, 11.9,
13.7, 25.4, 31.6, 43.1, 50.5 ppm; 31P NMR (162 MHz): d= 26.1 ppm;
IR (Nujol): ñ= 1286 w, 1261 w, 1227 s, 1112 vs, 1051 s, 888 w, 800
s cm�1.

5 : Et2Zn (4.9 mmol) in hexane (4.9 mL) was added to a
suspension of 4·5H2O (0.25 g, 0.31 mmol) in hexane (10 mL). The
reaction mixture was stirred for 12 h, filtered, and concentrated.
Colorless crystals formed after 5 days at �20 8C (0.27 g, 71%). M.p.
> 240 8C (decomp); 1H NMR (400 MHz): d= 0.68 (q, CH2Zn), 1.63 (t,
CH3CH2Zn), 0.8–1.95 (m, CH2), 2.09 (m, NH), 3.1–3.4 ppm (m,
NCH); 13C NMR (100 MHz): d= 1.3, 12.9, 21.7, 24.0, 21.4, 24.9, 25.9,
30.7, 35.4 ppm; 31P NMR (162 MHz): d= 21.6 ppm; IR (Nujol): ñ=
3411 w (N�H), 1405 w, 1291 m, 1291 m, 1261 m, 1229 s, 1186 w, 1146 m,
1078 vs, 915 s, 888 m, 846 m, 805 s cm�1.

7: Et2Zn (5.3 mmol) in hexane (5.3 mL) was added to a mixture of
6 (0.50 g, 0.88 mmol) and H2O (0.048 mL, 2.65 mmol) in hexane
(15 mL). The reaction mixture was stirred for 12 h, filtered, and
concentrated. Colorless crystals formed after 2 days at �20 8C
(0.48 g,56%). M.p. > 180 8C (decomp); 1H NMR (400 MHz): d=
0.72 (q, CH2Zn), 0.91 (d, NHCH2CH(CH3)2), 1.14 (d, NCH2CH-
(CH3)2), 1.63 (t, CH3CH2Zn), 1.67–1.89 (m, CH2CH(CH3)2), 2.09 (m,
NH), 2.84 (m, NHCH2), 3.11 ppm (m, 12H, NCH2);

13C NMR
(100 MHz): d= 1.3, 14.1, 14.6, 22.4, 23.4, 30.8, 32.4, 49.8 ppm;
31P NMR (162 MHz): d= 26.8 ppm; IR (Nujol): ñ= 3404 br, 1401 w,
1279 w, 1231 s, 1200 s, 1130 vs, 1089 s cm�1.
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Present syntheses of natural products and medicinally
relevant compounds require high efficiency in terms of
the number of synthetic steps. Tandem reactions that
combine several transformations in a single procedural
step are powerful tools for minimizing synthetic steps.[1]

In addition to time–cost benefits, they can allow
selective reactions of unstable species and side reactions
to be minimized by the rapid successive formation and
consumption of intermediates. Catalytic asymmetric
reactions have also enabled more efficient syntheses
of various highly versatile chiral compounds that allow
for the development of new or more practical retro-
synthetic analyses of complex natural products.[2] The
combination of tandem reactions and catalytic asym-
metric reactions leads to more efficient synthetic routes.
Herein, we report a short total synthesis of (+)-
cylindricine C by a tandem cyclization and catalytic
asymmetric Michael reaction with a newly designed two-
center organocatalyst.

The cylindricines were isolated from the marine ascidian
Clavelina cylindrica by Blackman et al. between 1993 and
1995.[3] These structurally related compounds exhibit bioac-
tivity against a DNA-repair-deficient yeast strain[4] and also
inhibit the growth of murine leukemia and human solid-
tumor cell lines.[5] Their tricyclic ring system (see Scheme 1) is
comprised of a spirocyclic amine that makes them an
attractive target for total synthesis.[6]

The first total synthesis of optically active cylindricine C
was reported by Molander and Ronn,[7a] and several groups
also succeeded in its total synthesis.[7b–e] Because they used
stepwise strategies to construct the tricyclic ring system, their
synthesis required several steps (9–14 steps). We planned to

construct a tricyclic ring system from 3 in a one-pot reaction
by using tandem cyclization through imine formation, the
Mannich reaction, and the aza-Michael reaction (Scheme 2).
The required compound 3 is a highly functionalized a-amino

acid derivative. Recently, we developed a two-center organo-
catalyst 6 (TaDiAS; tartrate-derived diammonium salt) that
efficiently catalyzes phase-transfer alkylation,[8a,b] Michael
reactions,[8a,b] and Mannich-type reactions of the glycine
Schiff base.[8c] We planned to synthesize 3 by using a catalytic
asymmetric Michael reaction[9, 10] with TaDiAS.

First, we examined the catalytic asymmetric Michael
reaction of glycine Schiff base 4 to dienone 5, which was
prepared from pimelic acid in two steps (Table 1). Based on
our previous results,[8a,b] the reaction was performed with
10 mol% of (S,S)-6a (the best catalyst for the Michael
reaction to a,b-unsaturated esters). In contrast to the Michael
reaction to a,b-unsaturated esters, the addition of 4 to a,b-
unsaturated ketones (enone) proceeds with more modest
selectivity.[8a,b] As expected from previous work, the reaction
with 5 was only moderately enantioselective (entry 1). Never-
theless, we were pleased to observe clean formation of the
monoaddition product. Next we examined the catalyst
structure to improve the enantioselectivity. Previous confor-
mational analysis of 6a[8c] suggested that the acetal moiety
regulates the chiral environment around the two ammonium
cations. We designed a new catalyst 6b that has a 2,6-
disubstituted cyclohexane structure at the acetal moiety to
affect the chiral environment more strongly. Among the three
diastereomers that originate from the relative stereochemis-
try of the acetal moiety,C2-symmetric 6b was found to be most
effective in the preceding investigations (see the Supporting
Information). When 6b was applied to the reaction of 4 with
5, enantioselectivity was improved to 63% ee (entry 2). At
lower temperature (�30 8C) both reactivity and selectivity

Scheme 1. Structure of the cylindricines.

Scheme 2. Retrosynthetic analysis of (+)-cylindricine C. Bn=benzyl.
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were lowered (entry 3). Enantioselectivity was
improved to 74% ee by using Cs2CO3 as the base
(entry 4). Further investigations revealed that the use of
1.5 equivalents of Cs2CO3 and 3-fluorotoluene as the
solvent at �40 8C 3 could be obtained in 84 % yield of
isolated product and 82% ee (entry 5).

We next examined tandem cyclization (Table 2).
Tricyclic compound 2 was obtained when 3 was treated
with 3 equivalents of camphorsulfonic acid (CSA) in
1,2-dichloroethane. The reaction provided three diaste-
reomers (2a–c), as determined by NMR spectroscopic
analysis, whose configurations were identified as shown
in Table 2 (2a : desired cis fused AB ring; 2b : trans-
fused AB ring; 2c : cis fused AB ring and epi C5 position).
Under these conditions, the chemical yield was moderate
(47 %) and 2b was obtained as the major product (entry 1, 2a/
2b/2c= 33:63:4). Several different solvents and acids were
examined, but the reactivity and diastereoselectivity were
insignificantly affected. When AlCl3 was used as an additive,
the diastereoselectivity was greatly improved, thus selectively

affording the desired 2a (entry 2, 2a/2b/2c= 87:13:trace).
Several other additives were examined under the optimized
conditions (entries 3–6). The reaction with [La(OTf)3] (OTf=
triflate) afforded 2b as the major product (entry 3), whereas
MgCl2, MgBr2·
(Et2O)2, and LiCl gave better reactivity and 2a as the major
product (entries 4–6). The mechanism of the additive effects
is unclear, but we assume that additives operate as Lewis acids
and organize the reacting centers through chelation.[11]

The obtained tricyclic compounds 2a–c were transformed
into (+)-cylindricine C (Scheme 3). The product mixture
from entry 4 in Table 2 (2a/2b/2c= 84:9:7) was converted
into 7a–c in three steps. Cylindricine C (1) and 5-epi-
cylindricine C (epi-1)[7c,11] were obtained in 80 and 8%
yield, respectively, after treatment of 7a–c with tetrabutyl-
ammonium fluoride (TBAF). The trans-fused AB ring of 7b
was isomerized at the C7a position to the desired cis fused AB
ring under basic conditions.[7d,e] Computational studies also
supported this result.[11] Optically pure 1 was obtained in 59%
yield after three recrystallizations of the picric acid salt of 1
from EtOH.

Thus, we succeeded in the synthesis of enantiomerically
pure 1 from pimelic acid in nine steps, including the
recrystallization process. The number of synthetic steps
required to obtain 1 could be further decreased by using a
mixed anhydride reduction process.[12] Thereby, 1 was
obtained in two steps from 2a (Scheme 4; total 6 steps).

In conclusion, we have achieved a short synthesis of (+)-
cylindricine C (6 steps) using a catalytic asymmetric Michael
reaction of a glycine Schiff base and subsequent tandem
cyclization. Further improvement of each step and the
expansion of current strategies are in progress.
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Table 1: Catalytic asymmetric Michael reaction with (S,S)-6.

Entry Catalyst Base T [8C] t [h] Yield [%][a] ee [%][b]

1 6a K2CO3 4 14 96 48
2 6b K2CO3 4 14 96 63
3 6b K2CO3 �30 36 86 61
4 6b Cs2CO3 �30 24 72 74
5[c,d] 6b Cs2CO3 �40 66 84 82

[a] Yield of the isolated product. [b] Determined by chiral stationary
phase HPLC. [c] 3-Fluorotoluene was used as the solvent. [d] Cs2CO3:
1.5 equivalents.

Table 2: Tandem cyclization and additive effects.

Entry Additive t [h] d.r.
[2a/2b/2c][a]

Yield [%][b]

1 – 18 33:63:4 47
2 AlCl3 24 87:13:trace 47
3 [La(OTf)3] 12 27:65:8 57
4 MgCl2 12 84:9:7 65
5 MgBr2·(Et2O)2 18 82:13:5 61
6 LiCl 18 89:6:5 57

[a] Determined by 1H NMR spectroscopic analysis. [b] Yield of the
isolated product.

Scheme 3. Synthesis of (+)-cylindricine C. Reagents and conditions:
a) LiAlH4, THF, reflux; b) tert-butyldiphenylsilyl chloride (TBDPSCl), Et3N,
CH2Cl2; c) Dess–Martin periodinane, CH2Cl2 (71%; 3 steps); d) TBAF, THF,
RT (1: 80%; epi-1: 8%).

Scheme 4. Shorter approach to (+)-cylindricine C from 2a.
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Proton pumping in the photosynthetic reaction center and
conduction of electrons in cytochrome C are significant
examples of biological processes governed by supramolecular
interactions.[1] The key function of these examples is electron
transfer, which is powered through a network of hydrogen
bonds. As a result, hydrogen-bonded donor–acceptor assem-
blies have emerged as a benchmark for biomimetic model
systems: they provide the means for understanding and
controlling the role of hydrogen-bonding networks either as a
simple molecular interface or, more interestingly, as an
actively functioning motif (namely, by assisting more efficient
electron-transfer events). These effects largely result from the
high efficiency that this supramolecular motif offers in
controlling through-bond-mediated electron-transfer process-
es as well as long-range electronic coupling between donors
and acceptors.[2] Pioneering work carried out by Sessler and
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Therien have demonstrated that the electronic communica-
tion through hydrogen-bonding interfaces is more efficient
than those found in comparable s- or p-bonding networks.[3]

Electron-transfer events also impart on the function of
artificial devices, such as organic photovoltaics.[4] The incen-
tives for creating (supra)molecular heterojunctions by, for
example, integrating photo-/electroactive donors and accept-
ors that bear complementary binding sites into functional
architectures are 1) facilitation of charge transport and
2) increase in energy conversion efficiency.[5]

The relevance of fullerenes as spherical electron acceptors
in the construction of novel artificial photosynthetic models
and in high-performance organic solar cells is incontesta-
ble.[4–6] The combination of the characteristic selectivity and
directionality of hydrogen bonds with an efficient electron-
transfer process through a noncovalent framework is
expected to set new milestones, especially in terms of
achieving longer-lived radical-ion-pair states. In fact, a
plethora of covalent C60–donor conjugates have stimulated
evolutionary advances and revolutionary breakthroughs in
the context of converting light into high-energy chemical
products or electrical currents.[7] Very little is, however,
known about noncovalent C60-based hybrid ensembles.

[8] To
our knowledge, no C60-based examples of electron-transfer
processes that occur exclusively through hydrogen-bonded
networks have been reported. We present herein a set of
noncovalently associated C60–porphyrin ensembles (1·2)
interfaced by a two-point amidinium–carboxylate pair that
facilitates an efficient charge-separation process to afford
microsecond-lived PC+–C60C� radical pairs. The latter is partic-
ularly stable, even in highly polar solvents, as a result of the
synergy of hydrogen bonds and electrostatic interactions.[9]

Beneficial effects also materialize from other salt pairs, that is,
guanidinium–carboxylate, especially in terms of structural
aspects.[10] Notably, the noncovalent binding motif utilized
herein, amidinium–carboxylate, diminishes the possible
bonding modes and, therefore, favors the linearity of the
final interfaced pair. In addition, the rational design, that is,
placing the amidinium and carboxylate functionalities at the
porphyrins and C60, respectively, reinforces the strength of the
hydrogen-bonding network and ensures an optimal pathway
for the motion of charges and the electronic coupling between
both electroactive units.[9a]

The synthesis of the new 1·2 ensembles started from a
previously reported porphyrin amidine donor 1a,b[11] and
fulleropyrrolidine carboxylic acid 2.[12] Directly mixing both
components readily yields target ensembles, namely, non-
covalently bonded hybrids 1·2 (see Scheme 1 and the
Supporting Information).
Complex formation between 1a and 2 was monitored by

1H NMR spectroscopy (3 mm, [D8]THF). Upon titration of
one equivalent of 2 into a solution of 1a, a series of resonance
shifts are observed (Figure 1). The most dramatic shift
involves the aryl protons ortho to the amidine functionality
(Dd= 0.35 ppm).[13] Although the amidine protons are not
resolved in the 1H NMR spectrum of 1a, formation of 1a·2
resolves two broad downfield resonances at d= 9.4 and
13.1 ppm. These new peaks each integrate for two protons
and are attributed to the two different amidine protons.

Importantly, no further changes are observed upon addition
of more than one equivalent of 2, thus confirming the
exclusive presence of a strong 1:1 complex.[14]

Further details on the formation of 1a·2 and 1b·2 were
obtained from experiments in which dilute solutions of 1a and
1b in toluene/acetonitrile (9:1, v/v) or THF were titrated with
variable amounts of 2 and probed by absorption and
fluorescence spectroscopy (see Figure 2 and the Supporting
Information in which a typical example for an absorption
measurement is given). Relative to the component spectra
(1b and 2), a number of differences are apparent. For 1b,
Soret- and Q-band transitions at 428 and 558 nm, respectively,
shift incrementally to the red (431 and 560 nm). Moreover,
the presence of isosbestic points indicate the transformation

Scheme 1. Amidinium–carboxylate interfaced porphyrin–C60 assemblies
(1·2).

Figure 1. 1H NMR shifts upon titration of 2 into a solution of 1a in
[D8]THF.
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of 1b (the starting point of the titration) into 1b·2 (the end
point of the titration). The changes in absorption were further
employed to confirm the stoichiometry of 1a·2 and 1b·2
through Job plots. In this light, Gaussian relationships with
maxima at 0.5 unequivocally confirm the 1:1 complex
stoichiometries that were evoked from the 1H NMR experi-
ments (see the Supporting Information).
In excitation experiments with 1a and 1b, strong fluores-

cence emissions are seen in the red region, with quantum
yields of 0.2 and 0.04, respectively. When variable concen-
trations of 2 are present, the fluorescence emission intensities
decreased exponentially (see Figure 2 and the Supporting
Information). Nonlinear least-square analyses, that is, fluo-
rescence intensity versus concentration of 2, allowed the
evaluation of the binding constants of 1·2, which are excep-
tionally high. In solvents that do not interfere significantly
with either the electrostatic or the hydrogen-bonding inter-
actions (toluene or toluene/acetonitrile (9:1, v/v)), binding
constants as high as 2.1 D 107m�1 were deduced. The binding
constants in THF, in which interactions are mostly based on
electrostatic attractions, showed values between 1.3 D 105m�1

(1a·2) and 3.3 D 105m�1 (1b·2).
Potential C60 interactions with 1a or 1b were tested in a

series of reference assays. For example, in the absence of the
amidine and carboxylic acid functionalities, the absorption
spectra remain virtually as the superimpositions of the
component spectra throughout the titrations. The lack of
mutually interacting systems was also confirmed in fluores-
cence experiments. Overall, only a quenching of less than 5%
is noted, relative to > 95% quenching in 1a·2 or 1b·2.
The redox features of interfaced 1·2 pairs were deter-

mined by cyclic voltammetry in THF at room temperature
(see the Supporting Information). These values provide
useful information about the energies of the radical ion
pairs formed upon photoexcitation (see below). The cyclic
voltammograms of both porphyrins, free base (1a) and zinc
(1b) at concentrations of 5 D 10�4m, show sets of reversible

reduction and oxidation steps (Figure 3). For 2, three
reduction steps are discernable. The corresponding zinc
complex 1b·2 reveals cathodic shifts of the reduction and
oxidation steps relative to the free-base complex 1a·2 (see the
Supporting Information). In both 1·2 complexes, the redox
patterns of the two constituents, namely porphyrin amidines 1
and C60 carboxylic acid 2, are essentially preserved (Figure 3).

The observed slight shifts in the redox potentials of the 1·2
assemblies could be accounted for by a pronounced electronic
coupling between both electroactive components (see below).
Neglecting significant electronic interactions, we estimate
values of the radical-ion-pair-state energies as the sum of the
first reduction potential of 2 and the first oxidation potential
of either 1a or 1b to be 1.9 and 1.62 eV for 1a·2 and 1b·2,
respectively. In other words, radical-ion-pair formations that
evolve from the singlet excited states are highly exothermic.
Finally, transient absorption studies showed the fate of the

porphyrin excited states and the identification of the photo-
products. Pumping light into the ground state of 1a or 1b with
short 387-nm (namely, 150 fs) or 532-nm (namely, 6 ns) laser
pulses led to the population of their singlet excited states. The
latter undergo intersystem crossing (� 108 s�1) to the long-
lived and molecular-oxygen-sensitive triplet states. Triplet
spectra of 1a or 1b reveal, besides bleaching in the Soret- and
Q-band region, characteristic triplet maxima at 780 (1a) or
840 nm (1b).[6d]

Initially, the porphyrin chromophores in 1a·2 and 1b·2
produce notable singlet fingerprints for 1a and 1b upon
photoexcitation. This behavior attests to the successful
excitation of 1a and 1b. However, instead of the slow
intersystem crossings, the singlet excited states decay with
rates of about 1010 s�1, from which we deduce an electronic
coupling of 36 cm�1 between both electroactive elements
(that is, 1b·2). At the end of the intrinsically fast decay,
differential absorption changes in the visible region are
governed by broad absorptions at 600–800 nm, thus indicating
1a- or 1b-centered oxidation products. In the near-infrared
region, on the other hand, the signature of a 2-centered

Figure 2. Fluorescence spectra (lexc=433 nm) of 1b (1.08K10�6
m)

and variable concentration of 2 (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
2.4, 3.9, 9.1, and 23.7K10�6

m) in toluene/acetonitrile (9:1, v/v) at
room temperature. Insert displays the relationship of I/I0 versus [2]
that was used to determine the association constant. I= current
intensity in relative units.

Figure 3. Cyclic voltammograms of 1b·2 and its precursors 1b and 2,
measured in THF (5K10�4

m) at 100 mVs�1 (V vs. Ag/Ag+).
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reduction is seen at 1000 nm.[15] Figure 4 exemplifies the
spectral changes seen in the cases of 1b·2 and 1a·2,
respectively (see the Supporting Information also). The
decay kinetics of both signatures—on the nanosecond

scale—reflect the return of the radical-ion-pair states to the
electronic ground states. The lifetime of the newly formed
radical-ion-pair state, as derived by analyzing several wave-
lengths under unimolecular conditions, are 9.3� 0.1 and 7.9�
0.5 ms for 1a·2 and 1b·2, respectively, in THF (see the
Supporting Information).
In summary, the two-point amidinium–carboxylate bind-

ing motif guarantees an extraordinary stabilization for a set of
noncovalently interfaced ensembles (1·2). Association con-
stants reach up to 107m�1. Exceptionally strong electronic
couplings stem from such binding, which in turn facilitate a
faster, more efficient, and longer-lived formation of radical-
ion-pair states (that is, � 10 ms in THF) relative to similar
covalent C60 conjugates (namely, � 1 ms in THF).[15] Most
importantly, such remarkable radical-ion-pair lifetimes out-
perform previously reported ensembles based on 1) a non-
amidinium–carboxylate binding motif[8] or 2) non-fullerene
electron acceptors[2, 9] by several orders of magnitude. These
results point unmistakably to the fundamental advantages of
strong and highly directional hydrogen-bonding networks in
assisting electron-transfer processes and pave the way to the
construction of efficient photovoltaic devices inspired by
biomimetic principles.
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The selective functionalization of a C�H bond is an area of
intense investigation as such a reaction leads to the formation

of valuable building blocks from simple molecules.[1] Consid-
ering the ubiquity of C�H bonds in organic compounds, the
search for a process that allows their selective transformation
remains challenging. Methodologies have been recently
developed for regioselective C�C,[2] C�O,[3] or C�N[4,5] bond
formations that have found applications in total synthesis.[6]

In the case of C�H amination, significant results have
been obtained by using transition-metal-catalyzed nitrene
transfer that starts from iminoiodanes.[5,7] This field, pio-
neered by Breslow[8] and Mansuy,[9] has progressed consid-
erably over the last five years with the discovery of new
methodologies for the generation[5a,d, 10] of these hypervalent
iodine(III) reagents in situ. Thus, PhI(OAc)2-mediated C�H
amination has been shown to be catalyzed by ruthenium,[5a–c]

manganese,[5a] rhodium,[5d–g] and silver[5i] complexes with
sulfonamides, sulfamates, or carbamates as nitrene precur-
sors. However, although the intramolecular process occurs
efficiently, the intermolecular version suffers from low con-
versions or the need for a large excess of the starting alkane
(5–100 equivalents) to obtain good yields.[1g,5a,b,h, 11] The
involvement of transition-metal catalysts has also allowed
the development of enantioselective nitrene C�H inser-
tions.[12] Although good enantioselectivities have been
reported for intramolecular C�H aminations, an excess of
alkane in the intermolecular version is again required to reach
satisfactory selectivities.[12a,b,g] It is therefore in this context
that we report herein an efficient diastereoselective intermo-
lecular C�H amination that occurs under stoichiometric
conditions and starts from an enantiomerically pure nitrene
precursor (that is, (S)-N-(p-toluenesulfonyl)-p-toluenesulfon-
imidamide (1a)).

We recently reported the generation of chiral imino-
iodanes from sulfonimidamides in situ.[13] It was found that
the nitrene intermediates generated from these chiral sul-
fur(VI) reagents are highly reactive species that add to
various olefins in the presence of copper(I) catalysts to afford
aziridines in good yields but with moderate diastereoselecti-
vities.[13a] Rhodium(II) complexes have also been found to
catalyze the aziridination of alkenes, and in particular the use
of chiral ligands has been shown to improve diastereoselecti-
vities.[13b] Given the greater ability of rhodium(II) tetracar-
boxylates to mediate C�H amination and the high reactivity
of sulfonimidamide-derived nitrenes, we thus decided to
combine these properties with the aim of developing an
efficient intermolecular C�H amination (Scheme 1).

Initial experiments were aimed at screening various
rhodium(II) complexes and enantiomerically pure substituted
sulfonimidamides 1 in the presence of PhI(OAc)2 and MgO in
dichloromethane.[5d] We found that a combination of (�)-(S)-
N-(p-toluenesulfonyl)-p-nitrobenzenesulfonimidamide
(1b)[13a,b, 14] and the chiral rhodium carboxylate catalysts

Scheme 1. Intermolecular C�H amination under stoichiometric condi-
tions.
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[Rh2{(S)-nttl}4] (2a ;[15] nttl=N-1,8-naphthoyl-tert-leucine;
Scheme 2) gave good results with indane 3 as a model
substrate. Starting with one equivalent of 3, the p-nitro
analogue of the C�H amination product 3a was isolated in
45% yield and with > 90% diastereoisomeric excess, as
estimated by 1H NMR spectroscopic analysis. However, when
applied to other substrates, such as tetrahydronaphthalene 4,
these conditions led to lower yields.

Thus, we decided to study the influence of other reaction
parameters. We were very surprised to observe that C�H
amination with (S)-1a takes place in methanol, albeit in
moderate yields.[16] A possible explanation is that methanol,
contrary to dichloromethane, allows the solubilization of 1a.
We also discovered that the reaction works equally well in the
absence of MgO. These observations prompted us to run the
reaction in mixtures of CH2Cl2 and MeOH without a base. We
thus found that a 1:3 mixture of MeOH/CH2Cl2 gives better
conversions; consequently, compound 4a could be isolated
starting from tetrahydronaphthalene in 48 % yield. Further
improvements were obtained by replacing CH2Cl2 with
1,1,2,2-tetrachloroethane and PhI(OAc)2 with the more
soluble PhI(OCOtBu)2.

[17] The C�H amination product 4a is
formed in 80 % yield with 96% de (Table 1, entry 2) under
these conditions and at �35 8C.[18]

Application of this optimized procedure to electron-rich
C�H bonds is particularly efficient (entries 1–6 and 8–11),
whereas the reactivity drops slightly in the presence of an
electron-withdrawing group, as observed with p-nitroethyl-
benzene (8) (entry 7). Therefore, except in the latter case, this
stoichiometric intermolecular C�H amination leads to the
formation of a single product in 62–93% yield with nearly
complete diastereoselectivity (� 93 % de).[19] These results, in
terms of reactivity and selectivity, are superior to those
reported so far, even in the presence of an excess of
substrate.[1g,12] Moreover, with 2-methoxyindane (11), only
the trans isomer 11a was isolated in 62 % yield with 99% de,
as indicated by NOESY experiments (entry 10). This result
illustrates the synthetic utility of the intermolecular C�H
amination, as it stands in contrast to the intramolecular
version that affords only the corresponding cis isomer.[5c–e,i]

The high efficiency of this stereoselective C�H function-
alization, which occurs with retention of configuration
through a concerted nitrene insertion,[5d, 20] is correlated to a
dramatic matched effect between the chiral rhodium catalyst
2a and the sulfonimidamide (S)-1a. On one hand, reaction of
the latter with [Rh2(OAc)4] leads to very poor conversions

and selectivities. On the other hand, the mismatched combi-
nation of the enantiomer (R)-1a and catalyst 2a gives ent-4a
in only 10 % yield with 53 % de, whereas the same reaction
starting from racemic 1a affords 4a in 33% yield with 97%
de.[21] It should also be mentioned that the presence of
methanol has a major influence on the matched effect. This
result was applied to the preparation of ent-4a, obtained in
83% yield with 99% de (entry 3) from the matched combi-
nation of the sulfonimidamide (R)-1a and the rhodium
catalyst [Rh2{(R)-ntv}4] (2b ; ntv=N-1,8-naphthoylvaline).[22]

Substrates with allylic C�H bonds were also studied to
enhance the scope of the reaction. The reaction still occurred
efficiently in 55–75% yield, but the diastereoselectivities
were moderate (38–50%, entries 12–14). These results, how-
ever, compare favorably with those described in previous
studies.[1g,12] More interestingly, competitive rhodium-cata-
lyzed aziridination does not take place in the case of
cyclohexene (13) and cyclopentene (14), contrary to previous
reports of the use of sulfonamides and sulfamates[23] or of
rhodium acetate with sulfonimidamides.[13b] This result is
likely to be the consequence of the matched effect which
favors C�H insertion as the reaction of racemic 1a with the
chiral catalyst 2a affords a mixture of C�H amination product
13a and aziridine in the case of cyclohexene. Finally, the high
reactivity of the sulfonimidamide-derived nitrenes has been
confirmed by application of the procedure to simple alkanes
(entries 15 and 16). Adamantane 16 gives rise to the
corresponding C�H insertion product 16a in 69% yield,
whereas the use of five equivalents of cyclohexane 17 affords
17a in 65% yield, which is identical to the highest yield
obtained so far with cyclohexane as the solvent.[5h]

As both enantiomers of 1a are resolved with (S)- or (R)-a-
methylbenzylamine,[13a,b] the absolute configuration at the
newly created asymmetric center for the C�H insertion
product 5a, and by analogy for 3a–12a, was readily deter-
mined. Thus, the use of (S)-1a with rhodium catalyst 2a leads
to the R configuration at the benzylic center. This result was
confirmed after removal of the sulfonimidoyl moiety from
ent-4a. The free amine 18, whose optical rotation corresponds
to the S isomer,[24] was produced in 84% yield by using
sodium naphthanelide in THF at room temperature; whereas,
application of these conditions to 4a afforded (R)-18, as
indicated by the opposite optical rotation (Scheme 3). Impor-
tantly, chiral HPLC indicated that removal of the sulfonimi-
doyl group takes place without epimerization at the benzylic
center.

In conclusion, we have discovered a highly efficient
rhodium-catalyzed intermolecular C�H amination procedure
with a sulfonimidamide as the nitrene precursor and the C�H-
bond-containing substrate as the limiting component. This
reaction occurs with good-to-excellent diastereoselectivities
of up to 99 %, particularly at secondary benzylic positions,
and can be applied with equal success to the synthesis of both
isomers of the resulting amine. The high reactivity and
selectivity have been shown to be the consequence of a
pronounced matched effect between the enantiomerically
pure sulfonimidamide and the chiral rhodium catalyst. Such a
procedure is of high interest for the total synthesis of natural
products, for example, colchicine[25] or biologically active

Scheme 2. Structures of the S enantiomer of the sulfonimidamides 1
and of the rhodium catalysts 2. Ts= tosyl.
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compounds, such as sertraline.[26] Studies are in progress in
this area.
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Table 1: Intermolecular C�H amination with sulfonimidamide (S)-1a and catalyzed by [Rh2{(S)-nttl}4] 2a.[a]

Entry Substrate Product Yield [%][b] de [%][c] Entry Substrate Product Yield [%][b] de [%][c]

1 88 >99 9 62 99

2 80 96 10 62 99

3 83[d] 99[d] 11 78 98

4 73 97 12 75 38

5 87 96 13 72 50

6 93 98 14 55 50

7 51 80 15 69 –

8 80 93 16 65[e] –

[a] All reactions were conducted at �35 8C in Cl2CHCHCl2/MeOH (3:1) with (S)-1a (1.2 equiv), PhI(OCOt-Bu)2 (1.4 equiv), and 2a (3 mol%). [b] Yield
of the isolated products. [c] The de values were determined by HPLC (Hypercarb or Symmetry Shield Column). [d] ent-4a was obtained using 3 mol%
of [Rh2{(R)-ntv}4] (2b) and 1.2 equivalents of (R)-1a. [e] With 5.0 equivalents of cyclohexane.

Scheme 3. Deprotection of the C�H insertion products under reductive
racemization-free conditions.
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Water-Soluble Dendrimeric Two-Photon Tracers
for In Vivo Imaging**
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Novel microscopies based on nonlinear optical (NLO)
phenomena such as two-photon excited fluorescence
(TPEF)[1] are rapidly gaining popularity in biological imaging
owing to the many advantages they provide. These include a
capacity for a highly spatially confined excitation and intrinsic
three-dimensional resolution, as well as the ability to image at
an increased penetration depth in tissue with reduced
photodamage and background fluorescence by operat-
ing with excitation radiation in the near-infrared (NIR)
region. At first, TPEF was developed using conventional
fluorophores whose two-photon absorption (TPA) char-
acteristics were not optimized,[2] but it was soon realized
that molecules specifically engineered for TPEF can
significantly outperform standard fluorophores opti-
mized for one-photon excitation. This realization trig-
gered the search for fluorophores combining a high
fluorescence quantum yield (F) and a high TPA cross-
section (s2) in the spectral region of interest for
bioimaging (typically 700–1000 nm, corresponding to

the combination of reduced absorption and scattering).
Molecular engineering of optimized chromophores with
large TPEF cross-sections has been particularly active in the
last decade[3–5] and has led, for example, to bolamphiphilic TP
markers of interest for imaging of biological membranes and
cells or pH sensing.[4–6] However, water-soluble TP fluoro-
phores that maintain both a high fluorescence quantum yield
and a large TPA cross-section in the spectral range of interest
are still rare. In addition, fluorophores with a high TPA cross-
section in toluene (that is, in a lipophilic environment) have
been reported to undergo a significant decrease of their TPA
characteristics in water as a result of molecular aggregation.[7]

Herein, we report a general route for the design of water-
soluble TP markers from lipophilic TP fluorophores that
could be applied to a variety of TP chromophores. To prevent
aggregation while ensuring water solubility, we included a TP-
active lipophilic chromophoric unit in the core of a dendrimer
whose periphery is covered with cationic groups[8] (G3 in
Scheme 1). The dendritic sheaths should, in principle, provide

isolation of the central chromophore from the outer environ-
ment, thus preventing fluorescence quantum yield decrease
by nonradiative processes mediated by water molecules, as
well as aggregation processes that are detrimental to the TPA
response. An alternative (and simpler) route consisting in
grafting water-solubilizing cationic groups directly onto the
TP-active lipophilic chromophore (chromophore Q’ in
Scheme 1) was also tested to evaluate the relevance of the
dendrimer approach.

We will show herein that the strategy to incorporate a
lipophilic chromophore in a protecting dendrimer shell is
indeed successful and leads to nanometric water-soluble
fluorescent TP-active tracers. These molecules were built
from the core reagent C by successive repetition of nucleo-
philic substitution and condensation reactions. The water
solubility is ensured by the ammonium groups that are linked
to the surface ofG1–G3 in the last step by reaction with N,N-
diethylethylenediamine (Scheme 2).

Scheme 1. Chromophore Q’ and a schematized structure of dendrimer G3.
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Dendrimers G1–G3 show strong one-photon absorption
in the near UVand strong emission in the blue-visible region
(Figure 1). Interestingly, their photoluminescence (PL) effi-

ciencies are similar in water and ethanol. This indicates that
the dendrimeric approach is efficient in providing water
solubility while maintaining high PL efficiency. In contrast,
adding water-solubilizing ammonium groups directly to the
aliphatic chain of the quadrupolar chromophore Q (to give
the water-soluble chromophoreQ’) does not lead to retention
of the PL efficiency in water (Table 1). This decrease in PL
efficiency is most probably related to molecular aggregation
phenomena. Indeed, the PL is restored upon addition of a
surfactant (sodium dodecylsulfate) to a water solution of Q’.

Interestingly, the differences in relative vibronic intensi-
ties in the emission spectra of dendrimers G1–G3 in ethanol

and water tend to disappear with increasing generation
number (see the Supporting Information). As a result, the
emission spectra of the highest-generation dendrimer G3
show similar vibronic intensities in ethanol and water, thereby
indicating that the dendritic branches provide shielding layers
that isolate the core chromophore from interactions with the
external environment.

TPA measurements were conducted by investigating the
TPEF of dendrimers G1–G3 as well as model chromophores
Q and Q’ in solution. TPEF measurements allow for direct
determination of the TPEF action cross-section s2F, the
relevant figure of merit for imaging applications and from
which the TPA cross-sections can be derived.[9,10] In addition,
the TPEF method has been recognized to be more reliable
than nonlinear transmission measurements.[11] The quadratic
dependence of the TPEF signal on the excitation intensity
was checked for each data point and indicated that no
photodegradation or saturation occurs. We should stress that
the reported values, although moderate, are non-one-photon
resonant values, which means that these chromophores could
actually allow for the 3D resolution offered by selective two-
photon excitation in the NIR region. This is not the case when
even a small one-photon absorption is present at the
excitation wavelength, which is the case in a number of
chromophores with a giant resonant TPA reported
recently.[12,13]

Strikingly, the water-soluble quadrupole Q’ undergoes a
marked decrease of its TPA characteristics (Table 1) in water
as compared to Q in ethanol. As a result, although being
water-soluble and based on a quadrupolar chromophore that

Scheme 2. Synthesis of G1 from Q, and structures of G2 and G3. The core reagent C was prepared from the bisphenol quadrupolar chromophore
Q by treatment with N3P3Cl6 under basic conditions.

Figure 1. Absorption and emission spectra of G1 (c), G2 (a),
and G3 (b) in water. Inset: rotational correlation time, q, as a
function of molecular weight m for dendrimers G1–G3 in water
(T=298 K), calculated from the steady-state fluorescence anisotropy
and the fluorescence lifetime using the Perrin equation. These aniso-
tropy data indicate that G1–G3 behave as isolated globular objects as
their rotational correlation times increase linearly with the molecular
weight. The hydrodynamic diameters of G1–G3 were estimated from
the rotational correlation times to be approximately 2.4, 3.8, and
5.2 nm, respectively.

Table 1: Photophysical properties of compounds Q, Q’, and G1–G3.

Solvent labs,max [nm] emax [10
4
m

�1 cm�1] lem [nm] F[a] s2 [GM][b]

Q EtOH 379 7.80 435 0.79 155[5]

Q’ water 349 – 354 0.22 8
G1 water 377 7.27 442 0.53 104
G2 water 381 6.24 444 0.71 119
G3 water 383 6.31 443 0.66 127

[a] Fluorescence quantum yield determined relative to fluorescein in 0.1n
NaOH. [b] At 705 nm; 1GM=10�50 cm4sphoton�1.
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shows reasonable TPA efficiency in nonaqueous protic media,
Q’ has a low TPEF cross-section in water. In contrast,
dendrimers G1–G3 maintain a significant TPA cross-section
in water, thereby confirming that the dendritic branches
indeed isolate the chromophoric core, thus preventing
aggregation and PL quenching. Interestingly, the TPA char-
acteristics appear to increase slightly with increasing gener-
ation. This effect could be related to the slight increase of
local polarity at the core with increasing generation due to the
nature of the dendritic branches, which provide a somewhat
polar environment.[14] Recent calculations and experiments[15]

have shown that increasing solvent polarity, in a certain range,
can lead to TPA enhancement.

Our results demonstrate that water-soluble, luminescent
two-photon markers can be obtained by incorporating a
lipophilic two-photon chromophoric unit within shielding
layers built by a dendritic approach. This covalent layer-by-
layer approach allows us to modulate the solubility by varying
the nature of the peripheral groups while isolating the core TP
chromophore from deleterious effects. This route allows us to
overcome the drawbacks encountered when solubilizing
groups are grafted directly onto a TP chromophore and
provides a unique modular approach. In particular, replacing
the core unit by more efficient TP chromophores[3] and taking
advantage of the polar environment provided by the dendritic
environment should lead to more efficient TP tracers, while
further surface functionalization opens up a route for further
functionality (such as recognition or targeting). This strategy
can, in principle, be applied to various lipophilic chromo-
phores that show high TPA cross-sections and large fluores-
cence quantum yields as long as phenol moieties can be
grafted onto them, thus allowing for the building of the
dendritic sheath.

This is of particular interest for biological applications due
to the low toxicity detected for phosphorus-based dendrim-
ers.[16] This is a major advantage—in addition to the accessi-
bility for both inner and surface functionalization using
covalent chemistry—over semiconductor quantum dots
(QD). These inorganic nano-objects have gained a lot of
popularity as photonic imaging agents[17] but their toxicity is
still a main concern. Taking into account potential risks is one
of the most important issues in nanoscience. With this aim in
mind, we have demonstrated that the organic-nanodots route
can provide a promising alternative in terms of two-photon
brilliance,[18] and that it allows us to maintain excellent PL
properties while conveying water solubility, which leads to
water-soluble tracers that can indeed be used for in vivo
imaging (Figure 2). This is an important step that establishes
that organic nanodots definitely merit consideration as an
alternative to semiconductor QDs for two-photon imaging,
although further studies focusing on toxicity and (photo)-
stability are needed. In this respect, it is important to add that
in preliminary experiments we have found that polycationic
phosphorus dendrimers bearing the same ammonium end
groups are stable for months towards hydrolysis and that the
photostability of dendrimersG1 andG2 is significantly higher
than that of chromophoreQ’ in water, thus indicating that this
strategy is also of interest in terms of photostability improve-
ment.
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Bioethanol is produced by fermentation of biomass in
increasing amounts to meet the growing demands for CO2-
neutral transportation fuels and to eventually remove the
dependence on fossil fuels. However, bioethanol could also
find use as a versatile, sustainable chemical feedstock. Herein,

it is shown that it is possible to selectively oxidize ethanol into
acetic acid in aqueous solution using air as the oxidant with a
heterogeneous gold catalyst at temperatures of about 423 K
and O2 pressures of 0.6 MPa. This reaction proceeds readily in
aqueous acidic media and yields of up to 90% are achieved,
with CO2 as the only major by-product. Thus, it constitutes a
very simple, green route to acetic acid.

The oxidation of ethanol by air into acetic acid over
platinum was among the first heterogeneously catalyzed
reactions to be reported. The initial discovery was made by
D.bereiner about two centuries ago, even before the term
catalysis was coined.[1] So far, the reaction has not been used
for large-scale production of acetic acid. Instead, three other
routes to acetic acid have found industrial application:
fermentation (vinegar), catalytic liquid-phase oxidation of
butane, naphtha, or acetaldehyde, and the carbonylation of
methanol, which has recently become the most important.[2]

In the most widely used industrial processes today, the
feedstock is almost exclusively derived from fossil fuels. Thus,
the production of acetic acid consumes fossil fuels and
therefore contributes slightly to increasing CO2 levels in the
atmosphere, and, more importantly, the cost of acetic acid is
strongly dependent on the price of the fossil fuels. Therefore,
it is interesting that the cost of renewable feedstocks has
decreased dramatically relative to fossil fuel feedstocks over
the last four decades. Specifically, the cost of corn relative to
oil has decreased fivefold from 1950 to 2005. Today, bio-
ethanol is mostly produced by fermentation of starch-
containing crops, such as corn or sugar cane, but it seems
likely that cellulose-rich agricultural waste will gain impor-
tance as a feedstock in the future.[3] Therefore, and also
because of the continuing technological improvements of the
production process, the cost of bioethanol is expected to
decrease.[4] Thus, with increasing fossil fuel prices, the
production of acetic acid from bioethanol will become
increasingly favorable compared to current fossil fuel-based
methods. Clearly, this development requires that an active
and selective catalyst for oxidation of ethanol with dioxygen
to form acetic acid [Eq. (1)] is available.

CH3CH2OHþO2 ! CH3COOHþH2O ð1Þ

So far, primarily palladium and platinum catalysts have
received attention as catalysts for ethanol oxidation.[5] How-
ever, with these catalysts it has proven difficult to reach
sufficient selectivities at high conversions.

Here, it is reported for the first time that gold catalysts are
both very active and selective catalysts for aqueous-phase
oxidation of ethanol with air into acetic acid at 373–473 K
with O2 pressures of 0.5–1 MPa. Interestingly, metallic gold
was for many years considered too unreactive to be useful as a
catalyst.[6] However, this view was challenged in the seminal
studies of Haruta and co-workers,[7,8] who showed that gold
very efficiently catalyzed the room-temperature oxidation of
CO with O2 to form CO2, and by Hutchings, who studied
acetylene hydrochlorination with gold catalysts.[9] Since then,
numerous reports of different gold-catalyzed reactions have
appeared and the field has recently been reviewed and
highlighted.[10–12]
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The catalytic oxidation of alcohols with air has also
attracted significant attention as a “green” reaction.[13]

Among the heterogeneous catalysts, mainly Pd and Pt have
shown promising result.[14,15] Rossi and co-workers were the
first to show that alcohols, specifically diols and sugars, can be
oxidized to the corresponding acids with gold catalysts but
only when a base is present.[16,17] Later, the oxidation of
glycerol to glycerate using Au/C was similarly demon-
strated.[18] Recently, it was shown that heterogeneous ceria-
supported gold catalysts are able to oxidize several higher
alcohols into the corresponding carboxylic acids using air as
oxidant.[19] In these experiments, the support played an active
role in the catalytic cycle. However, it has also been shown
that solvent-free oxidations of primary alcohols can selec-
tively yield aldehydes.[20] Thus, it is noteworthy that the gold-
catalyzed aqueous-phase oxidation of ethanol with air into
acetic acid reported here proceeds readily in acidic aqueous
solution.

Bioethanol is typically produced in a series of steps,
namely fermentation in a batch process (yielding 3–15 vol%
aqueous ethanol), distillation to obtain the azeotrope (con-
taining 96 vol% ethanol), and further distillation to achieve
the anhydrous ethanol that is required as a fuel additive.[21]

Therefore, we decided to study the oxidation of ethanol in a
batch process with ethanol concentrations corresponding to
those obtained during fermentation, as this is expected to
represent the easiest scheme for acetic acid production from
bioethanol. All catalysts were prepared on a porous support
of MgAl2O4 (65 m2g�1) using HAuCl4·3H2O, PtCl4, and PdCl2
as metal precursors. The catalytic experiments were con-
ducted in stirred reactors (50 mL, Parr Autoclaves, stainless
steel). Liquid samples were drawn from the reactor periodi-
cally using the sampling system and analyzed by gas
chromatography (GC). Similarly, gas samples were also
analyzed by GC. No reaction was observed in the absence
of catalyst or when using the pure supports without gold. The
metal content of all catalysts was analyzed by atomic
absorption spectroscopy (AAS). The gold catalysts were
also characterized by transmission electron microscopy
(TEM) before and after testing. Typically, 20 images were
recorded for each catalyst sample.

Initially, we studied whether gold could catalyze the
selective oxidation of ethanol into acetic acid with air in
aqueous solution, and how such a catalyst would compare
with previously reported systems based on platinum and
palladium. Table 1 compares the performance of Au, Pt, and
Pd catalysts on a MgAl2O4 support. Previously, the nature of
the support has been shown to be critically important for gold

catalysts.[19,22] MgAl2O4 was chosen as the support material
here since it is stable at high water pressures and because it
can be considered completely inactive in redox processes.
Thus, the observed activity can be attributed solely to the
metal nanoparticles, and no synergistic effect with the support
is expected. Other supports might be found to affect the
catalytic performance.

Remarkably, the gold catalyst not only exhibits similar or
higher catalytic activity than palladium or platinum but, in
particular, a significantly higher selectivity towards acetic acid
than both of these well-known catalysts. The major by-
product for the gold catalyst is CO2, whereas the Pd and Pt
catalysts also produce significant amounts of acetaldehyde.
Thus, we decided to further investigate the performance of
gold catalysts for ethanol oxidation to gain a more detailed
insight into this reaction and to identify suitable reaction
conditions.

Figure 1 shows representative TEM images of the 1 wt%
Au/MgAl2O4 catalyst used in this study. Generally, gold
particle sizes of 3–6 nm are observed both before and after
testing, with no sign of sintering. Figure 1 also illustrates how
the ethanol conversion and the acetic acid yield depend on the
reaction time. The reaction is conducted with only a slight
excess of oxygen and therefore the reaction rate does not
obey pseudo-first-order kinetics.

Table 1: Comparison of MgAl2O4-supported Au, Pt, and Pd catalysts for
oxidation of aqueous ethanol to acetic acid with air.[a]

Cat. T [K] p [MPa] t [h] Conv. [%] Yield [%] STY[b] [molh�1 L�1]

Au[c] 453 3 4 97 83 0.21
Pt 453 3 4 82 16 0.047
Pd 453 3 4 93 60 0.15

[a] Conditions: 150 mg catalyst, 1 wt% of metal, 10 mL of 5 wt%
aqueous ethanol, [b] Space-time yield. [c] Corresponding to 0.07 mol%
Au.

Figure 1. Top: Performance of 150 mg of 1 wt% Au/MgAl2O4 catalyst
in the oxidation of 10 mL of aqueous 5 wt% ethanol with air at 423 K
and 3.0 MPa (* ethanol conversion, * acetic acid yield). Bottom: TEM
images of the 1 wt% Au/MgAl2O4 catalyst used for ethanol oxidation.
The inset shows a high-resolution image of a gold particle with a
diameter of about 5 nm.

Angewandte
Chemie

4649Angew. Chem. Int. Ed. 2006, 45, 4648 –4651 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Figure 2 shows how the performance of the catalyst
depends on temperature and pressure. It is noteworthy that
yields above 80% are obtained without any special effort to
optimize the reaction conditions or catalyst composition. It
can also be seen that the reaction rate and selectivity are only
slightly influenced by the total pressure when oxygen is
present in excess.

As the reaction progresses, the solution becomes more
and more acidic, but this does not influence the catalystFs
performance. By more careful selection of reaction condi-
tions, for example by increasing the reaction time at 423 K or
at 453 K and 3.5 MPa, it is possible to achieve acetic acid
yields of over 90% (e.g., 92% yield after 8 h at 453 K and
3.5 MPa). The spinel is found to be quite stable under the
present reaction conditions. After a typical reaction run, less
than 1% is lost according to ICP-MS. Additionally, only
phase-pure spinel is found by powder X-ray diffraction. This
is in agreement with the previous finding that magnesium
aluminum hydroxide (Al/Mg= 2) transforms into spinel
under hydrothermal conditions.[23]

Thus, it is seen that gold catalysts are indeed able to
selectively oxidize ethanol to acetic acid in air at moderate
temperatures and dioxygen pressures with very high yields.
This suggests that it might prove viable to produce aqueous
acetic acid in a gold-catalyzed process using aqueous bio-
ethanol as the feedstock. Acetic acid can also be obtained
directly by fermentation, however this also represents a
challenge since the bacteria do not thrive under the highly

acidic reaction conditions.[2] Here, the very high stability of
the gold-on-MgAl2O4 catalyst allows the use of high temper-
atures and pressures, which results in high rates. Recently,
bioethanol has also received attention as a feedstock for
renewable dihydrogen by steam-reforming[24] or autothermal
reforming.[25] Figure 3 illustrates some proven possibilities for
using bioethanol, including both fuel and feedstock applica-
tions.

A future challenge for chemists could be to find efficient
routes from bioethanol to fuels and chemicals. Such processes
will also compete with other new processes that allow direct
conversion of carbohydrates into, for example, dihydro-
gen[27,28] or synfuels,[28,29] which are currently being explored.
Here, we have focused on synthesizing acetic acid from
ethanol in a simple, green process since acetic acid has a
significantly higher value than fuels (including dihydrogen)
and also than ethene, acetaldehyde, and butadiene, for
example. Therefore, this might represent the currently most
efficient use of part of the available bioethanol.

Experimental Section
The gold catalysts were prepared by deposition-precipitation[30] of
HAuCl4·3H2O (supplied by Aldrich) on MgAl2O4. Stoichiometric
MgAl2O4, calcined at 1000 8C,[31] was tabletized, crushed, and sieved
to a particle size of 100–250 mm prior to use. For comparative
purposes, Pd and Pt catalysts supported on MgAl2O4 were prepared
by incipient-wetness impregnation of hydrochloric acid solutions of
PdCl2 and PtCl4, respectively. The resulting catalyst precursors were
dried at 120 8C for 6 h and calcined at 773 K for 2 h. The pure,
stoichiometric, and calcined spinel used here is neutral and causes
essentially no change of pH (less than � 0.05) when suspended in
water or treated hydrothermally in water.

The reactor (total free volume of 55 mL) was charged with 5 wt%
aqueous ethanol (10 mL), and the catalyst (150 mg) was added. After
closing the autoclave, it was charged with technical air (80 vol% N2,
20 vol% O2) at the required pressure (2.5–5.0 MPa) and sealed. No
dioxygen was added to replace that consumed by the reaction and
consequently only a limited excess of oxygen is present after reaction.
The reactor was then heated to a reaction temperature between 373
and 473 K where it was kept for the desired time period (4 to 45 h).
The time required to reach the reaction temperature varied slightly.
The pressure was monitored during the reaction and the pH was
determined in the product. After the reaction, the autoclave was
cooled to about 278 K. After each run, the reactor and internal
components were cleaned by polishing and washing with water. The
catalyst was separated by ultrafiltration and used up to three times. At
this point it had lost most of its activity, which corresponds to TONs of
more than 10000. The content of Al, Mg, and Au in solution after
each run was measured by ICP-MS. In a separate experiment, pure
spinel was treated under hydrothermal conditions (150 8C, 3.0 MPa)

Figure 2. Ethanol conversion (*) and acetic acid yield (*) with 10 mL
of 5 wt% aqueous ethanol after 4 h in the presence of 150 mg of
1 wt% Au/MgAl2O4 catalyst. Top: temperatures of 363–473 K and an
air pressure of 3 MPa. Bottom: pressures of 3–4.5 MPa and a temper-
ature of 423 K.

Figure 3. Possible uses of bioethanol as a fuel or as a feedstock for
important bulk chemicals.[26]
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with 5 wt% acetic acid. No acetic acid was found to be lost onto the
support.

The GC apparatus was equipped with both FID and TCD
detectors to allow identification of all liquid and gaseous products
present in amounts above about 1 vol%. Product compositions and
concentrations were determined using standard solutions. In some
cases, the entire reaction mixture was also titrated with aqueous
sodium hydroxide after the reaction run to validate the GC results. In
all cases, the analyses gave identical results within the experimental
uncertainties.
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Catalysis by gold has received considerable attention in
recent years. Particles of gold that are unsupported or
supported on oxidic carriers have been reported to be very
active in various oxidation reactions. Examples include the
oxidation of CO in the presence or absence of hydrogen,[1] the
water gas shift reaction,[2] and the oxidation of hydrocar-
bons.[3] The particle size greatly influences the catalytic
activity of gold particles, and with decreasing particle size
the activity increases. Moreover, the type of support also
affects the catalytic activity: reducible supports lead to more
active catalysts than nonreducible ones,[4] however, deviations
from this trend have been reported.[5] Addition of reducible
oxides to gold catalysts increased the catalytic activity of small
gold particles considerably.[6] Correlated to this observation
may be the enhanced stability of gold particles after the
addition of transition-metal oxides.[7]

The origin of the high catalytic activity of gold catalysts
has been strongly debated and various models have been
presented. Goodman and co-workers[1b] suggested that the
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catalytic activity of small gold particles is paralleled by the
loss of metallic character. Moreover, a double layer of gold
atoms on a planar titania support was shown to be much more
active than thicker layers of gold.[1c] Various authors proposed
oxidic gold or a combination of reduced and oxidic gold as the
active species in oxidation reactions by gold.[8] In addition,
negatively charge gold atoms have been proposed to be the
active centers.[9]

Initial theoretical calculations on the mechanism indi-
cated that the support interface is responsible for the
oxidation of CO.[10] Recently, however, a reaction path that
only takes place on a gold particle was proposed.[11,1c] The
major question that remains is the activation of the oxygen
molecule which has been suggested to take place on the
support.[12] The mechanism proposed by Bond and Thomp-
son[8] involves the adsorption of CO on the gold particle at a
low-coordinated gold atom. A hydroxy group from the
support moves to a AuIII cation, meanwhile creating an
anionic vacancy. These two species react to form a carbox-
ylate group. The anionic vacancy on the support activates an
oxygen molecule as O2

� , which then is responsible for
abstraction of a hydrogen atom, and CO2 is formed. The
hydroperoxide ion reacts with a second carboxylate species to
form another CO2 molecule and restores two hydroxy groups
on the support.

Herein, we introduce in situ time-resolved and high-
energy-resolution fluorescence-detected (HERFD) X-ray
spectroscopy at the Au L3 edge to determine the activation
of oxygen on the gold particle. We studied gold supported on
a nonreducible support, Al2O3. X-ray absorption near-edge
structure (XANES) studies probe the local geometry and the
oxidation state of the absorption atom. XANES is sensitive to
adsorbates on the surface of metallic particles, and the
spectral shape is affected by the mode of bonding.[13] The
intensity of the first feature in the L3 edge spectrum, which is
called whiteline, reveals the number of holes in the d band
and therefore reflects charge transfer after adsorption of
molecules. Application of high-energy-resolution emission
spectroscopy greatly enhances the resolution in the spectra.[14]

Selective detection of a fluorescence channel with an
instrumental broadening below the core hole lifetime greatly
enhances the spectral resolution,[15] thus resulting in much
sharper features in the X-ray absorption spectra. In addition
to high-energy-resolution XAS, a time resolution of seconds
can be achieved using normal fluorescence detection at
beamline ID26 at the ESRF (Grenoble). The response of the
system to changes in the gas composition, from oxidizing to
reducing and back, can be determined.

The enhancement in spectral resolution when using high-
energy-resolution fluorescence detection is illustrated in
Figure 1a, which shows the X-ray absorption spectrum of
gold foil measured simultaneously in normal transmission
mode and with the high-energy-resolution fluorescence
detector. A small whiteline at 11929 eV is visible in the
transmission spectrum. The whiteline is very prominent in the
spectrum that was recorded with the high-resolution fluores-
cence detector. Furthermore, all other features are much
more pronounced. Any changes that occur after the adsorp-
tion of reactants, in the oxidation state of the gold or in its

coordination, will be detected with much higher accuracy in
the high-resolution data. Although the electron configuration
of a gold atom is Xe4f145d106s1, in bulk gold the s, p, and
d orbitals overlap, which causes orbital hybridization and
results in a 5d10�x6sp1+x electron configuration. The whiteline
reflects this hole in the d band. Theoretically simulated
spectra using the FEFF8 code are shown in Figure 1b. Spectra
of bulk gold using the full L3 core hole lifetime and reduced by
1.6 eV showed all the features that were experimentally
observed, though the exact positions and relative intensities
of the features varied. Theory predicted a double whiteline in
the high-energy-resolution data which is observed as a slight
asymmetry in the experimental whiteline.

The Au L3 near-edge spectra of Au/Al2O3 measured in
various gas atmospheres using high-energy-resolution emis-
sion detection is shown in Figure 2a. The size of the gold
particles is 1–3 nm as determined by scanning transmission
electron microscopy (see Supporting Information). The
XANES spectrum of the catalyst recorded at room temper-
ature under helium after reduction shows the typical features
of a fully reduced gold particle: a small whiteline and further
features at similar positions as those in the spectrum of bulk
gold. All these features have much less pronounced intensity
compared to those in the spectrum of bulk gold (Figure 1).
The whiteline has lower intensity than that in the spectrum of
bulk gold because of the more atomic-like character in the
small particles and the reduced spd hybridization, as the band
widths are smaller and show less overlap.

The spectrum of the Au/Al2O3 catalyst measured under
20% oxygen in helium shows an increased whiteline intensity

Figure 1. a) Experimental and b) theoretically simulated L3 XANES of
Au foil detected in transmission mode (c) and by using high-
energy-resolution fluorescence detection (a).
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which reflects charge transfer from the d band to the
2p* orbital of oxygen, decreasing the gold d-orbital electron
count and activating the oxygen molecule. This result agrees
with previously reported partial oxidation of small gold
particles in air.[16] On the basis of the intensity of the
whiteline, the fraction of oxidized gold is about 15%, which
is very similar to the amount reported by Miller et al.[16]

Oxygen reacts with the surface of the small gold particles to
form a surface oxide. Subsequent exposure of the partially
oxidized catalyst to 1% CO in helium resulted in a decreased
whiteline intensity. However, the whiteline intensity was
higher than that measured in He and the energy of the
maximum intensity was shifted to higher energy relative to
the spectrum measured under oxygen. This behavior is
ascribed to the bonding of CO on the surface of reduced
gold particles.[17, 13d] Simulation of spectra using the full
multiple scattering code FEFF8 (Figure 2b) indicated that
CO adsorption causes enhanced intensity of the whiteline at a
higher energy than adsorbed oxygen (the clusters are taken
from Reference [11]). Electron back-donation into the anti-
bonding orbitals of CO is responsible for the charge transfer.

The evolution of the spectra, measured in conventional
fluorescence mode, after switching the gas flow from 20%
oxygen in helium to 1% CO in He is shown in Figure 3.
Spectra were recorded every 2 s. The reduction is very fast
and was complete after 14 s (seven scans). Meanwhile, small
amounts of CO2 were observed in the mass spectrometer. The

reduction of partially oxidized gold catalysts is much faster
than their oxidation, which took over 5 min to complete
(spectra not shown).

One of the main questions regarding the mechanism is
how oxygen is activated on the catalyst.[5,12] Various reports
suggest that the metal–support interface plays a role and that
the support activates oxygen and serves as a supply of oxygen
that recombines with CO on the gold particle to form CO2.
Our in situ XANES study clearly showed that charge transfer
from small gold particles to oxygen occurs when exposed to
oxygen, along with partial depletion of the Au d band. A
fraction of the surface atoms react with oxygen. Small gold
particles on a nonreducible oxidic support activate oxygen,
meanwhile forming partially oxidized gold: Au0 + O2!
AuyOx. Miller et al. observed oxidation of gold by air with Au/
Al2O3 catalysts by changes in the near-edge structure, which
was confirmed by a decrease in the Au–Au coordination
number and an increase in the Au–O contribution in a full
EXAFS analysis.[16] The partially oxidized gold is reduced
very quickly by CO to form CO2 (Figure 3), showing that the
partially oxidized gold particles readily react with CO to form
CO2, thus closing a catalytic cycle: AuyOx + CO!Au0 +

CO2. After the full reduction, adsorbed CO is observed on the
surface by the broadening of the whiteline (Figure 2).[17,13d]

Clearly, the reduction is much faster than the reoxidation and
the rate-limiting step is the activation of oxygen on the gold
surface.[8] In a mixed O2/CO gas environment, fully reduced
gold is expected,[18] probably with adsorbed CO on its
surface.[17] In this mechanism, partially oxidized gold is
formed upon reaction with oxygen and is present as a short-
lived species under catalytic conditions.

In situ high-energy-resolution and time-resolved X-ray
spectroscopy identified a possible reaction mechanism for the
oxidation of CO over the gold particles in supported gold
catalysts. On Au/Al2O3, there is a reaction channel that has
partially oxidized gold as reaction intermediate. Charge
transfer from a reduced gold particle to oxygen activates
the oxygen molecule. The thermodynamic redox behavior of
small gold particles is distinctly different from that of bulk
gold, which is inert and unreactive.[19] The difference likely
originates from the different electronic properties of the small
gold particles, which have more d electrons at a different
energy to those in bulk gold and which contain a large fraction
of corners and edges. Exposure of the activated oxygen to CO

Figure 2. a) High-resolution Au L3 XANES of 4% Au/Al2O3 in various
atmospheres applied subsequently: He (c); 20% O2 in He (a);
and 1% CO in He (b). b) FEFF8-calculated Au L3 XANES of gold
clusters (c) with adsorbed oxygen (a) or CO (b).

Figure 3. Kinetics of re-reduction in CO: Time-resolved XANES spectra
measured in normal fluorescence mode.
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rapidly leads to formation of CO2 and fully reduced gold. We
propose that reduced gold and its ability to transfer charge to
oxygen are essential for high catalytic activity in the oxidation
of CO.

In situ HERFD X-ray spectroscopy is likely to become a
valuable tool in determining the structures of catalysts under
catalytically relevant conditions. High-energy-resolution data
with time-resolution and the possibility of in situ measure-
ment in combination with mass spectrometry at synchrotrons
makes it a promising tool in determining the structures of
catalytically active sites.

Experimental Section
A solution of HAuCl4 (2.1 E 10�3

m) was prepared by dissolving the
appropriate amount of HAuCl4·3H2O in deionized water (300 mL).
The solution was warmed to 353 K, and 3 g each of support g-Al2O3

(Condea) and urea (0.21m) were added. The suspension was kept
away from light and stirred during 16 h while maintaining the
temperature at 353 K. The suspension was then centrifuged, and the
solid was isolated, washed three times with deionized water, and dried
under vacuum at room temperature overnight. The fraction of
powder containing particles of 90–125 mm was separated and
introduced into the in situ reactor for X-ray absorption measure-
ments. Transmission electron microscopy showed small gold particles
of 1–3 nm.

The experimental setup consists of a reactor, which is a quartz
tube with a diameter of 5 mm and a wall thickness of 100 mm, and a
blower, which was used as a heater. The gas atmosphere in the reactor
was controlled by five mass-flow controllers (Bronkhorst). Highly
pure He, H2, 1% CO in He, and 20% O2 in He (Air Liquide) were
used as the initial gas mixtures. The exhaust of the reactor was
connected to a mass spectrometer (Pfeiffer QMS200). After reduc-
tion of the catalyst in H2 at 423 K, the reactor was purged with He and
cooled down to room temperature. The catalyst was put in contact
with different CO- andO2-containing gas mixtures at 298 K. All X-ray
spectroscopic measurements were performed in situ under constant
flux (10 mLmin�1) of a particular gas atmosphere through the reactor.
The studies were performed at the high-brilliance XAFS-XES
beamline ID26 at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The electron energy was 6.0 GeV, and
the ring current varied between 50 and 90 mA. The measurements
were performed using the third harmonic of two u35 undulators. The
monochromator was equipped with a pair of Si(220) single crystals.
Higher harmonics were suppressed by two Cr-coated mirrors operat-
ing at 3 mrad relative to the incident beam. The X-ray beam
measured 0.3 mm horizontal and 1 mm vertical, with a total flux on
the order of 5 E 1012 photonss�1 on the sample. The energy was
calibrated using a gold foil. The high-energy-resolution fluorescence
detection was performed using a horizontal-plane Rowland circle
spectrometer and an avalanche photodiode (APD, Perkin Elmer) as
detector. The spectrometer was tuned to the Au La1 (9713 eV)
fluorescence line by using the (660) Bragg reflection of one spheri-
cally bent Ge wafer with R= 1 m and a diameter of 89 mm. The
energy resolution of the spectrometer was 0.6 eV. A Canberra Si
photodiode was mounted to measure the total fluorescence yield
simultaneously. During XANES scans, the undulators were kept at a
fixed gap and only the monochromator angle was changed. To
measure fast kinetics, conventional XANES spectra were recorded
every 2 s between 11900 at 11960 eV with energy steps of 0.5 eV. The
statistics were insufficient to perform these measurements in the high-
energy-resolution fluorescence detection mode. The XANES spectra
in high-resolution mode were measured after the catalyst had reached
steady-state conditions. The corresponding spectra were measured
during 30 s from 11880 to 11980 eV with steps of 0.1 eV and

averaging of 60 scans. Full XAS spectra over a 1000 eV range were
also measured under steady-state conditions and used to normalize
the XANES data.
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Hollow and Tin-Filled Nanotubes of Single-
Crystalline In(OH)3 Grown by a Solution–Liquid–
Solid–Solid Route**

Yueping Fang, Xiaogang Wen, and Shihe Yang*

A variety of methods have been employed in recent years to
produce nanowires and nanorods of metals/semiconductors
with heterostructures such as coaxial core–shell[1] and com-
posite[2] nanostructures, which appear promising for the
nanoscale manipulation of particles/quasi-particles such as
electrons and photons. However, these methods often involve
tedious procedures, harsh conditions, or expensive instru-
mentation. For example, multi-step depositions involving
sequential charging of desired source materials[3] or surface
modification by ambient species[4] are necessary for the
preparation of coaxial core–shell nanowires. Herein, we
demonstrate an extension of the solution–liquid–solid (SLS)
method for the first synthesis of Sn-filled In(OH)3 nanotubes
in what is essentially a one-step solution–liquid–solid–solid
(SLSS) growth process.

The solution–liquid–solid (SLS) growth of nanowires was
first reported by Buhro and co-workers, who used nano-
particles of a low melting point metal (e.g., In and Ga, etc.) in
an organic solution to induce the growth of GaAs nanowires
with a narrow diameter distribution.[5] In a related work,
Korgel et al. successfully synthesized carbon nanotubes and
defect-free Si nanowires by SLS growth in supercritical
fluids.[6] However, the SLS method has not been used for
the growth of inorganic nanotubes up till now. We are able to
assemble Sn-filled In(OH)3 nanotubes using liquid droplets of
an In–Sn mixture, which serves as both catalyst and reagents
for the nanotube growth, from an ethanol-containing aqueous
solution under an oxidative atmosphere.

Indium hydroxide is a rather interesting material due to its
special semiconducting and optical properties. Ishida and
Kuwabara,[7] for example, have shown that the conductivity of
In(OH)3 thin-films varies from 10�7 to 10�3 Scm�2 depending
on the experimental conditions, which is typical for a wide-
bandgap semiconductor, and the optical bandgap, Eg, of
needle-like nanoparticles of indium hydroxide has been
estimated to be 5.15 eV by diffuse reflectance spectroscopy

(DRS) using the Kubelka–Munk (KM) technique.[8] Although
nanowires of In(OH)3 have been reported recently,[9] cur-
rently available approaches have been unable to produce
In(OH)3 nanotubes or their heterostructural derivatives or
analogues.

An SEM image of the as-collected product is shown in
Figure 1A. Numerous rod-like nanostructures are formed in

high yield (> 80%), most of which are straight and have
diameters of 70–250 nm and lengths of 2–5 mm. The XRD
pattern in Figure 1B provides clear evidence that the product
nanostructures are composed of two crystalline phases,
namely body-centered cubic (bcc) In(OH)3 (JCPDS: 85-
1338; a= 7.979 F) and tetragonal Sn (JCPDS: 86-2265; a=
5.831 and c= 3.181 F). Several characteristic peaks from
impurities of tetragonal SnO2 are also detected in the XRD
pattern, probably because of oxidation of Sn outside the
nanotubes.

Figure 2 reveals more details about the nanostructures of
the products, which are primarily Sn-filled In(OH)3 nano-
tubes (Figure 2A) along with a few empty In(OH)3 nanotubes
(Figure 2B). The cross-sections of the nanotubes appear
faceted (inset of B), and most filled nanotubes have uniform
diameters and wall thicknesses throughout their whole

Figure 1. A) SEM image and B) XRD pattern of the as-collected prod-
uct.
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lengths (Figure 2A). It is interesting to note that the filled
nanotubes are more abundant (about 80%) and always have
their two ends closed (Figure 2C), whereas the empty nano-
tubes account for only around 20% of the tubes and have at
least one of the ends open (Figure 2D). The TEM images
show both symmetrical (Figure 2E) and lopsided (Figure 2F)
thicknesses of the two side-walls of the filled nanotubes. This
is consistent with the fact that the In(OH)3 nanotubes are
faceted and thus not cylindrically symmetric. A handful of
filled nanotubes whose diameters and wall thicknesses
gradually decrease along their lengths, for example from
about 220 and 50 nm at the thicker end to about 80 and 20 nm
at the thinner end (Figure 2G), are also observed. X-ray
energy-dispersive spectroscopy (EDS) of the empty nano-
tubes gives an elemental ratio of In to O of about 1:3, whereas
that of the filled nanotubes contain Sn as well as In and O
(In:O:Sn� 19:57:24). The empty nanotubes are made up of
In(OH)3, whereas the filled nanotubes consist of walls of
In(OH)3 and interiors filled with Sn. This was corroborated by
line-scan EDS elemental profiles. One example is for an
empty In(OH)3 nanotube with a diameter of 140 nm and a
wall thickness of about 30 nm (Figure 2H), and the other is

for an In(OH)3 shell about 10–20 nm thick with a filling of Sn
about 70 nm across (Figure 2I).

The nanotube structures were further examined by
recording high-resolution TEM images and electron diffrac-
tion patterns, as shown in Figure 3. One can immediately see

the uniform, well-defined single-crystalline structure of the
In(OH)3 nanotubes both without (Figure 3A) and with the Sn
filling (Figure 3B). The HRTEM image in Figure 3C, taken
for the area marked by a square in Figure 3A, shows clear
lattice fringes for the (200) planes parallel to the tube axis,
with a d spacing of 0.391 nm. The fast Fourier transform
(FFT) pattern (inset in Figure 3C) can be indexed to bcc
In(OH)3 and the nanotubes grow along the a, b, or c axes of
the In(OH)3 crystal. A similar HRTEM image, taken from the
area highlighted by the square in Figure 3B, is given in
Figure 3D for a Sn-filled In(OH)3 nanotube. Clear fringes
perpendicular to the nanotube axis can be seen here as well.
These fringes have an interplanar spacing of 0.392 nm, in
accordance with the distance between the (002) crystal planes
of In(OH)3, which suggests the same growth direction as for
the empty nanotubes. This observation is also mirrored in the
FFT pattern (inset of Figure 3D) of this HRTEM image.

During TEM observations, we found that electron-beam
irradiation in the microscope could induce fluidic movement
of the Sn filling in the In(OH)3 nanotubes. Figure 4 shows
consecutive TEM images recorded during electron-beam
irradiation of the imaged portion of the nanotube. Upward
movement of the molten Sn core (by about 60 nm) inside the
nanotube is vividly portrayed as a wavy form, which means
that the Sn filling undergoes a melting phase transition upon
electron-beam irradiation. It appears that part of the driving

Figure 2. TEM characterizations of empty and filled nanotubes: A) two
filled nanotubes; B) an empty nanotube and cross-sections of nano-
tubes (inset); C) a nanotube with two ends closed; D) a nanotube with
one end open; E) a filled nanotube with walls of equal thickness; F) a
filled nanotube with walls of unequal thickness; G) a filled nanotube
whose diameter gradually decreases along the tube length; H) and
I) line-scan EDS elemental profiles recorded for an empty nanotube
and for a filled nanotube, respectively.

Figure 3. HRTEM images and the corresponding FFT patterns (insets)
of an empty In(OH)3 nanotube (A and C) and a Sn-filled In(OH)3
nanotube (B and D). C and D are taken from the squares in A and B,
respectively.
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force for the movement of the molten Sn core is its thermal
expansion and non-wetting contact with the In(OH)3 nano-
tube at the low base pressure of the TEM chamber. With
better control, this effect could be developed into a nanoscale
thermometer. A similar phenomenon has been observed
previously for nanotube-encapsulated metals under electron-
beam irradiation.[10] A significant melting point depression
has also been observed for Ge semiconductor nanowires
confined in carbon nanotubes, which could be the case for our
Sn-filled In(OH)3 nanotubes as well.

[11] It is envisaged that the
electron irradiation method may be a useful tool for tailoring
the metal filling inside the nanotubes. For example, one could
divide the metallic core into uniform nanoparticles to form a
1D array with controlled inter-particle spacings.

In order to shed light on the growth mechanism of the
heterostructured Sn@In(OH)3 nanowires, we resort to the
binary phase-diagram of In and Sn shown in Figure 5A. Since
the melting points, T, of In and Sn are 156.6 and 231.86 8C,
respectively, Sn is expected to dissolve slowly in the molten In
to form In–Sn liquid droplets (Figure 5A) at 180 8C with less
than 65% Sn (point X), above which solid Sn starts to
precipitate [see Eq. (1)].

In ðliquidÞ þ Sn ðsolidÞ ! In�Sn ðliquidÞ ð1Þ

As the reduction potential of In is more negative (ca.
�1.00 V) than that of Sn (ca. �0.91 V) in weakly basic
solution,[12] In is preferentially oxidized to Sn@In(OH)3
(solid) in the form of a core–shell nanostructure by the
oxygen in solution [Eq. (2)].

In�Sn ðliquidÞ þO2 þH2O ðsolutionÞ ! Sn@InðOHÞ3 ðsolidÞ ð2Þ

A critical step in the nanotube formation is the initial
elongation. This is achieved by the right combination of
materials. Specifically, the nucleation of solid In(OH)3 is
accompanied by the deposition of solid Sn, both of which are
necessarily in contact with the In–Sn droplet during growth so
as to ensure a lowest energy path. This is only possible in a
tube geometry, as illustrated in Figure 5B. Note that the
reaction/deposition takes place on the surface of the In–Sn
droplet to form an In(OH)3 shell surrounding a solid Sn rod.
After the liquid droplet has been consumed, assembly of the

Sn-filled In(OH)3 nanotube is completed either with the top
end closed or open depending on the availability of the
necessary shell materials. Empty In(OH)3 nanotubes may
arise from dissolution of the Sn cores of the Sn@In(OH)3
nanotubes with at least one end open in the weakly basic
aqueous ethanol solution. This is in excellent agreement with
the observation that the filled nanotubes always have their
two ends closed, whereas the empty nanotubes have at least
one of the ends open. We coin this unique 1D core–shell
growth mode a solution–liquid–solid–solid (SLSS) process
(see Figure 5B for details). This is an interesting extension of
the SLS method with the difference of employing an alloy
droplet and an additional solid deposition process to form the
1D core–shell nanostructure.

Control experiments have shown that the Sn@In(OH)3
nanotubes can only be formed with the right combination of
materials and reaction conditions. The aqueous ethanol
solution provides the weakly basic environment necessary
for the smooth precipitation of In(OH)3, deposition of Sn, and
the subsequent 1D growth guided by the In–Sn droplets. A
solution that is either too acidic or too basic would be apt to
dissolve the deposited In(OH)3 shell, which would eventually

Figure 4. Consecutive TEM images (A to H) taken during electron-
beam irradiation of the imaged portion of the nanotube. The arrows
point to the same overhanging feature of the nanotube and indicate
that the molten Sn moves upward.

Figure 5. A) Binary phase diagram of In–Sn. B) Illustration of the
growth process of Sn-filled In(OH)3 nanotubes and the formation of
empty In(OH)3 nanotubes. The molten In reacts with solid Sn to form
In–Sn liquid droplets (a). The reaction in Equation (2) then takes place
on the surface of these liquid In–Sn droplets to form solid In(OH)3,
which is accompanied by the deposition of solid Sn. This leads to the
elongation of a solid Sn@In(OH)3 core/sheath nanostructure (b).
Finally, continuous 1D growth consumes the liquid droplet, thereby
completing the SLSS assembly of the Sn@In(OH)3 core/sheath nano-
structure (c). The empty In(OH)3 nanotubes may be formed by
dissolution of the Sn core of the Sn@In(OH)3 nanotubes, which have
at least one end open, in weakly basic aqueous ethanol solution (d).
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halt the 1D growth (see Supporting Information). We also
found that a solution of urea results in the formation of a
dandelion-like architecture made up from a single layer of
radially oriented In(OH)3 nanorods surrounding a Sn core
(see Supporting Information). We have therefore established
some of the materials and environmental requirements for
the 1D growth of the core–shell nanostructure.

To conclude, a one-step SLSS growth mode has been
discovered that allows the first synthesis of empty single-
crystalline In(OH)3 nanotubes as well as nanotubes filled with
Sn. The shells of the nanotubes have a cubic structure and
grow along the a, b, or c axes of the In(OH)3 crystal. It might
be possible to convert the In(OH)3 nanostructures into
nanostructures of In2O3 which is a more common semi-
conductor, by annealing at elevated temperatures. The 1D
SLSS growth mode is distinguished from the SLS method by
the presence of an alloy droplet, on which reaction and
deposition occur to form a solid shell and a solid core at the
same time. A nanofluidic flow of the internal Sn has been
observed when the environmental temperature is increased
by electron-beam irradiation. This property could be
exploited to engineer desired nanostructures inside the
nanotubes. Our work suggests a new, general working
mechanism for the growth of heterostructured core–shell
nanowires by a simple solution procedure. With a judicious
choice of alloy droplet and reaction and process conditions,
one should be able to fabricate nanotubes with different
compositions, sizes, morphologies, and heterostructures.

Experimental Section
The synthesis was carried out by lapping a piece of indium foil (7 J 7J
0.25 mm3, 99.9%, Aldrich) with a piece of Sn foil (10J 10J 0.25 mm3,
99.9%, Aldrich) with a gentle press and placing the two at the bottom
of a Teflon-lined stainless steel autoclave (25 mL) containing a
solution of 0.5m NaOH (0.5 mL), ethanol (10 mL), and distilled water
(10 mL). The foils were carefully washed with ethanol before loading.
The solution was heated to 180 8C and kept at this temperature for
30 h to give a gray powder and a chunk of incompletely reacted Sn
foil. This was discarded and the gray powder was rinsed with ethanol
and dried in air for characterizations. The structures were determined
by powder X-ray diffraction (XRD, Philips PW-1830 X-ray diffrac-
tometer with CuKa irradiation, l= 1.5406 F, at a scan speed of
0.025 degs�1 over the 2q range 10–708). Morphologies were examined
by scanning electron microscopy characterizations (SEM, JEOL 6300
and JEOL 6700F at an accelerating voltage of 15 kV). TEM
observations were carried out with a JEOL 2010F microscope
operating at an accelerating voltage of 200 kV. For both SEM and
TEM characterizations the powder sample was dispersed in ethanol—
the powder samples were embedded in epoxy resin and ultramicro-
tomed to obtain a cross-sectional view—and the suspension sonicated
for 20 min. A drop of the suspension was then placed onto a silicon
substrate or a copper grid coated with a holey carbon film and the
solvent allowed to evaporate in air.
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The discovery that some metal coordination clusters may
behave as single-molecule magnets (SMMs)[1–4] is currently
stimulating abundant research in relation to potential appli-
cations in information processing and storage.[5] Indeed,
SMMs are molecules that can be magnetized in a magnetic
field and retain the magnetization when it is switched off. As a
consequence, they may show hysteresis loops reminiscent of
magnets.[2] In metal clusters, such behavior results from a
strong magnetic ground state with large negative axial
anisotropy (D< 0)[6,7] and induces two possible orientations
(up and down), between which the magnetization can
fluctuate. The fluctuation rate, also named relaxation,
depends on the energy barrier U that separates the orienta-
tions. In the case of an ideal ground spin state Swell separated
from the excited states,U is equal to �DS2 for an integer spin
and �D(S2�1=4) for a half-integer spin (D< 0). Therefore, the
larger theD and S values are, the higher the barrier is and the
longer the magnetization is retained. This barrier can be
thermally overcome or shortcut by quantum tunneling of
magnetization (QTM).[8] This tunneling trough the barrier
contributes to accelerating the overall relaxation process. In
practice, coexistence of the two processes leads to an
experimental effective barrier Ueff defined by an Arrhenius
law: t= t0 exp(Ueff/kT).[9] One of the main goals of current
research is to achieve long relaxation times t, which are
crucial for information storage applications.[10,11]

In this context, the use of lanthanide ions, such as DyIII

and TbIII, has many advantages. Indeed, their large spins and
pronounced spin–orbit coupling result in strong Ising-type
magnetic anisotropy.[12] Recent reports have shown that even
some of their mononuclear complexes may behave as
SMMs.[13,14] During this work, a DyIII

3 trinuclear cluster was
also reported to exhibit slow relaxation despite its near
diamagnetic ground state.[15] Moreover, the combination of 3d
and 4f transition-metal ions may increase the ground spin
state through d–f magnetic interactions.[16–20] Lanthanides
have high coordination numbers and geometries, which may
be useful for engineering large polynuclear clusters, and their
potential optical properties are of interest to prospective
multifunctional materials.[21,22]

With this in mind, and as part of our work on polynuclear
metal complexes,[23, 24] we chose the Schiff
base 1,1,1-trifluoro-7-hydroxy-4-methyl-5-
azahept-3-en-2-one (LH2, Scheme 1). Such
Schiff bases are known to give cubane-like
clusters with CuII ions.[25,26] By using a
mixture of copper(II) and lanthanide(III)
ions, we succeeded in synthesizing a family
of heterobimetallic nonanuclear clusters
[LnIII

3CuII
6] for most lanthanide ions.

Herein, we report the synthesis, crystal
structure, and magnetic properties of the nonanuclear
DyIIICuII compound [DyIII

3CuII
6L6(m3-OH)6(H2O)10]Cl2·ClO4·

3.5H2O ([Dy3Cu6]), which exhibits SMM behavior.
The crystal structure of [Dy3Cu6] consists of cationic

entities [DyIII
3CuII

6L6(m3-OH)6(m1-H2O)10]
3+ (Figure 1a),

uncoordinated chloride and perchlorate anions for charge
balance, and water molecules of crystallization. The cationic
cluster [DyIII

3CuII
6L6(m3-OH)6(H2O)10]

3+ (Figure 1a) is built
from three DyIII ions arranged in a triangular fashion with
{CuII

2L
2�

2} dimer units on each edge of the triangle (Figur-
e 1b,c). Six alkoxo oxygen atoms of the deprotonated ligands
L2� and six OH groups bridge the different metal ions in a m3

fashion (Figure 1c). The six OH groups connect the DyIII ions
within the triangular framework {DyIII

3(OH)6} and with the
CuII ions of adjacent {CuII

2L
2�

2} dimer units. One alkoxo
bridge connects the CuII ions within the {CuII

2L
2�

2} dimer
units and the second bridge with adjacent DyIII ions (Fig-
ure 1b). This behavior affords distorted {Cu2L2Dy2(OH)2}
cubane-like moieties in a similar way to homometallic
cubane-like compounds.[25, 26] The cationic entity can also be
described as resulting from condensation of three distorted
{Dy2Cu2O4} cubane-like moieties that share the DyIII ions in a
triangular fashion. The structural features of the
{Cu2L2Dy2(OH)2} moieties (Figure 1c) are reminiscent of
those reported for a [Dy2Cu2] complex, but in our case the
CuII moieties form dimers.[27] The {Dy2Cu2O4} cubane-like
moieties have small (av.: 3.4 A) and large (av.: 3.7 A) Dy···Cu
distances. The cationic entities are well isolated from each
other, as no relevant hydrogen bonds were found between
them.

The three DyIII ions have the same eight-coordinate
environment formed by the oxygen atoms of two coordinated
water molecules, four bridging OH groups, and two bridging
alkoxo groups of the ligand L2�. The DyIII�O bond lengths

Scheme 1. Schiff
base LH2.

[*] C. Aronica, Dr. G. Pilet, Dr. G. Chastanet, Prof. D. Luneau
Universit( Claude Bernard Lyon-1
Laboratoire des Multimat(riaux et Interfaces (UMR 5615)
Campus de La Doua, 69622 Villeurbanne Cedex (France)
Fax: (+33)472-431-160
E-mail: luneau@univ-lyon1.fr

Dr. W. Wernsdorfer
Laboratoire Louis N(el, CNRS-BP 166
25 Avenue des Martyrs, 38042 Grenoble, Cedex 9 (France)

J.-F. Jacquot
CEA-Grenoble, DRFMC, Service de Chimie Inorganique et Biologi-
que
17 rue des Martyrs, 38054 Grenoble, Cedex 9 (France)

[**] Supports from the “R(gion RhBne-Alpes”, Network of excellence
MAGMANet (FP6-NMP3-CT-2005-515767-2) and “Commissariat G
l’Energie Atomique” (LRC N8 DSM-03-31) are gratefully acknowl-
edged.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

4659Angew. Chem. Int. Ed. 2006, 45, 4659 –4662 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



(2.287(6)–2.45(6) A, av.: 2.38 A) are normal and in good
agreement with calculated values.[28] Within the triangular
framework {DyIII

3(OH)6} the DyIII···DyIII distances are in the
range 3.7885(6)–3.8201(6) A.

The six CuII ions all have the same basic five-coordinate
environment. The basal plane is made up of two oxygen atoms
and one nitrogen atom from the ligand L2� plus one oxygen
atom of an hydroxo group with Cu�O and Cu�N bond lengths
of 1.905(7)–1.989(6) and 1.942(8)–1.954(8) A, respectively.
The axial position is occupied by an oxygen atom from the
bridging alkoxo group belonging to the second {CuIIL2�}
moiety of the {CuII

2L
2�

2} dimer. As is generally found in
cubane-like compounds,[25, 26,29] this axial Cu�O(alkoxo) bond
is long (2.505(8)–2.748(7) A) and the Cu-O(alkoxo)-Cu bond
angles are close to orthogonality (82.6–90.5(3)8). Moreover,
among the six CuII ions, four have an additional coordinated
water molecule in the sixth position with a long bond
(2.84(2)–2.579(8) A) to form an elongated octahedron. No
such sixth ligand was found for two of the CuII ions, and
coordination of perchlorate or chloride anions to the two
other CuII ions is excluded, as the smallest Cu···O4Cl and
Cu···Cl distances are 5.490 and 5.233 A, respectively. Within
the three {Cu2

IIL2�
2} dimer units (Figure 1 b), the Cu···Cu

distances are in the range 3.138(2)–3.195(2) A.
The temperature dependence of the magnetic suscepti-

bility was measured on a polycrystalline sample in the
temperature range 2-300 K at 1 kOe (Figure 2). At 300 K,

the cT value of 43.56 cm3 K mol�1 is close to that of
44.75 cm3 K mol�1 expected for six CuII

(2.25 cm3 K mol�1) plus three DyIII ions
(42.5 cm3 K mol�1) in a H15/2 ground state (J= 15/2, g=
4/3). On cooling, cT decreases slowly down to 50 K and
then drops sharply to reach 7.57 cm3 K mol�1 at 2 K, at
which it shows an inflection. This behavior is ascribed to
the effect of the exchange interactions between the
metal ions (Cu···Cu, Cu···Dy, and Dy···Dy) combined
with the crystal-field effect, which is important for DyIII.
At present, it is not possible to quantify the different
contributions, but the field effect is expected to be
dominant. The Cu···Cu exchange should be zero or
weakly ferromagnetic. Indeed, considering the struc-
tural features (see above) the Cu-O(alkoxo)-Cu bridges
within the {Cu2

IIL2} dimer units should not favor strong
overlap[30] and, in agreement with homometallic CuII cubane-
like compounds, this should give weak ferromagnetic cou-
pling.[25,26, 29] The Dy···Dy and Dy···Cu interactions are
expected to be small, as is generally the case for exchange
coupling with lanthanides and as has been argued for the
related [Dy2Cu2],[27] in which the structural features are
comparable with those found for [Dy3Cu6] (av.: Dy···Dy 3.94,
av.: Cu···Dy 3.32 and 3.70 A). Previously, it was found that
weak antiferromagnetic interactions between lanthanide(III)
ions arranged in a triangular configuration may lead to a
diamagnetic ground state.[15, 31] This is not the case in
[Dy3Cu6], and we believe that the Cu···Cu and moreover the
Cu···Dy couplings while small are responsible for the non-
vanishing susceptibility at low temperature and the peculiar
magnetic behavior.

At 2 K, the field dependence of the magnetization of
polycrystalline samples exhibits an unusual two-step feature
(Figure 3a). The first step, which reaches an approximate
magnetization of 6–7 mB at 10 kOe, is followed by a second
step that slowly increases to 19 mB at 50 kOe. This value is
consistent with that expected for six CuII and three DyIII ions
with an effective spin of S= 1=2 and a g value between 8 and 10
at low temperature. The intermediate saturation value of
about 6 mB, which corresponds to a fraction of the overall
value (19 mB), is reminiscent of “canting” in bulk magnets. It is
ascribed to the interplay of the different exchange couplings
(Cu···Cu, Dy···Cu, and Dy···Dy) being overcome at higher

Figure 1. Structure of the cation [DyIII
3CuII

6L6(m3-OH)6(H2O)10]
3+ (a) with fragments

showing the {Cu2L2Dy2(OH)2} cubane-like moieties (b) and the alkoxo/hydroxo-bridged
metal framework {Cu6Dy3O12} (c). Selected distances [K]: Dy···Dy 3.7885(6), 3.8165(5),
3.8201(6); Dy···Cu 3.390(1), 3.401(1), 3.624(1), 3.685(1), 3.399(1), 3.410(1), 3.676(1),
3.703(1), 3.389(1), 3.401(1), 3.632(1), 3.646(1); Cu···Cu 3.195(2), 3.138(2), 3.150(2).

Figure 2. Temperature dependence of cT for [Dy3Cu6]. The inset shows
the low-temperature behavior.
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field. This value (6 mB) is in agreement with the cT value at
low temperature (ca. 7 cm3 K mol�1) for a ground state with S
� 3.

Single crystals of [Dy3Cu6] were further studied by the
Micro-SQUID technique[7] in the temperature range 1.1–
0.04 K. A stepped shape of the magnetization curve is also
observed (Figure 3b), in agreement with measurements on
polycrystalline samples. Below 1.1 K, hysteresis loops are
observed, but only for the first step, with large coercive field
widening on cooling (Hc = 15 kOe at 0.1 K). This behavior is
typical of an SMM with very slow zero-field relaxation. The
absolute value of the magnetization, which is not accessible
with this technique, was estimated from the measurement at
2 K on the polycrystalline sample (see above). At this
temperature, complete saturation was not reached, but we
can estimate the magnetization of the first step to be close to
6–7 mB. Again the presence of this step exhibiting hysteresis
loops at low temperature is quite unusual. It is in contrast with
[DyIII

3].[15] Despite the difficulty in quantifying the contribu-
tions of the different interactions, this behavior may be
ascribed to the anisotropy of the Dy···Cu magnetic exchange,
which could force the resulting anisotropy to be out of the
plane. It is in agreement with previous studies on [DyCu4] and
[Dy2Cu] complexes showing that DyIII–CuII exchange cou-
pling causes strong anisotropy.[19,32] This anisotropy can lead
to strong “canting”, responsible for the nonvanishing mag-
netic moment in contrast to [DyIII

3].[15]

Studying the magnetization relaxation by ac susceptibility
revealed a strong frequency dependence of c’ and c’’ below
5 K, as expected for an SMM (Figure 4). The relaxation time t

was extracted from the maximum of c’’ at different frequen-
cies (t= 1/w) between 1.8 and 4 K and by decay measure-
ments of the dc magnetization at different temperatures in the
range 1.8–0.04 K.[33] (See the Supporting Information for a
plot of t values versus 1/T.) A linear fit performed in the high-
temperature regime to the Arrhenius equation t= t0 exp(Ueff/
kBT) gave the dynamical parametersUeff = 25 K and t0 = 1.5 H
10�7 s.

In summary, the dysprosium–copper nonanuclear com-
plex reported herein exhibits features typical of SMMs, that is,
both hysteretic behavior of the magnetization and frequency
dependence of the ac magnetic susceptibility. From prior
studies the ground spin state of [Dy3Cu6] is expected to be S=
3 with an anisotropy barrier of 25 K associated with a slow
zero-field relaxation and a large coercive field. Further
experiments are underway to quantify the different contri-
butions to this behavior, such as studies on analogues with
diamagnetic lanthanide ions, by EPR spectroscopy, with
polarized neutrons, and theoretical calculations. Such under-
standing is required to improve the synthetic strategy. Never-
theless, [Dy3Cu6] is at present one of the best single-molecule
magnets and demonstrates the ability of the 3d–4f hetero-
metallic strategy to increase S and D and consequently the
relaxation time.

Experimental Section
Synthesis: All chemicals and solvents were used as received; all
preparations and manipulations were performed under aerobic
conditions. The Schiff base ligand LH2 was obtained by condensation
of ethanolamine with 1,1,1-trifluoro-2,4-pentanedione in methanol by
a previously reported method.[34, 35]

[Dy3Cu6] was obtained in a one-pot reaction by mixing LH2,
[Dy(ClO4)3], and CuCl2 in methanol in the presence of triethylamine.
LH2 (0.2 g, 1.02 mmol) was dissolved in methanol (10 mL) and
[Dy(ClO4)3]·6H2O (0.26 g, 0.56 mmol) in methanol (10 mL) was
added dropwise with stirring over 10 min. A solution of CuCl2·2H2O

Figure 3. Magnetization curves for [Dy3Cu6]. a) Polycrystalline sample
at 2 K; b) single crystal (m-SQUID) at 1 K (dashed) and 0.1 K (solid
line). Scan rate: 0.002 Ts�1.

Figure 4. Frequency dependence of the out-of-phase magnetic suscept-
ibility c’’ at different temperatures.
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(85 mg, 0.50 mmol) in methanol (5 mL) was added to the resulting
clear yellow solution. The solution turned clear green and stirring was
maintained for 5 min. Finally, triethylamine (0.2 mL) was added to
the reaction mixture to give a deep-blue solution. One week of slow
evaporation gave 125 mg of square-plate blue single crystals suitable
for X-ray diffraction, which were isolated by filtration and washed
with a small amount of methanol (60% yield based on Cu). Elemental
analysis (%) calcd for C42H81Cl3Cu6Dy3F18N6O35.50 : C 19.74, H 3.20, Cl
4.16, Cu 14.92, Dy 19.08, F 13.38, N 3.29; found: C 19.86, H 2.94, Cl
3.72, Cu 14.23, Dy 18.34, F 12.31, N 3.21.

Caution : Although we have not experienced any problems in this
work, perchlorate salts may be explosive and should be handled with
great care.

Crystal data for [Dy3Cu6]: C42H81Cl3Cu6Dy3F18N6O35.50, M=
2555.2 gmol�1, space group P21/c (No. 14), a= 17.7136(4), b=
20.6244(4), c= 24.5220(5) A, b= 108.352(1)8, V= 8503.0(3) A3, Z=

4, 1= 1.996 gcm�3, m= 4.283 mm�1, F(000)= 4976. 33 465 measured
reflections[36] collected (Rint = 0.033) at 150 K on a Nonius KappaCCD
diffractometer with monochromatic MoKa radiation (l= 0.71073 A).
1027 refined parameters for 10 701 unique reflections. Solution with
SIR97;[37] refinements with CRYSTALS.[38] FinalR indices (I> 3s(I)):
R(F)= 0.0518, Rw(F2)= 0.0619. CCDC 297249 contains 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.

Magnetic measurements: dc measurements were performed on
polycrystalline samples with a Quantum Design SQUID magneto-
meter. To avoid orientation in the magnetic field, the dysprosium
samples were pressed in a teflon sample holder equipped with a
piston. The magnetic susceptibility was measured in the temperature
range 2–300 K in a field of 1 kOe. The magnetization was measured at
2 K in the range 0–5.5 kOe.
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Self-Assembly of a Highly Stable, Topologically
Interesting Metallamacrocycle by Bridging
Gold(I) Ions with Pyridyl-2,6-diphenyl2� and
Diphosphanes**

Steven C. F. Kui, Jie-Sheng Huang, Raymond Wai-
Yin Sun, Nianyong Zhu, and Chi-Ming Che*

Metallamacrocycles constructed through self-assembly play
an important role in the development of molecular architec-
ture and topology.[1] There have been numerous reports on
fascinating molecular assemblies that consist of metallamac-
rocycles, from catenanes,[1a] pseudorotaxanes,[1a,c] and helica-
tes[1a,b,d] to molecular polygons/polyhedrons.[1d] The M�bius
strip is another intriguing topology that has attracted consid-
erable attention from chemists[2] but remains rarely seen in
synthetic molecular assemblies. Previous reports are almost
all confined to M�bius arrangements of electronic orbitals or
spins, including many theoretical studies on M�bius aroma-
ticity or delocalization,[2] together with the syntheses of a
M�bius aromatic hydrocarbon[3] and a magnetic M�bius
strip.[4] The synthesis of a molecular M�bius strip, an organic
molecule consisting of three crown ether rings, was first
realized in 1982.[5] Recently, a M�bius strip of NbSe3 single
crystals was reported.[6] Herein, we report the formation of a
molecular assembly that contains a highly robust metal-
lamacrocycle, with the bonds directly attached to the metal-
lamacrocycle adopting a M�bius arrangement.

We have been exploring the chemistry of gold complexes
with a pyridyl-2,6-diphenyl2� (CNC) ligand. Our previous
work led to the isolation of several AuIII–CNC complexes[7]

that contain the tridentate CNC ligand (see the inset of
Scheme 1). In the course of developing the chemistry of AuI–
CNC complexes, we conceived that [Li2(CNC)(tmeda)2] (1;
tmeda=N,N,N’,N’-tetramethylethylenediamine)[8] would be
a useful alkylating agent. Treatment of 1 with [Au(PCy3)Cl]
(Cy= cyclohexyl) in dry toluene gave [Au2(CNC)(PCy3)2] (2 ;
reaction 1, Scheme 1) in 80% yield. Complex 2 is thermally
stable and undergoes decomposition to give metallic gold at
> 325 8C. The 31P NMR spectrum of 2 in CD2Cl2 shows one

sharp singlet at d= 57.35 ppm. The X-ray crystal structure of
2[9] (see the Supporting Information) features a CNC ligand
that bridges two AuI ions, an unreported coordination mode
of the CNC dianion in its coordination chemistry.[10]

In view of the propensity of the CNC ligand to bridge AuI

ions, we envisioned that this ligand could have a unique
application in constructing AuI metallamacrocycles. Previ-
ously, a wide variety of AuI metallamacrocycles had been
prepared by employing isocyanide-, acetylide-, pyridine-,
carboxylate-, and phosphane-based bridging ligands,[11] nota-
ble examples of which are the singly and doubly braided
[2]catenanes reported by Puddephatt and co-workers.[11b,c]

Our strategy for constructing the metallamacrocycles
presented herein is through self-assembly from 1 and AuI–
diphosphane complexes (reactions 2 and 3, Scheme 1). Reac-
tion of 1 with [Au2Cl2(m-dppm)] (dppm= bis(diphenylphos-
phanyl)methane) in dry toluene for 24 h gave a yellow
suspension. Removal of the solvent followed by extraction
with dry CHCl3 and slow evaporation of the CHCl3 extract
afforded [Au3(CNC)(m-dppm)2]Cl (3-Cl) as yellow crystals in
86% yield. Under similar conditions, the reaction of 1 with
[Au2Cl2(m-Ph2PC�CPPh2)] resulted in the formation of [Au4-
(CNC)2(m-Ph2PC�CPPh2)2] (4), which was isolated as yellow
crystals in 75% yield by diffusion of Et2O into a solution of
CHCl3. Treatment of 3-Cl with excess LiClO4 and LiPF6

produced [Au3(CNC)(m-dppm)2]ClO4 (3-ClO4) and [Au3-
(CNC)(m-dppm)2]PF6 (3-PF6), respectively, in about 95%
yield. In the solid state, complexes 3-Cl, 3-ClO4, and 3-PF6

exhibited a high thermal stability similar to that of 2 ; complex
4 is less stable and decomposed at 150 8C and subsequently
gave metallic gold at 250 8C.

X-ray crystal-structure determinations of 3-Cl·8.5CHCl3,
3-PF6·CH2Cl2·5CHCl3, and 4·3CHCl3

[9] revealed a 16-mem-

Scheme 1. Syntheses of 2–4 from 1 (note the omission of the tmeda
ligands in 1 for clarity). The inset depicts the coordination mode of
the CNC ligand in previously reported gold complexes.
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bered C8NP4Au3 metallamacrocycle in 3 and a 26-membered
C16N2P4Au4 metallamacrocycle in 4 (see Figure 1 and the
Supporting Information). The Au atoms in 3 and 4 form a
{Au3} triangle and a {Au4} parallelogram, respectively, with

intramolecular Au···Au contacts of 3.015(29)–3.040(29) E for
3 (Au1···Au2, Au2···Au3) and 3.178(10) E for 4 (Au1···Au2,
Au1’···Au2’), which fall within the range of 2.9–3.2 E expected
for the occurrence of weak AuI···AuI interactions.[12] The Au�
C bond lengths of 2.034(14)–2.070(16) E in 3 and 2.077(39)–
2.091(14) E in 4 are comparable to those in 2 (2.053(9)–
2.059(13) E).

Interestingly, the bonds directly attached to the 16-
membered metallamacrocycle C8NP4Au3 in 3 adopt a
M�bius arrangement. The M�bius strip that passes through
the C8NP4Au3 ring and the P�C and C�C bonds directly
attached to the ring is depicted in Figure 2. As a M�bius strip
is chiral, the crystal structure of 3 contains pairs of P and
M enantiomers (see the Supporting Information), thus ren-
dering 3 to be racemic.

Further examination of the structures of 3-Cl·8.5CHCl3
and 3-PF6·CH2Cl2·5CHCl3 revealed the existence of intra-
molecular C�H···p interactions, as indicated by the close
contacts (2.787–3.113 E) between one of the methylene
hydrogen atoms in each dppm ligand (see the Supporting
Information) and the carbon atoms of the nearest phenyl
rings of the CNC ligand. In both crystal structures, 3 exists as
dimers, each of which consists of a pair of P and M enan-
tiomers linked by two intermolecular C�H···p interactions (a
C�H bond of a dppm phenyl group with the nearest phenyl

ring of the CNC ligand; closest H···C distances: 2.826 E for 3-
Cl·8.5CHCl3 and 2.848 E for 3-PF6·CH2Cl2·5CHCl3). For
each of the dimers in 3-Cl·8.5CHCl3, there are also four
intermolecular C�H···p interactions that arise from the C�H
bonds of four CHCl3 molecules (two inside and two outside
the dimers) and the nearest CNC phenyl rings (closest H···C
distances: 2.540 and 2.739 E for the interactions outside and
inside the dimers, respectively).

The structure of 3 remains intact in solution, as revealed
by mass-spectrometric and NMR spectroscopic analysis; for
example, complex 3-Cl exhibits a prominent cluster peak at
m/z 1589 in the FAB mass spectrum, which is assignable to
[Au3(CNC)(m-dppm)2]

+. The 31P NMR spectra of 3-Cl, 3-
ClO4, and 3-PF6 each show two multiplets (AA’BB’ system)
with d� 30 (P1 and P4) and 37 ppm (P2 and P3; assignment
based on the 31P,1H HOESY NMR spectra shown in the
Supporting Information), which is consistent with the C2-
symmetic structure of the molecule of 3. In the 1H NMR
spectra of 3-Cl, 3-ClO4, and 3-PF6, the H

a signal (d� 1.2 ppm)
is substantially upfield from that of Hb (d� 4.0 ppm; see the
Supporting Information for an example), a phenomenon
attributable to the shielding of Ha by the phenyl ring of the
CNC ligand. The NOESY NMR spectrum of 3-Cl shows a
cross peak between Ha and H3 (see the Supporting Informa-
tion). These data are in agreement with the intramolecular C�
H···p interactions in the crystal structures of 3-Cl and 3-PF6.

In contrast, the 26-membered metallamacrocycle
C16N2P4Au4 in 4, which consists of a pair of P- and M-
[Au2(CNC)P2] moieties,[13] exhibits a fluxional behavior in
solution. This is evident from the variable-temperature
1H NMR (60 to �53 8C)[14] and 31P NMR spectra of 4 in
CDCl3 (see the Supporting Information for further details).
We propose that 4 is partially changed to its conformer 5 upon
dissolution in CDCl3, and there is an equilibrium between 4
and 5 in solution (Figure 3).[15] Indeed, the EXSY spectrum of
4 at �53 8C shows cross signals of H3�H3’, H4�H4’, H5�H5’,

Figure 1. Perspective structures of 3-Cl and 4 determined by X-ray
crystallography along with the metallamacrocycles in the two com-
plexes. For 4, there is a crystallographic center of symmetry located in
the center of the molecule.

Figure 2. Arrangement of the bonds directly attached to the 16-
membered metallamacrocycle C8NP4Au3 of 3 along a MFbius strip. A
MFbius strip is a unique single-sided surface, as evident by following
the track of the arrows.
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H6�H6’, H8�H8’, and Ph�Ph’ pairs (see Figure 3 and the
Supporting Information), together with the cross signals that
possibly arise from the exchanges between 4 and 5, in
accordance with the conformational changes shown in
Figure 3. Notably, the H3, H4, and H3’ signals of 4 (d= 5.7–
6.3 ppm) are considerably upfield from the corresponding
signals of 3 (d� 6.9–7.1 ppm), which could result from
intramolecular C�H···p interactions (see the Supporting
Information). Such C�H···p interactions do not exist in 5,
consistent with the downfield shift of these signals, partic-
ularly for H3, upon increasing temperature (which increases
the 5/4 molar ratio).

Complexes 3-Cl, 3-ClO4, and 3-PF6 are remarkably stable
both in organic solvents (such as CH2Cl2, CHCl3, dimethyl-
formamide (DMF), and dimethylsulfoxide (DMSO)) and
under physiologically relevant conditions (see the Supporting
Information). The high stability of 3-Cl in solution relative to
most self-assembled polynuclear AuI compounds, including 4
(which decomposed within several days in a solution of CHCl3
at room temperature), prompted us to examine its cytotoxic
properties; gold compounds not only have long been used as
antiarthritic drugs but also are promising antitumor agents,[16]

and stability is an important issue in the design of new AuI

therapeutic agents. The cytotoxicities of 3-Cl toward cancer
cell lines (including cervical epithelioid carcinoma (HeLa)
and nasopharyngeal carcinoma (SUNE1 and its cisplatin-
resistant variant CNE1)) and normal lung fibroblast cells
(CCD-19Lu) were determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. From
the cytotoxicity profiles (see the Supporting Information), the
corresponding IC50 values (dose required for the inhibition of
50% cellular growth) of the cancer cell lines were determined
to be 6.53–8.20 mM, which are comparable to those of the
clinically used cisplatin (IC50= 14.8 (HeLa), 2.3 (SUNE1),
and 8.9 mM (CNE1)). Importantly, 3-Cl was found to be
almost equally cytotoxic to SUNE1 and its cisplatin-resistant

variant CNE1, with a resist-
ance factor of 1.2 (IC50-
(CNE1)/IC50(SUNE1)
ratio) less than one third of
that observed for cisplatin
(3.9). The IC50 value of 3-Cl
for normal human cells
CCD-19Lu was determined
to be 19.1 mM, thus indicat-
ing that this AuI compound
is 2.3–2.9-fold less toxic to
normal cells than to the
forging cancer cells.

In summary, we have
observed a new coordina-
tion mode of the pyridyl-
2,6-diphenyl2� ligand and
isolated two AuI compounds
that contain unprecedented
types of gold metallamacro-
cycles. Both types of metal-
lamacrocycle have intramo-
lecular AuI···AuI and C�

H···p interactions; the metallamacrocycle with stronger
AuI···AuI and C�H···p interactions is highly robust in solution
and shows interesting topological and cytotoxic properties,
whereas the other exhibits a unique fluxional behavior in
solution. The present work demonstrates that polydentate
cyclometalating ligands, such as pyridyl-2,6-diaryl2�, together
with AuI could be useful for constructing new classes of
molecules with unprecedented topology and properties.
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First Evidence for a Uniquely Spin-Polarized
Quartet Photoexcited State of a p-Conjugated
Spin System Generated via the Ion-Pair State**

Yoshio Teki,* Hirotaka Tamekuni, Jun Takeuchi, and
Yozo Miura

Switching of physical properties by external stimuli has
attracted much attention in investigations on functional
materials.[1] Manipulation of the magnetic properties of
organic molecules in the spin ground state has been inten-
sively studied by using electron-hole doping[2] and photo-
chromic molecules.[3] Recently, photoswitching between dia-
magnetic and paramagnetic phases was realized in a 1,3,5-
trithia-2,4,6-triazapentalenyl (TTTA) organic crystal.[4]

Studying spin alignment in photoexcited states will give key
knowledge for the photocontrol of magnetic properties. We
have reported photoexcited quartet (S= 3/2) and quintet (S=
2) high-spin states of p-conjugated organic compounds[5–7]

constructed from aromatic hydrocarbons and pendant stable
radicals. p-Conjugated spin systems lead to robust spin
alignment compared with other triplet/radical-pair systems
(s-bonded systems[8] and coordination complexes[9]). In the
quintet state,[5,6] photoinduced spin alignment between two
pendant radicals was achieved through the triplet excited
state of a diphenylanthracene moiety, and exchange coupling
between the two radicals changes from antiferromagnetic to
ferromagnetic on photoexcitation. This example is the first of
spin manipulation of p radicals in the photoexcited state.

Coupling spin alignment to photoinduced electron trans-
fer (PET) or energy transfer is the next important funda-
mental research target for the photocontrol of organic
magnetism. As a model compound, we designed 1, in which
a 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (bodipy)
acceptor moiety (A),[10] is covalently linked through an
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anthracene moiety, as a donor (D) to the verdazyl p radical
(R). p-Conjugated system 2 (D–R) has a quartet (S= 3/2)
photoexcited state. The bodipy moiety is well known as an
efficient through-bond energy acceptor for anthracene.[10]

Herein, we present the first evidence of a uniquely spin-
polarized quartet photoexcited state generated by a novel
spin-polarization mechanism via the ion-pair state. Com-
pound 1 was synthesized according to Scheme 1.[11]

The UV/Vis spectrum of a solution of 1 in toluene showed
a sharp band at 505 nm (Figure 1) that arises from the
acceptor A. This band overlaps with the weak n!p transition
of the verdazyl radical R. The absorption bands characteristic

of the anthracene moiety are
red-shifted by about 40 nm rela-
tive to 2 (320–420 nm bands),
indicative of an interaction
between D and A. The oxidation
potential of phenylanthracene is
slightly higher than that of com-
ponent A.[10] Thus, there is no
charge transfer (CT) character in
the ground state. However, if

one-electron photoexcitation from the highest occupied
molecular orbital (HOMO) of A is carried out, the orbital
becomes lower in energy because the on-site Coulomb
repulsion is removed. Therefore, A* will act as an electron
acceptor for D and PET occurs immediately in 1 through
p conjugation. In the photoexcited state of 1, the bodipy
component will act as an “electron acceptor” (A*) and the
phenylanthracene moiety plays the role of an electron donor

(D).
To learn more about the photoexcited

state, we measured time-resolved electron
spin resonance (TRESR) and pulsed ESR
spectra synchronized to pulsed laser exci-
tation. The TRESR spectrum of 1 (Fig-
ure 2a) was observed 0.3 ms after laser
excitation of the absorption band (l=
505 nm) of component A. Almost the
same spectrum was obtained by excitation
of the absorption band (l= 447 nm) of the
anthracene moiety. The emission spec-
trum characteristic of bodipy (see the
Supporting Information) was obtained by
excitation of D as well as of component A.
These findings show that efficient energy
transfer occurs from the anthracene

moiety D to A. The spin Hamiltonian parameters of 1 were
determined to be S= 3/2, g= 2.0035, D= 0.0215 cm�1, and
E= 0.001 cm�1 by spectral simulation (Figure 2b), with the
hybrid eigenfield/exact diagnonalization method taking

Scheme 1. Synthesis of 1.

Figure 1. UV/Vis absorption spectra of solutions of 1 and 3 in toluene
and 2[6] in 2-methyltetrahydrofuran. The absorbance of 1 and 3 is not
well-reproduced in the range 250–285 nm as a result of overlap with
absorptions from the toluene solvent.

Figure 2. TRESR spectra of 1 and 2 at 30 K in glass matrices; a:
absorptions; e: emissions of microwaves. a) Observed spectrum of 1;
b) simulation; c) observed spectrum of 2.
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dynamic electron polarization (DEP) into account.[12] This
magnitude of D is about 7% smaller than that of 2[6] and
indicates delocalization of the unpaired electron toward
acceptor moiety A. Comparison with the TRESR spectrum
of 2 (Figure 2c) clearly shows that the DEP phase pattern of 1
(aeeaae) is different to that of 2 (aaaeee). This unique DEP is
generated by attachment of the bodipy functional group.

To confirm the spin state, spin-echo-detected transient
nutation (TN) spectroscopy[13] was carried out. Figure 3

depicts the echo-detected ESR spectrum observed 0.3 ms
after pulsed laser excitation and typical TN behavior of the
photoexcited and ground states. The strong center signal is a
superposition of theMs=�1/2$+ 1/2 transition arising from
the ground and photoexcited states. Other signals come from
the photoexcited state, as was confirmed by the spectrum
without photoexcitation. The spectral pattern of the signals as
a result of the photoexcited state is almost the same as that of
the TRESR spectrum, in that all signals have similar phase-
memory times and spin–lattice relaxation times.[7] Under the
conditionw1!wZFS, the TN frequencywTN of theMs$(Ms+1)
transition is given by Equation (1,[13] where w1= gbB1/�h,

wTN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ�MsðMs þ 1Þ

p
w1 ð1Þ

wZFS=D/�h, and B1 is the microwave-field strength. Therefore,
in the quartet state, the expected TN frequencies forMs=� 1/
2$� 3/2 andMs=�1/2$+ 1/2 allowed transitions are

ffiffiffi
3

p
w1

and 2w1, respectively. For the ground state, w
G
TN is equal to w1,

because 1 has a doublet ground state (S= 1/2).
The observed ratios wEXTN/w

G
TN for each transition indicated

in Figure 3 by arrows are close to
ffiffiffi
3

p
(Table 1), which is

expected for the ratio of the TN frequencies between the
quartet and the doublet states. The TN experiments show
unambiguously that all signals indicated by arrows are
assigned to Ms=� 1/2$� 3/2 transitions of the quartet
state. The center signal attributed to Ms=�1/2$+ 1/2
transitions showed a complicated TN behavior. Fourier
transformation gave a power spectrum with multifrequencies,

which consist of 2w1,w1, and lower-frequency signals (possible
off-resonance transition).

The quartet photoexcited states of triplet/radical pairs
reported so far in the solid phase are formed by spin–orbit
intersystem crossing (SO-ISC) of the parent triplet state,[8,9] or
by enhanced SO-ISC by p conjugation with the pendant
radical.[5–7] In such cases, the SO-ISC mechanism generates
selective population of the zero-field (ZF) wave functions of
the quartet spin states, thus leading to anA/E (aaaeee) or E/A
(eeeaaa) pattern. In contrast, for the two-spin system, it is
well-known that the radical-pair (RP) mechanism[14] in
solution leads to selective population of the high-field (HF)
wave functions of theMs sublevels by singlet–triplet mixing S–
T0 (or S–T�1). The DEP depends on the pathway that leads to
the observed state. Thus, the DEP pattern gives evidence for
the dynamic process generating the observed state. Spectral
simulation (Figure 2b) was carried out by assuming selective
population both for the ZF and HF wave functions (ZF/HF=
0.45:0.55). Judging from the resonance field, the central peak
at 325 mT is a superposition of the polarized ground-state
signal, which is included in the simulation (see the Supporting
Information). Thus, a competition between SO-ISC and other
mechanisms occurs in 1. Similar competitions between SO-
ISC and RP mechanisms have been observed only in the
reaction centers of photosystems I and II[15] and in their model
systems via the ion-pair (IP) state.[16]

We propose a model to understand the unique spin
polarization of the quartet photoexcited state of 1. Immedi-
ately after photoexcitation, component A reaches the singlet
photoexcited state (S1). In this state, PEToccurs immediately
fromD to A through the p conjugation in 1[17] and leads to the
charge-separated IP state AC�-DC+-R, in which AC� is the
doublet state and ab initio MO calculations show that the
cation of 2 (DC+-R) becomes the triplet ground state (jTi). In
this charge-separated IP state, the electron spins of AC� and
DC+ are far apart and their exchange coupling is very weak
(Figure 4). As a consequence, the wave functions of the
doublet and quartet states are mixed as given in Equa-
tions (2).

�1; jTþ1,ai ¼ jQ3=2i ð2aÞ

�2; jTþ1,bi ¼
ffiffiffi
1
3

r
jQ1=2i þ

ffiffiffi
2
3

r
jD1=2i ð2bÞ

�3; jT0,ai ¼
ffiffiffi
2
3

r
jQ1=2i�

ffiffiffi
1
3

r
jD1=2i ð2cÞ

�4; jT0,bi ¼
ffiffiffi
2
3

r
jQ�1=2i þ

ffiffiffi
1
3

r
jD�1=2i ð2dÞ

�5; jT�1,ai ¼
ffiffiffi
1
3

r
jQ�1=2i�

ffiffiffi
2
3

r
jD�1=2i ð2eÞ

�6; jT�1,bi ¼ jQ�3=2i ð2fÞ

The sublevels f2–f5 will be selectively populated, because
the initial state generated by photoexcitation is the doublet
excited state. During the charge-recombination process, these
weakly coupled wave functions f2–f5 change to the strongly

Figure 3. Pulsed ESR spectra of 1. a) Echo-detected ESR spectrum;
b) typical TN behavior (top: quartet signal at 337 mT; bottom: ground-
state signal without photoexcitation).

Table 1: Ratios wE
TN/wG

TNof TN frequencies of each transition of 1 (see
Figure 3).

I II III IV

1.75 1.66 1.76 1.74
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exchange-coupled pure doublet (jD�1/2i) and quartet wave
functions (jQ�1/2i), thus leading to DEP (Figure 4). The ISC
and the selective population (DEP) of the high-field wave
functions of the quartet state are also expected to depend on
D–Q mixing driven by the difference in g values Dg and in
hyperfine interactions, similar to S–T0 mixing of the triplet/
radical pair. In other words, as a result of Ms conservation,
population of the charge-separated IP state (left side of
Figure 4) can selectively move to theMs=� 1/2 spin sublevels
jD�1/2i and jQ�1/2i (right side of Figure 4), which leads to a
non-Boltzmann population (DEP). This mechanism via the
intramolecular doublet–triplet IP state will occur in the solid,
liquid, and gas phases and compete with the enhanced SO-
ISC mechanism derived from the pendant radical. Unfortu-
nately, direct detection of the IP state by transient absorption
spectroscopy was unsuccessful, because strong emission from
the bodipy component masks the absorption band of the
anthracene radical cation. However, the unique spin polar-
ization pattern observed by both TRESR and pulsed ESR
spectroscopy gives clear evidence of the IP state AC�-DC+-R as
the photoexcited state. This observation is the first of a
photoexcited quartet state generated through the IP state of
an organic molecule with unpaired spins.

Experimental Section
Optical, TRESR, and pulsed ESR mesurements: UV/Vis spectra
were measured on a JASCO V-570 spectrometer at room temper-
ature. A conventional X-band ESR spectrometer (JEOLTE300) was
used without field modulation in the TRESR measurements. Signals
were amplified by a wide-band preamplifier, transferred to a high-
speed digital oscilloscope (LeCroy 9350C), and accumulated for each
point. Excitation of 1 was carried out at 505 nm with light from an
optical parametric oscillator (OPO) system pumped by a YAG laser

(Continuum Surelite II-10 and Surelite OPO). The temperature was
controlled by an Oxford ESR 910 cold He gas flow system. All
TRESR and pulsed ESR experiments were carried out with toluene
as the glass matrix or solvent. Samples were degassed by repeated
freeze–pump–thaw cycles. The pulsed ESR measurements were
performed on an X-band ESR spectrometer equipped with a pulsed
microwave unit (JEOL ES-PX1150) and a high-speed digital oscillo-
scope (Tektronix TDS5034). The pulsed microwaves were amplified
with a 1-kW traveling wave tube amplifier (TWTA). TheHahn p/2–t–
p pulse sequence was used for spin-echo detection. The microwave
pulse was synchronized with the laser excitation by using a delay-
pulse generator (Stanford Research DG535). In the echo-detected
nutation experiment, the first microwave pulse length was varied.

Materials: The stable radical 1 was synthesized according to the
procedures shown in Scheme 1.[11] Compound 3 was prepared
according to the literature method.[10] Other reagents were used as
purchased. Column chromatography was performed on silica gel
(Merk Silica 60) or alumina (Merk Alum. Ox. 60).
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Enzymes display high substrate specificity and can catalyze
reactions that are not possible in a single step through

traditional synthesis.[1] In addition, biocatalysts usually func-
tion at relatively mild aqueous conditions with moderate
temperature, pressure, and pH, and thus can allow for process
routes that can potentially replace less environmentally
friendly steps in chemical synthesis. The ability, or in many
cases, the need to function in relatively mild reaction media
can also limit the utility of biocatalysts. Many interesting,
often prochiral, compounds are water insoluble and thus
unavailable to biocatalytic conversion. Numerous schemes
have been developed to use biocatalysts to transform water-
insoluble substrates.[2] These schemes employ soluble and
immobilized enzymes in simple one- and two-phase organic–
aqueous mixtures or more-complex mixtures by using
reversed micelles,[3] supercritical fluids, and ionic liquids.[4]

Two-phase approaches, either liquid–liquid or solid–liquid (as
in the case of immobilized enzymes), can suffer from reduced
reaction rates owing to interphase mass-transfer limitations.
Furthermore, immobilized enzymes are susceptible to activity
loss owing to the immobilization process and leaching of the
enzyme from the solid support. Monophasic systems can
avoid these limitations; however, recovery and reuse of the
biocatalyst, which is imperative for large-scale processes or
the isolation of pharmaceutical products, is more challenging.
Herein, we demonstrate an approach to take advantage of

the higher reaction rates of homogeneous biocatalysis while
providing a simple method for biocatalyst recycling by using
organic–aqueous tunable solvent (OATS) systems. OATS
mixtures are engineered to couple a reaction and separation
as shown in Figure 1. As in other latent biphasic systems,[5]

OATS mixtures allow homogeneous reactions between
hydrophobic and hydrophilic components, therefore elimi-
nating mass-transfer limitations. CO2 can be added to split the
reaction mixture into a gas-expanded liquid organic phase
containing hydrophobic components and an aqueous phase
containing the hydrophilic catalyst[6,7] The CO2-induced
separation allows for a one-pot reaction and separation
scheme.
The successful application of CO2 as a reversible switch to

modulate miscibility of aqueous and organic phases and the
phase-separation behavior for a number of OATS systems has
previously been studied with solvents such as acetonitrile,
THF, and dioxane.[6,7] Recent investigation of this miscibility
switch as a vehicle for catalyst recovery was tested on the
hydrophobic substrate 1-octene with a water-soluble Rh–
triphenylphosphine tris-sulfonated salt (TPPTS) complex as
the catalyst. The use of an OATS system increased the

Figure 1. A Proposed OATS process for biocatalyst recycling.
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catalytic efficiency by a factor of 65 as compared to the
industrially used aqueous biphasic system, which is limited by
the substrate solubility.[8]

We tested the feasibility of OATS mixtures for biocata-
lytic reactions and separations with soluble Candida antarc-
tica lipase B (CALB) (E.C. 3.1.1.3). This versatile enzyme has
been used to catalyze esterifications of hydrophobic acids and
alcohols as well as ester hydrolyses in a range of solvents[9] and
supercritical CO2.

[10] This therefore renders it an attractive
choice for use in an OATS process. The hydrolysis of 2-
phenethyl acetate (PEA) to 2-phenylethanol (2PE) and
acetate (Scheme 1) was selected as a model reaction as both
PEA and 2PE both have extremely low water solubility and
can be easily detected with gas chromatography to assay the
reaction progress.

An OATS process will be most effective when three
requirements are met: 1) The use of an OATS mixture must
provide acceptable enzyme reactivity in the reaction medium;
2) The biocatalyst must survive the CO2-pressurized separa-
tion process; 3) The biocatalyst should be retained in the
aqueous phase and reaction products should partition favor-
ably into the organic phase. Thus, the reactivity, pH stability,
recycleability of the biocatalyst, and partitioning behavior of
the substrate and product in a water–dioxane OATS mixture
were tested. By satisfying these requirements, we have
developed a system that allows 80% recovery of reaction
products in the organic phase, and displays less than 10%
apparent biocatalyst activity loss after recycling six times.
Enzymatic reaction rates in aqueous buffer–dioxane

mixtures were evaluated to choose a suitable solvent compo-
sition for future recycling experiments (Figure 2). Since PEA
is nearly insoluble in water, monophasic reaction rates in
buffer alone are negligible. By taking advantage of the higher
substrate solubility afforded by the addition of water-miscible
organic solvents, higher specific reaction rates can be

obtained than in purely aqueous solvent. Although the rates
seen in 8 mm PEA in water–dioxane mixtures decreased as
the dioxane content increased, the specific rate in water–
dioxane mixtures that are nearly saturated with PEA
substrate improved over the range of dioxane content tested
owing to the higher substrate solubility (up to 56 mm PEA in
40% dioxane).
A 40% dioxane mixture was chosen for use in further

experiments because this mixture provides increased sub-
strate solubility and achieves the highest observable reaction
rate. The 40% dioxane mixture is also favorable for the phase
separation—upon CO2 addition it provides a larger organic-
phase volume to aid extraction of reaction products than
lower dioxane levels, thus improving separation. At greater
than 40% dioxane concentration, buffer precipitated out of
solution and further study is needed to see if this lower buffer
concentration can adequately maintain sufficiently high pH
levels. The importance of adequately buffering the reaction
mixture is discussed below.
To survive the CO2-pressurized separation process, the

enzyme must withstand the pressure used for separation as
well as the associated pH fluctuations. The pressure required
to unfold enzymes (> 2000 bar)[11] is one to two orders of
magnitude higher than that required to separate OATS
mixtures (10–50 bar), so it is unlikely that hydrostatic
pressure alone will damage the enzyme. However, it is well
documented that CO2 addition to aqueous mixtures leads to a
dramatic drop in solution pH owing to the formation of
carbonic acid.[12] Such low pH values can have detrimental
effects on enzyme activity and stability. We measured pH
values of the aqueous phase of CO2-separated OATS
mixtures as a function of CO2 pressure by using a method
similar to Holmes et al,[13] as shown in Figure 3. In unbuffered

mixtures, the addition of 9.5 bar of CO2 lowers the pH to
below 3. With 150 mm sodium phosphate buffer solution in
the aqueous component, the pH decreases only to � 5 under
50 bar CO2. A similar result was also found in previous
work.[13] As the typical time required to pressurize, mix, and
separate OATS mixtures with CO2 is approximately 30 min,
the aqueous phase containing enzyme is exposed to pH 5 for a
similar amount of time. Enzyme tolerance to low-pH
exposure was tested by incubating CALB samples in buffered
low-pH solutions and assaying for activity at pH 7 (see the
Supporting Information). Even after 2 h of exposure to a
solution of pH 4, CALB samples showed no loss in activity.

Scheme 1. CALB test reaction.

Figure 2. Monophasic reaction rates in dioxane OATS mixtures con-
taining 8 mm (+) and near-saturating concentrations (*) of PEA (4,
8, 32, 56 mm for 5, 10, 30, 40% dioxane, respectively). Assumed trend
lines for 8 mm (a) and near-saturated PEA mixtures (c) have
been added. Note that 8 mm PEA is also the near-saturation concen-
tration in 10 % dioxane mixtures. The specific reaction rates
(Umg�1=mmolmin�1 mg enzyme�1) are shown on the secondary axis.

Figure 3. The pH of unbuffered (B ) and buffered (150 mm phosphate
buffer solution (NaH2PO4) (^) dioxane/water (30:70%) solutions
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Clearly, use of 150 mm phosphate buffer solution is sufficient
to prevent the pH of the pressurized aqueous phase from
decreasing to low levels, and CALB is not detrimentally
affected by short exposures to pH 5 that are encountered
during phase separation.
As the addition of CO2 and accumulation of acetate ions

(a reaction product) can lower the pH value of the reaction
mixture, CALB activity was tested in OATS mixtures with
varying pH. As the reaction pH was reduced from 8.2 to 4.8,
the conversions observed after two hours decreased from
55% to 40%,respectively. So to attain the highest possible
reaction rates in OATS, the pH should be carefully controlled.
Having demonstrated improved reaction rates in diox-

ane–aqueous mixtures that were nearly saturated with sub-
strate and the absence of adverse effects on CALB resulting
from pH changes during separation, the feasibility of imple-
menting a process with dioxane–OATS mixtures and CO2 for
separation and recycling of the homogeneous biocatalyst was
tested in 40:60 dioxane/buffer (v/v) mixtures containing PEA.
After two hours of reaction, CO2 was added to separate the
mixture. The organic layer was decanted under pressure, and
after CO2 was removed from the cell, the next cycle began by
adding buffer solution and dioxane containing PEA (300 mm)

to the remaining reaction mixture. The cycle time, from the
beginning of one reaction to the next, averaged three hours.
Two trials of six consecutive reactions and separations were
conducted. In each trial, the reaction mixture remaining in the
cell was left overnight after the fourth separation, and the
fifth reaction was initiated the following morning by adding
more buffer and PEA (300 mm) in dioxane. Exact exper-
imental details can be found in the Supporting Information.
The observed conversion for each two-hour reaction of

both trials is shown in Figure 4. Over the concentration ranges

seen during the reactions, the CALB-catalyzed reaction in
40% dioxane mixtures is first order with respect to PEA
concentration, with an apparent rate constant of 0.0067 min�1.
This indicates that the enzyme kinetics are not substrate
saturated at these concentrations (see the Supporting Infor-
mation). With the given rate constant, a conversion of 55% is
predicted for two hours of reaction, and the observed
conversions for the first reaction of both trials are very
close to this value (58% and 54%, respectively). conversion
of 100% is observed in both trials when the reaction mixture
was allowed to stand overnight between reactions 4 and 5. An

overall process conversion (total moles of 2PE formed/total
moles of PEA added) of 61% was obtained for both runs.
The conversion in each trial decreased by 10 to 15 percent

by the sixth reaction, suggesting deactivation of CALB.
However, since some enzyme is removed as the reactor
contents are sampled, the total enzyme concentration in the
reactor will be diluted as new solution is added to begin new
cycles. This dilution accounts for 11 of the 15 percent of
conversion lost by the sixth reaction. Furthermore, the pH of
the reaction mixture decreased from 8 to 5.5 over six cycles
(Figure 4). This was most likely owing to residual CO2 that
remains saturated in the OATS mixture following the initial
separation and accumulation of acetate in the aqueous phase
during successive runs. As discussed earlier, CALB reaction
rates decrease by up to 20% when reducing the pH from 8 to
5; thus, the pH drift likely explains the remaining observed
conversion loss, and better pH control should reduce this
effect.
The concentration of PEA and 2PE in the separated

organic and aqueous layers was measured as well as the
concentration of water in the organic layer. The organic layer,
in agreement with previous results, contained approximately
4 wt%water for all cycles.[6] The distribution of PEA and 2PE
between the separated organic and aqueous phases in each
cycle was measured in both trials and is shown in Figure 5.

Distribution coefficients in trial A ranged between 20 and 55
for PEA and between 11 and 15 for the more hydrophilic
2PE. Trial B showed lower distribution coefficients for both
PEA (8–16) and 2PE (6–9). A higher starting concentration of
PEA was used in trial A (72 mm) as compared to trial B
(56 mm); so it appears that the distributions may be concen-
tration dependent. As 72 mm is above the solubility of PEA in
40% dioxane mixtures, it is likely that excess (insoluble) PEA
partitions to the organic phase might explain the larger
distribution coefficients for trial A. This and other factors

Figure 4. Conversions (^, &) and initial pH (^, &) of recycled OATS
reactions for trial A (^) and trial B (&). Figure 5. OATS distribution coefficients for recycling experiments

beginning with 72 mm (A) and 52 mm PEA (B).
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contributing to variability are currently being investigated.
Regardless, the observed distribution coefficients are favor-
able and show that the separated organic phase can be used to
extract product from the reaction mixture: we recovered 80%
of the 2PE product in the organic layer for both trials.
By addressing concerns of reactivity, enzyme stability in

separated media, and favorable partitioning, a biocatalytic
OATS scheme for processing hydrophobic substrates with
product separation and biocatalyst recycling has been devel-
oped. Given a cycle time of three hours, 56 mm starting
concentration for PEA in buffer–dioxane (40%) OATS, and
an average of 50% conversion per cycle, we calculated a
volumetric productivity, expressed by the space–time yield, of
27.4 gL�1d�1. Even with an equivalent residence time of 2 h in
the reactor and assuming a best case scenario of complete
conversion, the space–time yield in a PEA-saturated (4 mm)
dioxane (5%) mixture cannot exceed 5.9 gL�1d�1. This is
almost five-times less than that observed in the OATS system.
The space–time yield in pure buffer will be even lower as the
substrate is nearly insoluble. Furthermore, we find that the
enzyme can be recycled with very little activity loss between
cycles. The activity loss observed is entirely due to dilution of
the enzyme and pH decrease of the reaction medium. A
larger reaction volume, decreased sampling, and improved
pH control should minimize activity loss even further. Even
better product recoveries could be obtained by using a
reaction with more hydrophobic products.
Biocatalytic OATS reaction–separation schemes fulfill an

identified need[14] to develop new options to meet current
challenges in biochemical synthesis. By integrating reaction
and separation, simpler and simultaneously more efficient
processes with a reduced physical footprint can be designed.
The work here shows, for the first time, that biocatalysis in
OATS is feasible and can be an effective option for designing
biocatalytic processes, especially when hydrophobic sub-
strates are involved. This also opens the door to combining
OATS with other biocatalysts and their array of unique
chemistries to efficiently synthesize chiral products.

Experimental Section
Candida antarctica lipase B (SOL-101) was a kind gift from Bio-
catalytics (Pasadena, CA) and was diluted 100 times by volume with
150 mm sodium phosphate buffer solution (NaH2PO4; pH 7.12)
before addition to reactions. Supercritical fluid chromatography
(purity> 99.9999%) grade CO2 was purchased from Airgas (Radnor,
PA) and used without further purification.

OATS reaction mixtures containing the desired amount of
dioxane (99%, Sigma), PEA (99%, Alfa Aesar), and 150 mm

sodium phosphate were prepared and 1:100 diluted CALB was
added in a ratio of 0.5 mL enzyme per 9.5 mLOATSmixture. 0.25 mL
samples were removed periodically and immediately mixed 1:1 with a
mixture of 1:1 glacial acetic acid/dioxane to quench the reaction.
Reaction progress was followed by measuring the PEA and 2PE

content of samples by using an Agilent GC-FID with a DB17 column
(Agilent model 6890).
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Rhenium(VII) is widespread, for example, in ReO4
� and

ReF7. Of the binary rhenium chlorides, the highest is ReCl5; a
postulated ReCl6 was also revealed to be ReCl5.

[1,2] However,
hexavalent rhenium is found in ReOCl4.

[3] The only known
rhenium(VII)–chlorine compound is ReO3Cl, which can be
prepared in several ways and in large quantities.[4,5] A
compound richer in chlorine would be ReO2Cl3; interestingly,
no examples of chloride oxides of composition AO2Cl3 (A=

nonmetal or metal) have yet been reported. In contrast,
several of the corresponding oxide fluorides AO2F3 (A=Cl, I,
Re, Os, Tc) have been described.

In the 1930s, attempts were made to prepare ReO2Cl3 (for
example, through the reaction of rhenium with O2 and Cl2

[6]);
however, they are now known to have been unsuccessful. The
properties of the product obtained at that time are not
consistent with those of ReO2Cl3, presented herein. We were
also unable to confirm the results of a 1974 publication, in
which the isolation of ReO2Cl3 by vacuum sublimation from
the reaction of ReO3Cl with ReOCl4, WOCl4, or MoOCl4 was
reported.[7] We attempted to reproduce the most promising
reaction, that of ReO3Cl withWOCl4, and did indeed obtain a
red-brown sublimate, as previously described. However, this
product was unambiguously characterized as ReO3Cl·ReOCl4
by single-crystal X-ray diffraction.[8,9] The reaction conditions,
namely heating at 100 or 180 8C for several hours, are also
inconsistent with the thermal properties of our ReO2Cl3,
which decomposes at lower temperatures.

In attempts to produce a largely uncoordinated ReO3
+ ion

by chloride-ion abstraction from ReO3Cl, we treated ReO3Cl
with AlCl3 [Eq. (1)]. This reaction was already tried in 1979,
but only the adduct ReO3Cl·AlCl3 was identified by elemental
analysis at that time.[10] We observed a slow reaction at room
temperature in CFCl3, with the formation of an orange-
colored solution of ReO2Cl3 (ReO3Cl is colorless, and AlCl3 is
nearly insoluble). At elevated temperatures, ReOCl4 is
formed, as evidenced by the intense dark red color of the
solution. Alternatively, Re2O7 can be treated with AlCl3 to
produce ReO2Cl3 [Eq. (2)]. Moreover, the use of BCl3 instead
of AlCl3 is advantageous, as the reaction proceeds homoge-
nously without solvent, and ReO2Cl3 can be recrystallized

directly from the excess BCl3 [Eq. (3)]. The orange-colored
product solutions contain ReO2Cl3, as well as small amounts
of ReOCl4. Purification can be accomplished by fractional
crystallization.

ReO3ClþAlCl3 ! ReO2Cl3 þ ðAlOClÞx ð1Þ

Re2O7 þ 3AlCl3 ! 2ReO2Cl3 þ 3 ðAlOClÞx ð2Þ

ReO3ClþBCl3 ! ReO2Cl3 þ ðBOClÞx ð3Þ

The large orange crystals of ReO2Cl3 are easily distin-
guished from the dark red needles of ReOCl4 and its adducts,
and from the colorless platelets of ReO3Cl. According to the
single-crystal structure determination, ReO2Cl3 is composed
of cyclic chlorine-bridged {ReO2Cl3}2 dimers with nearly
perfect D2h symmetry (Figure 1). The cis orientation of the

two double-bonded oxygen atoms at each rhenium center is
typical for dioxo compounds of transition metals. Terminal
chlorine atoms complete the (distorted) octahedral environ-
ments of the rhenium atoms. The melting point of 35–38 8C is
reached without decomposition. Further heating results in
decomposition and dark coloring. A congruent boiling point
is not observed. Upon longer storage at room temperature,
progressively more ReOCl4 is formed.

The vibrational spectra of the solid are in accord with the
D2h molecular structure and, thus, with the mutual exclusion
rule. The structure and vibrational spectra of ReO2Cl3 can be
reproduced well with a density functional theory (DFT)
calculation.[11] If the calculated energy values are assumed to
be similarly trustworthy, an energy of dimerization of
DH=�0.3 kcalmol�1 is obtained for the equilibrium
2ReO2Cl3 (CS) QRe2O4Cl6 (D2h). This low value indicates
that the monomer could be observed as well. Indeed, the
compound seems to be monomeric in CCl4 or Cl2 solutions, as
the Raman spectra of dissolved ReO2Cl3 are considerably
different from that of the solid. The calculated structure of
monomeric ReO2Cl3 is trigonal bipyramidal, with the double-
bonded oxygen atoms in equatorial positions (Scheme 1). A
square-pyramidal structure, and a trigonal-bipyramidal struc-
ture with the double-bonded oxygen atoms in the axial

Figure 1. Molecular structure of ReO2Cl3 (ORTEP representation, with
thermal ellipsoids set at 50% probability). Selected interatomic
distances [pm] and angles [8] , along with their calculated values
(italics), are indicated.
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positions are transition states with considerably higher
energies.

In the presence of small amounts of water, the mono-
hydrate ReO2Cl3·H2O is formed (Figure 2). The ability to

form a detectable hydrate, in spite of hydrolytic sensitivity, is
common to ReO2Cl3 and ReOCl4.

[12] If the reaction temper-
ature is too high, a large amount of ReOCl4 is produced as a
byproduct, and the adduct ReO2Cl3·ReOCl4 crystallizes. This
adduct also contains a {ReO2Cl3}2 dimer, in this case with
slightly asymmetric chlorine bridges (Figure 3). Two
{ReOCl4} molecules are coordinated by oxygen atoms from
the dimer to form a {ReO3Cl·ReOCl4}2 tetramer.

A preference for a coordination number of 6 is often
observed in oxide halides of the transition metals, especially
in the oxide fluorides: ReO2F3 exists as a fluorine-bridged

polymer, and also as cyclic fluorine-bridged trimers and
tetramers;[13,14] in ReO3F, the rhenium atoms reach a coordi-
nation number of 6 through oxygen and fluorine bridges.[14] It
is anticipated that ReO2Cl3 can be transformed into a
ReO2Cl2

+ cation and a cis-ReO2Cl4
� anion.

Experimental Section
ReO2Cl3: a) ReO3Cl (1 mmol, 270 mg), prepared according to
reference [4], was combined with excess AlCl3 (10–15 mmol, 1.3–
2 mg). Upon mixing, the color of the solution changed to orange.
After 30 min, the components that are volatile at room temperature
were transferred under dynamic vacuum into a trap at�196 8C. CFCl3
(3 mL) was then condensed onto the mixture. By slowly cooling the
solution to �78 8C, large orange crystals of ReO2Cl3 (ca. 100 mg,
31%) were obtained, which could be easily separated from unreacted
ReO3Cl (colorless platelets) and ReOCl4 (dark red needles). M.p. 35–
38 8C, with color change to red. Elemental analysis (%) found for
ReO2Cl3: Cl 32.95; calcd: 32.74. b) Re2O7 and AlCl3 were mixed in
the molar ratio 1:15 and shaken at room temperature. The product
was isolated as described above, but with poorer yield and purity.
c) ReO3Cl (0.55 mmol, 150 mg) and BCl3 (256 mmol, 3 g; free of HCl)
were condensed into a glass ampoule. The mixture was briefly
warmed and mixed at room temperature. Slow cooling of the red-
green BCl3 solution to �608C afforded orange crystals of ReO2Cl3
(175 mg, 97%). Longer reaction times and the presence of HCl led to
the formation of ReOCl4, which crystallizes as red needles that are
easily distinguished from ReO2Cl3.

IR (solid, NaCl, polyethylene): ñ= 964.1 (m), 934.9 (s), 371 cm�1

(s, br); calculated values:[11] ñ= 1013.6 (228), 993.3 (206), 371.5 (125),
365.1 (9.6), 348.7 cm�1 (1.6), and eight other absorptions in the range
278–76 cm�1. Raman (solid): ñ= 979 (100), 948 (40), 385 (95), 357
(30), 283 (45), 261 (90), 255 (sh), 180 (sh), 164 (25), 123 (45), 105 (10),
82 cm�1 (14); calculated values: ñ= 1016.5 (136), 981.9 (76), 366.3
(24.4), 356.1 (0.7), 348.7 (27.2), 266 (24.5), 246.6 (5.4), 245.6 (0.1),
175.1 (0.14), 149.4 (9.7), 122.7 (4.5), 107.2 (2.1), 90.5 (1.1), 46.9 cm�1

(0.26). Raman (Cl2 solution): ñ= 1000 (40, p), 950 (5, dp), 539, 546
(Cl2), 400 (100, p), 338 (20, p), 309 (10, dp), 264 (30, dp), 215 (2, dp),
195 (15, dp), 158 cm�1 (30, p); calculated values: ñ= 1016.7 (48.3, p),
982.2 (14.3, dp), 381.8 (20.8, p), 354.4 (0.0, dp), 321.1 (9.3, p), 292.5
(8.1, p), 272.7 (7.5, dp), 263.9 (9.1, dp), 213.2 (0.2, dp), 191 (1.7, dp),
145.7 (4.0, p), 36.5 cm�1 (1.3, dp). MS: most abundant fragment at
m/z= 308 [187Re35Cl3O]+, as well as isotopomers of 185/187Re and 35/37Cl.

Crystal structures: crystals were mounted at �100 8C on a Smart
CCD diffractometer; full spheres of data were collected, 1800 frames
separated by Dw= 0.38 ; the structures were solved and refined with
the SHELX programs.[15] ReO2Cl3: orange crystal; 2qmax= 618, 8385
measured, 822 independent reflections; a= 797.3(1), b= 813.2(1), c=
774.1(1) pm, Pnnm, Z= 4, R= 0.014, wR2= 0.039. ReO2Cl3·H2O:
brown needle; 2qmax= 61.08, 3459 measured, 1657 independent
reflections; a= 543.4(2), b= 616.9(2), c= 944.5 pm, a= 93.42(1),
b= 104.39(1), g= 98.0(1)8, P1̄, Z= 2, R= 0.067, wR2= 0.166.
ReO2Cl3·ReOCl4: black needle; 2qmax= 83.68, 29579 measured,
7210 independent reflections; a= 615.7(1), b= 1087.7(1), c=
1617.0(2) pm, b= 94.939(4)8, P21/n, Z= 4, R= 0.048, wR2= 0.097.
Further details on the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+ 49)7247-808-666; e-mail: crys-
data@fiz-karlsruhe.de), on quoting the depository numbers CSD-
416056 (ReO2Cl3), CSD-416057 (ReO2Cl3·H2O), CSD-416053
(ReO2Cl3·ReOCl4), and CSD-416429 (ReO3Cl·ReOCl4, P1̄).
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Scheme 1. Calculated structures of monomeric ReO2Cl3. Selected interatomic
distances [pm] and angles [8] are indicated.

Figure 2. Molecular structure of the hydrate ReO2Cl3·H2O (ORTEP
representation, with thermal ellipsoids set at 50% probability).
Hydrogen atoms are in assumed positions. Selected interatomic
distances [pm] are indicated.

Figure 3. Molecular structure of the adduct ReO2Cl3·ReOCl4 (ORTEP
representation, with thermal ellipsoids set at 50% probability).
Selected interatomic distances [pm] and angles [8] are indicated.
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Vanadium oxides are employed as efficient oxidation cata-
lysts in various processes such as the oxidative dehydrogen-
ation of propane and the formation of maleic anhydride from
butane.[1] Nevertheless, mechanistic details of the surface
reactions, in particular of the initial C�H activation remain to
be elucidated. To obtain more information about intrinsic
structure–reactivity correlations of vanadium oxides, a
number of vanadium oxide ions have been studied in the
gas phase both theoretically[2–4] and experimentally.[5–13] Here,
we report experimental results on the oxidation of propane
and 1-butene by mass-selected [V3O7]

+, corroborated by
quantum chemical calculations using density functional
theory (DFT). The cation [V3O7]

+ was chosen because it
represents the smallest polynuclear V/O cluster cation con-
taining only formal VV.[2b,3c] In addition to propane, 1-butene
was selected as a representative of a small hydrocarbon that
binds more strongly with [V3O7]

+. In general, oxidative
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dehydrogenation (ODH) of hydro-
carbons involves reduction of the
metal center ([V3O7]

+ + 2H+ +

2e�! [V3O7H2]
+). This is brought

about by transfer of two hydrogen
atoms (or equivalently, two pro-
tons and two electrons), thus
resulting in the dehydrogenation
of propane to give propene
(C3H8!C3H6 + 2H) and of 1-
butene to butadiene (C4H8!C4H6

+ 2H). In a mass spectrometric
experiment, two alternative prod-
uct channels could indicate ODH.
Either propene and butadiene are
lost as neutrals concomitant with
two hydrogen atoms being trans-
ferred to [V3O7]

+ to form
[V3O7H2]

+, or neutral water may
be eliminated while the dehydro-
genated hydrocarbon remains
bound at the metal oxide cation
to yield [V3O6(C3H6)]

+ and [V3O6-
(C4H6)]

+, respectively.
The experimental investigation of the [V3O7]

+/hydro-
carbon systems uses a quadrupole-based mass spectrometer
equipped with an electrospray-ionization source.[14] Ion–
molecule reactions (IMRs) of mass-selected [V3O7]

+ with
propane formally result in molecular addition of the hydro-
carbon to the vanadium oxide ion to form [V3O7(C3H8)]

+

(Figure 1a) and yields no products indicative for an ODH
process. In contrast, oxidative dehydrogenation to yield
[V3O7H2]

+ concomitant with formation of neutral butadiene
is indeed observed in the reaction of mass-selected [V3O7]

+

with 1-butene (Figure 1b, Table 1). In addition, four minor

product channels are associated with C�C bond cleavage to
lead to the corresponding [V3O7(C2H4)]

+ cation with parallel
elimination of ethene, mere association to form [V3O7-
(C4H8)]

+, and electron as well as hydride transfers to yield
purely organic cations and neutral vanadium species.[14] For
the oxidative dehydrogenation of 1-butene, labeling experi-
ments demonstrate that the two hydrogen atoms transferred
to [V3O7]

+ originate specifically from the C3 and C4 positions
of 1-butene. We note in passing that the product ion
[V3O7H2]

+ displays a dihydroxide structure rather than that
of a water complex, that is, [V3O5(OH)2]

+ rather than
[V3O6(OH2)].

To understand why ODH is not observed when [V3O7]
+

reacts with propane, but occurs for 1-butene, we apply density
functional theory (DFT). Calculations show that the reac-
tivity difference can be traced back to the initial C�H
activation step. It is not the aim of this communication to
discuss the entire mechanism, which forms the subject of a
separate computational full paper.[15]

The reaction of propane with [V3O7]
+ starts with forma-

tion of the remarkably stable (�107 kJmol�1) ion–molecule
complex 1 (Scheme 1, Figure 2). The secondary carbon atom
of propane attaches to a vanadium site, and the [V3O7]

+

structure deforms such that one oxygen atom of the cluster
changes its coordination from three- to twofold. The next step
corresponds to a formal [2+2] addition of a secondary C�H
bond onto the V=O unit yielding intermediate 2
(�166 kJmol�1). These steps involve only closed-shell singlet
species. The transition structure TS1/2 lies 13 kJmol�1 above
the separated reactants. In the reaction of ethane and propane
with the formal VV compound [VO2]

+, addition of C�H bonds
across a V=O unit has also been identified as an initial step,
although in these systems the transition structures are below
the respective entrance channels because [VO2]

+ binds
alkanes more strongly.[12b,13a] In a thermal gas-phase reaction,
TS1/2 constitutes a bottleneck because dissociation of the

Figure 1. IMRs of [V3O7]
+ with a) propane and b) 1-butene. p(hydro-

carbon)=2.5G10�4 mbar. The signal denoted with an asterisk in
Figure 1a is due to residual gases present in the hexapole.

Table 1: Experimentally observed, normalized intensities and relative reaction rates for various ion–
molecule reactions relevant in the present context.

Reactants Products[a] krel

[V3O7]
+ + C3H8 ! [V3O7(C3H8)]

+ (100) 0.03

[V3O6]
+ + n-C3H7OH ! [V3O7H2]

+ + C3H6 (75) 1.00[b,c]

[V3O6(C3H7OH)]
+ (25)

[V3O6]
+ + i-CH3C(OH)HCH3 ! [V3O7H2]

+ + C3H6 (82) 0.63
[V3O6(C3H7OH)]

+ (18)

[V3O7H2]
+ + C3H6 ! [V3O7H2(C3H6)]

+ (100) 0.24

[V3O7]
+ + C4H8 ! [V3O7H2]

+ + C4H6 (64)
[d] 0.24

[V3O7(C2H4)]
+ + C2H4 (8)

[V3O7(C4H8)]
+ (7)

[C4H8]
+ + [V3O7] (4)

[C4H7]
+ + [V3O7H] (17)

[a] Branching ratios in brackets. [b] Relative rates normalized to this reaction. [c] The reaction of bare Pt+

with CH4 was used as a reference to convert the relative rate constant (krel) into absolute values, which
leads for the reaction of [V3O6]

+ with C3H7OH to kr= (1.3�0.2)G10�9 cm3s�1.[18] The collision rate
constant amounts to 1.4G10�9 cm3s�1.[19] [d] The primary ionic products rapidly add butene to yield
[V3O7H2(C4H8)]

+; see Figure 1b.
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reactant complex 1 (DG298=�63 kJmol�1) into the reactants
(DG298= 0 kJmol

�1) is entropically favored compared to
passage via TS1/2 (DG298= 59 kJmol

�1; see the Supporting
Information).

Another conceivable mechanism commences by abstrac-
tion of a hydrogen atom from a secondary C�H bond by a V=
O unit of [V3O7]

+. This requires decoupling of the electron
pair in the C�Hbond and proceeds via a biradicaloid TS1/3 to
give the radical pair [V3O7H

+C·C3H7C] (structure 3 in
Scheme 1). With the exception of an elongated V�C bond
(249 instead of 200 pm), structure 3 is similar to 2. The
existence of two minima along the V�C bond coordinate can

be attributed to an avoided crossing of the
potential energy surface (PES) for the dissoci-
ation of the C�V s bond into two s radicals, C�
V!CC + CV, and that for formation of the
[V3O7H

+C·C3H7C] pair from the separated rad-
icals with the single electron on [V3O7H]

+C
occupying a stable d orbital instead of a s

hybrid orbital, thus creating a VIV(d1) site.
On the singlet PES, the energy barrier for

this step is computed to be in the range of�5 to
6 kJmol�1 relative to the entrance channel.
The Gibbs free energy barrier amounts to a
range of 33 to 44 kJmol�1; this also implies that
back dissociation of 1 into the reactants is
favored over crossing TS1/3. Whereas the
triplet analogue of intermediate 3 has a lower
energy (triplets are indicated by a superscript
t), in the region of TS1/3 the triplet surface is
located ca. 50 kJmol�1 above the singlet PES.
Hence, we expect the minimum-energy cross-
ing point from the singlet to the triplet surface
to be located between TS1/3 and 3, but we did
not calculate it explicitly.[16]

Starting from the triplet biradical t3 a low-
energy intermediate t4 (Figure 3) is reached in
a complex, but energetically facile rearrange-
ment. Again, complete details will be given
elsewhere.[15] Here, it may suffice to note that
the highest point between t3 and t4 is
90 kJmol�1 below the entrance channel of
separated [V3O7]

+ + C3H8.
In conclusion and in agreement with the

experimental observations, neither of the two
pathways of initial C�H activation allow the
system to cross the barrier. The DFT calcu-
lations further suggest that the observed
formal [V3O7(C3H8)]

+ adduct does indeed
correspond to the association complex 1 and
does not contain new subunits, such as a
propene ligand together with two OH groups.

For the reactions of 1-butene with [V3O7]
+

(Figure 1b), DFT calculations for the closed-
shell singlet state predict the reaction to be
more exothermic than for propane (�174[15] vs.
�158 kJmol�1) and also predict formation of a
substantially much stronger association com-
plex with [V3O7]

+ (6, Scheme 1, Figure 4). The
intrinsic barrier for the [2+2] addition to the V=Obond is also
lower for the allylic C�H bond in 1-butene (TS6/7, Scheme 1)
than for the secondary C�H bond of propane (91 vs.

Scheme 1. Reaction intermediates and transition structures in the oxidative dehydrogen-
ation of propane and of 1-butene by [V3O7]

+. Selected distances are given in pm, and
triplets are indicated by a superscript t. <S2> : spin operator value (see the
Experimental Section and the Supporting Information).

Figure 2. a) Relative energies (EZP at 0 K) for the reaction pathways for oxidative
dehydrogenation of propane by [V3O7]

+. The transition from t3 to t4 involves a complex
rearrangement over several steps which will be described elsewhere.[15] b) Free energies
(DG298) for the initial C�H activation steps. Triplets are indicated by a superscript t.

Figure 3. Structures of intermediates t4 and t5.

Angewandte
Chemie

4679Angew. Chem. Int. Ed. 2006, 45, 4677 –4681 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


120 kJmol�1). As a result, TS6/7 is so much below the
entrance channel of [V3O7]

+ + 1-butene (Figure 4) that this
energy difference is not compensated for by the entropy gain
for the back decomposition into reactants as seen from a
strongly negative DG298=�56 kJmol�1. This computational
result is in perfect agreement with the experimentally
observed efficient ODH of 1-butene by [V3O7]

+ (Table 1).
For completeness we note that the open-shell transition
structure for hydrogen abstraction, TS6/8, is higher in energy
than TS6/7, but is also still significantly below the entrance
channel (Figure 4).

In order to further test the DFT-based predictions
experimentally, the potential energy surface of the [V3O7]

+/
propane system has also been approached from the product
side. Thus, exclusive formation of [V3O7H2]

+ concomitant
with neutral propene is observed in the reactions of [V3O6]

+

with 1- and 2-propanol (Table 1). The slightly enhanced
reactivity of 1-propanol is consistent with linear alcohols
being less sterically hindered than branched alcohols. The
complementary process, that is, addition of the propene
ligand to [V3O6]

+ concomitant with loss of neutral water, is
not observed with either of the isomeric alcohols. This result
can be attributed to the fact that an electron-deficient species
such as a high-valent metal oxide cation prefers coordination
with water as a better s-donor ligand rather than with a
typical p ligand such as an alkene.[17] Furthermore, the
reaction of mass-selected [V3O7H2]

+ with propene leads to
mere molecular addition of the olefin. These results fully
support the computational predictions, in that the reaction of
[V3O6]

+ and propanol can smoothly proceed from the
entrance channel to the products [V3O7H2]

+ and propene,
while deoxygenation of the alcohol to yield [V3O7]

+ + C3H8

via the entropically disfavored TS1/2 (DG298= 59 kJmol
�1) is

unable to compete (Figure 2).
In summary, although the ODH reaction of propane by

[V3O7]
+ is exothermic, this vanadium oxide cation is not

capable of dehydrogenating propane because of the presence
of a significant barrier associated with the initial C�H
activation. In marked contrast, 1-butene reacts with [V3O7]

+

at thermal energies. These experimental results perfectly
agree with the DFT calculations, which predict C�H activa-
tion as the rate-determining step. The differences between
propane and 1-butene canmostly be traced back to the energy
gained upon initial coordination of the hydrocarbon by the
vanadium oxide cation and the more facile activation of an
allylic C�H bond.

Experimental Section
The experiments were carried out using a tandem mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an electrospray-ionization (ESI) source as described else-
where.[20] Briefly, [VmOn]

+ clusters of interest were generated by
ESI of V6O7(OCH3)12 dissolved in CD3OD,

[21,22] mass-selected using
Q1, allowed to interact with propane or 1-butene, at pressures on the
order of 10�4 mbar, which approximately corresponds to single-
collision conditions, and the ionic products were then mass-analyzed
using Q2. Ion-reactivity studies were performed at an interaction
energy in the hexapole (Elab) nominally set to 0 eV. The reaction
products formed rapidly decline at elevated collision energies,
thereby justifying the assumption that these processes occur at
quasi-thermal energies.[14]

The calculations were performed using the hybrid density func-
tional B3LYP[23] with triple-z plus polarization basis sets (TZVP)[24]

employing Turbomole 5.7.[25] B3LYP was shown previously to de-
scribe [VmOn] clusters in good agreement with available experimental
data as well as quantum chemical methods that explicitly include
electron correlation.[3c] The unrestricted Kohn–Sham scheme was
used to deal with triplet spin states. For open-shell singlets, broken-
symmetry calculations were performed,[26] and the low-spin energy
was obtained from the triplet and broken-symmetry energies by spin
projection.[27] When the expectation value of S2 significantly deviated
from one (indicating an increasing overlap between the unpaired
electrons), as was the case for TS1/3, spin-projection was ques-
tioned[28] and both energies were then taken as limiting estimates, as
indicated by the gryy-shaded boxes in Figures 2 and 4. All inter-
mediates and transition structures were characterized by frequency
analysis, and the energies include corrections for zero-point vibra-
tions. Energies, entropies, and Gibbs free energies at room temper-
ature can be found in the Supporting Information.
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Selective activation of C�H bonds and functionalization of
hydrocarbons, in particular of methane, have been referred to
as one of the “holy grails” in chemistry.[1] A number of factors
make the activation of saturated hydrocarbons quite difficult,
for example, the significant energies required for both
heterolytic and homolytic bond cleavage, negligibly small (if
not negative) electron affinities, large ionization energies,
huge HOMO/LUMO gaps, and the extremely high pKa values
of the organic substrates.[2] However, in the past two decades
researchers have found that transition-metal complexes can
be used to surmount some of these obstacles [1b,2, 3] to the
extent that “with detailed knowledge of the underlying
reaction mechanisms, the rational design of C�H activation
and functionalization systems can become a realistic goal
instead of a /holy grail0.”[4] Nevertheless, the large-scale use of,
for example, methane as a chemical feedstock and its selective
functionalization by affordable and environmentally benign
reagents, avoiding harsh and expensive reaction
conditions,[5a,b] is still limited by currently available technol-
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ogy, and economically competitive and attractive processes
have yet to be developed.[5a,d]

Greater progress has been made in understanding the
elementary steps involved in these reactions.[1b] Detailed
insight has been obtained into the particular role of electronic
structures of transition metals in C�H bond activation, and
mechanistic aspects have been studied in well-designed gas-
phase experiments using advanced mass-spectrometric tech-
niques in conjunction with theoretical studies,[6] in which
relativistic effects were demonstrated to be crucial.[7]

These effects, which may also explain the unique role
platinum ions play in the Shilov and related systems,[3c] are
also responsible for the different behavior of 5d versus 3d
transition-metal oxides. For example, [PtO]+ reacts with CH4
at the collisional limit (reaction efficiency, f= 1) to yield the
carbene complex [Pt(CH2)]

+ and H2O as the predominant
products,[8] whereas the isoelectronic [NiO]+ reacts five times
more slowly and gives rise to Ni+ and CH3OH only.[9]

Similarly, [FeO]+ oxygenates methane,[9] while its third-row
congener [OsO]+ (f= 0.6) exclusively dehydrogenates meth-
ane to yield [Os(O)CH2]

+.[10] With regard to the role of formal
oxidation states of [MOn]

+ ions (n= 1–3), Kretzschmar et al.
discovered a strong dependence on the number of oxygen
atoms: Whereas the bare metal cation Mo+ and the lower
valent oxides [MoOn]

+ (n= 1, 2) do not react at all with CH4,
the radical cation [MoO3]

+ promotes homolytic C�H bond
activation [Eq. (1)].[11] Similar results were reported by
Irikura and Beauchamp for gas-phase reactions of [OsOn]

+

(n= 0–4) with CH4,
[10] [Eq. (2)–(6)].

CH4 þ ½MoO3�þ ! ½MoO2ðOHÞ�þ þ CH3 ð1Þ

CH4 þOsþ �¼0:3���!½OsðCH2Þ�þ þH2 ð2Þ

CH4 þ ½OsO�þ �¼0:6���!½OsðOÞCH2�þ þH2 ð3Þ

CH4 þ ½OsO2�þ �¼0:5���!½OsðOÞCH2�þ þH2O ð4Þ

CH4 þ ½OsO3�þ 6! ð5Þ

CH4 þ ½OsO4�þ �¼0:7���!½OsO3ðOHÞ�þ þCH3 ð6Þ

Clearly, the driving force in the osmium reactions
[Eq. (2)–(4)] is the tremendous energy of the Os+�CH2
bond. In contrast to [MoO3]

+,[11] [ReO3]
+,[10] and [OsO4]

+,
[OsO3]

+ is not capable of methane activation. Undoubtedly,
in reactions with CH4 the particular electronic structures of
[MOn]

+ are important;[6d,7b,12] in a different context[6e] the
cluster size of the transition-metal oxides was proposed to
play a role. In this communication we focus on the latter
aspect.
Here, we will describe the reactivity of vanadium oxide

cluster cations as a prototypical example for early 3d
transition-metal oxides. Not unexpectedly, owing to their
largeM+�O bond energies,[12] practically none of the diatomic
3d early-transition-metal oxides react with CH4 under ther-
mal conditions or at best only sluggishly.[13] As will be
demonstrated, this finding cannot be extrapolated to poly-
nuclear oxide clusters, which have been suggested to be more
appropriate models for surface-mediated hydrocarbon bond-
activation processes.[9, 14]

We performed out experiments with a quadrupole-based
mass spectrometer equipped with an electrospray ionization
(ESI) source. The latter is used to generate various di-, tri, and
tetranuclear vanadium oxide ions of the general formula
[VmOnHo]

+ (m= 1–4, n= 1–11, o= 0–1).[15] Of the numerous
mass-selected vanadium oxide and hydroxide cations inves-
tigated, only the d0 radical cation [V4O10]

+ reacts spontane-
ously with methane [Eq. (7)], resulting in the abstraction of

½V4O10�þ þ CH4 ! ½V4O10H�þ þ CH3 ð7Þ

one hydrogen atom to produce the hydroxide cluster oxide
[V4O9(OH)]

+ and a neutral methyl radical (Figure 1a). Like-

wise, labeling experiments using CD4 (Figure 1b) yielded
[V4O9(OD)]

+ and CD3. Further, an intramolecular kinetic
isotope effect (KIE) of 1.35
 0.28 can be derived from the
ratio of the products [V4O10H]

+ and [V4O10D]
+ from the

reaction of [V4O10]
+ with CH2D2. A slightly larger KIE of 2.0

was reported for the [MoO3]
+/CH2D2 system,

[11] thus pointing
to a common bond-activation mechanism. In the multipole
set-up used for the present experiments, absolute rate
constants (kr) for the reactions cannot be determined directly.
Therefore, we used the well-studied reaction of bare Pt+ with
methane as a reference to convert the relative rate constant
krel into absolute values. We found kr(V4O10

+)= (5.5
 0.69) I
10�10 cm3s�1 (f= 0.6).[8a,16]

Further, we attempted to enter the potential energy
surface of the reaction from a different entry by reacting
mass-selected [V4O9]

+ with neutral methanol. The channel
affording [V4O10H]

+ + CH3 is also observed here, although it
is a minor contributor [< 3%; Eq. (8)]. The predominant

½V4O9�þ þCH3OH! ½V4O10H�þ þ CH3 ð8Þ

reaction was molecular addition to generate [V4O9-
(CH3OH)]

+ (38%). Other reactions include oxygen transfer
to form [V4O8]

+ possibly with concomitant formation of
CH2O + H2O (12%), elimination of formaldehyde to form
[V4O9H2]

+ (9%), liberation of dihydrogen to generate [V4O9-
(CH2O)]

+ (8%), elimination of water to produce [V4O9CH2]
+

(21%), addition of methane concomitant with loss of one
oxygen atom (9%), and formation of [V4O10H]

+ concomitant
with generation of CH3 (3%). The occurrence of reaction (7)

Figure 1. Reaction of mass-selected [V4O10]
+ with a) CH4 and b) CD4.
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implies that the bond energy of the newly formed O�H bond
in the ionic cluster exceeds the C�H bond energy of methane
(439 kJmol�1);[17] further, OH abstraction from methanol in
reaction (8) implies a lower limit of 367 kJmol�1 for the
strength of the V�(OH) bond in the [V4O10H]+ cluster.[18]
As insight into the mechanistic details of the C�H bond-

activation step is difficult to obtain by experimental means,
computational studies were carried out. According to B3LYP
calculations, the most stable isomer of the [V4O10]

+ ion has a
slightly distorted tetrahedral cage structure with Cs symmetry.
This structure was previously predicted to be the most stable
isomer among many different structures for neutral V4O10

[19]

and confirmed by IR spectroscopy for the corresponding
anion, [V4O10]

� .[20] In the radical cation [V4O10]
+ one valance

electron is missing from one V=O bond, leading to an
elongation of the vanadyl bond (see Figure 2). The spin
density has the shape of a p orbital and is mainly localized at
the vanadyl oxygen atom. A small amount of the spin density
is also delocalized over the two closest framework oxygen
atoms.

The coordination of methane to the cluster and smooth
hydrogen-atom abstraction is associated with a remarkably
large gain of energy, 122 kJmol�1 (Figure 3). It has to be noted
no encounter complexes of the type [V4O10]

+·CH4 were found

in the structure optimizations, suggesting that the reaction
proceeds without a noticeable reaction barrier by direct H-
atom abstraction to form the intermediate [V4O10H]

+·CH3. In
the latter, the methyl group is very loosely coordinated to the
hydrogen atom of the newly formed, metal-bound hydroxy
group (C�H distance: 1.819 N), and the reaction is completed
by loss of a methyl radical concomitant with formation of
[V4O10H]

+ as the ionic product. The computed reaction
exothermicity of 87 kJmol�1 and the absence of barriers are in
full accordance with the experimentally observed occurrence
of the ion–molecule reaction under thermal conditions.
According to the calculations, the reaction of [V4O9]

+ with
methanol yields a very stable addition complex with an
interaction energy of �193 kJmol�1. This high energy gain is
attributed to solvation of the unfavorable threefold-coordi-
nated vanadium atom in [V4O9]

+. The energy of separated
[V4O9OH]

+ + CH3 is virtually equal to the entrance channel
energy of separated [V4O9]

+ + HOCH3; thus loss of a methyl
radical can hardly compete with the other observed reaction
channels, and it is expected that [V4O9]

+ + HOCH3 yields
[V4O9OH]

+ merely as a marginal product, in agreement with
the experimental findings.
To clarify whether reaction (7) is indeed barrierless,

molecular dynamics (MD) simulation was performed
(Figure 4). The starting point is an optimized structure of

[V4O10]
+ and CH4 in which the V�C distance is constrained to

6 N to prevent the methane from reacting with the cluster.
The simulation is started with zero initial velocities when this
constraint is lifted. Thus the reaction is driven only by the
small attractive forces between methane and the cluster;
vibrational and rotational energies are nonexistent. For the
first 450 fs of the simulation the potential energy decreases
steadily, indicating a barrierless process. In parallel the O�H
and V�C distances decrease and the C�H distance increases,
indicating the progress of the reaction. After 450 fs when the
system contains 102 kJmol�1 of kinetic energy, energy is
transferred into CH and OH stretching vibrations, corre-
sponding to an oscillation of the hydrogen atom between the
vanadyl O atom and the methyl C atom. This is evident as
fluctuations of the potential energy. The plot in Figure 4 also

Figure 2. Structure of the most stable isomer of [V4O10]
+ with spin

density (blue areas). V�O distances for [V4O10]
+ and V4O10 (in

parentheses) are given in D.

Figure 3. Energy diagram for the reaction of [V4O10]
+ and methane. The

values are relative to the entrance channel, corrected for zero-point
energy, and given in kJmol�1.

Figure 4. Evolution of the potential energy and bond lengths in the
MD simulation of the reaction of [V4O10]

+ and methane. The energy is
shown in black, d(C�H) in blue, d(O�H) in red, and d(V�C) in green.
The fluctuations after 450 fs result from vibrational motions, mainly of
the OH group.
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shows the V�C distance, which decreases up until t= 470 fs
and then slowly increases. This indicates the beginning of the
expulsion of the CH3 radical, which would be completed only
after significantly longer simulation times.
The progression of the reaction can also be seen by

inspection of the spin densities shown in Figure 5. In the

initial state (structure a in Figure 5), the spin density is similar
to that of the isolated [V4O10]

+ ion (Figure 2) and only slightly
more delocalized. Structure b was obtained from MD simu-
lation after 443 fs. The O�H and C�H distances are almost
identical, and the spin density is distributed between the
vanadyl oxygen and the carbon atoms and polarized along the
O-H-C axis. Finally, in product c the spin density is completely
transferred to the methyl radical, and the shape is again p-
orbital-like with only slight distortion towards the newly
formed OH group. One explanation of the lack of energy
barriers in this reaction is that [V4O10]

+ is highly reactive
owing to its radical-cation nature.[21]

Our combined experimental and theoretical studies
provide the first example for the thermal activation of
methane by a polynuclear transition-metal oxide. This
observation is not trivial, for it had been noted earlier[9,14a]

that the often extremely reactive mononuclear metal
oxides[12] are not ideal model systems relevant for an under-
standing of a real-life oxidation catalyst; larger systems, that
is, cluster oxides, are better suited to serve this purpose.

Experimental Section
The experiments were carried out using a tandem mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an electrospray ionization (ESI) source as described else-
where.[22] Briefly, vanadium oxide clusters were generated by ESI of a
solution of V6O7(OCH3)12 in CD3OD. Then, V4O10

+ was mass-
selected using Q1 and reacted with methane in the hexapole at
pressures on the order of 10�4 mbar, which approximately corre-
sponds to single-collision conditions. The reaction was followed by
detection of the ionic products using Q2. Ion-reactivity studies were
performed at an interaction energy in the hexapole (Elab) nominally
set to 0 eV.[15,23]

Calculations were performed using the hybrid density functional
theory method B3LYP[24] with triple-z plus polarization basis sets

(TZVP)[25] employing Turbomole 5.7.[26] B3LYP has been shown
previously to describe vanadium oxides in good agreement with
available experimental data and the results of quantum chemical
methods that explicitly include electron correlation.[27] MD simula-
tion was performed with zero initial velocities from an optimized
structure with a fixed distance between the vanadium and carbon
atoms.
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The construction of a p-conjugated macrocycle around a
central p-system raises fascinating opportunities for energy or
charge transfer between the core and periphery. Further, if
the ring–core dyad assembles to a columnar superstructure, it
can form a so-called coaxial cable. This is a long sought-after
motif in materials science,[1] since it gives rise, for example, to
separate energy- and charge-transport pathways along the
column. In view of the difficulties in efficiently synthesizing
large macrocycles, the core might also serve as a template for
the build-up of the ring. Shape-persistent macrocycles with
porous cavities, capable of forming ordered columnar struc-
tures have been synthesized both by a geometry-driven and a
templated approach,[2–10] however, only few of them possess
an extended p-conjugation.[11, 12]

Poly(9-alkyl-2,7-carbazol)s (Scheme 1) are stable and
processable conjugated polymers with favorable optical
properties, such as emission with high color stability.[13–15]

The inherently bent shape of the monomer allows for the
formation of macrocycles with low torsional strain and
extended p-conjugation, a situation which does not hold for
many cyclic oligophenylenes and cyclic 3,6-oligocarba-
zoles[16,17] owing to the presence of meta-phenylene units. A
prerequisite for the formation of hollow supramolecular
columnar structures is to prevent the macrocyclic building
blocks from collapsing, which in flexible ring systems can be
avoided by the creation of host–guest complexes.[18] The
formation of a tubular structure from a rigid carbazole
macrocycle is particularly attractive as its inside can be
functionalized through the introduction of functional groups
at the carbazole nitrogen atoms.[8,10,19]

Herein, the template-assisted synthesis of a fully conju-
gated cyclododeca-2,7-carbazole around a meso-tetraphenyl-
porphyrin template is presented, to afford 1 (Scheme 1).
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Removal of the porphyrin template from the interior by
hydrolytic cleavage of the ester groups of the spacers yields
the vacant macrocycle 2. Although its flexible alkyl chains
only point towards the interior, columnar superstructures can
be formed by fiber extrusion. Single-molecule detection of the
new macrocycle and visualization of its doughnut shape are
possible by scanning tunneling microscopy (STM).[20]

The key to the synthesis of the tris(carbazole) building
block 3 is the hetero functionalization of a 2,7-disubstituted
carbazole derivative, to yield the intermediate 8 (Scheme 2).
From the commercially available 4-chlorobenzeneboronic
acid and 2-bromo-5-methoxynitrobenzene, a Suzuki coupling
generated the biphenyl derivative 6 in 87% yield. Cadogan-
type reductive amination gave the 2-chloro-7-methoxycarba-
zole which could be isolated in 58% yield.[8] Alkylation of the
nitrogen atom (97%), and subsequent deprotection of the
methoxy group with BBr3 (74%) and esterification, afforded
2-chloro-7-trifluoromethanesulfonyl-N-(2-hexyldecyl)carba-

zole (10) in 86% yield.[21] The triflate group underwent
selective conversion into the corresponding boronate ester 11
(86%) under palladium-catalyzed conditions. The function-
alized tris(carbazole) 13 was synthesized by a Suzuki coupling
of 11 with 12 (67%). Reduction of 13 with LiAlH4 gave the
carbazole trimer 3 with a hydroxy tether on the central
carbazole (94%).

Four equivalents of 3 were coupled with meso-tetra(4-
carboxyphenyl)porphyrin in the presence of diethylazodicar-
boxylate and triphenylphosphine to afford the porphyrin 4
(73% yield; Scheme 3), which was then complexed with zinc

Scheme 1. Structures of poly(9-alkylcarbazole)s, templated cyclodo-
deca-2,7-cabazole 1, and corresponding vacant macrocyclic carbazole
ring 2.

Scheme 2. a) [(PPh3)4Pd
0], aqueous K2CO3 (2m), toluene, reflux for

12 h, 87%; b) triethylphosphite, reflux for 15 h, 58%; c) 1-bromo-2-
hexyldecane, NaH, DMF, 97%; d) BBr3, dichloromethane, �78 8C for
3 h, RT for 12 h, 74%; e) trifluoromethanesulfonic anhydride, dimethyl-
aminopyridine, pyridine, 0 8C for 2 h, RT for 24 h, 86%; f) bis(pinaco-
lato)diboron, [PdCl2(dppf)], potassium acetate, DMF, 80 8C for 12 h,
86%; g) [(PPh3)4Pd

0], aqueous K2CO3 (2m), toluene, reflux for 12 h,
67%; h) LiAlH4, THF, RT for 1 h, 94%. dppf=1,1’-bis(diphenylphos-
phanyl)ferrocene.
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by heating under reflux with zinc acetate to generate 5 (94%).
The final cyclization of 5 was performed by a nickel-mediated
Yamamoto coupling reaction for which two experimental
details are crucial: 1) high dilution (8 > 10�5

m) to prevent the
intermolecular aryl–aryl coupling, and 2) use of a microwave
reactor to increase the efficiency of the Yamamoto reaction.
Separation of the desired compound from the mixture of
products by preparative thin-layer chromatography (TLC)
resulted in the isolation of 1 (9%). The MALDI-TOF mass
spectrum of the product exhibited one intense signal corre-
sponding to the calculated mass of 1 (see Supporting
Information). The template was readily removed from the
ring by hydrolysis with KOH to generate the fully conjugated
macrocyclic carbazole dodecamer 2 which is soluble in

common organic solvents, thus enabling purification by
preparative TLC and HPLC (18% yield).

Compounds 1 and 2 were characterized by UV/Vis and
fluorescence spectroscopy, MALDI-TOF, atomic force micros-
copy (AFM), STM, two-dimensional wide angle X-ray
scattering (2D WAXS), and 1H and 13C NMR spectroscopy
measurements. Figure 1a illustrates the MALDI-TOF spec-

trum of 2 together with an expanded view of the molecular-
ion region. A comparison of the measured (Figure 1b) and
the calculated (Figure 1c) isotopic distributions of 2 shows a
good agreement.[22]

The absorption and emission spectra of 1, 2, and poly[9-(2-
decyltetradecyl)-2,7-carbazole] (Mn= 1.9 > 104, polyparaphe-
nylene (PPP) standard), as a linear model compound, in
dichloromethane (10�6

m) are shown in Figure 2. Compound 2

Scheme 3. a) meso-Tetra(4-carboxyphenyl)porphine, diethyl azodicar-
boxylate, PPh3, THF, RT overnight, 73%; b) ZnOAc2·2H2O, CH3OH,
dichloromethane, reflux for 2 h, 94%; c) bis(1,5-cyclooctadiene)-
nickel(0), 2,2’-bipyridine, cyclooctadiene, toluene, DMF, 70 8C for 3 h,
80 8C for 3 h, 100 8C for 8 h, 9%; d) KOH, H2O, CH3OH, THF, reflux
for 24 h, 18%.

Figure 1. a) MALDI-TOF spectrum of 2 b) section of the experimental
spectrum b) section of the simulated spectrum.
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gives an absorption maximum at 363 nm, which is blue-shifted
by 27 nm compared to the linear polymer. This shift is
attributed to a stronger twist between successive carbazole
units in the macrocycle, since all the carbazole moieties are
arranged in a cis fashion. However, the emission spectra of
both 2 and the linear polymer are almost identical, which
indicates similar excited state geometries. Compound 1 gives
an absorption at 369 nm, corresponding to the p–p* transition
of the carbazole macrocycle, and at 405 nm, corresponding to
the Soret band of the zinc-complexed porphyrin, with the Q-
band absorptions at 533 nm and 571 nm. The p–p* transition
of 1 is slightly red shifted (6 nm) compared with 2. This shift
indicates that the “anchored” carbazole macrocycle around
the porphyrin template is slightly planarized owing to the
restricted torsion. Upon excitation of 1 (lex= 370 nm),
emission is observed from both the carbazole ring, at
433 nm, and the porphyrin template, at 600 nm and 647 nm.
The spectral overlap between the emission of the carbazole
ring and the absorption of the porphyrin core demonstrates
that there is FLrster energy transfer from the peripheral
carbazole p system to the central porphyrin core (calculated
energy transfer efficiency 83%).[23]

Information on the size and shape of 2 was obtained after
spin coating its dilute THF solution on a freshly cleaved,
highly oriented pyrolytic graphite (HOPG) surface and
visualization of the ad-layer by AFM.[24] Figure 3 shows
two- and three-dimensional presentations of self-assembled
molecules of 2 forming extended domains with an average
height of 0.3 nm (determined from the difference between the
domains and the smooth and flat regions of the uncovered
HOPG surface between the domains). The constant thickness
of 0.3 nm as well as the hexagonal lattice of spots having a
uniform size distribution gives evidence that the domains are
composed of a monolayer of single-molecules facing the
surface. The average center-to-center distance of 4.1 nm
between the molecules and their compact and round shape
confirm the cyclic structure and suggest that the alkyl chains
are directed towards the center of the macrocycle. The bulky
alkyl chains seem to fill the inner space (see Supporting
Information), which explains why the macrocycles in Figure 3
do not appear flat or empty in the center. This result is in

agreement with the calculated molecular structure; semi-
empirical calculation at the AM1 level showed that 2 has a
diameter of 3.6 nm (see Supporting Information).

A submolecular resolution of 2 was obtained by STM
investigations at the solid/air interface. Similar to AFM, the
STM sample was prepared by spincoating a dilute THF
solution of 2 on a fresh HOPG surface. Figure 4b, c illustrate
three-dimensional representations of single-molecules of 2 on
a partially covered HOPG surface. Remarkably, the thermal
movement of some molecules at the surface is slow enough
relative to the scan speed to achieve measurements of single-
molecules even at room temperature. The picture in Fig-
ure 4b shows additional unresolved objects which originate
from the measurement of moving macrocycles. On the same
sample, small domains of macromolecules pack in a hexag-
onal arrangement (Figure 4a). The average diameter of the
ring-shaped objects is 4.0 nm. The contrast in the STM
pictures of 2 is provided by the conjugated cyclic aromatic
p system, as aromatic moieties show a higher tunneling
efficiency than the aliphatic parts.[25] Thus, the STM pictures
give clear evidence for the perfect cyclic structure and
visualize the p system composed of carbazole subunits with
an “electronic hole” in the core.

The 3D-supramolecular organization of 2 was investi-
gated by 2D-WAXS experiments on a mechanically aligned
sample.[26]The equatorial reflections at ambient temperatures
(Figure 5a) indicate a self-assembly of the macrocycles into a
hexagonal array of columns with a packing parameter of
4.7 nm (Figure 5c). In these structures the ring-shaped
molecules have their molecular planes orthogonal to the
columnar axis. The appearance of multiple meridional

Figure 2. Comparison of normalized absorption (Anorm) and emission
(Inorm) spectra of templated 1, 2, and poly[9-(2-decyltetradecyl)-2,7-
carbazole] in dichloromethane. PL=photoluminescence.

Figure 3. a) 2D and b) 3D-AFM images of a monolayer 2 on a HOPG
surface.
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reflections indicates a complex intracolumnar arrange-
ment.[27] The first meridional reflection and the stacking
distance of 0.4 nm between neighboring cycles implies a
correlation between every fourth molecule along the columns.
Therefore, each macrocycle is rotated by 22.58 towards the
adjacent building block leading to an identical positional
order after rotation by 908. This structure is in good agree-
ment with the molecular structure, where every third
carbazole unit in the 12-membered ring has a hydroxyalkyl
chain on the nitrogen atom. This helical arrangement is the
result of an intracolumnar packing optimization arising from
the nonplanarity of the core. In contrast to discotic and
macrocyclic columnar systems,[9,26] the space between rigid
stacks of 2 cannot be filled by the flexible aliphatic side chains,
as the side chains point towards the molecular center. The
optimal columnar arrangement should be hexagonal, which is
indeed observed. This remarkable self-organization of the
macrocycles into superstructures occurs in spite of the
nonplanarity of the molecular rings. This arrangement
opens the opportunity for a charge-carrier transport along
the p-stacking direction as observed for many columnar
thermotropic discotic compounds, but with the difference that
in this case the columnar periphery is not filled by the
insulating alkyl substituents. The charge carriers are not
necessarily transported on only one column, they are able to
change their percolation pathways spontaneously thereby
decreasing the influence of single defects.

In conclusion, the synthesis of a fully conjugated, mono-
disperse, 2,7-carbazole-based macrocyclic dodecamer, using a
template approach, is presented. AFM measurements of a
monolayer of 2 on HOPG displayed a hexagonal lattice
composed of spots of uniform size distribution. Additional
evidence for the conjugated ring-shaped structure of 2 was
obtained by STM investigations. It is remarkable that even

single-molecules and small domains with ordered structures
can be measured at ambient conditions; this provides
evidence that 2 is perfectly round with a conjugated cyclic
p-system. 2D-WAXS experiments on a mechanically aligned
sample indicated self-assembly of the macrocycles into
columnar structures. The molecules are rotated laterally
towards each other, as induced by the molecular geometry.
Our template approach towards conjugated macrocyclic
oligocarbazoles holds promise for the design of further
nanoscale p-systems: 1) as a result of the functionalized
cavities of 2, guest molecules, such as electron acceptors, can
be introduced by noncovalent interactions or chemical
reactions, 2) thanks to the low mobility of 2 on surfaces
STM characterization of similar systems should be possible,
and 3) other templates can pave the way to larger oligocar-
bazole macrocycles.

Received: March 22, 2006
Published online: June 21, 2006

Figure 4. STM images of 2 on a HOPG surface at solid/air interface
(tunneling current: 1.3 pA, bias voltage: 800 mV). a) 2D view of a
monolayer with hexagonal packing of 2. b) 3D view of individual
macrocycles. The unresolved objects originate from the movement of
molecules. c) 3D view of a single macrocycle showing the “electronic
hole” in the center.

Figure 5. a) 2D-WAXS of 2 at ambient temperature (inset: small-angle
region at different contrast), b) schematic illustration of the helical
organized macrocycles (the units containing the hydroxyalkyl chain are
indicated in yellow), c) hexagonal arrangement of the columnar
structures with 4.7 nm as the 2D lateral packing parameter.
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Cover Picture

George John, Guangyu Zhu, Jun Li, and Jonathan S. Dordick*

Enzymatically synthesized symmetrical trehalose diesters self-assemble into fibrous
gel networks in a wide range of organic solvents and at very low gelator
concentrations. Gels containing acrylate functionalities can be further stabilized
through polymerization. In the presence of added water and the same enzyme, the
gels degrade into trehalose, as shown in the cover picture. In their Communication on
page 4772 ff., J. S. Dordick et al. describe how combining the principles of
supramolecular chemistry and the selectivity of biocatalysis represents a powerful
strategy to develop defined functional materials.

Concept of Selectivity
In his Essay on page 4724 ff., J. A. Berson describes the reception by the scientific
community in the first half of the 20th century of the principles of kinetic versus
thermodynamic control and explains the physical basis of selectivity.

Asymmetric Heterogeneous Catalysis
An overview of the concepts of asymmetric heterogeneous catalysis is given in the
Review by F. Glorius et al. on page 4732 ff. The central themes are metal–organic
catalysts, chiral modifiers, noncovalent immobilization, and the application of solid
supports.

Composite Materials
In their Communication on page 4764 ff., K. Sada, S. Shinkai, and co-workers
describe how the anisotropy of l-cystine single crystals leads to their face-selective
decoration by gold nanoparticles.



Meeting Reviews
From Abyssomicin to Zaragozic Acid: Chemical Synthesis and Drug Innovation S. A. Snyder 4714

Books
Oxidation and Antioxidants in Organic
Chemistry and Biochemistry

Evgeny T. Denisov, Igor B. Afanas’ev reviewed by G. Pedulli 4715

Highlights

Threefold Symmetry (1)

S. E.Gibson,*M. P.Castaldi 4718 – 4720

C3 Symmetry: Molecular Design Inspired
by Nature

Threefold Symmetry (2)

C. Moberg* 4721 – 4723

Can C3-Symmetric Receptors Differentiate
Enantiomers?
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The following Communications have been judged by at least two referees to be “very
important papers” and will be published online at www.angewandte.org soon:

C. P. Gros, Jean-M. Barbe,* E. Espinosa, R. Guilard*
Room-Temperature Autoconversion of Free-Base Corrole to
Free-Base Porphyrin

S. Cobo, G. Moln#r, J. A. Real, A. Bousseksou*
Multilayer Sequential Assembly of Thin Films Displaying
Room-Temperature Spin Crossover with Hysteresis

R. J. Wright, M. Brynda, P. P. Power*
Synthesis and Structure of "Dialuminyne" Na2Ar'AlAlAr' and
"Cyclotrialuminene" Na2(Ar''Al)3: Al–Al Bonding in Al2Na2 and
Al3Na2 Clusters

J. M. Goicoechea, S. C. Sevov*
[Zn9Bi11]5� : A Ligand-Free Intermetalloid Cluster

W. Su, S. Raders, J. G. Verkade,* X. Liao, J. F. Hartwig*
Palladium-Catalyzed a-Arylation of Trimethylsilyl Enol Ethers
with Aryl Bromides and Chlorides: A Synergistic Effect of Two
Metal Fluorides as Additives

A. Abo-Riziq, B. O. Crews, M. P. Callahan, L. Grace, M. S. de Vries*
Spectroscopy of Isolated Gramicidin Peptides

Symmetry and molecular recognition : The
presence of C3 symmetry in nature has
recently inspired the first biomimetic C3-
symmetric catalyst for asymmetric synth-
eses (see picture). Threefold symmetry
also features in a recent approach to
modulating the function of the tumor
necrosis factor receptor superfamily.

Symmetry and chiral recognition : In con-
trast to previous arguments, recent
reports have demonstrated that C3-sym-
metric receptors can bind chiral sub-

strates with high enantioselectivity (see
picture: H=host, G= (S) or (R)-config-
ured guest; colored spheres represent
different-sized substituents).
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J. A. Berson* 4724 – 4729

Kinetics, Thermodynamics, and the
Problem of Selectivity: The Maturation of
an Idea

Reviews

Catalysis

M. Heitbaum, F. Glorius,*
I. Escher 4732 – 4762

Asymmetric Heterogeneous Catalysis

Communications

Composite Materials

Y. Fujiki, N. Tokunaga, S. Shinkai,
K. Sada* 4764 – 4767
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Nanoparticles onto Specific Crystal Faces
of Organic Single Crystals
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Why so slow? Why did it take several
decades for the concept of selectivity to
develop into a fundamental consideration
in organic chemistry? The Essay describes
the reception by the scientific community
in the first half of the 20th century of the
principles of kinetic versus thermody-
namic control and explains the physical
basis of selectivity (see picture: energy
diagram for the reaction of penta-
methylenefulvene (A) and maleic anhy-
dride (B)).

Mirror, mirror on the wall, who is the best
asymmetric catalyst of all? The field of
heterogeneous asymmetric catalysis is
multifarious, vibrant, and creates new
possibilities. For example, the use of
mesoporous solids (see picture) allows
selective immobilization in the pores,
which results in improved catalytic prop-
erties in a number of cases. The most
important methods are discussed in the
Review.

Face to face : The hexagonal {001} or {001̄}
faces of single crystals of l-cystine were
selectively decorated by dipping them into
a solution of gold nanoparticles (see
picture). The selectivity results from an
anisotropic molecular packing of l-cystine
in the single crystal.
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G. N. Varseev, M. E. Maier* 4767 – 4771

Total Synthesis of (� )-Symbioimine

Organogels

G. John, G. Zhu, J. Li,
J. S. Dordick* 4772 – 4775

Enzymatically Derived Sugar-Containing
Self-Assembled Organogels with
Nanostructured Morphologies

Aerobic Oxidation

B. Karimi,* S. Abedi, J. H. Clark,
V. Budarin 4776 – 4779

Highly Efficient Aerobic Oxidation of
Alcohols Using a Recoverable Catalyst:
The Role of Mesoporous Channels of SBA-
15 in Stabilizing Palladium Nanoparticles

DNA on Surfaces

E. Bystrenova, M. Facchini, M. Cavallini,
M. G. Cacace, F. Biscarini* 4779 – 4782

Multiple Length-Scale Patterning of DNA
by Stamp-Assisted Deposition
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An inside job : A Lewis acid induced
intramolecular Diels–Alder (IMDA) reac-
tion is used as the key step in the
formation of symbioimine, an iminium
alkaloid. The intermediate octahydro-
naphthalene is obtained from the IMDA

reaction, after which extension of the
aldehyde to a nitrile, alkylation of the
nitrile, and imine formation allows for an
efficient route to the target compound
(see scheme; TBS= tert-butyldimethyl-
silyl).

The long and short of it : A regioselective
enzyme-catalyzed acylation of the disac-
charide trehalose generated a family of
low-molecular-weight gelators with
unprecedented properties. The selectivity
of enzymatic catalysis enables direct con-
trol over gelation properties by simply
varying the acyl-chain length to give
gelation in solvents ranging from the
highly hydrophilic acetonitrile to the highly
hydrophobic cyclohexane.

Scaling down the activity : An efficient
recyclable palladium-based catalyst has
been developed for the aerobic oxidation
of alcohols (see scheme). The combina-
tion of a substituted bipyridyl ligand and
ordered mesoporous channels (in SBA)

causes a synergistic effect that results in
enhanced activity, the prevention of
agglomeration of the palladium nanopar-
ticles, and the generation of a durable
catalyst.

DNA deposits with submicrometer fea-
tures can be prepared by micromolding in
capillaries on a mica plate (see picture).
Upon evaporation, surface properties of
the DNA solution and the support come
to the fore. The morphology of the DNA
deposit can be controlled simply by
adjusting the concentrations of the DNA
solution and added salt.
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Efficient Hydrogenation

A. B. Hungria, R. Raja, R. D. Adams,*
B. Captain, J. M. Thomas,* P. A. Midgley,
V. Golovko, B. F. G. Johnson 4782 – 4785

Single-Step Conversion of Dimethyl
Terephthalate into Cyclohexane-
dimethanol with Ru5PtSn, a Trimetallic
Nanoparticle Catalyst

Oxide Clusters

O. Bondarchuk, X. Huang, J. Kim,
B. D. Kay, L.-S. Wang, J. M. White,*
Z. DohnNlek* 4786 – 4789

Formation of Monodisperse (WO3)3
Clusters on TiO2(110)

Nanoparticle Assemblies

J. Kim, J. E. Lee, J. Lee, Y. Jang, S.-W. Kim,
K. An, J. H. Yu, T. Hyeon* 4789 – 4793

Generalized Fabrication of
Multifunctional Nanoparticle Assemblies
on Silica Spheres

Ferrocene Derivatives

R. Sakamoto, M. Murata,
H. Nishihara* 4793 – 4795

Visible-Light Photochromism of
Bis(ferrocenylethynyl)ethenes Switches
Electronic Communication between
Ferrocene Sites

Contents

4706 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4702 – 4711

Highly active and selective : A supported
Ru5PtSn nanoparticle cluster (the picture
shows an axial projection of a tomogram),
prepared from the carbonyl cluster
[PtRu5(CO)15(m-SnPh2)(m6-C)], is an excel-
lent catalyst in the single-step hydroge-
nation of dimethyl terephthalate to cyclo-
hexanedimethanol under mild conditions
(100 8C, 20 bar H2).

In groups of three : Monodisperse clusters
of WO3 were prepared on a TiO2(110)
surface through direct sublimation of
WO3 onto the substrate at 300 K followed
by annealing to 600 K (see image). Com-
bined evidence from scanning tunneling
microscopy, X-ray photoelectron spec-
troscopy, quartz crystal mass balance, and
density functional theory strongly indi-
cates that the clusters are cyclic (WO3)3
species.

Sequential decoration of silica spheres by
covalent bonding of magnetite nanopar-
ticles (blue) and attachment of functional
nanoparticles of Au, CdSe/ZnS, or Pd
(red) afforded multifunctional assemblies
exhibiting combinations of magnetism
with surface plasmon resonance (Au),
luminescence (CdSe/ZnS), and catalytic
activity (Pd), respectively.

Communicating better over a long dis-
tance : The bis(ferrocenylethynyl)ethene 1
undergoes E!Z photoisomerization
upon excitation of a charge-transfer band

with visible light (546 nm). This structural
change leads to a decrease in the
“through-bond” mixed-valence interaction
between the two ferrocene units.
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J. Itoh, K. Fuchibe,
T. Akiyama* 4796 – 4798

Chiral Brønsted Acid Catalyzed
Enantioselective Aza-Diels–Alder
Reaction of Brassard’s Diene with Imines

Cluster Compounds

D.-L. Long,* P. KTgerler, A. D. C. Parenty,
J. Fielden, L. Cronin* 4798 – 4803

Discovery of a Family of
Isopolyoxotungstates [H4W19O62]6�

Encapsulating a {WO6} Moiety within a
{W18} Dawson-like Cluster Cage

Nanotechnology

M. N. Tahir, M. Eberhardt, H. A. Therese,
U. Kolb, P. Theato, W. E. G. MUller,
H.-C. SchrTder, W. Tremel* 4803 – 4809

From Single Molecules to Nanoscopically
Structured Functional Materials: Au
Nanocrystal Growth on TiO2 Nanowires
Controlled by Surface-Bound Silicatein

Nanocomposites

M. N. Tahir, N. Zink, M. Eberhardt,
H. A. Therese, U. Kolb, P. Theato,
W. Tremel* 4809 – 4815

Overcoming the Insolubility of
Molybdenum Disulfide Nanoparticles
through a High Degree of Sidewall
Functionalization Using Polymeric
Chelating Ligands
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Brønsted, Brassard, Diels, and Alder :
Aldimines 1 undergo aza-Diels–Alder
reactions with Brassard’s diene 2 in the
presence of a chiral cyclic phosphate

pyridinium salt 4 as a chiral Brønsted acid
to give a,b-unsaturated d-lactams 3 with
excellent enantioselectivity.

Caged up : A family of isopolyoxotungstate
clusters of the form [H4W19O62]6� with a
cluster cage (blue) identical to that of the
Dawson-type heteropolyacids (red) has
been discovered. These comprise a single
trigonal-prismatic or octahedral {WO6}6�

moiety in place of the two heteroanions
found in the Dawson structure.

Biofunctionalized ceramic nanowires : A
reactive ester polymer has been used to
immobilize silicatein, a hydrolytic enzyme
involved in the biomineralization of SiO2,
on the surface of TiO2 nanowires. The
surface-bound protein retains its original
hydrolytic properties and also acts as a
reductant for AuCl4� in the synthesis of
hybrid TiO2/silicatein/Au nanocompo-
sites.

Deck the walls : The principles of coordi-
nation chemistry and multidentate ligand
design have been used to functionalize
the surface of highly inert MoS2 nanopar-
ticles. In this approach the tetradentate
nitrilotriacetic acid ligand was coupled
either to a fluorescent ligand (for detec-
tion) or to a reactive polymer, which
serves as an anchor to the sulfide and
oxide surfaces of inorganic fullerene/
MoS2 and TiO2 nanorods, respectively
(see picture).
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B. Shlyahovsky, V. Pavlov, L. Kaganovsky,
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Biocatalytic Evolution of a Biocatalyst
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G. W. Bryant, N. A. Kotov* 4819 – 4823

Bioconjugated Ag Nanoparticles and
CdTe Nanowires: Metamaterials with
Field-Enhanced Light Absorption
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S. Tiwari, A. Kumar* 4824 – 4825

Diels–Alder Reactions Are Faster in Water
than in Ionic Liquids at Room
Temperature

Dioxygen Activation

J. Lewiński,* W. Śliwiński, M. Dranka,
I. Justyniak, J. Lipkowski 4826 – 4829

Reactions of [ZnR2(L)] Complexes with
Dioxygen: A New Look at an Old Problem
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Sensitive ELISA : A new enzyme-labeled
immunosorbant assay (ELISA) protocol
has been developed that makes use of two
enzymatic reactions to detect antibody–
antigen interactions: 1) the conversion of
prothrombin to thrombin by ecarin and
2) the hydrolysis of a nonfluorescent sub-
strate 1 to a fluorescent product 2 by
thrombin. The system was used to detect
bovine serum albumin, telomerase, and
DNA with high sensitivity.

Shiny silver : A superstructure consisting
of Ag nanoparticles and CdTe nanowires
connected by a streptavidin (SA) and d-
biotin (B) affinity pair displays twofold
enhancement of the nanowire lumines-
cence. The optical process involved could
also be operative in other metamaterials
and could serve as a basis for applications
in a variety of optoelectronic devices.

Nobody does it better : A comparative
study indicates that water, rather than
room-temperature ionic liquids (RTILs), is
still the solvent of choice for accelerating
Diels–Alder reactions. Both the hydrogen-
bonding ability and the viscosity of the
solvent are thought to play a role.

OR or OOR? The oxygenation of ZntBu2 in
the presence of donor ligands demon-
strates the tendency of zinc dialkyls to
undergo oxidation of only one Zn�C bond
under controlled conditions (see
scheme). The formation of alkoxide or
peroxide species is influenced by the type
of donor ligand employed, and these
divergent pathways offer a glimpse into
the general mechanism of dioxygen acti-
vation.
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Straightened out : The first binary Group 5
azides were prepared by fluorido–azido
exchange starting from MF5 (M=Nb, Ta)
and characterized by vibrational spec-
troscopy. The crystal structure of the
acetonitrile adduct [Nb(N3)5(CH3CN)]
(see picture) provides the first experi-
mental evidence for the existence of linear
M-N-N coordination for azido complexes.

Ru2 can do it! Substitution of the OH
moiety in propargylic alcohols by hydride
proceeds smoothly with triethylsilane by
catalysis with the thiolate-bridged di-
ruthenium complex 1 (see scheme;
Cp*=h5-C5Me5). This reaction gives the
corresponding alkynes in good to high
yields with complete selectivity, in con-
trast to a monoruthenium-catalyzed
hydrosilylation of propargylic alcohols
with silanes.

Just add a twist : Metallosupramolecular
architecture design is used to create anti-
cancer agents with high activities in
human breast cancer cell lines. Three
isomers, which comprise a nonhelical
metallocyclophane, an unsaturated
double helicate, and a new type of double
helicate, bridge the fields of metallosu-
pramolecular architecture and anticancer
drug design (picture: double-helical trans/
cis isomer; red Ru, green Cl).

Designer elegance : The transannular aldol
reaction of a cyclooctene diketone is the
key step in this total synthesis of the
natural enantiomer of merrilactone A (see
scheme). The configuration of the two

stereocenters generated in the formation
of the central bicyclo[3.3.0]octane frame-
work of the natural product was estab-
lished using a specially designed bulky
protecting group.
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Copper makes the difference : An umpo-
lung reactivity of Michael acceptors is
observed when alkenyl carbene complexes
react with copper ketone enolates and
electrophiles. This reaction allows the

straightforward synthesis of functiona-
lized three-component coupling products
in a completely regio- and diastereose-
lective way.

Attachment of low-energy electrons to
d-ribose triggers a series of complex
decomposition reactions associated with
the loss of neutral water molecules as well
as the excision of C-containing units
leading to the degradation of the cyclic

structure of the sugar. This excision of C-
containing neutral fragments involves C5
exclusively. The sugar unit is thought to
play a key role in the mechanism of DNA
damage by low-energy electrons.

Help from the neighbors : Palladium-cat-
alyzed allylic alkylations are extremely
suitable for the stereoselective introduc-
tion of unsaturated side chains to pep-
tides (see scheme; TFA= trifluoroace-

tate). The chiral information of the pep-
tide can be used to control the formation
of the new stereogenic center. In general,
S amino acids induce the formation of R-
configured amino acids.

Size does matter : When treated with
Me2AlCl, highly soluble bis(aluminate)
complexes [Cp*Ln(AlMe4)2] (Ln=Y, La,
Nd; Cp*=C5Me5) undergo intrinsic alkyl/
chloro ligand-exchange reactions to give
products of variable Ln nuclearity,
depending on the size of the LnIII metal.
The reproducible formation of Y2Al2,
La6Al4, and Nd5Al heterobimetallic alkyl
clusters leads to novel AlMe4 coordination
modes (see picture: La6Al4 cluster).
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Illuminating results : A novel microwave-
assisted synthesis in ionic liquids
produces highly luminescent and
dispersible LaPO4:Ce,Tb nanocrystals
(see picture: ethanol dispersion of the
nanocrystals in daylight (A) and with UV
excitation (B)). This preparation method
offers the possibility of synthesis-
independent surface conditioning of the
nanocrystals.
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From Abyssomicin to Zaragozic
Acid: Chemical Synthesis and Drug
Innovation**
Scott A. Snyder

Although the island of Cyprus is rela-
tively small, its position in the Mediter-
ranean Sea at the crossroads of three
continents has assured it a starring role
throughout the course of recorded
human history, both as a locus for the
spread of ideas between disparate
cultures and as a strategic base of
operations for those empires seeking to
expand their conquests into neighboring
territories. Indeed, over the centuries
many nations and nationalities—from
the Greeks, Romans, Persians, Egyp-
tians, Italians, and British, to the Euro-
pean Union—have shaped, and been
shaped by, Cyprus.
A few weeks ago, the scientific

community had the opportunity to
follow suit when nearly 400 participants
gathered at the Elysium Beach Resort in
the coastal town of Paphos for an
international symposium organized to
honor Cypriot-native K. C. Nicolaou on
the occasion of his 60th birthday. The
theme of the meeting, one with a broad-
ness befitting Cyprus/ history, was to
explore the increasingly interrelated
fields of chemistry, biology, and medi-
cine from both academic and industrial
perspectives.
Each of the four days of the confer-

ence featured a series of engaging lec-
tures covering the most exciting areas of
research being pursued today along the
chemistry, biology, and medicine con-

tinuum. Academic speakers described
some of the latest developments in
asymmetric catalysis, biocatalysis, tran-
sition-metal catalysis, supported synthe-
sis, structure-based drug design, and
target-oriented synthesis (see Table 1).
A theme shared by many of these talks
was the unique capability of natural
products to serve as catalysts for inno-
vation, not only for discovering reactiv-
ity but also as a means to identify novel
ways to modulate and eradicate disease.
Speakers from industry, many of whom
were former graduate or postdoctoral
researchers with Nicolaou (see Table 1),
talked about a number of research
programs at leading pharmaceutical
companies to discover small molecules
that can selectively engage essential
biological targets, as well as efforts to
develop technologies to speed up the
entire drug-discovery process.
In between sessions, participants had

the opportunity to peruse over 100 post-
ers, to explore the surrounding country-
side and take in Cyprus/ history through
organized excursions, and to participate
in an informative panel discussion on
new trends in chemical outsourcing.
K. C. Nicolaou offered the final

words of the conference in a plenary
lecture covering his entire career—one
which has made an impact on the fields
of chemistry, biology, and medicine
through natural product synthesis. His

lecture took the audience on a journey
encompassing virtually every class of
natural product architecture known,
including complex carbohydrates, ene-
diynes, heterocycles, and macrolides,
showcasing how each target molecule
afforded his group with opportunities to
discover new reactions and novel syn-
thetic strategies and make fundamental
contributions to our understanding of
human biology. Special focus was paid to
the topic of cascade reactions leading to
complex architectures, a subject that will
be discussed in a forthcoming Review in
Angewandte Chemie.
Without doubt, the lecture was a

fitting close to a conference sure to be
long-remembered by those who partici-
pated, especially the 80 or so former
students of Nicolaou who had the
opportunity to share in the occasion.
Whether the conference will become a
regular event remains to be seen (whis-
pers to that effect were heard), but, in
any event, this symposium has set a high
standard for future efforts to discuss
these diverse fields in a single meeting.
And, though I dare not suggest that its
participants left an indelible impression
of Cyprus, the island certainly left its
mark on those who visited its shores for
the first time.
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Research Hospital, Memphis); Steven Hanessian (University of Montreal); Madeleine JouilliD
(University of Pennsylvania); Steven Ley (Cambridge University); Nicos Petasis (University of
Southern California); Floris Rutjes (Radboud University); Masakatsu Shibasaki (University of
Tokyo); Nigel Simpkins (University of Nottingham); Erik Sorensen (Princeton University); David
Tanner (Technical University of Denmark); Emmanuel Theodorakis (University of California, San
Diego); F. Dean Toste (University of California, Berkeley); Jun-ichi Uenishi (Kyoto Pharmaceutical
University); Nicolas Winssinger (UniversitD Louis Pasteur, Strasbourg); Zhen Yang (Peking
University).

Magid Abou-Gharbia (Wyeth Research, Princeton); Mark Bunnage (Pfizer, Kent); David Claremon
(Vitae Pharmaceuticals); Rolf Jautelat (Schering AG, Berlin); Philippe Nantermet (Merck and Co.,
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C3 Symmetry: Molecular Design Inspired by Nature
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The principles of symmetry have in-
spired and directed the design of mole-
cules for many years.[1] While twofold
rotational symmetry has been success-
fully employed in a large number of
chiral ligands and catalysts,[2] there is
still comparatively little known about
the efficiency of systems of higher rota-
tional symmetry in this and other areas.
For this reason there is an ongoing
interest in the application of C3-sym-
metric molecules in areas as diverse as
asymmetric catalysis,[3] molecular recog-
nition,[4] and materials science.[5]

In the area of asymmetric catalysis,
for example, the current state of the art
is typified by the use of a TiIV complex of
the chiral C3-symmetric ligand 1 to
catalyze an enantioselective alkynyla-
tion of aldehydes (up to 92% ee)
(Figure 1).[6] However, a significant de-
velopment in the use of C3 symmetry in
asymmetric catalysis, which was inspired
by nature, was described recently by
Gade and co-workers.[7] Guided by the
use of tripodal N-donor ligands as
models of the tris(histidine) binding
sites found in many zinc-containing
enzymes,[8] Gade and co-workers con-
sidered chiral tris(oxazolines) to be
good candidates for mimics of zinc-
dependent transesterases. Although the
C3-symmetric dinuclear zinc complex 2,
derived from ligand 3, showed only
modest enantioselectivity in the kinetic
resolution of various phenyl ester de-
rivatives of N-protected amino acids by
transesterification with methanol, the

principle of using C3-symmetric ligands
to mimic C3-symmetric active sites
found in enzymes to inspire the design
of new asymmetric catalysts was estab-
lished and is predicted to lead to exciting
developments in the future.

In the area of molecular recognition,
several key studies that feature archi-
tectures constructed around C3-symmet-
ric cores suggest that C3 symmetry has
an important role to play in this area.
Moreover, a recent report by Guichard

and co-workers[9] that was inspired by
C3 symmetry found in nature perhaps
points the way to exciting future devel-
opments. For example, an early demon-
stration of the power of C3 symmetry in
a biological context was provided by
Whitesides and co-workers, who showed
that tris(vancomycin carboxamide) (Fig-
ure 2) binds a trivalent ligand derived
from d-Ala-d-Ala with exceptionally
high affinity: its binding constant is 25
times higher than that for the biotin–
avidin interaction, which is one of the
strongest known in biological systems.[10]

Whitesides and co-workers recognized
that trivalent systems (and indeed poly-
valent systems in general) are funda-
mentally different from monovalent sys-
tems in that dissociation of the complex,
which occurs in stages, can be acceler-
ated by addition of competing monova-
lent ligand, thus adding an extra degree
of flexibility to potential applications of
such systems.

Precedent for a somewhat different
use of C3 symmetry in a biological con-
text was provided by the studies of
Nishida et al. on carriers for the Lew-
isX antigen.[11] Widespread interest in
polyvalent structures that carry human
oligosaccharide antigens led to the syn-
thesis of 4 (Figure 3), in which three
LewisX antigen trisaccharides are at-
tached to a C3-symmetric core. The
LewisX antigen is typically located on
cell-membrane lipids and leads to asso-
ciation in the presence of calcium
ions;[12] it is thus of interest to develop
probes to investigate this recognition
phenomenon. Although other poly-
valent systems including dimers, lipo-
somes, gold nanoparticles, and self-as-
sembling monolayers have previously
been used as multivalent probes in this
area, it was reasoned that C3-symmetric
probes were attractive because they

Figure 1. a) The C3-symmetric tris(b-hydroxy
amide) ligand 1. b) Synthesis of the dinuclear
complex 2 from C3-symmetric tris(oxazoline)
ligand 3.[6, 7] OTf= trifluoromethanesulfonate.
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should produce significant multivalent
effects without generating the complex
analysis problems associated with non-
symmetric or dendritic models. The
preliminary analytical results reported
were encouraging, and more detailed
analyses derived from this system are
awaited with anticipation.

The high affinity and selectivity that
can be achieved using trivalent com-
plexes has been exploited by Anslyn and
co-workers in the design of a very
promising assay for heparin.[13] The
concentration of the clinical anticoagu-
lant heparin is routinely monitored dur-
ing and after surgery to prevent compli-
cations such as hemorrhages, but cheap-
er, more reliable, and more practical
methods for analyzing heparin concen-
trations than those currently available
are desirable. The large cavity receptor 5
(Figure 4) was designed to envelop a
large surface of the oligosaccharide, thus

maximizing affinity and specific-
ity by maximizing the number of
possible interactions. Use of a
fluorescent scaffold, 1,3,5-tri-

phenylethynylbenzene, enabled Anslyn
and co-workers to generate calibration
curves for heparin in serum at clinically
relevant dosing levels, thus demonstrat-
ing that synthetic receptors of this type
function successfully under physiologi-
cal conditions and can be used to target
complex bioanalytes.

The examples of the uses of
C3 symmetry in a biological context
described above are based on the in-
ventive introduction of C3 symmetry
into molecular design to enhance or
create desirable characteristics, for ex-
ample, high affinity, good selectivity, and
relatively easy analysis. The report by
Guichard and co-workers[9] describes
the design of a system that benefits from
all of these advantages but differs from
previous studies insomuch as the inspi-
ration for the use of C3 symmetry is
derived from nature itself.

Signaling through receptors of the
tumor necrosis factor receptor super-
family relies strongly on the formation
of C3-symmetric complexes.[14] One
member of the family, the receptor
CD40, interacts with its natural ligand
CD40L by self-assembly of CD40L
around a threefold symmetry axis to
form a noncovalent homotrimer that
binds to three CD40 receptor molecules
(Figure 5). The geometry of the result-
ing 3:3 complex favors the formation of
a signaling complex, which ultimately
leads to a range of regulatory effects.
Moreover, CD40 antibodies with ago-
nist activity were previously used to
increase immune response in infectious
diseases, and in cancer immunothera-
py.[15] It was thus postulated that the
development of small-molecule CD40
agonists that mimic the action of the 39-
kDa natural ligand CD40L may lead to
important therapeutic applications.

Guichard and co-workers designed
low-molecular-weight CD40L mimetics
with C3-symmetric architectures not on-
ly to provide the correct geometry for

Figure 2. Structures of the trivalent derivatives of vancomycin (left) and of d-Ala-d-Ala (right).[10]

Figure 3. A C3-symmetric LewisX antigen trisacchar-
ide.[11]

Figure 4. a) Heparin receptor 5. b) The major unit of heparin.[13]
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receptor binding and subsequent signal-
ing but also to achieve tight binding
between the small low-surface-area li-
gand and the receptor CD40.[9] A C3-
symmetric d,l-a-hexapeptide and a b3-
tripeptide were used as core structures

to distribute receptor-binding
elements with geometries and
distances that could match
those of the homotrimer form
of CD40L. The CD40-interact-
ing region Lys143-Gly-Tyr-
Tyr146 of CD40L was selected
as a CD40-binding motif and
tethered by an aminohexanoic
acid (Ahx) residue spacer to
the central core structures to
give compounds 6 and 7 (Fig-
ure 6).

A range of in vitro experi-
ments revealed that these mol-
ecules interact with CD40,
compete with the binding of
CD40L to CD40, and repro-
duce, to a certain extent, the
functional properties of the
much larger natural ligand
CD40L. This work not only
paves the way to using rela-

tively small C3-symmetric CD40 ligands
to amplify immune responses in vivo,
but also suggests that modulation of the
functions of other members of the tumor
necrosis factor receptor superfamily
may be successfully achieved by using
C3-symmetrical small molecules.

To conclude, C3-symmetrical func-
tional molecules provide perhaps an
optimum balance between enhanced
properties, such as binding and selectiv-
ity, and ease of synthesis and analysis.
The work of Guichard and co-workers,
inspired by natureAs exploitation of
C3 symmetry, has provided interesting
and exciting results and suggests that
biomimetic applications of C3 symmetry
in the area of molecular recognition may
lead to further significant advances in
the future. In parallel, recognition of
natureAs use of C3 symmetry in enzymes
has inspired the first biomimetic C3-
symmetric asymmetric catalyst, and the
approach of Gade and co-workers is
predicted to stimulate many new devel-
opments in this area in the future.
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Figure 6. Synthetic C3-symmetric CD40L mim-
etics.
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Chiral recognition is a key issue in both
living and artificial systems. It is essen-
tial for biological function and has a
central role in asymmetric synthesis and
chiral separation. A combination of
attractive and repulsive interactions,
the former including hydrogen bonds,
ion–dipole and dipole–dipole interac-
tions, p stacking, and hydrophobic inter-
actions, is responsible for such chiral
recognition.

Synthetic receptors that can differ-
entiate enantiomers have been the sub-
ject of recent intensive studies. Symme-
try properties of the receptor may play
an important role in the recognition
process. Artificial chiral receptors en-
dowed with rotational axes have been
frequently employed as a result of their
ability to simplify the procedure for
their preparation and occasionally also
to improve the selectivity by reducing
the number of diastereomeric substrate–
receptor interactions.

The role of threefold rotational
symmetry in chiral recognition has been
a matter of some confusion. The ability
of C3- or D3-symmetric receptors to
differentiate the two enantiomers of a
chiral ammonium (or some other analo-
gous) guest molecule was questioned
some time ago.[1] It was argued that the
steric requirements of the two host–

guest complexes obtained from the two
enantiomers of the guest and the chiral
receptor are the same and that chiral
recognition therefore must be absent or
at least poor. Although this statement
might have hampered the development
of receptors with threefold symmetry, a
number of C3-symmetic artificial recep-
tors have recently been described.[2]

Over the last few years, Ahn and co-
workers have presented a number of
tripodal oxazoline-based artificial re-
ceptors of general structure 1 by em-
ploying 1,3,5-R-2,4,6-R’-hexasubstitut-
ed arenes as a platform, thereby taking
advantage of the alternating ababab
geometric pattern that favors proper
organization.[3] Contrary to their expect-
ations,[4] the receptors exhibited high
enantioselectivity in their complexation
to a-chiral primary ammonium ions.
That C3-symmetic receptors are capable
also of enantiofacial discrimination was
demonstrated upon complexation of
caffeine to 2 by Waldvogel and co-
workers.[5]

A different strategy for the prepara-
tion of tripodal receptors was presented
by Haberhauer et al. Instead of using an
achiral platform for the construction of
the receptor, chiral arms were attached
by means of N-alkylation to a chiral
platform, 3 (in similar fashion to the
construction of the siderophore enter-
obactin).[6] Also, a chiral tren derivative
(tren= tris(2-aminoethyl)amine) was
recently used as a platform for a calix-
[6]arene, thereby producing a pseudo-
C3-symmetric receptor.[7]

Successful examples of enantiodis-
crimination by chiral receptors with
threefold symmetry prompted a recon-
sideration of the previous statements.[1]

The arguments for the predicted failure

of this type of receptors to differentiate
enantiomeric guests were as follows: If
we take a C3- or D3-symmetric receptor
H (Figure 1) and the two enantiomers of
a chiral guest molecule (GR and GS),
then these compounds form the two
diastereomeric complexes H-GR and H-
GS. In the analysis of the steric require-
ments of the two complexes, the envi-
ronment of the small, medium, and large
groups of the guest were compared and
evidently found to be the same (Fig-
ure 2).

It is indeed obvious that the seg-
ments compared are isometric and even
identical. However, this simple analysis
does not take into account the chirality
of the guest molecule. One substituent
of a chiral compound is compared to the

[*] Prof. C. Moberg
Department of Chemistry
KTH School of Chemical Science and
Engineering
SE 100 44 Stockholm (Sweden)
Fax: (+46)8-791-2333
E-mail: kimo@kth.se

[**] The European Community’s Human Po-
tential Program under contract HPRN-CT-
2001-00187, [AC3S], is gratefully acknowl-
edged.

Angewandte
Chemie

4721Angew. Chem. Int. Ed. 2006, 45, 4721 – 4723 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



same substituent in its enantiomer. This
situation is like comparing a methyl
group in l-alanine with the methyl
group in d-alanine; obviously they are
identical. Instead, the order in space—
the direction—of the three substituents
of the guest has to be taken into account.
The interactions of the large substitu-
ents in GR and GS and their clockwise
neighbors, as well as the interaction of
the large and small substituents in the
two complexes with the chiral host, are
shown in Figure 3. The latter segments
are obviously non-isometric (diastereo-
meric).

All the segments that should be
compared in the two complexes are
shown in Figure 4. It is clear that the
steric requirements in the two com-
plexes are different and that the number
of favorable and unfavorable interac-
tions is different. Some favorable inter-
actions are more important than others,
and some unfavorable interactions are
more severe than others, with the inter-
actions that involve the large and small

substituents probably being more im-
portant than those that involve other
pairs of substituents.

There is thus no principal reason
why C3- or D3-symmetric hosts would
not be able to recognize chiral ammoni-
um ions. This argument was indeed
stressed by Ahn and co-workers upon
observing the high selectivity of the
trisoxazoline receptors 1.[4] It may cer-
tainly be the case that the energy differ-
ence between the host–guest complexes
of enantiomeric ammonium ions with a
host with lower symmetry (C1 or C2) is
larger, but there is no fundamental rule
governing these differences. To further
study the role of symmetry, Ahn and co-
workers recently prepared a receptor, 4,
with reduced symmetry in which one of
the substituents was replaced by one

with opposite chirality.[8] This led to
lower selectivity but also to a different
type of binding (2:1 host–guest com-
plex) owing to the different structures of

the ligands. Conclusions regarding the
influence of symmetry alone are difficult
to make.

One advantage of C3-symmetric li-
gands is that their host–guest complexes
give rise to three identical situations,
that is, only one complex (Figure 5),
thereby frequently resulting in more
efficient discrimination of the enantio-
meric guests.

Symmetry is not in itself a property
that determines the ability of a receptor
to recognize a chiral guest. However,
symmetry reduces the number of differ-
ent complexes obtained from a receptor
and a substrate. This factor may, but
does not necessarily have to, lead to
improved selectivity.[9] Rules based ex-
clusively on the symmetry properties of
host compounds are therefore irrele-
vant.
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This Essay examines the response of
organic chemists to the need for appli-
cation of the principles of physical
chemistry to competing reactions. Both
mechanistic investigations and multistep
chemical synthesis benefited through
the eventual establishment of those
principles.

1. Understanding Selectivity
Requires Physical Chemistry

New ideas in science typically devel-
op on the basis of previous theories and
observations. There is much we can
learn by examining that process. This
Essay examines the problem of selectiv-
ity in organic chemistry and how chem-
ists� awareness of it grew over decades.
That advance required the incorpora-
tion of some important theoretical ideas
from physical chemistry, namely the
concepts of reaction rate and equilibri-
um that control the ratios of products in
competing reactions. Thus, the selectiv-
ity may be determined either by com-
peting rates (if under kinetic control) or
by the position of the equilibrium
among the products (if under thermo-
dynamic control). The concept is com-
monplace today and one that every
student in organic chemistry is required
to learn.

However, that was emphatically not
the case even as late as my student years

in the 1940s. Many undergraduate and
even graduate textbooks of that period,
although concerned with the problem of
selectivity, make no mention of this
critically important distinction. Al-
though one can point to instances in
which a kind of rough-and-ready per-
ception of kinetic versus thermodynam-
ic control was helpful in the work of a
few chemists, the organic chemistry
community on the whole did not alert
itself to the broad reach of these ideas
until the late 1950s. This left chemists
with only dim insights into the physical
and chemical consequences of the inter-
relationships of energy, rate, and equi-
librium. Of course, it would be the
height of condescension to claim on
behalf of today�s chemists that we are
more able than our predecessors to
handle issues on the forward edge of
discovery. Accordingly, I believe that we
can be instructed by imagining ourselves
in the surroundings of that time.

2. From Affinity to Rate and
Free Energy

During the first half of the 19th
century, chemists used the rather vague
and highly controversial concept of
affinity to explain the course of reac-
tions.[1, 2] The malleability of the idea
lent it a spurious utility in systematizing
experimental facts, but because the
underlying physical basis was unknown
the concept was not suited to make
quantitative conclusions and was open
to a variety of oppositional arguments.

The modern formulation of rates
and equilibria began to emerge as early
as the 1860s and continued well into the
next century. These advances were thor-

oughly reviewed, publicized, and em-
ployed by some of the founders of
modern physical chemistry, notably
van�t Hoff,[3–5] Arrhenius,[6] and Ost-
wald,[7] who acted as advocates for the
new ideas by virtue of their positions
among the leading researchers in the
field. Among the most significant devel-
opments were the differential formula-
tion of the rate equation and the sub-
sequent quantitative expression of the
relationships of rate, temperature, and
activation energy. These equations pro-
vided the means to compare reaction
rates on a common basis. Similarly, the
thermodynamic driving force of a reac-
tion, that is, the physical reason why
some reactants are transformed to prod-
ucts essentially completely whereas oth-
ers reach equilibrium short of comple-
tion, could be explained by the concept
of free energy.

3. Kinetic or Thermodynamic
Control of Selectivity?

The fundamental laws of physical
chemistry led to a number of statements,
some of which will be of particular
relevance in our examination of selec-
tivity:

Corollary 1

If the competing reactions are each
essentially irreversible, the products will
be formed in the same ratios as the
ratios of the respective rate constants,
provided that Corollary 2 is fulfilled and
provided that the products are not
differentially consumed by other side
reactions.
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Corollary 2

Those relative rates, however, will
only be time-independent if the com-
peting reactions are all of the same
kinetic order. To my knowledge, this
idea was first stated by Ingold et al. in
1931.[8] If the rates are of different
orders, the product ratio in general will
change with time, as not all of the
concentration terms in the rate equa-
tions for the competition will cancel.

Corollary 3

If the reactions are reversible, a
channel exists through which products
can interconvert with each other by
reverting to starting materials.

a) If this interconversion process is
fast compared to the initial reaction, the
product ratio will be the same as the
equilibrium ratio.

b) If the interconversion is only
moderately fast, the product ratio will
change with time.

Corollary 4

However, the products may inter-
convert by some other independent
process, even if the reactions by which
they are formed are essentially irrever-
sible.

a) If this other process is fast com-
pared to the initial reaction, the product
ratio will be the same as the equilibrium
ratio.

b) If the interconversion is only
moderately fast, the product ratio will
change with time.

Corollaries 1 and 2 are the basis of
kinetically controlled reactions, whereas
corollaries 3 and 4 come into play for
thermodynamically controlled (3a and
4a) or thermodynamically influenced
(3b and 4b) reactions. These corollaries
were not set out in detail in the early
reports, but they were implied by the
basic theory. In the following years,
chemists sometimes invoked one or
another of the corollaries to justify their
procedures. However, it is difficult to
find a statement of the complete set of
corollaries in books or journal articles of
the time.

4. A Slow Learning Process

Thus, whether chemists were aware
of it or not, they had proper intellectual
tools at hand since about 1900 or even
earlier to think clearly about these
concepts. Looking back on the subse-
quent developments, one asks why then
did another half-century have to pass for
them to diffuse broadly throughout the
organic chemical community. We return
to this question later. First, we address
how slow the learning process was.

The basis for a (very crude) estimate
of how slowly the process occurred can
be derived from Chemical Abstracts,
which covers the period from 1907 to
the present. A search therein for the
term “kinetic control” during the period
1907–1930 gleans only one hit, whereas
for the term “thermodynamic control”
no hits are obtained. These results
increase only to two and 18, respectively,
during 1930–1950, but by 1950–1970 an
exponential growth is apparent, with 65
and 124 references, respectively. Of
course, too much cannot be read into
this data; the apparent increase in hits
may overestimate the true extent of
cognitive growth if some of them simply
reflect an autocatalytic expansion of the
community�s familiarity with the specif-
ic identifying terms “kinetic control”
and “thermodynamic control.” On the
other hand, there would be a counter-
vailing deficiency of the search for those
terms if there were instances (as we will
discuss later) in which the investigators
were fully aware of the concept but used
other nomenclature or simply did not
include the term in the abstract.

With the exception of Walter HAck-
el, no author of textbooks before about
1940 seems to have incorporated any
systematic discussion of the corollaries.
Even HAckel�s treatment in the 1935
version (2nd edition) of his Theoretische
Grundlagen der Organischen Chemie[9]

is fragmentary, as he states that the ratio
of the rates of two competing reactions
is given by the ratio of the products,
provided that the reactions are irrever-
sible. The statement is literally correct,
but it is incomplete in defining the
selectivity because it overlooks the pro-
viso of Corollary 2. In the postwar trans-
lation[10] of the Grundlagen, this flaw
was pointed out by the translator, Rath-
mann. Such important pedagogical texts

as Hammett�s Physical Organic Chemis-
try[11] and Frost and Pearson�s Kinetics
and Mechanism[12] do not treat compet-
itive reactions as a general category at
all, although Hammett does give a very
brief mention of one group of them in a
discussion of the Friedel–Crafts reaction
(see Section 6).

5. Kinetically Controlled Aromatic
Substitutions

Holleman at the University of Am-
sterdam was one of the first organic
chemists to incorporate the new con-
cepts. He made important progress in
determining product ratios in aromatic
substitutions, mostly through the con-
struction and use of Gibb�s phase dia-
grams.[13, 14] His strength in physical
chemistry, probably gained in his expe-
rience as an assistant in the laboratory of
van�t Hoff,[15] led him to adopt the work-
ing principle that the product ratios
were measures of the relative rates of
the competing reactions. This idea,
which now seems obvious to the modern
chemist, apparently was a substantial
intellectual leap in the first decade of
the 20th century. Following on from the
earlier work of van�t Hoff[4] and Lap-
worth,[16] it was one of the first applica-
tions of the new quantitative concept of
reaction velocity to organic chemical
phenomena. Beginning in about 1910,
Holleman and co-workers studied the
absolute reaction rates of various sub-
stitutions to make quantitative the gen-
eralizations that meta-directing groups
deactivate the ring (decrease the rate of
substitution), whereas ortho/para-di-
recting groups activate the ring (in-
crease the rate of substitution). Subse-
quently, Holleman and Caland[17]

showed that the sulfonation of toluene
is kinetically controlled. It was a rare
and perhaps unprecedented instance in
which the explicit attention of the in-
vestigators to the central issue of selec-
tivity was clearly manifested.

Note, however, that the experiments
by Holleman and Caland did not come
to grips with the requirement of identity
of kinetic order of the competing reac-
tions (Corollary 2). Also, a modern
chemist might be concerned about the
sensitivity of Holleman�s analytical
method for determining the product
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ratios by phase diagrams. Nevertheless,
the sophisticated level of reasoning in
this early mechanistic study is impres-
sive; very few other experiments of
comparable quality were to be found
during that era. Despite that, the in-
sights reported by Holleman did not
seem to make much impact on organic
chemists for many years to come.

6. Thermodynamically Controlled
Aromatic Substitutions

Not all aromatic substitutions are
kinetically controlled, as can be seen in
the literature regarding Friedel–Crafts
alkylation of aromatic compounds[18–20]

which provides compelling examples of
thermodynamically controlled systems.
The reaction of benzene with chloro-
methane in the presence of aluminum
chloride is difficult to stop at the stage of
monomethylation to toluene because
the product is quickly alkylated further
to dimethylbenzenes (xylenes) and high-
er alkylation products.[21,20] However,
the significant point in the present con-
text is that the distribution of the three
xylene products (ortho, meta, and para)
changes during the time they are al-
lowed to remain in contact with the
aluminum chloride. Similarly, in the
methylation of toluene, the three prod-
ucts initially comprise mostly ortho- and
para-xylene, together with small
amounts of meta-xylene, but over time
the amount of the meta product increas-
es, mainly at the expense of the ortho
derivative.

It was only in 1939 that the Lewis
acid facilitated interconversion of the
isomeric xylenes was examined in some
detail by Norris and co-workers. Their
work had an empirical and preparative
motivation, not a mechanistic one.[22,23]

The papers by Norris and co-workers
report the influence of time, temper-
ature, and other variables on the ratio of
xylene isomers but do not attempt to
discuss the results in kinetic or thermo-
dynamic terms. Even later (1946) in a
review article on Friedel–Crafts reac-
tions,[19] Price gives no discussion in
terms of physical chemistry principles
and describes the variations in product
composition by the following statement:
“[…] in general, the more vigorous the
conditions with respect to the activity of

the catalyst or the alkylating agent or the
severity of the time and temperature
factors, the greater is the tendency for
the formation of the abnormal m-deriv-
atives.”

This terminology invoking the “vig-
or” of the conditions was quite wide-
spread, even if not universal,[24] during
that period, but it is seen to be lacking a
precise physical foundation. The review
by Price even omits any mention of the
landmark study by Pitzer and Scott in
1943[25] which definitively showed that
some of the Norris–Vaala[23] xylene
mixtures corresponded closely in com-
position to the equilibrium mixture pre-
dicted directly from the measured ther-
modynamic properties of the individual
components.

Despite the clearly laggard pace of
adoption of the underlying physical
principles of selectivity in aromatic sub-
stitutions, it should not be assumed that
the entire community of chemists failed
to recognize the importance of those
ideas. A few early examples may be
found in which one or more of the
concepts were fully understood. Among
these were several studies of allylic
rearrangements.[26,8, 27–30] In the interest
of brevity, we omit a detailed descrip-
tion of those important results in order
to focus on a stereochemical issue of
broad significance (Section 7).

7. Kinetics versus Thermo-
dynamics in Other Systems: The
Puzzle of the Walden Inversion

Walden�s astonishing discoveries,
which were reviewed in 1911,[31] of
stereochemical inversion of configura-
tion in several substitution reactions (for
example, OH replacing Cl or vice versa)
of aliphatic compounds are now well
understood, as a result of studies carried
out by Phillips, Kenyon, Hughes, and
Ingold, among others.[32] Modern chem-
ists therefore must exert some imagina-
tion to reproduce the widespread con-
fusion that prevailed when the results
were new. In both his review[31] and
book,[33] Walden considers several now-
abandoned theories proposed by his
contemporaries, some of which were
imaginative but none of which survived
further examination.

From the point of view of this Essay,
the most interesting of those abandoned
theories was a proposal by Noyes and
Potter[34] in 1912 which was essentially a
restatement of a hypothesis that Walden
had already considered and rejected.
Noyes and Potter stated: “The rational
view seems to be that the Walden inver-
sion is merely a limiting case of ordinary
rearrangements, where the interatomic
forces are such that the equilibrium in the
formation of two possible forms lies far
on the side toward the formation of one
of these.”

Walden criticized this proposal on
the following grounds: “This conclusion
of Noyes, however, is only another for-
mulation of the facts as those which
Walden first established and has present-
ed as inexplicably opposed to theory. The
question of course remains open as to
what kind of force must exist by which
this extreme case of equilibrium, which
defies kinetic and thermodynamic con-
siderations, can be kept in place when
otherwise it should strive to exit from this
state and lead to a true equilibrium.”[33]

Apparently, the idea that “direct”
displacement of one group by another
could be accompanied by clean inver-
sion of configuration was so strange that
Walden could not conceptualize it and
therefore thought that it amounted to a
complete overshoot of the equilibrium
position, which of course was a thermo-
dynamic impossibility.

Walden ended his review[31] with a
comparison of the views of two of the
leaders of physical chemistry. Ost-
wald,[35] Walden�s postdoctoral mentor,
asserted that “[…] this phenomenon
appears to me in opposition to the
fundamental principles of stereochemis-
try. One cannot invoke here the assis-
tance of a transposition, which in princi-
ple, always gives only the racemic com-
bination but not the optical inverse.
Obviously, one cannot pretend that the
problem does not permit of a solution,
but each worthy solution actually con-
sidered shakes or modified the bases of
stereochemistry.”

In contrast, Arrhenius was not ready
to abandon the fundamentals, as he put
it in his book:[6] “It is even more
probable that from the consequences of
more extensive research, a new hypoth-
esis in agreement with the principles of
stereochemistry will explain the Walden
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inversion […] allowing for the formation
of intermediate products, this singular
result will no longer remain inexplica-
ble.”

A direct challenge to Walden�s pes-
simistic position of 1911 on the inversion
phenomenon appeared later that same
year, when Le Bel wrote a short note[36]

based on a private letter sent earlier
from Le Bel to Walden, proposing what
turned out to be a prescient explanation.
Le Bel began by saying that the phe-
nomenon of Walden inversion “[…]
astonished me like everyone by its nov-
elty, but I do not believe that one must see
it as being in disagreement with the
principles of stereochemistry.” He imag-
ined that in certain cases the attacking
reagent, X’, could approach the asym-
metric carbon center which bears the
groups X, Y, Z, and U (1, Scheme 1)

from the direction opposite to the posi-
tion occupied by the leaving group X,
rather than from the same side. In effect,
if X’ pushes Y in front of itself with
sufficient force, racemization need not
result but instead the restoration of the
tetrahedral structure may take place,
with Y occupying the place originally
held by X and with X’ occupying the
original place of Y, as in 2. A similar
argument appeared in a paper by Emil
Fischer in the same year.[37]

Le Bel and Fischer both went on to
consider, as a plausible but not obliga-
tory possibility, that the actual mecha-
nism may involve a “product of addi-
tion” as an intermediate stage. Although
neither of them used the specific term,
the context of their remarks seem to
point to a pentavalent carbon atom as
the key structural feature of the inter-
mediate. Le Bel ended his discussion, “I
therefore conclude that the Walden in-

version […] does not modify the bases of
stereochemistry.”

Eight years later, in his book[33]

Walden still held to his doubts that his
inversions could be reconciled with
fundamental physical theory. Regarding
Le Bel�s idea, he remarked that “[…] it
has the merit of simplicity which is
inherent in the chosen mechanical pic-
ture. One can hardly claim that it also
possesses the characteristic of complete-
ness.”

Missing from the theory, according
to Walden, was an explanation of why
some substitutions at asymmetric cen-
ters gave largely retention, others gave
inversion, and still others gave some of
each or even a near-racemic mixture,
even when after-the-fact racemization
could be shown to be absent.

To the present-day chemist, the
Le Bel–Fischer hypothesis bears a
strong resemblance to the later ideas
about Walden inversion pioneered pri-
marily by Ingold and the English school
during the period 1920–1940.[32] What
was the insight that Walden needed to
grasp in order to accept the Le Bel–
Fischer hypothesis as the basis for
further progress in elucidating the
mechanism of inversion? In my view, it
was precisely the necessity to distinguish
between kinetic and thermodynamic
factors. Walden met an impasse at the
point in his argument when he could not
understand how one could overshoot
equilibrium. Possibly he was influenced
by his former mentor Ostwald, who also
was confused by the problem. What
both of them apparently failed to rec-
ognize was that the substitution reac-
tions are under kinetic control. If the
product ratio is determined by the ratio
of competing rates, one does not reach
equilibrium. This point had been made,
notably by Holleman for aromatic sub-
stitutions (Section 5), but Walden did
not make the conceptual connection of
that work to his own.

8. The Pedagogy of Selectivity

Scattered evidence of awareness of
the kinetics versus thermodynamics
problem in selectivity is evident during
the period up to 1940, notably in several
papers on allylic rearrangements from
several different laboratories.[26,38,8,27–30]

However, formal attempts to communi-
cate the general principles in a concise
way were rare until the appearance of a
paper on the Diels–Alder reaction by
Woodward and Baer,[39] who reported in
1944 that the addition of pentamethyle-
nefulvene 3 to maleic anhydride 4
(Scheme 2) gives both endo and exo ad-

ducts (5 and 6, respectively). The en-
do adduct 5 is formed in greater amount
at low temperature, but the product
composition gives increasing propor-
tions of exo product at higher temper-
atures. Furthermore, even in cold solu-
tion, the endo adduct, but not the exo
product, dissociates to the addends—a
reaction that is readily visible because of
the yellow color of the fulvene. They
proposed that the rate of formation of
the endo adduct is faster than that of the
exo adduct at low temperature, but the
exo adduct is more stable than the
endo adduct and therefore accumulates
at equilibrium. Woodward and Baer
summarized their proposal in the energy
diagram shown in Figure 1.

Alder and Trimborn had made sim-
ilar observations and interpretations,
perhaps as early as 1943, during the
war in Germany, but apparently they
were unaware of Woodward and Baer�s
paper. Eventually a referee called it to
Alder�s attention,[40] and Alder and
Trimborn finally published in 1950, after
the end of the war, the results of Trim-
born�s dissertation from 1943.[41] They

Scheme 1. The Walden inversion according to
Le Bel.

Scheme 2. Addition of pentamethylenefulvene
(3) to maleic anhydride (4) to give the
endo adduct 5 and exo adduct 6.
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reported essential agreement with
Woodward and Baer in all of the rele-
vant experimental and interpretive
points.

Obviously, these events raise a ques-
tion of priority for the discovery of the
temperature dependence of the Diels–
Alder reactions of fulvenes, but of great-
er interest here is the appearance of the
energy diagram shown in Figure 1. This
diagram is one of the first—perhaps the
very first—pictorial aid expressing the
problem of kinetic versus thermody-
namic control in chemical selectivity.

Although the Woodward–Baer dia-
gram preceded by four years a paper on
allylic rearrangements by Catchpole,
Hughes, and Ingold,[42] the latter authors
were apparently unaware of the earlier
work and presented an essentially
equivalent diagram representing selec-
tivity in allylic rearrangements. A num-
ber of chemists had mastered the basic
concepts of the selectivity problem, but
it is curious that, as far as I can
determine, the actual terms themselves
did not make an appearance until the
paper by Ingold in 1948.[42] By then,
Ingold apparently was concerned to
teach chemists the basic ideas in a
pedagogically compelling way. The ab-
stract of that paper contains the state-
ment, “the distinctions between the ki-
netic and thermodynamic control of the
rearrangement are emphasized.” Still
later, Zimmerman used essentially the
same kind of graphic illustration to
display the energy relationships that
control the stereochemistry of ketoniza-
tion of enols, again with no mention of
either of the previous published dia-
grams.[43]

I believe that the repeated presenta-
tions plausibly represent the urgency the
authors felt to disseminate the basics of
kinetic–thermodynamic principles to
the community. This illustrates how
spotty they must have seen the recog-
nition of these principles to be at that
time.

9. Why so Slow?

One of the reasons for the slow
learning curve may have been socio-
logical. Segregation of organic and phys-
ical chemistry was endemic during the
19th century, especially in Germany,
where the traditional academic organ-
ization of chemistry into separate insti-
tutes for each disciplinary unit pre-
vailed. A more practical issue before
1950 was the difficulty of analyzing
product mixtures to obtain accurate
product ratios. Although solutions to
this problem ultimately could be found
in carefully chosen cases (see Section 5),
there were no accurate analytical meth-
ods of general applicability until the
advent of sophisticated chromatograph-
ic methods and of nuclear magnetic
resonance spectroscopy, among other
powerful tools. Still another stimulus to
productive thinking about kinetic and
thermodynamic issues after 1950 was
the tremendous flowering of multistep
organic synthesis, a discipline for which
control of selectivity is required at every
step. Examples of successful regiospe-
cific applications abound in the recent
literature on synthetic organic chemis-
try, but also worthy of mention are the
numerous enantiospecific syntheses now
appearing in response to government
requirements that a chiral drug be
enantiomerically pure. Satisfaction of
this requirement can be achieved only
by the choice of conditions that avoid
the thermodynamic trap of racemiza-
tion.
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1. Introduction

Catalysis of organic reactions is key for an efficient
synthesis and, thus, represents one of the most economically
important technologies.[1] The growing demand for enantio-
pure compounds in the life sciences has stimulated an
increased interest in asymmetric catalysis.[2] Although homo-
geneous catalysts are often expensive and their separation
and recycling troublesome, the field of asymmetric catalysis
has been dominated for a long time by homogeneous catalysis
because of the excellent selectivities and activities obtained.
In more recent years, significant developments in the area of
solid-phase chemistry has resulted in enormous progress
being made in interdisciplinary research on stereoselective
heterogeneous catalysis.[3] The potential advantages of heter-
ogeneous catalysis, such as easy separation, efficient recy-
cling, minimization of metal traces in the product, and an
improved handling and process control, that finally result in
overall lower costs are well known. Furthermore, in some
cases heterogeneous catalysts are even more selective than
their homogeneous counterparts. Ideally, the advantages of
homogeneous and heterogeneous catalysis, such as high
activity and selectivity on one hand and separation and
recycling on the other, should be combined.[4] However, the
different areas of asymmetric heterogeneous catalysis have
reached widely different levels of maturity. Whereas the
immobilization of homogeneous catalysts on solid supports
represents an established field that is on the verge of being
applied in industry, the young field of metal–organic catalysts
is in a rapidly growing development phase.

It is the goal of this Review to give an overview of
asymmetric heterogeneous catalysis from the point of view of
an organic chemist—presenting the state of the art and
discussing their potential and limitations. Heterogeneous
asymmetric catalysis has been subdivided into three major
categories: 1) application of immobilized homogeneous cata-
lysts (Sections 2 and 3), 2) catalysis on surfaces that are chiral
themselves or modified with chiral modifiers (Sections 4 and
5), and 3) diastereoselective reactions of chiral substrates
promoted by achiral catalysts (Section 6).

In contrast to the first group of catalysts, whose profile
closely resembles that of homogeneous catalysts, those of
groups two and three show unique mechanisms that do not
have a counterpart in homogeneous catalysis. A simplified
overview of the advantages and disadvantages of the different
methodologies is given in Table 1.

2. Immobilization of Chiral Homogeneous Catalysts

Homogeneous asymmetric catalysis[5] has already proven
its usefulness in a number of industrial applications, and the
chemists involved in the pioneering breakthroughs were
recently awarded the Nobel prize.[6] Nevertheless, the effi-
ciency of these processes can be improved even further
through the employment of the corresponding heterogeneous
catalysts that are derived from their homogeneous counter-
parts by immobilization, since the catalyst can be easily
separated and recycled, and contamination with metal traces
minimized. Immobilization occurs by covalent or noncovalent
attachment of the chiral ligand, the metal, or the preassem-
bled complex to the support (Figure 1). The ligand can even
be synthesized on the support, thus allowing the efficient
synthesis and screening of a library of ligands.[7] The choice of
a suitable support plays an important, although not fully
understood, role and remains challenging. Numerous prob-
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Limited natural resources and an increasing demand for enantio-
merically pure compounds render catalysis and especially heteroge-
neous asymmetric catalysis a key technology. The field has rapidly
advanced from the initial use of chiral biopolymers, such as silk, as a
support for metal catalysts to the modern research areas. Mesoporous
supports, noncovalent immobilization, metal–organic catalysts, chiral
modifiers: many areas are rapidly evolving. This Review shows that
these catalysts have more to them than facile separation or recycling.
Better activities and selectivities can be obtained than with the
homogeneous catalyst and novel, efficient reaction mechanisms can be
employed. Especially fascinating is the outlook for highly ordered
metal–organic catalysts that might allow a rational design, synthesis,
and the unequivocal structural characterization to give tailor-made
catalysts.
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lems can occur during the immobilization of a homogeneous
catalyst and diminish its performance:
* undesired interactions between the support and the metal–

ligand complex,
* the optimal geometry of the catalyst, crucial for high

enantioinduction, is disturbed by the support,

* unsatisfactory stability of the linkage between the catalyst
and support or the catalyst itself which results in leaching,

* limited accessibility of the active site,
* undesired isolation of catalyst centers that need to

cooperate during the reaction.[8]
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Table 1: Evaluation of the different types of asymmetric heterogeneous catalysts.

Advantages Disadvantages

immobilized homogeneous catalysts
+ many homogeneous systems known for immobilization
+ a variety of linking techniques exist
+ various supports to choose from
+ suited for fast ligand screening
+ a few ligands are commercially available
+ broad spectrum of reactions
+ in some cases higher selectivities can be obtained with the heterogeneous than
with the homogeneous catalyst

+ rather mature methodology giving predictable results

� additional functionalization of ligands renders their synthesis
more costly

� limited access to the active catalysts decreases the reaction rate
� low catalyst loadings
� leaching possible
� restriction of degrees of freedom of the catalyst can result in
decreased enantioselectivities

metal–organic systems
+ relatively easy immobilization technique
+ no support necessary
+ high density of active catalyst centers
+ crystalline catalyst (still rare), structure can be determined by X-ray structural
analysis

+ high levels of porosity
+ often no leaching

� synthesis of modified ligands necessary
� structure of the network is hard to predict

chiral modifier
+ synthetically rather facile
+ inexpensive
+ unique mechanisms that have no counterpart in homogeneous catalysis

� only a few successful modifier/catalyst systems are known
� the high complexity of the catalyst system complicates the
de novo design

� challenging analysis of the mechanism makes optimization of
reaction conditions difficult

� limited substrate scope

macromolecular catalysts
+ simple synthesis of catalyst, suited for scale-up (polypeptides)
+ unique mode of action

� only a few successful systems known
� relatively low turnover frequencies (TOFs)
� challenging analysis of mechanisms
� substrate limitations

diastereoselective catalysis
+ known mechnism
+ robust and reliable
+ often rationally designed

� cost of the chiral auxiliary
� demanding substrate synthesis
� additional steps for the attachment and cleavage of the auxiliary
necessary
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In this section, the different strategies of immobilization
are introduced briefly, followed by modern, representative
examples of immobilized privileged ligands.[5c] There are
numerous relevant examples, but only a few have been
selected in which the selectivities that were obtained were
comparable or superior to the homogeneously catalyzed
reaction. The article focuses on immobilized metal–ligand
complexes,[9] while immobilized enzymes,[10] soluble polymer-
bound,[9c,11] and dendritic catalysts,[12] which have all shown
remarkable results in recent years, are not included.

2.1. Covalently Immobilized Catalysts

A classical method to immobilize a chiral homogeneous
ligand or its metal complex is copolymerization with a
monomer, or its covalent linkage to a suitable support, such
as functionalized polymers, inorganic oxides, nanotubes, etc.
Themodification of the chiral ligand, the length and flexibility
of the linker, as well as the catalyst loading, the accessibility of
the active catalyst center, and the choice of the solvent are
only a few parameters that influence the immobilization of a
metal complex.

Interestingly, two opposite strategies—the avoidance and
the willful causation of interactions of the catalyst with the
solid support—can be advantageous for the performance of
the catalyst. To achieve minimal levels of interaction, which
has been the predominant strategy, the anchoring point in the
ligand structure should be as far away from the active site of
the catalyst as possible. Furthermore, a long and flexible
linker between the catalyst and support or a highly swellable
polymer should be chosen. However, the catalyst can also be
attached to the support in proximity to the active site, which
has led to improved catalytic performances in a few cases.

2.1.1. Covalent Immobilization on Polymeric Resins

The success of the solid-phase peptide synthesis devel-
oped by Merrifield in the 1960s has resulted in the covalent
attachment of chiral ligands onto a functionalized polymer
becoming a popular approach. In addition to only slightly
cross-linked Merrifield resins (poly(styrenedivinylbenzene)-
polymers),[13] other resins such as JandaJEL (polystyrene
polymers containing a tetrahydrofuran-derived cross-
linker),[14] TentaGel (polystyrene-poly(ethyleneglycol-
OC2H4-NHCOC2H5),

[15] and other PS-PEG (polystyrene-
polyethyleneglycol) resins[16] have been employed success-
fully for anchoring metal–ligand complexes.

Han and co-workers developed ligand 2, a variation of the
chiral Trost ligand 1, in which the cyclohexyldiamine moiety
was replaced by a pyrrolidinediamine unit so as to allow facile
anchoring onto the support and minimal disturbance to the
catalytic site (Scheme 1).[17] It was shown that the use of

different resins results in significantly different catalytic
performances in the palladium-catalyzed desymmetrization
of 1,4-bis(benzoyloxy)cyclopent-2-ene with dimethyl malo-
nate (Scheme 2). The JandaJEL-supported ligand 2b gave
results comparable to those obtained with the homogeneous
catalyst, whereas the polystyrene-bound catalyst derived from
ligand 2a was clearly less active and selective. In contrast to
the classical Merrifield resin, the JandaJEL resin contains
long and flexible, tetrahydrofuran-derived cross-linkers. It is
assumed that the resulting higher swellability of the resin in
organic solvents gives the attached complex more degrees of
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Figure 1. Strategies for the immobilization of chiral homogeneous
catalysts (symbolized by stars).

Scheme 1. Trost ligand 1 and immobilized variants 2a and b.
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freedom and consequently allows it to perform more like a
homogeneous catalyst.

In one of the rare examples in which interactions with the
polymeric support were found to be beneficial, Chan and co-
workers chose an amide linkage in proximity to the catalyti-
cally active site to anchore a modified binol (1,1’-bi-2-
naphthol) through its 3,3’-position to polystyrene
(Scheme 3).[18] Clearly higher ee values were obtained at full

conversion in the titanium-catalyzed addition of diethylzinc
to aldehydes in the presence of this ligand than with
homogeneous binol (benzaldehyde: 97 versus 91.5% ee,
respectively). The authors attribute the positive effect of the
polymer to its proximity to the catalytically active site, thus
resulting in an increased conformational rigidity of the metal
complex. However, the ligandAs bite angle might also be
affected by the performance of the polymer.

2.1.2. Covalent Immobilization by Copolymerization

Copolymerization of suitable monomers allows for the
introduction of the chiral information into the backbone of
the heterogeneous catalyst. Radical polymerization of vinyl-
modified ligands with styrene and divinylbenzene[19]

(Scheme 4) or polymerization of amines with isocyanates to
polyurethanes[20] are commonly used methods. The accessi-
bility of the active site, which depends heavily on the degree
of cross-linkage in the copolymer, is crucial for the activity
and selectivity of the final catalyst. In general, the swellability
of the copolymer in organic solvents decreases as the degree
of cross-linkage increases.

Alternatively, a ligand library can be synthesized effi-
ciently by first preparing a functionalized copolymer which
can be used as the key building block in the final synthesis of
the chiral ligands. For example, the opening of enantiomer-
ically pure epoxides immobilized on a copolymer with
different amines gave a series of immobilized amino alcohols.

These ligands were screened successfully in the ruthenium-
catalyzed asymmetric transfer hydrogenation of acetophe-
none.[21]

2.1.3. Covalent Immobilization on an Inorganic Support

The application of inorganic materials as heterogeneous
supports offers a number of advantages: their rigid structure
does not allow the aggregation of active catalysts, they do not
swell, and are insoluble in organic solvents.[22] The last two
properties are interesting in regard to their application as
stationary chiral phases in a continuous process. In addition,
inorganic supports possess better thermal and mechanical
stability under catalysis conditions.

Among others, zeolites and other mesoporous materials
(pore size between 2 and 50 nm),[23] which are characterized
by their high surface area and easily accessible pores, have
been used successfully for the covalent immobilization of
asymmetric catalysts.[24] Prominent examples are MCM-41
(“mobile crystalline material”, ordered hexagonal, usually
30–40 D pore diameter; its very high porosity renders it less
mechanically stable than other inorganic materials),[23d]

MCM-48 (ordered cubic), Grace332 (ca. 19 D pore diame-
ter), USY (“ultrastabilized zeolite y”, 12–30 D pore diame-
ter), SBA15 (ordered hexagonal, 46–300 D pore diame-
ter),[23b] and nonporous silica such as carbosil. The linker
(for example, a trialkoxysilane) is attached through the silanol
moieties on the surface or at the inner walls of the pores of the
support. Afterwards, the ligand or metal–ligand complex is
attached. Alternatively, a presynthesized linker–ligand build-
ing block can be used to allow for a rapid immobilization on
different supports (Scheme 5).[25] In the case of ligands 5, the
best results in the ruthenium-catalyzed transfer hydrogena-
tion of various aromatic ketones were obtained with the
ligand immobilized on silica gel (5a ; Scheme 6).[26]

In the case of mesoporous supports, the catalyst can be
immobilized on the surface or in the pores of the inorganic
support. The ligand can be immobilized only in the pores by
treating the surface silanol groups with a silylating agent such

Scheme 2. Palladium-catalyzed desymmetrization.

Scheme 3. Binol, attached through its 3,3’-position to polystyrene (PS).

Scheme 4. Radical copolymerization of a PyBox derivative. AIBN=azo-
bisisobutyronitrile.
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as diphenylsilyl dichloride prior to attaching the chiral ligand.
Such a site-selective immobilization of the catalyst can have a
positive effect on the selectivity of the catalysis. Either the
active complex is conformationally confined by the interior of
the pore[27,28] or the access of the substrates to the catalyst is
restricted.[29] Remarkably, Thomas and co-workers found that
the chiral ligand (R,R)-diphenylethylenediamine (dpen)
anchored to the inner walls of porous MCM-41 led to
enhanced enantiomeric excess in the Rh-catalyzed asymmet-
ric hydrogenation of phenylcinnamic acid relative to that of
the homogeneously catalyzed reaction (93 versus 81% ee,
respectively; Scheme 7a).[29] This improvement was not
observed with the catalyst immobilized on the convex surface
of nonporous silica (carbosil, Scheme 7b) and was attributed
to the restricted approach of the reactant to the active catalyst
in the concave pore. Furthermore, 6·MCM-41 was recycled
and reused two times (90% ee).

The influence of the pore diameter on the performance of
the immobilized chiral, cationic rhodium and palladium
complexes was investigated. These complexes were bound
electrostatically to a number of commercially available
silicates with various pore sizes (38–250 D pore diameter)
by a surface-supported triflate counterion. Interestingly, the
selectivity of the asymmetric hydrogenation of methyl
benzoylformate decreased as the pore size increased.[30]

Not only can passivation be used to block all of the surface
silanol groups and to direct the immobilization to the pores,
but it can also be used to modify the surrounding of the
anchored catalyst and improve the properties of the catalyst.
Very recently, Lemaire and co-workers showed a linear
correlation between the increasing degree of passivation and
the enantioselectivity obtained in the Diels–Alder reaction of
cyclopentadiene with N-acryloyloxazolidinone catalyzed by

the bisoxazoline 7 immobilized on silica gel (increase from 58
to 80% ee, Scheme 8).[31] This improvement in selectivity has
been observed before,[32] but can not be generalized.[33] The

authors speculate that the silylation of the free OH groups on
the silica prevents the formation of catalytically active, achiral
metal–silanol complexes.

In addition to these mesoporous supports, crystalline
nanoparticles possessing a high surface area have also been
employed. Very recently, Lin et al. used super-paramagnetic
magnetite nanoparticles (Fe3O4) as a support for the [Ru-
(binap)(dpen)] complex (binap: 2,2’-bis(diphenylphosphine)-
1,1’-binaphthyl).[34] These magnetite nanoparticles are intrins-
ically not magnetic, but can readily be magnetized by an
external magnet. Two different types of nanoparticle were
employed: one obtained by thermal decomposition (8a) and
the other by co-precipitation (8b). Slightly higher enantiose-

Scheme 5. Immobilization on different inorganic supports.

Scheme 6. Ruthenium-catalyzed transfer hydrogenation.

Scheme 7. Asymmetric hydrogenation of phenylcinnamic acid. cod=
cycloocta-1,5-diene.

Scheme 8. A bisoxazoline ligand immobilized on a passivated silica
surface. TMS= trimethylsilyl.
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lectivities were obtained in all cases when catalyst 8a was
used in the asymmetric hydrogenation of ketones compared
to those obtained with the homogeneous [Ru(binap)(dpen)]
catalyst (Scheme 9).[34] In the asymmetric hydrogenation of 1-

acetonaphthone, the heterogeneous catalyst 8b could be
separated by simple “magnetic” decantation and was recycled
up to 14 times without a decrease in the conversion or
enantioselectivity (100% conversion, 97–98% ee).

2.2. Noncovalently Immobilized Catalysts
2.2.1. Immobilization by Adsorption

The simple physisorption of a chiral ligand or metal–
ligand complex on a support through van der Waals inter-
actions is an attractive approach, since it renders a synthetic
modification of the chiral ligand unnecessary. However, this
concept has only had limited success, because the complexes
are only weakly bound. Therefore, the optimization of the
reaction conditions, especially the choice of the right solvent,
is a difficult task. The stability can be improved significantly if
the chiral metal–ligand complex is immobilized by hydrogen
bonding[35] on a polar support such as silica. Hydrogen
acceptors such as sulfonates need to be introduced into the
ligand structure to make use of hydrogen bonding with the
polar silanol moieties (Scheme 10a). Alternatively, a cationic
complex can be bound by a surface-supported counterion,
such as a triflate. In this case no modification of the ligand
structure is necessary. (Scheme 10b).[36]

In an interesting alternative approach, a hydrophilic
phase, such as water or ethylene glycol, in which the chiral
complex has been dissolved is immobilized on a hydrophilic
support such as silica gel or controlled pore glass (SAPC:
supported aqueous-phase catalyst).[37] The catalysis takes
place at the interface of the immobilized hydrophilic layer
and the immiscible organic solvent. The heterogeneous
support promotes the reaction by increasing the surface
contact area between the two phases significantly. The
appropriate chiral ligand needs to be hydrophilic, which can
be achieved by the incorporation of sulfonate groups into the
ligand structure (Scheme 11).[38] The immobilized complex

can be recycled by simple filtration and reused immediately.
Even if only a few asymmetric applications of SAPCs have
been reported so far, for example, in the synthesis of
naproxen (Section 2.3.1.2), this technique is likely to
become more and more popular in transition-metal catalysis.

2.2.2. Immobilization by Ion Exchange

Ion exchange between a chiral, cationic metal–ligand
complex and an acidic resin represents an elegant method for
immobilization through electrostatic interactions. For exam-
ple, this methodology has been applied successfully in copper-
catalyzed aziridination of alkenes,[39] enantioselective dehy-
drogenation,[40] Diels–Alder reactions,[41] and imino–ene reac-
tions[42] (see also Section 2.3.3.2). Moreover, ion exchange is
the only method that allows the direct immobilization of the
metal itself. Therefore, it is a method of choice for the
recycling of expensive or very toxic metal derivatives such as
osmium tetroxide.[43] Choudary et al. were the first to
immobilize OsO4

2� in layered double hydroxides (LDHs).[44]

LDHs contain alternating cationic M(II)1�xM(III)x(OH)2
x+

and anionic An�·zH2O layers.[45] The exchange of chloride
anions for OsO4

2� in Mg1�xAlx(OH)2(Cl)x·zH2O crystals (x=
0.25) gives the LDH-OsO4 catalyst. Interestingly, the metal is
localized on the surface and not in the interlamellar space of
the LDH (Scheme 12a).

The LDH-OsO4 catalyst did not only show very high
activity and selectivity in the asymmetric dihydroxylation
reaction of trans-stilbene (96% yield, 99% ee), but also gave
excellent results with cinnamates (93–96% yield, 99% ee)
and 1-naphthyl allyl ether (94% yield, 77% ee) that were
comparable to those obtained with the homogeneous catalyst.
LDH-OsO4 could be recycled in the presence of N-methyl-

Scheme 9. Asymmetric hydrogenation of acetophenone derivatives
with magnetically separable, immobilized catalysts (results of the
homogeneous [Ru(binap)(dpen)] complex are given in brackets).

Scheme 10. Immobilization of metal–ligand complexes by hydrogen
bonding of the support with a) the ligand or b) the counterion.

Scheme 11. Mode of action of an SAP catalyst.
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morpholine-N-oxide (NMO) as cooxidant three times with-
out loss of selectivity in the asymmetric dihydroxylation of a-
methylstyrene. The significant deactivation observed when
using K3[Fe(CN)6] or molecular oxygen as the cooxidant was
explained by a competitive exchange of the OsO4

2� ions for
ferrocyanide or phosphate ions.[46] Catalysts prepared by the
immobilization of OsO4

2� on quaternary ammonium groups
supported on a polymer such as chloromethylated styrenedi-
vinylbenzene copolymers (Merrifield resin, resin-OsO4;
Scheme 12b) or silica gel (SiO2-OsO4; Scheme 12c) did not
show any undesired leaching of osmium in the presence of
K3[Fe(CN)6] (Table 2). A higher activity was observed with

resin-OsO4 than with SiO2-OsO4, which was attributed to the
better swelling properties of the polymer in organic solvents.
Resin-OsO4 is also an excellent catalyst for the asymmetric
dihydroxylation of aliphatic olefins such as 1-octene (90%
yield, 84% ee).[47] LDH-OsO4 has also been applied in the
asymmetric oxidation of sulfides (up to 51% ee).[48]

2.2.3. Other Noncovalent Interactions

The encapsulation of chiral catalysts in a support, often
referred to as “ship in a bottle”, is the only type of
immobilization that does not require any favorable interac-

tion between the metal–ligand complex and the support. In
general, chiral complexes can either be successively assem-
bled in the pores of a mesoporous material[49] or the
presynthesized complex is entrapped by polymerization in a
sol–gel process or in a polydimethylsiloxane (PDMS) film. In
both cases, synthetic methods are required that are well
tolerated by the support and the metal–ligand complex. If the
support is assembled around the presynthesized complexes,
the diameter and the openings of the pores formed can differ
significantly, often accompanied by a negative impact on the
selectivity of the immobilized catalyst. The openings of the
pores of the support need to be smaller than the enclosed
complex to avoid leaching (Figure 1). As a consequence, the
accessibility of the active complex is generally limited and
results in significantly longer reaction times.[50] For these
reasons, only a few highly selective encapsulated catalysts can
be found in the literature. An example is the application of a
Rh-Meduphos complex embedded in a PDMS membrane for
the asymmetric hydrogenation of C=C bonds. This catalyst
still resulted in high enantioselectivity (96% versus 98% ee
for the homogeneously catalyzed reaction), however, the
reactions were ten-times slower (Section 2.3.2.1).[51]

A different, very effective approach was developed by
Davies et al. They immobilized dirhodium complexes by
coordination and employed them in the asymmetric, inter-
molecular cyclopropanation and C�H activation of donor/
acceptor-substituted carbenoides.[52] Specifically, a pyridine
tethered to a highly cross-linked polymer (argopore) by the
Wang linker binds to the catalytically active chiral dirhodium
complex (Scheme 13). Part of the immobilization was attrib-

uted to microencapsulation, whereas a capture-release (boo-
merang) mechanism could be excluded. An immobilization
by coordination has the advantage that: 1) no modification of
the chiral ligands on the rhodium is necessary, thus the

Scheme 12. Immobilization of OsO4
2� by ion exchange.

Table 2: Asymmetric dihydroxylation with LDH-OsO4 and resin-OsO4.

Entry Olefin Catalyst Cooxidant Yield [%] ee [%]

1 LDH-OsO4 NMO 96 99

2 resin-OsO4 K3[Fe(CN)6] 95 99

3 LDH-OsO4 NMO 97 97

4 resin-OsO4 K3[Fe(CN)6] 92 98

5 resin-OsO4 K3[Fe(CN)6] 85 82

Scheme 13. Coordinatively immobilized dirhodium complex used in
asymmetric cyclopropanation.
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structure of the chiral complex that is necessary for the
selectivity is not impaired, 2) although one rhodium atom is
deactivated by coordination, the other remains active for
catalysis, and 3) this methodology can be applied successfully
to numerous chiral dirhodium complexes.[53] For example, the
immobilized catalyst used in the cyclopropanation of styrene
was recycled up to 15 times without loss of selectivity and
yield—only a slight decrease in the reactivity was observed
(Scheme 13). Coordinative metal–ligand interactions are also
used for immobilization in metal–organic frameworks (see
Section 3).

2.3. Immobilization of Privileged[5c] Chiral Catalysts

The following chapters are organized according to the
order used for the different immobilization techniques
described in Sections 2.1 and 2.2.

2.3.1.Metal–Binap Complexes
2.3.1.1. Covalent Immobilization of Binap

The binap ligand is arguably one of the most prominent
and successful chiral ligands for asymmetric catalysis, and
therefore it has often been used for the investigation of new
immobilization techniques. Bayston et al. obtained high
activities and enantioselectivities in the ruthenium-catalyzed
hydrogenation of b-ketoesters (for example, for
CH3CH2COCH2CO2Me, 99% yield, 97% ee)[54] with binap 9
connected to polystyrene (PS) through an alkyl amide at its 6-
position.[54] Using the same PS-binap ligand 9, Noyori and co-
workers obtained excellent enantioselectivities and also high
turnover numbers (TON) in the ruthenium-(R,R)-dpen-
catalyzed hydrogenation of ketones; for example, in the
hydrogenation of acetonaphthone a TON of 33000 was
obtained in a total of 14 experiments (Scheme 14).[55]

Immobilized binap on polystyrene (10) is commercially
available and has been applied successfully in many reactions
such as the palladium-catalyzed Mukaiyama–aldol reaction
and the asymmetric Mannich reaction.[56] In the industrially
interesting isomerization of (E)-diethylgeranylamine (11) to
(S)-citronellal (12), catalyst 10
did not only give activities and
selectivities comparable to the
homogeneous system (100%
conversion, 98% ee) but could
also be recycled and reused up
to 37 times by simple decant-
ation or filtration
(Scheme 15).[57]

Although good results have
been obtained with binap-
derived catalysts that are anch-
ored to polymers such as poly-
esters and PEG that are soluble
under the reaction conditions,
they are not covered in this
Review.[9c,11]

Lemaire and co-workers favored the immobilization of
6,6’-diaminomethyl-binap by copolymerization with diisocya-
nates to polyureas (13, Scheme 16) instead of tethering the
complex to an existing polymer.[20, 58] As the rigidity of the
linker moiety R increased, the enantioselectivities obtained
with the Ru complexes in the asymmetric hydrogenation of
methyl acetoacetate increased from good to excellent. More-
over, polymer 13c could be recycled three times without loss

Scheme 14. Enantioselective ruthenium-catalyzed hydrogenation with
the PS-bound binap ligand 9.

Scheme 15. Isomerization of (E)-diethylgeranylamine (11) to (S)-citro-
nellal (12).

Scheme 16. Immobilization of 6,6’-diaminomethyl-binap by copolymerization with diisocyanates.
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of activity and reactivity. Additional cross-linking with
triisocyanatotoluene (30%) resulted in a significant decrease
in the activity and selectivity (35% yield, 9% ee). These
polyureas also sometimes gave good results in the ruthenium-
catalyzed hydrogenation of olefinic double bonds.[59]

Pu and co-workers utilized poly(binap) (prepared by
Suzuki–Miyaura coupling of 1,4-dibromo-2,5-dialkylbenzene
with a chiral binap-boronic ester) in the ruthenium-catalyzed
reduction of aryl methyl ketone in the presence of (R,R)-
diphenylethylenediamine (99% conversion, 90% ee).[60]

Sterically demanding substituents in the 4,4’-position of
binap derivatives can improve the asymmetric induction in
the ruthenium-catalyzed hydrogenation of b-ketoesters.[61]

Anchoring binap through the 4,4’-position to the inner surface
of a mesoporous SBA-15 pore (BJH-measured pore size after
immobilization of 14: 96 D) has also been shown to be
especially rewarding (14, Scheme 17). Methyl acetoacetate
was hydrogenated with 98.6% ee and the chiral catalyst 14
could be recycled three times with full conversion and a
slightly reduced ee value (96.2–98.6%).[62]

Convincing results have also been afforded with chiral
porous binap-zirconium phosphonates in the ruthenium-
catalyzed asymmetric hydrogenation of b-ketoesters (see
Section 2.3).[63]

2.3.1.2. Noncovalently Immobilized Binap

Compared to the homogeneous catalysts, attempts to
immobilize binap complexes by noncovalent methods such as
embedding in membranes,[50b,64] by sol–gel polymerization,[65]

or by impregnation of silica gel[66] were accompanied by a loss
in activity or enantioselectivity. However, the binap complex
15 dissolved in ethylene glycol and adsorbed on glass (CPG-
240, controlled pore glass-240, pore diameter 242 D) gave
good results in the ruthenium-catalyzed hydrogenation.[67]

Similar to the homogeneous catalyst, this binap-SAP catalyst
afforded 96% ee in the synthesis of naproxen (16 ; TOF=

41 h�1 (heterogeneous); 131 h�1 (homogeneous); Scheme 18).

Binap-palladium nanoparticles have also been prepared
by the reduction of K2PdCl4 with sodium borohydride in the
presence of binap (dispersity 2.0� 0.5 nm). Strikingly,
whereas the homogeneous palladium-binap complex does
not promote the reaction, the nanoparticle-based catalyst
gave up to 95% ee in the hydrosilylation of styrene (the
ee value was determined after oxidation to the alcohol,
Scheme 19).[68]

2.3.2. [Rh{(R,R-Meduphos}] Complexes

Both covalent[69] and noncovalently immobilized duphos
complexes have been used successfully in asymmetric catal-
ysis. Noncovalently immobilized strategies have proved to be
especially successful, and will be discussed in more detail in
the following section.

2.3.2.1. Noncovalently Supported [Rh{(R,R)-Meduphos}]
Complexes

The immobilized cationic [{(R,R)-Meduphos}Rh-
(cod)]OTf complex was prepared by simple mixing the
complex with MCM-41 in CH2Cl2. Presumably, it is bound
through the hydrogen bonding of the triflate counterion to the
support.[36a] In the asymmetric hydrogenation of olefins in
hexane, the heterogeneous catalyst gave superior selectivities
than the homogeneous system that performed in methanol
(Scheme 20). Remarkably, this impregnated, heterogeneous
catalyst could be recycled and reused up to four times without
loss of activity and selectivity.

Scheme 17. Ru complex 14 immobilized in a pore of SBA-15.

Scheme 18. Synthesis of naproxen (16).

Scheme 19. Asymmetric hydrosilylation of styrene.
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In a different approach Augustine et al. used phospho-
tungstic acid (PTA) as the linker between the support and the
chiral metal–ligand complex.[70] The immobilization is based
on the interaction of both the metal–ligand complex as well as
the support with an oxygen atom or a hydroxy group of the
PTA. Therefore, a synthetic modification of the ligand
structure is not necessary for the immobilization. In the Rh-
catalyzed asymmetric hydrogenation of methyl 2-acetami-
doacrylate (17) similarly high selectivities were obtained
using [Rh(Meduphos)]-PTA-alumina as under homogeneous
conditions (up to 95% ee after three cycles, Scheme 21b).

Remarkably, the enantioselectivity obtained increased with
the progressing recycling in up to 15 cycles going from 67 to
97% ee (homogeneous 76% ee) by using [Rh(dipamp)]
immobilized by PTA on montmorillonite K[71] without any
decrease in activity.[49]

Rh-Meduphos complexes have also been supported
successfully by ion exchange. By utilizing tetraethylene
glycol as a template Maschmeyer and co-workers prepared
a mesoporous, Brønsted acidic alumosilicate (AlTUD-1, pore
diameter 20–500 D) with an unusually low Si/Al ratio of 4:1 to
allow for a tetrahedral coordination of aluminum (Si/Altet
9:1).[72] After ion exchange with [{(R,R)-Meduphos}Rh-
(cod)]BF4, the resulting catalyst afforded > 98% ee in the
asymmetric reduction of methyl 2-acetamidoacrylate (17) in
methanol, similar to the homogeneous counterpart. Unfortu-
nately, a significant leaching of ruthenium was observed
(4.9 mgL�1, 17%). The leaching could be reduced to
0.01 mgL�1 by using the apolar solvent methyl tert-butyl
ether (MTBE) without affecting the conversion and reaction
rate (100% conversion, TOF> 350 h�1, 90% ee,
Scheme 21c,d). Nevertheless, it was not possible to recycle
the catalyst successfully. This was attributed to an intrinsic

instability[73] of the Rh-duphos complex under the reaction
conditions.

In contrast, Hutchings and co-workers were able to
prepare a stable [{(R,R)-Meduphos}Rh(cod)]Al-MCM-41
catalyst by ion exchange of [{(R,R-Meduphos}Rh(cod)]BF4

with acidic (H+)Al-MCM-41. Excellent enantioselectivities
and activities were reported for the asymmetric hydrogena-
tion of dimethyl itaconate (substrate/Rh= 250:1, cycle 1 to 5:
1 h, > 99% conversion, > 99% ee, Scheme 22a). Moreover,

the catalyst was recycled up to eight times (cycle 8: 1 h, 99%
conversion, 95% ee).[74] Similarily good results were obtained
in the reduction of methyl 2-acetamidoacrylate (17; 92–
99% ee in five cycles compared to 99% ee under homoge-
neous conditions, Scheme 21a,e). Instead of having to
exchange the presynthesized chiral complex, an in situ syn-
thesis of the complex in the pore of MCM-41 is feasible. First
[Rh(cod)2]BF4 is exchanged, followed by treatment with the
chiral Meduphos ligand (dimethyl itaconate/rhodium=

1000:1, 100% conversion, 98% ee, Scheme 22b). In general,
this in situ synthesis allows a rapid and efficient catalyst
screening of multiple chiral ligands.

The adsorption of [{(R,R)-Meduphos}Rh(cod)Cl] in the
pores of Al-MCM-41 led to active and stable heterogeneous
catalysts that could be recycled up to four times. However,
only 92% ee was obtained in the hydrogenation of dimethyl
itaconate (19 ; 100% conversion, TON> 4000,
Scheme 22c).[75]

{Ru(Meduphos)} occluded in a polydimethylsiloxane
matrix catalyzes the hydrogenation of methyl 2-acetamido-
acrylate in water with good enantioselectivity (heterogeneous
96.9%, homogeneous 99%), but with significantly reduced
activity (TOFPDMS/water= 12.6 h�1; TOFhomogeneous/MeOH=

320 h�1, Scheme 21 f) as a result of mass transfer limita-
tions.[51]

2.3.3.Metal–Salen Complexes
2.3.3.1. Covalently Anchored Salen Complexes

Salen is yet another privileged ligand in asymmetric
catalysis and has been immobilized frequently, most often
through covalent binding. Jacobsen and co-workers attached
chiral [Co(salen)] complexes through a carbonate linker[76] to
polystyrene (21a, 160 mmol [Co(salen)] per gram polymer)
and through a bifunctional linker to silica gel[77] (21b,
scheme 23). Very good results were obtained with these
catalysts in the kinetic hydrolytic resolution of epoxides in up
to five reaction cycles (Table 3).[78]

Scheme 20. Asymmetric hydrogenation with impregnated [{(R,R)-
Meduphos}Rh(cod)]OTf; results obtained with the homogeneous cata-
lyst are given in brackets (in hexane/methanol). Tf= triflate.

Scheme 21. Hydrogenation of methyl 2-acetamidoacrylate (17).

Scheme 22. Hydrogenation of dimethyl itaconate (19).
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The inflexibility and noncompressibility of
the silica support renders 21b the catalyst of
choice for application as a stationary phase in
a continuous flow reactor (Table 3, entry 6).
Overall, better results were obtained with
highly loaded silica gel. This result supports
the assumption that the reaction proceeds by
a cooperative bimetallic mechanism that
profits from a high local concentration of
catalyst (highly loaded silica gel) or a flexible
support (polystyrene).

Kwon and Kim polymerized existing salen
derivatives by a nucleophilic substitution or
built up the salen moiety by imine formation
through the reaction of suitable dialdehydes
with chiral diaminocyclohexane in the poly-
merization step (24 and 25, Scheme 24).[79,80] Very good
results were obtained in the cobalt-catalyzed hydrolytic
kinetic resolution of epoxides with these catalysts (Table 3,
entries 7 and 8). Remarkably, these copolymers can be

recycled and reused up to seven times without any loss of
activity and selectivity, and do not need to be regenerated.

In addition, epoxides can be opened highly enantioselec-
tively with phenols in the presence of catalyst 21a
(Scheme 25). This transformation was the key step in a
parallel synthesis of a small, pharmaceutically interesting
library of compounds.[81]

Immobilized [Mn(salen)] complexes have been utilized
repeatedly in the epoxidation of alkenes, but recycling has
often proved to be a problem because of the intrinsic
instability of the complex under the reaction conditions.[78,82]

However, Li and co-workers were able to immobilize [Mn-
(salen)] complexes 26 by binding them axially to phenoxy or
phenylsulfone ligands on a highly cross-linked PS
(Scheme 26). These catalysts were reused up to three times
without any loss in activity or selectivity in the epoxidation of
olefins.[83]

Seebach and co-workers used radical copolymerization of
salen dendrimers 27 with styrene to give spherical beads of
cross-linked polystyrene (400 mm diameter; swelling factor:
2.5 (CH2Cl2) and 4 (THF)).[84] The polymers generated by this
method contain cavities around the active site within the
polymer matrix that are likely to be chiral.[85] After con-
version into the corresponding Mn and Cr complexes, good
results were obtained in the asymmetric epoxidation of
olefins (Scheme 27) and also in the hetero-Diels–Alder
reaction of DanishefskyAs diene with different aldehydes
(50–70% ee). Interestingly, and in contrast to homogeneous
Mn-salen catalysts, the catalyst prepared by copolymerization
of monomer 28 could be stored and was stable to air. Thus, it
could be reused up to 10 times without any loss of activity and
selectivity in the asymmetric epoxidation of styrene (quanti-
tative conversion after 30 min; 62% ee).

Garcia and co-workers compared salen ligands 29 cova-
lently bound to different supports in the vanadium-catalyzed
asymmetric cyanosilylation of aldehydes (Table 4).[86] For the

first time, the corresponding [VO(salen)] complexes were
attached to the tip of single-walled nanotubes (SWNT, 1=

1.4 nm, lengths of bundles= 5 mm). Compared to the results
obtained under homogeneous conditions with SWNT-[VO-

Scheme 23. Immobilized [Co(salen)] complexes.

Table 3: Kinetic resolution with immobilized [Co(salen)] complexes.

Entry Catalyst
(mol%)

R Yield of 23
(Conversion) [%]

ee (S)-
23 [%]

ee (R)-
22 [%]

1 21a (0.25) CH2Cl 41 (51–52) 92–95[a] >99[a]

2 21a (0.5) CH2Br 94[b] 96[a] –
3 21a (0.4) (CH2)2OH 36 (40) 94[a] 59[a]

4 21b (0.3) Ph (50) 96 90
5 21b (0.4) (CH2)2OH (34) 93 48
6 21b (0.5)[c] (CH2)2OH (36–39) 94 54–61
7 [Co(24)]PF6

(0.5)
Ph 32 96 98

8 [Co(25)]PF6
(0.5)

CH2Cl 43 98 99

[a] Result over 5 cycles. [b] Dynamic kinetic resolution of epibromohy-
drin. [c] Applied as a stationary phase in a continuous flow reactor.

Scheme 24. Salen copolymers.
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(salen)], similar TOFs but reduced enantioselectivities were
obtained in the cyanosilylation of benzaldehyde, while silica
gel-[VO(salen)] afforded similar enantioselectivities
(Table 4).

2.3.3.2. Noncovalent Immobilization of Salen Complexes

Since the synthesis of metal–salen complexes is high
yielding, this class of ligands is especially suited for immobi-
lization by assembly within the pores of a mesoporous
material such as zeolites.[87] However, the selectivities and
reaction rates so far reported are reduced compared to those
obtained with the corresponding homogeneous catalysts.

The physisorption of salen complexes on silica gel was also
investigated. The impregnated heterogeneous catalysts were
shown to have stability problems that were accompanied by a
continuous fragmentation of the silica support as a result of
severe abrasive forces in the stirred reactor.[88] The deterio-
ration of the silica support not only increased significantly the
time needed for separation of the catalyst but also led to
increased leaching. Therefore, a recovery of the [Cr(salen)]
catalyst by desorption followed by impregnation on new silica
gel was favored.

Choi and Kim circumvented these kinds of problems by
using a membrane reactor. They reported the kinetic
resolution of epoxides with the [CoIII(salen)] complex 33
immobilized in a membrane (Schemes 28 and 29).[89] The
membrane consists of a ZSM-5-zeolite film on porous
anodisc47. The chiral metal complex is impregnated on
anodisc47. It is in contact with the aqueous phase while the

ZSM-5-zeolite film is adjacent to the organic phase (CH2Cl2),
in which the racemic epoxide is dissolved. No leaching is
observed because complex 33 is insoluble in water and also
too large to diffuse through the pores of the ZSM-5 film. The

Table 4: Asymmetric cyanosilylation of benzaldehyde.

Entry Catalyst Conversion [%] TOF [h�1] ee [%]

1 [VO(salen)], homogeneous 85 3.5 89
2 SWNT-[VO(salen)] 67 3.1 66
3 activated carbon-[VO(salen)] 81 3.75 48
4 silica gel-[VO(salen)] 78 2.7 85

Scheme 25. Asymmetric opening of an epoxide with phenol.

Scheme 26. Epoxidation of an unfunctionalized olefin.

Scheme 27. Epoxidation of 1-phenylcyclohexene. mCPBA=meta-chloro-
perbenzoic acid.
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membrane is necessary to immobilize the catalyst and at the
same time allows the separation of organic compounds with
significantly different polarities by continuous extraction. In
this case the hydrophilic diol, which diffuses through the
membrane into the aqueous phase, is separated elegantly
from the epoxide during the course of the reaction. Various
terminal epoxides were converted with high yield and
selectivity (Scheme 29). The membrane could be reused up
to four times without loss of activity and selectivity in a
continuous-type membrane reactor, in which the aqueous and
the organic phase were circulated in a countercurrent flow. It
can be expected that membrane reactors will be applied more
frequently in asymmetric catalysis.

Kureshy et al. immobilized dicationic [MnIII(salen)] com-
plexes by ion exchange in the interlayers of montmorillonite
(Scheme 30).[90]

The heterogeneous catalyst gave reduced yields but
improved enantioselectivities in the epoxidation of styrene
compared to the results obtained under homogeneous con-
ditions (Scheme 31). The improved enantioselectivity was

explained in terms of the unique spatial environment of the
confined medium. Furthermore, the flexibility of the lamellar
structure of the montmorillonite allows for the selective
conversion of sterically more demanding substrates such as 39
and 40, with results comparable to thoses obtained with the
homogeneous catalyst.

2.3.4.Metal–Bisoxazoline Complexes

Chiral bisoxazolines have proven to be excellent catalysts
for a number of transition-metal-catalyzed processes.[5a]

However, the often relatively high catalyst concentrations
required (up to 10 mol%) demand for an efficient recycling
strategy.[91]

2.3.4.1. Covalently Immobilized Bisoxazoline Complexes

Bisoxazolines have often been immobilized by copoly-
merization with styrene.[92] Salvadori and co-workers
obtained > 90% ee (in up to 5 cycles) in the copper-catalyzed
cyclopropanation of styrene with ethyl diazoacetate by using
the highly cross-linked (ca. 54%), heterogeneous, chiral
ligand 42 (Scheme 32).[92e] Although the C2 symmetry of the
ligand is lost upon attachment to the support, the results
obtained are comparable to those obtained with the homoge-
neous catalyst. Similarly good results were obtained with 43 in
the copper-catalyzed glyoxylate–ene reaction (Scheme 32).[93]

Bisoxazolines covalently anchored to silicates have been
applied among others in the asymmetric Diels–Alder reac-
tion[29,94] and cyclopropanation.[95] Corma et al. immobilized
bisoxazolines on silica gel (Scheme 33) and MCM-41 through
a long flexible linker to minimize spatial restrictions by the
support. Application of catalyst 45, which exhibits a high
degree of conformational freedom, in a Friedel–Crafts
hydroxyalkylation resulted in up to 92% ee, compared to
72% ee under analogous homogeneous conditions.[96]

Scheme 28. Anodisc 47/ZSM-5-membrane reactor for the kinetic
resolution of epoxides.

Scheme 29. Kinetic resolution of epoxides in a membrane continuous
flow reactor.

Scheme 30. Immobilization by ion exchange.

Scheme 31. Substrates for the asymmetric epoxidation with 37a–d
(results obtained with the homogeneous catalyst are given in
brackets).
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2.3.4.2. Noncovalently Immobilized Bisoxazoline Complexes

The immobilization of a chiral metal–ligand complex by
ion exchange is an attractive strategy, since no structural
modification of the chiral ligand is required.[97] This important
methodology was intensively investigated by using chiral
bisoxazolines and has been applied successfully to many
asymmetric catalysts. Hutchings and co-workers immobilized
chiral copper(bisoxazoline) complexes on zeoliteY through
the electrostatic interactions of the copper cations with the
anionic support. These catalysts proved to give comparably
high or improved selectivities as the homogeneous catalysts in
the copper-catalyzed aziridination of styrene (Schemes 34 and

35),[39b,98] the Diels–Alder reaction,[99] as well as the carbonyl–
and imino–ene reactions.[42] EPR spectroscopic studies indi-
cate that the copper(bisoxazoline) complexes are located in

the pores of the zeolite. Depending on the reaction, the
improved enantiodifferentiation has been attributed to either
the enhanced confinement of the substrate[98c] or the cata-
lyst.[100]

Similar or higher enantioselectivities (72–99%), but with
reduced yields (Scheme 36), could be obtained in the
carbonyl– and imino–ene reaction with the heterogeneous
catalyst compared to the homogeneously catalyzed reaction.
In contrast to the homogeneously catalyzed reaction, the
imino–ene reaction surprisingly did not require imine sub-
strates with electron-deficient substituents under heteroge-
neous conditions.[101] Also, the heterogeneous catalyst could
be recovered and reused up to four times without any loss of
activity and selectivity.

2.4. Conclusion

For a long time, the immobilization of homogeneous
chiral catalysts had been accompanied by a loss in activity and
selelectivity. Today, by choosing a suitable support, especially

Scheme 32. Copolymerized bisoxazolines in the cyclopropanation and
glyoxylate–ene reactions.

Scheme 33. Enantioselective Friedel–Crafts alkylation with heterogene-
ous catalyst 45.

Scheme 34. Effect of the zeolite on the ee value (results obtained with
the corresponding homogeneous catalystis are given in brackets).

Scheme 35. Enantioselective aziridination of styrene derivatives with
immobilized ligand 46a.
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mesoporous materials, a heterogeneous catalyst can be
prepared that gives similar or even enhanced selectivities
and activities. In other words, the role of the support has
changed from an inevitable appendage to a well-defined
material that can be used to beneficially influence the
outcome of a catalyzed reaction. This has been demonstrated
impressively by Thomas and co-workers in the enantioselec-
tive hydrogenation of phenylcinnamic acid (Section 2.1.3).[29]

However, more mechanistic investigations are needed for a
better understanding of the interactions between the chiral
complex, substrate, and support. Nevertheless, industrial
applications, improved overall properties, as well as a rational
design of immobilized homogeneous catalysts are becoming
realistic.

Is a covalent or a noncovalent immobilization of the
catalyst preferential? For a long time, covalent immobiliza-
tion of chiral complexes was unrivaled because of the stability
and recyclability of the resulting catalysts. In contrast,
catalysts prepared by the often synthetically more facile
noncovalent immobilization strategy most often suffered
from severe stability problems. However, recent results with
cationic complexes immobilized by surface-supported coun-
teranions (Section 2.2.1)[36] or ion exchange (Section
2.3.2.1)[74] have demonstrated that these noncovalently immo-
bilized catalysts can show good stabilities, can be recycled
several times, and in addition result in good selectivities and
activities.

3. Chiral Metal–Organic Catalysts

In the last five years another exciting class of immobilized
catalysts has emerged. In the classical immobilization
approach described in the previous sections, the chiral

ligand is anchored covalently or noncovalently to the support.
This new immobilization technique is based on the skillful
application of multitopic ligands and metals and allows for a
simple and efficient assembly of solid metal–organic struc-
tures by complexation without the need for an additional

support (Figure 2). This self-assembly can give highly porous,
in some cases very regular, coordination polymers that mainly
consist of the metal and the chiral ligand.[102] Numerous
reports show that inorganic–organic networks are suitable
achiral catalysts.[102b,103,104] Very recently this fascinating class
of immobilized catalysts has been applied in enantioselective
catalysis.[102e] Since this area showed high potential and
developed rapidly from the beginning, it will be discussed in
greater detail in this Review. The catalyst systems reported so
far can be subdivided into three categories (Figure 2a–c).

In the most simple scenario the metal–organic polymer
consists of one metal ion and one ligand, both possessing at
least two coordination sites (Figure 2, type a). Polymeric
chains, layers, or networks are formed depending on the
number of these coordination sites. In 2000, Kim and co-
workers were the first to report the application of such a
metal–organic material in enantioselective catalysis.[105] The
chiral carboxylic acid 48+H functions as the organic ligand
and can easily be prepared from tartaric acid. The chiral
ligand reacts with Zn2+ ions to give the metal–organic
polymer 49. It is characterized by trimeric subunits, in which
three zinc ions are connected by six carboxylate groups of the

Scheme 36. Carbonyl– and imino–ene reactions.

Figure 2. Comparison of a supported homogeneous catalyst and
metal–organic polymers.
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building block 48 and one additional oxygen atom
(Scheme 37). The formation of a three-dimensional network
is realized by linking these subunits through the coordination

of the pyridine nitrogen atoms to the zinc ions of neighboring
trimers.

The resulting porous polymer 49 (Figure 3) has been
tested in the transesterification of ester 50 with alcohols and

gave enantioselectivities up to 8% ee (Scheme 38). Despite
this low level of enantioinduction, this report was the starting
point for the rapidly growing field of asymmetric metal–
organic catalysts.

The research groups of Sasai and Ding later developed
chiral, heterogeneous catalysts of type a that gave good to
excellent enantioselectivities in the carbonyl–ene reaction
(Scheme 39).[106] Both research groups used differently con-
nected dimeric binol units as ligands and titanium as the

catalytically active metal (54 and 55). Sasai and co-workers
were able to carry out the reaction of aldehyde 56 with a-
methylstyrene in air and reuse the coordination polymer
54.[106a] Furthermore, the catalyst could be recycled and
reused up to five times without affecting the enantioselectiv-
ity. Modification of the metal–organic networks 59 by
addition of water resulted in catalysts that effected the
asymmetric oxidation of aryl sulfides 60 with up to 99.9% ee
(Scheme 39).[106c]

Wang and Ding used this self-assembly strategy to
immobilize monodentate phosphoramidites (Scheme 40).[102d]

The chiral polymeric catalyst 62 was shown to catalyze the
asymmetric hydrogenation of olefins with higher enantiose-
lectivity (Scheme 40) than the corresponding homogeneous
monophos/Rh catalyst (R1=H, R2=Ph; homogeneous:
89% ee).

Ding and co-workers treated differently linked binol
ligands 63 (Scheme 41) with La(OiPr)3 to give heterogeneous
analogues of the Shibasaki catalyst.[107] These catalysts
epoxidized numerous chalcones 64 with excellent yields and
enantioselectivities in the presence of molecular sieves and
triphenylphosphine oxide as additives (Scheme 42). Interest-
ingly, the structure of the linker has a strong influence on the
performance of the catalyst. Decreasing the length of the
linker which reduces the angle between the ligands is
detrimental to the enantioselectivity. High activities and
enantioselectivities were obtained (92–95% ee for R1=R2=

Ph) with the planar tridentate ligand 63d or the three-
dimensional tetratendate ligand 63e.

Lin et al. immobilized functionalized Ru-binap deriva-
tives by self-assembly with one equivalent of soluble Zr-
(OtBu)4 to give chiral, porous zirconium phosphonates 66
(Figure 2, type b) for asymmetric hydrogenation
(Scheme 43).[65, 108] The two metals incorporated fulfill differ-
ent functions. While zirconium is responsible for the immobi-
lization, ruthenium is the catalytically active metal in the
hydrogenation. Scanning tunneling microscope (STM) images
of the catalyst have shown the catalysts to be amorphous and
highly porous, with a large pore distribution. The BET surface
of catalyst 66 was found to be 400 m2g�1 and the microscopic
surface 81 m2g�1. The pore volume of the material was
98 cm3g�1.

The performance of this self-supported catalyst 68 is
convincing: Higher selectivities in the hydrogenation of
aromatic ketones were obtained than with the corresponding

Scheme 37. Synthesis of the metal–organic polymer 49 and analysis of
its structural elements.

Figure 3. View along the c-axis of 49. Clearly visible are the large chiral
channels, with the accessible surface highlighted. (Reproduced from
Ref. [105].)

Scheme 38. Enantioselective transesterification with catalyst 49.
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homogeneous ruthenium complex.[109] Moreover, as little as
0.005 mol% of the catalyst was sufficient for full conversion
and high ee values of up to 98.6% ee (reaction time 40 h,
TOF= 500 h�1). The heterogeneous catalyst 66 could be
recycled and reused up to eight times without loss of
enantioselectivity.

Recently, Lin and co-workers introduced another catalyti-
cally active, porous metal–organic network.[110] Treatment of

ligand 67 with CdCl2
gives the crystalline
solid 68. X-ray analysis
of 68 reveals that the
cadmium(II) ions are
surrounded octahedrally
and are bridged by two
chloride atoms, thus
resulting in one-dimen-
sional zigzag chains of
the formula [Cd(m-
Cl)2]n. The metal center
is also coordinated by
two pyridine nitrogen
atoms, thus leading to
the formation of a
three-dimensional net-
work with large chiral
channels (ca. 1.6 T
1.8 nm). While some hy-
droxy groups are
shielded, two binol hy-
droxy groups are placed
at regular distances in
the channel. Reaction of
the free binols with Ti-
(OiPr)4 gives the active
catalyst. The Lewis-
acidic titanium complex

catalyzes the addition of diethylzinc to aromatic aldehydes
with comparable conversions and enantioselectivities as the
homogeneous binol/Ti(OiPr)4 catalyst (Scheme 44). By using
highly sterically demanding, dendritic aldehydes (up to 2 nm)

Scheme 40. Asymmetric hydrogenation with an immobilized, mono-
dentate phosphoramidite ligand.

Scheme 41. One-, two-, and three-dimensional multidentate binol
ligands.

Scheme 39. Chiral metal–organic polymers for the enantioselective ene reaction or oxidation of sulfides (CMHP:
cumene hydroperoxide).
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as starting materials, it was shown that the catalytically active
sites are located in the channels. Whereas good conversions
(> 95%) were obtained for these bulky substrates under
homogeneous conditions, the conversion decreased to zero
when the heterogeneous catalyst was used.

The third type of a metal–organic polymer (Figure 2,
type c) is formed by the alternating complexation of one
metal M with two different ligands L1 and L2, as recently
exemplified by Ding and co-workers with the immobilization
of NoyoriAs catalyst.[111] The synthesis of the metal–organic
network proved to be facile: The reaction of binap and dpen
dimers with the ruthenium complex [{(C6H6)RuCl2}2] selec-
tively provided the desired heterocomplexes 69 (Scheme 45,
Figure 4). High selectivities, comparable to those obtained
under homogeneous conditions, were obtained with this
catalyst in the hydrogenation of acetophenone (Scheme 45).
Moreover, the heterogeneous catalyst 69b could be recycled
by simple filtration and was reused seven times without
significant loss of enantioselectivity (95% ee in the seventh
cycle). Furthermore, the catalystAs concentration could be
reduced to 0.01 mol% in the hydrogenation of acetophenone
(95% ee, 500 h�1). Several experiments convincingly demon-
strated that catalyst 69b is insoluble in isopropanol. No
ruthenium was detected in solution by inductively coupled
plasma (ICP) spectroscopy, the supernatant was shown not to
be catalytically active, and the product obtained after filtra-
tion contained less than 0.1 ppm ruthenium. This type of
catalyst prepared from two different ligands and one metal
seems to be especially suited for the efficient synthesis of
heterogeneous catalyst libraries.

The attractive properties of these metal–organic catalysts
are their ready separation from the product and their
reusability. Moreover, in contrast to homogeneous catalysts
immobilized on an external support, they have the advantage
of possessing an especially high density of catalytically active
units. The enantioselectivities obtained are often comparable
or better than those obtained with the corresponding
homogeneous complexes. In some cases, the structure of
these systems is highly ordered on the microscopic level.
Therefore, in contrast to most other heterogeneous catalysts,
their structure can be solved and the information used for a
better mechanistic understanding. It is expected that further
research will allow for a better predictability of the structures
of the catalysts which will consequently lead to this research
area becoming increasingly attractive.

4. Chiral Modifiers

Catalysis at chiral surfaces is a fascinating research goal.
In a few cases, enantiospecific adsorption[113] has been
reported on chiral metal surfaces.[112] This effect was utilized
in an enantioselective electrooxidation of d- and l-glu-
cose;[114] however, these systems are no way near a synthetic
application thus far. In a completely different and very
successful approach, an achiral heterogeneous catalyst and
small enantiomerically pure, organic molecules—chiral modi-
fiers—work together as catalysts. This kind of “tandem
catalysis” is one of the most fascinating areas of asymmetric
catalysis, which lies at the boundary between homogeneous
and heterogeneous catalysis.[115] Organic compounds such as
cinchona alkaloids, chiral acids, and glucose were already
utilized as modifiers in the heterogeneous hydrogenation of
C=C, C=N, and C=O bonds in the middle of the last century,

Scheme 42. Epoxidation of chalcones 64 catalyzed by La-63.

Scheme 44. Titanium(IV)-catalyzed ZnEt2 addition to aromatic alde-
hydes (ee values obtained with the corresponding homogeneous
conditions are given in brackets).

Scheme 43. Self-supported ruthenium-binap catalyst in enantioselec-
tive hydrogenation.
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although the observed stereoselectivities were quite low.
Investigation of the mechanisms remains limited because
spectroscopic methods are difficult to apply and small
variations in the reaction conditions often have a dramatic
effect on the outcome.

4.1. The Platinum–Cinchona System[115,116]

In 1979 Orito et al. reported that methyl pyruvate can be
enantioselectively hydrogenated to (R)-methyl lactate with a

Pt/C catalyst in the presence of
the alkaloid cinchonidine,[117]

while the S enantiomer was
obtained by using pseudoenan-
tiomeric cinchonine.[117] There-
after, many research groups
began to investigate and opti-
mize this reaction, which finally
resulted in selectivities of up to
97% ee (Scheme 46).[115,118]

Suitable substrates are
ketones bearing an electron-
pair donor in the a position.
High enantioselectivities have
been obtained only with a-
ketoacid derivatives 70–
72,[118, 119] trifluoromethyl-sub-
stituted ketones 73,[120] a-keto
acetals 74,[121] and a-keto ethers
75[122] (Scheme 47). A less
important, related palladium–
alkaloid catalyst system for the
enantioselective hydrogenation
of some olefins has been
reported, but only moderate
selectivities were
obtained.[116,123,124]

Heterogeneous platinum catalysts were found to give the
best results in the hydrogenation of ketones, with different
supports such as Al2O3, SiO2, TiO2, and zeolites being equally

Scheme 45. Enantioselective hydrogenation of aromatic ketones (results of the corresponding homoge-
neous catalyst are given in brackets).

Figure 4. a) Self-supported ruthenium(II) catalyst 69b (pale brown
solid) in 2-propanol. b) SEM image of the self-supported ruthenium(II)
catalyst 69b. The scale bar corresponds to 2 mm. (Reproduced from
Ref. [111].)

Scheme 46. Enantioselective hydrogenation of pyruvate (97% ee); 5%
Pt/Al2O3, O-methyl dihydrochinine (O-Methyl-83), AcOH, 10 bar H2,
25 8C, ultrasound.[118]

Scheme 47. Suitable substrates for ketone hydrogenation with plati-
num/cinchona alkaloids.
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well suited. Platinum colloids have also proven to be
successful.[125] The size of the platinum particles and their
morphology plays an important role in obtaining optimum
results; a flat shape of these particles is particularly favor-
able.[126]

The cinchona alkaloids cinchonine (76), chinidine (78),
cinchonidine (80), and chinine (82 ; Scheme 48), isolated from

the bark of different cinchona trees, are inexpensive and
available in high quantities. The corresponding dihydro
derivatives 77, 79, 81, and 83 have also been applied
frequently with great success. Interestingly, the cinchona
alkaloids promote the reaction rate of the ketone hydro-
genation of pyruvates often to such an extent (10 to 100 times)
that high substrate/modifier ratios of typically 300:1 to
> 1000:1[119d] can be used.[127] The chiral auxiliary does not
cover all the active sites of the catalyst during catalysis but
rather activates the substrate for hydrogenation. Good results
have been obtained when a ratio of 5 to 12 surface platinum
atoms per modifier molecule is used, whereas much higher or
lower loadings lead to significantly lower selectivities.[128]

The choice of solvent also has a great impact on the
enantioselectivity of the hydrogenation. The best results were
obtained with cinchonidine in acetic acid, but alcohols and
nonpolar solvents such as toluene can also be used.[115]

What are the reasons for the surprisingly high enantiose-
lectivities and which structural elements of the cinchona
alkaloids are essential?[129] Variations of the structure of
cinchonidine (80) and the resulting influence on the selectiv-
ity in the hydrogenation of ethyl pyruvate gives an important
insight into the structure–activity relationship. (Scheme 49).
While the hydrogenation of the vinyl moiety or the methyl-
ation of the alcohol function does not have a great influence, a
partial hydrogenation of the chinoline system leads to a
decrease and the N-alkylation to a total loss of enantioinduc-
tion. Besides the cinchona alkaloid derivatives,[131] epicin-
chona alkaloids,[132] chiral amino alcohols,[133] and amines,[134]

as well as amino acids and amino acid derivatives have been
employed.[135] Nevertheless, the selectivity and activity
obtained with the natural cinchona alkaloids is still unrivaled.
In conclusion, a successful chiral modifier has to have an
expanded aromatic ring system, a basic N atom, and a
properly located asymmetric center.[136] Three different

models have been proposed for the mechanism of the
platinum-catalyzed hydrogenation of pyruvates with cincho-
nidine (80): the adsorption model, the shielding model, and
the zwitterion model (Figure 5).[137]

Experiments and theoretical calculations suggest that the
chinoline moiety of the cinchona alkaloid adsorbs on the
metal surface. On the basis of the adsorption model, the
stereoselectivity is attributed to the different stability of the
diastereomeric 1:1 complexes formed between the surface-
bound cinchonidine (80) and the pyruvate adsorbed through
either of its two enantiotopic p faces. In protic solvents such
as acetic acid, a protonation of the chinuclidine N atom occurs
and a NH···O hydrogen bond with the ketone is formed. The
formation of a N···HO hydrogen bond between the non-
protonated N atom and a “partially” hydrogenated pyruvate
was also proposed in aprotic solvents.[138] Such hydrogen
bonding together with steric repulsion are responsible for the
formation of a preferred conformation of the starting material
on the surface of the catalyst. Consequently, hydrogenation
takes place predominantly from one of the two enantiotopic
faces.

Less popular is the shielding model, which proposes a
complexation of the substrate and the modifier in solution.
This complex is proposed to be selectively hydrogenated on
the metal surface. The selectivity is attributed to the bulky
aromatic substituents of the modifier shielding the opposite

Scheme 48. Natural cinchona alkaloids and simple derivatives.

Scheme 49. Influence of the structure of the modifier on the enantio-
selectivity in the hydrogenation of ethyl pyruvate.[129,130]

Figure 5. Adsorption model of the interaction between the platinum-
adsorbed chinchonidine and methyl pyruvate on the basis of DFT
calculations. (Reproduced from Ref. [138].)
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face of the substrate.[139] However, some experimental evi-
dence, such as the observed saturation effect that also occurs
at low concentrations, contradict this model.[140]

Recently, more attention has been payed to the zwitterion
model,[141] which has also been supported by theoretical
calculations.[142] According to this model, the chinuclidine
N atom of the cinchonidine attacks the ketone moiety of the
pyruvate as a nucleophile to give the zwitterion 86 on the
platinum surface (Scheme 50). The modifier (NR3) could then
be substituted by platinum with subsequent hydrogenolysis of
the Pt�C bond.

It is still too early to come to a final decision in favor of
one of these models. It is important to note that depending on
the substrate and the reaction conditions employed, more
than one mechanism could be involved. Changing the solvent
from acetic acid to toluene in the hydrogenation of ethyl
pyruvate over b-isocinchonine-modified Pt/Al2O3 led to a
reversal of the enantioselectivity, thus indicating a switch
from one reaction mechanism to another.[132c]

4.2. The Nickel Tartaric Acid/NaBr System

Tartaric acid modified nickel catalysts[143] are important
catalysts, especially for the enantioselective hydrogenation of
b-functionalized ketones 87,[144] b-diketones 88,[145] and steri-
cally demanding methyl ketones 89[146] (Scheme 51). The

practicability of this catalyst was demonstrated by the
industrial synthesis of tetrahydrolipstatine/orlistat (up to
92% ee, 100 kg), a potent inhibitor of pancreatic lipase.[147]

Preferentially, freshly prepared Raney nickel is treated with
tartaric acid, the modifier of choice, to give the active catalyst.
To obtain high selectivities NaBr needs to be present as a co-
catalyst. Once again, the mode of action of this catalysis is not
well understood.[148] The nickel surface consists of highly
ordered, crystalline and additional amorphous areas. Only the
ordered, crystalline parts can successfully be modified by

tartaric acid and result in high enantioselectivities. The
amorphous areas cannot be modified efficiently with the
chiral modifier and therefore produce racemic product.
Hence, it is thought that the co-catalyst NaBr, which is
essential for the high selectivity, binds to the amorphous
sections of the nickel surface thereby reducing their catalytic
activity. In addition, tartaric acid is thought to be adsorbed on
the nickel surface in the form of nickel sodium tartrate. The
tartrate influences not only the preferred conformation of the
substrate through hydrogen bonding and steric interactions
but also by the way it approaches the heterogeneous
catalyst.[115,143,149]

4.3. Other Catalyst-Modifier Systems

The application of chiral modifiers is not limited to
transition-metal catalysts. New catalyst-modifier systems
have been developed successfully by Choudary et al. for
numerous asymmetric reactions (Scheme 52).[150] They

employed NAP/magnesium oxide (nanoactive MgO plus:
magnesium oxide with 590 m2mg�1 prepared by an aerogel
process) as the heterogeneous catalyst, modified by small
amounts of a bidentate ligand. l-Diethyl tartrate proved to be
a good modifier in the asymmetric epoxidation of chalcone
derivatives and gave good yields and enantioselectivities even
after five recycles (Scheme 52a). The Henry reaction of
aldehydes can be catalyzed with up to 98% ee by using binol
as the modifier (Scheme 52b). The best results in the
asymmetric Michael addition of chalcone derivatives were
obtained using the basic (R,R)-1,2-diaminocyclohexane as a
modifier.[150b] The authors attribute the stereoinduction of
these catalyst systems to a hydrogen bonding of the modifier
with a hydroxy group at the surface of the MgO and with the
substrate. However, additional investigations are required to
gain a better understanding of the mechanism.

Scheme 50. Formation of zwitterionic adduct 86.

Scheme 51. Substrates for ketone hydrogenation with modified nickel
catalysts.

Scheme 52. NAP/MgO-catalyzed asymmetric reactions (DET: diethyl
tartrate, TBHP: tert-butylhydroperoxide).
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4.4. Conclusion

The examples shown above illustrate clearly that the
cooperation between an achiral heterogeneous catalyst and a
chiral modifier has enormous potential for asymmetric
catalysis. It can be expected that the field of chiral modifiers
(organocatalysts!) will benefit from the rapidly developing
field of organocatalysis.[151] New mechanistic insights into the
existing systems will hopefully lead to the rational design of
these catalyst systems in the future.

5. Di- and Polypeptides as Chiral Macromolecular
Catalysts

One of the first attempts to prepare asymmetric hetero-
geneous catalysts was by the treatment of chiral biopolymers
such as silk fibroin with transition metals.[152] Cyclic dipeptides
are suitable organocatalysts for the hydrocyanation of aro-
matic aldehydes.[153] High enantiomeric excess values of over
90% were obtained using electron-rich aromatic aldehydes as
substrates, especially with diketopiperazine 90
(Scheme 53).[153] These catalysts are readily synthesized

from the corresponding amino acids but need to be activated
before use, and intriguingly the catalyst needs to be hetero-
geneous to be active. The best results in terms of activity and
selectivity are obtained if the catalyst is precipitated in the
form of an amorphous clear gel from a rapidly stirred
methanol/diethyl ether solution.

The mechanism of this reaction remains unclear, although
a few fascinating models[153d,g] have been suggested on the
basis of numerous investigations. Kinetic results indicate a
cooperation of two molecules of the catalyst.[153e] For a
number of reasons, interest in this area has faded somewhat:
on the one hand the development of new catalysts has proven
to be difficult, while on the other hand only HCN can be
employed as the cyanide source and the substrate spectrum is
limited.

Larger synthetic polyamino acids have also been
employed successfully as catalysts in different asymmetric
reactions such as Michael additions, oxidations, and reduc-
tions.[154] The most important reaction catalyzed by polyamino
acids is the epoxidation of a,b-unsaturated ketones with
hydrogen peroxide under basic conditions to give epoxy
ketones (JuliV–Colonna epoxidation).[155] The most commonly
used polyamino acid catalysts poly-(S)-alanine (91) and poly-

(S)-leucine (92 ; Scheme 54) can be pre-
pared on a multi-kilogram scale, and are
commercially available.[155a,156]

JuliV and Colonna initially reported a
highly enantioselective epoxidation of
chalcone with polyamino acid catalysts,
the best results being obtained with poly-
(S)-alanine (91) with a degree of poly-
merization of n= 30 (Scheme 55).[157]

Since the reaction takes place in a three-
phase system (water, organic solvent,
insoluble catalyst), vigorous stirring is
important for the proper mixing of the
reactants.

The development of a biphasic system by Robert and co-
workers was a great improvement for the practical application
of the JuliV–Colonna epoxidation.[158] The use of a solid urea/
hydrogen peroxide complex as the oxidant allows for water-
free reaction conditions and results in a significant enhance-
ment in the reaction rate of up to a hundred times relative to
the original three-phase system (Scheme 56).

In contrast to most other heterogeneous catalysts, the
separation of the polyamino acid catalyst after the reaction is
often problematic, because it remains as a viscous “paste”.
Therefore, filtration becomes laborious and time consuming
on a large scale. A solution to this problem is the adsorption
of the catalyst on polymeric[159] or silica gel supports.[160] As a
consequence, the supported catalysts can be readily sepa-
rated, and a rate enhancement as well as an increase in
enantioselectivity has often also been observed.

The JuliV–Colonna epoxidation is synthetically useful and
has been applied in numerous total synthesis, such as for
SK&F104353 (an active ingredient for the treatment of
asthma) and diltiazem (an antihypertensive drug).[161] How-
ever, the substrate spectrum is limited to a,b-unsaturated
ketones, especially E-configured, disubstituted ones, and a
few cyclic enones.

A detailed analysis of the mechanism in the enantiose-
lective epoxidation reaction catalyzed by polyamino acids

Scheme 53. Enantioselective hydrocyanation of aromatic aldehydes
with cyclic dipeptides as catalysts.

Scheme 55. JuliP–Colonna epoxidation of chalcone.

Scheme 56. Water-free JuliP–Colonna epoxidation. DBU=1,8-diaza-
bicyclo[5.4.0]undec-7-ene.

Scheme 54. Suc-
cessfully employed
peptide catalysts
poly-(S)-alanine
(91) and poly-(S)-
leucine (92).
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would speed up the development of new, highly selective
catalysts. The suggestion of the involvement of hydrogen
bonding is supported by the fact that no enantioinduction is
observed if the reaction is conducted in methanol. Moreover,
poly-(S)-proline or N-terminal-protected polyamino acids
that lack any amide protons are catalytically inactive.[155d,157b]

Berkessel et al. reported an increase in the yield and
enantioselectivity with an increasing degree of polymeri-
zation when they used supported poly-(S)-leucine.[162] More
than 90% ee was obtained in the epoxidation of chalcone
when the supported tetrapeptide, which can already form a
helical structure, was employed. The maximum ee value
obtained with the pentapeptide was 98%, but unfortunately
this was accompanied by a low yield of 50%. These results
together with additional calculations suggest that the enone is
activated by binding to the N terminus of the polyamino acid
through hydrogen bonding.[162] However, more investigations
are needed to gain a deeper understanding of the underlying
mechanistic principles. Hopefully, the application of polypep-
tides in catalysis will profit from the increased interest in
organocatalysis.[151] Mechanistic insight will likely be the key
to the development of new catalysts and expansion to other
reactions.

6. Diastereoselective Heterogeneous Catalysis

Besides enantioselective catalysis, which was the focus of
the previous chapters, heterogeneous catalysts can also be
applied in the stereoselective conversion of compounds that
bear one or more stereocenters. The interaction of the
heterogeneous catalyst with the substrate can be sterically
disfavored or electronically favored. In both cases the
interaction determines which diastereotopic face of the
substrate will preferentially bind to or react with the catalyst
surface. (Scheme 57).[163] It is thus understandable that cyclic
compounds with their limited degrees of freedom have been
the preferred substrates for highly diastereoselective hetero-
geneous hydrogenation reactions.

Besides a few reactions catalyzed by solid Lewis acids,
such as Diels–Alder, ene reactions,[164] and epoxidations,[165]

the research area of highly diastereoselective heterogene-
ously catalyzed reactions is clearly dominated by hydro-
genations.[166,167c] Although, homogeneous asymmetric hydro-
genation can be achieved with a very high level of selectivity
for the conversion of numerous substrate classes,[5a,167] diaste-

reoselective, heterogeneous hydrogenation can still offer
more efficient solutions in some cases. Commonly employed
catalysts are supported or unsupported transition metals or
their derivatives, for example, PtO2, Pt/Al2O3, Pd/C,
Pd(OH)2/C, Rh/C, Rh/Pd/C, and Raney Ni.

Of the plethora of highly selective reactions, the hydro-
genation of (1S,5S)-2-pinene (93) to (1S,2R,5S)-pinane (94) is
a representative example for the steric influence of the
backbone of the substrate on the diastereoselectivity obtained
(Scheme 58).[168] The rigid bicyclic ring system provides a
strong shield to the bottom face of the double bond, thus
resulting in a highly selective hydrogenation from the top
face.

Functional groups such as amines or alcohols can influ-
ence the diastereoselectivity through an attractive interaction
with the surface of the catalyst (see Scheme 57b).[169] Hydro-
gen transfer occurs from the site of the interacting OH group,
and therefore the cyclopentanol derivative 95 is hydrogenated
with good diastereoselectivity to product 96 (Scheme 59). As

the polarity of the solvent increases, alcohols lose their ability
to bind to the surface of the catalyst; thus, the use of a highly
polar solvent such as DMF or ethanol results in a reversal of
the diastereoselectivity.[170]

Diastereoselective hydrogenations can also employ cleav-
able, chiral auxiliaries. In 1961, d-valine was already synthe-
sized with a moderate ee value of 39% by hydrogenation
using enantiomerically pure a-methylbenzylamine as the
chiral auxiliary.[171] The utilization of proline and proline
derivatives as chiral auxiliaries in similar hydrogenations
improved the ee value of the amino acid products signifi-
cantly.[172] The hydrogenation of diketopiperazines or cyclic
dehydrodipeptides allows the formation of enantiomerically
pure amino acids (Scheme 60).[173]

b-Amino acid derivatives can be prepared with high
efficiency by the heterogeneous hydrogenation of auxiliary-
substitutedZ enamines.[174] Treatment of the corresponding b-
ketoester or -amide with the chiral auxiliary (S)-phenyl-

Scheme 57. Schematic presentation of: a) steric and b) electronic influ-
ences on the facial selectivity.

Scheme 58. Diastereoselelective hydrogenation of pinene (93).

Scheme 59. Diastereoselective hydrogenation influenced by the
adsorption of the alcohol moiety on to the surface of the catalyst.
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glycinamide provides the substituted Z-enamide 99. Hydro-
gen bonding results in a rigid conformation of 99, with the
phenyl substituent on the auxiliary shielding the top face of
the molecule, which results in stereoselectivities of up to 200:1
being obtained in the hydrogenation over PtO2

(Scheme 61).[174a] Pretreatment of the catalyst with acetic

acid was found to be very important for good catalytic activity.
Since acid would lead to an undesired E/Z isomerization, and
hence, reduced selectivities, the catalyst was carefully dried
after acid treatment and only used in conjunction with a small
amount of NEt3. The reaction products without an aromatic
R1 group can undergo hydrogenolysis to give the free b-amino
acid esters and amides.

Oxazolidinones were successfully employed as chiral
auxiliaries for the diastereoselective hydrogenation of
double bonds.[175] Prashad et al. developed a stereoselective
synthesis of (2S,2’R)-erythro-methylphenidate (103) by using
this approach. The key step—the diastereoselective hydro-
genation of a tetrasubstituted double bond—is controlled by a
chiral oxazolidinone. The excellent diastereoselectivity
obtained was attributed to a number of effects (Scheme 62).
First of all, the conformation of 101 is locked by hydrogen
bonding. In addition, the minimization of the dipole moment
results in a preferred antiparallel orientation of the carbonyl
moieties in 101. As a consequence, the benzyl group of the
oxazolidinone selectively shields the bottom face of the
molecule in the hydrogenation step.

The stereoselective synthesis of substituted cyclohexanes,
piperidines, or other saturated heterocycles is of high
synthetic interest because they are common building blocks
of numerous biologically active compounds. One approach
towards an efficient synthesis of these rings is the asymmetric

hydrogenation of the corresponding aromatic or heteroaro-
matic compounds. However, so far, only a few highly selective
examples have been reported.[176]

Our research group obtained good results in the asym-
metric hydrogenation of pyridines.[177] 2-Oxazolidinone-sub-
stituted pyridines that can be readily prepared from 2-
halogen-substituted pyridines by copper catalysis, are the
substrates of choice. Remarkably, the hydrogenation of 2-
oxazolidinone-5-methylpyridine (104) provided (S)-3-meth-
ylpiperidine (105) in high enantiomeric excess (Scheme 63).

According to the proposed mechanism, a hydrogen bond
rigidifies molecule 107 and results in a shielding of the top
face of the substrate by the R1 substituent (Scheme 64). An
efficient H2 transfer to the pyridine ring then provides aminal
108. The auxiliary is subsequently cleaved under the same
reaction conditions and results in the direct formation of the
N-unsubstituted piperidine 110, isolated in the form of a
hydrochloride salt. An attractive feature of this method is that
the auxiliary can be separated from the insoluble piperidine
hydrochloride by simple extraction with organic solvents and
recovered in high yield. This method can be applied to the
highly selective hydrogenation of numerous differently sub-
stituted pyridines, except pyridines substituted in the 3-
position (4% ee for 3-methylpiperidine). This limitation can
be explained by an unfavorable steric interaction between the
substituent in the 3-position and the chiral auxiliary. This
method allows the synthesis of natural products and the
generation of multiple stereocenters in the ring, as exempli-

Scheme 60. Selective hydrogenation of a cyclic dipeptide on a palla-
dium surface.

Scheme 61. Synthesis of b-aminoacids with (S)-phenylglycinamide (97)
as an auxiliary.

Scheme 62. Asymmetric hydrogenation of a highly substituted double
bond.

Scheme 63. Asymmetric hydrogenation of pyridine.
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fied in the formation of 108 with four newly formed stero-
centers in the ring.[177]

Benzene derivatives can also be hydrogenated heteroge-
neously with diastereoselectivities of up to 96%. However,
the spectrum of substrates is very limited, and 2-methylben-
zoic acid derivatives have almost always been used
(Scheme 65).[166, 178] The substrates have to adopt highly
preferred conformations (minimization of the dipole
moment) or have rigid cyclic structures to obtain high
selectivities, such as in tricycle 114.[178e,f] However, the hydro-
genation of aromatic substrates remains a challenging prob-
lem. The implementation of new strategies such as the
innovative utilization of readily accessible chiral auxiliaries
might advance this field to the next level of sophistication.[179]

7. Conclusion

In this Review we have given an overview of the current
important areas of asymmetric heterogeneous catalysis, which
is a rapidly developing, highly interdisciplinary, and multi-
farious research area. The main topic is the immobilization of
chiral homogeneous metal–ligand complexes (Section 2), an
area which has grown rapidly in the last few years by profiting
from the development and investigation of new innovative
supports. This area has now reached a certain level of
maturity, and thus these catalysts will find increasing appli-
cation in industry. Furthermore, the young area of asymmetric
metal–organic catalysts (Section 3) with their easily assem-
bled, highly porous, and in a few cases even crystalline
structures, is developing rapidly. Crystalline catalysts would
be especially attractive, since they can easily be characterized
by X-ray structural analysis which would greatly facilitate
mechanistic investigations and a rational catalyst design.
These asymmetric metal–organic catalysts deserve even more
research interest and will most likely become a very
important class of catalysts.

The use of chiral modifiers (Section 4) and peptides
(Section 5) as heterogeneous asymmetric catalysts is fascinat-
ing since they involve new mechanisms that are unparalleled
by any other reaction. A better mechanistical understanding
would be required for a new rational design of catalyst
systems of this kind. Hopefully, new developments and
principles in the area of organocatalysis will have a positive
impact on this area of heterogeneous, organocatalyzed
reactions.

Finally, diastereoselective heterogeneous catalysis (Sec-
tion 6) often enables remarkably selective transformations in
cases where all other asymmetric methods fail.

Although some of the discussed methods give good
results, most areas of heterogeneous asymmetric catalysis
are probably just beginning to show their full potential. Newly
developed analytical and preparative methods as well as the
interaction of organic and inorganic structures during catal-
ysis offer new opportunities for catalysis. In addition to the
methods discussed in this Review, numerous other fascinating
but less efficient methodologies exist, such as catalysis at
inherently chiral metal surfaces[9f, 112,113] and the application of
artificial antibodies, derived from the imprinting[180] of organic
or inorganic compounds as transition-state analogues.

The possibility to separate and recycle the catalyst as well
as high activity and selectivity are the main criteria for the
quality of a heterogeneous asymmetric catalyst. Thus, the
following research trends are especially important for the
advancement of the field of heterogeneous asymmetric
catalysis:
* Investigation of the structure of heterogeneous catalysts

and their reaction mechanisms;
* improvement of the catalyst performance;
* simplification of the catalyst system and their synthesis;
* taking advantage of the special properties of solid supports

and the unique mechanisms of heterogeneous catalysis.

The ongoing research will no doubt increase the impor-
tance of catalysis as an essential technology for the future[1]

Scheme 64. Postulated mechanism for the asymmetric hydrogenation
of pyridines.

Scheme 65. Substituted benzenes as substrates for diastereoselective
hydrogenation.
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and eventually allow the rational design of heterogeneous
asymmetric catalysts.
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Anisotropy, various polyhedral shapes with well-defined
faces, and a wide range of sizes from nano- to millimeter are
characteristic features of organic single crystals. The aniso-
tropy is attributed to the anisotropic packing of organic
molecules in the crystalline state, and each face has different
surface properties. Therefore, organic single crystals should
play a key role in making multicomponent composites
through their face-selective association with other materials.
Anisotropic adhesion of organic single crystals by other
organic molecules is the first step toward the preparation of
such composites and has been studied mainly from the
viewpoint of crystal growth and dissolution.[1] More recently,
face-selective dyeing of inorganic single crystals by dye
molecules in solution has been documented[2] and controlled
aggregation of inorganic mesocrystals has been discussed for
the formation of inorganic superstructures as models of
biomineralization.[3–5]

Gold nanoparticles are a fascinating material as a result of
their unique optical (plasmon band), electronic, catalytic, and
supramolecular properties, as well as their wide applications
for nanotechnology and biotechnology.[6] Composite materi-
als with one- or two-dimensional arrays of gold nanoparticles
have attracted considerable interest in a bottom-up approach
for nanometer-sized devices. They are generally prepared by
treatment of gold nanoparticles with inorganic substrates,[7]

polymer surfaces,[8] and single atomic monolayers,[9] as
examples. However, utility of organic single crystals remains
in its infancy.[10] Only recently, Moore and co-workers
reported inorganic microcrystals coated with gold nanopar-
ticles developed by crystal-lattice-mediated self-assembly
(CLAMS).[11] In this composite material, the whole surfaces
were covered by gold nanoparticles as a result of the isotropic
nature of the inorganic crystals. Therefore, anisotropic coat-
ing of gold nanoparticles onto the selective faces has not yet
been reported. Here we demonstrate the first example of a
composite crystalline material of organic single crystals with
gold nanoparticles and anisotropic face-selective adhesion of
gold nanoparticles onto the crystal faces of the organic
crystals.
Single-crystal transparent hexagonal prisms of l-cystine

(1; Figure 1) were immersed in a solution of gold nano-
particles at room temperature by both a batch method and a
mounted method. After two hours, the crystals were stained

purple although their hexahedral shape remained unchanged.
After washing with water, composite crystals of l-cystine
decorated with gold nanoparticles were obtained by both
methods. Under the microscope, all the surfaces of the
crystals appeared slightly rough and a few small hexagonal
crystals were deposited on the hexagonal faces. The two
hexagonal faces of the hexagonal prism were stained purple
and all the six rectangular side surfaces remained colorless.
This result was confirmed by the absorption spectra, which
were dependent on the crystal surfaces. As shown in Figure 2,

the absorption spectrum from the direction perpendicular to
the hexagonal face revealed an absorption maximum around
700 nm assignable to the surface plasmon band of the
aggregated gold nanoparticles,[12] whereas that from the
parallel direction displayed no apparent absorption maxi-
mum. The anisotropy of the absorption spectra was attributed
to the adhesion of the gold nanoparticles. This result indicates
that the gold nanoparticles were deposited selectively on the
hexagonal faces of 1.
To investigate the face-selective decoration of the gold

nanoparticles by electron microscopy, we carried out the
decorating experiments on micrometer-sized crystals. The
smaller crystals were prepared by a similar method and were
analyzed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Figure 3 shows the SEM images of
the hexagonal micrometer-sized single crystals, which

Figure 1. Hexagonal single crystals of l-cystine (1) before (a) and
after (b) immersion in a solution of gold nanoparticles.

Figure 2. UV/Vis absorption spectra of a single crystal of 1 decorated
with gold nanoparticles, showing the absorption perpendicular (? )
and parallel (k ) to the hexagonal face.
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revealed well-defined shapes with sharp edges. The crystal
faces could be easily assigned by the similar shape of the
micrometer-sized crystals to those of the millimeter-sized
crystals. Interestingly, deposition of the nanoparticles was
observed only on the hexagonal surfaces while the rectangu-
lar faces remained smooth. The diameters of the nano-
particles were the same magnitude as those of the added gold
nanoparticles. Moreover, the AFM image (Figure 4) of the

hexagonal faces illustrated aggregation of the smaller nano-
particles on the hexagonal surface. X-ray photoelectron
spectroscopy (XPS) data of the single crystals indicated the
presence of Au(4f) on the colored crystals of 1. These results
indicate that the hexagonal faces were selectively decorated
with gold nanoparticles. The side rectangular faces were intact
even in the solution of gold nanoparticles.
The cell parameters and the Miller indices of the crystal

faces of the hexagonal single crystals were determined by X-
ray diffraction studies. The hexagonal crystals revealed the
same cell parameters as those of the previously reported
example.[13] The hexagonal faces were assigned to the
crystallographic {001} or {001̄} faces and the rectangular

faces were assigned to {100} and {010} faces, and so on. This
result indicates that the gold nanoparticles selectively inter-
acted with the {001} and {001̄} faces. The molecular packing
diagrams of 1 are shown in Figure 5.[13] In the crystal structure,

the molecules 1 are arranged in layered structures by the two-
dimensional hydrogen-bonding network between primary
ammonium cations and carboxylate anions. The hydrogen-
bonding network runs parallel to the hexagonal faces, and the
zwitterionic groups are exposed on the surface of the {001} or
{001̄} hexagonal faces. They have the potential to interact with
gold nanoparticles by an electrostatic interaction. On the
other hand, the rectangular faces are constructed by the
alternative stacking of the hydrophobic disulfide layers and
the hydrophilic zwitterionic layers, with a periodic distance of
about 9 ?. Therefore, the gold nanoparticles were attached
selectively on the surfaces of the {001} and {001̄} faces as a
result of the higher density of polar residues on the hexagonal
faces than on the rectangular ones.
In conclusion, we prepared a composite crystalline

material containing gold nanoparticles and organic crystals
of l-cystine (1). The anisotropic decoration that arises as a
result of different functional groups on the crystal faces
should lead to further decoration of other materials by other
intermolecular interactions, which might induce anisotropic
aggregation of the single crystals by the attractive or repulsive
interaction between the uncoated or coated faces.[3] As the
surfaces of organic single crystals should be more varied than
those of inorganic ones and partially controllable by recent
advances in the crystal engineering of organic molecules,[14] a
wide variety of composite materials may be prepared by
organic crystals as a nucleus. Moreover, the wide variations in
the shapes and sizes of the organic crystals should provide
various polyhedral composite materials decorated by nano-
particles.[11] Details of the anisotropic adhesion onto the {001}
or {001̄} faces and screening of multicomponent composite
materials from organic crystals and nanoparticles are cur-
rently under investigation.

Experimental Section
Materials: Single crystals of l-cystine (1) were prepared by recrystal-
lization from 0.5% hydrochloric acid solution. Single-crystal trans-
parent hexagonal prisms of 1 were deposited from the solution by

Figure 3. SEM images of a) the hexagonal crystals decorated by gold
nanoparticles, b) the {001} face, and c) the {100} face. d) A drawing of
the orientation of the crystallographic axes deduced from X-ray
crystallographic studies.

Figure 4. AFM image of the {001} face of the hexagonal crystal
decorated by gold nanoparticles.

Figure 5. Crystal packing diagram[11] of the hexagonal form of 1: a) the
{001} face viewed from the crystallographic c axis and b) the {100}
face viewed from the crystallographic a axis. H atoms are shown as
small white spheres.
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cooling to room temperature. The sizes of the single crystals were in
the range of a few micrometers to 2 mm in length.
General procedure of the batch method: Several single crystals of

1were immersed in a solution of gold nanoparticles (1.0 mL, diameter
20 ?; BB International) at room temperature. After immersion for
two hours, the crystals were collected by filtration or isolated using
forceps and washed with water.
General procedure of the mounted method: A single crystal of 1

was mounted in a glass capillary such that the hexagonal faces were
parallel to the side walls of the capillary. Then the capillary containing
the mounted crystal was placed in a solution of the gold nanoparticles
such that the hexagonal faces were vertical, eliminating the effect of
gravity, and immersed for two hours. The mounted crystal was then
taken out from the solution and washed with water.
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Total Synthesis of (� )-Symbioimine**

Georgy N. Varseev and Martin E. Maier*

Symbioimine (1) is a novel tricyclic iminium alkaloid that was
recently isolated from the symbiotic marine dinoflagellate
Symbiodinium sp.[1] This rather unusual compound occurs in
nature as an inner salt of an imine and an aryl sulphuric acid
(Scheme 1). Such zwitterionic compounds are very rare,[2,3]

and the total synthesis of 1 certainly poses a challenging task.

Scheme 1. Structures of the iminium alkaloids symbioimine (1) and
neosymbioimine (2).
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A related compound is the amphoteric neosymbioimine (2).[4]

Besides its unique structural features, the biological activity of
1 is noteworthy as well: it inhibits the differentiation of
progenitor cells (RAW264) into mature osteoclasts with
EC50 = 44 mgmL�1 (116 mm). Therefore, 1 might show the
way to a new lead structure in the search for drugs directed at
the treatment of osteoporosis. In addition, 1 significantly
reduces cyclooxygenase-2 (COX-2) activity at 10 mm.[3]

Most likely 1 is constructed through the polyketide
pathway, as illustrated with structure A, which consists of
eight acetate and one propionate groups. The key step in the
biosynthesis of 1 might involve an intramolecular Diels–
Alder (IMDA) reaction,[5] either of a trienone via an exo
transition state of type B followed by cyclization to an imine
(Scheme 2). Alternatively, an endo IMDA reaction of a

dihydropyridinium cation (compare with transition state D)
followed by epimerization of the cycloadduct via an enamine
might be operative.[4] There is support for the latter mode
from a model study by Snider and Che,[6, 7] who prepared
desulfodeoxysymbioimine through an IMDA reaction of a
2,3-dihydropyridinium cation (Scheme 2; Z=Troc, Ar=Ph).
While both routes seem attractive and possible, one should
note that the orbital overlap is not ideal as large and small
coefficients at the termini do not really match. In fact, we
found in preliminary studies that trienone A (Scheme 2; R=

Boc, Ar= 3,5-dimethoxyphenyl) did not undergo any Diels–
Alder reaction, even after heating the substrate in a sealed
tube (xylene, 180 8C) for 24 h. Under these conditions, slow
decomposition of the substrate was observed.

We reasoned that positioning an electron-withdrawing
group on the other side of the double bond should allow for a
more facile IMDA reaction (Scheme 3).[8] Some literature
precedence indicates that this approach should be feasible.[9]

However, a solution for extension of the aldehyde function in
the cycloadduct G combined with a diastereoselective intro-
duction of the methyl group would have to be found. Herein,
we present the realization of these goals.

As an initial milestone, we targeted an efficient and large
scale synthesis of (E,E,E)-undeca-2,8,10-trienals 12 (structure
H). A key step of this synthesis is the preparation of the 1-
aryl-1,3-E,E-diene moiety, which might be accessible through
a palladium-catalyzed Stille or Suzuki coupling. E-Vinyl
halide building blocks are required for both methods. How-
ever, all attempts to prepare suitable Stille or Suzuki
precursors were more or less unsuccessful. Therefore, we
turned to the palladium-catalyzed oxygen-promoted Heck-
type coupling of alkenes with vinyl boronates.[10,11] Accord-
ingly, the styrene[12–14] 4 and the vinyl boronate[15] 6 were
prepared by standard procedures (Scheme 4). Under the
reported reaction conditions (5 mol% Pd(OAc)2, dimethyl-
amine (DMA), 23 8C, slow addition of 6), we got only 30 % of
the coupling product. We significantly improved the yield for

Scheme 2. Model reactions for biosynthetic key steps towards 1.
Boc= tert-butyloxycarbonyl, Troc= trichloroethoxycarbonyl, TS= transi-
tion state.

Scheme 3. Retrosynthetic plan for the synthesis of 1.

Scheme 4. Synthesis of the Diels–Alder substrates 12. a) (CH3O)2SO2

(3.5 equiv), K2CO3, acetone, reflux, 4 h (96%); b) NaBH4 (5 equiv),
DME, MeOH, reflux, 1 h (99%); c) CrO3/pyridine (1.2 equiv), CH2Cl2,
RT, 24 h (81%); d) Ph3PCH3

+Br� (1.2 equiv), KOtBu (1.4 equiv), THF,
�65 8C to RT (96%); e) TBSCl, imidazole, CH2Cl2, RT, 24 h (99%);
f) catechol borane (1.1 equiv), 70 8C, 12 h, then pinacol (1.2 equiv),
23 8C, 3 h (85%); g) 4 (2 equiv), Pd(OAc)2 (0.1 equiv), Na2CO3, DMF,
60 8C, 6 (1 equiv), 24 h; h) HCl, MeOH, 23 8C, 0.5 h (68% from 6);
i) MsCl (1.3 equiv), NEt3, CH2Cl2, �308, 1 h (98%), j) NaI, acetone,
23 8C, 24 h (93%); k) tBuLi (2.5 equiv), then 9 (1.2 equiv), Et2O,
�80 8C, 1 h (60%); l) R3SiCl (2 equiv), imidazole, CH2Cl2, RT, 24 h;
m) amberlyst 15, acetone, RT, 40 min (12a : 80%, 2 steps; 12b : 75%;
12c : 83%). TBS= tert-butyldimethylsilyl, TBDPS= tert-butyldiphenyl-
silyl, TIPS= triisopropylsilyl, DMF=dimethylformamide, DME=dime-
thoxyethane, MsCl=methanesulfonyl chloride.
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this reaction by using 2 equivalents of 4 and 10 mol% of
Pd(OAc)2 in DMF at 60 8C. The starting styrene was readily
recovered by flash chromatography after acidic cleavage of
the TBS group to provide the dienol 7 in 68 % yield based on
recovered 4 and 59% based on 6. This reaction is highly regio-
and stereoselective, and only the E,E diene was found to be
produced in more than 99 % diastereomeric purity.

Continuing with the synthesis, 7 was converted into the
iodide 8 in two steps by mesylation (98%) and SN2
substitution by using NaI in acetone (93%). Transmetalation
of 8 with tBuLi at �80 8C followed by trapping of the
organolithium intermediate with the known (2E)-4,4-dime-
thoxybut-2-enal[16] 9, successfully afforded aldehydes 12 after
protection of the hydroxy group with a silicon protecting
group followed by hydrolysis of the acetal. Thus, syntheses of
all-E-undeca-2,8,10-trienals 12 with TBDPS, TIPS, and TBS
protecting groups were possible. The synthesis of 12c was
performed on a gram-scale.

With substrates 12 in hand, the Lewis acid catalyzed
IMDA reaction was investigated (Scheme 5).[17] A fast

reaction of 12a was observed with MeAlCl2 (1 equiv) as the
Lewis acid in CH2Cl2 at �80 8C. However, the reaction did not
stop at the stage of the Diels–Alder product. Rather, a
subsequent intramolecular Friedel–Crafts reaction of the
aldehyde function with the electron-rich aryl ring took place,
thus leading to the tetracyclic compound 13 (50 % yield). The
reaction of 12a with one equivalent of the weaker Lewis acid
Me2AlCl at �80 8C led to a conversion of approximately 60%
of 12a within 24 h to give a 50 % yield of the isolated product
14a as a single diastereomer, and no Friedel–Crafts adducts
were observed.

The configuration of 14a was determined by X-ray
analysis (Figure 1). It is interesting to note that both bulky
substituents (Ar and OSiR3) are axially oriented relative to
the decalin ring. The silicon protecting groups do not
significantly affect the outcome of the IMDA reaction.
Also, the TIPS- and TBS-protected aldehydes 12b and 12c
gave a conversion of approximately 50 % to the correspond-
ing cycloadducts under these conditions. A higher yield could

be realized by using 1.6 equivalents of Me2AlCl, thus yielding,
for example, 12c in 85% yield on a gram-scale. The cyclo-
adducts already contain four of the five required stereocen-
ters with the correct relative configuration.

For conversion of the aldehyde function into the amino-
propyl appendage, several options were considered.[18] In a
first attempt, 14c was subjected to a Henry condensation[19]

with nitromethane followed by a Michael addition of the
resulting nitroalkene with MeMgBr at �80 8C. These trans-
formations proceeded smoothly in good yields and were
highly stereoselective and produced the nitro compound 15
(Scheme 6). Attempts to cleave the silyl ether of 15 with
TBAF surprisingly gave the corresponding lactol, which was
oxidized to lactone 16 with PDC in 65% yield of the isolated
product.

The X-ray structure of lactone 16 showed that two
stereocenters were not correct with respect to the natural
product (see the Supporting Information). Most likely, the
conditions of the Henry reaction caused a base-catalyzed
epimerization at the g-atom of the nitroalkene to give the

Scheme 5. Lewis acid induced IMDA reaction of trienals 12.

Figure 1. X-ray structure of cycloadduct 14a.

Scheme 6. Extension of cycloadduct 14c through a tandem Henry
Michael addition. a) CH3NO2, NH4OAc, 70 8C, 24 h (88%),
b) MeMgBr, Et2O, �80 8C, 3 h (70%); c) 1. TBAF, THF, RT, 12 h;
2. PDC, CH2Cl2, RT, 24 h (65%); d) LiAlH4, THF, �20 8C!RT, 24 h,
then reflux, 1 h; e) Boc2O, NEt3, MeOH, RT, 0.5 h; f) TBAF, THF, 60 8C,
24 h (55%, 3 steps); g) PDC, CH2Cl2, RT, 24 h; h) AcCl, MeOH, 50 8C,
30 min (80%, 2 steps). TBAF= tetrabutylammonium fluoride,
PDC=pyridinium dichromate.
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thermodynamically favored trans-1,2-substituted cyclohexane
compound. The stereochemistry of 16 was also evident from
NOESY data. To probe the formation of the tetrahydropyr-
idine ring, the nitro group of 15 was reduced with LiAlH4, the
amino group protected with Boc anhydride, and the TBS-
group cleaved with TBAF to give alcohol 17. Oxidation of 17
followed by acid-induced Boc cleavage indeed gave imine 18,
an epimeric analogue of 1.

Finally, a practical solution was found starting with a
three-step sequence involving the reduction of aldehyde 14c
with NaBH4, conversion of the alcohol into the corresponding
mesylate, and nucleophilic substitution of the mesylate with
cyanide in dimethyl sulfoxide (DMSO), thus leading to nitrile
19 in more than 90% yield from 14c (Scheme 7). Removal of

the TBS group with TBAF in THF followed by nitrile
saponification allowed for the formation of lactone 21.
Although monomethylation of 21 was possible, careful
NMR spectroscopic analysis of the major diastereomer
showed that methylation had taken place from the wrong
side of the enolate. Next, methylation of the nitrile group was
investigated. Deprotonation of 19 with LDA (2 equiv)
followed by addition of MeI gave a single isomer, tentatively
assigned as structure 23, in 92 % yield of the isolated product.
Indeed, conversion of 23 into the corresponding lactone
allowed for determination of the stereochemistry from the
NOESY data (see the NOESY correlations indicated in
Scheme 7).

After the diastereoselective introduction of the methyl
group had been resolved, a method was sought that would
avoid protection of the amino group en route to the

tetrahydropyridine. This approach was initially investigated
by using hydroxy nitrile 20 (Scheme 8). Dess–Martin oxida-
tion of 20 afforded ketone 25 quantitatively. Ketone 25 was
protected with ethylene glycol in toluene to give 68 % yield of

the expected dioxolane 26 and 20 % yield of the polycycle 27,
which resulted from attack of the aromatic ring to the keto
function. The nitrile group of 26 was then reduced with
LiAlH4 to the amine 28. Cleavage of the aryl methyl ethers,
the 1,3-dioxolane, and cyclization to the imine could be
achieved in one step using BBr3 in CH2Cl2. Imine 29 is a close
analogue of 1.

Hydroxy nitrile 24 served as starting material for the
synthesis of 1. As before, oxidation to the ketone 30 and
protection of the keto function as 1,3-dioxolane led to nitrile
31 (Scheme 9). After reduction of the nitrile to the primary
amine, treatment of 32 with BBr3 generated imine 33.

The sulfatation of the resorcinol posed a real challenge, as
it was not known whether the imine or iminium function
would be compatible with the reaction conditions. In addition,

Scheme 7. Diastereoselective alkylation of lactone 21 and nitrile 19.
a) NaBH4, EtOH, RT, 24 h (99%); b) MsCl, NEt3, CH2Cl2, �50 8C to RT,
1 h (96%); c) NaCN, DMSO, 50 8C, 48 h (95%); d) TBAF, THF, RT,
2 h (98%); e) KOH, EtOH, 80 8C, 24 h; f) p-TsOH, toluene, 110 8C, 1 h
(90% for 2 steps); g) LDA (2 equiv), �80 8C, 3 h, then MeI (4 equiv),
0.5 h (65%); h) LDA (2 equiv), �80 8C, 2 h, then MeI (2 equiv), 0.5 h
(92%); i) TBAF, THF, RT, 24 h (92%); j) TMSCl, HCl, toluene, reflux,
48 h (75%). DMSO=dimethyl sulfoxide, LDA= lithium diisopropyl-
amide

Scheme 8. Synthesis of nor-methyl-de-sulfo-symbioimine (29). a) Dess–
Martin periodinane, CH2Cl2, RT, 8 h (99%); b) (CH2OH)2, CSA, tolu-
ene, reflux, 12 h, (68% of 26, 20% of 27); c) LiAlH4, Et2O, 0 8C to RT,
12 h (87%); d) BBr3, CH2Cl2, �80 8C to RT, 24 h (55%). Ar=3,5-
dimethoxyphenyl, CSA= camphorsulfonic acid.

Scheme 9. Completion of the total synthesis of symbioimine (1).
a) Dess–Martin periodinane, CH2Cl2, RT, 8 h (99%); b) (CH2OH)2,
CSA, benzene, reflux, 6 h, (99%); c) LiAlH4, Et2O, 0 8C to RT, 12 h;
d) BBr3, CH2Cl2, �80 8C to RT, 24 h (55% from 31); e) SO3/Py,
pyridine, 70 8C, 6 h; f) p-TsOH, dioxane, H2O, RT, 3 h (74% from 33).
Py=pyridine.
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sulfonation of the aryl ring might take place with SO3 or
related agents. Although sulfate monoesters are less common
in nature relative to phosphate monoesters, sulfated biomol-
ecules do have a certain role in cellular events. Typical
sulfated biomolecules are carbohydrates, proteins (tyrosines),
and steroids.[20, 21] The transfer of sulfate groups to hydroxy
functions is catalyzed by sulfotransferases, which use 3’-
phosphoadenosine 5’-phosphosulfate as the sulfate source. In
a laboratory setting, the attachment of the sulfate is prefer-
entially done at the end of the synthesis, as the resulting
products are very polar and the sulfate group is somewhat
acid labile. Common methods for the preparation of aryl
sulfates include the use of SO3/amine complexes[22] (amine=
pyridine, NEt3) or tetrabutylammonium hydrogen sulfate
(Bu4N

+ HSO4
�) in presence of dicyclohexyl carbodiimide

(DCC).[23] In the case at hand, the treatment of imine 33 with
the SO3/pyridine complex (10 equiv) in pyridine for 6 h at
70 8C afforded about 20% of the inner salt of 1 and 70% of a
compound that was characterized as a bisulfate derivative of
33. The bisulfate is a water soluble analogue of 1, which might
also be biologically active. We found that the bisulfate could
readily be converted into 1 with p-toluenesulfonic acid (p-
TsOH) in a water/dioxane system at room temperature.
Under these conditions, one sulfate group is selectively
hydrolyzed to give additional 1 (54 %) and about 10 % of
33, which could be recovered. The NMR spectra of 1 were
found to be identical to the spectra from the isolated natural
product.

In summary, we developed an efficient synthesis of (� )-
symbioimine (1), a novel tricyclic iminium alkaloid. The total
synthesis of 1 was accomplished in 22 steps from 3,5-
dihydroxy benzoic acid (5) in more than 5% total yield,
which corresponds to an average yield of 88 % per step. Our
approach features a Lewis acid induced endo-IMDA reaction
of 2,8,10-E,E,E-trienal 12 and a diastereoselective alkylation
of nitrile 19 as key steps. This route opens the way to other
symbioimine-type compounds. This study also emphasizes the
high reactivity of the electron-rich aryl ring if it comes close to
another electrophilic group that yields interesting polycyclic
structures. This strategy might actually be of interest in the
context of diversity oriented synthesis.[24]
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Control of building-block assembly and phase behavior is
crucial for the ultimate design of functional architectures
ranging from the nano- to the macroscales, with organogels
representing one important example of this functional
architecture.[1] An ideal gelator is an amphiphile that induces
gel formation through self-assembly into highly ordered
structures in which the hydrophilic moieties interact through
extensive hydrogen bonding and the hydrophobic moieties
interact with the organic liquid. Among the growing list of low
molecular weight compounds that induce gelation,[2] sugars
appear to satisfy these requirements, and numerous alkyl- and
aryl-based monosaccharide gelators have been generated.[3]

As opposed to chemical synthesis, enzymatic catalysis is
highly selective and has been used to generate low-molecular-
weight compounds that can gel organic solvents,[4] generate a
wide range of sugar-based esters,[5] and in particular, prepare
highly regioselective symmetrical diesters.[6] We reasoned that
such a biocatalytic approach would provide an alternative
route to the synthesis of disaccharide-based diesters with
physical and structural features appropriate for a low-
molecular-weight gelator along with a controlled symmetry
that may aid in self-assembly. Combining the principles of
supramolecular chemistry with the selectivity of biocatalysis
may represent a new and powerful strategy to develop new
molecularly defined and functional materials.

To that end, we examined the synthesis of sugar-based
diesters by using the lipase B from Candida antarctica
(CALB). Transesterification reactions were performed in
acetone that contained either vinyl stearate or vinyl butyrate
as highly or moderately hydrophobic ester donors, respec-
tively, and with several common disaccharides including
sucrose, maltose, lactose, and trehalose. Interestingly, only
the reactions with trehalose, a symmetrical disaccharide with
an a-1,1 glycosidic bond, resulted in gel formation during the
course of the transesterification reactions (Table 1, gelators 2
and 5), thereby confirming the importance of monomer
structure in gel assembly. Trehalose-6,6’-distearate and tre-
halose-6,6’-dibutyrate were obtained as the sole products
from the respective enzymatic reactions in yields of > 50%.
Hence, CALB was highly regiospecific in its acylation of
trehalose. The purified dieters were tested in a wide range of
solvents for their gelation ability (see the Supporting Infor-
mation). The trehalose distearate was insoluble in water and
soluble in chloroform and 1,4-dioxane, whereas trehalose 6,6’-
dibutyrate was insoluble in cyclohexane and olive oil and
soluble in water. Gels were formed in all other solvents tested.

As a result of these studies, we generated a series of
additional diesters with chain lengths of C2 to C14 (1, 3, 4, and
6) and assessed their gelation capacity in several key solvents,
ranging from the hydrophilic acetonitrile to the hydrophobic
p-xylene (Table 1). The minimum gelator concentration (cmin)
required to induce gelation is strongly dependent on the acyl-
chain length. In most of the cases, a shorter chain length
promotes gelation at lower gelator concentration, with the
exception of gelation in acetonitrile and isopropanol. These
results sharply contrast with typical sugar-based amphiphilic
organogels, which require long-chain alkyl or aryl moieties to
induce gelation.[3a–e] Surprisingly, the trehalose-6,6’-diacetate
(1) was capable of inducing gelation at a cmin of 0.04% (w/v;
0.84 mm) in ethyl acetate and nearly this low in methyl
methacrylate. This represents, to our knowledge, the lowest
cmin value reported for a sugar ester gelator.[7] For ethyl
acetate, the cmin represents over 12000 solvent molecules
being associated per molecule of 1. This can be translated into
a swelling of the weight of the gelator approximately 2500-
fold.

The trehalose diesters are excellent gelators over a broad
range of organic solvents (see the Supporting Information)
and in a mixture of solvents. For example, in the case of a 1:1
binary mixture of ethyl acetate and acetonitrile, the minimum
gelation concentration was between the cmin values in the pure
solvents (see the Supporting Information), therefore showing
no preference for a given solvent. Interestingly, the longer-
ester-chain trehalose derivatives could form gels in olive oil
(Table 1) with relatively low cmin values. Addition of 5% free
oleic acid, which would be present in low-purity olive oil, did
not affect the swelling capacity of the gel. Hence, complex,
multicomponent solvent systems, such as that found in a
natural oil and in the presence of a charged hydrolysis
product, could be subject to gelation.

As described above, although regiospecificity was
achieved to give the respective 6,6’-diesters for all disacchar-
ides tested, gel formation only occurred with trehalose,
suggesting that the unique symmetry of this molecule, which
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was maintained by the regioselectivity of lipase-catalyzed
acylation, may play the key role in its strong gelation ability.
To test this hypothesis, we chemically acylated trehalose with
stearoyl chloride to yield a mixture of trehalose esters.
Following isolation of the diesters (a mixture of regioisomers
among the eight free hydroxy groups, data not shown),
gelation studies were performed in ethyl acetate. Gelation did
not occur until a diester mixture concentration of approx-
imately 10% (w/v) was reached; well over 10-fold higher than
that required by the 6,6’-distearate. When the 6,6’-distearate
was purified from the diester mixture, identical gelation
properties to those synthesized enzymatically were obtained.
Similar results were obtained with the 6,6’-diacetate and 6,6’-
dibutyrate derivatives. These results indicate that gelation is
strongly favored with highly symmetrical disaccharide ester
derivatives that can be synthesized through regioselective
enzymatic catalysis.

Differential scanning calorimetry (DSC) of gels 1–4 was
performed in ethyl acetate to yield a gel!sol transition
temperature as a function of gelator mole fraction and
therefore enable calculation of gel melting enthalpy (DHm;
see the Supporting Information). Values of DHm for gelators
1–4 were determined to be approximately 55, 44, 30, and
22 kJmol�1, respectively. The high DHm of 1 indicates that this
gelator is the most effective in forming highly stable gels in
ethyl acetate, which is consistent with its low cmin. Longer acyl
chains favor greater solvation of the diester in ethyl acetate
and therefore reduce their ability to form strong gels.

The morphological properties of the trehalose-based
organogels were obtained through scanning electron micro-
scopy (SEM). Figure 1 depicts selected SEM images of the

xerogels of 1 in ethyl acetate (Fig-
ure 1a,b) and in isopropanol (Fig-
ure 1c,d), as well as 6 in ethyl
acetate (Figure 1e,f). These xero-
gels consist of 3D entangled fiber-
like aggregates with diameters of
10–500 nm and lengths in the
micron scale. The high aspect
ratios of the gel fibers clearly
indicate that the intergelator inter-
actions are highly anisotropic.
Most likely, the fibers observed in
the electron micrographs consist of
bundles of gelator aggregates, sim-
ilar to the structures observed in
other gel systems. The solvent
clearly influences the gel structure,
for example, the ethyl acetate gel
of 1 is transparent and shows
extended fibrous structures (Fig-
ure 1a), whereas the isopropanol
gel of 1 is opaque and consist of
larger and more crystalline fibers
(Figure 1c). Furthermore, the fact
that low gelator concentrations can
yield gels with the weak hydro-
phobicity of the C2 acyl moiety
suggests that H-bonding is the

predominant mechanism for gel assembly, although hydro-
phobic interactions may also contribute to gelation at longer
acyl-chain lengths. The ability of H-bonding to dominate gel
assembly is supported by the extremely high hydroxy-group
density in a disaccharide like trehalose, as depicted in
Figure 2e (for more detail, see the Supporting Information).

Table 1: Minimum gelation concentration (weight percent) of trehalose-based diesters in different
solvents at 25 8C.[a]

Solvent
(log P
value)

R= 1
-CH3

2
-(CH2)2CH

3
-(CH2)8CH3

4
-(CH2)12CH3

5
-(CH2)16CH3

6
-CH=CH2

acetonitrile
(-0.34)

G (0.36) G (0.69) G (0.18) G (0.11) G G

Acetone
(-0.24)

G (0.34) G (1.0) G (1.3) G (1.4) G G

isopropanol
(0.05)

G (0.54) G (1.39) G (2.21) G (1.31) G G

ethyl acetate
(0.73)

G (0.04) G (0.13) G (0.71) G (1.1) G (0.72) G

methyl methacrylate
(1.38)

G (0.05) G (0.11) G (0.82) G (0.85) G (0.40) G

p-xylene
(3.15)

I G (0.14) G (0.18) G (0.25) G (0.37) G (0.72)

olive oil
(N/A)

I I G (0.09) G (0.13) G (0.18) I

[a] G indicates that the gel formed and I indicates that the gelator could not dissolve in the organic
solvent at elevated temperatures.

Figure 1. FE-SEM images of the organogels from a) 1 in ethyl acetate,
b) 1 in ethyl acetate at a higher magnification, c) 1 in isopropanol, d) 1
in isopropanol at a higher magnification, e) 6 in ethyl acetate; inset
shows higher magnification of 6 in ethyl acetate, f) 6 self-supporting
and porous scaffold after UV polymerization in ethyl acetate.
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To gain additional insight into the structures that comprise
the gel formed from 1, small-angle X-ray diffraction (XRD)
was employed. XRD of the wet gel gave a weak Bragg
reflection at 1.56 nm, indicating that the sugar diester
assembled into a well-ordered structure (Figure 2 f). This
reflection is approximately the same as that of the molecular
length of 1, which was confirmed by crystalline-sample
measurements (1.25 nm) and molecular modeling studies by
using energy-minimized calculations.[8] XRD measurements
of the gels from 2–6 also gave similar diffraction patterns
showing that, in a suitable organic solvent, the trehalose
diesters self-assemble into ordered structures. Based on these
results, we propose a molecular arrangement of the trehalose
diesters in the organic liquid (Figure 2e). Molecular stacking
of the multilayers (Figure 2d) leads to the formation of gel
fibers (Figure 2c) followed by further growth into fibrous 3D
networks (Figure 2b) and finally formation of the gel
(Figure 2a). The transparency of the resulting ethyl acetate
gel of 1 attests to a low-gelator-volume fraction along with a
nanoscale fiber size that does not interfere with light trans-
mission. Additional information on the packing arrangement
of the trehalose-6,6’-distearate (5) gelators through H-bond-
ing was further obtained by temperature-dependent 1H NMR
spectroscopic measurements in isopropanol and acetone (see
the Supporting Information). The gelators exhibit peaks in
both the sol and gel states, and as expected, the peak width
becomes sharper when the temperature increases above the
Tgel (46 8C). The peak width at 2.17–2.21 ppm (COOCH2

adjacent to the sugar) decreases below Tgel but remains
constant at T>Tgel. This result is consistent with the loosening
of H-bonds that occur at the gel!sol transition temperature.
Interestingly, the organogels retain visible 1H NMR spectro-
scopic peaks in the gel state, suggesting that the gelator
molecules maintain sufficient thermal motion[3d,e, 9] in contrast
to other gelating systems.[10]

Although the gel structure can be dissociated in several
ways, such as by adding a good solvent of the gelator, another
route to degradation of these particular trehalose diester gels
is through selective ester-bond hydrolysis catalyzed by lipase

in the presence of a small amount of added water. Indeed
CALB (0.5 mgmL�1) in the presence of 2% (v/v) water
caused the ethyl acetate gel of 1 to undergo disintegration
with concomitant formation of free trehalose and some
trehalose 6-acetate.

Gels containing acrylate esters (for example, 6) can be
further subjected to post-gelation cross-linking[11] in the
presence of 2,2-dimethoxy-2-phenylacetophenone (5 mol%)
as the photoinitiator and subsequent polymerization through
UV irradiation. Following solvent evaporation, the cross-
linked organogel from 6 was lyophilized to yield a highly
porous material (Figure 1 f). This material has a far-larger
pore structure than the gel from 6, which is not cross-linked
(Figure 1e). This suggests that it is suitable as a porous
scaffold. No gel shrinkage occurred during lyophilization.
Following drying into the aerogel, the cross-linked material
remained intact as a self-supporting scaffold (Figure 3a). This
material was capable of behaving as a modest hydrogel;
within 5 h the gel absorbed its weight 12-fold in water to give a
self-supporting transparent material (Figure 3b). We believe
that this is the first example of the generation of nano-
structures from self-assembled precursors in organic solvents
with hydrogel function.

In conclusion, we have used a biocatalytic strategy to
design and synthesize a novel family of highly symmetrical
trehalose diesters that self-assemble in a range of organic
solvents and form gels at concentrations as low as 0.04% (w/v).
The gel fibers, particularly those obtained from short acyl-
chain length, are self-assembled and stabilized most likely
through the extensive H-bonding networks that are available
in the sugar; although both van der Waals packing and
hydrophobic interactions are also expected to contribute to
gel stability particularly as the acyl-chain length increases.
Combining the principles of supramolecular chemistry and
the selectivity of biocatalysis represents a powerful strategy to
develop new molecularly defined and functional materials.
The organogels reported herein may find potential applica-
tions in the food, pharmaceutical, and cosmetic industries in
which trehalose is already used routinely.[12] In particular, the

Figure 2. Proposed scheme of molecular packing. a) Gel formed by 1 in ethyl acetate, b) 3D network, c) fibers, d) multilayers, and e) modeled
molecular packing. f) SAXS data for ethyl acetate gel of 1.
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ability of the longer-chain trehalose diesters to gel olive oil
attests to its potential use as a food or cosmetic additive that
can be prepared by using food-approved enzymatic synthesis
approaches.[13] Finally, photopolymerization of diacrylate
esters results in stable organo- and hydrogels. These porous,
self-supporting structures may find use as a scaffold for tissue
engineering, templated materials synthesis, nanoreactors for
chemical and enzyme catalysis, and controlled-pore, hydro-
philic membranes.

Experimental Section
Trehalose diesters were synthesized as follows: Novozyme 435 (1.5 g)
was added to acetone (100 mL) containing trehalose dihydrate
(0.01 mol) and vinyl ester (0.03 mol). The reaction mixtures were
then incubated at 45 8C and agitated at approximately 200 rpm for
48 h. The reactions were terminated by filtering the reaction mixtures
to remove the solid enzyme. The crude products were purified by
flash chromatography by using an ethyl acetate/methanol/water
(17:4:1 v/v) mixture as the eluent. The yields of the isolated products
ranged from 50–80%. The trehalose diesters were analyzed by
standard spectroscopic and elemental analysis procedures.

Gel!sol transition temperatures (Tm) were determined by DSC
with a Mettler DSC-822 differential scanning colorimeter equipped
with a nitrogen-gas cooling system. Field emission (FE)-SEM
measurements were carried out with a JEOL electron microscope.
A piece of the gel was placed on a carbon-coated copper grid and
dried for 3 h under vacuum before imaging. XRDmeasurements were
conducted by using a Bruker axs-D8 Discover with GADDS
diffractometer with graded d-space elliptical side-by-side multiplayer
optics, monochromated CuKa radiation (40 kV, 40 mA), and imaging
plate. The organogel was used as prepared in wet conditions for the
analysis. The typical exposure time was 1 min for self-assembled
structures with a 100 mm camera length.
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Ever-increasing environmental concerns has resulted in much
attention being recently directed toward the development of
new protocols for the aerobic oxidation of alcohols using
transition-metal catalysts.[1] Among them, palladium-based
catalysts show very interesting and promising catalytic
activity, and different types of palladium-based homogene-
ous[2] and heterogenous[3] catalysts in the form of metal
complexes or nanoparticles[4] have been developed for this
purpose. Accordingly, the application of palladium-based
catalysts has also been well documented for the asymmetric
oxidation of alcohols.[5] Although, significant progress has
been achieved in improving catalytic activity, selectivity, and
substrate scope, there is still the major problem that
palladium agglomeration and the formation of palladium
black can cause catalyst deactivation in many cases. Recently,
Tsuji and co-workers have shown that novel pyridine
derivatives with 2,3,4,5-tetraphenylphenyl substituents and
higher dendritic units at the 3-position significantly suppress
the formation of palladium black and give the highest
reported turnover numbers (TON) of 1480 in the homoge-
neous palladium-catalyzed oxidation of alcohols in air.[2o]

Very recently, we explored a new silica-based palladium(II)
interphase catalyst for the aerobic oxidation of alcohols.[3g]

However, this method requires high catalyst concentrations
(up to 5 mol%) and it suffers from the disadvantage of a
significant reduction in its reactivity after three reaction
cycles. Furthermore, this catalyst did not show good catalytic

activity in the aerobic oxidation of allylic alcohols. Quite
recently, the use of palladium nanoparticles dispersed in an
organic polymer has also been demonstrated in the aerobic
oxidation of alcohols.[4a,b] However, these heterogeneous Pd
systems also suffer from high catalyst loading (typically
substrate/catalyst ratios are ca. 20:1) and also the organic
polymers used in these systems are potentially susceptible to
oxidative degradation under aerobic oxidation conditions,
thus restricting catalyst recovery over a long period. More-
over, it is well known that the small particle size as well as the
high surface area of nanoparticles means they are very mobile
and thermodynamically susceptible to agglomeration and the
formation of larger inactive particles.[6] Ordered mesoporous
structures (such as MCM-41[7] and SBA-15[8]) with regular
channel structures and pore diameters in the range of 2 to
30 nm, their easy separation from the reaction mixtures, and
their relatively high surface area, would seem to be ideal for
forming a scaffold in which three-dimensional dispersions of
metal nanoparticles could be supported. Furthermore,
because the majority of the nanoparticles are usually
formed inside the channels of ordered porous materials, the
support prevents agglomeration while providing the inherent
advantages of a heterogeneous catalyst such as easy recovery
and product separation. For these reasons, the preparation[9]

and the use[10] of metal nanoparticles deposited on such
porous materials have received much attention in recent
years. However, despite these attractive features, to our
knowledge there is no report on the use of metal nano-
particles supported on mesoporous materials for the aerobic
oxidation of alcohols. We disclose herein a simple procedure
for the preparation of a new type of palladium catalyst
immobilized on functionalized SBA-15 and its application as a
heterogeneous catalyst for the aerobic oxidation of alcohols.
Transmission electron microscopy (TEM) before and after
catalysis indicates the involvement of Pd nanoparticles
confined inside the channels of SBA-15 as a reservoir of
active species for catalysis. SBA-15 was obtained from
pluronic P123 (EO20PO70EO20 (EO= ethylene oxide, PO=

propylene oxide), MAv= 5800, Aldrich) and (EtO)4Si under
acidic conditions following the reported procedure.[8] The
resulting SBA-15 was functionalized with a bipyridylamide
ligand followed by complexation with Pd(OAc)2 to afford the
corresponding immobilized palladium catalyst 1.[11] The TEM

image of catalyst 1 is shown in Figure 1a and b, and reveals
the absence of any palladium particles inside the channels. An
interesting point is that the nanoarchitecture of the catalyst
(SBA-15 channel) largely survived even after prolonged
reflux at 150 8C in concentrated sulfuric acid during the
preparation procedure.[11] A typical nitrogen adsorption/
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desorption type IV profile with a sharp hysteresis loop, which
is characteristic of the highly ordered mesoporous materials,
was obtained for 1 (see the Supporting Information).[11]

A BET surface area of 455 m2g�1 and a total pore volume
of 0.76 cm3g�1 were measured for the material. These values
are smaller than those for the starting SBA-15 (864 m2g�1).
BJH calculations showed an average pore diameter of 7.6 nm
for 1, a value which is in good agreement with the pore
diameter estimated from the TEM image (Figure 1a,b).[11]

As summarized in Table 1, 1 (ca. 0.004 equiv) is an
efficient heterogeneous catalyst for the aerobic oxidation of
a wide range of alcohols. A number of different solvents for
the oxidation reaction were investigated, and both toluene
and trifluorotoluene (TFT) led to high yields of the products.

However, the high cost and toxicity of TFT resulted in us
choosing toluene for the subsequent studies. High catalytic
activity for both benzylic and allylic alcohols was observed
and afforded the corresponding carbonyl compounds in
excellent yields.

In particular, the catalyst showed excellent activity for the
selective oxidation of various types of allylic alcohols to
afford the corresponding a,b-unsaturated carbonyl com-
pounds in excellent yields (Table 1, entries 12–16). Interest-
ingly, the oxidation of primary aliphatic alcohols under the
same reaction conditions furnished the corresponding esters
in excellent yields in all cases (Table 1, entries 17–20).
However, the oxidation of secondary aliphatic alcohols only
produced moderate yields of the corresponding ketones
(Table 1, entries 21 and 22).

It is worth mentioning that the reaction in air proceeded at
a rate comparable to that in pure oxygen, thus indicating that
the reaction is not retarded by the concentration of oxygen
dissolved in the solvent. However, the oxidation of 2-
substituted benzylic alcohols gave the corresponding alde-
hydes in only low yields (Table 1, entries 3 and 4). A TEM
image of the catalyst 1 after the oxidation reaction showed
that Pd nanoparticles with a relatively regular size of about
7 nm were mostly formed inside the regular mesoporous
channels (Figure 1c). The low conversion of 2-substituted
benzylic alcohols can be ascribed to steric hindrance by the
quasi-two-dimensional surface of the nanoparticles.[12]

Moreover, after the first use of catalyst 1 in the aerobic
oxidation of benzyl alcohol (Table 1, entry 1) to give benzal-
dehyde in 83% yield, the recovered catalyst was successfully
used in 12 subsequent reactions and exhibited consistent
catalytic activity (total TONffi3000). All recycling runs gave a
product purity of greater than 99% by GC analysis (see the
Supporting Information).[13] To rule out the contribution of
homogeneous catalysis the reaction with benzyl alcohol was
also conducted in the presence of catalyst 1 for one hour to
obtain a conversion of 37%. The solid was then hot-filtered
off and transferred to another Schlenk flask containing
K2CO3 in toluene at 80 8C under O2. The catalyst-free solution
was then left for 12 hours, but no further reaction took place.
Furthermore, analysis of the solution by atomic absorption
indicated that no Pd species had leached into the reaction.
Nevertheless, it is difficult at this stage to attribute the actual
catalytic activity solely to the ligand-bound Pd or to the Pd
nanoparticles. It would also not be a surprise if the Pd

Figure 1. TEM images of 1: a) perpendicular to the ordered channels, b) across the ordered mesoporous channels, and c) after the first recovery.

Table 1: Aerobic oxidation of alcohols using 1.

Entry R1 R2 t [h] Yield [%][a,b,c]

O2 air O2 air

1 Ph H 3.5 5.5 >99 (83) >99
2 4-MeC6H4 H 3.5 5 >99 >99
3 2-MeC6H4 H 8 – 25 –
4 2-ClC6H4 H 12 – 35 –
5 4-MeOC6H4 H 2.5 2.5 >99 >99
6 4-ClC6H4 H 12 13 >99 >99
7 4-NO2C6H4 H 14 15 >99 >99
8 Ph Me 15 17 >99 (91) 96
9 Ph Et 15 17 >99 93
10 PhCO Ph 12 12 >99 (95) 94
11 Ph Ph 20 20 >99 >99
12 PhCH=CH- H 5 6 98 97
13 PhCH=CH- Me 6 7 >95 94
14 (CH3)2C=CHCH- H 6 6.5 >99 >99
15 CH3(CH2)4 CH=CH2 6 6 93 93
16 cyclohexenol 7 8 >95 92
17 CH3(CH2)3 H 24 – >99[d] –
18 CH3(CH2)5 H 24 – >99[d] –
19 PhCH2CH2 H 24 – >99[d] –
20 PhCH2CH2CH2 H 24 – >99[d] –
21 4-phenylcyclohexanol 16 – 53 –
22 4-tert-butylcyclohexanol 16 – 45 –

[a] GC yield based on an internal-standard method unless otherwise
stated. [b] Yields in parentheses refer to isolated pure products. [c] The
molar ratios of substrate/1 are 1:0.004. [d] Conversions refer to the
corresponding esters.
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nanoparticles stabilized inside the channels of SBA-15 serve
as a reservoir for a trace and nondetectable number of Pd
particles to react through a homogeneous pathway.[13] Further
studies on this particular area are currently underway and the
results will be published in due course.

It is also noteworthy that the N2 adsorption/desorption
analysis of the recovered catalyst showed very similar
isotherms to those of the fresh catalyst 1, with relatively
sharp adsorption and desorption branches in the P/P0 range of
0.5:1–0.8:1. This observation strongly indicates a relatively
narrow size distribution of the mesopores, even in the
recovered catalyst (see the Supporting Information), even
though the total pore volume decreased from 0.76 to
0.57 cm3g�1. This observation accompanied by the TEM
results suggests that most of the nanometer-scale void space
and the channels of the host SBA-15 remain open, although a
small portion of the channels may be blocked by Pd nano-
particles (see the Supporting Information).

To better clarify the role of the bipyridyl ligands in our
protocol we set up two sets of control experiments. First, we
prepared a new catalyst in which SBA-15 without any organic
ligands was loaded with Pd(OAc)2 at the same Pd loading as
in 1. The oxidation of benzyl alcohol was then conducted
under the same reaction conditions as before, but using this
catalyst. Interestingly, we found that the corresponding
benzaldehyde was produced in greater than 99% conversion
after 5 h in the first experiment. However, the catalyst activity
decreased dramatically when it was used in two further
oxidations of benzyl alcohol. The significant deactivation of
the catalyst along with a color change to dark grayish is
presumably a consequence of the formation of large palla-
dium clusters (palladium black) on the outer surface of SBA-
15. In the second experiment, SBA-15 modified with 3-
cyanopropyl groups was loaded with Pd(OAc)2 and the
resulting pale yellow solid was tested for its catalytic activity
in the same reaction as above. In this case, the solid catalyst
showed a high degree of leaching and also the corresponding
benzaldehyde was produced in low (less than 25%) con-
version after 5 h as a result of the rapid formation of
palladium black. Therefore, we believe that the bipyrydyl
ligands in catalyst 1 might indeed provide a means of
uniformly distributing the mononuclear palladium species
throughout the solid support to ensure the controlled
formation of nanoparticles mostly inside the ordered meso-
porous channels of SBA-15. It may also be concluded that the
presence of the bipyridyl ligand in the size-restricted meso-
pores of the parent SBA-15 is effective for preventing both
the leaching and the agglomeration of coordinated palladium
nanoparticles to form huge particles of palladium black, and
this results in the high durability and recycling characteristics
of 1.

In conclusion, we have described a new highly recoverable
and efficient palladium-based catalyst for the aerobic oxida-
tion of alcohols. We have also demonstrated that the
combination of an organic ligand and ordered mesoporous
channels resulted in an interesting synergistic effect that led
to enhanced activity, the prevention of the agglomeration of
the Pd nanoparticles, and the generation of a durable catalyst.
This approach may find potential applications in other types

of nanocatalyzed reactions involving transition metals. Fur-
ther applications of this new approach on other transition-
metal-based nanoparticles are currently ongoing.

Experimental Section
A mixture of K2CO3 (1 mmol) and 1 (0.18 g, ca. 0.4 mol% of Pd) in
toluene (5 mL) was prepared in a two-necked flask. The flask was
then evacuated (water aspirator) and refilled with pure oxygen three
times (balloon filled). A solution of the alcohol (1 mmol) in toluene
(1 mL) was then injected into the solution and the resulting mixture
was stirred at 80 8C under oxygen or air (for the time indicated in
Table 1). After completion of the reaction, the mixture was filtered
off and the catalyst rinsed twice with CH2Cl2 (5 mL). The excess
solvent was then removed under reduced pressure to give the
corresponding carbonyl compounds (Table 1).
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Multiple Length-Scale Patterning of DNA by
Stamp-Assisted Deposition**
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The adsorption of biopolymers on solid surfaces determines
their functionality, thus affecting the response of biomedical
devices based on hybrid biological/(in-)organic interfaces. In
the case of DNA molecules, the control of their hierarchical
organization at surfaces must be achieved. There is a gap in
controlling the length scales in experiments with DNA
molecules on surfaces. In experiments in which individual
molecules are manipulated by local probes or optical
tweezers[1] the molecules are randomly deposited, anchored,
or passed in a flowing liquid in the proximity of a surface.
Their precise position cannot be predefined, and the address-
ing of individual molecules relies on high-resolution micro-
scopes. On the other hand, devices for diagnostics are based
on specific oligonucleotide sequences patterned into arrays
whose cells have a lateral size in the range of tens of
micrometers. In order to hybridize with complementary
target sequences, DNA single strands in the cells must
retain their own degrees of freedom to as great an extent as
possible. A major limitation to the quantitative application of
bioarray diagnostics is the interference of steric hindrance in a
solid monolayer with the kinetics of hybridization. Therefore
devising techniques for patterning individual DNA molecules
or oligonucleotide probes from solution onto planar surfaces
is of great significance.[2] These techniques could also be used
for patterning peptides, antibodies, and their aggregates for
the fabrication of functional membranes, scaffolds for cell and
tissue growth, biosensors with specific recognition, and
rewritable memories.[3]

Several approaches have been used to control the
organization of DNA molecules on a solid surface, mostly
with the purpose to align individual molecules along the
stretching direction. These include deposition of a DNA
solution on polydimethylsiloxane (PDMS) stamp followed by
transfer printing on mica,[4] molecular combing[5] by capillary
flow, spin stretching,[6] and casting solutions on a surface
prepatterned with PDMS.[7] Arrays of DNA have been
patterned by dip-pen nanolithography,[8] deposition on pre-
patterned templates by electron-beam lithography,[9] drop
projection,[10] and microcontact printing (mCP).[11] All of these
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approaches yield micropatterned DNA surfaces. The only
reports of ordered nanopatterns exploit deposition assisted by
nanobeads[12] and templates made of anodic porous alu-
mina.[13]

We report here on the multiple length-scale patterning of
DNA on surfaces based on a printing technique coupled to
dewetting. The results consist of nanodots on an area of a few
mm2, where each dot consists of a few DNA molecules. Our
method exploits the self-organization of the DNA molecules
in a solution confined between a stamp and the surface. The
stamp imposes the larger length scale, and the self-organiza-
tion brings about the smaller characteristic length scale[14] The
shape, size, and spacing of DNA nanostructures can be
modulated by the choice of stamp features and the concen-
tration of the DNA solution, the latter controlling the wetting
regime. For the first time dewetting is demonstrated as a
viable route to the patterning of arrays of biomolecules.

Mica was used as a prototype surface for this experiment.
Normally a solution of DNA in dilute buffer, such as that
employed in the present study, does not wet mica, and when a
drop of DNA buffer solution is cast on the mica surface, it
generates a random aggregation of biomolecules and their
counterions (Figure 1a). This behavior is dictated by the
electrostatic repulsion between the negatively charged DNA
and the mica surface. The deposited DNA molecules are
arranged randomly. This approach is not suitable for any
application where localization of molecules at precise posi-
tions is required.

To overcome the problem of the placement of biomole-
cules, we applied micromolding in capillaries (MIMIC)[15] to
confine the DNA solution within micrometric channels
defined by the stamp protrusions in intimate contact with
the surface. When the solution is placed at an open end of the
cavity, the solution flows inside driven by capillary forces and
surface tension with the boundary walls. Self-organization of
the molecular solute occurs at the later stages of solvent
evaporation. The process is depicted in Scheme 1, and an
example of the resulting patterned DNA deposit is shown in
Figure 1b.

The large length scale is imposed by the periodicity of the
stamp protrusions, while the smaller length scales, specifically
the size and separation of the DNA deposits, are controlled by
the wetting phenomena that occur in the space between the

stamp and the surface. Depending on the concentration, the
solute precipitates when the critical concentration is reached.
If this occurs in when the channel is filled with a homoge-
neous layer of solution (Scheme 1a), the solute precipitates in
the form of a thin film. As the solution is pinned to the
edges of the channel, the fluid section profile results
in an inhomogeneous rate of evaporation of the solvent
(Scheme 1b). The convective flow of the solute towards the
pinning sites results in the precipitation of split structures in
the channel. The stamp was made of PDMS by replica
molding.[15a] It consists of an array of parallel channels whose
width and height are 1 mm and 230� 15 nm, respectively, and
the pitch is 1.4 mm. The dimensional control can be achieved
by changing the stamp features (periodicity and volume of the
channels), the DNA concentration, and the volume of the
infilling solution. Atomic force microscopy (AFM) was
performed with an NT-MDT microscope in semicontact
mode in air. lDNA solution (100–8000 bp, D9793 Sigma
Aldrich) in 10 mm tris(hydroxymethyl)aminomethane hydro-
gen chloride (Tris-chloride, 93377 Sigma Aldrich) pH 7.4
buffer was used in our experiments. The stamp was placed
onto freshly cleaved mica, and a 10-mL droplet of solution was
deposited next to it and allowed to dry over approximately
12 h under ambient conditions. The stamp was then gently
removed and the sample imaged.

When the concentration of the DNA solution was
1.25 mgmL�1, the resulting pattern consisted of homogeneous
lines (Figure 2a) whose full width at half maximum is
approximately 750� 50 nm, with a periodicity of 1.4 mm and
an average height of 10� 1 nm. When a more concentrated
solution was used, dots formed on top of a layer a few < thick
stretching along the length of the channels. For DNA
concentrations between 2 and 4 mgmL�1 the dots are roughly
aligned but without well-defined spacing (Figure 2b,c). When
the concentration exceeded 5 mgmL�1 spatial correlations
emerge among the dots, and the dot size increases. In this
case, the dots are perfectly aligned along the edges of the
channel (Figure 2d) as a result of the pinning of the solution
and the convective flow from the center towards the edges.
The height of the aligned hemispherically capped dots (full
width at half maximum: 150 nm) is 18� 2 nm on average, at a
distance of 600� 30 nm along and 1.4 mmperpendicular to the

Scheme 1. a) Deposition of DNA from solution by micromolding in
capillaries (MIMIC) as described in the text. b) Pinning occurs during
the last stages of solvent evaporation.

Figure 1. AFM images of 10 mL of a solution of lDNA on mica.
Samples prepared by a) drop casting and b) patterning as shown in
Scheme 1a. Scale bar is 1 mm.

Communications

4780 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4779 –4782

http://www.angewandte.org


patterned line. Whereas the height can be measured accu-
rately, the full width at half maximum of the dots may be
overestimated by nearly a factor of two because the tip
convolution for curvature radii of tips is 10–20 nm.

To verify the results, we performed a control experiment
by patterning 10 mm TRIS buffer alone; in this case stripes
approximately 2 < in height were observed. Moreover, we
observed an ordered dot array also when the DNA concen-
tration was kept constant at 5 mgmL�1 and the buffer
concentration was varied between 20 and 100 mm. DNA is
known to adopt coiled conformations at high concentration of
salts, provided that they are salting-out or “structuring”
salts.[16] The Tris-chloride system behaves as a neutral or
slightly stabilizing salt. We therefore conclude that the arrays
consist of DNA dots. We estimate that a dot of average
volume, 3 B 105 nm3, may contain up to 10000 base pairs,
based on a density of 1.3 gcm�3 and considering DNA as the
most abundant species in the dot.

Patterning occurs during the deposition of DNA mole-
cules inside the channels. The DNA molecules, with a
negatively charged shell, have a low affinity to the negatively
charged mica surface, and the surface tension is a major
driving force for the dot formation. In dilute DNA solutions
the repulsive electrostatic interaction between the DNA
molecules and the surface are shielded by the buffer, and a
homogeneous continuous layer with salt and DNA is depos-
ited. The transition from continuous lines to split strings of
dots at higher DNA concentration arises from either dewet-
ting of the initially continuous stripes,[17] or nucleation and
growth in a partial wetting regime.[18] Both phenomena have
been observed in thin films of molecular materials and are
known to result in spontaneous spatial correlations in size and
distance.[19] Dewetting is the rupture of an initially continuous
film upon an external stimulation. It can develop by
nucleation and growth of holes[20] or a spinodal mechanism,[21]

which occurs by fluctuations of the film surface with the
emergence of a characteristic wavelength. In the case of
growth in partial wetting regime, correlations arise because of
intertwined nucleation and ripening, the latter of which is a
size- and distance-dependent phenomenon that stops when
the nuclei have reached the same size at an equilibrium

distance. In both regimes, the smaller length scales, dot size
and spacing, depend on the initial concentration of the
solution.

At high concentration, the dots are attracted to the corner
formed by the stamp and the surface as a result of both
capillary forces and the need to minimize their surface energy.
The effect of surface tension and viscosity[22] on the channel-
filling rate at increasing DNA concentration, as well as the
interplay between the flow profile and deposition, are
currently under investigation.

In summary, the possibility to pattern ordered arrays of
nanostructures made of DNA has been demonstrated using a
featureless stamp with micrometer channels. Our results hint
at the possibility of the patterning of DNA for many
applications by stamp-assisted deposition from a solution
onto a substrate in a regime of partial wetting or dewetting.
Our method is suitable for upscaling the deposition onto large
areas. The control of multiple length scales by exploiting
confinement and competing interactions between the adsor-
bate and the substrate represents a remarkable example of
integrated top-down/bottom-up processes.
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As a linker molecule in the polymer industry, 1,4-cyclo-
hexanedimethanol (CHDM) is a highly valued and exten-
sively used reagent.[1] It is, for example, preferred[2] over

ethylene glycol as a stepping stone in the production of
polyester fibers for applications involving polycarbonates and
polyurethanes.[1, 3] Industrially, CHDM is prepared by a two-
step process using two reactors.[1,4] The first step is the highly
exothermic conversion of dimethyl terephthalate (DMT) into
dimethyl hexahydroterephthalate (DMHT) by using a sup-
ported Pd catalyst in the temperature range of 160–180 8C and
an H2 pressure of 30–48 MPa (300–480 bar). The intermediate
DMHT is then converted into CHDM by using a copper–
chromite catalyst at temperatures about 200 8C and an H2

pressure of about 40 bar.[4] We have already shown that
bimetallic nanoparticle catalysts,[5] such as (silica-supported)
Ru5Pt, Ru10Pt2, Ru6Pd6, and Ru12Cu4, can promote the single-
step conversion of DMT into CHDM and are more efficient
than the Angelici-type catalyst,[6] which consists of a rhodium
complex tethered on silica-supported palladium. Herein, we
report that of the wide range of possible hydrogenation
products of DMT (Scheme 1) mainly the desired products
DMHT and CHDM are formed with supported nanoparticles
of the trimetallic cluster Ru5PtSn. This catalyst shows both the
highest activity and selectivity yet observed in any single-step
conversion of DMT into CHDM under mild conditions
(100 8C, 20 bar H2).

The parent material, [PtRu5(CO)15(m-SnPh2)(m6-C)] (1;
Figure 1),[7] was obtained from the reaction of Ph3SnH with
the hexanuclear bimetallic complex [PtRu5(CO)16(m6-C)].[8]

For comparison, we also carried out a few experiments (see
below) using [PtRu5(CO)15(m-GePh2)(m6-C)] (2) prepared
from the same hexanuclear complex and Ph3GeH. The
heterotrinuclear (Ru-Pt-Sn) complex was anchored onto a
mesoporous silica (Davison 38 8) through silanol groups, as
described previously.[5a,9] The reaction conditions and the
results for the hydrogenation of DMT are presented in
Table 1. From these data and from Figure 2, the superior
performance of the trimetallic nanoparticle catalyst is clear.
This is not surprising in view of the well-known role of tin as a
modifier in bimetallic petroleum-reforming catalysts.[10] It has
also been shown that Pt enhances the activity of RuSn
catalysts for the hydrogenation of 1,4-cyclohexanedicarbox-
ylic acid to CHDM.[11]

The significant improvement in performance[9a] that tin
effects to bimetallic catalysts is also relevant here. In previous
studies, EXAFS measurements showed that the tin atom
serves to anchor the metal clusters firmly to the siliceous
supports.[12] Similar measurements (now underway) are
needed to shed light on the dramatic difference in behavior
between Ru5PtSn and Ru5PtGe, but we can say right away
that it was extremely difficult to anchor the germanium
parent 2 onto the silica under the same conditions for which 1
became firmly attached. Both SnIV and GeIV are well-
known[13, 14] to be able to replace tetrahedrally coordinated
SiIV ions in open-framework solids. However, in this work,
only infinitesimal quantities of Ge could be detected by
electron-induced X-ray emission. We believe that it is more
difficult to attach Ge to the siliceous surface because it is
more difficult to cleave Ge�C bonds than Sn�C bonds in the
EPh2 ligands of the precursors 1 and 2, respectively.

High-angle annular-dark-field (HAADF) examination[15]

of the monodispersed trimetallic catalysts showed high
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dispersion on the supports
both before and after catalysis
(Figure 3). There was clearly
no sintering of the nanoparti-
cles during the exothermic
hydrogenation reaction. More-
over, extremely localized
nanoanalysis—by electron-
induced X-ray emission
(Figure 4)—showed that the
composition of individual par-
ticles (volumes of ca. 1 nm3

analyzed) is very close to the
stoichiometry Ru5PtSn of the
precursor 1.

HAADF tomography has been successfully applied
before to explore the spatial distribution and morphology of
supported nanoparticles.[5, 16] With this purpose, a series of Z-

contrast (Z= atomic number)
images of the Ru5PtSn catalyst
was acquired every 28 between
�708 and 708. Figure 5 shows the
axial projection of a specimen
tomogram together with a series
of single slices through the tomo-
gram, from which a tendency of the
particles to be evenly distributed
mainly close to the surface of the
material can be observed. In cer-
tain slices (Figures 5b and c) there
are some zones with a greater
density of particles inside the
volume of the material. (A movie
showing the tomographic retrieval
of the interior distribution of the
trimetallic nanoparticle catalysts is
provided in the Supporting Infor-
mation.)

In summary, we have discov-
ered the synergistic value of the

Scheme 1. Possible hydrogenation products of DMT.

Figure 1. Molecular structure of complex 1.

Table 1: Comparison of catalysts for the hydrogenation of DMT.[a]

Catalyst t T Conv. TOF[b] Product distribution [mol%]
[h] [K] [mol%] [h�1] DMHT CHDM A B

Ru5PtSn/SiO2 4 373 16.8 247 54.7 45.2 – –
8 373 36.5 278 41.5 57.5 – 0.9
24 373 64.9 242 36.2 62.5 – 1.5

Ru5PtSn/SiO2 8 393 45.4 339 34.9 60.0 – 5.0
24 393 76.6 290 29.7 45.1 8.9 16.4

Ru5PtSn/SiO2 8 413 61.2 376 30.3 43.9 9.9 15.8
Ru5PtSn/SiO2

[c] 8 393 63.9 387 9.5 71.2 8.3 11.2
Ru5PtGe/SiO2 4 373 2.2 19 85.0 10.2 2.2 2.5

8 373 4.1 35 83.3 10.5 2.5 3.7
24 373 6.2 22 81.5 10.8 2.9 4.7

Ru5Pt/SiO2 4 373 6.8 148 55.3 31.9 – 12.7
8 373 21.2 198 51.2 11.5 – 37.2
24 373 41.3 145 54.6 6.5 – 38.8

Ru6Sn/SiO2
[d] 4 373 – – – – – –

8 373 5.3 54 77.2 – 22.6 –
24 373 8.0 27 81.0 – 18.6 –

[a] Conditions, unless otherwise given: SiO2: mesoporous Davison silica with a pore diameter of 38 H;
H2 pressure: 20 bar. [b] TOF= [(molsubstr)(molcluster)

�1h�1] . [c] H2 pressure: 40 bar. [d] Mesoporous SiO2

of the MCM-41 type.

Figure 2. Bar chart comparing the activity and selectivity of the
Ru5PtSn catalyst with those of other bi- and trimetallic catalysts for the
hydrogenation of DMT. H2 pressure: 20 bar; T=373 K; t=24 h. See
Table 1 and Experimental Section for further details.
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trimetallic nanoparticle catalyst Ru5PtSn as a highly efficient
and selective means of effecting the catalytic single-step
hydrogenation of DMT to CHDM under mild conditions. The
presence of tin in the nanoparticle catalyst appears to play a
key role in anchoring the particle owing to its oxophilicity for
the support, which in turn diminishes the tendency for the
nanoparticles to sinter.

Experimental Section
The organometallic complexes 1 and 2 were prepared according to a
published procedure.[7] The catalysts were prepared following stan-
dard procedures reported earlier.[5a, 9] Rather than employing as
porous support the popular (organic-template-derived) MCM-type
(which have non-intersecting pores) and related silicas such as SBA-
15, we used a commercially available (from Grace Davison) desiccant
silica with a narrow pore-size distribution (designated Davison 923;
pore diameter 38 8). This support is made by reacting sodium silicate
with a strong mineral acid (usually sulfuric acid); the pore size is
controlled by gel time, final pH value, temperature, concentration of
reactants, etc. Compared to MCM-41 type silica, the Davison silica is
much lower in cost, thermally and mechanically more stable, and less
susceptible to structural collapse. It also has some intersecting pores
that facilitate the diffusion of the reactant species to the immobilized
catalyst, and its surface area is close to 700 m2 g�1.

A slurry of cluster 1 or 2 (100 mg) in dichloromethane (20 mL)
and diethyl ether (20 mL) was added under inert atmosphere (Ar) to
400 mg of thoroughly degassed mesoporous silica Davison 923. The
mixture was stirred for 12 h. The support with the adsorbed cluster
was allowed to settle and the liquid (on top) was removed. The

support (with the anchored cluster) was washed twice with diethyl
ether (20 mL) and dried in vacuum. The catalyst was activated
(decarbonylated) by calcination in vacuum at ca. 200 8C for 2 h. The
loading of the clusters on the mesoporous support varied from sample
to sample; it was accurately determined by inductively coupled
plasma (ICP) analysis for each catalytic experiment. For the Ru5PtSn
cluster, the loadings on the support varied from 0.0015 to
0.0026 mmol, whereas for the Ru5PtGe cluster the loadings were in
the range of 0.00165 to 0.00372 mmol.

Figure 3. HAADF images of Ru5PtSn nanoclusters on Davison 38 H
silica before (a) and after (b) catalysis.

Figure 4. a) Electron-induced X-ray emission spectrum of nanoparticles of Ru5PtSn nanoclusters on Davison 38 H silica. The arrow in the inset
points to the particle for which this emission spectrum was recorded. The peak for Cu in this spectrum originates from the sample holder. b) Plot
showing the uniformity of the composition of several nanoparticles of the Ru5PtSn catalyst: triangles Ru; circles Sn; squares Pt.

Figure 5. Axial projection of a specimen tomogram (a), with successive
slices (b–d) through a scanning electron tomogram of Ru5PtSn
supported on Davison 38 H silica. See Supporting Information for a
video of the full dynamic tomogram.

Communications

4784 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4782 –4785

http://www.angewandte.org


Electron microscopy: For the tomograms shown in Figure 5, 71
images were recorded with an acquisition time of 20 s every 28 from
+708 to �708 using a Fischione ultrahigh-tilt tomography holder
model 2020 and a FEI Tecnai F20 field emission gun transmission
electron microscope operated at 200 kV in scanning transmission
electron microscope (STEM) mode. The probe size was approx-
imately 0.5 nm in diameter, and each HAADF image was recorded
with a pixel size of 0.27 nm using a Fischione HAADF detector. The
“missing wedge” of data (at high tilts) leads to anisotropic spatial
resolution, with a degradation of resolution in the direction parallel to
the optical axis of about 30%. Image acquisition was undertaken
using the FEI software package Xplore3D. Images were then aligned
sequentially using Inspect 3D. Reconstructions, again with
Inspect 3D, were performed using either weighted back-projection
(WBP) routines or an iterative routine (SIRT) that constrains the
reconstructed volume to match the original images when re-projected
back along the original tilt directions. This constraint has the effect of
minimizing some of the unwanted effects of the limited data sampling
and greatly reduces the “fan” artifact that can be evident in many
WBP reconstructions. Voxel projections were constructed in
Inspect 3D, and surface rendering (after a segmentation process)
was undertaken using Amira software.

Catalysis: The liquid-phase hydrogenation of DMT was carried
out in a high-pressure, teflon-lined, stainless steel catalytic reactor
(150 mL). The catalyst (50 mg), which was stored under inert
conditions (Ar), was transferred to the reactor (using a robotically
controlled catalyst-delivery unit) containing about 2.5 g of DMT
(Aldrich, � 99% pure) dissolved in ethanol (75 mL) and 0.5 g of the
internal standard (hexadecane). The reactor was sealed, and its
contents were inertized (thrice) with dry N2 prior to reaction. The
contents of the reactor were stirred (1700 rpm) and heated to the
desired temperature (from a low of 373 K to a high of 413 K). Dry
hydrogen (dynamic pressure of 20 or 40 bar, see Table 1) was
pressurized into the reaction vessel and, using mini-robot liquid-
and gas-sampling valves, small aliquots (0.1 mL) of liquid and gas
samples were removed to study the kinetics of the reaction without
perturbing the pressure in the reactor.

The composition of the liquid and gaseous products was
continuously monitored by using an online computer-controlled
system linked to a GC and LC-MS system (Shimadzu QP 8000). The
products were analyzed (using hexadecane as the internal standard)
by gas chromatography (Varian, Model 3400 CX) employing an HP-1
capillary column (25 m J 0.32 mm) and a flame ionization detector.
The identities of the products were first confirmed using authenti-
cated standards, and their individual response factors were deter-
mined by using a suitable internal standard (calibration method). The
conversions (Conv.) and selectivities (Sel.) were determined as
defined by Equations (1) and (2), and the yields were normalized

Conv: ½%� ¼
molsubstrate ðinitialÞ�molsubstrate ðresidualÞ

molsubstrate ðinitialÞ
� 100 ð1Þ

Sel: ½%� ¼ molindividual product

moltotal products
� 100 ð2Þ

with respect to the response factors obtained as described above. For
the internal-standard GC method, the response factor (RF) and
mol% of individual products were calculated using Equations (3) and
(4). The identity of the products was further confirmed by GC-MS.

RF ¼ molproduct

molstandard
� areastandard

areaproduct
ð3Þ

mol% product ¼ RF � molstandard �
areaproduct

areastandard
� 100

molsample
ð4Þ

The Ru5PtSn catalysts were reused three times without appreci-
able loss in catalytic activity or selectivity. Further experiments

analogous to those reported earlier[5a] were carried out to rule out the
possibility of leaching, and analysis of the resulting filtrate at the end
of reaction (24 h) by ICP and AAS revealed only trace amounts
(< 5 ppb) of dissolved metal ions (Pt, Ru, Sn).
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The preparation and characterization of small clusters on
supporting surfaces remains a significant challenge for nano-
science in general and, in particular, for systems used in
surface science as catalysis models.[1–4] In the case of metals,
clusters of specific size can display dramatically different
catalytic properties.[5–7] Owing to the high mobility of metals
and their tendency to cluster, the preparation methods of
mass-selected clusters have been restricted exclusively to soft-
landing of gas-phase mass-selected charged species.[8] To date,
no studies have been reported on mass-selected supported
oxide clusters. The preparation techniques that lead to
formation of supported oxides have been restricted to metal
evaporation in an oxidizing environment and/or postoxida-
tion of evaporated metals both on metal[9–14] and metal oxide

substrates.[15–18] In all cases, clusters with a distribution of sizes
were reported.
Here, we focus our attention on tungsten trioxide, an early

transition-metal oxide (TMO) that represents a particularly
important class of catalytically active oxides. TMO clusters,
and in particular vanadium oxide clusters, have received
significant attention in model catalytic studies and have been
prepared on such substrates as Pd(111),[12] Rh(111),[11,12]

TiO2(110),
[16] Al2O3/NiAl(110),

[17, 18] and SiO2/Mo(112).
[17]

On Rh(111), a disattachment and diffusion of cyclic V6O12
clusters from two-dimensional vanadium oxide islands was
observed, demonstrating that large, cyclic oxide cluster
structures can be stable on surfaces.[11,12] In this study, we
employed a qualitatively different deposition approach,
which involved direct sublimation of tungsten trioxide, and
prepared monodisperse WO3 clusters on TiO2(110). On the
basis of atomically resolved imaging, X-ray photoelectron
spectroscopy (XPS), mass balance of deposited WO3, and
supporting theoretical calculations, we conclude that the
clusters are cyclic (WO3)3. To our knowledge, this is the first
successful attempt to form monodisperse oxide clusters
supported on another oxide. As such, this system shows
great promise as an ideal platform for reactivity studies on
well-defined supported model TMO catalysts.
The empty-state scanning tunneling microscopy (STM)

image of a clean TiO2(110) (1 : 1) surface is shown in
Figure 1a. The bright features along the [001] direction
correspond to topographically low-lying pentacoordinated
TiIV ions, and the dark rows correspond to topographically
high-lying bridge-bonded oxygen (BBO) ions.[19] The bright
spots between TiIV rows are BBO vacancies (typically 8–14%)
generated from thermally induced TiO2 bulk reduction.

Figure 1. STM images (150 � 150 �2) of a) clean TiO2(110) (1 � 1) and
b–d) TiO2(110) with different coverages of WO3: b) 0.7 � 1014,
c) 3.5 � 1014, and d) 5.0 � 1014 WO3 cm�2. All images (empty states)
were taken with a sample bias of +1.5 V and a current of 0.1 nA.
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Figure 1b–d show STM images after deposition of WO3 at
300 K followed by 10 min of annealing at 600 K. The images
clearly exhibit bright features related to deposited WO3. Our
attempts to image the as-deposited WO3 yielded poorly
defined, amorphous-like images (not shown). Clearly, the
annealing at 600 K results in the formation of well-defined,
monodisperse WO3 clusters. From XPS data (not shown), the
oxidation state of W remains as + 6 upon heating to 600 K.
At low coverage of WO3 (0.7 : 10

14 WO3cm
�2 in Fig-

ure 1b), the images show only isolated clusters that are
identical in size. While a small fraction (� 1/5) are centered
on the BBO rows, most clusters are centered on the TiIV rows.
As a result of insufficient STM resolution, we were unable to
determine whether the latter clusters are centered on top of
the TiIV sites or bridged between them. We speculate that the
clusters centered on the BBO rows are located at positions
where there were BBO vacancies initially.
At intermediate coverage of WO3 (3.5 : 10

14 WO3cm
�2 in

Figure 1c), the majority of the clusters are centered on the
TiIV rows, a small fraction are centered on BBO rows, and
some larger three-dimensional aggregates appear. Line scans
along the [001] direction over the cluster maxima (not shown)
give an apparent cluster height of approximately 1.5 B and
diameter of about 6 B. Additionally, spatial distribution
analysis of the nanoclusters along the [001] direction shows
that they never occupy two neighboring TiIV sites. This
arrangement is most likely the result of steric repulsions due
to the large cluster size. From this observation, we conclude
that the maximum cluster density in the first layer is half the
density of TiIV sites, that is, 2.6 : 1014 cm�2.
A further increase in the WO3 coverage (Figure 1d, 5.0 :

1014 WO3cm
�2) results primarily in an increased number of

larger 3D clusters. The smaller, monodisperse clusters directly
in contact with TiO2(110) are also resolved in the image.
Having established that for low doses the clusters are

monodisperse (STM) and composed of WO3 (XPS), we could
determine the number of WO3 units in each cluster by
correlating (Figure 2) the number of clusters per unit area
(from STM) with the areal mass density (from quartz crystal

microbalance, QCM). Within experimental error the slope is
three, which is indicative of trimers, (WO3)3. Note that mass
spectrometry studies of vacuum-sublimed WO3 reveal that
the dominant gas-phase product of WO3 sublimation is
(WO3)3.

[20, 21]

In this context, the structure of gas-phase (WO3)3 is
known from photoelectron spectroscopy (PES) and density
functional theory (DFT) calculations.[20, 21] The gas-phase
(WO3)3 trimer is cyclic with D3h symmetry

[20] (its structure is
shown schematically in the inset of Figure 2). The calculated
diameter of 5.3 B[20] is consistent with STM data and indicates
that two TiIV sites are required to accommodate one cluster.
Additional STM data strengthen the evidence favoring the
cyclic (WO3)3 trimers on TiO2(110). In a number of cases,
presumably when the STM tip was very sharp, we observed
signal contrast within the (WO3)3 clusters. An example is
shown in Figure 3, in which clusters exhibit a dark triangular
feature with one corner aligned with a TiIV row and the
opposite side tilted with equal probability to the left or right
away from the TiIV row where the cluster is centered. This
observation confirms that this structure is not an STM
artifact.

To explain the contrast within the clusters we turn to DFT
calculations of isolated (WO3)3, as detailed in Reference [20].
A schematic view of the expected acceptor orbitals on the
D3h (WO3)3 cluster is shown in Figure 4a. All the empty states
in (WO3)3 areW 5d-based, in-plane or out-of-plane molecular
orbitals. As the out-of-plane orbitals are expected to have
better overlap with states from the STM tip, they should
constitute primarily the accepting (imaged) orbitals. The
orbital shown in Figure 4a represents one of such out-of-
plane 5d orbitals. The bright features with a dark triangular
center observed in the high-resolution STM image (Figure 3)
resemble the symmetry of the accepting molecular orbitals of
the (WO3)3 trimer (Figure 4a).

Figure 2. Areal mass density of deposited WO3 (sWO3
) from QCM

studies as a function of the number density of tungsten trioxide
clusters (sCluster) from STM studies. The slope (x=3.2�0.3) confirms
that the clusters are trimers (WO3)3. The inset indicates the cyclic
structure and observed size of gas-phase (WO3)3 trimers.

Figure 3. High-resolution STM image (70 � 70 �2) exhibiting strong
trigonal intensity contrast within each (WO3)3 cluster. One of the
corners aligns with a TiIV row and the opposite side is tilted with equal
probability to the left or right away from this row.
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To further illustrate the qualitative agreement between
the out-of-plane empty states of isolated (WO3)3 clusters
(Figure 4a) and the high-resolution empty-state STM image
(Figure 3), we show a schematic view of the TiO2(110) surface
with two (WO3)3 clusters bound along the Ti

IV row. The
clusters have the plane of the rings tilted away from the
surface normal with two tungsten atoms pointing into the TiIV

row and the third tungsten atom tilted towards the neighbor-
ing BBO row (one to the left and the other to the right), as
observed in the STM images (Figure 3). This tilt results in a
different brightness above the three tungsten atoms of the
ring, with the tungsten atom toward the BBO row being
significantly brighter than the other two. The structure that
emerges involves bonding between neighboring cationic TiIV

and terminal oxygen atoms on adjacent W atoms of the
trimer. The tilt to the left or right is likely due to an attractive
interaction between the BBO row of the substrate with the
third WVI ion of the trimer.
In conclusion, we have synthesized monodisperse oxide

clusters supported on TiO2(110) by using direct thermal
evaporation of WO3. On the basis of results from STM, XPS,
and mass balance of deposited WO3, we conclude that the
clusters are cyclic (WO3)3. This conclusion is further sup-
ported by prior mass spectrometric, photoelectron spectros-
copy, and density functional theory studies of tungsten
trioxide gas-phase species.[20–22] The apparent similarity

between the supported and free (WO3)3 clusters suggests
stability and robustness, which may prove important for their
use as model catalysts.

Experimental Section
STM experiments were carried out in an ultrahigh vacuum (UHV)
chamber equipped with an Omicron variable-temperature scanning
tunneling microscope as well as apparatus for Auger electron
spectroscopy and quadrupole mass spectrometry. The TiO2(110)
rutile single crystal (10: 5: 1 mm3, Princeton Scientific) was
mounted on a standard Omicron single-plate tantalum holder and
heated radiatively with a tungsten filament heater located behind the
sample plate. The temperature dependence of the sample on heater
power was calibrated in a separate experiment by using a TiO2(110)
crystal with a chromel–alumel thermocouple glued directly to the
crystal surface. Well-ordered TiO2(110) surfaces were prepared by
using repeated cycles of Ar ion sputtering and UHV annealing at
900 K. All STM images (empty states) were taken at room temper-
ature under tunneling conditions typical for TiO2(110) imaging
(+ 1.0–1.7 V, 0.1–0.2 nA). Prior to use, commercial STM tips (Tung-
sten, Custom Probe Unlimited) were cleaned by means of Ar
sputtering and UHVannealing.

WO3 was deposited by direct sublimation of WO3 powder
(99.95%, Aldrich) onto TiO2(110) at 300 K using a high-temperature
effusion cell (CreaTec). The deposition flux (0.2–1.4 ngs�1 cm�2) was
monitored with a quartz crystal microbalance (Inficon). The compo-
sition and oxidation state of evaporated tungsten oxide were
determined in separate experiments conducted in a second UHV
system equipped with an identical deposition setup, XPS apparatus,
and other surface analytical tools described previously.[23] The W
4f XPS spectra (not shown) demonstrate that the tungsten in the
deposited tungsten oxide is exclusively in the + 6 oxidation state.
Additionally, the W/O ratio in the W 4f and O 1s XPS peaks from the
thicker films (� 50 monolayers) is 1:3. From these data, we conclude,
in agreement with prior mass spectrometric studies,[22] that only
(WO3)x is sublimed.

[21]
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Uniformly sized colloidal nanoparticles have attracted a great
deal of attention, not only for their fundamental scientific
interest, which is derived from their size-dependent proper-
ties, but also for their many technological applications, which
include biomedical imaging and functional building blocks for
nanoscale devices.[1] Many types of nanoparticles have been
assembled on the surfaces of various spherical supports, such
as St!ber silica and polymer latex spheres, by various methods
including layer-by-layer (LbL) techniques using oppositely
charged polyelectrolytes,[2] methods based on direct electro-
static interactions between nanoparticles and supports,[3] and
techniques based on the coordination of the nanoparticles on
amino- or thiol-functionalized silica spheres.[4] Magnetic
nanoparticles[5] have been applied as magnetically separable

catalysts, contrast-enhancement agents for magnetic reso-
nance imaging (MRI), magnetic carriers for drug-delivery
systems, biosensors, and bioseparation.[6]

Controlled assembly of magnetic nanoparticles on the
desired supports is important for these applications. There
have been several reports on the assembly of magnetic
nanoparticles on spherical templates by the LbL techni-
que.[2d–g] For example, alternating layers of polyelectrolytes
and magnetite nanoparticles, synthesized in an aqueous
phase, were assembled on polystyrene latex spheres. Nano-
particles synthesized in an organic phase are generally more
crystalline and uniform than those prepared in the aqueous
phase. Recently, FePt alloy nanoparticles[7] and magnetite
nanoparticles,[8] synthesized in an organic phase, were assem-
bled on silica spheres by electrostatic interaction. However, it
was necessary for these nanoparticles, initially synthesized in
an organic phase, to be transformed into water-dispersible
nanoparticles, because the assembly procedures were per-
formed in the aqueous phase. Herein we report on a new
procedure to assemble hydrophobic magnetite (Fe3O4) nano-
particles through covalent bonding on silica spheres by means
of a nucleophilic substitution reaction in organic media. We
also fabricated multifunctional nanoparticle/silica sphere
assemblies by subsequent assembly of nanoparticles of Au,
CdSe/ZnS, or Pd on the magnetite nanoparticle-bearing silica
spheres. The synthesized multifunctional silica spheres exhib-
ited a combination of magnetism and surface plasmon
resonance (Au), luminescence (CdSe/ZnS), or catalysis (Pd).

The general synthetic procedure for multifunctional
nanoparticle/silica sphere assemblies is shown in Scheme 1
(see also the Experimental Section). Uniformly sized silica
spheres were prepared by the St!ber method.[9] For the
assembly of the nanoparticles, the surfaces of the silica
spheres were functionalized with amino groups by treatment
with (3-aminopropyl)trimethoxysilane (APS). Monodisperse
nanoparticles of Fe3O4,

[5h] Au,[10] CdSe/ZnS,[11] and Pd[12] were
synthesized by procedures described previously. To assemble
Fe3O4 nanoparticles on the silica spheres, the capping oleic

Scheme 1. Synthetic procedure to obtain multifunctional nanoparticle/
silica sphere assemblies.
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acid ligands of the Fe3O4 nanoparticles were exchanged with
2-bromo-2-methylpropionic acid (BMPA).[13] The BMPA-
stabilized Fe3O4 nanoparticles were assembled on the surfaces
of the amino-functionalized silica spheres. The resulting
Fe3O4 nanoparticle/silica sphere assemblies were designated
as Mag-SiO2. Subsequently, functional nanoparticles of Au,
CdSe/ZnS, or Pd were additionally assembled onMag-SiO2 to
give multifunctional assemblies designated as Mag-SiO2-Au,
Mag-SiO2-CdSe/ZnS, and Mag-SiO2-Pd, respectively.

A field-emission scanning electron microscopy (FE-SEM)
image of Mag-SiO2 (Figure 1a) showes that uniform 14-nm

Fe3O4 nanoparticles were well assembled on the surfaces of
the 500-nm silica spheres. Figure 1b and c shows transmission
electron microscopy (TEM) images of 7-nm Fe3O4 nano-
particles assembled on 300- and 100-nm silica spheres,
respectively. The BMPA-stabilized Fe3O4 nanoparticles were
covalently bonded onto the surfaces of the amino-function-
alized silica spheres by a direct nucleophilic substitution
reaction between the terminal Br groups of the ligands and
NH2 groups on the silica spheres in THF.[14] This constitutes a
new and simple method of assembling magnetite nanoparti-
cles synthesized in organic media on silica spheres by direct
covalent bonding, as opposed to the more complicated LbL
method, which is conducted in the aqueous phase by using the
electrostatic interaction between magnetic nanoparticles and
polyelectrolytes. When the original oleic acid stabilized Fe3O4

nanoparticles were used instead of BMPA-stabilized ones in
assembling Fe3O4 nanoparticles on the silica spheres, the
number of magnetite nanoparticles attached to the silica
spheres was substantially reduced.

By using Mag-SiO2 as support, various multifunctional
composite nanoparticle assemblies were fabricated by coor-
dinating functional nanoparticles of Au, CdSe/ZnS, or Pd to
the residual surface amino groups. It is well known that alkyl
amines such as hexadecylamine and oleylamine, which are
often used as stabilizing ligands for nanoparticles of noble
metals and semiconductors, bind to the metal atoms on the
surfaces of the nanoparticles through the lone-pair electrons
on the nitrogen atom.[11, 12] Similarly, the lone-pair electrons in
the amino groups of the amino-modified silica spheres seem
to bind to the metal atoms (Au in Au nanoparticles, Zn in the
case of CdSe/ZnS core/shell nanoparticles, and Pd in Pd
nanoparticles). For example, when we assembled Pd nano-
particles on both amino-modified silica spheres and pristine

unmodified silica spheres, the number of Pd nanoparticles
assembled on the former was much higher than that on the
latter. Figure 2a shows a TEM image of Mag-SiO2-Au, in
which gold nanoparticles 1–3 nm in size and 7-nm Fe3O4

nanoparticles were assembled on 100-nm silica spheres.
Larger Au nanoparticles (13 nm) were also assembled on
300-nm silica spheres with 7-nm magnetite nanoparticles
(Figure 2b). The TEM and high-resolution TEM (HRTEM)
images of Mag-SiO2-CdSe/ZnS showed that these composite
nanoparticle assemblies consist of highly crystalline 4.5-nm
CdSe/ZnS quantum dots coexisting with 14-nm Fe3O4 nano-
particles on the surfaces of 100-nm silica spheres (Figure 2c).
Assembly of 14-nm Fe3O4 nanoparticles and 5-nm Pd nano-
particles on 100-nm silica spheres produced Mag-SiO2-Pd
(Figure 2d).

The properties of these multifunctional nanoparticle
assemblies are depicted in Figure 3. For applications involving
magnetic delivery or separation, superparamagnetic proper-
ties are more desirable than ferromagnetism, because there
should be no residual magnetism after the magnetic field is
removed. The field-dependent magnetization curve of the
Mag-SiO2 sample of Figure 1a at 300 K showes no hysteresis
(Figure 3a), that is, Mag-SiO2 exhibits superparamagnetic
behavior derived from the well-assembled magnetite nano-
particles on the silica spheres. The UV/Vis spectrum of the
Mag-SiO2-Au of Figure 2b showes the characteristic surface
plasmon band at 530 nm (solid line in Figure 3b). On the
other hand, the supernatant solution after removal of Mag-

Figure 1. SEM and TEM images of Mag-SiO2. a) FE-SEM image of 500-
nm silica spheres assembled with 14-nm Fe3O4 nanoparticles (inset:
high-magnification FE-SEM image). b) TEM image of 300-nm silica
spheres assembled with 7-nm Fe3O4 nanoparticles. c) TEM image of
100-nm silica spheres assembled with 7-nm Fe3O4 nanoparticles.

Figure 2. a) TEM image of Mag-SiO2-Au, in which gold nanoparticles
1–3 nm in size and 7-nm Fe3O4 nanoparticles were assembled on 100-
nm silica spheres. b) TEM image of Mag-SiO2-Au, in which 13-nm Au
nanoparticles and 7-nm Fe3O4 nanoparticles were assembled on 300-
nm silica spheres. c) TEM image of Mag-SiO2-CdSe/ZnS, in which 4.5-
nm CdSe/ZnS quantum dots and 14-nm Fe3O4 nanoparticles were
assembled on 100-nm silica spheres. d) TEM image of Mag-SiO2-Pd,
in which 5-nm Pd nanoparticles and 14-nm Fe3O4 nanoparticles were
simultaneously assembled on 100-nm silica spheres.
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SiO2-Au with a magnet showed no absorption peak (dotted
line in Figure 3b) and thus demonstrated the magnetic-
separation characteristics of the silica spheres. The Mag-SiO2-
CdSe/ZnS spheres of Figure 2c exhibited an emission peak at
a position slightly red-shifted from that of the pristine CdSe/
ZnS nanoparticles (Figure 3c).

To demonstrate the combined magnetic and luminescent
properties of Mag-SiO2-CdSe/ZnS simultaneously, we pre-
pared red-emittingMag-SiO2-CdSe/ZnS (Fe3O4 nanoparticles
and red-emitting CdSe/ZnS nanoparticles assembled on silica
spheres) and green-emitting SiO2-CdSe/ZnS (green-emitting
CdSe/ZnS nanoparticles assembled on silica spheres without
Fe3O4 nanoparticles). Then, the two samples were mixed in
chloroform and magnetic separation was performed. The
confocal micrograph of the mixed solution (Figure 3d)
showed that red and green dots were coexistent, whereas
only green dots remained after magnetic separation (Fig-
ure 3e), that is, red-emitting Mag-SiO2-CdSe/ZnS was com-
pletely removed from the mixture. This combination of
magnetic and optical properties should enable the Mag-
SiO2-CdSe/ZnS nanoparticle assemblies to be used simulta-
neously for biolabeling and MRI.

To investigate the catalytic activity of Mag-SiO2-Pd, a
Sonogashira coupling reaction was performed. After com-
pletion of the coupling reaction, Mag-SiO2-Pd could easily be
separated from the reaction mixture by using a magnet. The
reaction solution was dark before magnetic separation
(Figure 4a), whereas black Mag-SiO2-Pd was attracted to
the magnet and a yellowish solution remained after magnetic
separation (Figure 4b). High catalytic activities for aryl

iodides and aryl bromides were shown by Mag-SiO2-Pd
(Table 1). To investigate the stability of the silica spheres
during the catalytic reactions, we performed recycling experi-
ments.

As summarized in Table 1 (entries 5–9), Mag-SiO2-Pd was
recycled four times for coupling 2-bromothiophene. Recently,
Nacci et al. reported that the yield of Suzuki and Stille
coupling reactions with Pd nanoparticles gradually decreased
as recycling proceeded.[15] Our recycling experiments showed
a similar trend. The catalytic activity of Mag-SiO2-Pd for the
Sonogashira coupling was maintained above 75% yield until
the third recycling. However, the yield steeply decreased to
17% in the fourth recycling reaction. The TEM image of the
recovered Mag-SiO2-Pd after the first reaction showed that
not only Fe3O4 nanoparticles but also Pd nanoparticles were
firmly attached to the silica spheres. In contrast, the TEM
image after the fourth recycling experiment revealed that
most of Pd nanoparticles were detached from the silica
spheres, whereas many Fe3O4 nanoparticles were still firmly
attached to the silica spheres. These results demonstrate that
the decrease in yield of the catalytic coupling reactions
resulted from detachment of Pd nanoparticles from the silica
spheres.

In summary, we have reported a simple, reproducible, and
general method of preparing multifunctional nanoparticle
assemblies on silica spheres. Magnetite nanoparticles synthe-

Figure 3. a) Field-dependent magnetization at 300 K of the Mag-SiO2

sample of Figure 1a. b) UV/Vis absorption spectra of a suspension of
the Mag-SiO2-Au sample of Figure 2b before (solid line) and after
(dotted line) removal of Mag-SiO2-Au by magnetic separation. c) Pho-
toluminescence spectra (lex=450 nm) of pristine CdSe/ZnS nano-
particles (blue line) and the Mag-SiO2-CdSe/ZnS sample of Figure 2c
(red line). d, e) Confocal micrographs obtained from a mixed suspen-
sion of red-emitting Mag-SiO2-CdSe/ZnS and green-emitting SiO2-
CdSe/ZnS before and after removal of red-emitting Mag-SiO2-CdSe/
ZnS by using a magnet, respectively.

Figure 4. Photographs of reaction mixtures a) before and b) after
magnetic separation of Mag-SiO2-Pd used in reaction (1).

Table 1: Test of catalytic activity of Mag-SiO2-Pd in the Sonogashira
coupling reaction (1).[a]

Entry X Ar Catalyst (mol %)[b] Yield [%][c]

1 I 4-acetylphenyl Mag-SiO2-Pd (3) 95.0
2 I 2-thienyl Mag-SiO2-Pd (3) 99.3
3 I 2-thienyl recovered from entry 2 (3) 98.1
4 I phenyl Mag-SiO2-Pd (3) 100
5 Br 2-thienyl Mag-SiO2-Pd (5) 99.5
6 Br 2-thienyl recovered from entry 5 (5) 98.2
7 Br 2-thienyl recovered from entry 6 (5) 88.1
8 Br 2-thienyl recovered from entry 7 (5) 75.7
9 Br 2-thienyl recovered from entry 8 (5) 16.9

[a] DIA=diisopropylamine; reaction conditions: 85 8C, 18 h. [b] Catalyst
concentration based on Pd. [c] Yield of isolated product.

Angewandte
Chemie

4791Angew. Chem. Int. Ed. 2006, 45, 4789 –4793 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


sized in an organic phase were covalently bonded on silica
spheres, and subsequently nanoparticles of Au, CdSe/ZnS, or
Pd were assembled. These multifunctional nanoparticle/silica
sphere assemblies are likely to find many catalytic and
biomedical applications derived from their combination of
magnetic properties with surface plasmon resonance, lumi-
nescence, or catalysis.

Experimental Section
Synthesis of amino-functionalized St!ber silica spheres: Uniform
100-, 300-, and 500-nm silica spheres were synthesized by the St!ber
method.[9] The surfaces of the silica spheres were functionalized with
amino groups by treatment with APS in refluxing ethanol.

Ligand exchange of Fe3O4 nanoparticles synthesized in an organic
phase: Monodisperse Fe3O4 nanoparticles (14- and 7-nm) capped with
oleic acid were synthesized in an organic phase by procedures
described previously.[5h] 50 mg of the as-synthesized nanoparticles
were dispersed in 3 mL of chloroform and the resulting solution was
added to 30 mL of BMPA in chloroform (0.1m solution).[13] After
stirring the solution at room temperature for 48 h, the nanoparticles
were precipitated by adding an excess of ethanol. The precipitated
nanoparticles were retrieved by centrifugation.

Synthesis of Mag-SiO2: The BMPA-stabilized magnetite nano-
particles dispersed in 3 mL of THF were added to a solution
containing 0.1 g of amino-functionalized silica spheres dispersed in
20 mL of THF, and the resulting dispersion was heated to reflux for
3 h. Themagnetite nanoparticle/silica sphere assemblies were isolated
by three cycles of centrifugation, redispersion in THF, and magnetic
separation.

Synthesis of Mag-SiO2-Au: Citrate-stabilized gold nanoparticles
with sizes of 1–3 and 13 nm were prepared by procedures described
previously.[10] 10 mg of Mag-SiO2 was dispersed in 30 mL of aqueous
Au nanoparticle solution, and the resulting aqueous dispersion was
stirred for 6 h at room temperature. The Mag-SiO2-Au spheres were
isolated by three cycles of centrifugation, redispersion in water, and
magnetic separation.

Synthesis of Mag-SiO2-CdSe/ZnS: CdSe/ZnS nanoparticles were
prepared by a procedure described previously.[11] A dispersion of
20 mg of CdSe/ZnS nanoparticles in 3 mL of chloroform was mixed
with 10 mg of Mag-SiO2 in 10 mL of chloroform, and the resulting
dispersion was stirred at room temperature for 6 h. The Mag-SiO2-
CdSe/ZnS spheres were isolated by three cycles of centrifugation,
redispersion in chloroform, and magnetic separation.

Synthesis of Mag-SiO2-Pd: 5-nm Pd nanoparticles were prepared
by a procedure described previously.[12] A dispersion of 20 mg of Pd
nanoparticles in 3 mL of chloroform was mixed with 10 mg of Mag-
SiO2 in 10 mL of chloroform, and the resulting dispersion was stirred
at room temperature for 6 h. The Mag-SiO2-Pd spheres were isolated
by three cycles of centrifugation, redispersion in chloroform, and
magnetic separation.
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Visible-Light Photochromism of
Bis(ferrocenylethynyl)ethenes Switches
Electronic Communication between Ferrocene
Sites**

Ryota Sakamoto, Masaki Murata, and
Hiroshi Nishihara*

Ferrocene has many attractive features, such as excellent
reversible redox properties, high solubility in organic
media, and high modifiability with organic chemical
methods,[1] and it remains a promising molecular
fragment for molecular devices. Related to the redox
properties, intramolecular mixed-valence interactions
between multiple ferrocene sites have been regarded
as a key to the realization of molecular electronics,
such as molecular quantum cellular automata
(QCA),[2] and the fundamental evaluation of their
ability as molecular electronic wires.[3]

Ferrocene exhibits an excellent affinity for organic
p-bridge systems, with strong electronic coupling
between the Fe d orbitals and the p orbitals of the
cyclopentadienyl ring and p bridges. This mutual
interaction can yield an intramolecular mixed-valence
interaction[4] and a charge-transfer (CT) band in the
visible region.[5–7] This CT transition from ferrocene
d orbitals to the LUMO of either the acceptor group[5]

or the p* orbital of the bridge[6] is key to the excellent
nonlinear optical properties of ferrocene(donor)–acceptor
combinations[5] and, for example, the green-light-induced
trans-to-cis isomerization of the azobenzene moiety in ferro-
cenylazobenzenes.[6]

To our knowledge, light-triggered electronic communica-
tion between ferrocenes has never been reported before. In
the present study, we adopted an ethynylethene p frame-
work[8] as a bridge fragment, which undergoes Z–E photoiso-
merization on the central C�C double bond. The greatest
benefit of introducing this class of photochromic compounds
is the thermal stability of the Z and E isomers,[8] which is
important in terms of their applications as, for example,
molecular switching devices. Additionally, the possibility of
modifying substituents on the central C�C double bond is also
likely to be important in terms of tuning the photoisomeriza-
tion behavior and mixed-valence communication by the
electronic perturbation of the p system. These properties of
ethynylethene are superior to those of other photochromic
species such as the azo group. Our attempts at quantitative
analysis of the mixed-valence interaction in cis-azoferrocene
have not been successful because of the low stability of the
cis isomer.[9, 10]

Herein, we report two types of ferrocene-conjugated
ethynylethenes, (E)-1 and (E)-2 (Scheme 1), which differ in
the presence of a p or s substituent on the central double
bond. Their photophysical properties also contrast with each
other: (E)-1 showed visible-light photochromism, whereas

(E)-2 did not show any photochromic behavior. Also
discussed is the decrease in the strength of the mixed-valence
interaction between the two ferrocene moities accompanying
E!Z isomerization in 1. Compounds (E)-1 and (E)-2 were
synthesized according to the procedure outlined in Scheme 1.
The Z isomer of 1 was obtained as a minor by-product during
the synthesis of (E)-1.[11] The absolute configurations of (E)-1
and (Z)-1 were confirmed by single-crystal X-ray analysis
(Figure 1).[12] The configuration of 2 (E) was assigned with the
aid of IR spectroscopy, by comparison of the absorptions
derived from the carbonyl and C�C triple bonds of 2 with
those of (E)-1 and (Z)-1.

Scheme 1. Syntheses of (E)-1, (Z)-1, and (E)-2. EDC-HCl=1-ethyl-3-(dimethylaminopropyl)-
carbodiimide hydrochloride; DIBAL-H=diisobutylaluminumlithium hydride; DMAP=4-
(N,N-dimethyl)aminopyridine.

[*] R. Sakamoto, Dr. M. Murata, Prof. Dr. H. Nishihara
Department of Chemistry
School of Science
The University of Tokyo
7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-0033 (Japan)
Fax: (+81)3-5841-8063
E-mail: nisihara@chem.s.u-tokyo.ac.jp

[**] This work was supported by Grants-in-Aid for Scientific Research
(Nos. 16047204 (area 434) and 17205007) and by a grant from The
21st Century COE Program for Frontiers in Fundamental Chemistry
from MEXT, Japan.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

4793Angew. Chem. Int. Ed. 2006, 45, 4793 –4795 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Both (E)-1 and (E)-2 displayed electronic absorption
bands in the visible region, together with the p–p* band in the
UV region (Figure 2). On the other hand, the analogues (E)-3
(p-tol-C�C-(COOMe)C=C(COOMe)-C�C-p-tol) and (E)-4

(p-tol-C�C-(CH2OAc)C=C(CH2OAc)-C�C-p-tol), which
lack the ferrocene moieties, showed only the p–p* band.
Such dual absorptions were previously seen in ferrocene-
containing pigments, which are excellent nonlinear optical
materials,[5b] and in our azo precursors.[6, 9,10] Time-dependent
density functional theory (TD-DFT) calculations indicate
that these bands in the visible region are assignable to CT-like
transitions from the ferrocene d to the ethynylethene p*
orbitals (Figure 2), with some contribution by the enyne
bridge, which again showed the same features as in two
previous studies.[5b,6] Lower extinction coefficients (e) were
observed for both the p–p* and CT bands in (Z)-1 compared
to those in (E)-1. With regards to (E)-2, a decrease in e and a
blue shift in the CT band were found (Figure 2).

Irradiation of (E)-1 in dichloromethane with a mixture of
green (546 nm) and yellow (578 nm) light from a superhigh-
pressure Hg lamp[13] led to excitation of the CT band, with a

stepwise decrease observed in the p–p* band, as is typical in
the E-to-Z transformation,[8] as well as in the CT band with
time (Figure 3). In addition, one isosbestic point was observed
which confirmed the absence of side reactions such as
decomposition. A one-step reaction from the E to Z form
was observed by 1H NMR spectroscopy (Figure 3). The

proportion of Z isomer in the photostationary state was
calculated to be 89% based on the ratio of the integrals. This
value is much higher than the percentage found for azo
compounds[6,14] upon excitation of the CT transition from the
metal moiety to the p* orbital of the azo moiety. The quantum
yields in toluene upon irradiation with green light at
546 nm[15] were found to be FE!Z= 1.7 C 10�5 and FZ!E=

0.47 C 10�5.[16, 17] Additionally, p–p* excitation with UV light
at 365 nm also afforded E!Z isomerization, which is an
intrinsic property in ethynylethenes.[8]

In contrast, (E)-2 showed no photochemical response to
excitation of the CT band in the visible region or to excitation
of the p–p* band in the UV region, as confirmed also by
1H NMR spectroscopy. If we consider the photoisomerization
behavior together with the differences in the electronic
spectra, it can be concluded that the substituents attached
directly to the central double bond contribute greatly to the
photochemical properties in our ferrocene-conjugated ethy-
nylethene system. This speculation is well supported by the
photochemical responses of the analogues that lack the
ferrocene moieties. For example, (E)-3 showed E!Z photo-
isomerization upon excitation of the p–p* band, just as (E)-1.
On the contrary, (E)-4 revealed no photochromic behavior
just as (E)-2, but instead it underwent photochemical
degradation.

Figure 1. ORTEP drawings of (E)-1 and (Z)-1 with thermal ellipsoids
set at the 50% probability level. Hydrogen atoms are omitted.

Figure 2. Electronic spectra of (E)-1, (Z)-1, (E)-2, and (E)-3 in dichloro-
methane, the main transition in the CT band of (E)-1 (marked with ^),
and photos of each compound in dichloromethane.

Figure 3. Time-course UV/Vis (upper) and 1H NMR (lower) spectral
changes of (E)-1 upon irradiation with light at 546 nm and 578 nm in
dichloromethane and [D2]dichloromethane. PSS=photostationary
state.
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We evaluated the mixed-valence interaction by studying
the splitting between the two redox potentials, DE0’, as
determined from cyclic voltammograms of (E)-1 and (Z)-1
measured in dichloromethane containing nBu4NBF4

(0.1 moldm�3). The result showed a larger DE0’ value in
(E)-1 (70 mV) than in (Z)-1 (48 mV) (Figure 4).[18] This is

consistent with the fact that p conjugation, namely through-
bond interaction,[4] is stronger in the E form and spatial
interaction[19] is negligible because the two redox sites are well
separated even in (Z)-1 (Fe–Fe 6.17 D), as indicated by the
single-crystal X-ray structural analysis (Figure 2).

In summary, the perturbation by the transition-metal
complex (ferrocene) by the organic photochromic framework
(ethynylethene) and vice versa in the system reported here
were both sophisticatedly utilized to attain visible-light
photochromism that causes a change in electronic communi-
cation between the ferrocene sites. This result is expected to
contribute to the development of well-defined supramolec-
ular devices.
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Aza-Diels–Alder Reaction of Brassard�s Diene
with Imines**
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Piperidine derivatives are precursors of the biologically
important piperidine alkaloids,[1] peptides, and aza sugars,
and are therefore important synthetic targets. Development
of novel efficient methods for the synthesis of piperidine
derivatives in optically pure form is important from the
standpoint of the pharmaceutical sciences as well as synthetic
organic chemistry. The enantioselective aza-Diels–Alder
reaction of electron-rich dienes with aldimines provides an
efficient protocol for the preparation of piperidine derivatives
in scalemic form.[2] Thus, the aza-Diels–Alder reaction of an
imine with 1-alkoxy-3-siloxy-1,3-butadienes and its deriva-
tives (Danishefsky's diene)[3] furnishes functionalized piper-
idinones. A catalytic asymmetric version of the aza-Diels–
Alder reaction was investigated recently, and high enantio-
selectivity was attained.[4] Another potential candidate as an
electron-rich diene is 1,3-dimethoxy-1-(trimethylsiloxy)buta-
diene 1 (Brassard's diene),[5] the reaction of which provides
piperidinone derivatives (Scheme 1).[6] In contrast to Dani-
shefsky's diene, Brassard's diene has been less extensively
studied. Although diastereoselective versions of aza-Diels–
Alder reactions with chiral imines that lead to optically active
piperidinone derivatives have been reported by Waldmann
et al.,[7] Midland and Koops,[8] and Kawecki,[9] the catalytic

enantioselective reaction of Brassard's diene with imines has,
to the best of our knowledge, not been reported.[10] The high
reactivity and lability of Brassard's diene is associated with
the paucity of its hetero-Diels–Alder reaction.

Recently, chiral Brønsted acid catalysis,[11,12] a variant of
metal-free organocatalysis, has become a rapidly growing
area.[13] We have already developed chiral phosphoric acid 2,

derived from (R)-BINOL, as a chiral Brønsted acid cata-
lyst.[14,15] One of the potential problems associated with 2 lies
in its strong acidity,[16] in particular when applied to labile
substrates. We have found that its pyridinium salt 3 also
exhibits efficient catalytic activity as a chiral Brønsted acid
catalyst but is more compatible than 2 with labile substrates
such as Brassard's diene. Herein, we report the chiral
Brønsted acid catalyzed aza-Diels–Alder reaction of aldi-
mines with Brassard's diene 1 to afford piperidinone deriv-
atives in high yields and with excellent enantioselectivities (up
to 99% ee). To our knowledge, this is the first report of an
enantioselective aza-Diels–Alder reaction of Brassard's diene
with aldimines.[17]

Screening of substituents at the 3,3’-positions of phospho-
ric acid 2 revealed that 9-anthryl groups as in 2a[15c] were the
most effective for the aza-Diels–Alder reaction. Thus, aldi-
mine 4a (R=Ph), derived from benzaldehyde and 2-amino-4-
methylphenol, and Brassard's diene 1 were treated with 2a
(3 mol%) in mesitylene at �40 8C for 24 h. Treatment of the
reaction mixture with PhCO2H (1 equiv) with heating for 12 h
afforded cycloadduct 5a in 72% yield and with 92% ee
(Table 1, entry 1). Note that as little as 3 mol% of the catalyst
suffices for the reaction to proceed efficiently. Interestingly,
use of the equivalent amount (3 mol%) of its pyridinium salt
3 improved the yield significantly with comparable enantio-
selectivity (Table 1, entry 2). A range of aldimines derived
from aromatic and heteroaromatic aldehydes underwent the
aza-Diels–Alder reaction to afford cyclization products with
excellent enantioselectivities (Table 1, entries 3–14). Ali-
phatic aldimines, which were generated in situ, also gave
corresponding cycloadducts with excellent ee values (Table 1,
entries 15, 16). The absolute stereochemistry of 5 (R= p-
BrC6H4; Table 1, entry 3) was unambiguously determined by
X-ray crystallographic analysis,[18] and those of the other
cycloadducts were assigned by analogy.

To demonstrate the utility of the present aza-Diels–Alder
reaction, the experiment was performed on a gram scale.
Thus, when 1.01 g of aldimine 4a was treated with 3
(3 mol%), 1.40 g of the corresponding cyclization product
5a was obtained without any loss in the enantioselectivity or
yield (Scheme 2).

The methoxy group in 5a could be transformed into other
functionalities. As an example, acid hydrolysis of the methyl

Scheme 1. The aza-Diels–Alder reaction. TMS= trimethylsilyl.
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ether and a subsequent addition–elimination reaction of the
tosylate with Me2CuLi introduced a methyl group
(Scheme 3).

The stability of Brassard's diene 1 toward acid 2a and
toward 3 in the presence of phosphoric acid was studied in wet
[D8]toluene at room temperature. The amount of 1 was
monitored by 1H NMR specroscopy.[19] In the presence of 2a
only 12% of Brassard's diene was detected after 1 h, whereas
in the presence of 3 75% of the starting amount of diene was
measured. This result clearly shows that the weaker acidity of
3 is responsible for the increased yields of the cycloadduct 5,
as compared to those with 2a.

As the presence of the hydroxy moiety on the N-aryl
group is essential for attaining high enantioselectivity,[20] we

surmised that the present aza-Diels–Alder reaction proceeds
via a nine-membered cyclic transition state, wherein the
phosphoryl oxygen atom forms a hydrogen bond with the
hydrogen atom of the imine OH moiety, with the nucleophile
attacking the Re face of the aldimine preferentially
(Figure 1).[21, 22]

In summary, we have developed the aza-Diels–Alder
reaction of Brassard's diene with imines, catalyzed by a chiral
Brønsted acid derived from (R)-BINOL, to give dihydropyr-
idone derivatives with excellent enantioselectivities. The
application of the present chiral Brønsted acid catalysis
system to other asymmetric reactions is underway.
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Discovery of a Family of Isopolyoxotungstates
[H4W19O62]

6� Encapsulating a {WO6} Moiety
within a {W18} Dawson-like Cluster Cage**

De-Liang Long,* Paul K�gerler, Alexis D. C. Parenty,
John Fielden, and Leroy Cronin*

Polyoxotungstates are continuing to attract attention because
of their appealing electronic and molecular properties that
give rise to many applications in, for example, catalysis[1] and
materials science.[2] Since their materials properties are
intricately linked to their structural features, the creation of
novel polyoxotungstate structural types remains a pressing
challenge. However, the development of new structures has
thus far mostly involved the integration of heteroanions or
heterometals that support the tungstate-based frameworks.[3]

Only a few examples of basic types of isopolyoxotungstates
are known, including [HW5O19]

7�,[4] [W6O19]
2�,[5]
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[H3W6O22]
5�,[6] [W7O24]

6�,[7] [W10O32]
4�,[8] [H4W11O38]

6�,[9]

[H2W12O40]
6�, [H2W12O42]

10�, and [W24O84]
24�.[10] The synthesis

of fundamentally new isopolyoxotungstates, which may sub-
sequently be used as building blocks in constructing larger
architectures or networks, therefore requires new strategies
that exploit supramolecular interactions during the construc-
tion of the cluster architecture. In this context we recently
explored the use of larger, flexible organic cations that
allowed us to isolate new cluster structures, for example, the
isopolyoxomolybdate [H2Mo16O52]

10� [11] using protonated
hexamethylenetetramine, which encapsulates this unit in
solution, thereby limiting its reorganization to simpler
structure types. We extended this strategy to tungstate-
based systems by using protonated triethanolamine
(TEAH+) as cations at around pH 2 and isolated the
isopolyoxotungstate [H12W36O120]

12�, which can be thought
of as an inorganic “crown ether”.[12] Notably, the same
reaction system at lower pH values (around 1) yields a
fundamentally new type of isopolyoxotungstate
[H4W

VI
19O62]

6� (1a), which was isolated as its salt (TEAH)6-
[H4W19O62] (1).

Compound 1 forms after refluxing a solution of sodium
tungstate and TEAH+ at pH 0.8 for more than three days,
during which time the solution gradually changes from
colorless to pale green. In the absence of the bulky organic
TEAH+ cations, under otherwise identical reaction condi-
tions, only the well-known [W10O32]

4� cluster compound
forms, which implies the existence of a crucial cation
effect.[13] Although crystals of 1 were of poor quality, which
meant that the cluster oxido positions and the TEAH+ cations
could not be well resolved because of disorder,[14] the metal
skeleton of 19 W centers is clearly resolved and resembles
that of a Dawson-type {W18} cage (realized for instance as
[W18O54(PO4)2]

6�)[15] featuring an additional W center located
in the center of the cluster and the absence of the two
heteroatoms typically associated with Dawson-type clusters.

Analysis of 1 by 183W NMR spectroscopy in aqueous
solution shows three groups of W centers, which correspond
to a single tungsten center and two types of tungsten centers
typically found in a Dawson-type cluster sphere (consisting of
six “cap” and twelve “belt” W atoms). Furthermore, recrys-
tallization of 1 in water yields a new crystal form 1’,[14] which
has cubic morphology and composition (TEAH)6-
[H4W19O62]·6H2O. The vastly improved crystal quality led to
a better resolved structure with minimal disorder of the
central WO6 environment and the positions of the capping W
centers.[14] Thus, [H4W19O62]

6� represents the first example of
an isopolyanion adopting a Dawson-type heteropolyanion
framework structure.[15,16]

The disorder pattern found in the structures of 1 (and 1’)
implies that different isomers of 1a cocrystallize in 1 (and 1’)
which cannot be resolved in the presence of water as a solvent
and TEAH+ cations. To explore the {W19} cluster type fully,
cation exchange and transformation of the clusters into
organic solvent were performed by redissolving 1 in water and
precipitating the {W19} cluster with n-tetrapropylammonium
(Pr4N

+) and recrystallizing the resulting precipitate from
acetonitrile. Two isomers (Pr4N)6[H4W19O62]·6CH3CN (2)
and (Pr4N)6[H4W19O62]·3CH3CN (3) were successfully

obtained as crystalline solids and were fully characterized
by single-crystal X-ray diffraction.[14] Compound 2 crystallizes
in a monoclinic system (space group C2) with two crystallo-
graphically independent cluster halves in the asymmetric unit,
where both complete clusters consist of a Dawson-type {W18}
cage and an additional central W site that lies on crystallo-
graphic C2 axes. Figure 1 shows one of the two complete

clusters (2a), defined as the D3h-symmetric a isomer of the
new isopolyoxotungstate [H4W19O62]

6� family. Cluster 2a
consists of the {W18O54} cage framework and interior oxido
ligands of the conventional Dawson cluster anion a-[W18O54-
(XO4)2]

n� (X=P, S)[15] but, in contrast to the classical Dawson
structure, the two tetrahedral XO4

n� heteroanions are
replaced by a trigonal-prismatic WO6

6� anion and two m3-
oxido ligands (partially protonated, see below), each of which
bridges the capping {W3} triangle from the inside of the cluster
with an averageW�O bond length of 2.23(3) A. To the best of
our knowledge, this is the first observation in polyoxotungs-
tates of a {WO6} unit in which the W center adopts a trigonal-
prismatic coordination environment with all W�O bond
lengths virtually identical (1.96(3) A)—in all previous exam-
ples the {WO6} units typically display octahedral geometries

Figure 1. Structural representation of the {W19} isopolyoxotungstate
isomers 2a and 3a as well as the phosphate-based Dawson anion a-
[W18O54(PO4)2]

6�[15] for comparison. The central XOn anion templates
are emphasized as green/transparent yellow polyhedra (a trigonal WO6

prism in 2a, a WO6 octahedron in 3a, two PO4 tetrahedra in a-
[W18O54(PO4)2]

6�). The eight oxido ligands in each cluster that span the
two tetrahedral areas (empty in 2a and 3a, occupied by P in the
phosphate Dawson structure) are shown in red; their bonds to W
centers are emphasized in black. W: blue (“belt” positions and central
position), light blue (“cap” positions), O: light gray, P: pink.
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with one or two short terminal W=O bonds and some longer
W�(m-O) bonds. Two tetrahedral “voids” exist in 2a at the
positions that are typically occupied by the heteroatoms in
conventional Dawson cluster anions a-[W18O54(XO4)2]

n�. Two
of the four oxido ions that define each tetrahedral “void” are
protonated and form H-bonds with the other two ions, which
is similar to the corresponding situations inside the Keggin
cluster [H2W12O40]

6� [17] and the semivacant Dawson polyoxo-
tungstate [Ce{P(H4)W17O61}2]

19�.[18] This protonation assign-
ment is supported by 1H NMR measurements, elemental
analyses, bond valence sum analysis, and crystal structure
determinations, which showed only six Pr4N

+ countercations
per cluster in 2. Interestingly, 2a bears some resemblance to
the {W18}-type cluster a-[H2W18NaO56F6]

7� previously
reported by Baker and co-workers[19] in which the central
template [NaF6]

5� also displays a trigonal prismatic config-
uration with six Na�F bond lengths in the range from 2.17 to
2.32 A, which are significantly longer than those of the
corresponding W�O bond lengths of the central [WO6]

6� unit
in 2a. The F�W bonds (ca. 2.22 A) are much shorter than the
corresponding O�W bonds (ca. 2.42 A) in 2a. Bearing the
geometric similarity of these two structures in mind, we have
carefully checked the position of the central W atom in 2a.
However, all evidence from structure refinement, spectra,
and chemical analyses unambiguously confirmed the central
position as a tungsten center. In addition we have measured
the cold-spray mass spectra of an acetonitrile solution of 2 and
3, which clearly showed the intact cluster in the gas phase:
{(Pr4N)5–2a}

1� and {(Pr4N)5–3a}
1� were observed at m/z 5420

and could be unambiguously assigned by comparison to the
expected isotopic envelope.

Compound 3 crystallizes in an orthorhombic system
(space group Pccn)[14] and contains the [H4W19O62]

6� cluster
3a as the centrosymmetric g* isomer with D3d symmetry
(Figure 1). Cluster 3a is based on the geometry of the
{W18O54} cage framework and interior oxido ligands as found
in the conventional Dawson cluster anion g*-[W18O54-
(SO4)2]

4�.[20] Again, an additional W site is located at the
center of the cluster and coordinates to six oxido ligands to
form a central {WO6} centrosymmetric template of octahedral
geometry. As in 2a, two further m3-oxido ligands inside the
cluster each bridge one of the capping {W3} triangles with an
average W�O bond length of 2.28(1) A. All W�O bond
lengths in the {WO6} central template of 3a are nearly
identical (1.95(3) A), and such a {WO6} octahedral geometry
is also the first observation of this kind in polyoxotungstates.
Two tetrahedral “voids” similar to those in 2a are occupied by
two protons each and this is confirmed by 1H NMR results.
Unlike the chemical shift values found in the 1H NMR
spectrum of the Keggin cluster [H2W12O40]

6�, which only
shows one peak at around 6.0 ppm because of the inner
regular tetrahedral O4 environment (with O···O distances of
approximately 2.90 A), several peaks corresponding to the
four protons present within the clusters 2 and 3 are found in
the range 4.7–8.1 ppm (and all these peaks integrate to about
4 protons per cluster). This observation can be explained by
the trigonal pyramidal (nontetrahedral) environment. In 2,
the average base length (O···O) of the pyramid is 2.61(5) A,
while the side length is 2.85(2) A. In 3, these two values are

2.73(3) and 2.96(2) A. Strong hydrogen bonding (indicated by
short O···O separations in 2 and 3) means that the protons will
be observed at lower chemical shifts (e.g. d= 4.7 ppm), and,
since the local symmetry is lowered, the four protons are not
equivalent. In the 1H NMR spectrum of 1 in D2O, only
aliphatic protons (-CH2- in TEAH+) are resolved as the
protons present in the clusters were not observed owing to
rapid exchange with solvent, which is similar to the
case in semivacant Dawson polyoxotungstate
[Ce{P(H4)W17O61}2]

19�.[18] However, we were able to measure
a 1H NMR spectrum of 1 in DMSOwhich shows several peaks
at d= 8.01, 7.23, 5.74, 5.27, 4.66, 4.45, and 4.0 ppm. As 1 is not
soluble in CD3CN, any comparison of

1H NMR spectra for 1,
2, and 3 is purely qualitative; this is because of the possibility
of several protonation sites and uncertainty about the
population at a given site. However, it is notable that the
same types of proton environment associated with pure
isomers 2 and 3 all have corresponding shifts found in 1, which
contains the isomers found in 2 and 3.

The difference between the {W19} isomers 2a and 3a
concerns the {W18O54} cage and central template {WO6}
geometries. Topological analysis indicates that, besides 2a
and 3a, other isomers are possible: the [H4W19O62]

6� family
consists of six isomers that are also observed for the conven-
tional Dawson anions [W18O54(XO4)2]

n� (X=P, S, etc.),[15,20]

that is, the same {W18O54} cage variations and interior bridging
oxido group orientations are present; we therefore adopt the
same isomer designations (a, a*, b, b*, g, g*).[21] The a, b, and
g isomers all contain the trigonal prismatic {WO6} central unit
(D3h), whereas the a*, b*, and g* isomers contain a centro-
symmetric octahedral {WO6} central unit (D3d). a, b*, and
g isomers all form aD3h-symmetric {W18} cage whereas the a*,
b, and g* isomers all form aD3d-symmetric {W18} cage. As the
point groups of the {W18} cages and the {WO6} central units
match, the complete a and g cluster isomers adopt D3h

symmetry, whareas the a* and g* cluster isomers adopt D3d

symmetry. The symmetry mismatch for the {W18} cages and
central {WO6} units in both b and b* isomers reduces their
overall symmetry to C3v. Therefore, the comparison between
the {W18} Dawson and the {W19} structure types is strength-
ened not only by their framework topology, but also by the
fact that the 18 tungsten centers of the {W18} cages of the
corresponding a and g* isomers occupy exactly the same
positions in both structure types within an error margin of
0.2 A.

Planar projections (Schlegel diagrams) were constructed
to understand the connectivity of the Dawson-type {W18} and
our {W19} frameworks better and to examine the similarity
between the two.[22] Schlegel diagrams can be used for the
Dawson-like clusters to describe the {W18} cage frameworks in
which each link represents a bridging oxido ligand betweenW
atoms. Therefore in the D3h-symmetric systems (Figure 2a),
the edges of the outmost and innermost triangles (capping
{W3} groups) are parallel, whereas in the D3d-symmetric
systems (Figure 2b), these two triangles are inverted with
respect to each other. These two configurations, combined
with the orientations and geometries of the central {WO6}
units as described above, produce planar projections of all six
isomers. Figure 2 demonstrates the a isomer 2a and g* isomer
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3a. Other representations of the remaining four isomers can
be derived from these projections.

To examine the principal relation of these isomers further,
we scaled the stabilities of all six isomers by their relative
energies from density functional theory calculations on the
cluster anions (Scheme 1).[23] These calculations, performed

on geometrically relaxed isolated cluster geometries in the gas
phase, suggest that theD3h-symmetric a isomer is more stable
than theD3d-symmetric g* isomer. The g and g* structures are
only separated by 21 kJmol�1, whereas the a-to-a* energy
difference is over three times larger (64 kJmol�1). It is
important to note that these relative energies only reflect
the differing connectivities of the idealized isomer geome-
tries; the actual formation and interconversion of individual
isomers is subject to a large set of bulk phase parameters.
Having isolated pure a and g* isomers, we investigated the
stability of these compounds by using differential scanning
calorimetry (DSC). The DSC trace for compound 2 shows a
broad endothermic peak starting at 315 8C, possibly resulting
from the reduction of the cluster by the organic cations, as
suggested by the color change to blue observed at this
temperature. Compound 3 also shows this feature, as well as a
small endothermic peak immediately followed by an exo-
thermic peak (291–298 8C). These latter irreversible processes
are possibly due to either a rearrangement/decomposition in
the cluster shell or associated cations; however, solvent
effects have been ruled out.[24]

In summary, we have demonstrated that it is possible to
isolate isopolyoxotungstate clusters that are structural ana-
logues of heteropolyacids, in this case, of the Dawson
structural archetype. The isolation of two of the six isomers
that make up this new family, along with the chemical,

thermogravimetric, and theoretical analysis, demonstrates
interesting features related to the inclusion of the [WO6]

6�

anion template. Furthermore, the stabilization of the [WO6]
moiety in a trigonal prismatic coordination environment is
unprecedented in polyoxotungstate chemistry. Future work
will include exploring the potential redox chemistry, photo-
chemistry, and acidic nature of the clusters to compare their
physical properties directly with the classical Dawson clusters.
In addition, the inclusion of the metal-based octahedra may
allow control of the formation of clusters using other {MO6} or
{MX6} units as templates.

Experimental Section
1: Triethanolamine hydrochloride (14.0 g, 75.4 mmol) and
Na2WO4·2H2O (13.0 g, 39.4 mmol) were dissolved in water (80 mL).
Hydrochloric acid (6m) was added with stirring to adjust the pH to
1.2. The solution was then heated at reflux with stirring for 3 days.
After the solution was cooled to room temperature, pale green
needles crystallized over 2 days; these were then filtered, washed with
ethanol, and dried in vacuum (3.8 g , 34% yield). IR (KBr): ñ= 3434,
1631, 1446, 1400, 1258, 1202, 1091, 1060, 1027, 961, 767, 614 cm�1;
elemental analysis (%) calcd for C36H100N6O80W19: C 8.02, H 1.87, N
1.56, W 64.8; found: C 8.04, H 1.84, N 1.54, W 64.5. 1H NMR
(400 MHz, DMSO): TEAH+ was observed at d= 8.48 NH (6H), 5.27
OH (18H), 3.79 CH2 (36H), 3.4 ppm CH2 (36H); [H4W19O62]

6� at d=
8.01, 7.23, 5.74, 5.27, 4.66, 4.45, 4.0 ppm, integrated to ca. 3.2.
183W NMR (16.668 MHz, D2O, Na2WO4): three sets of resonances
reflecting the presence of multiple isomers centered at d=�115,
�143,�165 ppm which can be assigned to the central {W1}, {W12} belt,
and {W6} caps on the basis of LOwdin charge analysis from the DFT
calculations. Recrystallization of 1 in water give pale green cubic
crystals of (TEAH)6[H4W19O62]·6H2O (1’).

2 and 3 : Freshly prepared compound 1 (2.0 g, 0.37 mmol) was
dissolved in water (80 mL) with stirring. Pr4NBr (2.2 g) in water
(50 mL) was added and the mixture was stirred for a further
10 minutes. The light precipitate was centrifuged, washed with
water, ethanol, and diethyl ether, and dried in vacuum. The dried
sample was then extracted with acetonitrile (140 mL). Evaporation of
the extract yielded colorless lath crystals of 2 (0.68 g, 33%) and very
light cream yellow polyhedral crystals of 3 (0.45 g, 21%), along with
some noncrystalline powder of other possible isomers on the glass
wall with elemental analyses close to those calculated for the
composition C72H172N6O62W19. 2 and 3 were separated manually,
and recrystallization of 2 and 3 helped to purify them further. 2 loses
solvent and decays in minutes after being taken from the solution,
whereas 3 is stable with included solvent molecules and is still suitable
for X-ray structure determination several days after being taken from
the solution. Analysis of 2 : 1H NMR (400 MHz, CD3CN): d= 1.00
-CH3 (72H), 1.7 -CH2- (48H), 3.1 -CH2- (48H), 4.5 H (0.8H), 7.6 H
(0.7H), 8.1 ppmH (2.5H); IR (KBr): ñ= 3542, 2970, 2881, 1627, 1387,
1324, 1158, 1024, 961, 876, 799 cm�1; elemental analysis (%) calcd for
C72H172N6O62W19 (after losing solvated acetonitrile and vacuum
drying): C 15.42, H 3.09, N 1.50, W 62.3; found: C 15.30, H 2.95, N
1.50, W 61.8. Analysis of 3 : 1H NMR (400 MHz, CD3CN): d= 1.00 -
CH3 (72H), 1.7 -CH2- (48H), 3.1 -CH2- (48H), 4.7 H (2.2H), 6.7 H
(0.5H), 7.6 H (0.8H), 8.1 H (0.5H); IR (KBr): ñ= 3410, 2975, 2881,
1484, 1385, 1013, 962, 815 cm�1; elemental analysis (%) calcd for
C78H181N9O62W19: C 16.35, H 3.18, N 2.20; found: C 16.30, H 3.17, N
2.23.

(Pr4N)4[W10O32]·CH3CN (in the absence of TEA): Na2WO4·2H2O
(3.3 g, 10 mmol) was dissolved in water (50 mL). The pH of the
solution was adjusted to 1.2 using hydrochloric acid (6m), and the
solution was heated at reflux for 3 days. After the solution was cooled
to room temperature, a solution of Pr4NBr (1.7 g) in water (30 mL)

Figure 2. Schlegel diagrams of the {W18} cage structures together with
the central WO6 units shown as eclipsed (trigonal prismatic) and
staggered lines (octahedral). a) a isomer and b) g* isomer. Other
isomers can been deduced in the following ways: b isomer: the {W18}
cage in (b) plus WO6 unit in (a); g isomer: a isomer in (a) with the
WO6 unit turned by 608 along the main C3 axis; a* isomer: g* isomer
in (b) with the WO6 unit turned by 608 along the main C3 axis;
b* isomer: the cage in (a) plus WO6 unit in (b).

Scheme 1. Scheme of the relative energies of the cluster isomers as
calculated by DFT. The experimentally characterized cluster isomers 2a
(a) and 3a (g*) are underlined.
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was added and the precipitated product was collected, washed with
ethanol, dried in vacuum, and recrystallized from CH3CN (2.8 g, 89%
yield, based on W). IR (KBr): ñ= 2976, 1681, 1629, 1474, 1380, 1325,
1105, 1041, 961, 894, 804, 589 cm�1; elemental analysis (%) calcd for
C50H115N5O32W10: C 19.14, H 3.70, N 2.23, W 58.6; found: C 19.01, H
3.47, N 2.15, W 57.9.
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The chemical construction of organized inorganic matter by
using inorganic nanoparticles as building blocks offers a new
and promising approach to functional materials with complex
architectures and properties.[1] The multiscale ordering,
interlinking, and interfacing of preformed nanoparticles

may be directed by using artificially structured synthetic
templates or through a programmed assembly based on self-
encoding elements such as streptavidin–biotin[2] and anti-
body–antigen complexes,[3] complementary DNA strands,[4]

or electrostatic self-assembly.[5] Alternatively, artificial struc-
turing can be achieved by using (meso)porous templates such
as silica, synthetic opals,[6] foams,[7] emulsions,[8] or polymers.[9]

The exploitation of these strategies remains a significant
challenge as the properties and functions of materials are
controlled not only by the nature of their building blocks, that
is, atoms, molecules, and nanoparticles, but also through their
organization into complex assemblies on various length
scales.

Recently there has been much interest in the fabrication
of ordered two- and three-dimensional devices by using
nanotubes/wires as building blocks.[10] Nanotubes/wires with
various electronic and mechanical properties can be synthe-
sized by a variety of methods, depending on the nature of the
constituent material. Nanotube/wire–nanoparticle hybrid
materials, in which nanoparticles are attached to the walls
of nanotubes/wires, may combine the unique structural and
electronic properties of nanotubes/wires and the outstanding
properties of nanoparticles which can tune their electronic
structures through their size and morphology. In the past,
most efforts towards such hybrid materials focused on carbon
nanotubes, with prototype guest particles being Au[11] or
Pt[11a,c] as well as semiconductors such as CdSe.[12] This
observation is surprising, as carbon nanotubes are very inert
and therefore difficult to functionalize. Nanotubes/wires from
compounds other than carbon (e.g. TiO2,

[13] V2O5,
[14] or

WS2
[15]) can be expected to exhibit unique properties depend-

ing on the constituent compounds and their morphologies. In
particular, oxidic nanotubes/wires would combine the versa-
tile physical and chemical properties of ceramic materials and
the tube/wire morphology.

A straightforward procedure to attach colloids onto the
surface of nanotubes/wires is to grow the nanoparticles
stabilized with capping ligands in solution and to anchor
them to the outer tube/wire surface by chemical interactions
in the final step.[16] Whereas this synthetic approach has to rely
on sophisticated stabilizing ligands to control nanoparticle
size and binding to the surface,[17] biological systems are able
to control nucleation processes highly precisely and reprodu-
cibly to produce an amazing diversity of nanostructured
particle morphologies.[18] Therefore, it is a logical approach to
use “biological surfaces”, for example, biofunctionalized
nanowires, as templates for the growth of nanoparticles on
the wire surface. Biological methods using bacteria or
proteins for the synthesis of metal[19] and semiconductor[20]

nanoparticles still represent a relatively unexplored and
underexploited alternative. The use of polypeptides or
proteins seems advantageous because some bacteria and
peptides have been shown to form and bind metal or
semiconductor nanocrystals. Recently we reported the immo-
bilization of silicatein, an enzyme involved in the biosilicifi-
cation processes in marine sponges, onto self-assembled
monolayers, and we demonstrated the catalytic activity of
surface-bound silicatein for the formation of SiO2 from
tetraethoxysilane (TEOS)[21] and ZrO2 from ZrF6

2�.[22]
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Herein, we report a facile procedure for the surface function-
alization of TiO2 nanowires by immobilization of a His-tagged
enzyme and the fabrication of Au nanoparticles onto the TiO2

nanowires as a result of the bioreduction of HAuCl4 that is
mediated by the immobilized enzyme. The enzyme under
consideration is versatile in its catalytic functions, as reported
byMorse and co-workers[23,24] and us.[22] The methodology can
be further extended to make core–shell materials of metal and
metal oxide.

Surface functionalization was achieved using a polymeric
ligand which can be used for the in situ and postfunctional-
ization of TiO2

[25] as well as for other metal oxides such as
Fe2O3.

[26] The architecture of the polymeric ligand is of major
importance, because it provides the basis of a comprehensive
toolbox to construct supramolecular assemblies of organic–
inorganic hybrid nanomaterials. Polymeric ligands offer an
enhanced binding efficiency over low-molecular-weight
ligands as a consequence of their multifunctional interaction
with the surface, as demonstrated by Whitesides and co-
workers.[27] The fact that active ester polymers react quickly
and quantitatively with amines to form the corresponding
poly(acrylamide)s opens up the possibility to obtain multi-
functional polymeric materials.[28] Compared to the com-
monly used poly(N-hydroxysuccinimide acrylate)s, active
ester polymers based on pentafluorophenyl acrylates exhibit
better solubility and higher reactivity.[28b]

The synthesis of the multifunctional polymeric ligand
starting from this precursor polymer is illustrated in
Scheme 1. The active ester polymer was prepared by free-
radical polymerization to yield a polymer with a molecular
weight of Mn= 29.7 kgmol�1 and Mw= 58.5 kgmol�1 (PDI=
1.96). This precursor polymer was then transformed into the
multifunctional polymeric ligand by substitution with amino-
containing functionalities. The polymeric ligand was prepared
by a stepwise substitution of the active ester groups: in the
first step, 3-hydroxytyramine was added as an anchor group
for the attachment onto TiO2 nanoparticles, and in the second
step amino-functionalized nitrilotriacetic acid (NTA) in water
and triethylamine were added and the resulting mixture was
kept at 50 8C for 6 h and then the solution was adjusted to
pH 2 with H2SO4. Characterization of the polymeric ligand by
1H NMR and FTIR spectroscopy as well as GPC (see the

Supporting Information) showed the composition to be
80 mol% NTA and 20 mol% 3-hydroxytyramine. The result-
ing polymer exhibits two different features: 1) An NTA linker
to immobilize the His-tagged protein[29] 2) 3-hydroxytyramine
as an anchor group for attachment to the TiO2 nanoparticle
surface.[30]

Functionalization of TiO2 nanowires was achieved by
sealing a mixture of TiO2 nanowires and polymeric ligand in
benzyl alcohol (10 mL) under inert conditions and stirring the
mixture at 60 8C for 4 h. The product was repeatedly washed
with CH2Cl2 to remove any remaining ligand. The function-
alized TiO2 nanowires were characterized by TEM as well as
FTIR, 1H NMR, and UV/Vis spectroscopy.

The binding of silicatein to the surface of the TiO2

nanowires functionalized with polymeric ligand incorporating
NTA in the backbone of the polymer was confirmed by
confocal laser scanning microscopy (CLSM, Leica TCS SL
with an argon laser) using fluorophore-labeled antibodies
against silicatein.[31]

The dye molecules were excited at 488 nm and the
resulting fluorescence detected from 504–514 nm using a
20 G dry objective. The advantages of CLSM are that: 1) the
detection of protein using fluorophore-labeled antibodies is
very specific, that is, this antibody does not bind to any other
component, and 2) a large surface area can be seen. Figure 1a
illustrates the identification of surface-bound silicatein.
Figure 1b,c show the CLSM images of immobilized silicatein
after exposing the surface to fluorophore-labeled antibodies.
Monoclonal antibodies raised against the silicatein immobi-
lized onto the functionalized TiO2 nanowires were used.[31]

The functionalized nanowires with immobilized silicatein
were treated with solutions containing the antibody (mAb-
aSilic); the immunocomplexes were then stained with fluo-
rophore-labeled (Cy2-label) secondary goat anti-rabbit anti-
bodies. The surface-bound silicatein reacted strongly with the
antibodies as illustrated in Figure 1b, c. The presence of Cy2
resulted in the silicatein appearing green and fluorescing at
520 nm. The high magnification image in Figure 1c indicates
that several silicatein molecules are immobilized onto the
backbone of functionalized TiO2 nanowires and shows the
globular morphology of silicatein, as already reported using
AFM and CLSM.[21,22,32] It is difficult to comment on the

Scheme 1. Synthesis of a functional polymeric ligand containing nitrilotriacetic acid (NTA) and dopamine units. TEA= triethylamine.
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actual size of the silicatein because it is beyond the resolution
limits of CLSM. In our control experiment where function-
alized TiO2 nanowires were exposed to fluoro-labeled anti-
bodies, no fluorescence was observed.

The fabrication of TiO2 nanowires decorated with Au
nanocrystals is illustrated in Figure 2. In the first step the
surface of the TiO2 nanowire (white) is functionalized with

the multifunctional polymer ligand
(gray) by complexation through the
hydroxy groups of dopamine, thus
tailoring the surface of the TiO2

nanowires with the NTA tripod
ligand attached to the polymer. In
the second step, silicatein containing
the His-tag was immobilized onto the
NTA ligand by complexation with
Ni2+ ions. Finally, tetrachloroauric
acid was reduced by the surface-
bound silicatein. The growing Au
nanocrystals were thus chemically
bonded to the protein through com-
plexation/surface binding.

The addition of aqueous chlor-
oauric acid to a solution of the
silicatein-functionalized TiO2 nano-
wires resulted in the color of the
solution changing from pale yellow to
red, which indicates the formation of
gold nanoparticles by the reductive

action of the protein. The UV/Vis spectrum (Figure 3)
recorded 3 h after mixing the solutions at room temperature

showed the appearance of a surface-plasmon resonance band
at about 570 nmwhich shifted to longer wavelength with time.
This shift is accompanied by an increase in the near-infrared
(NIR) region of the electromagnetic spectrum. Clearly, the
absorption at 275 nm for the polymeric ligand (dashed line)
shows the presence of aromatic catechol groups and the
absorption at 220 nm shows the presence of carbonyl groups.
The blue shift of 15 nm in the absorption of the carbonyl
groups (dashed line) indicates the His-tagged binding of the
protein through Ni complexation by the NTA groups. A broad
plasmon absorption band ranging from 520–700 nm for the
composite (see inset of Figure 3) indicates the aligned attach-

Figure 1. a) Antigen capture assay. a) TiO2/silicatein complex (globular symbol= silicatein, oval
dentate symbol=nonspecific bovine serum albumin (BSA), and Y symbol=specific monoclonal
anti-silicatein of Suberites domuncula. The assay is visualized by recognition of the antigen/
antibody by fluorophore Cy2 coupled to antibodies detecting the mouse FAB. Upon immobilization
of fluorophore-labeled antibodies (Ab) onto the TiO2/polymer/silicatein surface, the surface-bound
silicatein can be visualized by using confocal laser scanning microscopy (CLSM). b) Overview
image showing many functionalized and immobilized silicatein TiO2 nanowires. c) HRCSLM
image showing the presence of several adjacent fluorescence spots which indicates the binding of
several silicatein molecules onto a TiO2 nanowire.

Figure 2. Schematic presentation of the fabrication of the TiO2 nano-
wire/Au nanocrystals. In the first step the TiO2 nanowire is functional-
ized with the multifunctional polymer ligand (gray) by complexation
through the catechol groups. The NTA tripod ligand is bound to the
side groups of the polymer. In the next step, the silicatein-containing
HIS-tag is attached to the NTA ligand by complexation of Ni2+ ions
through the His-tag. Finally, tetrachloroauric acid is reduced by the
sulfhydryl groups of the immobilized silicatein. The Au nanocrystals
are chemically bonded to the amino groups at the protein periphery.

Figure 3. UV/Vis absorption spectrum of: synthesized TiO2 nanowires
(g), polymeric ligand (a), HAuCl4 solution (c), and polymer-
functionalized TiO2 nanowires with immobilized silicatein and biore-
duced Au nanoparticles (d).
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ment of Au nanoparticles in the TiO2/Au nanocomposites.
The UV/Vis absorption of the functionalized TiO2 nanowires
carrying no protein and AuCl4

� did not show any plasmon
absorption band, which indicates that polymer-functionalized
TiO2 nanowires alone cannot reduce tetrachloroauric acid. In
contrast, the polymeric ligand reduces AuCl4

� in solution at
the expense of the free hydroxy groups of dopamine, whereas
the surface-bound polymeric ligand exhibits no reducing
properties because all the hydroxy groups are involved in
surface binding. Moreover, free silicatein can reduce AuCl4

�

efficiently to Au nanoparticles (see the Supporting Informa-
tion). These results indicate that Au reduction is restricted to
protein-functionalized TiO2 nanowires only.

Our findings are compatible with the formation of
anisotropic particles whose aspect ratio increases with
time[19c,e] as a result of a uniaxial plasmon coupling or indicate
the formation of spherical gold nanoparticles that aggregate
with time (or a combination of both processes). Since
recombinant silicatein does not contain any reducible sac-
charide groups, the SH
groups of cysteine or OH
groups of tyrosine within
the protein mantle are con-
sidered to be involved in
the reduction of AuCl4

� to
Au0 and the subsequent
growth of Au nanoparticles.
As electron transfer can
occur easily over distances
of 20 I and more,[33] this
reduction does not require
the SH groups to be located
at the periphery of the
protein. The amino groups
arranged at the outer sur-
face of silicatein may be
assumed to act as coordi-
nating centers for the sur-
face binding of the gold
colloids.

The HRSEM image of
TiO2 nanowires decorated
with Au nanocrystals
(Figure 4, inset top left)
shows that the TiO2/Au
hybrid is composed of hier-
archically templated assem-
blies of Au nanoparticles
and TiO2 nanowires. The individual TiO2/Au nanocomposites
with a uniform TiO2 backbone are clearly seen with a high
aspect ratio in Figure 4. A high-resolution view in the inset
(bottom right) reveals a triangular or hexagonal morphology
of the Au nanoparticles, with a uniform statistical distribution
across the TiO2 nanowire.

The morphology of the TiO2/Au composite was confirmed
by TEM. Figure 5a shows a TEM image of the as-synthesized
TiO2 nanowires. It reveals TiO2 nanowires with diameters of
25–50 nm and wire lengths of up to a few micrometers.
Figure 5b shows an overview image of several TiO2 nanowires

decorated homogeneously over their entire length with Au
nanoparticles. The corresponding EDX spectrum in Figure 5c
clearly confirms the presence of Au, along with Ti and O. The
TEM image of nanocrystals in Figure 5d, however, appears to
be composed of triangular platelets inverted with respect to
each other, which is in agreement with the results from the
HRSEM image in Figure 4, where some of the nanocrystals
grown in the presence of surface-bound silicatein exhibited
triangular morphology of Au nanocrystals. The HRTEM
image of one particle (see Figure 5e) exhibits the view down
h110i with grain boundaries clearly visible. A typical electron

Figure 4. HRSEM image demonstrating the hierarchical structure of
the TiO2 nanowire/Au nanoparticle composite. Overview images of the
TiO2/Au nanocomposites (top left) and a magnified view (right
bottom) are given.

Figure 5. a) TEM image of TiO2 nanowires. b) Overview image of TiO2 nanowires decorated with Au
nanocrystals, obtained by reduction with surface-bound silicatein. c) EDX spectrum of a TiO2 nanowire
decorated with Au nanocrystals, thus indicating the presence of Ti, O, and Au. d) Magnified view of a single
TiO2 nanowire with Au nanocrystals attached. e) HRTEM of a crystal edge, (marked by a circle in the inset)
which shows the polycrystalline nature of the nanocrystal. f) Nano-electron diffraction (NED) spectrum of an
Au nanocrystal shown in the inset.
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diffraction pattern of a 20-nm-sized gold nanocrystal viewed
along h110i is given in Figure 5 f. This triangular crystal
shape[19e,34] is very unusual; except for one case[19e] the limited
number of examples reported so far have been obtained by
chemical/photochemical methods. Shape control of inorganic
materials in biological systems is achieved either by growth in
constrained environments such as membrane vesicles,[35] or
through functional molecules such as polypeptides that bind
specifically to inorganic surfaces.[36] Specific polypeptide
repeating sequences in proteins secreted by the bacterium
Escherichia coli have been shown to induce the growth of flat,
triangular gold nanocrystals in low yield relative to the total
formation of nanoparticles.[36] Therefore, a possible explan-
ation for the formation of the surface-bound nanotriangles is
based on the chirality of the nucleation centers at the surface
of the protein. Whereas hexagonal crystals are achiral,
because they have an inversion center in the center of the
Au hexagons, triangular crystals are chiral, because the
inversion symmetry is lost during the formation of the
triangular crystal. An S3 axis of the hexagon is maintained
as the high symmetry element, that is, chiral information
contained in the silicatein structure is transmitted to the
nucleating gold nanocrystals during the AuCl4

�!Au reduc-
tion and the subsequent Au nucleation at the outer surface of
the protein, and maintained during the growth of the nano-
crystal. This scenario is compatible with the observation that
triangular nanocrystals were also formed by reduction of
AuCl4

� in the presence of lemon grass extract,[19e] which
presumably contains a multitude of as yet unidentified
proteins. In contrast, no triangular (or even pronounced) Au
nanocrystal morphologies were observed when Au precursor
compounds were reduced chemically and attached to histi-
dine-rich peptides on the surface of carbon nanotubes.[16,37]

These findings suggest that the morphology of the Au
nanocrystals is determined by the coordination and simulta-
neous reduction during the nucleation process in the presence
of the protein rather than by the chemical reduction in
solution and subsequent binding to the polypeptide chain.

In summary, we have fabricated a functional nanocompo-
site of immobilized silicatein—a hydrolytic protein involved
in the biomineralization of SiO2—on the surface of TiO2

nanowires with the aid of a reactive polymeric ligand, which
simultaneously serves as an anchor to the oxide surface and as
a chelating ligand for the binding of the protein. The strategy
of using such polymeric multifunctional ligands offers at least
two advantages over the use of small (low-molecular-weight)
molecules as ligands: Our polymeric ligand can be prepared
by a two-step synthesis, whereas a multistep synthesis is
required for a low-molecular-weight ligand which is compat-
ible in function to our polymeric ligand,[38] and polymeric
ligands provide multidentate properties for binding, whose
surface bonding is much stronger than that of monodentate
low-molecular-weight ligands.

The surface-bound protein not only retains its original
hydrolytic properties,[21,22] but also acts as a reductant for
AuCl4

� in the synthesis of hybrid TiO2/Au nanocomposites.
The fabrication of hybrid materials with functional nano-
biocomposites is without precedence. The advantage of
applying biological and chiral “recognition” to the synthesis

of metal nanoparticles on one-dimensional building blocks
such as nanowires/nanotubes is not only the efficient and
reproducible production of nanoparticles, it may be viewed
also as an environmentally friendly alternative to chemical
methods for the synthesis of nanoparticles.

We believe that this procedure can be generalized for
various metals and semiconductors and other nanotube/
nanowire materials such as WS2. The biofunctionalization of
the highly rigid oxide/chalcogenide wires/tubes also opens up
possibilities for the programmed assembly of strictly one-
dimensional building blocks based on self-encoding elements
such as streptavidin–avidin and antibody–antigen complexes,
complementary DNA strands, or electrostatic self organiza-
tion.

Experimental Section
PFA was prepared as reported earlier.[28b] GPC analysis of the

obtained polymer (THF, light-scattering detection) gave the following
values: Mn= 29.7 kgmol�1; Mw= 58.5 kgmol�1, where the number of
repeating units (246) is based on the Mw value.

For the synthesis of the multifunctional poly(acrylamides), PFA
(110 mg, 0.46 mmol repeating units) was dissolved in dry DMF
(3 mL). A solution of 3-hydroxytyramine hydrochloride (10.5 mg,
0.055 mmol) in DMF (1.5 mL) and triethylamine (0.1 mL) were
added and the clear mixture stirred for 1 h at 50 8C. A solution of
amino-functionalized NTA (120 mg, 0.46 mmol) in MilliQ water
(0.9 mL) and triethylamine (2.1 mL) were then added and the
resulting mixture kept at 50 8C for 6 h. The slight excess of NTA
was used to ensure complete conversion of the remaining active ester
groups. After removal of the DMF, the solution was adjusted to pH 3
and the crude viscous product was cleaned by dialysis in MilliQ water,
isolated, and finally dried in a vacuum oven at 40 8C for 1 h to give
64 mg of a white polymeric powder. Recombinant silicatein was
prepared as described.[39]

The TiO2 nanowires were synthesized following a modified
procedure reported by Bruce and co-workers.[40] In brief, titanium
isopropoxide (1 g; ACROS) was placed in a teflon vessel and
analytical grade ethanol (99.8%, 6 mL) was added. The teflon
vessel was kept in a desiccator. The precipitation of TiO2 was initiated
under a moist atmosphere induced by placing a petri dish filled with
water at the bottom of the desiccator. The diffusion experiment was
stopped after 12 h, and then a 10m aqueous solution of NaOH
(25 mL) added. The reaction vessel was then sealed in a stainless-steel
hydrothermal bomb, which was placed in an oven maintained at
180 8C for 20 h. The obtained sample was filtered and repeatedly
washed with 0.1m HNO3, 1n HCl, and de-ionized water. The product
was dried under vacuum for 3 h.

TiO2 nanowires (5 mg) were then dispersed in benzyl alcohol
(10 mL) and sonicated for 15 min. In a separate vial, polymer ligand
(10 mg) was dissolved in benzyl alcohol (10 mL). Both the suspension
and solution were mixed under inert conditions and stirred at 60 8C
for 4 h. Then polymer-functionalized nanowires were isolated and
purified by repeatedly washing them with CH2Cl2 using centrifuga-
tion, followed by drying them under vacuum and dispersing under
water. To immobilize the silicatein, Ni2+ ions were bound to NTA
group, and the TiO2 nanowires functionalized with the polymeric
ligand containing NTA in the backbone were treated with 1 mmol
aqueous solution of NaOH for 10 min using continuous stirring. The
mixture was then centrifuged, washed with 18.2 MWcm�1 MilliQ
water, and the TiO2 nanowires rotated in a solution of NiSO4

(40 mmol) for 1 h. The TiO2 nanowires containing complexed
Ni2+ ions were then removed, washed with a solution of NaCl and
deionized water (150 mmol), and dried in a stream of N2. A solution
of silicatein (30 nmol) in 3-(N-morpholino)propane sulfonic acid
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(MOPS) buffer was then added to the Ni2+-bound TiO2 nanowires
and the mixture left for 1 h. Then silicatein-immobilized TiO2

nanowires were washed with MOPS buffer and deionized water to
remove unbound protein. The immobilization of silicatein was
monitored by CLSM. To monitor the specific immobilization or
activity of the enzyme, silicatein-immobilized TiO2 nanowires in
water were added to an aqueous solution of HAuCl4 (10

�3
m, 1 mL) in

a polyethylene vial (2 mL). The suspension of silicatein-coated TiO2

nanowires and acidic gold solution was immediately placed on a
rotator (biocentrifuge). The suspension of the protein-immobilized
TiO2 precursor was mixed on the rotator at a speed of 1000 rpm for
24 h under normal conditions. The “bioreduction” of tetrachloroauric
acid was monitored by UV/Vis spectroscopy. The biomass was then
centrifuged at 3000 rpm for 10 min and repeatedly washed with sterile
distilled water before carrying out all subsequent characterization.
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The covalent attachment of functional ligands such as photo-
or redox-active molecular compounds to inorganic nano-
particle surfaces is an important first step in the design of new
materials. These applications, however, usually require des-
ignated molecules to be immobilized on the nanoparticle. A
wide variety of chemical linkages to the molecular surface
have been devised for oxide surfaces by utilizing siloxane,[1]

carboxylic acid,[2] acetyl acetonate,[3] phosphonate,[4] and
catecholate functional groups.[5] Carbon nanotubes, which
are chemically inert, can be surface-activated by oxidative
treatment with anchor groups such as hydroxy (-OH),
carboxy (-COOH), or carbonyl (>C=O),[6] which are neces-
sary to tether metal ions to the tube. Besides metal oxides and
carbon nanotubes,[7] metal chalcogenide nanoparticles[8] and
nanotubes,[9] firstly reported by Tenne and co-workers in 1992,
have opened up an exciting new area of research into
nanomaterials with sheet structures, which—unlike single-
layer graphite—are multiple layer structures. These MQ2

(Q= S, Se, Te) species, termed inorganic fullerenes and
inorganic nanotubes, are akin to carbon nanotubes in that
they exhibit analogous mechanical[10] and electronic[11] prop-
erties. Their excellent lubrication properties[12] can be
explained on the basis of their crystal structures, which are
characterized by weak van der Waals forces between the
individual MQ2 slabs which contain metal atoms sandwiched
between two inert chalcogen layers. It is the inertness of the
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chalcogen surface layer and the associated shielding of the
molybdenum atoms from nucleophilic attack by organic
ligands which are the main obstacles for the functionalization
of MoS2 nanoparticles.

[13]

In principle, a functional surface ligand consists of an
anchor group that attaches to the nanocrystal, functional
group, and a spacer in between. The purpose of the functional
group is to render the particles soluble or to provide the
proper reactivity when the inorganic fullerenes are to be used
as chemical agents, for example, to disperse them in polymers
or in oils. For example, aliphatic chains make the particles
soluble in nonpolar solvents,[14] while deprotonated carboxylic
functions will lead to charged particles that are soluble in
water.[15] Some strategies employed for carbon nanotubes, but
unsuccessful for metal chalcogenides, are polymer wrap-
ping[16] or coating with surfactants.[17] A functionalization of
chalcogenide nanoparticles and nanotubes can serve not only
to improve their solubility, and therefore, dispersion, but also
to create attractive van der Waals interactions between a
nanotube and a polymer addend, or transfer the properties of
functional ligands to the chalcogenide nanoparticle.

While thiolated organic molecules serve as excellent
anchors to link the functional molecules on metallic nano-
particles such as Au, Pt, or Co,[18,19] amines and/or thiols are
prototypical organic anchor groups for inorganic semicon-
ductors such as CdSe, ZnS, or ZnO which have reasonable
affinities to nanoparticle surfaces with vacant metal cation
(M2+) sites.[19] Catechol-type chelating ligands[19,20] (for exam-
ple, dopamine), on the other hand, are robust anchor groups
for most early transition metal oxide particles such as TiO2,

[21]

ZrO2,
[22] Al2O3,

[23] Cr2O3,
[24] or Fe2O3,

[25] where the catechol
group preferentially binds to the edges of the oxide nano-
crystals where the surface energy is higher. These general
principles of coordination chemistry are not new and have
been used extensively for many years in the classic scheme of
qualitative inorganic analysis with organic dyes.[19,20] The
sandwich-type structure of the metal dichalcogenide particles,
however, necessitates the use of a different strategy. As the
established strategies proved unsuccessful to generate indi-
vidually functionalized chalcogenide nanoparticles or nano-
tubes, we have employed functional surface ligands which can
serve as linkers between the nanoparticles and an appropriate
“metal docking site”.

We report herein a facile method for the functionalization
of inorganic fullerene/MoS2 nanoparticles that employs
nitrilotriacetic acid (NTA)[26] as a robust anchor to immobilize
functional molecules on the outer sulfur layer. Since a direct
anchoring of organic ligands to the sulfur surface is not
possible, a transition-metal cation with a high sulfur affinity
and octahedral coordination is used, whose coordination
sphere is blocked completely on one side with an umbrella-
type chelating ligand,[27] while the other part of the coordi-
nation sphere remains open for docking to the sulfur layer.
Recently we have used a modified tetradentate NTA ligand
for the immobilization of proteins to self-assembled mono-
layers.[28] In this approach two vacant coordination sites of the
transition-metal ion (Ni2+) were used for binding to the
“histidine tag” of the protein, whereas in the present case they
bind to the sulfur layer of the inorganic fullerene/MoS2

nanoparticles. The resulting functionalized inorganic full-
erene/MoS2 particles can be dispersed in water and organic
solvents, and they were characterized by high-resolution
transmission electron microscopy (HRTEM), thermogravi-
metric analysis (TGA), FTIR and UV/Vis spectroscopy, and
confocal laser scanning microscopy (CLSM).

The inorganic fullerene/MoS2 particles were prepared as
described previously by a metal organic chemical vapor
deposition (MOCVD) method.[29] Surface functionalization
was achieved using an NTA ligand functionalized with a
fluorescent 7-nitrobenzofurazan unit (Scheme 1) and using a

polymeric ligand carrying an NTA group and a catechol type
of ligand, which has been used as the anchor groups for the
functionalization of metal oxides.[21] The architecture of the
polymeric ligand is of special importance, because it provides
the basis of a toolbox to construct supramolecular assemblies
of organic–inorganic hybrid nanomaterials.

The multifunctional polymers that are necessary to realize
such systems can be prepared by a flexible synthetic route
starting from reactive precursor polymers. Active ester
polyacrylates can be used as such reactive precursor polymers.
The fact that active ester polymers react quickly and
quantitatively with amines to form the corresponding poly-
(acrylamide)s opens up the possibility to obtain multifunc-
tional polymeric materials.[30] Compared to the commonly
used poly(N-hydroxysuccinimide acrylate)s, active ester
polymers based on pentafluorophenyl acrylates exhibit

Scheme 1. Synthesis of the fluorescent ligand containing nitrilotriacetic
acid (NTA) for binding to the MoS2 surface.
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better solubility and higher reactivity, as described by
Eberhardt et al. recently,[30b] thus opening up the possibility
to work under mild conditions.

Free-radical polymerization of pentafluorophenyl acry-
late yielded the polymeric active ester poly(pentafluorophe-
nylacrylate) (PFA) with a molecular weight Mn=

29.7 kgmol�1 and Mw= 58.5 kgmol�1 (PDI= 1.96). This pre-
polymer was then transformed into the multifunctional
polymeric ligand by substitution with amino-functionalized
molecules (Scheme 2). In the first step, 3-hydroxytyramine

(the anchor group for attachment onto TiO2 nanowires) was
covalently bound to the polymer backbone, and in the second
step amino-functionalized nitrilotri-
acetic acid (NTA) was introduced.
All the polymer-analogous reactions
were carried out in a mixture of
water, N,N-dimethylformamide
(DMF), and triethylamine (TEA)
at 50 8C.

The resulting polymer exhibits
two different features: 1) An NTA
linker which can be used to coordi-
nate to Ni2+ ions which, in turn, can
use their vacant coordination sites
for binding to the surface S atoms of
inorganic fullerene/MoS2 nanoparti-
cles, and 2) 3-hydroxytyramine as an
anchor group for attachment onto
the surface of metal oxides. Analysis

of the obtained multifunctional polymer by 1H NMR and
FTIR spectroscopy as well as by GPC showed it had an NTA
content of 80 mol%, with the remaining 20 mol% being 3-
hydroxytyramine.

A first indication concerning the surface functionalization
of inorganic fullerene/MoS2 and based on the solubility of the
functionalized nanoparticles in water and chloroform. Inor-
ganic fullerene/MoS2 is completely insoluble in water,
because of its hydrophobicity, but can be dispersed in
nonpolar solvents such as chloroform. After surface function-
alization using the polymeric ligand containing NTA/Ni2+ (for
surface binding) and polar (hydroxy, carbonyl) groups, the
inorganic fullerene/MoS2 nanoparticles could be transferred
from apolar chloroform to the polar aqueous phase
(Figure 1). The dark-brown color of the solution arises from

the ligand-to-metal charge-transfer interaction of the inor-
ganic fullerene/MoS2 nanoparticles and also between the
ligand and surface-bound metal Ni2+ ions. The solubility
properties of the functionalized inorganic fullerene/MoS2

nanoparticles are mainly determined by the functional
groups on the surface ligand.

Figure 2a shows the HRTEM image of a large function-
alized MoS2 particle with a diameter of approximately 70 nm.
The energy-dispersive X-ray (EDX) spectrum of the circled
area in Figure 2a shows the presence of a significant nickel
content, thus validating the surface binding of NTA. Further

Scheme 2. Synthesis of the block copolymer with catechol-type side
groups for binding to metal oxides, and umbrella-type nitrilotriacetic
acid ligands blocking the side of the coordination sphere of metals
bonded to the S atoms of the MoS2 surface layer, thereby preventing a
precipitation of MoS2 nanoparticles as a result of cross-linking.

Figure 1. Photograph of a solution/dispersion of inorganic fullerene/
MoS2 before (right) and after (left) surface functionalization.

Figure 2. a) HRTEM image of a surface-functionalized inorganic fullerene/MoS2 particle. b) EDX spectrum of
the area marked by a circle in (a).
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evidence of the sidewall functionalization was obtained by IR
spectroscopy (Figure 3a,b) of polymer-functionalized inor-
ganic fullerene/MoS2 (Figure 3a) and inorganic fullerene/
MoS2 nanoparticles functionalized only with NTA ligands
(Figure 3b). The most prominent bands in the 3500–
3300 cm�1 region arise from NH2 stretching vibrations of the
NTA ligand, the bands at 2920 (2917) and 2850 (2848) cm�1

can be assigned to the stretching vibrations of the CH2 groups,
the absorption band at 1742 cm�1 to the C=O stretches of the
tricarboxylate anchor group, and the adsorption band at
approximately 1632 cm�1 to the aromatic ring of the 3-
hydroxytyramine.

TheUV/Vis spectrum of the functionalizedMoS2 particles
(through catechol side groups attached to the polymer
backbone) in water (Figure 3c) shows the characteristic
broad absorption band of inorganic fullerene/MoS2 at about
495 nm. The band at 280 nm for the polymer itself arises from
the catechol side chains, while the strong absorption at 225 nm
can be assigned to the C=O groups of the NTA moieties. The
band corresponding to the inorganic fullerene/MoS2 particles
at 490 nm is still visible as a shoulder in the MoS2 composite
(inset in Figure 3c); the pronounced blue-shift of the C=O
absorption from 225 nm to 205 nm in the inorganic fullerene/
MoS2/polymer composite indicates the surface binding of the
NTA groups through the Ni2+ ions. A thermogravimetric
(TG) analysis was performed to estimate the amount of
polymer attached to the inorganic fullerene/MoS2 surface.
The inorganic fullerene/MoS2/polymer composite exhibits

three thermal responses (Figure 3d): The thermal decompo-
sition of the polymer begins at 150 8C and is finished after
435 8C, while the final step around 650 8C may be related to a
crystallization of the MoS2 nanoparticles. The associated
weight loss indicates that the amount of the polymeric ligand
on the surface of MoS2 is comparable to that of MoS2 itself.
An inorganic fullerene/MoS2 particle, which has an average
diameter of 30 nm and approximately 20 layers, has a mass of
about 23 J 106 g per particle, which is 400 times the molar
mass of a polymer molecule (58.5 J 103 gmol�1). Therefore,
each MoS2 particle is covered by about 400 polymer
molecules. We can assume that most of the NTA anchor
groups are attached to the surface. From the approximate
surface area of 5000 nm2 for an inorganic fullerene/MoS2

particle, we derive a surface area of approximately 13 nm2

for a polymer molecule, if full surface coverage is assumed.
For a polymer with about 250 monomer units, which carry an
80% NTA content, the surface volume covered by a single
monomer unit can be estimated to be 6.5 K2. However, as the
polymer is not likely to be wrapped smoothly around the
surface, a somewhat lower coverage may by possible. In
summary, the small surface area value obtained for a single
monomer unit indicates a full surface coverage by the
polymer.

Figure 4 shows the confocal laser scanning microscopy
(CLSM) image of inorganic fullerene/MoS2 nanaparticles
after surface-functionalization with a benzofurazene deriva-
tive (NBD, see Scheme 1) of NTA exhibiting strong fluores-

Figure 3. a) FTIR spectrum of polymer-functionalized inorganic fullerene/MoS2 nanoparticles. b) FTIR spectrum of NTA-functionalized inorganic
fullerene/MoS2 nanoparticles. c) UV/Vis absorption spectrum of an inorganic fullerene/MoS2 dispersion (solid line), the polymer (dotted line),
and the functionalized inorganic fullerene/MoS2 nanoparticles (dashed line). d) Determination of the mass ratio of inorganic fullerene/MoS2

versus polymer by thermogravimetry.
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cence when bound to primary or secondary amines. A 10 mL
droplet of the sample was placed and dispersed carefully on a
thin glass slide and the solvent was evaporated. The NBD
dyes were excited at 488 nm and the fluorescence detected
between 504 and 514 nm. A 40J (NA 1.25) oil immersion
objective was used for the imaging. It is reasonable to
conclude from the fluorescence images that the nanoparticles
are fully coated by NTA ligands covalently bound to the
inorganic fullerene/MoS2 particle surface. It is, however,
difficult to comment on the actual size of the functionalized
nanoparticles because they are beyond the resolution limits of
CLSM.

It is unclear so far as to whether the Ni2+/NTA units are
bound to the close-packed sulfur surface layer of the MoS2

nanocrystals or to defects present on the surface. The
chemical reactivity of MoS2 is associated with the edges of
the sandwich layer, with the basal planes being less reactive.
Therefore, the edges form the sites where gases adsorb on
MoS2 in hydro-desulfurization catalysis,[31] and it seems logical
to expect that the edges (because of their higher surface
energy) are the seat of surface binding as well. Similarly,
catechol is known to bind preferentially to the edges of the
TiO2 nanocrystals (which have a higher surface energy).[32]

However, full surface coverage, protection, and concomitant
functionalization may be envisioned using the novel copoly-
mer ligand containing a large number of NTA anchor groups
covalently linked to the polymer backbone, thus forming a
sheath around the nanoparticles—partly by surface-bound
anchor groups and partly by steric shielding through the
polymer ligand.

A final clue concerning the surface functionalization of
inorganic fullerene/MoS2 is based on the decoration of TiO2

nanorods with inorganic fullerene/MoS2 particles using the
catechol groups to bind to the TiO2 nanorods. In the first
reaction step both the polymer ligand immobilized on the
inorganic fullerene/MoS2 nanparticles and free catecholate
groups were used to bind to undercoordinated surface sites of
the TiO2 nanorods. Figure 5 shows TEM images of a TiO2

nanorod with several inorganic fullerene/MoS2 particles
attached; no unbound inorganic fullerene/MoS2 particles

were detectable in the sample. Without the presence of
reactive ligands, the wetting properties of TiO2 and MoS2

would preclude an aggregation of the hydrophobic MoS2

particles on the hydrophilic TiO2 surfaces. We note the
aggregation behavior of inorganic fullerene/MoS2 particles at
the TiO2 surface, which may be rationalized by the simulta-
neous binding of several MoS2 particles to a single multi-
functional polymer ligand (as a consequence of the high NTA
content of 80%).

In summary, we have used the principles of coordination
chemistry and multidentate ligand design to functionalize
highly inert MoS2 nanoparticles through a high degree of
surface binding. For this purpose we have used the tetraden-
tate NTA ligand which was coupled either to a fluorescent
ligand for detection purposes or to a reactive polymer, which
simultaneously serves as an anchor to the sulfide (through the
NTA groups) and the oxide surfaces (through the catecholate
groups) of inorganic fullerene/MoS2 and TiO2. We believe
that this functionalization protocol can be generalized for
various layered chalcogenide nanoparticles.

The functionalization of fullerene-type chalcogenide
nanoparticles allows access to several fields which have
been pursued actively during the past few years for the related
carbon nanotubes and various oxide materials: 1) the func-
tionalization of chalcogenide nanotubes for the attachment of
electronically active components (metal and semiconductor
nanoparticles, light-harvesting ligands for solar-cell applica-
tions) to the sidewalls of the tubes; 2) dispersion of nano-
tubes, for example, for the integration in composites, which is
of interest because of their exceptional mechanical proper-
ties; and 3) fabrication of thin films by surface-binding of
chalcogenide particles to oxide surfaces, which might allow
their use as lubricants on seemingly incompatible ceramic
materials.

Experimental Section
Synthesis: Inorganic fullerene/MoS2 nanoparticles were synthesized
according to the method recently reported by us.[29] The active ester
polymer PFA was prepared by free-radical polymerization as
reported earlier.[30b] The obtained polymer had a molecular weight
of Mn= 29.7 kgmol�1; Mw= 58.5 kgmol�1, where the number of
repeating units (246) is based on the Mw value. These data were
obtained by gel-permeation chromatography (GPC) analysis in THF
(light-scattering detection). The functional polymeric ligand was

Figure 4. Fluorescence spectrum of inorganic fullerene/MoS2 nano-
particles coated with an NBD fluorphore coupled to the NH2 group of
the NTA ligand. MoS2 nanoparticles coated with NTA-NBD were
excited at 488 nm.

Figure 5. a) TEM image of inorganic fullerene/MoS2 particles immobi-
lized on a TiO2 nanorod by functionalization of the surface wall.
b) Magnified image of the rectangle marked in (a).
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synthesized by stirring a mixture of PFA (110 mg, 0.46 mmol
repeating units) in dry DMF (3 mL) and 3-hydroxytyramine hydro-
chloride (10.5 mg, 0.055 mmol) in DMF (1.5 mL) and triethylamine
(0.1 mL) at 50 8C for 1 h. A solution of amino-functionalized NTA
(120 mg, 0.46 mmol) in MilliQ water (0.9 mL) and triethylamine
(2.1 mL) were introduced and the resulting mixture heated at 50 8C
for an additional 6 h. NTA was added in a slight excess to ensure
complete quenching of the polymeric active ester groups. DMF was
removed and the obtained polymeric product cleaned by dialysis in
MilliQ water. Finally the ligand was isolated and dried in a vacuum
oven at 40 8C for 1 h and afforded 64 mg of a white polymeric powder.

1H NMR ([D6]DMSO): d= 7.50–6.50 ppm (3H, brm), 6.50–
4.00 ppm (1H, br s), 3.96–3.19 (5H, brm), 3.17–2.66 (5H, brs),
1.87–0.34 ppm (8H, brm); 19F NMR ([D6]DMSO): no signals found;
FTIR (ATR mode): 3200–2400 cm�1: COOH (NTA), 3045 cm�1:
arom. C=C-H (dopamine); 1639 cm�1: N-H (18 amide), 1199 cm�1: C-
N (18 amide).

For the functionalization, inorganic fullerene/MoS2 nanoparticles
(3 mg) were dispersed in ethanol (2 mL) and sonicated for 15 min. In
a separate vial, polymer ligand (20 mg) or lysine nitriloacetic acid
(NTA; 20 mg) was dissolved in H2O (10 mL) and then 0.01m NaOH
(2 mL) and a 40 mmol aqueous solution of NiSO4 (2 mL) added. Both
the suspension and solution were mixed under inert conditions and
stirred at 60 8C for 4 h. The polymer-functionalized inorganic full-
erene/MoS2 particles were isolated and purified by repeated washing
with H2O, using centrifugation to remove the unbound polymer and
water-soluble salt. To immobilize the inorganic fullerene/MoS2 onto
TiO2 nanowires, a solution of inorganic fullerene/MoS2 functionalized
with polymer ligands in H2O (1 mL) were mixed under inert
conditions in a glove box with presuspended TiO2 nanorods
(1 mgmL�1) in H2O. The TiO2 nanowires coated with functionalized
inorganic fullerene/MoS2 nanoparticles were then centrifuged and
dried under vacuum. The product was used as such for character-
ization.

Instrumental analyses: The products obtained after functionali-
zation and binding onto nanowires were analyzed by IR and UV/Vis
spectroscopy as well as CLSM and HRTEM. The morphology of the
MoS2 nanoparticles and onions was characterized by high-resolution
transmission electron microscopy (FEI Tecnai F30 ST operated at an
extraction voltage of 300 kV, equipped with an energy-dispersive X-
ray spectrometer) and by selected area electron-diffraction techni-
ques (SAED). For TEM studies, carbon-film-coated copper grids
containing a drop of a suspension of the sample in ethanol was used.
A laser scanning microscope (Leica TCS SL, Leica Microsystems,
Bensheim, Germany) with inverted laser was used for recording
fluorescence images. UV/Vis absorption spectra were recorded on an
Omega-10 spectrometer (Bruins Instruments).
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The amplification of biorecognition events is a fundamental
topic in bioanalytical chemistry. The use of enzyme labels as
catalysts that generate numerous readable product molecules
as the result of a single recognition event is the basis of the
enzyme-labeled immunosorbant assay (ELISA) technology.[1]

Different enzyme-linked configurations of biosensors have
been developed, in which color,[2] fluorescence,[3] or electro-
active products[4] are used as readout signals. Also, enzyme
labels have been used to catalyze the precipitation of
insoluble products on electrode supports, and the resulting
interfacial electron-transfer resistance,[5] or the microgravi-
metric changes on piezoelectric quartz-crystal microbalance
crystals,[6] are used as readout signals of the precipitation
processes. Different biosensing schemes that include enzyme
labels as amplifying agents have been developed for different
biorecognition events such as DNA hybridization,[7] antigen–
antibody complexes,[8]and others.[9] Other amplifying labels
that have been developed in recent years include nano-
particles,[10] beads that act as containers for redox-active
units,[11] and liposomes.[12, 13]

Herein, we describe a new concept to amplify biorecog-
nition events based on the catalytic evolution of a biocatalytic
label that leads to a readable signal of the biosensing process.
Specifically, we applied ecarin (EC) conjugates that catalyze
the transformation of prothrombin (PTh) to thrombin (Th).[14]

The latter product acts as a biocatalyst for the hydrolysis of
the nonfluorescent moiety bis(p-tosyl-Gly-Pro-Arg)rhoda-
mine110 (1) to the fluorescent product 2 (Figure 1A). That
is, the surface concentration of the catalytic EC conjugate is
low due to the low coverage by the recognition sites of the
analyte units. The EC-mediated conversion of PTh into Th
evolves the catalyst for the hydrolysis of 1 and leads to the
formation of numerous fluorescent molecules of 2. We
applied this amplification method for the detection of
antigen–antibody and DNA recognition complexes and
demonstrate the use of the analytical procedure for the
detection of telomerase in cancer cells.
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Anti-bovine serum albumin (polyclonal BSA Ab) was
immobilized on ELISA plates (Figure 1B). The resulting
surfaces were blocked to minimize nonspecific adsorption and
then interacted with different concentrations of bovine serum
albumin (BSA). The rinsed surfaces were then treated with
ecarin-labeled BSA Ab, then with PTh, and last with bis(p-
tosyl-Gly-Pro-Arg)-R110 to yield the fluorescent product
2.[15] Figure 2A shows the integrated fluorescence intensities
generated in the solution of a single well upon analyzing
different concentrations of the BSA antigen. The antibody
was detected with a sensitivity limit that corresponds to 2 >
10�18

m, with a signal-to-background ratio of about 1.8, with
respect to the background fluorescence originating from
nonspecific adsorption. Figure 2B depicts the extracted
calibration curve.

This amplification procedure was applied to
detect telomerase, a ribonucleoprotein that cata-
lyzes the elongation of telomer units on chromo-
somes. The shortening of telomers during the cell
life cycle provides an intracellular trigger to termi-
nate cell growth and proliferation.[16, 17] The appear-
ance of telomerase in malignant or cancer cells leads
to the constant elongation of the telomers and to
their transformation into immortal cells. Indeed, in
over 95% of the different cancerous cells elevated
amounts of telomerase were detected, thus provid-
ing a general marker for cancer cells.[18, 19] The
detection of telomerase is usually based on the
analysis of the enzyme activity that originates from
cell extracts. The TRAP test is based on the labeling
of the resulting telomers with fluorescent dyes and
their electrophoretic analysis.[20] Other methods to
detect telomerase activity include electrochemilu-
minescent detection,[21] fluorescent analysis of the
telomerase-generated telomers on semiconductor
nanoparticles,[22] or optical detection of the telomer-
ase-synthesized telomers.[23]

In contrast to previously reported procedures
for the analysis of telomers, the telomerase itself was
detected in the present study. The advantages are
obvious, as we do not need to rely on the time-
consuming telomerization process, the labeling of
the telomers, or the secondary separation of the

Figure 1. Amplified analysis of immunocomplexes by the ecarin-catalyzed evolution of
the thrombin biocatalyst. A) Concept for ecarin-stimulated evolution of thrombin and the
subsequent hydrolysis of nonfluorescent bis(p-tosyl-Gly-Pro-Arg)-R110 (1) to the fluores-
cent product 2 upon analysis of an antigen–antibody complex. B) Analysis of BSA.
C) Analysis of telomerase originating from HeLa cancer cells.

Figure 2. A) Integrated light intensities emitted upon the analysis
of different concentrations of BSA according to Figure 1B:
a) 2.43E10�10m, b) 2.43E10�12m, c) 2.43E10�14m,
d) 2.43E10�16m, and e) 2.43E10�18m; f) curve shows a control
experiment in which the entire analytical protocol is applied in
the absence of BSA (error bars were derived from five independ-
ent experiments). B) Calibration curve corresponding to the
emitted light intensities at l=620 nm upon analyzing different
concentrations of BSA.
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telomers. Figure 1C outlines the method for detecting
telomerase. The polyclonal rabbit anti-telomerase antibody
was immobilized on the ELISA plate and treated with
telomerase that originated from different numbers of HeLa
cancer cells. The association of the telomerase was followed
by the binding of the biotinylated polyclonal anti-telomerase
antibody. Subsequently, the association of avidin and biotin-
ylated ecarin resulted in the biocatalytic structure for the
evolution of the thrombin biocatalyst. The latter product
biocatalyzes the hydrolysis of 1 to 2. Figure 3A shows the
integrated light intensity emitted upon analyzing the telomer-
ase originating from extracts of different number of HeLa
cells. Telomerase originating from 1000 cells can be analyzed.

Figure 3A, curve e, depicts the application of the analyz-
ing protocol on an extract of the cells that does not include
telomerase (HaCat, normal skin). The resulting light intensity
may be considered as the background level, as a result of
nonspecific adsorption of the biocatalytic labels onto the
sensing interface. Thus, the telomerase originating from 1000
HeLa cells is detected with a signal-to-background ratio of 2.
Figure 3B shows the derived calibration curve. Note that we
failed to analyze telomerase activity originating from 1000
HeLa cells by using the commercial TRAP assay.

The amplification of the biorecognition events by the
ecarin/prothrombin system was also applied to analyze DNA
(Figure 4). The thiolated nucleic acid 4 was assembled on an
Au surface and hybridized with the analyzed DNA 3. The

surface coverage of 4 was determined by TarlovAs method[24]

and corresponded to approximately 5 > 1011 DNA strands per
cm2. The subsequent hybridization of the biotinylated nucleic
acid 5, followed by the association of avidin and biotinylated
ecarin, led to the formation of the catalytic label on the gold
surface. Figure 5A shows the integrated light intensity
emitted by the system upon analyzing different concentra-
tions of DNA. For comparison, curve e in Figure 5A shows
the integrated light emitted by the system upon analysis of the
nucleic acid 3a, which includes one base-mismatch relative to
3. The results indicate that the analyzed DNA 3 can be
detected by the method with a sensitivity limit corresponding
to 3 > 10�12

m. We also note that the DNA analyzed at a
concentration of 3.4 > 10�8

m (Figure 5A, curve a) yields an
integrated light intensity that is about threefold higher than
the light intensity emitted by the system in which the DNA
with one base-mismatch was analyzed at a concentration of
1 > 10�8

m (Figure 5A, curve e). These results imply that the
analysis of DNA is selective and that the analyte DNA can be
detected with a sensitivity limit of 3 > 10�12 (signal/back-
ground> 1.5). Figure 5B shows the derived calibration curve.

To conclude, the present study has introduced the catalytic
evolution of a biocatalyst as a new concept to amplify
biorecognition events. We employed ecarin and prothrombin
as a catalytic evolution system for the generation of thrombin.
The advantage of the reported system rests on the fact that
the content of the enzyme (thrombin) increases in the system
with time, and thus a nonlinear enhancement in the intensities
of the evolved fluorescence is observed. Accordingly, by
prolonging the time intervals for evolution of the thrombin
the sensitivity limits might be further improved. It is difficult
to perform a fair comparison of the proposed method with

Figure 3. A) Integrated light intensities emitted upon the analysis of
different numbers of HeLa cancer cells (or control system consisting
of normal cells) according to Figure 1C: Curves a–d correspond to the
analysis of 50000, 30000, 10000, and 1000 HeLa cells, respectively.
Curve e corresponds to the analysis of 50000 HaCat normal cells.
Curve f corresponds to a control experiment in which no HeLa cell
extract (or telomerase) is added to the system. B) Calibration curve
corresponding to the light intensity emitted by the system at
l=620 nm upon the analysis of telomerase originating from different
numbers of HeLa cancer cells. For comparison, the point marked (e)
corresponds to the normal HaCat cells.

Figure 4. Amplified analysis of DNA by the ecarin-catalyzed evolution of the
thrombin biocatalyst and generation of the fluorescent product 2.
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available enzyme-amplified bioanalytical procedures because
thrombin exhibits a substantially lower specific activity
relative to other enzymes (e.g. peroxidase). Nonetheless, we
note that for the analysis of BSAwe find a 102–103-fold higher
sensitivity in the ecarin–prothrombin system as compared to a
system that employed the horseradish peroxidase–BSA Ab
conjugate. For the analysis of DNA using biocatalysts as
amplifying labels, we note that our system reveals an
approximate 102-fold enhanced sensitivity as compared to a
system that employed the horseradish peroxidase–nucleic
acid label.[25] Also, our analytical procedure reveals compa-
rable sensitivity to the reported bioelectrocatalytic detection
of DNA using the polymerase-induced replication of redox-
active DNA replica, which activates the electrocatalytic
oxidation of glucose in the presence of glucose oxidase.[26]

The simple and relatively rapid procedure described here for
analyzing DNA is certainly an advantage. We thus anticipate
that the method described here will find immense practical
applications, as it can be adapted for any biorecognition
process, and specifically, for systems that require high
sensitivities.

Experimental Section
Preparation of ecarin–BSA Ab conjugate: Rabbit anti-bovine serum
albumin IgG (Bethyl Laboratories; 1.64 > 10�7

m) was reduced with 2-
mercaptoethylamine (1.3 > 10�5

m) in 500 mL of phosphate buffer

(20 mm, pH 7.4, 0.15m NaCl) at 37 8C for 90 min, and the product was
purified using centrifugal filter devices (Centricon, 30000 MWCO,
Millipore). Ecarin from Echis carinatus venom (55 kDa, Sigma-
Aldrich; 6 > 10�7

m) was treated with N-(maleimidobutyroxy)sulfo-
succinimide ester (1.25> 10�4

m) in 450 mL of phosphate buffer
(20 mm, pH 7.4, 0.15m NaCl) for 30 min at room temperature and
was then purified again using the Centricon filter (30000 MWCO).
The resulting functionalized ecarin was reacted with the reduced BSA
Ab for 30 min at room temperature.

Preparation of biotinylated anti-telomerase Ab: Anti-telomerase
Ab (rabbit polyclonal antiserum, Oncogene Research Products) was
reduced by a similar procedure as that described above for the
reduction of BSA. The product was reacted with biotin-maleimide
(Sigma-Aldrich; 3.3 > 10�4

m) in 1 mL of phosphate-buffered saline
(PBS; pH 7.2).

Preparation of biotinylated ecarin: Ecarin (2 > 10�5
m) was treated

with sulfo-NHS-LC-LC-biotin (Pierce Biotechnology; 1.5 > 10�5
m) in

1000 mL of phosphate buffer (20 mm, pH 7.4, 0.15m NaCl) for 30 min
at room temperature.

Analysis of BSA: For the analysis of BSA, an ELISA Nunc-
Immuno Plate MaxiSorp Surface was treated with polyclonal BSA
Ab for 60 min at 37 8C. The resulting plates were blocked with PBS
solution that included 1% goat serum. After rinsing, the plates were
treated with different concentrations of BSA in borate saline buffer
(BSB; pH 8.4) for 90 min at 37 8C. The plates were then rinsed and
treated with the ecarin–BSA Ab conjugate in BSB (pH 8.4) for
60 min at 37 8C. The rinsed plates were then treated with a solution of
prothrombin (Sigma-Aldrich; 1 > 10�8

m) in Tris buffer (20 mm, pH 8,
0.1m NaCl) for 40 min, and then 1 (8 > 10�6

m) was added during
20 min to allow the hydrolysis to 2. The fluorescence of the resulting
solutions was monitored by using a photon-counting spectrometer
(Edinburgh Instruments, FLS 920) connected to a computer (F900 v.
6.3 software).

Analysis of telomerase: HeLa cells were cultivated in DulbeccoAs
Modified Eagle Medium (DMEM) solution that included 2.5% foetal
bovine serum (Biological Industries, Beit Haemek, Israel) during
4 days. Trypsin (3 mL) was added to the resulting suspension (50 mL),
and the cells were centrifuged and washed with the DMEM solution.
Lysis of the HeLa cells was performed by treatment of a pellet of
about 106 HeLa cells with 200 mL CHAPS (3,3-cholamidopropyl-
dimethylammonio-1-propanesulfonate) buffer solution for 30 min at
4 8C. The resulting suspension was then centrifuged to yield the cell
extract. The anti-telomerase Ab was deposited on the ELISA plates
and blocked against nonspecific adsorption in a similar manner to that
described for BSA Ab. The plates were then treated with solutions
containing the extracts of variable numbers of HeLa cells. The
resulting rinsed plates were interacted with biotinylated anti-telomer-
ase Ab and then treated with avidin and biotinylated ecarin (the
plates were rinsed between the reaction steps). Finally, the resulting
plates were treated with prothrombin and 1 as described for the
analysis of BSA.

Analysis of DNA: For the analysis of DNA, a 100-mL drop of
solution of thiolated nucleic acid 4 (OD= 0.5) was placed on the
plates and allowed to react overnight. Then, the surfaces were
blocked with mercaptohexanol (1 mm) during 60 min. The modified
plates were then hybridized with different concentrations of 3 in
100 mL of phosphate buffer (10 mm, 0.3m NaCl) for 3 h. The double-
stranded assemblies were then hybridized to the biotinylated nucleic
acid 5 (1 > 10�6

m) at room temperature. Subsequently, the surface was
treated with avidin and biotinylated ecarin (with rinsing between each
of the steps). The resulting surfaces were then treated with
prothrombin as described for the analysis of BSA, and the resulting
fluorescence was monitored.
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Figure 5. A) Integrated light intensities emitted by systems analyzing
different concentrations of DNA 3 according to Figure 4. The concen-
trations of 3 correspond to a) 3.4E10�8m, b) 3.4E10�10m,
c) 3.4E10�11m, d) 3.4E10�12m, and f) 0m ; curve e corresponds to the
analysis of DNA 3a with one base mismatch at a concentration of
1x10�8m. B) Calibration curve corresponding to the emitted light
intensity at l=620 nm upon analysis of different concentrations of
DNA 3 (error bars were derived from four independent experiments).
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The hybrid assembly of inorganic and metallic nanomaterials
by means of chemical and biological bonding to yield
manifold optical and electromagnetic properties has received
widespread attention.[2–11] Currently available highly mono-
dispersed nanomaterials such as semiconductors and noble
metals that can be conjugated by ligand–receptor, antigen–
antibody reactions, polymer tethering, and DNA hybridiza-
tion are used as building blocks for 2D or 3D superstructures
in which new collective properties of these artificial assem-
blies have been obtained.[12–15] They represent a large class of
new materials (i.e., metamaterials) in which the properties are
determined not only by classical atomic composition, but also
by nanoscale organization of structural components.
Recently, metamaterials based on metallic composites have
received special attention as these are expected to display
negative values for permittivity and refractive index. This
property should lead to a multitude of unique optical
effects.[11,16, 17] Many of these effects are related to surface
plasmons on Au or Ag nanoparticles (NPs), which generate
exceptionally high localized electromagnetic fields, and have
been exploited in surface-enhanced Raman spectroscopy[18–21]

and some optoelectronic devices.[12, 22] Metamaterials from
semiconductors and their combinations with metals can also
produce optical effects that are useful for development of
advanced sensing and imaging technologies.[23,24] Recently, we
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observed that the collective plasmon resonance in a specially
designed assembly of Au NPs can stimulate radiative
recombination of excitons in CdTe NPs and nanowires
(NWs). For example, the bioconjugates of Au NPs and
CdTe NWs assembled with streptavidin (SA) and d-biotin (B)
exhibited fivefold enhancement of luminescence and blue
shifts of emission bands. Modeling studies showed that the
luminescence enhancement originates from amplification of
electromagnetic fields induced by Au NPs in the vicinity of
CdTe NWs.[1,25] Other experiments with Au and CdTe NPs in
which polymer linkers were used to produce a dynamically
conjugated system proved that the interaction between
surface plasmons and excitons is a substantial factor in the
different ratios of lumines-
cence enhancements
obtained. This interaction
was dynamically modified
by the reversible swelling
and deswelling of the poly-
meric spacers inside the
assembled nanoscale super-
structures.[26]

Herein, we report new
superstructures based on Ag
NPs. Although collective
interactions between NPs
and NWs in the superstruc-
tures are also important for
Au NPs, the mechanism for
the enhancement of the
emission of the Ag-NP con-
jugates is qualitatively dif-
ferent from that of Au-based
NW–NP metamateri-
als.[1, 25, 26] In the latter, the
emission enhancement
comes mostly from the
increase of the photon emis-
sion that is stimulated by
resonance with plasmon
oscillations in the NP. How-
ever, when Au is replaced
with Ag, the emission
enhancement comes from
the increase in absorption.
A theoretical model for the
experiments describes collective plasmon excitations in the
Ag-NP shell and provides an accurate explanation of the
optical properties of Ag-based NP–NW superstructures. This
paper investigates the mechanisms of interactions between
NPs and develops the understanding of such hybrid materials,
which could be used for a novel class of sensors and actuators
with enhanced optical and thermal properties.[1,25]

Morphological characterization of each component of the
superstructure was carried out by high-resolution transmis-
sion electron microscopy (HRTEM) and atomic force micro-
scopy (AFM). From AFM images, the average diameters of
Ag NPs and CdTe NWs were measured to be 3.11� 1.2 nm
and 8.09� 2.3 nm, respectively (see the Supporting Informa-

tion). The NWs were assembled from 3.7-nm CdTe NPs
according to a procedure described elsewhere (> 98%
yield).[27] The NWs had an average length of 1400� 128 nm
(with an aspect ratio of 173) and luminesced at 658� 2 nm. It
is known that bulk Ag film has a (111) lattice spacing of
0.2359 nm. The Ag NPs have a lattice spacing of 0.235�
0.003 nm, which corresponds to the spacing between (111)
planes of Ag crystals.[28] The TEM image showed the Ag NPs
attached to the surface or in the vicinity of a CdTe NW to
form a fuzzy shell (Figure 1a). There was a noticeable red
shift in UV/Vis absorption peak after attachment of proteins
to the Ag NPs (Figure 1b, i!ii); this shift correlates very well
with the change of dielectric constant.[29,30]

The superstructures of Ag NPs and CdTe NWs were
obtained by combining appropriate volumes of two stock
solutions (NP-SA and NW-B; SA: streptavidin, B: d-biotin).
The approximate molarities of the Ag NP and CdTe NW
stock solutions were 2.7 C 10�6 and 2.95 C 10�9

m, respectively.
The formation reaction of the NP–NW assemblies took place
in 3 mL of water at pH 9 (pH adjusted with 0.1m NaOH) in a
quartz optical cuvette. Solutions were prepared with different
aliquots of Ag NP dispersion (20–100 mL) and a constant
volume of the CdTe NW dispersion (20 mL). The NP/NW
ratios for the different superstructures are given in Table 1.[1]

The intensity of the NW emission steadily increased up to
twofold and the peak wavelengths were blue-shifted by up to

Figure 1. a) TEM image of bioconjugates of NPs and NWs, 300000D , b) UV/Vis and luminescence spectra
of Ag NPs and CdTe NWs; i: Ag NPs, ii : Ag NPs with SA, iii : PL of NWs; c) Time courses of the
luminescence peak intensities for solutions A to D. d) PL lifetimes of the respective samples.
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10 nm during the bioconjugation process; these changes are
smaller than those for the analogous reaction with Au NPs
(see the Supporting Information).[1] The bioconjugation of
ligand receptors with attached nanocolloids was completed in
approximately 30 minutes for different molar ratios of CdTe
NWs and Ag NPs (Figure 1c). The photoluminescence (PL)
lifetime was about 2.36 ns for the NWs alone, but decreased to
around 0.84 ns for the Ag-conjugated NWs (Figure 1d). The
PL intensity after that period was considered the ultimate
fluorescence intensity and the assembly process was consid-
ered to reach saturation. The kinetics of the luminescence
intensity is well-correlated with the conjugation of SA and B
involving nanocolloids.[1, 31,32] Higher PL intensities at satu-
ration were observed for higher NP/NW ratios (Figure 1c).
The spectra of the Ag NP–NW superstructures appear similar
to those of Au NP–NW superstructures, and this was initially
explained on the basis of exciton–plasmon interactions.[1]

However, the underlying mechanism is essentially different.
A strong indication of this is that the plasmon-resonance peak
of the Ag particles does not overlap in any way with the
emission peak of the NWs (Figure 1b), which is required for
resonance.

The answer to this apparent discrepancy between the
expected mechanism and the experimental results was found
in the excitation spectra (Figure 2). As the superstructure

forms over a period of 20–30 min, a new feature develops in
the vicinity of 420 nm. Importantly, no change is observed at
this same wavelength over a period of 60 min in an experi-
ment with the Au-conjugated NW superstructures under the
same conditions (spectrum a’). Firstly, this correlates very well
with the plasmon–exciton resonance mechanism suggested
previously for Au NP–NW superstructures.[32] Secondly, the
excitation peak that develops at 420 nm for Ag NP–NW
superstructures indicates that absorption increases drastically
at this wavelength, with the energy eventually channeled into
the emission of the NW at 600 nm. Thus, the reason for
increase in luminescence of the Ag NP–NW superstructures is
stimulated light absorption rather than light emission. The
absorption of the CdTe NWs is enhanced at the exciton
wavelength as a result of the proximity of the Ag NPs, which
have a plasmon band that can oscillate in resonance with the
exciton in the semiconductor.

To confirm this hypothesis, we calculated the electric
fields inside a superstructure. The theoretical model incorpo-
rates an NW, an Ag-NP shell, and SA–B biolinkers (Figure 2,
left inset). The radii of the components are taken as follows:
RNW= 4 nm, RSA-B = 2.5 nm, and RAg NP = 1.56 nm. The corre-
sponding radius of the Ag-NP shell RShell is 10.56 nm. The
emission intensity of the superstructure is proportional to the
factor Pemiss(lexcitation,lemiss) [Eq. (1)], whereby lexcitation and
lemiss are the excitation and exciton peak wavelengths and
Pfield(l) is the electric-field enhancement factor at a particular
wavelength [Eq. (2)]. In Equation (2), E0 is the amplitude of
the external electric field, and Etot is the resultant field in the
center of the Ag-NP shell. The squared resultant electric field
is averaged over all solid angles. Although the position of NPs
with respect to the NW are assumed to be constant and
unaffected by tumbling in solution, this assumption is
necessary to account for the fact that the NWs in a solution
may have variable orientation with respect to the electric field
of incident light.

Pemissðlexcitation,lemissÞ ¼ PfieldðlexcitationÞPfieldðlemissÞ ð1Þ

PfieldðlÞ ¼
hE2

totiW
E2

0

ð2Þ

Figure 3 shows numerical simulations of the factors
Pemiss(lexcitation,l) and Pfield(l) at the center of the Ag-NP
superstructure (Figure 2, right inset) with Maxwell equations
(see the Supporting Information). For the curves in Figure 3b,
we fixed the excitation wavelength (lexcitation = 420 nm) and
varied the emission wavelength (l). The data were obtained
for three superstructures with total numbers of NPs Ntot = 56,
84, and 112. Each superstructure has seven rings, and the
inter-ring spacing was taken as 4.11 nm. The corresponding
numbers of NPs per ring (Nring) were 8, 12, and 16. Note that
the above numbers are less than the maximum possible
number of Ag NPs per ring (i.e., 21). The corresponding
linear densities of NPs were then calculated as Nring/4.11 nm
	 1.95, 2.92, and 3.89 nm�1. If we now assume that total length
of the NW is 1400 nm and calculate the total numbers of
attached NPs using the above linear densities, we obtain 3610,

Table 1: Composition of different NW–NP assemblies prepared from
different volume ratios of the stock NW-B and NP-SA dispersions. An
averaged NW length of 1400 nm was used for calculation.

Solution A Solution B Solution C Solution D

volume ratio
(CdTe NW/Au NP)

20:20 20:40 20:80 20:100

NP/NW ratio 4468 8936 17872 22340

Figure 2. Photoluminescence excitation spectra of conjugated super-
structures: spectra of Ag-conjugated NWs recorded every 10 minutes
(a!g) for an emission wavelength of 660 nm (solution D); Au-
conjugated NWs after 60 minutes (a’, dashed line). The gap at 300 nm
corresponds to the strong l/2 peak of the excitation light, removed
from the spectra for clarity. Inset: Cross section of the superstructure
of Ag NPs, SA–B linkers, and an NW (left). Theoretical model (right)
of an Ag shell with periodicity along the cylinder axis. The electro-
magnetic field is calculated at the center of the Ag-NP shell.
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5510, and 7391. These numbers are comparable to the NP/NW
ratios for solutions A and B (Table 1).

The calculations demonstrate (Figure 3a) that the
strength of the collective plasmon field increases gradually
with increasing density of metal NPs in the shell. The spectral
characteristic (energy) of the collective plasmons resonating
between many Ag particles in the NP shell of the super-
structure becomes wider. The factor Pfield(l) is strongly
enhanced for lexcitation between 400 and 450 nm and slightly
reduced for lemiss at around 660 nm; thus the probability of
photon emission at 660 nm in Ag-based structures is not
increased but rather is even reduced slightly as a result of
dynamic screening inside the shell (Figure 2, inset a). For
higher density of NPs, the plasmon peak is located around
425 nm, which is red-shifted relative to the spectrum of

individual particles. This shift is illustrated by a comparison of
the plasmon resonance in the Ag-NP shell (Figure 3a) with
the plasmon peak of a single Ag NP (Figure 3a, inset). Again,
this change results from the formation of collective plasmon
resonance in the Ag-NP shell. This change is in exactly the
same spectral region in which the new peak develops in the
excitation spectrum (Figure 2). The nice match of the
experimental results and calculations demonstrates the val-
idity of the hypothesis of the enhanced absorption.

Some shortening of exciton lifetime of the Ag-based
superstructures is observed, as was the case for Au-based
superstructures (Figure 1d), although the difference is far less
drastic. This effect is attributed mostly to exciton-energy
dissipation in the metal. This difference between Au- and Ag-
based structures is the position of the plasmon resonance with
respect to the exciton energy in the CdTe NWs. In the Au–
CdTe complex, the exciton energy is close to the Au plasmon
peak. In the Ag-based system, the plasmon resonance is
relatively far from the exciton peak. Moreover, the electric
field from Ag NPs might activate some other decay mecha-
nisms, such as nonradiative recombination pathways, which
are likely to contribute to the reduced lifetime as well.

To evaluate the emission-enhancement effect qualita-
tively, we calculated the emission-enhancement factor
Pemiss(lexcitation,l) for the emission wavelengths l> lexcitation

(Figure 3b). In the experimentally important region around
lemiss = 660 nm, the factor Pemiss(lexcitation,l) increases rapidly
with the number of attached NPs (Figure 3b, inset). The
theoretical factor Pemiss(lexcitation,l) for a linear NP density of
2.9 nm�1 is more than 2, which is very similar to actual
fluorescence enhancement in Figure 1c. The theoretical
estimate from Figure 3 b (2.5) also compares well with the
experimental value of Pemiss(lexcitation,l)	 3.4 (derived in the
Supporting Information). Thus, the idealized model pre-
sented herein gives a very good description of the processes in
NP–NW superstructures and metal–semiconductor metama-
terials.

In conclusion, we observed a twofold enhancement of
luminescence intensity in the nanoscale bioconjugated super-
structures made from CdTe NWs and Ag NPs. Theoretical
calculations of the electric field in the cylindrically organized
NPs and experimental data suggest that the enhancement in
emission originates from the increase in absorption of the Ag-
NP shells in the regime of the collective plasmon resonance.
This situation is qualitatively different from the PL enhance-
ment in the Au-NP/NW system studied previously. The
fundamental importance of these findings is twofold: 1) The
results demonstrate metamaterials for which the spatial
organization of metal particles has direct consequences on
the optical properties as a result of the collective nature of
interactions. 2) The described calculation method can be used
to predict properties of nanoscale superstructures. From a
practical point of view, the combination of Au and Ag NPs
may lead to the enhancement of both absorption and emission
in semiconductor nanostructures, which could be utilized in a
variety of optoelectronic or energy-conversion devices, for
example, in solar-energy devices.

Figure 3. a) Field-enhancement factor for three superstructures with
linear NP densities of 1.95, 2.92, and 3.89 nm�1. Inset: Calculated
absorption by a single Ag NP. The position of the plasmon resonance
corresponds well with the experimental data (Figure 1b). The two
curves for the 12-NP rings correspond to lmax=1 and 2 (l is the
spherical harmonic index); the differences are minimal. b) Emission-
enhancement factor as a function of the emission wavelength for three
superstructures with linear NP densities of 1.95, 2.92, and 3.89 nm�1;
the excitation wavelength is taken as 420 nm. Inset: Calculated
emission-enhancement factor at an emission wavelength of 660 nm.
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Experimental Section
CdTe NPs and NWs were prepared as described in detail else-
where.[27, 34] Ag NPs were synthesized in solution from AgNO3

(Aldrich[35]), soluble starch (Aldrich[35]), and d-glucose
(Aldrich[35]).[36] Ethylene dichloride (EDC) and sulfo-N-hydroxysuc-
cinimide (NHS) were used as zero-length cross-links to bind the
inorganic and biological materials covalently (Ag NPs with strepta-
vidin (SA), CdTe NWs with d-biotin).[1,37] Ag NPs were bioconju-
gated with SA as follows: unbound starches in the Ag-NP solution
were removed by repeated centrifugation and redispersion until a
clear and transparent Ag-NP solution was obtained. An Ag-NP
dispersion (1 mL) was mixed with thioglycolic acid (8.7 mm) for 24 h.
The EDC and NHS procedures were followed to activate the
carboxylic acid groups. Spectra of the bioconjugates were measured
with a UV/Vis spectrophotometer (Agilent, Model-8453[35]). The
luminescence and excitation spectra of the NP–NW dispersions were
measured on a Fluoromax-3 spectrofluorometer (Jobin Yvon/SPEX
Horiba[35]) every 1–2 minutes for up to 40 minutes. Atomic force
microscopy (AFM)[35] and JEOL 2010F TEM[35] (with an accelerator
voltage of 200 kV) were used to observe the morphology of the
bioconjugates of Ag NPs and CdTe NWs. The lifetimes of the
respective nanomaterials were measured with a Fluorolog Tau-3
(Jobin Yvon/SPEX Horiba[35]).
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Over the past few years, there has been an increasing concern
over the environmental effects of the use of volatile organic
compounds as solvents. The quest for “green” solvents has led
to the study of water, room-temperature ionic liquids
(RTILs), and supercritical CO2. Water, also known as nature's
solvent, has been in focus after the pioneering work of
Rideout and Breslow.[1, 2] Meanwhile, much attention has been
paid to the synthesis and characterization of RTILs and their
use as solvents for carrying out organic reactions that are
usually performed in organic solvents.[3] The advantages of
using RTILs have been discussed in several reports.[4] Based
on the studies made so far, the conclusion has been drawn that
RTILs are highly effective in accelerating organic reactions,
including Diels–Alder reactions.[5]

We demonstrate here that RTILs are not as effective as
water in promoting Diels–Alder reactions. For this purpose,
we have carried out three simple Diels–Alder reactions
involving cyclopentadiene (1) with methyl acrylate (2a), ethyl
acrylate (2b), and butyl acrylate (2c) (Scheme 1) both in

water and RTILs (Figure 1) under identical conditions. In
Table 1 are listed the second-order rate constants, k2, for these
reactions. The reaction of 1 with 2a is ten times faster in water
than in [BMIM]I. Similarly, rates of the reactions of 1 with 2b
and 2c are at least three to four times higher in water than in
[BMIM]I.

The experimental data present clear evidence that water
can be a more powerful solvent than the ionic liquids, as far as
Diels–Alder reactions are concerned. In the case of water, the
rate enhancement has been ascribed to several factors, such as
solvent polarity,[6a] hydrophobic packing,[1] hydrophobic
hydration,[7] hydrogen bonding,[8] surface cohesive pres-
sure,[2a,9] and surface tension.[2a,c] In general, the water-
promoted Diels–Alder reactions can be better interpreted
in terms of enforced hydrophobic hydration[7] and hydrogen
bonding,[8] as discussed by Engberts and Jorgensen, respec-
tively. The absence of hydrophobic interactions and weaker
hydrogen bonding in RTILs may be important reasons for the
observed difference in the rates between water and RTILs.

For the Diels–Alder reactions conducted in the RTILs, the
rates drop by a factor of 2 on going from [EMIM][BF4] to
[BMIM]I. The trend is consistent for all three dienophiles
studied, irrespective of the change in cation or anion. Thus the
observed rate deceleration has to originate from a property
that varies in a nonspecific fashion for all the RTILs used. An
extensive examination of a range of properties was under-
taken. Surface tensions[10d] of RTILs do not show any
correlation with the reaction rates, as evident from such a
comparison. The solvophobicity, d11(H

2), is also a weak
correlating property in the case of RTILs.[5d] However, the
rate constants of a Diels–Alder reaction carried out in
different RTILs have been correlated with the H-bonding
ability, expressed in terms of the E30

T parameter.[5d] Our results
support this correlation: the k2 values of these reactions
decrease with the decrease in E30

T values of the RTILs.
The literature reports[10] suggest that the viscosities of

different RTILs used in this investigation follow the order:
water< [EMIM][BF4]< [BMIM][BF4]< [BMIM][PF6]<

Scheme 1. Diels–Alder reactions studied in water and RTILs.

Figure 1. Structures of the RTILs used.

Table 1: Second-order rate constants (k2) for Diels–Alder reactions in
water and RTILs.[a]

k2 10
5 [dm3mol�1 s�1][b]

Solvent 1+2a 1+2b 1+2c

water 24.1 7.9 5.7
[EMIM][BF4] 5.9 5.7 5.2
[BMIM][BF4] 4.5 3.9 3.4
[BMIM][PF6] 3.9 3.3 3.1
[OMIM][PF6] 3.1 2.4[c] 2.4
[BMIM]I 2.5 2.5[c] 2.1

[a] Reactions were carried out on a 1-mmol scale in 1 mL of solvent with
a 1:1 ratio of the diene and dienophile at 298.15 K. The rate constants
determined with 10 mm of 1 and 50 mm and 100 mm of 2a agreed to
within experimental error (�6%). [b] An average of three runs. [c] Values
equal to within experimental error (�6%).
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[OMIM][PF6]< [BMIM]I. Our preliminary investigation sug-
gested that the k2 values for these reactions decrease with the
increase in the viscosity of RTILs. To provide tentative
support for this observation, the reaction of 1 with 2a was
carried out at 298.15 K in a mixture of [BMIM][BF4] with
dichloromethane (DCM) (45 mol% of [BMIM][BF4] in
55 mol% of DCM). Here, DCM (h= � 18 cP)[11] was used
as a “viscosity reducer” for [BMIM][BF4] (h= 233 cP). The
resulting rate constant, k2= 5.79 C 10�5 dm3mol�1 s�1, is about
20% higher than that measured in pure [BMIM][BF4]. It is,
however, not possible to state at this stage with confidence
that the viscosity of a RTIL is an important parameter to
correlate kinetic data of Diels–Alder reactions. In a recent
study with a series of RTILs, it was shown that the Diels–
Alder reaction was fastest in the RTIL of highest viscosity.[5d]

Inadequate experimental data do not allow us to draw any
conclusion at this stage.

The results of preliminary temperature-dependent kinetic
investigations are shown in Figure 2. The DH+ values for the
reaction of 1 with 2a, obtained from the transition-state
theory plots (Figure 2), are 55.3 kJmol�1 and 60.9 kJmol�1 for
[EMIM][BF4] and [BMIM][PF6], respectively. Any change in
temperature is bound to alter both the H-bonding ability and
the viscosity of RTILs. The observed temperature effect may
result from a change in either or both these parameters. A
detailed study of the theories of condensed-phase kinetics to
explain the results is being carried out in our laboratory and
will be reported in the future.

The present results indicate that water, and not a RTIL, is
definitely the solvent of choice for carrying out Diels–Alder
reactions. The results merit further investigation to correlate
the rates of these reactions with other properties of RTILs.
Also designing new RTILs or using RTIL mixtures with better
properties is highly desirable in order to encourage their use
as “green solvents”.

Experimental Section
Cyclopentadiene (1) was freshly distilled from dicyclopentadiene
prior to use. Acrylates 2a, 2b (low-pressure distillation), and 2c were
distilled prior to use. 1-Butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF4], 1-butyl-3-methylimidazolium hexafluorophosphate
[BMIM][PF6], 1-butyl-3-methylimidazolium iodide [BMIM]I, 1-
octyl-3-methylimidazolium tetrafluoroborate [OMIM][BF4] and 1-
ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] were
synthesized by the reported procedure.[8a] The RTILs were thor-
oughly dried by heating at 70 8C under high vacuum for several hours
before each kinetic run. All manipulations were carried out under an
atmosphere of dry nitrogen to exclude moisture.

Kinetic analysis: In a standard kinetic run the dienophile was
added to the ionic liquid (1 mmol in 1 mL of ionic liquid), and the
reaction mixture was allowed to equilibrate at the desired temper-
ature. The temperature was controlled using a Julabo constant-
temperature bath with an accuracy of � 0.01 K. The reaction was
initiated by addition of 1 (1 mmol in 1 mL). The reaction progress was
monitored at appropriate time intervals by extraction of aliquots with
ether followed by appropriate dilution and GC analysis. (Varian CP-
3800 gas chromatograph; for details, see the Supporting Information).
The rate constants thus determined were reproducible to within 6%.
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The interaction of zinc alkyls with dioxygen has received
continuous interest for over 150 years, and common wisdom
states that the oxygenation reactions of homoleptic zinc alkyls
are uncontrollably fast. Moreover, significant uncertainties
concerning both the composition of the products and
mechanistic considerations have persisted. In pioneering
studies, Frankland contended in 1849 that controlled oxygen-
ation of ZnEt2 affords Zn(OEt)2,

[1] and in 1864 Butlerov[2] and
Lissenko[3] independently argued for the formation of the
partly oxygenated species Zn(Et)OEt. In 1890 Demuth and
Meyer postulated the formation of the alkylperoxide Zn(E-
t)OOEt from the insertion of an O2 molecule into the Zn�C
bond.[4] These pioneering interpretations have since been the
subject of considerable debate;[5] however, most of the later
studies considered the oxygenation reaction as proceeding
with oxidation of both Zn�C bonds and the formation of
compounds formulated as Zn(OOR)2, Zn(OR)OOR, and
Zn(OR)2.

[5c–f] Only very recently our group demonstrated
convincingly that the controlled oxygenation of ZnMe2 leads
to the formation of partially oxygenated species in high
yields,[6] and we structurally characterized the first examples
of zinc alkylperoxides that were derived from the reaction of
O2 with monoalkylzinc chelate complexes.[6,7] The latter
results have come in contradiction to the commonly accepted
mechanism, which assumes a radical-chain process
(Scheme 1).[8]

Apart from fundamental interest in the interaction of zinc
alkyls with dioxygen, many practical applications have been
found in both organic and materials chemistry which involve

the oxygenation process. For example, the seminal studies of
Chaudret and co-workers demonstrated that controlled oxy-
genation of the ZnR2 precursor in THF in the presence of an
amine ligand and moisture affords in one step crystalline ZnO
nanoparticles of controlled size and shape.[9,10] The impor-
tance of zinc alkylperoxide complexes is also readily apparent
from their continued use as reagents in organic synthesis. For
decades, the reaction of organozinc complexes (particularly
Zn(R)X compounds in the presence of ether solvents) with
O2 has been used to prepare hydroperoxides or alcohols,
depending on the reaction conditions.[11] Furthermore, the
alkylperoxide species Zn(R)OOR, prepared in situ by treat-
ing ZnR2 with molecular oxygen, was reported as an efficient
epoxidizing reagent for enones,[12] and the modified systems
that were supported by auxiliary ligands enabled to conduct
the epoxidation stereoselectively[13] and regioselectively.[7,14]

Contemporaneously, there has also been increased interest in
various radical additions initiated by the ZnR2/O2 system, in
which an alkyl radical, as it has been commonly assumed, is
generated through the reaction of dialkylzinc with dioxygen
and acts as the chain carrier.[15] In spite of many contributions
in this area, there is no answer to the question of how the
oxygenated products participate in the radical reactions.
Pertinent to the subject of our studies is also the fact that in
the latter reactions, organic substrates usually bear electron-
donor sites that are capable of forming Lewis acid–base
adducts with ZnR2, and essentially adducts of the type
[ZnR2(L)n] are actually involved in the reaction with dioxy-
gen.

To obtain a deeper understanding of the factors that
control reactions involving the ZnR2/O2 system, detailed
information about the structure and properties of the organo-
zinc intermediates is undoubtedly needed. However, it is
perhaps astonishing that the reported systematic studies on
the mechanistic aspects concerning the oxygenation of
homoleptic zinc alkyls essentially end in the late 1960s.[5] As
part of the ongoing exploration of the fundamental question
as to whether well-defined zinc peroxides/alkoxides can be
synthesized by the selective oxygenation of dialkylzinc
complexes, we have conducted several control experiments
to probe for factors that influence the reactivity and
selectivity in the reaction of ZntBu2 with dioxygen in the
presence of donor ligands.

In the first step of our studies, a solution of ZntBu2 in THF
at�78 8C was treated with an excess of molecular oxygen, and
the reaction mixture was stirred for approximately one
minute. Then, the excess O2 was removed in vacuum, and a
white crystalline solid deposited from the solution after
several hours at �25 8C. The spectroscopic data indicated that
the interaction of the putative Lewis acid–base adduct
[ZntBu2(thf)] with O2 led to the selective oxygenation of
one Zn�C bond and the formation of the alkoxide compound
[{ZntBu(m-OtBu)(thf)}2] (1, Scheme 2). The IR spectrum of
the resulting product did not show the characteristic O�O
peroxidic stretching vibration for alkylperoxide moieties, and
the 1H NMR spectrum consisted of single resonances for each
group of protons. Thus, the oxidation of the first Zn�C bond
in the presence of THF does not lead to an isolable
alkylperoxide species. Nevertheless, this process offers a

Scheme 1.
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route for the selective formation of alkylzinc alkoxides.
Repetition of the reaction at room temperature resulted in
the formation of a complex mixture of inseparable products.
The crystals of 1 that were obtained directly by the procedure
outlined above were found to be suitable for single-crystal X-
ray diffraction analysis. The structure consists of a centro-
symmetric dimer in which the two four-coordinate zinc
centers are bridged by the tert-butoxide groups with the
formation of a planar Zn2O2 core (Zn1�O1 1.982(1) C, Zn1�
O1’ 1.986 (1) C, Figure 1). The coordination environment of

the zinc atoms is completed by one tert-butyl group (Zn1�C5
2.016(2) C) and one thf molecule (Zn1�O2 2.239(1) C).[16]

To determine the effect of the strength of donor ligands on
the oxygenation reaction, we conducted the analogous studies
in the presence of 4-methylpyridine (py-Me). We expected
that the application of py-Me as a strong N-donor ligand
should decrease the reactivity of the Lewis acid–base adduct
[ZntBu2(py-Me)n] as well as enhance the stability of the
resulting oxygenated products. Indeed, when a solution of
ZntBu2 in THF with one or two equivalents of py-Me was
exposed to an excess of molecular oxygen (1 atm) at �78 8C,
only traces of the oxygenation products were detected in the

1H NMR spectrum after two hours. However, when the
reaction involving the 1:1 or 1:2 ZntBu2/py-Me system was
conducted at about �45 8C for approximately 15 minutes, the
tert-butylperoxide compound [{ZntBu(m-OOtBu)(py-Me)}2]
(2) was isolated in good yield as a colorless solid after
work up. Apparently, the pyridine ligand stabilizes the tert-
butylperoxide species that results from the insertion of O2

into one Zn�C bond. In the case of this ZntBu2/py-Me system,
the oxygenation reaction is easy to monitor as the reaction
mixture is initially yellow and becomes colorless upon the
formation of the tert-butylperoxide compound. Strikingly, we
did not observe any induction period or inhibition of the
oxygenation reaction in the presence of 0.1 mol% TEMPO
(2,2,6,6-tetramethylpiperidine N-oxide).

The 1H NMR spectrum of 2 indicated two chemically
inequivalent tert-butyl groups and one py-Me molecule. The
presence of the Zn�OOtBu linkage was confirmed by the IR
spectrum, which exhibited a band of weak intensity at
868 cm�1 that is attributable to the O�O peroxidic stretching
vibration. The alkylperoxide compound 2 is surprisingly
stable in solution in a nitrogen atmosphere under ambient
conditions. Prolonged exposure of the reaction mixture to
dioxygen resulted in further oxygenation, albeit at a signifi-
cantly slower rate than the first step. Presumably, the
formation of relatively stable four-coordinate alkylzinc spe-
cies inhibits the oxidation of the remaining Zn�C bonds.[6]

Single crystals of 2 suitable for an X-ray crystal structure
determination were grown from THF at �25 8C. As seen in
Figure 2, the molecule adopts a dimeric aggregation in the
solid state by bridging through the tert-butylperoxide groups
and the two four-coordinate zinc centers. The coordination
environment of the zinc atoms is completed by one tert-butyl
group and one py-Me ligand. The tert-butylperoxide ligands
are oriented in an eclipsed–staggered conformation. A similar
tert-butylperoxide geometry was found in the related indium
and gallium complexes [{MtBu2(m-OOtBu)}2],

[17] and such a
geometry presumably minimizes repulsion between the lone

Scheme 2. Synthesis of 1 and 2.

Figure 1. Molecular structure of 1 with thermal ellipsoids set at 30%
probability; hydrogen atoms are omitted for clarity.

Figure 2. Molecular structure of 2 with thermal ellipsoids set at 30%
probability; hydrogen atoms are omitted for clarity.
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pairs of electrons on the oxygen atoms. The aromatic rings of
the py-Me ligands are perpendicular with respect to the
central Zn2O2 ring. The corresponding bond lengths Zn1�C5
(2.008(11) C), Zn1�O1 (1.990(8) C), and Zn1�O1’
(1.987(8) C) and the Zn1-O1-Zn1’ angle (101.88(27)8) are
similar to those found for 1. The O1�O2 bond length of
1.4289(11) C is close to that found in other zinc alkylper-
oxides.[6,7]

The results not only highlight the marked tendency of zinc
dialkyls to undergo oxidation of only one alkyl group under
controlled conditions but also demonstrate that the identity of
the donor ligand has a significant influence on the oxygen-
ation process. The relatively strong Lewis base py-Me
essentially inhibited the oxygenation of ZntBu2 at �78 8C,
whereas the reaction at slightly elevated temperature
(ca. �45 8C) resulted in the highly selective formation of the
alkylzinc peroxide compound 2. In contrast, the thf-solvated
species [ZntBu2(thf)] reacted rapidly with dioxygen even at
�78 8C to selectively form the alkylzinc alkoxide 1. Our
recent studies demonstrated that the attack of O2 on the
three-coordinate metal center is the initial step in the
oxygenation of the alkylzinc chelate complexes [{RZn-
(L,L’)}n] (L,L’= deprotonated amino alcohol).[6] Thus, the
lower reactivity of the methylpyridine adduct(s) [ZntBu2(py-
Me)n] toward O2 at �78 8C compared to that of the
tetrahydrofuran adduct(s) [ZntBu2(thf)n] may be understood
in terms of the more hindered access of the oxygen molecule
to the low-coordinate metal centers of the former species.
Presumably, the dissociation of a ligand from the putative
four-coordinate [ZnR2(L)2] complex is required prior to the
effective attack of dioxygen (see A and B, Scheme 3).[18]

Furthermore, the selective formation of the partially oxy-
genated four-coordinate compounds 1 and 2 are perhaps
unexpected in view of the high reactivity of previously
reported zinc dialkyls toward dioxygen, though this result is
fully consistent with our recent findings that four-coordinate
alkylzinc species are inert toward further oxygenation.[6]

Another key observation is the stabilization of the resulting
alkylperoxide Zn(tBu)OOtBu species by the nitrogen ligand.

The observed high selectivity is not consistent with the
widely accepted mechanism involving a free-radical chain
reaction that is initiated by an advantageous radical RC
(Scheme 1). Moreover, our earlier studies demonstrated that
the initial step in the oxygenation of the main-group-metal
alkyls involves the attack of O2 on the metal center and that
the approaching O2 molecule has strong geometric require-
ments.[19] These findings indicate that O2 must enter the first
coordination sphere to oxidize alkylzinc complexes (B,

Scheme 3), and one may view the primary step as involving
the noncovalent activation of O2 by the metal center (C). This
weak interaction changes the electronic structure of the
dioxygen molecule and induces low-energy pathways.
Accordingly, the coordination of dioxygen to the metal
center is followed by electron transfer from the Zn�C bond
to O2 to afford a solvent-caged radical pair D. At low
temperature the postulated caged radical pair rearranges to
generate selectively the alkylperoxide E (triplet-to-singlet
surface crossing is required in order to transform D into E).
However, at higher temperature the alkyl radical may diffuse
away from the cage, which potentially constitutes the source
of alkyl radical. This view finds support in the mentioned
observation that the thf solvate of ZntBu2 reacted with O2

with the formation of a complex mixture of products at
ambient temperature.

In conclusion, the reported studies open the way for the
preparative exploitation of reactions involving zinc dialkyls
and dioxygen. Moreover, a plausible hypothesis concerning
the mechanism of O2 activation by organometallic com-
pounds has certainly been advanced. With more experimental
results, it should then be possible to test and quantitatively
improve the accuracy of the description of the proposed
stepwise mechanism for the insertion of dioxygen into M�C
bonds.

Experimental Section
1: A stirred solution of ZntBu2 (0.403 g, 2.25 mmol) in THF (5 mL)
was cooled to �78 8C. Under slightly reduced pressure an excess of
dry dioxygen (1 atm) was introduced. After a minute the excess O2

was removed, and the system was purged with
nitrogen by using a vacuum–nitrogen line.
The reaction mixture was stored at �25 8C,
and white crystalline product deposited.
Yield: 76%; 1H NMR (400 MHz, [D8]THF,
25 8C, TMS): d= 1.00 (s, 9H, C(CH3)3), 1.15
(s, 9H, OC(CH3)3), 1.67 (m, 4H, CH2),
3.5 ppm (m, 4H, OCH2); IR (nujol): ñ=
1465(s), 1389(s), 1377(s), 1368(s), 1360(s),
1241(s), 1175(s), 1075(m), 1023(m), 1009(m),
940(m), 932(m), 895(s), 808(m), 756(m),
535 cm�1 (s). Elemental analysis (%) calcd
for C24H52O4Zn2: C 53.93, H 9.74; found:
C 53.82, H 9.78.

2 : 4-Methylpyridine (0.209 g, 2.25 mmol) was added to a solution
of ZntBu2 (0.403 g, 2.25 mmol) in THF (4 mL) at ambient temper-
ature. The resulting yellow solution was then cooled to�45 8C, and an
excess of dry dioxygen (1 atm) was introduced. The oxygenation was
continued until the solution became colorless (ca. 15 min). The
reaction mixture was cooled to �78 8C, and the system was purged
with nitrogen by using a vacuum–nitrogen line. The mixture was
stored at �25 8C, and white crystalline product deposited. Yield:
67%; 1H NMR (400 MHz, [D8]THF, 25 8C, TMS): d= 0.95 (s, 9H,
C(CH3)3), 1.00 (s, major, 9H, C(CH3)3), 1.02 (s, major, 9H, OOC-
(CH3)3), 1.10 (m, 9H, OOC(CH3)3), 2.31 (s, 3H, py-CH3), 7.20 (d,
3J(H,H)= 5.6 Hz, 2H, py), 8.52 ppm (d, 3J(H,H)= 5.6 Hz, 2H, py);
the two observed inequivalent signals for the tBu group and the
OOtBu group in the relative ratio 1:8 for each group indicates the
presence of geometrical isomers of 2 ; IR (nujol): ñ= 1670(m),
1622(s), 1607(m), 1584(m), 1562(m), 1504(m), 1463(s), 1377(s),
1355(s), 1251(m), 1238(m), 11228(m), 1218(m), 1195(s), 1162(w),
1117(w), 1099(w), 1070(m), 1024(s), 1010(m), 979(w), 958(w), 938(w),

Scheme 3. Proposed reaction pathways for dioxygen insertion into the Zn�C bond.
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919(w), 895(w), 868(w), 840(m), 811(s), 804(s), 748(m), 722(m),
540 cm�1 (s). Elemental analysis (%) calcd for C28H50N2O4Zn2:
C 55.26, H 8.22, N 4.61; found: C 55.35, H 8.31, N 4.59.

Crystal data for 1, C24H52Zn2O4: Mr= 535.40, crystal dimensions
0.45 I 0.38 I 0.22 mm3, monoclinic, space group P21/c (no. 14), a=
8.8503(2), b= 9.6881(2), c= 18.0968(3) C, b= 117.2500(10)8, V=

1379.79(4) C3, Z= 2, F(000)= 576, 1calcd= 1.289 gcm�3, qmax= 27.498,
R1= 0.0335, wR2= 0.0845 for 2841 reflections with Io> 2s(Io). The
structure was solved by direct methods with the SHELXS-97[20]

program and was refined by full matrix least squares on F2 by using
the program SHELXL-97.[21] H-atoms were included in idealized
positions and refined isotropically. Crystal data for 2, C28H50Zn2N2O4:
Mr= 609.44, crystal dimensions 0.50 I 0.45 I 0.25 mm3, triclinic, space
group P1̄ (no. 2), a= 8.9759(9), b= 9.2799(8), c= 10.8850(12) C, a=
113.108(4), b= 98.931(6), g= 101.346(6)8, V= 790.18(15) C3, Z= 1,
F(000)= 324, 1calcd= 1.281 gcm�3, qmax= 20.988. The structure was
solved by direct methods with the SHELXS-97[20] program and was
refined by full matrix least-squares on F2 by using the program
SHELXL-97.[21] H-atoms were included in idealized positions and
refined isotropically. Final R indices: R1= 0.0694, wR2= 0.1824 for
1359 reflections with Io> 2s(Io). CCDC-297287 (1) and CCDC-
297288 (2) 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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Whereas the existence of numerous binary transition-metal–
azido complexes has been reported,[1–3] no binary Group 5
azides are known. Only a limited number of partially azido-
substituted compounds of vanadium, niobium, and tantalum
have previously been reported.[4–21]

Herein, we communicate the synthesis and character-
ization of [Nb(N3)5], [Ta(N3)5], and their 1:1 adducts with
CH3CN, as well as the anions [Nb(N3)6]

� and [Ta(N3)6]
� . The

crystal structures of [Nb(N3)5(CH3CN)] and [PPh4][Nb(N3)6]
and the first experimental evidence for the existence of azido
compounds with linear M-N-N coordination are also
reported.

The reactions of NbF5 or TaF5 with excess (CH3)3SiN3 in
SO2 solution at �20 8C resulted in complete fluorido–azido
exchange and yielded clear solutions of [Nb(N3)5] or
[Ta(N3)5], respectively [Eq. (1) (M=Nb, Ta)].

MF5 þ 5 ðCH3Þ3SiN3 ! ½MðN3Þ5� þ 5 ðCH3Þ3SiF ð1Þ

When the volatile compounds (SO2, (CH3)3SiF, and excess
(CH3)3SiN3) were removed in a vacuum at �20 8C, pure,
yellow, solid, room-temperature-stable pentaazido complexes
were produced in quantitative yield. As expected for cova-
lently bonded polyazido complexes,[22] they are shock-sensi-
tive and can explode violently when touched with a metal
spatula or by heating in the flame of a Bunsen burner. Their
identity was established by the observed mass balances,
vibrational spectroscopy, and their conversions with N3

� into
hexaazido metalates and with CH3CN into 1:1 acetonitrile
donor–acceptor adducts, as shown by the crystal structures of
[P(C6H5)4]

+[Nb(N3)6]
� and [Nb(N3)5(CH3CN)].

The observed IR and Raman spectra of [Nb(N3)5] and
[Ta(N3)5] are shown in the Supporting Information, and the
observed frequencies and intensities are listed in the Exper-
imental Section. These data were assigned by comparison
with those calculated at the B3LYP[23] and MP2[24] levels of
theory by using SBKJ+ (d) basis sets.[25] The agreement
between the observed and calculated spectra is satisfactory
and supports the existence of trigonal-bipyramidal structures
(Table 1) for [Nb(N3)5] and [Ta(N3)5]. The internal vibrational
modes of the azido ligands are split into clusters of five as a
result of in-phase and out-of-phase coupling of the individual
motions. There are always one in-phase and four out-of-phase
vibrations, with the in-phase vibration readily identifiable
from its higher Raman intensity. The MN5 skeletal modes can
be derived from D3h symmetry in which the double degen-
eracy of the E modes is lifted as a result of the presence of the
azido ligands, which lowers the overall symmetry to Cs and is
likely to produce some distortion from D3h symmetry.

Whereas trigonal-bipyramidal arrangements of the azido
ligands have previously also been found for [Fe(N3)5]

2� [26] and
theoretically predicted for [Sb(N3)5] and [As(N3)5],

[27, 28] the
details of these structures are very different. In [Fe(N3)5]

2�,
[As(N3)5], and [Sb(N3)5], all five M-N-N units are strongly
bent, and the two axial M�N bonds are significantly longer
than the equatorial ones, as expected from VSEPR argu-
ments.[29] In contrast, the axial M-N-N arrangements in
[Nb(N3)5] and [Ta(N3)5] are calculated to be almost linear,
while the equatorial ones have calculated angles of about
1378. Furthermore, all fiveM�N bond lengths and the internal
N�N bond lengths of the five azido ligands are essentially the
same in each compound.

Linear M-N-N coordination had previously been pre-
dicted also for the tetraazido complexes of the d0 centers TiIV,
ZrIV, and HfIV,[30] as well as for the d6 FeII center,[31] but the
hexaazido dianion of the d0 TiIV center was shown experi-
mentally to possess strongly bent Ti-N-N units.[1] These
findings show that the linearity of the M-N-N units cannot
be caused by either a trigonal-bipyramidal structure, multiple
M�N bonds, or a d0 electronic configuration per se.

The occurrence of linear M-N-N groups can be predicted
by theoretical calculations.[30,31] A plausible explanation for
the linearity of theseM-N-N groups has recently been given,[1]

as based on an analogy with the known crystal structure of
[Zr(BH4)4].

[32] A tentative model was proposed in which the
Na atoms of the azido ligands act as tridative[1] ligands.
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However, this explanation might be incorrect, and a detailed
analysis of the occurrence of linear M-N-N configurations in
the periodic system and of the nature of the bonds involved is
presently being carried out by us and will be the subject of a
future publication.

By using CH3CN instead of SO2 as a solvent for the
reactions of NbF5 and TaF5 with excess (CH3)3SiN3, yellow
solutions of [Nb(N3)5(CH3CN)] and [Ta(N3)5(CH3CN)],
respectively, were obtained [Eq. (2) (M=Nb, Ta)].

MF5 þ 5 ðCH3Þ3SiN3 ! ½MðN3Þ5ðCH3CNÞ� þ 5 ðCH3Þ3SiF ð2Þ

Removal of the volatile compounds (CH3CN, (CH3)3SiF,
and excess (CH3)3SiN3) at �20 8C resulted in the isolation of
the acetonitrile adducts of the pentaazido complexes.

Although still dangerous and explosive, both acetonitrile
adducts are less shock-sensitive than the corresponding
donor-free complexes.

Both acetonitrile adducts were isolated as yellow solids
and were characterized by vibrational spectroscopy, their
conversions with N3

� into the hexaazido metalates, and, in the
case of [Nb(N3)5(CH3CN)], by its crystal structure.

[33] The
observed Raman spectra of [Nb(N3)5(CH3CN)] and [Ta(N3)5-
(CH3CN)] are shown in Figure 1 and in the Supporting

Information, respectively, and their frequencies and intensi-
ties are given in the Experimental Section. A comparison with
the calculated spectra is given in the Supporting Information,
and the given assignments are in accord with those previously
reported[34,35] for the related [SbF5(CH3CN)] adduct.

[Nb(N3)5(CH3CN)] crystallizes in the monoclinic space
group P21/c. The X-ray structure analysis

[33] (Figure 2) reveals
the presence of isolated [Nb(N3)5(CH3CN)] units. The closest
intermolecular Nb···N and N···N contacts are 3.98 G and
3.04 G, respectively. The molecule consists of a pseudo-
octahedral NbN6 skeleton with the CH3CN ligand and one
azido ligand in the axial positions. The equatorial positions
are occupied by the remaining four azido ligands, which,
interestingly, are all bent away from the axial azido ligand.
The axial Nb�Nazido bond length is about 0.09 G shorter than
the four equatorial ones. The most interesting feature,
however, is the fact that the axial azido ligand exhibits a
large Nb-N-N bond angle of 168.8(3)8, compared to an
average angle of 137.88 for the four equatorial ligands. The
small deviation of the observed axial Nb-N-N bond angle
from 1808 is attributed to solid-state effects, as our theoretical
calculations for the free gaseous molecule at the B3LYP and
MP2 levels of theory with an SBKJ+ (d) basis set resulted in
Nb-N-N bond angles of 179.68 and 178.38, respectively. For
free [Ta(N3)5(CH3CN)], analogous calculations gave Ta-N-N
bond angles of 179.6 and 180.08. The significant shortening of
the axial Nb�Nazido bond length can be attributed to a
trans effect that is caused by the long Nb�NCCH3 bond.

Table 1: Calculated structures of [Nb(N3)5] and [Ta(N3)5] at the B3LYP/
SBKJ+ (d) level of theory (MP2/SBKJ+ (d) values in parentheses).

Bond lengths [F] Bond lengths [F]
Nb-N1 2.025 (2.013) Ta-N1 1.997 (1.996)
Nb-N4 2.001 (2.002) Ta-N4 1.991 (1.993)
Nb-N7 2.048 (2.060) Ta-N7 2.003 (1.997)
Nb-N10 2.008 (2.014) Ta-N10 2.008 (2.009)
Nb-N13 2.008 (2.014) Ta-N13 2.008 (2.009)
N1-N2 1.234 (1.241) N1-N2 1.226 (1.235)
N4-N5 1.230 (1.241) N4-N5 1.225 (1.234)
N7-N8 1.243 (1.249) N7-N8 1.240 (1.242)
N10-N11 1.240 (1.245) N10-N11 1.240 (1.244)
N13-N14 1.240 (1.245) N13-N14 1.240 (1.244)
N2-N3 1.162 (1.208) N2-N3 1.163 (1.209)
N5-N6 1.163 (1.210) N5-N6 1.163 (1.209)
N8-N9 1.162 (1.210) N8-N9 1.160 (1.206)
N11-N12 1.160 (1.208) N11-N12 1.160 (1.206)
N14-N15 1.160 (1.208) N14-N15 1.160 (1.206)

Bond angles [8] Bond angles [8]
N1-Nb-N4 171.9 (169.0) N1-Ta-N4 179.2 (177.9)
N1-Nb-N7 82.8 (81.4) N1-Ta-N7 89.4 (90.2)
N1-Nb-N10 91.0 (92.1) N1-Ta-N10 90.2 (89.8)
N1-Nb-N13 91.0 (92.1) N1-Ta-N13 90.2 (89.8)
N4-Nb-N7 89.1 (87.6) N4-Ta-N7 91.4 (91.8)
N4-Nb-N10 93.2 (93.6) N4-Ta-N10 89.4 (89.2)
N4-Nb-N13 93.2 (93.6) N4-Ta-N13 89.4 (89.2)
N7-Nb-N10 121.3 (121.3) N7-Ta-N10 119.6 (119.1)
N7-Nb-N13 121.3 (121.3) N7-Ta-N13 119.6 (119.1)
N10-Nb-N13 117.2 (117.1) N10-Ta-N13 120.9 (121.7)
Nb-N1-N2 145.3 (147.2) Ta-N1-N2 176.9 (178.5)
Nb-N4-N5 165.0 (157.3) Ta-N4-N5 169.3 (173.8)
Nb-N7-N8 131.8 (130.8) Ta-N7-N8 137.7 (143.0)
Nb-N10-N11 137.2 (138.8) Ta-N10-N11 137.1 (138.9)
Nb-N13-N14 137.2 (138.8) Ta-N13-N14 137.1 (138.9)

Figure 1. Raman spectrum of solid [Nb(N3)5(CH3CN)]. The band
marked by an asterisk (*) is from the teflon-FEP sample tube.
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The average Nb�Nazido bond length of 1.997 G in
[Nb(N3)5(CH3CN)] is significantly smaller than those found
for the terminal azido ligands of two isomers of
[{Cp*NbCl(N3)(m-N3)}2(m-O)]

[16] (2.081 G and 2.105 G) and
that found for the cluster [Nb6Br12(N3)6]

4� [18] (2.27 G), but
slightly longer than that found in [NbCl5(N3)]

� [19] (1.92 G),
and is attributed to varying degrees of ionicity of the azido
ligands in these compounds.

The reactions of the pentaazido complexes with ionic
azides, such as [P(C6H5)4]

+N3
� , in CH3CN solution produced

the corresponding [Nb(N3)6]
� and [Ta(N3)6]

� salts [Eq. (3)
(M=Nb, Ta)].

½MðN3Þ5� þ ½PðC6H5Þ4�N3 ! ½PðC6H5Þ4�½MðN3Þ6� ð3Þ

The hexaazido niobates and tantalates were isolated as
yellow-orange solids and are stable at room temperature. The
compounds were characterized by the observed mass bal-
ances, vibrational spectroscopy, and, in the case of [P(C6H5)4]
[Nb(N3)6], by its crystal structure.

[36] The observed vibrational
spectra of [P(C6H5)4][Nb(N3)6] and [P(C6H5)4][Ta(N3)6] are
shown in the Supporting Information, and their frequencies
and intensities are given in Table 2 ([Nb(N3)6]

�) and in the
Experimental Section ([Ta(N3)6]

�). The free [Nb(N3)6]
� anion

is predicted to have perfect S6 (�C3i) symmetry in the gas
phase, which is quite rare,[37] and, therefore, a complete

vibrational analysis was carried out (Table 2). [Ta(N3)6]
� is

slightly distorted from S6 to C1 symmetry, but its structure is
almost identical to that of [Nb(N3)6]

� , and the splittings of its
degenerate vibrational modes are extremely small (Support-
ing Information).

Because of the presence of a large counterion, which
serves as an inert spacer and suppresses detonation propaga-
tion, these salts are much less shock-sensitive than [Nb(N3)5]
and [Ta(N3)5], and are thermally surprisingly stable. Single
crystals of [P(C6H5)4][Nb(N3)6] were obtained by recrystalli-
zation from CH3CN. The salt crystallizes in the rare ortho-
rhombic space group P21212. The X-ray structure analysis

[36]

of [P(C6H5)4][Nb(N3)6] (Figure 3) reveals no significant

cation–anion and anion–anion interactions. The closest inter-
molecular Nb···N and N···N contacts are 4.20 G and 3.15 G,
respectively. The structure of the [Nb(N3)6]

� anion in the solid
state is distorted from the perfect S6 symmetry that was
predicted by our theoretical calculations for the free anion in
the gas phase, and has a structure similar to those of
[As(N3)6]

� ,[28] [Sb(N3)6]
� ,[27] [Si(N3)6]

� ,[38] [Ge(N3)6]
� ,[39] and

[Ti(N3)6]
2�,[1] but contrary to that of [Te(N3)6]

2� [40] which
contains a sterically active free valence electron pair on its
central atom. The average Nb�N bond length in [Nb(N3)6]

�

(2.027 G) is larger than that found for [Nb(N3)5(CH3CN)]
(1.997 G), as expected from the formal negative charge in the

Figure 2. ORTEP plot of [Nb(N3)5(CH3CN)]. Thermal ellipsoids are
shown at the 50% probability level. Selected bond lengths [F] and
angles [8]: Nb-N1 2.031(3), Nb-N4 1.998(3), Nb-N7 2.004(3), Nb-N10
2.017(3), Nb-N13 1.935(3), Nb-N16 2.259(3), N1-N2 1.217(4), N2-N3
1.139(4), N4-N5 1.212(4), N5-N6 1.133(4), N7-N8 1.212(4), N8-N9
1.129(4), N10-N11 1.211(4), N11-N12 1.132(4), N13-N14 1.205(4),
N14-N15 1.137(4), N16-C1 1.139(4), C1-C2 1.447(5); N1-Nb-N4
87.55(12), N1-Nb-N7 165.51(11), N1-Nb-N10 82.89(12), N1-Nb-N13
99.16(12), N1-Nb-N16 84.59(10), N4-Nb-N7 93.90(12), N4-Nb-N10
162.91(12), N4-Nb-N13 96.38(12), N4-Nb-N16 81.15(10), N7-Nb-N10
91.93(11), N7-Nb-N13 95.01(12), N7-Nb-N16 81.40(11), N10-Nb-N13
99.11(12), N10-Nb-N16 83.86(10), N13-Nb-N16 175.45(11), Nb-N1-N2
132.7(2), Nb-N4-N5 141.9(2), Nb-N7-N8 144.1(2), Nb-N10-N11
132.3(2), Nb-N13-N14 168.8(3), Nb-N16-C1 170.6(3).

Figure 3. ORTEP plot of the anion in the crystal structure of [P(C6H5)4]
[Nb(N3)6]. Thermal ellipsoids are shown at the 50% probability level.
Selected bond lengths [F] and angles [8]: Nb-N1 2.078(5), Nb-N4
2.035(4), Nb-N7 1.989(4), Nb-N10 2.008(4), Nb-N13 2.032(4), Nb-N16
2.026(5), N1-N2 1.164(5), N2-N3 1.126(6), N4-N5 1.198(5), N5-N6
1.128(5), N7-N8 1.192(5), N8-N9 1.133(5), N10-N11 1.196(5), N11-
N12 1.118(5), N13-N14 1.203(6), N14-N15 1.137(6), N16-N17
1.173(6), N17-N18 1.137(6); N1-Nb-N4 89.54(19), N1-Nb-N7
173.25(18), N1-Nb-N10 94.23(18), N1-Nb-N13 80.45(18), N1-Nb-N16
85.2(2), N4-Nb-N7 86.30(18), N4-Nb-N10 174.15(18), N4-Nb-N13
95.40(15), N4-Nb-N16 86.78(17), N7-Nb-N10 90.34(17), N7-Nb-N13
94.63(17), N7-Nb-N16 99.86(19), N10-Nb-N13 89.63(18), N10-Nb-N16
89.1(2), N13-Nb-N16 165.46(18), Nb-N1-N2 134.4(4), Nb-N4-N5
141.2(4), Nb-N7-N8 156.2(4), Nb-N10-N11 152.3(4), Nb-N13-N14
131.7(4), Nb-N16-N17 142.3(4).
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former, which increases the ionic character of the azido
ligands. The relatively large variation in the Nb-N-N bond
angles in [Nb(N3)6]

� , which range from 131.7 to 156.28, is
attributed to intramolecular repulsion effects among the
ligands.

In summary, this paper reports the synthesis and charac-
terization of the first examples of binary Group 5 azides and
provides the first experimental proof for the existence of
linear M-N-N coordination for azido ligands.

Experimental Section
Caution! Covalent azido compounds are potentially hazardous and
can decompose explosively under various conditions! The polyazido

compounds of this work are extremely
shock-sensitive and can explode vio-
lently upon the slightest provocation.
They should be handled only on a scale
of less than 1 mmol. Because of the high
energy content and high detonation
velocities of these azides, their explo-
sions are particularly violent and can
cause, even on a 1-mmol scale, signifi-
cant damage. The use of appropriate
safety precautions (safety shields, face
shields, leather gloves, protective cloth-
ing, such as heavy leather welding suits,
and ear plugs) is mandatory. Teflon
containers should be used, whenever
possible, to avoid hazardous shrapnel
formation. The manipulation of these
materials is facilitated by handling
them, whenever possible, in solution
to avoid detonation propagation, by the
use of large inert counterions as
spacers, and by anion formation,
which increases the partial negative
charge on the terminal Ng atoms and
thereby reduces the Nb

�Ng triple-bond
character and strengthens the weak
Na

�Nb single bond. Ignoring safety
precautions can lead to serious injuries!

Materials and Apparatus: All reac-
tions were carried out in teflon-FEP
ampoules that were closed by stainless
steel valves. Volatile materials were
handled in a Pyrex glass or stainless
steel/teflon-FEP vacuum line.[41] All
reaction vessels were passivated with
ClF3 prior to use. Nonvolatile materials
were handled in the dry argon atmos-
phere of a glovebox.

Raman spectra were recorded
directly in the teflon reactors in the
range 3600–80 cm�1 on a Bruker Equi-
nox 55 FT-RA spectrophotometer by
using a Nd-YAG laser at 1064 nm with
power levels less than 50 mW. Infrared
spectra were recorded in the range
4000–400 cm�1 on a Midac M Series
FT-IR spectrometer by using KBr pel-
lets. The pellets were prepared inside
the glovebox with an Econo minipress
(Barnes Engineering Co.) and trans-
ferred in a closed container to the

spectrometer before placing them quickly into the sample compart-
ment, which was purged with dry nitrogen to minimize exposure to
atmospheric moisture and potential hydrolysis of the sample.

The starting materials NbF5, TaF5 (both Ozark Mahoning), and
[P(C6H5)4]I (Aldrich) were used without further purification.
(CH3)3SiN3 (Aldrich) was purified by fractional condensation prior
to use. Solvents were dried by standard methods and freshly distilled
prior to use. [P(C6H5)4]N3 and [P(C6H5)4]F were prepared from
[P(C6H5)4]I and stoichiometric amounts of AgN3 and AgF, respec-
tively, in aqueous solution and separated from the precipitatedAgI by
filtration.

[M(N3)5] (M=Nb, Ta): A sample of NbF5 (0.55 mmol) or TaF5
(0.59 mmol) was loaded into a teflon-FEP ampoule, and SO2 (1 g) and
(CH3)3SiN3 (5.5 mmol) were added in vacuo at �196 8C. The mixture
was warmed to �30 8C. After 2 h, the temperature was raised to

Table 2: Comparison of observed and unscaled calculated vibrational frequencies [cm�1] and intensities
for [Nb(N3)6]

� [a] in point group S6.

Description Observed Calculated[b] (IR) [Raman]
IR Raman[c] B3LYP/SBKJ+ (d) MP2/SBKJ+ (d)

Ag n1 nasN3 2131 (10.0)
2112 (5.6)

2218 (0) [1428] 2129 (0) [1388]

n2 nsN3 1342 (2.0) 1432 (0) [49] 1283 (0) [60]
n3 dN3 616 (2.8) 588 (0) [8.8] 565 (0) [39]
n4 dN3 580 (0) [2.2] 524 (0) [2.3]
n5 nsNbN6 433 (5.3)

414 (4.8)
401 (0) [147] 402 (0) [367]

n6 dsNbN6 225 (3.5) 249 (0) [13] 242 (0) [51]
n7 t 74 (0) [14] 72 (0) [31]
n8 t 34 (0) [37] 32 (0) [39]

Eg n9 nasN3 2080 (2.1)
2060 (2.3)

2164 (0) [1063] 2146 (0) [110]

n10 nsN3 1413 (0) [50] 1279 (0) [154]
n11 dN3 582 (0) [8.4] 550 (0) [73]
n12 dN3 580 (0) [0.63] 521 (0) [4.2]
n13 nsNbN6 339 (2.7) 334 (0) [12] 350 (0) [38]
n14 dsNbN6 217 (3.5) 238 (0) [34] 234 (0) [31]
n15 t 87 (0) [36] 89 (0) [92]
n16 t 36 (0) [69] 38 (0) [80]

Au n17 nasN3 2121 s
2080 vs

2185 (4084) [0] 2152 (2577) [0]

n18 nsN3 1336 ms 1406 (677) [0] 1271 (338) [0]
n19 dN3 640 vw 580 (0.91) [0] 549 (100) [0]
n20 dN3 624 w 574 (49) [0] 505 (8.0) [0]
n21 nasNbN6 409 mw 400 (536) [0] 418 (629) [0]
n22 dasNbN6 276 (15) [0] 262 (31) [0]
n23 t NbN6 140 (2.8) [0] 114 (0.48) [0]
n24 t 27 (0.006) [0] 29 (0.022) [0]
n25 t 24 (1.6) [0] 14 (0.37) [0]

Eu n26 nasN3 2069 vs
2060 vs

2170 (4366) [0] 2141 (2681) [0]

n27 nsN3 1361 m
1351 m

1409 (739) [0] 1278 (314) [0]

n28 dN3 600 w 577 (126) [0] 544 (94) [0]
n29 dN3 583 vw 570 (38) [0] 502 (8.2) [0]
n30 nasNbN6 409 mw 382 (2.8) 391 (874) [0] 404 (1045) [0]
n31 dasNbN6 233 (26) [0] 223 (30) [0]
n32 dwag/rockNbN6 151 (4.3) 154 (13) [0] 128 (31) [0]
n33 t 36 (4.8) [0] 38 (3.1) [0]
n34 t 15 (1.6) [0] 6 (1.9) [0]

[a] Calculated IR and Raman intensities are given in kmmol�1 and F4 amu�1, respectively; observed
spectra are for the solid [P(C6H5)4]

+ salt. [b] Values shown in parentheses and square brackets are the
respective IR and Raman intensities. [c] Intensities shown in parentheses.
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�20 8C, and all volatile material was removed in vacuum, leaving
behind solid [M(N3)5].

[Nb(N3)5]: Mass of isolated material: 0.175 g; calcd for
0.55 mmol: 0.166 g. Raman (�80 8C): ñ [intensity in G4amu�1]:2155
[10.0], 2106 [5.5] (nas N3), 1385 [1.6] (ns N3), 628 [0.7], 590 sh (d N3),
427 sh (nas NbN3 eq), 413 [3.2] (ns NbN3 eq), 360 sh (ns NbN2 ax), 288
[0.7] (dsciss NbN3 eq), 234 cm

�1 [0.7], (1 NbN2 ax); IR (KBr): ñ= 2124
vs, 2088 vs (nas N3), 1374 m, 1347 s (ns N3), 591 mw, 569 w (dN3), 450 sh
(nas NbN3 eq), 440 mw (nas NbN2 ax), 422 cm

�1 w (ns NbN3 eq); ax=
axial, eq= equitorial.

[Ta(N3)5]: Mass of isolated material: 0.247 g; calcd for 0.59 mmol:
0.231 g. Raman (�80 8C): ñ [intensity in G4amu�1]: 2182 [10.0], 2129
[3.3] (nas N3), 623 [1.1], 590 sh (dN3), 450 sh (nas TaN3 eq), 426 [2.5] (ns
TaN3 eq), 390 sh (ns TaN2 ax), 256 [1.7] (dsciss TaN3 eq), 221 cm

�1 [2.0]
(1 TaN2 ax); IR (KBr): ñ= 2141 vs, 2103 vs (nas N3), 1403 ms, 1364 m
(ns N3), 613 mw, 578 w (d N3), 410 cm

�1 mw (nas TaN2 ax).
In addition to the bands listed above, the following weak IR

bands were observed which are attributed to overtones or combina-
tion bands: [Nb(N3)5]: 1667 w, 1263 w, 1195 sh, 1176 w, 1037 vvw, 696
w, 660 cm�1 w; [Ta(N3)5]: 1669 w, 1508 vw, 1274 sh, 1252 w, 1203 w,
1180 sh, 1036 vw, 850 w, 712 w, 683 cm�1 w.

[M(N3)5(CH3CN)] (M=Nb, Ta): NbF5 (0.39 mmol) or TaF5
(0.37 mmol) was loaded into a teflon-FEP ampoule, and CH3CN
(2 mL) and (CH3)3SiN3 (3.7 mmol) were added in vacuo at �196 8C.
The mixture was warmed to �20 8C. After 2 h, all volatile material
was removed in a vacuum at this temperature, leaving behind solid
[M(N3)5(CH3CN)].

[Nb(N3)5(CH3CN)]: Mass of isolated material: 0.129 g; calcd for
0.39 mmol: 0.136 g. Raman (�80 8C): ñ [intensity in G4amu�1]: 2928
[1.8] (ns CH3), 2315 [1.2], 2289 [1.1] (n CN), 2140 [10.0], 2121 [1.5],
2097 [1.9], 2090 [1.6], 2074 [2.2], 2058 [1.4] (nas N3), 1415 [1.3], 1363
[1.2], 1351 [1.1], 1331 [1.1] (d CH3) and (ns N3), 947 [1.0] (n CC), 620
[1.2], 610 [1.0], 599 [1.2], 580 [1.1], 566 [1.0], 557 [1.1] (d N3), 441
[3.1], 435 [2.8], 423 [1.7], 419 [1.7], 411 [2.0] (n NbNx), 281 [1.1], 266
[1.3], 256 [1.3], 248 [1.4], 226 [1.6] (d NbNx), 189 [1.3], 180 [1.3], 139
[1.6], 96 [2.9] (torsional modes).

[Ta(N3)5(CH3CN)]: Mass of isolated material: 0.175 g; calcd for
0.37 mmol: 0.161 g. Raman (�80 8C): ñ [intensity in G4amu�1]: 2933
[1.7] (ns CH3), 2319 [0.5], 2291 [0.5] (n CN), 2172 [10.0], 2162 [1.2],
2123 [1.2], 2103 [1.1] (nas N3), 1389 [0.4], 1361 [0.4] (d CH3) and (ns
N3), 948 [1.0] (nCC), 592 [0.3] (dN3), 438 [2.1], 417 [0.6] (nNbNx), 250
[0.7], 266 [1.3], 226 [0.6] (d NbNx), 192 [0.9] (torsional mode).

[P(C6H5)4][M(N3)6] (M=Nb, Ta): Neat [P(C6H5)4]N3 (0.25 mmol)
was added to a frozen solution of [M(N3)5] (0.25 mmol) in CH3CN
(15 mmol) at�78 8C. The reactionmixture was warmed to�25 8C and
occasionally agitated. After 2 h, all volatiles were removed at ambient
temperature in a dynamic vacuum, leaving behind solid [P(C6H5)4]
[M(N3)6].

[P(C6H5)4][Nb(N3)6]: Orange solid. Mass of isolated material:
0.160 g; calcd for 0.25 mmol: 0.171 g. The IR and Raman bands of
[Nb(N3)6]

� are given in Table 2.
[P(C6H5)4][Ta(N3)6]: Pale yellow solid. Mass of isolated material

0.207 g; calcd for 0.25 mmol: 0.193 g. Raman bands from [Ta(N3)6]
�

(�80 8C): ñ [intensity in G4amu�1]: 2159 [10.0], 2111 [1.0], 2103 [1.0],
2091 [0.8], 2081 [0.7] (nas N3), 1355 [0.8] (ns N3), 609 [0.6], 582 [0.4] (d
N3), 437 [2.8], 372 [0.7], 364 [0.8], 353 [0.8] (n TaN6), 225 [1.8], 215
[1.8] (d TaN6), 168 [2.6], 160 cm

�1 [2.6] (torsions); IR bands from
[Ta(N3)6]

� (KBr): ñ= 2124 vs, 2113 vs, 2096 vs, 2087 vs (nas N3),
1383 m, 1372 m, 1360 ms, 1348 s (ns N3), 648 vw, 615 m, 600 mw, 585
mw, 576 w (d N3), 433 w, 418 mw, 414 cm

�1 mw (n TaN6).
Theoretical Methods: The molecular structures, harmonic vibra-

tional frequencies, and IR and Raman vibrational intensities were
calculated by using second-order perturbation theory (MP2, also
known as MBPT(2)[24]) and also at the DFT level by using the B3LYP
hybrid functional,[23a] which included the VWN5 correlation functio-
nal.[23b] The Stevens, Basch, Krauss, and Jasien (SBKJ) effective core
potentials and the corresponding valence-only basis sets were

used.[25a] The SBKJ valence basis set for nitrogen was augmented
with a d-polarization function[25b] and a diffuse s+p shell,[25c] denoted
as SBKJ+ (d). Hessians (energy second derivatives) were calculated
for the final equilibrium structures to verify them as local minima,
that is, having a positive definite Hessian. All calculations were
performed by using the electronic structure code GAMESS.[42]
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A number of transition-metal complexes are known to
promote the hydrosilylation of alkynes with silanes to give
the corresponding vinyl silanes, which are versatile building
blocks in organic synthesis.[1] The development of highly
stereo- and regioselective hydrosilylation reactions of alkynes
with silanes is an important subject in organic synthesis.[1] The
selectivity in transition-metal-catalyzed hydrosilylation
depends on the nature of catalysts, substrates, silanes, and
solvents.[2,3] Recently, Trost and co-workers reported a highly
selective preparation of a-vinyl silanes from a wide range of
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alkynes by catalysis with the cationic ruthenium complex
[Cp*Ru(MeCN)3]PF6 (Cp*= h5-C5Me5).

[2a,d,f]

We have recently disclosed a novel catalytic activity of
thiolate-bridged diruthenium complexes[4] such as
[{Cp*RuCl(m2-SR)}2] (R=Me (1a), nPr, iPr (1b)) and
[Cp*RuCl(m2-SMe)2RuCp*(OH2)]OTf (1c ; OTf=
OSO2CF3). These complexes were shown to be suitable
catalysts for the propargylic substitution reactions of prop-
argylic alcohols with a variety of heteroatom- and carbon-
centered nucleophiles to give the corresponding propargylic-
substituted compounds in high yields with complete selectiv-
ity.[5] Some other groups reported the transition-metal-
catalyzed propargylic allylation of propargylic alcohols with
allyltrimethylsilane to give the corresponding allylated prod-
ucts in good to high yields with high selectivity.[6] These results
first prompted us to investigate the ruthenium-catalyzed
allylation of propargylic alcohols with allylsilane. As a result,
we comfirmed that only cationic thiolate-bridged diruthe-
nium complexes promote the substitution by an allyl group of
the hydroxy moiety of propargylic alcohols that bear an
internal alkyne, as was expected (Scheme 1).

As an extension of our study on the catalytic reactions
with other organosilicon compounds, we have now observed
the unexpected and completely chemoselective reduction at
the propargylic position of propargylic alcohols that bear an
internal alkyne with a variety of silanes to give the corre-
sponding reduction products (substitution of the OH moiety
by hydride, referred to herein as propargylic reduction) in
good to high yields. This result is in sharp contrast to the
recently reported selective formation of (E)-vinyl silanes by
the hydrosilylation of propargylic alcohols with silanes which
was catalyzed by the cationic ruthenium complex [Cp*Ru-
(MeCN)3]PF6 (Scheme 2).[2c,e] Although some transition-
metal complexes other than ruthenium are also known to
promote the propargylic substitution reactions of propargylic
alcohol derivatives with a variety of heteroatom- and carbon-
centered nucleophiles to afford the corresponding function-
alized propargylic compounds,[6–10] the catalytic propargylic
reduction with a hydride has not yet been reported to the best

of our knowledge. Preliminary results of the ruthenium-
catalyzed propargylic reduction of propargylic alcohols with
triethylsilane are presented herein. It is noteworthy that the
reactions of propargylic alcohols with pinacolborane in the
presence of a catalytic amount of 1a unexpectedly gave the
reductive homocoupling products of the propargylic alcohols
in good yields with high selectivity.[11]

Treatment of 1-(4-methylphenyl)-3-phenyl-2-propyn-1-ol
(2a) with triethylsilane in the presence of the cationic
diruthenium complex 1c (5 mol%) in ClCH2CH2Cl at 80 8C
for one hour afforded the propargylic reduction product 1-
phenyl-3-(4-methylphenyl)-1-propyne (3a) in 77% yield after
isolation (Table 1, entry 1). The reaction also proceeded quite

smoothly at room temperature with a slight decrease of the
product yield. This reductive reaction did not proceed at all
when either neutral thiolate-bridged diruthenium complexes
1a and 1b or mono- and polynuclear ruthenium complexes
such as [(h5-C9H7)RuCl(PPh3)2], [{Cp*RuCl2}2], and
[{Cp*RuCl}4], were employed as catalysts. Although gold-
catalyzed propargylic substitution reactions of propargylic
alcohols with nucleophiles were reported by Campagne and
co-workers,[6b] the present reductive reaction hardly pro-
ceeded when AuCl3 was used as a catalyst in place of 1c under
similar conditions. Other silanes such as tert-butyldimethylsi-

Scheme 1. Ruthenium-catalyzed propargylic substitution reactions of
propargylic alcohols with allyltrimethylsilane.

Scheme 2. Diverging pathways in ruthenium-catalyzed transformations
of propargylic alcohols with triethylsilane.

Table 1: Propargylic reduction of propargylic alcohol 2a with various
silanes in the presence of 1c.[a]

Entry Silane (equiv) t [h] Yield of 3a [%][b]

1 Et3SiH (10) 1 77
2 Et3SiH (5) 1 59
3 tBuMe2SiH (10) 1 67
4 PhMe2SiH (10) 1 50
5 iPr3SiH (10) 3 15
6 Ph3SiH (10) 3 0
7 Ph2SiH2 (10) 1 0
8 PhMeSiH2 (10) 1 0
9 PhSiH3 (10) 1 0
10 [MeSi(H)O]n (10)

[c] 1 0

[a] All reactions of 2a (0.30 mmol) with silane were carried out at 80 8C in
the presence of 1c (0.015 mmol) in ClCH2CH2Cl (10 mL). [b] Yield of
isolated product. [c] Poly(methylhydrosiloxane) was used.
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lane, dimethylphenylsilane, and triisopropylsilane also
worked as reducing agents (Table 1, entries 3–5), but triphe-
nylsilane, diphenylsilane, methylphenylsilane, phenylsilane,
and poly(methylhydrosiloxane) were not effective (Table 1,
entries 6–10).

Reactions of a variety of propargylic alcohols 2 with
triethylsilane were subsequently investigated. Typical results
are shown in Table 2. The presence of an electron-donating

group such as methoxy and methyl on the propargylic
benzene ring (2b and 2a) increased the yield of the
propargylic reduction product (Table 2, entries 1 and 2;
compare with entry 3). In contrast, no improvement of the
yield of the reduced products was observed when an electron-
withdrawing group such as chloro or fluoro was introduced
onto the propargylic benzene ring (2d and 2e ; Table 2,
entries 4 and 5), and no reduction proceeded at 80 8C even for
23 hours when a trifluoromethyl moiety (2 f) was introduced
(Table 2, entry 6). These results suggest that propargylic
cations might be involved as reactive intermediates. In the
case of reactions of propargylic alcohols that bear a naphthyl
moiety (2j and 2k), the corresponding reduced products were
formed in good yields (Table 2, entries 10 and 11). From an
alkenyl-substituted propargylic alcohol (2 l), the correspond-
ing 1,4-enyne compound was obtained in moderate yield
(Table 2, entry 12). However, when 1,1,3-triphenyl-2-propyn-
1-ol (2m), 2-methyl-4-phenyl-3-butyn-2-ol (2n), 2,4-diphenyl-
3-butyn-2-ol (2o), 1-cyclohexyl-3-phenyl-2-propyn-1-ol (2p),
1-phenyl-2-propyn-1-ol (2q), and 3-phenyl-2-propyn-1-ol (2r)
were used as substrates, the propargylic reduction did not
proceed under the same reaction conditions, and some
unexpected reactions occurred (Scheme 3).[12]

To elucidate the mechanism of the propargylic reduction,
the following reactions were investigated. When 2b was
treated with [D1]triethylsilane (97% D) in the presence of a
catalytic amount of 1c, deuterated 1-phenyl-3-(4-methoxy-

phenyl)-1-propyne ([D1]3b) was produced with a high
deuterium incorporation at the propargylic position
(95% D) [Eq. (1)]. This result indicates that triethylsilane

works as a reduing agent for the reduction at the propargylic
position. The pronounced electronic effect of the substituent
at the para position of the benzene ring in the propargylic
alcohol substrate (see above) leads us to propose the presence
of a propargylic cation as a reactive intermediate, in which the
alkyne moiety may interact with the ruthenium centers of the
thiolate-bridged diruthenium complex, although direct evi-
dence of such a reactive intermediate has not yet been
obtained. A nucleophilic attack of hy-
dride from the triflate-activated silane
on this ruthenium-coordinated propar-
gylic cation might give the correspond-
ing reduction product. A proposed reac-
tive intermediate in the propargylic
reduction is shown in Scheme 4. This
proposal may be supported by the
observation that no reduction occurred
in the reactions of allylic alcohols and
secondary alcohols such as cinnamyl
alcohol and phenylethyl alcohol with
triethylsilane under the same reaction
conditions.

Nicholas and Siegel have reported the propargylic reduc-
tion of [Co2(CO)6]-complexed propargylic cations, which
were prepared by reactions of propargylic alcohols with a
stoichiometric amount of [Co2(CO)8], with sodium borohy-
dride.[13] In this stoichiometric reaction, several steps were
necessary to obtain the corresponding reduction products.
However, catalytic and direct reduction of secondary or
tertiary alcohols and primary alcohols with silanes to give the
corresponding alkanes in high to excellent yields has been
reported by Baba and co-workers[14] and by Yamamoto and

Table 2: Propargylic reduction of propargylic alcohols 2 with triethylsi-
lane in the presence of 1c.[a]

Entry 2 t [h] Yield of 3 [%][b]

R R’

1 p-MeOC6H4 Ph (2b) 1 97
2 p-MeC6H4 Ph (2a) 1 77
3 Ph Ph (2c) 1 43
4 p-ClC6H4 Ph (2d) 5 42
5 p-FC6H4 Ph (2e) 5 46
6 p-CF3C6H4 Ph (2 f) 23 0
7 p-MeOC6H4 nBu (2g) 1 94
8 p-MeOC6H4 tBu (2h) 1 93
9 p-MeOC6H4 SiMe3 (2 i) 1 99
10 1-naphthyl Ph (2 j) 3 66
11 2-naphthyl Ph (2k) 3 55
12 Ph2C=CH Ph (2 l) 1 51[c]

[a] All reactions of 2 (0.30 mmol) with triethylsilane (3.00 mmol) were
carried out at 80 8C in the presence of 1c (0.015 mmol) in ClCH2CH2Cl
(10 mL). [b] Yield of isolated product. [c] 10 mol% of 1c was used.

Scheme 3. Ruthenium-catalyzed reactions of propargylic alcohols with
triethylsilane.

Scheme 4. A pro-
posed reactive inter-
mediate.

Angewandte
Chemie

4837Angew. Chem. Int. Ed. 2006, 45, 4835 –4839 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


co-workers[15] by using indium trichloride and tris(pentafluoro-
phenyl)borane, respectively, as catalysts. During our work,
the propargylic reduction of propargylic acetates with trie-
thylsilane by use of a catalytic amount of indium tribromide[16]

was reported, in which the propargylic reduction of prop-
argylic alcohols did not proceed smoothly. The reaction
described herein provides the first example of the catalytic
and direct propargylic reduction of propargylic alcohols to
form the corresponding reduced products in good to high
yields, although the scope of the reaction is still limited.

Furthermore, we have investigated the ruthenium-cata-
lyzed reactions of propargylic alcohols with organosilicon
compounds other than trialkylsilanes under the same reaction
conditions. Interestingly, the reactions of 2a with allyltrime-
thoxysilane and triethoxysilane at 80 8C for one hour afforded
the corresponding ethers 6a and 6b in 81% and 88% yields,
respectively, after isolation (Scheme 5). The reaction of 2a

with allyldimethylsilane under the same reaction conditions
led to the formation of the allylated compound 7a in 62%
yield after isolation (Scheme 5).[17] These results indicate that
the ability of substituent transfer from a silicon center to the
propargylic position has the following trend in these catalytic
reactions: alkoxy> allyl> hydride@ alkyl, aryl.

In summary, we have observed novel ruthenium-catalyzed
propargylic reduction of propargylic alcohols with triethylsi-
lane to give the corresponding alkynes in good to high yields
with complete selectivity. The transition-metal-catalyzed
propargylic reduction of propargylic alcohols has until now
been an unknown reaction system, in contrast to the recently
reported transition-metal-catalyzed propargylic substitution
reactions of propargylic alcohol derivatives with nucleophiles.
Further investigations for elucidating the reaction mechanism
in detail and for broadening the synthetic application of this
propargylic reduction are currently in progress.

Experimental Section
Typical procedure for the propargylic reduction of propargylic
alcohol (2a) with triethylsilane, catalyzed by 1c : Compound 1c
(11.5 mg, 0.015 mmol) was placed in a 20-mL flask under N2. Distilled
and degassed 1,2-dichloroethane (10 mL) was then added to the flask,

and 2a (66.7 mg, 0.30 mmol) and triethylsilane (0.48 mL, 3.00 mmol)
were added. The flask was kept at 80 8C for 1 h with magnetic stirring.
After the flask had cooled, the solvent was concentrated in vacuo, and
the residue was purified by column chromatography on SiO2 with
EtOAc/n-hexane (5:95) to give 3a[16] as a yellow oil (47.6 mg,
0.231 mmol, 77% yield). 1H NMR: d= 2.33 (s, 3H), 3.78 (s, 2H),
7.12–7.44 ppm (m, 9H); 13C NMR: d= 21.0, 25.3, 82.4, 87.8, 123.7,
127.7, 127.8, 128.2, 129.2, 131.6, 133.7, 136.1 ppm.

3 l : Brown oil. Yield: 51%. 1H NMR: d= 3.22 (d, J= 7.3 Hz, 2H),
6.18 (t, J= 7.3 Hz, 1H), 7.29–7.36 ppm (m, 15H); 13C NMR: d= 20.6,
80.9, 88.1, 123.4, 127.3, 127.4, 127.7, 128.1, 128.2, 128.4, 128.6, 128.7,
129.8, 131.6, 139.2, 142.0, 143.3 ppm. HRMS: calcd for C23H18:
294.1409; found: 294.1404.
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Platinum metallodrugs are among the most effective clinical
agents for the treatment of cancer, and three such agents
(cisplatin, carboplatin, and oxaliplatin) are in widespread use.
These agents are believed to act by binding to DNA and to
have similar molecular-level actions.[1] Clinical problems
include acquired cisplatin resistance the limited spectrum of
cancers that can be treated. To address these issues, alter-
native metallodrug designs that are distinct from cisplatin and
have different molecular-level interactions are being
explored. Recently, some ruthenium compounds have been
shown to have antitumor[2–4] and antimetastatic[5] actions; two

such compounds are currently in clinical trials and have a
different spectrum of activity to the platinum drugs.[2,5]

Polynuclear drugs in which the metal centers are linked by
an alkyl chain have also been designed.[6–8] Some of these
show very high activity and overcome both acquired and
intrinsic cisplatin resistance as a result of their ability to form
long-range inter- and intrastrand DNA cross-links.[6]

Rather than using a flexible alkyl chain to link the metal
centers, we were interested in exploring whether activity
could be obtained by positioning the metal centers within a
more-rigid metallosupramolecular architecture. The architec-
ture would impose the relative spatial positions of the two
metal centers and the ligands, and their structural conforma-
tions might afford additional effects. Our reasoning was
informed by our observations that the external surfaces of
metallosupramolecular helicates can impart unprecedented
noncovalent DNA-binding properties, such as the recognition
of unusual DNA junction structures and remarkable intra-
molecular DNA coiling effects.[9,10]

In most helicates (such as those used in our previous
DNA-binding studies[9,10]), the metal centers are fully coor-
dinated by the helical ligands; these are termed “saturated”[11]

helicates. The focus of our design herein is on “unsatu-
rated”[12] helicates, in which there are vacant coordination
sites that offer the additional possibility of the metal center
interacting directly with DNA. We selected ruthenium, rather
than platinum, as our metal center of choice for its higher
coordination number and because mononuclear azopyridine
ruthenium(II) complexes with two vacant coordination sites
have been shown to exhibit cytotoxic activity.[3] There are only
a few previous reports of helicates based on ruthenium, and
their properties have not been explored.[13] We describe
herein three isomeric dinuclear unsaturated ruthenium(II)
complexes each with a different double-stranded supramolec-
ular architecture and report their activity in cell lines, thus
presenting the first direct biomedical application of metal-
losupramolecular helical arrays.

The investigated complexes [Ru2Cl4L2] are based on a
dinucleating bisazopyridine ligand with a di(4-phenyl)me-
thane spacer (Scheme 1), which is the azo analogue of the

bispyridylimine ligand systems[9] whose DNA binding we
have previously described. The related mononuclear com-
plexes [RuCl2(azpy)2] (azpy= 2-phenylazopyridine) have five
possible geometric isomers (three cis and two trans).[3] Of
these, two of the isomers (cis–a and trans–g) show the highest
cytotoxicities. As shown below, the steric constraints inherent
in our bisazopyridine-ligand design are such that these
configurations at the metal center are favored in a dinuclear
double-stranded array.

The dinuclear double-stranded ruthenium complexes
were synthesized from [RuCl2(dmso)4] (dmso= dimethyl

Scheme 1. The bisazopyridine ligand (L).
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sulfoxide) and the bisazopyridine ligand (L) in acetone (see
the Experimental Section). The crude product that precipi-
tated from the reaction was purified using column chroma-
tography. NMR spectroscopic analysis of the green main
product confirmed a single species of high symmetry (a single
set of pyridinyl and phenyl resonances), and ESI-mass-
spectrometric analysis indicated the desired dinuclear
double-stranded formulation. The compound was recrystal-
lized by slow diffusion of diethyl ether into a solution of the
product in CHCl3, thus resulting in needle-shaped crystals
that proved suitable for X-ray diffraction studies.[14] The
molecular structure reveals the compound to be the isomer in
which the chlorine ligands at both ruthenium centers are in a
trans configuration (Figure 1). The constraints of the ligand

structure and the dinuclear double-stranded formulation
mean that the pyridine nitrogen atoms and the azo nitrogen
atoms are both in cis configurations. In accordance with
literature nomenclature,[3] this structure is the gg isomer. The
double-stranded compound is not helical, but rather a metal-
locyclophane. However, this structure is very different from
the metallocyclophane box-type architecture seen when this
type of ligand system interacts with tetrahedral metal ions.[15]

In that system, the ligands are disposed on opposite sides of
the metal–metal axis, whereas the ligands are placed side-by-
side in this structure. Therefore, the phenyl rings of one strand
are located above the rings of the other strand at a distance
(centroid–centroid distance: 3.6 A) and orientation (offset
coplanar) consistent with face–face p-stacking interactions.
The side-by-side ligand arrangement gives the structure an
overall arc shape (see the Supporting Information). The
intramolecular Ru�Ru separation is 12.2 A, which is similar,
though slightly longer, than in the related triple-stranded
helical dinickel(II) complex (11.6 A)[16] and the double-
stranded helical copper(I) complex (11.1 A).[15]

Careful column chromatography allowed the isolation of
a second green–blue isomer from the reaction mixture. The
NMR spectroscopic analysis showed lower symmetry (two
sets of pyridinyl and phenyl resonances), and the ESI-mass-
spectroscopic analysis indicated the desired dinuclear double-
stranded formulation. This isomer was recrystallized by slow
diffusion of diethyl ether into a solution of the product in
CHCl3. An X-ray diffraction study[14] revealed this species to
be the trans/cis-[Ru2Cl4L2] (2) compound (Figure 2). The
trans metal center is in the g conformation, as in 1, whereas

the other ruthenium center has the chlorine ligands in a
cis configuration, the pyridine nitrogen atoms trans, and the
azo nitrogen atoms cis, which corresponds to the a configura-
tion. The two ligand strands are wrapped about the metal–
metal axis in a helical fashion. This compound is in fact a
completely new class of helical complex, in that it has a
dinuclear double-helical structure, but the chiral twist is
induced by just one of the two metal centers (the cis–
a center). Proton–proton interactions between the pyridine
units do lead to a small chiral twist at the trans center (similar
to the distortions observed in palladium bipyridine com-
plexes),[17] but to a first approximation the ligands are
coplanar at the trans center.[18] The intramolecular Ru�Ru
distance of 12.5 A is similar to that in the trans/trans isomer.

We have, on one occasion, observed conversion of a
sample of 2 into a third isomer 3 on standing in a solution of
CHCl3. The conversion was revealed by a dramatic color
change from green–blue to blue. NMR spectroscopic analysis
confirmed a single species of high symmetry (a single set of
pyridinyl and phenyl resonances), and the ESI-mass-spectro-
metric analysis again indicated a dinuclear double-stranded
formulation. This sample was recrystallized by diffusion of
diethyl ether into a solution of the product in CHCl3, and a
few crystals were isolated and an X-ray structural determi-
nation undertaken.[14]

The molecular structure of 3 shows the two chlorine
ligands on both ruthenium centers to be in a cis configuration
(Figure 3). These cis ruthenium(II) centers have the same
a configuration as that seen for the cis center in 2. The two
ligand strands are again wrapped about each other in a
double-helical fashion. This structure thus has a more
conventional unsaturated double-helical structure with both

Figure 1. Structure of the metallocyclophane trans/trans isomer 1.
Hydrogen atoms are omitted for clarity.

Figure 2. Structure of the double-helical trans/cis isomer 2. Hydrogen
atoms are omitted for clarity.

Figure 3. Structure of the double-helical cis/cis isomer 3. Hydrogen
atoms are omitted for clarity.
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metal centers of the same chirality. As would be expected, the
two centers cause more extensive ligand wrapping in 3 than 2.
The intramolecular Ru�Ru separation of 12.1 A is again
similar to that in the other isomers.

In these three isomers, only the cis–a and trans–g confi-
gurations of the metal centers are observed. The azo nitrogen
atoms must lie cis to create a dinuclear double-stranded array,
and this requirement decreases the number of potential
configurations to cis–a, cis–b, or trans–g. Although dinuclear
double-stranded species are likely to be intermediates in the
assembly of triple-stranded helicates, the addition of a third
ligand strand to the three isomers characterized herein would
require considerable rearrangement (at the metal center and
of ligands) to generate cis–b configurations. The diphenyl-
methane spacer units of the two ligand strands would be
forced closer in space by the cis–b configuration: previous
unsaturated helicates also contain cis–a configurations.[12]

In view of the cytotoxicity of the mononuclear counter-
parts, these dinuclear compounds have been tested on human-
breast-tumor HBL100 and T47D cell lines. Two isomers have
been tested (the third isomer was not available in suitable
quantities), and the IC50 data are shown in Table 1. Both

compounds are very active against these cell lines: The cis/
trans isomer 2 has similar activity to cisplatin in the HBL100
cell lines and better activity in the T47D cell lines, whereas the
trans/trans isomer 1 shows extremely high activity, with
approximately 30 times more potency than cisplatin in the
HBL100 cell lines and 100 times more in the T47D cell lines.
The activity is in the same range as the mononuclear
counterparts tested on other cell lines. Interestingly, mono-
nuclear [RuCl2(azpy)2] shows higher activity for the g isomer
(0.02–0.2 mm in a panel of cell lines, but different from those
herein) than the a isomer (0.06–0.5 mm).[3] The same trend is
seen herein as the trans/trans species being more active than
the cis/trans isomer.

The isomeric dinuclear [Ru2Cl4L2] complexes reported
herein are among the first, and to date the most promising,
dinuclear ruthenium anticancer agents. The IC50 values com-
pare very favorably with those of previously reported
dinuclear ruthenium complexes. The dinuclear complexes
derived from the new antitumour metastasis inhibitor A
(NAMI-A) do not show direct cytotoxicity[19] (just as NAMI-
A does not). Compounds in which two [Ru(phen)2dppz]2+

(dppz= dipyridophenazine, phen= phenyl) moieties are
joined through long alkane linkers show IC50 values that
range from 8 to 45 mm,[7] whereas a bisruthenium organome-
tallic compound has a reported IC50 value of 5 mm.[8]

In summary, the three compounds reported herein
represent a new set of dinuclear coordination isomers, each

of which have quite different supramolecular architectures.
The three isomers comprise an arc-shaped nonhelical metal-
locyclophane, an unsaturated conventional double helicate,
and a new type of double helicate, in which just one of the two
metal centers is responsible for imparting helicity to the
ligand strands. The ability to isolate a range of different
architectures of the same nuclearity from a single metal–
ligand combination makes this a particularly remarkable
system. Moreover, these compounds are the first compounds
to bridge the fields of metallosupramolecular architecture and
anticancer drug design. The initial cell-line experiments
indicate that the compounds show very good activity. Further
biological studies are in progress to fully understand the
activity and DNA binding of this new class of complex.

Experimental Section
trans/trans-[Ru2Cl4L2] (1): A mixture of [RuCl2(dmso)4] (0.150 g,
0.31 mmol) and the bispyridylazo ligand L (0.117 g, 0.31 mmol) in
acetone (75 mL) was heated under reflux for 16 h. The green
precipitate that formed was isolated by filtration and washed with a
little acetone and diethyl ether to afford 110 mg of the crude product,
which consisted of the desired product and insoluble polymeric
material. The filtrate was reduced to half volume and treated with
diethyl ether to afford a second precipitate, which was isolated,
washed with diethyl ether, and purified as below to afford 2. The first
precipitate was purified by column chromatography on alumina with
dichloromethane/acetonitrile (1:1) as the eluent. The first fraction
was collected, and NMR spectroscopy showed a single compound 1
(yield= 10 mg). (3%) ESI MS: m/z 1097 [Ru2Cl3L2(MeOH)]+, 1143
[Ru2Cl3L2(dmso)]+, 1065 [Ru2Cl3L2]

+; 1H NMR (500 MHz,
[D6]DMSO): d= 9.07 (1H, d, J= 5.6 Hz, 6py), 8.76 (1H, d, J=
7.7 Hz, 3py), 8.43 (1H, t, J= 7.7 Hz, 4py), 8.04 (1H, br t, J= 6.0 Hz,
5py), 7.24 (2H, d, J= 8.2 Hz, Pha), (2H, d, J= 8.4 Hz, Phb), 4.32 ppm
(2H, s, CH2); UV/Vis (CHCl3) lmax: 642, 430, 304 nm.

trans/cis-[Ru2Cl4L2] (2): The second precipitate (18 mg), obtained
from the filtrate of 1, was purified by column chromatography on
alumina with acetonitrile/dichloromethane (1:3) as the eluent. The
second fraction was collected, and NMR spectroscopy showed a
single compound 2 (yield= 3 mg). (1% with respect to starting
materials) ESI MS: m/z 1097 [Ru2Cl3L2(MeOH)]+, 1143 [Ru2Cl3L2-
(dmso)]+, 1065 [Ru2Cl3L2]

+; 1H NMR (500 MHz, [D6]DMSO; prime
numbering is used for the cis–a segment): d= 9.59 (1H, d, J= 5.6 Hz,
6py’), 9.15 (1H, d, J= 5.6 Hz, 6py), 8.76 (1H, d, J= 7.8 Hz, 3py’), 8.67
(1H, d, J= 7.6 Hz, 3py), 8.40 (1H, t, J= 7.7 Hz, 4py), 8.36 (1H, t, J=
7.8 Hz, 4py’), 8.0 (2H, m, 5py + 5py’), 7.95 (2H, d, J= 8.5 Hz, Pha),
7.12 (2H, d, J= 8.5 Hz, Phb), 6.43 (2H, d, J= 8.5 Hz, Phb’), 6.25 (2H,
d, J= 8.5 Hz, Pha’), 3.84 (1H, d, J= 16.0 Hz, CH2), 3.79 ppm (1H, d,
J= 16.0 Hz, CH2); UV/Vis (CHCl3) lmax: 601, 389, 349 nm.

cis/cis-[Ru2Cl4L2] (3): An sample of 2 in CDCl3 in an NMR tube
changed color from green–blue to blue on standing. ESI MS:
m/z 1125 [Ru2L2Cl4+Na]+, 1148 [Ru2L2Cl4+ 2Na]+, 1099 [Ru2L2Cl3-
(MeOH)]+; 1H NMR (500 MHz, [D6]DMSO): d= 9.35 (1H, d, J=
5.9 Hz, 6py), 8.76 (1H, d, J= 8.4 Hz, 3py), 8.30 (1H, t, J= 7.7 Hz,
4py), 7.85 (1H, br t, J= 7.0 Hz, 5py), 6.68 (2H, d, J= 8.4 Hz, Phb), 6.46
(2H, d, J= 8.6 Hz, Pha), 3.72 ppm (2H, s, CH2).
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Table 1: IC50 values (mm) in breast-cancer cell lines.

HBL100 T47D

cisplatin 4.9 28.3
1 0.16 0.29
2 5.1 6.7
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Asymmetric Total Synthesis of (�)-Merri-
lactone A: Use of a Bulky Protecting Group as
Long-Range Stereocontrolling Element**
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(�)-Merrilactone A ((�)-1, Figure 1), a sesquiterpenoid iso-
lated from Illiciummerrillianum in 2000 by Fukuyama and co-
workers,[1, 2] has been shown to possess neuroprotective and

neuritogenic activity in cultures of fetal rat cortical neurons.
Small molecules with these neurotrophic effects are expected
to be useful as metabolically stable alternatives to endoge-
nous neurotrophic factors, and thus as therapeutic agents for
the neurodegeneration associated with Alzheimer(s and
Parkinson(s diseases.[3] By X-ray crystallographic analysis
together with extensive NMR spectroscopic studies, 1 was
determined to possess a unique pentacyclic cage structure
comprising a central bicyclo[3.3.0]octane framework, two d-
lactone rings, and an oxetane ring. The absolute configuration

of 1 was established on the basis of the modified Mosher
method[4] by using MTPA derivatives at C2�OH.[1] In
addition to its evident architectural complexity, 1 is also
very complex from a stereochemical point of view: Five of its
seven asymmetrically substituted carbon atoms are contigu-
ous and carry only non-hydrogen substituents (C6, C5, C4,
C9, C1). The molecular architecture of 1 is a daunting
challenge for chemical synthesis.

Motivated by the important biological activity and
unusual structure of 1, we began a synthetic study, which
resulted in the total synthesis of racemic merrilactone A
((� )-1) in 2003.[5] To date, two other chemical routes to (� )-1
have been developed by the Danishefsky and Mehta research
groups,[6,7] and Danishefsky and co-workers have reported an
elegant asymmetric synthesis of a key intermediate en route
to 1.[8] Herein, we report an asymmetric total synthesis of the
natural enantiomer (�)-1 in which a remote bulky protecting
group is used to control the stereochemistry. This study also
confirmed the assigned absolute configuration for the first
time.

In our total synthesis of (� )-1, the bicyclo[3.3.0]octane
framework was constructed in the form of (� )-4 through an
intramolecular aldol reaction of the benzyl-protected meso
diketone 2 (Scheme 1).[9,10] Importantly, by controlling the

reaction conditions (using LiN(SiMe3)2 in THF) it was
possible to favor the selective formation of the desired syn
isomer (� )-4 over that of the anti isomer (� )-5. The key
intermediate (� )-4 was then converted into (� )-1 through a
series of functional-group transformations.

Our plan for preparing enantiomerically pure merrilac-
tone A (�)-1 was based on the transannular aldol chemistry
described above. Theoretically, exclusive deprotonation of C9
of diketone 2 would lead to the bicyclo[3.3.0]octane system 4
with the absolute configuration found in the natural product
(2!3!4 versus 2!ent-3!ent-4, Scheme 1). We were
intrigued by the possibility of differentiating the deprotona-

Figure 1. Structure of (�)-merrilactone A.

Scheme 1. Diastereoselective transannular aldol reaction of the meso
diketone 2 in the total synthesis of (� )-1.[5] Bn=benzyl.
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tion rates at C9 and C3 by utilizing a pseudo-meso substrate:
The attachment of a bulky protecting group at C14�OH
would effectively shield C3�H through a long-range steric
interaction (Scheme 2).[11] To apply the reaction sequence

developed from (� )-4 to (� )-1, this bulky protecting group
needed to be as stable as Bn in a variety of reactions and to be
removed simultaneously with Bn in the final stage of the total
synthesis. Since no existing alcohol protecting group met
these requirements, we designed a new benzyl ether, 2,6-
bis(trifluoromethyl)benzyl (BTB) ether, which has chemically
inert CF3 groups at the two ortho positions to impose a large
steric effect.[12] Thus, our subsidiary goals in the asymmetric
total synthesis were to prepare the differentially protected
diketone 6 and to evaluate the BTB group as a remote
stereocontrolling element for the selective generation of 7
and 8.

To establish the absolute configuration of the two
quaternary carbons atoms (C5, C6) of diketone 6, we planned
a [2+2] photocycloaddition of the chiral tetrasubstituted
olefin 13 (Scheme 3).[13,14] The reduction of 2,3-dimethylma-
leinic anhydride (9) to 10,[15] followed by Wittig olefination
and esterification, afforded methyl ester 11 in 68% yield
(three steps). Chemo- and enantioselective dihydroxylation
of dienone 11 under Sharpless asymmetric dihydroxylation
conditions with the catalyst (DHQ)2PHAL led to enantio-
merically pure 12 (> 99% ee) in 65% yield after one
recrystallization.[16] This hydroxy-g-lactone was protected as
its pivaloate ester 13.[17] The irradiation of 13 in the presence
of cis-1,2-dichloroethylene with a high-pressure mercury
lamp, followed by Zn-promoted dechlorination then afforded
14, the LiAlH4 reduction of which gave cyclobutene 15 (75%)
along with its facial diastereomer (8%). Thus, furanone 13
showed excellent facial discrimination (9.8:1) in the photo-
cycloaddition and acted as a template for the stereoselective
introduction of the two quaternary carbon atoms C5 and
C6.[18] The structure of triol 15 was determined unambigu-
ously by single-crystal X-ray analysis of 23 (Figure 2), the
product of mono-p-bromobenzoylation of 15.

The additional hydroxymethyl group attached to C14 of
15 made it possible to introduce the two benzyl-type protect-
ing groups at the C12 and C14 alcohol groups in a stepwise
fashion (Scheme 3). After triol 15 had been protected as its

isopropylidene acetal 16, Bn protection of the C12�OH group
of 16 and subsequent removal of the acetonide under acidic
conditions delivered the 1,2-diol 17 (91%, two steps). One-
carbon-atom truncation from 17 to liberate the masked
primary C14�OH functionality was carried out in a single-
flask reaction involving Pb(OAc)4-induced oxidative cleavage
and DIBAL reduction, and led to 18 in 93% yield.[19] The
BTB group was then introduced at C14�OH in 18 to afford
differentially protected 19.

By exploiting the pseudo-meso symmetry of 19, diketone
6 was prepared in only three steps through pairwise function-
alization.[20] Olefin 19 was subjected to dihydroxylation to
afford diol 20, the one-pot treatment of which with SO3·py[21]

Scheme 2. Strategy for the asymmetric synthesis of the core bicyclo-
[3.3.0]octane framework of (�)-merrilactone A from a pseudo-meso
diketone.

Scheme 3. Synthesis of the pseudo-meso diketone 6 ; (the principal
reagents are also shown in the Scheme): a) LiAlH(OtBu)3, DME,
�15 8C!RT, 85%; b) Ph3PCH3

+Br� , tBuOK, 0 8C!RT, 87%; c) MeI,
K2CO3, THF, 50 8C, 92%; d) AD-mix-a, tBuOH/H2O (1:1), 0 8C, 90%,
90% ee ; then recrystallization: 65%, >99% ee ; e) PivCl, py, DMAP,
CH2Cl2, room temperature, 99%; f) cis-dichloroethylene, CH3CN,
�20 8C; g) Zn, Ac2O, toluene, 120 8C; h) LiAlH4, Et2O, room temper-
ature, 75% (15, 3 steps), 8% (the facial diastereomer, 3 steps);
i) Me2C(OMe)2, TsOH·H2O, CH2Cl2, room temperature, 81%; j) BnBr,
NaH, THF/DMF (10:1), room temperature; k) THF/3m HCl (5:1),
room temperature, 91% (2 steps); l) Pb(OAc)4, py, CH2Cl2, �50 8C;
then DIBAL, �78 8C!�50 8C, 93% (90% conversion); m) BTBBr, KH,
[18]crown-6, DMF, room temperature; n) OsO4, NMO, tBuOMe/
tBuOH/H2O (2:1:1), room temperature, 94% (89% conversion; 2
steps); o) SO3·Py, iPr2NEt, DMSO, CH2Cl2, �15 8C; then allylmagne-
sium bromide, �78 8C, 78% (21a/21b 2.7:1); p) [(PCy3)2Cl2Ru=CHPh],
CH2Cl2, reflux; then Pb(OAc)4, room temperature, 97%. Cy= cyclo-
hexyl, DMAP=4-dimethylaminopyridine, DME=dimethoxyethane,
DIBAL=dibutylaluminum hydride, DMF=N,N-dimethylformamide,
DMSO=dimethyl sulfoxide, NMO=N-methylmorpholine N-oxide,
Piv=pivaloyl, py=pyridine, Ts=p-toluenesulfonyl.
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and an allyl Grignard reagent provided adducts 21a and 21b
in 78% yield.[22] The cis relationship of the olefinic side chains
of 21a and 21b facilitated the subsequent ring-closing meta-
thesis reaction to produce the bicyclo[4.2.0]octyl system 22,[23]

which was subjected in situ to Pb(OAc)4-promoted oxidative
ring expansion[24] to yield the substituted eight-membered
ring 6.

Having established a route to the differentially protected
diketone 6, we undertook the crucial transannular aldol
reaction. To our gratification, the reaction of 6 with LiN-
(SiMe3)2 (Scheme 4, entry 1) exhibited both site-selective
deprotonation (7/24) and diastereoselective C�C bond for-

mation (8/25) to give the desired bicyclo[3.3.0]octane system
8[25] along with smaller amounts of the other three diastereo-
mers 25–27. To enhance the formation of 8, the effect of the
counter cation of the amide base was examined (entries 2, 3):
When 6 was treated with NaN(SiMe3)2, enantiomerically pure
8 was isolated in 75% yield after purification by column
chromatography with SiO2. Interestingly, the selectivity of the
same base treatment of 6a, which possesses the less sterically
demanding protecting group 2,6-dichlorobenzyl (DCB; effec-
tive radii: 2.2 G (CF3) versus 1.7 G (Cl)),[26] was lower in both
the deprotonation and the C�C bond-forming steps (entry 4).
This result clearly suggests that the steric bulk of the ortho
substituents of the phenyl ring has a significant effect on the
selectivity of the reaction. As expected, our BTB group
functioned as a long-range stereocontrolling element for the
aldol reaction.

A plausible mechanism for the reaction is shown in
Scheme 5. Molecular modeling (MM2*, MacroModel Ver-

sion 8.5)[27] indicated that the eight-membered ring exists as a
mixture of two pseudoenantiomeric conformers 6 and 6’.[28]

Since cis-enolate formation from the eight-membered ring is
energetically more favorable than trans-enolate formation, in
each conformer only one of the two protons (indicated in bold
face in Scheme 5) orthogonal to the C=O bonds is thought to
be abstracted by the base. The selective deprotonation of 6 to
generate the cis enolate 7 can be explained by effective
insulation of C9 of 6’ by the remote bulky BTB group. After
enolate formation, the severe 1,3-diaxial-like steric interac-
tion between the large BTB-protected oxymethylene group
and the C7�O bond in 7[29] would enforce a conformational
flip of the C7–C9 olefin to form 7’, from which the enolate can
react with the ketone at C4 to generate the desired cis-fused
5,5 ring system 8. The proposed mechanism agrees well with
the observation that the bulkier protecting group is more

Figure 2. X-ray crystallographic analysis of compound 23 to confirm
the structure of triol 15.[41]

Scheme 4. Diastereoselective transannular aldol reaction of pseudo-
meso diketones 6 and 6a. The yields of entry 1 are based on recovered
starting material (82% conversion).

Scheme 5. Plausible mechanism for the diastereoselective transannular
aldol reaction of 6.
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selective in both the deprotonation and C�C bond-forming
steps (Scheme 4, entries 2 and 4).

With the enantiomerically pure bicyclo[3.3.0]octane
framework 8 in hand, we proceeded to synthesize the entire
carboskeleton of (�)-1 by introduction of the C9 quaternary
center and the C15 methylene group (Scheme 6). a-Epox-
idation of 8 and subsequent florisil treatment produced allylic
alcohol 28, which was converted into enedione 29.[30] An a-
bromoacetal unit was then introduced to afford 30 as a
mixture of diastereomers.[31]

Despite the steric congestion induced around C9 by the
three proximal tetrasubstituted carbon atoms (C4, C5, C6),
radical cyclization of 30 smoothly delivered the 5-exo cyclized
product 31 along with its C11 epimer 32 in 90% combined
yield. Upon treatment with EtOSiMe3 in the presence of
BF3·Et2O, the minor isomer 32 was transformed into the
major isomer 31 in 72% yield. NOESY data obtained for 31
allowed the assignment of configuration and conformation
(Scheme 6): The CH2 group at position 3 was found to be in
spatial proximity to the ethoxy and BTB-protected oxy-
methylene groups. Presumably because of low base accessi-
bility to the sterically crowded C3 center, in the next step the
reaction of 31 with Me3SiOTf and Et3N produced predom-
inantly silyl enol ether 33 through site-selective deprotonation
at the less-shielded C1 center. The C15 methylene group was
introduced by the treatment of 33 with the Eschenmoser
reagent[32] and then with mCPBA to give 34.

To complete the total synthesis, the remaining functional-
group manipulations needed to be orchestrated judiciously.
First, acetal 34 was converted quantitatively into g-lactone
35.[33] Hydride addition to the exo alkene of the unsaturated
ketone 35, followed by in situ triflation, afforded the enol

triflate 36,[34, 35] which was converted into the trisubstituted
alkene 37 through palladium-mediated reduction.[36] The
exposure of 37 to Na in NH3

[37] effected both the stereose-
lective reduction of the hindered ketone at C7 to the b-
hydroxy group, presumably via 38 through a six-membered
chelate ring, and the removal of both benzyl-type protecting
groups (Bn and BTB) to give lactol 40 along with lactone 39.

The mixture of 39 and 40 was in turn subjected to Fetizon
oxidation[38] to produce the desired bis-g-lactone 41 as a single
isomer. It appears that the reactivity of the hydroxy group at
C12 in 39/40 towards oxidation is higher than that of the
hydroxy groups at C7 and C14 as a
result of its more exposed nature:
Molecular modeling of 40 suggested
that only the C12 hydroxymethyl
group adopts a pseudoequatorial
position, as depicted in Scheme 7.
Thus, the remarkable selectivities of
the reduction (37!40) and oxida-
tion (40!41) steps are governed by
the intrinsic three-dimensional ori-
entation of the reacting substituents.
Moreover, the stereochemical con-
trolling factor for the aldol reaction,
the BTB ether, was shown to be robust under a variety of
reaction conditions up to those for the synthesis of 39, yet was
removed smoothly through Birch reduction.

Finally, stereoselective a epoxidation of 41 with dime-
thyldioxirane[39] to give 42 and subsequent acid-mediated
epoxide opening–oxetane formation delivered (�)-merrilac-
tone A ((�)-1).[1] Synthetic (�)-1 exhibited 1H NMR,
13C NMR, IR, and HRMS spectra that were indistinguishable

Scheme 6. Asymmetric total synthesis of (�)-merrilactone A; (the principal reagents are also shown in the Scheme): a) mCPBA, CH2Cl2; then
florisil, CH2Cl2, room temperature, 75%; b) IBX, DMSO, room temperature, 91%; c) BrCH2Br(OEt), PhNMe2, CH2Cl2, �78 8C!RT, 92% (d.r.
4.4:1, 79% conversion); d) Bu3SnH, AIBN, toluene, 85 8C, 73% (31), 17% (32); e) EtOSiMe3, BF3·Et2O, CH2Cl2, room temperature, 72%;
f) Me3SiOTf, Et3N, CH2Cl2, �20 8C; g) Me2NCH2

+I� , CH3CN, room temperature; h) mCPBA, CH2Cl2, room temperature, 64% (3 steps); i) mCPBA,
BF3·Et2O, CH2Cl2, room temperature, 100%; j) LiBH(sBu)3, 2-Tf2N-5-chloropyridine, THF, �78 8C, 73%; k) Pd(OAc)2, PPh3, NBu3, HCOOH, DMF,
40 8C, 92%; l) Na, NH3, THF/EtOH (5:1), �78 8C (39/40 1:1.4); m) Ag2CO3 on celite, toluene, 130 8C, 41% (2 steps); n) DMDO, CH2Cl2, room
temperature, 91%; o) TsOH·H2O, CH2Cl2, room temperature, 96%. AIBN=N,N-azobisisobutyronitrile, DMDO=dimethyldioxirane, IBX=
o-iodoxybenzoic acid, mCPBA=m-chloroperbenzoic acid, Tf= trifluoromethanesulfonyl, Ts=p-toluenesulfonyl.

Scheme 7. Conforma-
tion of 40 according to
molecular modeling.
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from those of the natural compound. The measured optical
rotation of synthetic (�)-1 confirmed the absolute config-
uration of the natural product ([a]27

D =�15.7 (c= 0.19,
CHCl3); natural (�)-1: [a]18

D =�16.7 (c= 1.10, CHCl3)).
[2, 40]

In summary, we have completed the asymmetric total
synthesis of (�)-merrilactone A (1.1% overall yield, 31
steps). The defining step in our synthesis is the diastereose-
lective transannular aldol reaction of 6 to construct the
bicyclo[3.3.0]octane core 8. The selectivity observed in the
construction of the two new stereocenters in 8 is a long-range
effect of the bulky protecting group BTB. Other remarkable
features of our total synthesis include 1) a [2+2] cycloaddition
to install the two contiguous quaternary carbon atoms of 14,
2) efficient pairwise symmetrical functionalization to synthe-
size 6 by taking advantage of the pseudo-meso symmetry,
3) radical cyclization to form the sterically congested C9
quaternary carbon atom of 31, and 4) highly selective
substrate-controlled reactions to introduce three functional
groups: the C15 methylene group of 34, the b-hydroxy group
at C7 of 40, and the C12-containing g-lactone in 41.
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The umpolung of the “normal” reactivity of a functional
group stands as a very interesting objective in synthetic
organic chemistry.[1] For example, in general, a,b-unsaturated
esters react with nucleophiles at the b-position through a
conjugate addition to generate an enolate that further reacts
with electrophiles at the a-position (Scheme 1).[2] , [3] Fu and

co-workers very recently reported an umpolung reactivity of
a,b-unsaturated esters (Scheme 1).[4] In this interesting work,
the normally electrophilic b-carbon atom is transformed into
a nucleophilic site through an addition–tautomerization
sequence.[5] Herein, we wish to report a new conjugate
umpolung reactivity of Michael acceptors (Scheme 1).

Fischer carbene complexes,[6] and in particular a,b-unsa-
turated carbene complexes, have become very interesting
tools in organic synthesis.[7] It is well known that these
compounds, which may be considered as a,b-unsaturated
ester equivalents, behave as Michael acceptors. Thus, in this
context we recently reported the 1,4-addition of enolates to

Scheme 1. Comparison of conjugate normal and umpolung reactivity
of Michael acceptors. E=electrophile, Nu=nucleophile, M=metal.
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alkenyl carbene complexes.[8] Moreover, the a-position of
Fischer carbene complexes is also known to become a
nucleophilic position when these complexes are treated with
bases.[9]

Taking all these facts into account, it is supposed that
treatment of an alkenyl carbene complex with a ketone
enolate would generate a new anionic species that would
further react with an electrophile at the a-position (see
Scheme 1, path 1). To test this hypothesis, carbene complex
1a was sequentially treated with the lithium enolate derived
from silyl enol ether 2a and then with allyl bromide to obtain,
as expected, the new carbene complex 3a (Scheme 2). It is

interesting to note that the reaction occurs with complete
selectivity, and we only observed the formation of a single
diastereoisomer of the final product 3a.[10] Moreover, this
carbene complex 3a is readily transformed into the corre-
sponding ester 4 by simple oxidation of the metal fragment.

In an attempt to find the optimal conditions to perform
the sequence mentioned above, we decided to check the
reaction by using copper enolates instead of lithium enolates.
In an initial experiment, we generated the necessary copper
enolate by simple 1,4-addition of lithium dibutylcuprate to
cyclohexenone (Scheme 3). This reaction leads to the corre-
sponding enolate 5a, which was added to the carbene
complex 1b. The resulting solution was hydrolyzed with an
aqueous saturated solution of ammonium
chloride. To our surprise, this reaction did
not produce the expected carbene complex
from the 1,4-addition of the enolate to 1b
and protonation at the a-position of the
carbene complex; instead, the enol ether 6a
was obtained in a totally regio- and diaste-
reoselective manner.[10] This result indicates
that the anionic species generated after the
1,4-addition of the copper enolate to the
carbene complex 1b did not react with
electrophiles at the a-position, as could be
anticipated (and as shown in Scheme 2), but
at the initial carbene carbon atom.[11] This
unexpected mode of reactivity of alkenyl
Fischer carbene complexes can be consid-
ered to be a new umpolung of Michael
acceptors. As shown in Scheme 3, the reac-
tion could also be performed with open-

chain copper enolates. Thus, enol ether 6b could readily be
obtained by reaction of the enolate 5b, derived from
chalcone, and carbene complex 1b.

The scope of this new umpolung reaction of alkenyl
Fischer carbene complexes has been investigated. We found
that several carbene complexes, enolates, and electrophiles
can be used (Scheme 4 and Table 1). Also, we found that the

Scheme 2. Normal reactivity of alkenyl carbene complexes, lithium
enolates, and allyl bromide. Reagents and conditions: a) 2a, BuLi,
THF, 0 8C, 30 min, then 1a, THF, �78!�30 8C; b) allyl bromide,
�78 8C!RT; c) pyridine-N-oxide, THF, RT. PMP=4-MeOC6H4,
TMS= trimethylsilyl.

Scheme 3. Umpolung reactivity of alkenyl carbene complexes, copper
enolates, and a proton as the electrophile. Reagents and conditions:
a) Bu2CuLi, Et2O, �78 8C; b) 1b, THF, �78 8C!RT; c) NH4Cl (aq).

Scheme 4. Synthesis of enol ethers 6 (or diketone 7). Reagents and
conditions: a) 2, BuLi, THF, 0 8C, 30 min, then CuI, 0 8C and 15 min,
RT; b) 1, THF, �78!�30 8C; c) E+, �30 8C!RT; d) NH4Cl (aq).

Table 1: Enol ethers 6 (or diketone 7) from alkenyl carbene complexes 1, enolates 2, and electrophiles.

1 R1 2[a] n E+ 6 E Yield [%][b] de [%][c] ee [%][d]

1a PMP[e] 2a 1 PhCOCl 6c PhCO 82 >95 –
1a PMP[e] 2a 1 H2C=CHCH2Br 7[f ] HC=CHCH2 63 >95
1c 2-Fu[e] 2a 1 PhCOCl 6d PhCO 80 >95 –
1b Ph 2a[g] 1 H2O 6e H 70 >95 >95
1c 2-Fu[e] 2a 1 D2O 6 f D 73 >95 –
1a PMP[e] 2a[g] 1 H2O 6g H 74 >95 >95
1a PMP[e] 2a[g] 1 MeCOCl 6h MeCO 68 >95 >95
1c 2-Fu[e] 2a[g] 1 HC�CCH2Br 6 i HC�CCH2 53 >95 >95
1d Fc[e] 2a[g] 1 H2O 6 j H 76 >95 >95
1e (E)-styryl 2a[g] 1 H2O 6k H 78 >95 95
1a PMP[e] 2b[g] 2 H2O 6 l H 72 >95 >95
1b Ph 2b[g] 2 tBuCOCl 6m tBuCO 76 >95 >95

[a] Unless noted, racemic silyl enol ether 2 was used. [b] Yield of the isolated product based on starting
carbene complex 1. [c] Determined by 1H NMR spectroscopic analysis of the crude reaction product.
[d] Determined by HPLC analysis on a chiral support. [e] PMP=4-MeOC6H4, 2-Fu=2-furyl; Fc= ferro-
cenyl. [f ] The corresponding enol ether could not be isolated. [g] Enantiopure (>95% ee) silyl enol ether
was used (see Ref. [12]).
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reaction can be performed in a very simple way that starts
from the readily available silyl enol ether 2. Thus, 2 was
treated with butyllithium to generate the corresponding
lithium enolate. Treatment of these intermediates with solid
CuI and addition to the corresponding carbene complex 1
generated the final enol ether 6, after reaction with the
corresponding electrophile, as a single regio- and diastereo-
isomer.[10] With allyl bromide as the electrophile, 6 could not
be isolated and the diketone 7 was directly obtained. As
exemplified by this result, this methodology allows the simple
synthesis of chiral 1,5-diketone derivatives by simple hydrol-
ysis of the enol ether functionality of 6. The straightforward
procedure described herein allowed us to synthesize enantio-
merically pure products 6 when the reaction was carried out
using readily available enantiopure silyl enol ethers 2.[12]

Interestingly, a,b,g,d-unsaturated carbene complex 1e could
also be used. Although a 1,6-addition of the cooper enolate to
1e could be expected, we only observed the corresponding
1,4-addition and further reaction with the electrophile at the
initial carbene carbon atom. Finally, it is important to remark
that similar results were obtained when carbene complexes 1
were initially treated with the lithium enolates derived from 2
and CuI was added just before the reaction with the
corresponding electrophile.

In summary, we have developed a new regio- and
diastereoselective one-pot three-component coupling reac-
tion of alkenyl carbene complexes, copper enolates, and
several electrophiles. Highly functionalized enol ethers or 1,5-
diketone derivatives are readily available from very simple
starting materials in a straightforward manner. The process is
amenable to the synthesis of enantiomerically pure com-
pounds. As the process described herein is very simple, it
could be easily adapted for diversity-oriented synthesis
(DOS). Thus, a large range of structurally diverse compounds
that are not readily available from traditional organic trans-
formations could be obtained by following this straightfor-
ward multicomponent coupling reaction. Our study has
shown for the first time a differential behavior between
ketone lithium and copper enolates when they are treated
with alkenyl carbene complexes. A conceptually new mode of
reactivity of Michael acceptors and a clear example of
umpolung reactivity is reflected.
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Selective Excision of C5 from d-Ribose in the Gas
Phase by Low-Energy Electrons (0–1 eV): Impli-
cations for the Mechanism of DNA Damage**

Ilko Bald, Janina Kopyra, and Eugen Illenberger*

Sugar is the central unit within a nucleotide connecting the
DNA base with the phosphate group, which itself couples to
the neighboring nucleotides within single-stranded DNA. The
study of the excitation, ionization, and fragmentation of
biomolecular systems is essential for the understanding of
many problems in the area of life sciences such as the
mechanism of radiation damage in cellular systems or the
action of radiosensitisers used in tumor therapy.

The passage of high-energy radiation through dense
media such as water or a living cell leaves a trace of free
electrons. These secondary electrons are created in numbers
(5 " 104 per MeV of deposited energy[1]) that makes them the
most abundant radiolytic species. In the course of thermal-
ization they can induce further ionization or excitation
processes, but they can also efficiently attach at specific
energies (resonances) and sites to DNA, forming transient
negative ions that subsequently dissociate (dissociative elec-
tron attachment, DEA).[2]

Ample evidence exists that DEA with its unique features
plays an important role in the nascent states of cellular DNA
radiolysis.[2] To date, these phenomena have been investigated
at two extremes of DNA complexity, namely, plasmid DNA
and isolated nucleobases in the gas phase. Experiments on
plasmid DNA have demonstrated that low-energy electrons
can efficiently induce single-strand breaks (SSBs), as well as
double-strand breaks (DSBs).[3] In the very low-energy
domain (0–3 eV), below the threshold of electronic excita-
tion, only SSBs are observed.[4] In these experiments it
became apparent that the efficiency of both DSBs and SSBs
as a function of the primary electron energy exhibits a
resonant behavior, indicating that the formation of negative-
ion resonances is the initial step.

Studies on isolate nucleobases (NBs) in the gas phase[5–11]

have demonstrated that they undergo DEA in the range of
roughly 6–9 eV and also at much lower energies (< 3 eV)
where SSBs are observed.[5] While the high-energy feature
leads to loss of H� and further fragment ions associated with
the rupture of the NB ring structure,[5–7] the low-energy
resonance exclusively leads to the loss of neutral hydrogen
with the excess charge remaining on the nucleobase.

In a recent theoretical study[12] modeling a section of DNA
composed of cytosine, sugar, and the phosphate group, an
interesting mechanism for electron-initiated strand breaks
was proposed. The calculations predict a low-lying anionic
potential energy surface that connects the initial p* anion
state of the base to a s* state in the backbone. An electron
captured by a DNA base may thereby be transferred to the
backbone, leading to rupture of the C�O bond between the
phosphate and the sugar. On the other hand, very recent
experiments on thymidine (thymine coupled to sugar)[13]

indicate that such an electron transfer is not operative;
instead it appears that sugar moiety itself has a pronounced
ability to capture low-energy electrons with subsequent
fragmentation. For the detailed investigation of the response
of sugar following electron attachment we use d-ribose
(C5H10O5) and some isotopically labeled analogues (1-13C, 5-
13C, C,1-D). For simplicity we will use the term ribose for d-
ribose throughout this manuscript.

A previous study by the Innsbruck Laboratory on
deoxyribose (C5H10O4) revealed that electron capture at
energies already close to 0 eV induces a variety of fragmen-
tation reactions.[14] As we shall demonstrate, isotopic labeling
enables us to identify the underlying decomposition process
and to specify the site of the target molecule involved. This
provides essential information for the molecular process of
DNA damage by low-energy electrons.

The experiments were carried out in a crossed electron
molecular beam arrangement consisting of an electron source,
an oven, and a quadrupole mass analyzer (QMA).[15] The
components were housed in a ultrahigh-vacuum chamber at a
base pressure of 10�8 mbar. A well-defined electron beam
generated from a trochoidal electron monochromator[16]

(resolution 90–120 meV fwhm) intersected orthogonally
with an effusive molecular beam consisting of ribose mole-
cules. They emanated from a resistively heated oven directly
connected to the reaction chamber by a capillary. At a
temperature of about 370 K (measured by a platinum
resistance) the density of intact ribose molecules was high
enough to yield a reasonable negative-ion signal. The
generated anions were extracted by a small electric field
towards the entrance of the QMA where they were analyzed
and detected by a single-pulse counting technique. The energy
scale was calibrated using the well-known resonance in SF6

near 0 eV generating metastable SF6
� . To prevent ion–

molecule reactions involving SF6
� ions, the flow of the

calibration gas was switched off prior to each measurement.
Ribose and the 5-13C analogue were obtained from Sigma
Aldrich (stated purity 98 and 99%, respectively),
[1-13C]ribose and [C,1-D]ribose were obtained from Cam-
bridge Isotope Laboratories, Inc. (stated purity 99 and 98%,
respectively). All samples were used as delivered.
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Before considering the present results, we note that in
DNA the deoxyribose unit is present as a furanose five-
membered-ring structure with the C1 position connected to
the DNA base through the glycosidic C�N bond and the C5
position to the phosphate group through the C�O bond. The
nucleotide is then formed from its building blocks (base–
sugar–phosphate) by a condensation reaction releasing two
H2O molecules. In gas-phase experiments it was demon-
strated that ribose and deoxyribose exist in the six-membered
ring form (pyranose form).[17] It was shown that the crystalline
structure of pentose sugars (the pyranose form) is in fact
preserved in the course of thermal evaporation, and we hence
assume that in the present experiments the ribose molecule is
present as a six-membered ring. Owing to the availability of
isotopic labeling we use ribose instead of deoxyribose. This
should not affect the general conclusions since ribose,
deoxyribose,[14] and fructose[18] all show a rather similar
fragmentation behavior in the way that electrons at very
low-energies decompose the respective molecule by the loss
of one or more water molecules as well as C-containing
neutral units.

From the selected DEA spectra shown in Figure 1,
Figure 2, and Figure 3 it is immediately obvious that ribose

(C5H10O5, 150 amu) and its isotopically labeled analogues
show a unique and surprisingly rich fragmentation behavior in
the course of electron interaction at very low energies
(< 1 eV). In a tentative reaction scheme [Eqs. (1)–(6)] we
list the dominant negative fragment ions as observed from
nonlabeled ribose in the order of decreasing mass numbers.

C5H10O5
�# corresponds to the transient anion formed

upon electron capture. The reactions result from the loss of
one or more neutral water units as well as the excision of one

and more C-containing units from
the target molecule. Since we do
not observe a measurable change
of the relative intensity between
light and heavy fragment anions
when the temperature is increased
to 410 K we can assume that the
gaseous sample consists com-
pletely of intact ribose molecules.

Figure 1. Ion yields obtained from [5-13C]ribose and [1-13C]ribose at
133 amu (C5H8O4

�) and 115 amu (C5H6O3
�) due to the loss of one

and two water molecules, respectively.

Figure 2. Ion yields from ribose (left) at 101 amu (C4H5O3
�) and

102 amu (C4H6O3
�) arising from the excision of a carbon-containing

unit. In [1-13C]ribose (right) the signal is shifted by one mass unit,
while in [5-13C]ribose (middle) this is not the case.

Figure 3. Ion yields at 71 amu (C3H3O2
�) and 72 amu (C3H4O2

�)
arising from the excision of two C atoms. In [5-13C]ribose (left) the
situation corresponds to that in nonlabeled ribose (not shown), while
in [1-13C]ribose (right) and [C,1-D]ribose (not shown) the signal is
shifted by one mass unit.

e� + C5H10O5 ! C5H10O5
�# ! C5H8O4

� + H2O (132 amu) (1)
C5H10O5

�# ! C5H6O3
� + 2H2O (114 amu) (2)

C5H10O5
�# ! C4H5O3

� + 2H2O + CH (101 amu) (3a)
! C4H5O3

� + CO2 + 2H2 +H (3b)
C5H10O5

�# ! C3H4O2
� + CO2 + CH3OH + H2 (72 amu) (4)

C5H10O5
�# ! C2H3O2

� + CO2 + C2H6 + OH (59 amu) (5)
C5H10O5

�# ! HCOO� + neutral fragments (45 amu) (6)
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Since the present experiment yields only information on
the ionic products, the neutral decomposition channels
assigned in reactions (3)–(5) are tentative and refer to
reasonable and energetically favorable dissociation limits.
Also, the stoichiometric assignment of the ions can be
ambiguous; for example, the 101-amu anion (C4H5O3

�)
could also be assigned as C5H9O2

� . As we shall substantiate
below, however, experiments using the isotopically labeled
analogues immediately show that only C4H5O3

� is generated.
More importantly, isotopic labeling enables us to specify the
site of the target molecule involved in the reaction under
consideration.

The observation that free electrons with essentially no (or
little) energy can trigger such reactions is a remarkable result.
Water loss, for example, is associated with multiple bond
cleavages and formation of new bonds. On the other hand,
from the energetic point of view it has to be remembered that
sugar molecules are (thermodynamically) rather unstable
species with respect to the loss of water units; this can be
rationalized easily by considering the corresponding thermo-
dynamic values[19] (Table 1). Of course in the neutral system

such a reaction possesses large activation
barriers, and hence sugar molecules can be
considered as stable compounds also on a
macroscopic time scale. Obviously, the pres-
ence of an excess electron changes the situa-
tion completely, as the transient anion decom-
poses into all the negatively charged frag-
ments indicated above on a microscopic time
scale. In this case, the electron affinity (which
is not known for the larger of the observed
anions) will further energetically drive the
reaction. It must be emphasized that all the
anionic fragments are simultaneously detected
within the time window of the present experi-
ment extending from 0 (formation of the
transient ion) to 8–20 ms corresponding to
the (mass-dependent) traveling time of an
ion from the reaction zone to the entrance of
the mass spectrometer.[15] Ions decomposing
within the quadrupole will strike the rods and
will not be detected.

We do not have direct information on the neutral products
or the question to what degree the underlying reactions are
sequential or concerted. A further point concerns the
mechanism of electron attachment. In the usual picture of
resonances, electron attachment is pictured as accommoda-
tion of the extra electron into virtual MOs. In ribose these are
s* MOs which, however, are expected to be located at
considerably higher energies within in the Franck–Condon
region. It is therefore likely that a description by the usual
resonance mechanism may no longer apply for the present
system (see below).

In ribose the loss of one and two neutral water units is
observed on the ion signals appearing at 132 and 114 amu,
respectively (not shown here). With [5-13C]ribose and
[1-13C]ribose (Figure 1) the ion signals are completely shifted
to 133 and 115 amu as expected. Figure 1 shows, however, a
noticeable difference in the width of the corresponding ion
yield curve between the two isotopes which is probably
related to the mechanism of anion formation (see below).
More interestingly, by taking the C,1-D isotope (not shown
here) the signals are also shifted to 133 and 115 amu,
respectively, indicating that the C,1-D site is not involved in
the abstraction of the neutral water units. We hence propose a
sequential and/or concerted abstraction of the two water units
according to Scheme 1 with the excess electron finally
residing in a p*-type orbital of the corresponding cyclic
structure.

Figure 2 shows the ion yields in the vicinity of 101 amu
[Eq. (3)] for ribose and the 13C-labeled isotopes. Obviously
the nonlabeled molecule (left) also generates a comparatively
smaller signal (� 25%) at 102 amu which is to some extent
due to the natural 13C isotopes (4%) of C4H5O3

� . The
majority of the intensity, however, has to be assigned to the
ion C4H6O3

� associated either with the neutral channel
2H2O + C or CO2 + 2H2. With the [5-13C]ribose (middle)
the relative intensity between 101 and 102 amu remains

Table 1: Heats of formation (DHf8) for some compounds relevant to the
present reactions.[a]

Compound DHf8 [kJmol�1]

C5H10O5 (d-ribose, solid) �1050
C5H8O4 (pentanedioic acid, solid) �960
H2O (liquid) �242
H2O (gas) �286
C (gas) 717
CH (gas) 594
CO2 (gas) �394
CH3OH (liquid) �239
CH3OH (gas) �201
H 218

[a] Taken from reference [19].

Scheme 1. Sequential decomposition of the ribose transient negative ion (and its labeled
analogues) formed by low-energy electron attachment. Alternate concerted reaction pathways are
indicated by the dotted arrows (see text).
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unchanged. This shows that 1) the reaction exclusively
proceeds by the loss of 5-13C and 2) the alternate stoichio-
metric composition mentioned above (C5H9O2

�) can be
excluded. Accordingly, by using [1-13C]ribose (right), the
signal at 101 amu completely disappears (within the detection
limit) in favor of the signal at 102 amu (and 103 amu) which
complements the above conclusion that only the C5 atom is
excised while the 1-13C atom remains on the negative-ion
fragment. There are two more noticeable effects, namely,
1) the considerably broader resonance feature in the signal
from the 1-13C isotopomer (similar to Figure 1) and 2) the
different relative intensities between the neighboring masses.
The broader ion yield cannot be attributed to the slightly
different energy resolution (120 meV in [1-13C]ribose com-
pared to 90 meV in [5-13C]ribose, see also the SF6

� calibration
curve) and its origin is not yet clear. With [C,1-D]ribose the
signals appear at 102 and 103 amu (at essentially the same
intensity ratio as the nonlabeled compound and the 5-13C-
labeled ribose) while there is no detectable signal at 101 amu.

We can hence conclude that the ion C4H5O3
� appears

from a reaction in which the C5 atom of the original molecule
is excised while the C1 atom and the hydrogen (deuterium) at
the C1 position remain on the negative ion. Within the
detection limit of the present experiment, this decomposition
is completely selective. For the deuterated compound this
selectivity is remarkable as one could expect some kind of
hydrogen scrambling as often observed in mass spectrometry.
On the other hand, it has to be noted that the transient anion
of formic acid generated at low energy is not subject to
hydrogen scrambling as previously shown in DEA to the
isotopomers HCOOD and DCOOH.[20]

From the thermodynamic point of view a sequential
reaction creating the C4H5O3

� fragment at 101 amu (with the
tentative structure shown in Scheme 1) and with the neutral
channel consisting of 2H2O + CH is rather unfavourable,
while a concerted reaction associated with CO2 + 2H2 + H
is appreciably lower in energy (Table 1). For the fragment at
102 amu, the neutral channel becomes CO2 + 2H2, which is
several hundred kJ below the alternate channel 2H2O + C. It
remains to be explored what kind of isotope effect is
responsible for intensity ratio between 102 and 103 amu
arising from the decomposition of the 1-13C isotopomer.

Figure 3 shows a selection of ion yields around 71 and
72 amu [Eq. (4)], which arise from the excision of two carbon
atoms. The [5-13C]ribose (left) shows the same behavior as
nonlabeled ribose (not shown here), namely signals at 71 and
72 amu at approximately the same level of intensity, while in
[1-13C]ribose (Figure 3 right) and also in [C,1-D]ribose (not
shown here) the signals are nearly completely shifted to 72
and 73 amu. We can therefore conclude that the final
fragments C3H3O2

� and C3H4O2
� must contain the initial

1-13C atom or the D atom from the original C1 position,
respectively. In addition, the particular behavior concerning
the broadening of the resonance curve when it originates from
the ribose 1-13C isotope is also preserved on this ion signal. As
can be seen from Figure 3 there is now a small signal at
71 amu from the 1-13C isotopomer. This indicates that the
selectivity is no longer complete, but a small percentage of the
reaction also proceeds by excision of the 1-13C atom.

If one continues the line along decreasing masses we
always find analogous behavior, namely, a remarkable
selectivity in the way that both the 1-13C isotope and the D
atom originally attached to the C1 site are found on the final
ionic product. The initial complete selectivity, however, is
slightly degraded towards lower mass units.

Scheme 1 presents a reaction scheme (ending at the 59-
amu ion) based on a sequential reaction mechanism. As
considered above, the decomposition processes yielding the
lighter fragments may rather proceed along energetically
more favorable concerted reaction pathways. Apart from the
structure of the 59-amu fragment indicated in Scheme 1, the
acetate anion CH3COO� is also known as a stable negative
ion.[21]

We finally note that low-energy electron attachment to
ribose generates a number of more ionic fragments at low
electron energies, namely at 107 amu (C3H7O4

�/C2H3O5
�),

46 amu (CH3CH2OH�/CH2O2
�), and 17 amu (OH�). O�

(16 amu) is also observed but only via resonant structures in
the energy range above 6.5 eV. Ions at 46 amu were also
observed in acetic acid[21] and propanoic acid,[22] but the
geometrical and electronic structure of this compound has not
been identified so far. It is interesting to note that ribose
exhibits an additional resonance in the energy range around
7 eV which (apart from O�) also decomposes into some of the
larger fragment ions. It appears, however, that the decom-
position of this excited transient anion is not as selective as
that observed for the transient anion generated below 1 eV, as
will be described and discussed in a forthcoming publica-
tion.[23]

The low-energy process discussed here must be associated
with shape resonances, that is, accommodation of the extra
electron into a virtual MO, leaving the initial electronic
configuration unchanged. The energy of the relevant s* MOs,
on the other hand, are expected at higher energies and may
thus not directly be accessed by Franck–Condon transitions. It
is not known whether vibrational Feshbach resonances
(VFR), acting as doorways for DEA or other mechanisms,
are responsible for the mechanism of electron attachment to
sugars. For the DNA/RNA bases thymine and uracil a VFR
(supported by the large dipole of the molecule) that couples
to s* valence states was proposed as the mechanism for DEA
at 1 eV.[11] In any case, the electronic structure of the
precursor ion seems to have a strong tendency to localize
the excess charge in the initial molecule towards the site
around the C1 atom.

In conclusion from the data presented here it can be seen
that ribose is appreciably sensitive towards the attack of very
low energy electrons as it decomposes by the loss of water
molecules and also by the excision of C5 (and more C-
containing units) associated with the degradation of the cyclic
structure. The decomposition is remarkably site selective in
the way that C5 is excised while the excess charge is localized
on the C1 site. Under the assumption that the gas pressure
measured at the ionization gauge at one of the flanges
behaves similarly for SF6 and the gas-phase ribose molecules
(with respect to the pressure in the reaction zone), we can
estimate the absolute cross section for a particular DEA
reaction by taking the known absolute electron attachment
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cross section for thermal electron attachment to SF6 generat-
ing SF6

� (2.5 " 10�18 m2[24,25]). This procedure results in
absolute DEA cross sections for the above processes in the
range of 10�21–10�20 m2, which is close to the geometrical cross
section of a ribose molecule.

For the problem of the molecular mechanism of DNA
damage by electrons it appears that the sugar itself presum-
ably plays the most active role as a scavenger for low-energy
electrons. Both the isolated DNA bases and also the
phosphate group[23] are active electron scavengers, however,
at energies appreciably above 0 eV. It remains to be inves-
tigated to what degree the presently studied DEA reactions
are preserved when sugar is coupled to the phosphate group
and to what degree the C5�O bond is involved. Rupture of
the C5�O sugar–phosphate bond would represent a single-
strand break, and as demonstrated here the C5 atom is
selectively excised from isolated ribose.
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Cell proteins and peptides in eukaryotes are generally
produced by means of ribosomal peptide synthesis. In
contrast, prokaryotes employ a completely different mecha-
nism comparable to polyketide synthesis.[1] This nonribosomal
peptide synthesis enables the lower organisms to generate a
high diversity of peptide structures. Therefore, their metab-
olites often contain rather exotic amino acids, such as d- and
N-methylated amino acids, which are often incorporated into
cyclic peptides.[2] A typical example is cyclosporin C, an
immunosuppressant used after organ transplants (Figure 1).[3]

In general, these secondary metabolites show interesting
biological properties, and because of that, flexible synthetic
protocols for structure–activity investigations are highly
desirable. Besides the classical peptide syntheses, the modi-
fication of peptides is an interesting, alternative approach.
While the modification of a functionalized side chain is not
really that difficult,[4] the direct introduction of a side chain
into a given peptide is far from trivial, especially with respect
to the stereochemical outcome of the reaction. In principle,
peptide-incorporated glycine cations,[5] radicals,[6] and anions
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can be generated as reactive intermediates for further
modifications. Especially the last approach was investigated
intensively by Seebach et al.[7] Probably the most spectacular
success was the regio- and stereoselective alkylation of the
sarcosin (Sar) subunit in cyclosporin.[8] In this case, one face of
the enolate is shielded by the deprotonated peptide ring, and
therefore the attack of the electrophile occurs preferentially
from the opposite face. In comparison, modifications of linear
peptides proceed unselectively, giving rise to diastereomeric
mixtures.

Our group has also been investigating stereoselective
peptide modifications for some time. Our goal is to transfer
the chiral information of a given peptide chain via metal–
peptide complexes to the newly formed stereogenic center.[9]

A first successful example was the Claisen rearrangement of a
peptide enolate which provided allylated peptides in high
yields. Depending on the protecting group (PG) and chelating
metal salt (MXn) used, the diastereoselectivity was good to
excellent and the S,R diastereomer was always formed
preferentially (Scheme 1).[10] . The diastereoselectivity may
be explained by a highly ordered chair-like transition state
and the likely multiple coordination of the chelating metal to
the peptide chain, ,[11] resulting in a one-sided shielding of the
peptide enolate.

As we were interested to see whether this concept can also
be applied to intermolecular modifications, we investigated
the alkylation of tosyl- and tert-butoxycarbonyl(Boc)-pro-
tected leucine peptides 3 with several alkylating agents
(Table 1). To determine the configuration of the new stereo-
genic center, we introduced preferentially alkyl groups
corresponding to the natural proteinogenic amino acids, or
those which can be interconverted easily into these. We found
that both protecting groups are suitable. In general, the Boc
protecting group gave the best yields, the tosyl group the best

selectivities. With respect to the chelating metal salt, many
different salts (MgCl2, CoCl2, NiCl2, MnCl2) can be used, but
ZnCl2 gave the most reproducible results. Like to the Claisen
rearrangement, the S,R products were formed preferentially.
Besides alkyl and allyl halides also carbonyl compounds could
be used with comparable results (Table 1, entry 7). In this case
diastereomeric ratios (d.r.) up to 9:1 could be obtained.

Since some time we have also been investigating palla-
dium-catalyzed allylic alkylations of chelated enolates,[12] and
therefore it was obvious to investigate this reaction also with
deprotonated peptides of type 3 as nucleophiles. This is not a
trivial issue, because peptides are known to form relatively
stable complexes with palladium,[11] which might result in
complexation and deactivation of the catalyst. But we hoped
that in the case of the metal peptide complexes this might not
be a major problem. Therefore, we also investigated the
reaction of our model peptides 3a/b with methallyl carbonate
9 in the presence of Pd0 and found that in this case the Boc
derivative 3a gave the best selectivity (Table 1, entry 8) and
the tosyl derivative 3b the best yield (Table 1, entry 9).

After our good experience with N-trifluoroacetylated
amino acid esters, we also used this protecting group on our
model peptide. Indeed, the best yield was achieved with 3c
(Table 1, entry 10). In principle, the yields obtained in the
allylic alkylation were comparable to those using allyl
bromide (Table 1, entries 5 and 6), although in the Pd-
catalyzed version a side product formed: the corresponding
ethyl ester resulting from a nucleophilic attack of the
liberated EtOH (from the allylic carbonate) onto the terminal
ester functionality.

To suppress this side reaction and to increase the yield we
switched to the more stable tert-butyl ester 10a (Table 2). For
complete conversion of the peptide we used an excess of 9. At
least 3 equiv of base were required for peptide enolate
formation (two for the acidic NH groups, one for the enolate).

Figure 1. Cyclosporin C; Sar=sarcosin subunit.

Scheme 1. Chelatenolate Claisen rearrangement of peptides. R= alkyl;
R’=alkyl, aryl. LDA= lithium diisopropylamide, PG=protecting group.

Table 1: Stereoselective modifications of dipeptides 3.

Entry Substr. PG RX Prod. Yield [%] d.r.[a]

1 3a Boc MeI 4a 92 50:50
2 3b Ts MeI 4b 70 85:15
3 3a Boc BnBr 5a 50 60:40
4 3b Ts BnBr 5b 53 85:15
5 3a Boc 6a 73 50:50

6 3b Ts 6b 63 90:10

7 3b Ts 7b 60 88:12

8 3a Boc 8a 61 85:15

9 3b Ts 8b 75 76:24

10 3c TFA 8c 82 73:27

[a] S,R/S,S. [b] The catalyst was 1 mol% [{(allyl)PdCl}2] ; E=COOEt, Ts=
tosyl, TFA= trifluoroacetate.
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Variation of the amount of base used indicated that a slight
excess of base increases the yield, while a large excess is
counterproductive. Therefore, we carried out all reactions in
the presence of 3.5 equiv of base. Interestingly, with the tert-
butyl ester 10a the selectivity was superior to that of the
corresponding methyl ester 3c (Table 1, entry 1). For exam-
ple, with the phenylalanine derivative 10b a diastereomeric
ratio of 9:1 could be obtained, and this in a very high yield
(Table 2, entry 2). Owing to the high reactivity of the chelated
enolates, the reactions started at temperatures as low as
�78 8C and were complete after warming up to �50 8C. One
might expect that the selectivity should increase with growing
steric bulk of the inducing amino acid. Therefore, we also
investigated the tert-leucine (Tle) derivative 10c, and indeed,
the highest selectivity was obtained in this case, although the
yield was a little lower (Table 2, entry 3).

The last parameter of optimization that we varied was the
ratio of peptide enolates to allylic carbonate 9. When the
peptide enolate was used in excess, not only the yield but also
the selectivity increased significantly (Table 2, entries 1 and
4–6). The optimal peptide enolate/allyl carbonate ratio was
found to be 1.5:1. Under these optimized conditions both
yields and the selectivities were about 90% (Table 2, entry 5).
To illustrate the broad applicability of this protocol we
allylated a wide range of other dipeptides. And indeed, under
the new, optimized conditions excellent yields were achieved
with the phenylalanine peptide 10b (Table 2, entry 7), and
even the tert-leucine derivative 11c was obtained in good
yield (Table 2, entry 8). The results with the protected
tyrosine derivative 10d were similar (Table 2, entry 9).
While the diastereoselectivity obviously depends on the
steric bulk of the inducing amino acid, it was interesting to
see how much the selectivity drops when only “small” amino
acids were incorporated into the peptide. But even with the
alanine derivative 10c the diastereoselectivity still reached

83% (Table 2, entry 11). Other amino acids with linear side
chains, such as methionine, gave better results (Table 2,
entry 12). The lowest selectivity so far was obtained with the
serine derivative 10g, but in this case both the yield and the
selectivity could be increased without any problem by using a
sterically more demanding protecting group (Table 2,
entry 13).

In reactions of peptides with functionalized side chains,
such as 10 f and 10g, coordination of the catalyst to the side
chain might be an option theoretically and would result in the
opposite S,S diastereomer as the favored product. In all
examples investigated so far, however, the S,R diastereomer
was the major isomer, as determined by HPLC of the
hydrogenated allylation products.[13] To illustrate that this
concept is suitable for the introduction of several types of side
chains, we also varied the allylic carbonates used (Scheme 2).

In all examples investigated the yields and the selectivities
were excellent. For example, with the cinnamyl carbonate 12
the linear substitution product 13 was formed exclusively. In
contrast, the reaction of the alkyl-substituted carbonate 14
can be expected to give the regioisomeric products 15a and
15b, but also in this case the linear product was 15a formed
preferentially.

In conclusion, we could show that palladium-catalyzed
allylic alkylation is an excellent tool for the stereoselective
modification of peptides. The selectivities obtained are in the
range of 80–90%. Reactions using chiral p-allyl palladium
complexes and those in the presence of chiral ligands as well
as applications to natural product synthesis are currently
under investigation.

Experimental Section
11b : In a Schlenk tube hexamethyldisilazane (233 mg, 1.44 mmol)
was dissolved in abs. THF (2.0 mL) under argon. After the solution
had been cooled to �78 8C, a 1.6m solution of nBuLi (0.82 mL,
1.31 mmol) was added slowly. The solution was stirred for 10 min
before the cooling bath was removed and the solution was stirred for a
further 10 min. In a second Schlenk flask ZnCl2 (57 mg, 0.42 mmol)
was dried with a heat gun under vacuum. After the solution had been
cooled to room temperature, a solution of (S)-Tfa-Phe-Gly-OtBu
(140 mg, 0.375 mmol) in THF (2 mL) was added. The freshly

Table 2: Palladium-catalyzed allylic alkylation of dipeptides 10.

Entry Substr. AA Equiv 9 Prod. Yield [%][a] d.r.[b]

1 10a Leu 2 11a 76 84:16
2 10b Phe 2 11b 82 90:10
3 10c Tle 2 11c 59 92:8
4 10a Leu 0.85 11a 77 90:10
5 10a Leu 0.7 11a 89 90:10
6 10a Leu 0.5 11a 91 90:10
7 10b Phe 0.7 11b 92 93:7
8 10c Tle 0.7 11c 73 93:7
9 10d Tyr-OMe 0.7 11d 93 92:8
10 10e Ala 0.7 11e 85 83:17
11 10 f Met 0.7 11 f 60 90:10
12 10g Ser-OBOM[c] 0.7 11g 71 81:19
13 10h Ser-OTBDPS[c] 0.7 11h 98 92:8

[a] Yield determined relative to the minor component. [b] S,R/S,S.
[c] Tle= tert-leucine, BOM=benzyloxymethyl, TBDPS= tert-butyldiphe-
nylsilyl.

Scheme 2. Stereoselective allylations of peptides. LHMDS= lithium
hexamethyldisilazanide.
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prepared LHMDS solution was cooled again to �78 8C before the
peptide/ZnCl2 solution was slowly added. A solution of
[{(allyl)PdCl}2] (1.8 mg, 5.0 mmol), PPh3 (5.9 mg, 22.5 mmol), and
methallyl ethylcarbonate (36 mg, 0.25 mmol) was prepared in THF
(0.5 mL). This solution was added to the enolate at �78 8C. The dry
ice was removed from the cooling bath, and the reaction mixture was
allowed to warm to �50 8C over 2 h before it was diluted with ether
and hydrolyzed with 1m HCl. After the reaction mixture was allowed
to warm to room temperature, the layers were separated and the
aqueous layer was extracted twice with ether. The combined organic
layers were dried (Na2SO4), the solvent was evaporated in vacuo, and
the crude product was purified by flash chromatography (silica gel,
hexanes/EtOAc 92:8). Yield: 99 mg (0.231 mmol, 92%) 11b as a
white solid, m.p. 113–1148C. 1H NMR (500 MHz, CDCl3): d= 1.35 (s,
9H) 1.63 (s, 3H), 2.20 (dd, J= 7.9, 6.3 Hz, 2H), 2.27 (dd, J= 7.6,
6.3 Hz, 2H), 3.03 (d, J= 6.9 Hz, 2H), 4.41 (dt, J= 7.9, 6.3 Hz, 1H),
4.56 (s, 1H), 4.64 (dt, J= 7.6, 6.7 Hz, 1H), 4.71 (s, 1H), 6.33 (d, J=
7.9 Hz, 1H), 7.22–7.11 (m, 5H), 7.56 ppm (d, J= 7.6 Hz, 1H).
13C NMR (125 MHz, CDCl3): d= 21.71, 27.88, 38.56, 40.61, 51.13,
54.69, 82.62, 114.63, 116.33 (q, 106 Hz), 127.42, 128.77, 129.25, 135.30,
140.29, 156.62 (q, 37.2 Hz), 168.78, 170.46 ppm. HRMS (CI): calcd for
C23H30N2F3O4 [M+H]+: 429.1992; found: 429.2041; HPLC (Reprosil
100 Chiral-NR 8 mm, hexane/iPrOH 99.5:0.5, 1.5 mLmin�1, l=
209 nm): t(S,S)= 16.65 min, t(S,R)= 22.07 min; d.r. 93:7.
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enon of semiconductors.[3–5] Moreover, cluster molecules can
act as model systems for addressing delicate questions in
catalysis science by giving insight into unique coordination
modes and reactivities.[6, 7] In organometallic cluster chemis-
try, trailblazing structural reports such as those of the
inorganic fullerene-like molecule [{Cp*Fe(h5:h1:h1:h1:h1:h1-
P5)}12{CuCl}10{Cu2Cl3}5{Cu(CH3CN)2}5]

[8] and low-valent alu-
minum complexes [Al50Cp*12]

[9a] or [SiAl14Cp*6]
[9b] bear

witness to the uniqueness of the ubiquitous cyclopentadienyl
ancillary ligand environment in d-transition-metal and main-
group-metal chemistry (Cp*=C5Me5).

[10] Because of its steric
bulk, rigidity, and thermal and chemical stability, the Cp li-
gand and its substituted variants are also ideal for cluster
design/stabilization involving the large oxophilic rare-earth
metal ions, which participate predominantly in ionic bond-
ing.[11] While hydrolysis- or oxophilicity-driven cluster for-
mation meanwhile includes numerous structurally character-
ized examples—Ln nuclearities as high as 15, as in [Eu15(Cl)-
(m3-Tyr)10(m3-OH)20(m2-H2O)5(OH)12(H2O)8][ClO4]2·56H2O
(Tyr= tyrosine), were identified[12,13]—the feasibility of Cp-
derived organolanthanide clusters is directed by the ratio Cp/
Ln< 2.[11] Accordingly, half-lanthanidocene complexes
should exhibit prolific cluster chemistry.[14] Table 1 summa-
rizes such half-sandwich clusters, which are highlighted by
[(Cp)12Sm12(m3-Cl)24] and [{(Me4CpSiMe3)Ln(m-H)2}4] (Ln=
Y, Lu).[15–36] The latter hydrido clusters are rare examples of
organolanthanide clusters which feature highly reactive
ligands.[35]

Recently we described a convenient method for the
synthesis of half-sandwich complexes [Cp*Ln(AlMe4)2] (1),
which comprise small and large rare-earth-metal centers.[37]

The study herein shows that such well-defined, thermally
stable, and highly soluble bis(aluminate) complexes offer
access to unprecedented heteroleptic organolanthanide clus-
ter chemistry. Compared to the lanthanidocene-based
[Cp*2Sm(thf)x]/R2AlCl and [Cp*2LnCl]/R3Al (Ln=Y, Sm;
R=Me, Et, iBu) reaction mixtures, which produce homo-
(“Ln(m-Cl)2AlR2”) and heterobridged (“Ln(m-R)(m-
Cl)AlR2”) moieties,[38] the half-lanthanidocene system 1/
Me2AlCl leads to intrinsic AlMe4/Cl ligand exchange and
variable Ln nuclearity, depending on the size of the
LnIII metal. Furthermore, the “open” coordination sphere of
monocyclopentadienyl complexes facilitates novel coordina-
tion modes of the AlMe4 ligand.

Treatment of [Cp*Ln(AlMe4)2] (1a : Ln=Y, 1b : Ln=La,
1c : Ln=Nd) with varying amounts of Me2AlCl in hexane led
to crystalline materials of net composition [Cp*Ln-
(AlMe4)x(Cl)y] (2 : Ln=Y, x= y ; 3 : Ln=La, y= 2x ; 4 : Ln=
Nd, y= 9x) as indicated by elemental analysis (Scheme 1).
Though the white and bluish materials obtained for the larger
rare-earth-metal centers are completely insoluble in benzene
and toluene, the colorless yttrium derivative 2 slightly
dissolves in aromatic solvents. The 1H NMR spectrum of 2
in C6D6 revealed Cp* (d= 1.91 ppm) and AlMe4 signals (d=
�0.15 ppm) which were slightly shifted to higher field relative
to the precursor compound 1a (d= 1.76 and �0.34 ppm),
albeit with the same 2JY,H coupling constant of 2.4 Hz as for
1a. The sharp doublet of the aluminate group is indicative of a
highly fluxional behavior with fast exchange of bridging and

terminal methyl groups. Molar ratios of 1a/Me2AlCl< 0.9 in
the reactions gave increasing amounts of amorphous white
solid, which was not further characterized. Examination of
the hexane-soluble fractions by NMR spectroscopy only
revealed AlMe3 as a coproduct as well as unreacted 1 and
Me2AlCl. Complexes 2–4 were further characterized by the
signal patterns of their IR spectra, which featured few bands
and weak signal intensities, and their solid-state structures.

X-ray structure analysis of complex 2 revealed the dimeric
complex [{Cp*Y[(m-Me)2AlMe2](m-Cl)}2] (Figure 1) with for-
mally heptacoordinate yttrium centers and a rare combina-
tion of homometal-bridging chloride ligands and h2-coordi-
nated aluminate ligands (Al1 lies �0.207(3) I out of the

Table 1: Structurally characterized half-sandwich organolanthanide
clusters.

Formula Ref.

oxide/chalcogenide/hydroxide
[Pr4Cp2(acacen)4(m-OH)2]

[a] [15]
[Nd4Cp2(saltn)4(m-OH)2]

[a] [15]
[Yb4Cp*5(m4-O)(m3-Cl)(m-Cl)6(Et2O)2] [16]
[Nd4Cp4(m4-O)(m-CH3)2(m-Cl)6][Li(dme)3]2 [17]
[Yb5Cp*5(m3-O)(m3-Cl)(m-Cl)7] [18]
[Yb5Cp5(m5-O)(m3-OCH3)4(m-OCH3)4] (Ln=Yb, Gd) [19]
[Sm6Cp*6O3(OH)6] [20]
[Sm6Cp*6Se11] [21]

(pseudo)halide
[K{(C5Me5Yb)3Cl8K(dme)2}2][K(dme)3] [22]
[Yb5Cp*6(m4-F)(m3-F)2(m-F)6] [23]
[Nd6(2,4-C7H11)6Cl12(thf)2]

[b] [24]
[Yb6(C5Me4SiMe2tBu)6(m3-I)8][Li(thf)4]2

[c] [25]
[Yb6(C5HiPr4)6(m1,1’-N3)2(m1,3-N3)10(m1,1’,3-N3)2][Na(dme)3]2 [26]
[Yb3Cp3(m3-Cl)2(m-Cl)3(thf)3][Yb6Cp6(m6-Cl)(m-Cl)12] [27]
[Sm12Cp12(m3-Cl)24] [27]

(boro)hydride
[Lu4(C5H3tBu-1,3)4H4][AlH4(OEt2)]2[AlH4]2 [28]
[Ln6(C5Me4nPr)6(BH4)(12�x)Clx(thf)n] (Ln=Sm, Nd; x=0, 5, 10) [29]
[Y4(C5Me4SiMe2PC6H11)4(m-H)4] [30]
[Ln4(C5Me4SiMe3)4(m-H)8](thf)n (Ln=Lu, Y)[d] [31]
[Sm6Cp*5(m-H)12][(m-H)K(thf)2]3 [32]

alkyl(aluminate)
[La3Cp*3(m-h

2 :h6:h6-C16H10)(m-Cl)3(thf)]
[e,f ] [33]

[Y3Cp*3(m-Me)6]
[f ] [34]

[Cp*4Y4(m2-CH3)2{(CH3)Al(m2-CH3)2}4(m4-CH)2]
[f ] [34]

[Nd5Cp*5{(m-Me)3AlMe}(m4-Cl)(m3-Cl)2(m-Cl)6] (4) [g]
[La6Cp*6{(m-Me)3AlMe}4(m3-Cl)2(m2-Cl)6] (3) [g]

[a] H2acacen=bis(acetone)ethylenediamine, H2saltn=bis(salicylide-
ne)trimethylenediamine. [b] 2,4-C7H11=2,4-dimethylpentadienyl. [c] YbII

center. [d] Subsequent reactions gave imido clusters [Lu4(C5Me4SiMe3)4-
(m-NCH2C6H5)4] and [Y4(C5Me4SiMe3)4(m-NCH3)4(m-NCC6H5)4] as well as
partially exchanged hydrido clusters [Y4(C5Me4SiMe3)4(m-H)7(C7H7)],
[Y4(C5Me4SiMe3)4(m-H)4(Me3SiCCHCHCSiMe3)], [Y4(C5Me4SiMe3)4-
(m-H)2(m3-O)(Me3SiCCHCHCSiMe3)], [Lu4(C5Me4SiMe3)4(m-H)2(O-
(CH2)4O)] and completely exchanged clusters [Y4(C5Me4SiMe3)4(m3-
O)2(Me3SiCCHCHCSiMe3)], [Y4(C5Me4SiMe3)4(m-CH2O2)2(Me3Si-
CCHCHCSiMe3)] , [Y4(C5Me4SiMe3)4(m-CH2O2)(m-CO3)(Me3SiCCHCHC-
SiMe3)], and [Y4(C5Me4SiMe3)4(m-CO3)2(Me3SiCCHCHCSiMe3)] .

[35]

[e] Deprotonated pyrene ligand. [f ] Metal-ring arrangement. [g] This
work.

Angewandte
Chemie

4859Angew. Chem. Int. Ed. 2006, 45, 4858 –4863 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


least-squares C3-Y1-C4 plane).[39] The average Y�C(m-Me)
bond length (2.573 I) is slightly larger than that in hexacoor-
dinate [Y(AlMe4)3] (2.508 I).[40] The Y�Cl bond lengths
(2.6326(9), 2.7177(9) I) are comparable to the corresponding
bond lengths for the bridging chloro ligand in hepta-/
octacoordinate [Cp*2Y(m-Cl)YCp*2Cl] (2.640(5),
2.776(6) I).[41]

Lanthanum complex 3 was reproducibly obtained as
colorless crystals for a relatively wide range of La/Al ratios,
and the reaction with 0.9 equivalents of Me2AlCl gave an
almost quantitative yield (Scheme 1). Three independent X-
ray crystallographic studies[39] proved the formation of the
hexalanthanum cluster [Cp*6La6{(m-Me)3AlMe}4(m3-Cl)2(m2-
Cl)6] (Figure 1) and, hence, an “over-exchange” of aluminate
ligands. The La6Al4 hetero-bimetallic cluster is composed of
two {Cp*3La3Cl4} subunits which are connected by a strand of
four AlMe4 ligands and can thus be described by the formula
[Cp*3La3Cl4]2(m-AlMe4)4. Each lanthanum center is octacoor-
dinate and bound by one Cp* ligand, three chloro ligands, and

two methyl groups of the aluminate strand. The bridging
chloro ligands are arranged in the form of a distorted
tetrahedron. The average La�Cl bond lengths of 2.8280 I
(m2-Cl) and 3.0444 (m3-Cl) are in the range of those in
[La3Cp*3(m-h

2:h6 :h6-C16H10)(m-Cl)3(thf)] (2.810(3)–
2.894(2) I).[33] Two lanthanum centers of each equilateral
La3 triangle are coordinated by an AlMe4 group in h2 mode.
The same two aluminate groups interact with the third
lanthanum center of the other La3 subunit in h1 fashion. The
planar LaMe2Al (Al1 lies 0.088(4) I out of the least-squares
C31-La1-C32 plane and Al2 0.045(4) I out of the least-
squares C37-La3-C38 plane) and almost linear La-Me-Al
(av. 170.08) hetero-bimetallic units combine to give an
unprecedented {La(m-Me2)Al(Me)(m-Me)La} hetero-trinu-
clear arrangement. The La�C(m-Me)[h1] bonds (2.950(3) I)
are significantly longer than the La�C(m-Me)[h2] bonds
(av. 2.795 I). For comparison, the La�C(m-Me) bond lengths
in [Cp*La{(m-Me)2AlMe2}2] range from 2.694(3) to
2.802(4) I.[37b] The Al�C bond lengths decrease gradually in
the order m-Me[h2] (2.042 I)> m-Me[h1] (2.013 I)> terminal
(1.967 I). Similar hexalanthanide (CpLn)6 cluster arrange-
ments have been isolated in the presence of borohydrido
coligands (Table 1).[29]

Blue-green single crystals of neodymium complex 4 were
obtained within one day from unstirred reaction mixtures.
Two independent X-ray crystallographic studies showed that
the pentanuclear neodymium cluster [Cp*5Nd5[(m-
Me)3AlMe](m4-Cl)(m3-Cl)2(m2-Cl)6] was formed with a low
Nd/Cl ratio of 1:1.7 (Figure 1).[39] Each neodymium center is
octacoordinate; however, three different neodymium envi-
ronments are observed. Four of the Nd atoms adopt a
butterfly arrangement with two different “Cp*NdCl5” coor-
dination polyhedra. The Nd4 unit is connected to the fifth
Nd atom through two m2-bridging chloro ligands, and the
pseudotetrahedral coordination geometry of this atom is
completed by a Cp* ligand and an AlMe4 ligand. A similar
cluster geometry was previously found in [Yb5Cp*6(m4-F)(m3-
F)2(m-F)6], in which fluoro instead of chloro ligands are
involved and the tetramethylaluminato ligand is replaced by a
second Cp* ligand.[23] The most striking feature of the Nd5Al
cluster is the h3-coordinated tetramethylaluminate group,
which has three similar Nd�C(m-Me) bond lengths (2.878(18),
2.875(16), 2.779(16) I) and a short Nd···Al separation of
2.920(5) I. These Nd�C bonds are significantly longer than
the h2-coordinated Nd�C(m-Me) bonds in hexacoordinate
[Nd(AlMe4)3] (av. Nd�C bond length: 2.592 I).[40] To our
knowledge, no structural evidence of a true h3 coordination of
an AlMe4 group to a lanthanide center has been reported so
far.[42] The average Nd�Cl bond lengths increase with the
degree of metal bridging in the order 2.775 (m2-Cl), 2.921 (m3-
Cl), and 2.980 I (m4-Cl) and are comparable to the range of
[(m2-Cl);(m3-Cl)] bond lengths in [Nd6(2,4-C7H11)6Cl12(thf)2]
(2.759(2)–2.934(1) I).[24]

In conclusion, complexes 2–4 feature rare examples of
alkali-metal-free organolanthanide complexes which contain
both alkyl and chloro ligands.[43] The open half-lanthanido-
cene coordination sphere facilitates new coordination modes
C and E of the tetramethylaluminate ligand (Figure 2), which
exhibit extremely long Ln�C bond lengths.

Scheme 1. Reaction pathways of [Cp*Ln(AlMe4)2] (1a : Ln=Y, 1b :
Ln=La, 1c : Ln=Nd) with Me2AlCl.
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We recently reported that the binary system [Ln-
(AlMe4)3]/Me2AlCl acts as a highly efficient initiator for
isoprene polymerization.[44] Those findings were in accord-
ance with a) chloro transfer to an alkylated rare-earth-metal
center as the crucial activation step and b) the fact that
neodymium is the most active rare-earth-metal center (“neo-
dymium effect”).[45] Our findings that subtle changes in rare-
earth-metal size considerably affect the AlMe4/Cl exchange

and coordination behavior of the AlMe4 ligand, might provide
more insight into the obscure neodymium effect. Both binary
[Ln(AlMe4)3]/Me2AlCl and commercially employed ternary
[Ln(carboxylate)3]/HAliBu2/Et3Al2Cl3 “Ziegler mixed cata-
lysts” initially produce a fine precipitate upon addition of the
chloro-ligand source which redissolves upon addition of diene
monomer.[44, 46] Clearly, such an activation scenario suggests
that cluster formation is part of the initiating steps.

Figure 1. Molecular structures of 2–4 (atomic displacement parameters set at the 50% level). Atoms of the Cp* groups are shown isotropically
with an arbitrary radius and without H atoms. Underlined atom labels indicate symmetry-related atoms. For 3 only the first of the two unique half
molecules is shown. For 4 the methyl groups of the cyclopentadienyl ligands at Nd1–Nd4 were omitted for clarity. Selected bond distances [O]
and angles [8]: 2 : Y1-Al1 3.0584(12), Y1-Cl1 2.6326(9), Y1-Cl1’ 2.7177(9), Y1-C3 2.554(3), Y1-C4 2.592(3), Y1-C(Cp*) 2.567(4)–2.610(4), Al1-C1
1.954(5), Al1-C2 1.897(4), Al1-C3 2.138(3), Al1-C4 2.106(4); Cl1-Y1-Cl1’ 82.14(3), Y1-Cl1-Y1’ 97.86(3), C3-Y1-C4 86.14(10), Y1-C3-Al1 80.83(9) C3-
Al1-C4 111.79(12). 3 : La1/4-Al1/3 3.3531/3.3534(11), La3/6-Al2/Al4 3.3186/3.3150(11), La1/4-Cl1/5 2.8355/2.8263(9), La1/4-Cl3/7 2.8170/
2.8179(10), La1/4-Cl4/8 3.0565/3.0504(8), La2/5-Cl1/5 2.8232/2.8049(9), La2/5-Cl2/6 2.8197/2.8153(9), La2/5-Cl4/8 3.0060/3.0067(7), La3/6-Cl2/
6 2.8439/2.8373(9), La2/6-Cl3/7 2.8284/2.8339(10), La3/6-Cl4/8 3.0708/3.0652(8), La1/4-C31/69 2.819/2.826(4), La1/4-C32/70 2.799/2.783(4),
La2/5-C34/72 2.950/2.955(3), La2/5-C36/74 2.950/2.938(3), La3/6-C37/76 2.790/2.774(4), La3/6-C38/75 2.771/2.784(4), La-C(Cp*) 2.728(3)–
2.819(4), Al1/3-C31/69 2.044/2.040(4), Al1/3-C32/70 2.042/2.040(4), Al1/3-C36/74 2.010/2.015(4), Al1/3-C33/71 1.969/1.976(4), Al2/4-C37/76
2.041/2.045(4), Al2/4-C38/75 2.042/2.044(4), Al2/4-C34/72 2.016/2.014(3), Al2/4-C35/73 1.965/1.963(4); La1/4–Cl1/5-La2/5 110.96/110.94(3),
La2/5-Cl2/6-La3/6 111.85/111.72(3), La1/4-Cl3/7-La3/6 113.19/113.07(3), La1/4-Cl4/8-La2/5 100.53/99.97(2), La1/4-Cl4/8-La3/6 100.55/100.88(2),
La2/5-Cl4/8-La3/6 101.05/100.80(2), La1/4-C31/69-Al1/3 85.61/85.52(1), C31/69-La1/4-C32/70 74.78/74.65(1), La2/5-C36/74-Al1/3 168.77/
168.84(2), La2/5-C34/72-Al2/4 170.70/171.63(2). 4 : Nd5-Al 2.920(5), Nd5-C51 2.878(18), Nd5-C52 2.875(16), Nd-C53 2.779(16), Nd-Cl(m2)
2.731(4)–2.809(4), Nd-Cl(m3) 2.866(4)–3.000(4), Nd-Cl(m4) 2.961(4)–3.005(4), Nd-C(Cp*) 2.650(15)–2.728(17); Nd5-C51-Al 70.7(5), C51-Nd5-C52
69.4(6), Nd5-Cl2-Nd1 132.48(15), Nd5-Cl6-Nd4 131.71(16), Cl2-Nd5-Cl6 119.44(12), Nd1-Cl9-Nd4 175.17(14), Nd2-Cl9-Nd3 91.00(10), Nd2-Cl4-
Nd3 94.89(11), Nd1-Cl3-Nd2 96.40(12) Cl1-Nd1-Cl3 143.54(12).

Angewandte
Chemie

4861Angew. Chem. Int. Ed. 2006, 45, 4858 –4863 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Experimental Section
2 : In a glovebox, [Cp*Y(AlMe4)2] (1a, 200 mg, 0.50 mmol) was
dissolved in hexane (5 mL). Without stirring, a solution of Me2AlCl
(452 mL, 1m in hexane, 0.9 equiv) was added at �35 8C. Within 5 h at
ambient temperature the product was obtained as colorless crystals
(77 mg, 49% based on Me2AlCl). After 7 days, an additional crop
(45 mg) was isolated from the solution, thus resulting in an overall
yield of 78%. The product was slightly soluble in toluene and
benzene. Impurities of [Cp*Y(AlMe4)2] were best separated from the
product by washing with small amounts of toluene. According to
1H NMR spectroscopic analysis, this transformation gave pure
products for 0.5–0.9 equiv of Me2AlCl. The product was also obtained
from a stirred reaction mixture as a white solid in good yield. IR
(nujol): ñ= 1211 (m), 1189 (m), 1169 (m), 1021 (w), 965 (w), 769 (w),
578 (w), 477 cm�1 (w); 1H NMR (400 MHz, [D8]toluene, 25 8C): d=
1.91 (s, 15H, Cp*), �0.16 ppm (d, 12H, AlMe4);

13C{1H} NMR
(100 MHz, [D8]toluene, 25 8C): d= 122.2 (C5Me5), 11.3 ppm (C5Me5).
Elemental analysis (%) calcd for C28H54Al2Cl2Y2 (693.416 gmol�1):
C 48.50, H 7.85; found: C 47.79, H 7.60.

3 : In a glovebox, [Cp*La(AlMe4)2] (1b, 200 mg, 0.45 mmol) was
dissolved in hexane (5 mL). Without stirring, a solution of Me2AlCl
(446 mL, 1m in hexane, 1 equiv) was added at �35 8C. The formation
of single crystals was observed within 30 min at ambient temperature.
Within 2 days the product was obtained as colorless crystals (130 mg,
> 95% based on Me2AlCl). According to elemental analysis and X-
ray analysis, the reaction resulted in the pure product for 0.5–
1.3 equiv of Me2AlCl. The product was also obtained from a stirred
mixture as a white solid in quantitative yield. IR (nujol): ñ= 1305 (m),
1190 (m), 1042 (m), 1027 (m), 967 (w), 769 (w), 722 (m), 702 (m), 623
(m), 585 (w), 532 cm�1 (w). Elemental analysis (%) calcd for
C76H138Al4Cl8La6·C6H14 (2363.119 gmol�1): C 41.68, H 6.48; found:
C 42.11, H 6.64.

4 : Following the above procedure, blue-green crystals (36 mg,
21% based on 1c) were obtained within 24 h from 1c (200 mg,
0.46 mmol) and Me2AlCl (528 mL, 1m in hexane, 1.2 equiv). Accord-
ing to the elemental analysis, the product was formed also by addition
of 1.2–1.7 equiv of Me2AlCl. IR (nujol): ñ= 1305 (m), 1190 (m), 1042
(m), 1027 (m), 967 (w), 769 (w), 722 (m), 702 (m), 623 (m), 585 (w),
532 cm�1 (w). Elemental analysis (%) calcd for C54H87AlCl9Nd5·C6H14

(1889.721 gmol�1): C 38.14, H 5.39; found: C 37.61, H 5.21.
Full experimental and physicochemical details for complexes 2–4

are available in the Supporting Information.
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Nanoscale luminescent materials are of increasing impor-
tance for established technologies (for example, displays,
lamps, and X-ray detectors),[1] and are essential for upcoming
applications. New applications of nanoscale phosphors
include transparent luminescent layers or markers (for
example, on metal, ceramics, plastics, or paper), luminescent
fillers in transparent matrices (for example, glass or plastics),
as well as biomedical applications such as fluorescence
resonance energy transfer (FRET) assays, biolabelling, opti-
cal imaging, or phototherapy.[2]

With quantum yields exceeding 50%, quantum dots of II–
VI or III–V semiconductors, and nanoparticles of rare-earth-
doped metal phosphates are the state-of-the-art luminescent
materials.[3] Core–shell structures have proven to be partic-
ularly favorable.[4] To obtain top-quality luminescent nano-
crystals, the synthesis must be performed at elevated temper-
atures (typically 150–250 8C) to minimize lattice defects.
Coordinating solvents or stabilizers (for example, trioctyl-
phosphine, octylphosphate, octylamine, thioglycerol, diethy-
lene glycol, oleic acid, or polyvinyl pyrrolidone) are necessary
to control the particle size and the degree of agglomeration,
and to protect the particle surfaces. A modification of the
resulting “synthesis-determined” surface conditioning
requires additional process steps and bears the risks of
colloidal collapse, agglomeration, and surface damage. All
things considered, the synthesis of luminescent nanocrystals is
often complicated and time-consuming. Toxic solids, solvents,
or stabilizers are frequently used. All of these issues can be
major limitations for potential technical applications.

Herein, we present a novel and facile synthesis of highly
luminescent LaPO4:Ce,Tb nanocrystals based on the use of
ionic liquids (ILs) as reaction media. In recent years, ILs have
attracted considerable interest, owing to their exceptional
features (for example, wide liquid range, thermal stability,
noncoordinating properties, electrochemical stability, and

adjustable solvent polarity).[5] ILs have also had a significant
impact on organic synthesis.[6] In contrast, an exploration of
their potential in the synthesis of nanocrystals has just
begun.[7]

Owing to the noncoordinating properties of ILs,[5, 8] their
complete removal after the synthesis should, in principal, be
much easier than that of standard coordinating solvents.
However, it is expected that surface stabilization at elevated
temperatures, which is a prerequisite for non-agglomerated
and highly luminescent nanoscale phosphors, will be signifi-
cantly reduced. Our strategy to avoid agglomeration is a rapid
heating over a short time interval, which can be accomplished
by microwave irradiation in the case of highly polar ILs.

In the first step of the synthesis, a solution of the rare-
earth chlorides in the IL tributylmethylammonium triflyli-
mide and a cosolvent (for example, ethanol, dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSO), or pyridine) was
added to the phosphate precursor (for example, phosphoric
acid, or ammonium or pyridinium phosphate), likewise
dissolved in the IL and a cosolvent, at 70 8C. The IL was
selected from a variety of candidates for its extraordinary
thermal and chemical stability.[9] Precipitation of
LaPO4:Ce,Tb occurs immediately, as indicated by the appear-
ance of a slight opalescence. Thereafter, all volatiles were
removed under reduced pressure. In the second step, the
crystallinity of the preformed nanoparticles was enhanced by
heating the dispersion to 300 8C within 10 s in a microwave
oven. After centrifugation and washing, the nanocrystals were
collected in yields of 90%. The white powder obtained can be
easily redispersed in ethanol by sonification. The resulting
transparent dispersions show an intense green emission upon
excitation with UV light (Figure 1).

The size and morphology of the LaPO4:Ce,Tb nano-
crystals were investigated by electron microscopy. Trans-
mission electron microscopy (TEM) images reveal spherical
to slightly ellipsoidal particles with sizes of 9–12 nm (Fig-
ure 2A). Their electron diffraction pattern (Figure 2B), and
the lattice fringes observed in high-resolution images (Fig-
ure 2A) indicate that the particles are crystalline. TEM and

Figure 1. Transparent dispersion of LaPO4:Ce,Tb nanocrystals
redispersed in ethanol: A) in daylight and B) with UV excitation.[*] Dr. G. B-hler, Prof. Dr. C. Feldmann

Institut f-r Anorganische Chemie
Universit2t Karlsruhe
Engesserstrasse 15, 76131 Karlsruhe (Germany)
Fax: (+49)721-608-4892
E-mail: feldmann@aoc1.uni-karlsruhe.de

[**] We thank Dr. S. Lebedkin and Prof. Dr. M. M. Kappes for the
photoluminescence measurements, and W. Send and Prof. Dr. D.
Gerthsen for the TEM analyses. We are also grateful to the DFG
Center for Functional Nanostructures (CFN) at the Universit2t
Karlsruhe for financial support.
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scanning electron microscopy (SEM) images of samples
isolated from ethanol dispersions reveal a large amount of
nearly spherical and monodispersed particles (Figure 2C,D).
A particle diameter of 10(1) nm was determined by the
statistical evaluation of 170 particles.

According to its electron diffraction (Figure 2B) and
powder X-ray diffraction (PXRD; Figure 3) patterns, the

nanocrystalline material adopts a monoclinic structure of the
monazite type.[10] With the assumption of spherical particles, a
mean particle diameter of 8–10 nm is calculated using
ScherrerFs equation. This value agrees with that determined
by electron microscopy.

To verify the particle diameter and size distribution,
dynamic light scattering (DLS) experiments were performed.
First, as-prepared LaPO4:Ce,Tb was investigated after wash-
ing and redispersion in ethanol (Figure 4A). Considering the

slight mismatch between the viscosity of the pure solvent and
that of the real dispersion, the measured hydrodynamic
diameter of 18 nm corresponds well with the results from
electron microscopy. By comparing the IR spectrum of the
pure IL with that of the as-prepared and washed
LaPO4:Ce,Tb nanocrystals, the surface conditioning of the
particles can be verified (Figure 5A,B). In addition to vibra-
tional bands assigned to phosphate groups (ñ= 1100–900,
650–500 cm�1) and water (ñ= 3500–3300, 1630 cm�1), weak
absorption bands (ñ(C�H)= 2970–2880 cm�1; ñ(S�O)=

Figure 2. TEM and SEM images of the as-prepared LaPO4:Ce,Tb
nanocrystals: A) high-resolution TEM image showing lattice fringes;
B) electron diffraction pattern of a bundle of particles with Miller
indices indicated; C) TEM and D) SEM images showing the uniformity
of the particles.

Figure 3. PXRD pattern of the as-prepared LaPO4:Ce,Tb nano-
crystals (top) and the reference pattern for LaPO4 (bottom; JCPDS file
no. 84-600).

Figure 4. Particle size distribution of the LaPO4:Ce,Tb nanocrystals:
A) after synthesis, washing, and redispersion in ethanol; B) after
subsequent treatment with a dilute NaCl solution, centrifugation, and
redispersion in ethanol.

Figure 5. IR spectra of: A) the IL [MeBu3N][(SO2CF3)2N]; B) the as-
prepared LaPO4:Ce,Tb nanocrystals; C) the LaPO4:Ce,Tb nanocrystals
after treatment with a dilute NaCl solution.
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1470–1060 cm�1) arising from components of the IL appear in
the spectrum of the as-prepared LaPO4:Ce,Tb nanocrys-
tals.[11] As the IL is noncoordinating, the effective prevention
of agglomeration can be attributed to a charge stabilization of
the particles.

The IL can be removed completely by adding a dilute
NaCl solution to a dispersion of LaPO:Ce,Tb in ethanol.
Indeed, the IR spectra of the powder samples isolated by
centrifugation after this treatment do not exhibit any vibra-
tional bands arising from the IL (Figure 5C). After the NaCl
treatment and centrifugation, redispersion of the
LaPO4:Ce,Tb nanocrystals in ethanol, for example, is still
possible by prolonged sonification. The average particle
diameter of 21 nm in this dispersion is nearly identical to
that of the original dispersion (Figure 4B), indicating that
significant agglomeration does not occur in the absence of the
IL. This observation is remarkable, because no coordinating
solvents or modifiers are present. Moreover, the straightfor-
ward removal of the IL enables synthesis-independent surface
conditioning that can be adjusted to the specific needs of a
particular application.

The luminescence properties of LaPO4:Ce,Tb have been
extensively investigated for both the macroscopic solid, as
well as the nanoscale material.[3, 12] A UV excitation of Ce3+

occurs through a 4f1!4f05d1 transition. After an energy
transfer from Ce3+ to Tb3+, a Tb3+ emission of green light
resulting from a 5D4!7FJ relaxation takes place. The emission
spectrum of the as-prepared LaPO4:Ce,Tb (45, 15 mol %)
nanocrystals dispersed in ethanol corresponds with expect-
ations (Figure 6). The quantum yield is 0.70(2), if only the

Tb3+ emission is considered, and 0.90(2), if the Ce3+ emission
is also taken into account. The fact that neither an inorganic
shell nor coordinating surface modifiers are required for the
protection of the nanocrystals makes these values even more
remarkable. In fact, the quantum yield is of the same
magnitude as that of the bulk material (0.86 for Tb3+

emission, 0.93 for the sum of Ce3+ and Tb3+ emissions).[13]

To our knowledge, the concept of a microwave-assisted
synthesis of luminescent nanocrystals in ILmedia is presented
for the first time herein.[14] Because of the high quantum
yields and the possibility of synthesis-independent surface

conditioning, this strategy could have a large impact on
technical applications. The absence of harmful solids, surface
modifiers, and solvents could be particularly beneficial for
biomedical applications.

Experimental Section
All procedures were performed using standard Schlenk equipment.
All chemicals were used as received from the supplier. The IL
[MeBu3N][(SO2CF3)2N] was synthesized according to a literature
method.[15]

LaCl3·6H2O (124 mg, 0.334 mmol), CeCl3·7H2O (140 mg,
0.367 mmol), and TbCl3·6H2O (47 mg, 0.126 mmol) were dissolved
in a mixture of ethanol (5 mL) and the IL (10 mL). A solution of
crystalline H3PO4 (163 mg, 1.66 mmol) in ethanol (2 mL) and the IL
(5 mL) was added dropwise with vigorous stirring over 30 min at
70 8C. Thereafter, the transparent dispersion was heated to 100 8C
under reduced pressure (10�2 mbar), and kept at this temperature
until the gas evolution stopped. The vessel was kept under reduced
pressure and placed in a standard laboratory microwave oven (MLS
rotaprep). The mixture was heated to 300 8C (pyrometric control)
through irradiation with 800 W for approximately 10 s. After cooling,
the transparent dispersion was diluted with ethanol (20 mL), and the
reaction container was placed in an ultrasound bath. The nanocrystals
were collected by centrifugation, and then redispersed in ethanol.
This washing procedure was performed three times. After drying
under reduced pressure, a colorless solid was obtained in a yield of
86–92%. For further analytical characterization, the nanocrystals
were used as prepared or after redispersion in ethanol. To remove the
IL, a NaCl solution (0.08m, 15 mL) was added to a dispersion of
LaPO4:Ce,Tb in ethanol (15 mL). The resulting dispersion was
centrifuged, and the isolated solid was redispersed in ethanol.

DLS was performed in polystyrene or quartz cuvettes with a
Nanosizer ZS from Malvern Instruments. Prior to the investigation,
highly viscous dispersions in the IL were diluted with diethylene
glycol. The ethanol dispersions were diluted with ethanol only.

SEM was carried out with a Zeiss Supra 40 VP microscope. The
nanocrystals were deposited on silicon wafers and sputtered with
platinum, and characterized at room temperature at an acceleration
voltage of 10 kV and a working distance of 3 mm.

TEM and electron diffraction were performed with a Philips
CM200 FEG/ST microscope at an acceleration voltage of 200 kV.
Samples were prepared by the ultrasonic nebulization of ethanol
dispersions on a lacey-film copper grid.

PXRD was carried out with a Stoe STADI-P diffractometer
operating with Ge-monochromatized CuKa radiation.

IR spectra were measured with a Bruker Vertex 70 FT-IR
spectrometer. The samples were measured as KBr pellets to a
resolution of 4 cm�1.

PL spectra were recorded with a Jobin Yvon Spex Fluorlog 3
spectrometer equipped with a 450 nm xenon lamp and double-grating
excitation and emission monochromators. Dispersions of
LaPO4:Ce,Tb nanocrystals in ethanol were measured in standard
quartz cuvettes at room temperature. Emission spectra were cor-
rected for the wavelength-dependent response of the spectrometer.
The quantum yield of the dispersion (fPL-LaPO4, lexc= 273 nm) was
determined relative to the quantum yield of Coumarin 307 in
methanol (fPL-Coumarin= 0.95(2), lexc= 273 nm) with a similar optical
density.[16]
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Figure 6. PL spectrum of the as-prepared LaPO4:Ce,Tb (45, 15 mol %)
nanocrystals redispersed in ethanol (lexc=273 nm).

Communications

4866 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4864 –4867

http://www.angewandte.org


[1] Phosphor Handbook (Eds.: S. Shionoya, W. M. Yen), CRC,
Boca Raton, 1999.

[2] a) T. Pellegrino, S. Kudera, T. Liedl, A. M. Javier, L. Manna, W.
Parak, Small 2005, 1, 48; b) C. Y. Zhang, H. C. Yeh, M. T.
Kuroki, T. H. Wang, Nat. Mater. 2005, 4, 826; c) S. Kim, Y. T.
Lim, E. G. Soltesz, A. M. DeGrand, J. Lee, A. Nakayama, J. A.
Parker, T. Mihaljevic, R. G. Laurence, D. M. Dor, L. H. Cohn,
M. G. Bawendi, J. V. Frangioni, Nat. Biotechnol. 2003, 22, 93;
d) B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H.
Brivanloue, A. Libchaber, Science 2002, 298, 1759; e) A. N.
Shipway, E. Katz, I. Willner, ChemPhysChem 2000, 1, 19.

[3] a) C. Feldmann,Adv. Funct. Mater. 2003, 13, 101; b) S. T. Selvan,
C. Bullen, M. Ashokkumar, P. Mulvaney, Adv. Mater. 2001, 13,
985; c) K. Riwotzki, H. Meyssamy, H. Schnablegger, A. Kor-
nowski, M. Haase, Angew. Chem. 2001, 113, 574; Angew. Chem.
Int. Ed. 2001, 40, 573; d) X. Peng, L. Manna, W. Yang, J.
Wickham, E. Scher, A. Kadavanich, A. P. Alivisatos, Nature
2000, 404, 59; e) T. Vossmeyer, L. Katsikas, M. Giersig, I. G.
Popov, K. Diesner, A. Chemseddine, A. EychmNller, H. Weller,
J. Phys. Chem. 1994, 98, 7665; f) C. B. Murray, D. J. Norris, M. G.
Bawendi, J. Am. Chem. Soc. 1993, 115, 8706.

[4] a) J. S. Steckel, J. P. Zimmer, S. Coe-Sullivan, N. E. Scott, V.
Bulovic, M. G. Bawendi, Angew. Chem. 2004, 116, 2206; Angew.
Chem. Int. Ed. 2004, 43, 2154; b) J. W. Stouwdam, F. C. J. M.
van Veggel, Langmuir 2004, 20, 11763; c) K. KOmpe, H.
Borchert, J. Storz, A. Lobo, S. Adam, T. MOller, M. Haase,
Angew. Chem. 2003, 115, 5672; Angew. Chem. Int. Ed. 2003, 42,
5513; d) M. T. Harrison, S. V. Kershaw, A. L. Rogach, A.
Kornowski, A. EychmNller, H. Weller, Adv. Mater. 2000, 12, 123.

[5] a) Ionic Liquids in Synthesis (Eds.: P. Wasserscheid, T. Welton),
Wiley-VCH, Weinheim, 2002 ; b) W. Xu, C. A. Angeli, Science
2003, 302, 422; c) P. Bonhote, A. P. Dias, N. Papageorgiou, K.
Kalyanasundaram, M. GrPtzel, Inorg. Chem. 1996, 35, 1168.

[6] a) T. J. S. Schubert, Nachr. Chem. 2005, 53, 1222; b) J. Dupont,
R. F. de Souza, P. A. Z. Suarez, Chem. Rev. 2002, 102, 3667; c) P.
Wasserscheid, W. Keim, Angew. Chem. 2000, 112, 3926; Angew.
Chem. Int. Ed. 2000, 39, 3772.

[7] a) B. Smarsly, H. Kaper, Angew. Chem. 2005, 117, 3876; Angew.
Chem. Int. Ed. 2005, 44, 3809; b) M. Antonietti, D. Kuang, B.
Smarsly, Y. Zhou, Angew. Chem. 2004, 116, 5096; Angew. Chem.
Int. Ed. 2004, 43, 4989; c) H. Itoh, K. Naka, Y. Chujo, J. Am.
Chem. Soc. 2004, 126, 3026; d) T. Nakashima, N. Kimizuka, J.
Am. Chem. Soc. 2003, 125, 6386; e) G. S. Fonseca, A. P.
Umpierre, P. F. P. Fichtner, S. R. Teixeira, J. Dupont, Chem.
Eur. J. 2003, 9, 3263.

[8] I. Krossing, I. Raabe, Angew. Chem. 2004, 116, 2116; Angew.
Chem. Int. Ed. 2004, 43, 2066.

[9] A. Tellenbach, C. Feldmann, unpublished results.
[10] D. F. Mullica, W. D. Milligan, D. A. Grossie, G. W. Beall, L. A.

Boatner, Inorg. Chim. Acta 1984, 95, 231.
[11] J. Weidlein, U. MNller, K. Dehnike, Schwingungsspektroskopie,

Thieme, Stuttgart, 1988.
[12] G. Blasse, B. C. Grabmaier, Luminescent Materials, Springer,

Berlin, 1994.
[13] B. M. J. Smets, Mater. Chem. Phys. 1987, 16, 283.
[14] G. BNhler, C. Feldmann, patent application DE 10 2006 001

414.6.
[15] T. Welton, Chem. Rev. 1999, 99, 2071.
[16] S. Lebedkin, T. Langetepe, P. Sevillano, D. Fenske, M. M.

Kappes, J. Phys. Chem. B 2002, 106, 9019.

Angewandte
Chemie

4867Angew. Chem. Int. Ed. 2006, 45, 4864 –4867 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Cover Picture

Ayuk M. Ako, Ian J. Hewitt, Valeriu Mereacre, Rodolphe Cl�rac,
Wolfgang Wernsdorfer, Christopher E. Anson, and Annie K. Powell*

King of the spins is provided by the mixed-valent Mn19 aggregate as reported by A. K.
Powell et al. in their Communication on page 4926 ff. The use of bridging azido
ligands leads to a completely ferromagnetically coupled system with a record ground
spin state of 83/2. This remarkable molecule has been investigated and characterized
by scientists from three laboratories working together in the European Network of
Excellence “MAGMANet”, the logo of which provides the background to the cover
picture.

Photoresponsive Compounds
Photoactivateable proteins, nucleic acids, and small-molecule compounds offer
numerous possibilities for investigating biological processes, even in cells. In their
Review on page 4900 ff, G. Mayer and A. Heckel summarize recent developments in
this field.

Nanotubes
In their Communication on page 4922 ff., C. Ye et al. report the preparation of
SrAl2O4 nanoscrolls through a roll-up process under hydrothermal conditions. Post-
annealing transforms the nanoscrolls into crystalline nanotubes.

Self-assembly
PrIII ions and chiral ligands can diastereoselectively build two different
superstructures, in which the ligands form helical domains and are attached to
trigonal Pr3 or pyramidal Pr4 metallic scaffolds. Details of this solvent-induced self-
assembly process can be found in the Communication by O. Mamula et al. on
page 4940 ff.



News
Supramolecular Chemistry:
Echegoyen appointed 4890

Organic Chemistry:
Curran honored 4890

Organic Chemistry:
Huisgen honored 4890

Books
Drug Discovery Handbook Shayne C. Gad reviewed by G. H�lzemann 4891

Nitric Oxide Donors Peng G. Wang, Tingwei B. Cai, Naoyuki
Taniguchi

reviewed by J. Lehmann 4892

Highlights

Tailor-Made Surfaces

I. S. Choi,* Y. S. Chi 4894 – 4897

Surface Reactions On Demand:
Electrochemical Control of SAM-Based
Reactions
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The following Communications have been judged by at least two referees to be “very
important papers” and will be published online at www.angewandte.org soon:

H. Niu, M. Gao*
Synthesis of Diameter-Tunable CdTe Nanotubes Templated by
One-Dimensional Nanowires of Cadmium Thiolate Polymer

Y. Li, B. S. Lokitz, C. L. McCormick*
Thermally Responsive Vesicles and their Structural "Locking"
through Polyelectrolyte Complex Formation

A. F#rstner,* C. Nevado, M. Tremblay, C. Chevrier, F. Teplý, C. A,ssa,
M. Waser
Total Synthesis of Iejimalide B

C. P. Gros, J.-M. Barbe,* E. Espinosa, R. Guilard*
Room-Temperature Autoconversion of Free-Base Corrole to
Free-Base Porphyrin

S. Cobo, G. Moln2r, J. A. Real, A. Bousseksou*
Multilayer Sequential Assembly of Thin Films Displaying
Room-Temperature Spin Crossover with Hysteresis

R. J. Wright, M. Brynda, P. P. Power*
Synthesis and Structure of "Dialuminyne" Na2Ar'AlAlAr' and
"Cyclotrialuminene" Na2(Ar''Al)3: Al–Al Bonding in Al2Na2 and
Al3Na2 Clusters

Controlled exterior: Electrochemically
induced, SAM-based reactions have a
potential in the site-selective functionali-
zation of surfaces. A recent study shows
that a reaction, Sharpless click chemistry,
can be site-selectively performed at
microelectrodes by electrochemically
controlling the activity of a catalyst for the
reaction.
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Reviews

Photoresponsive Compounds

G. Mayer,* A. Heckel* 4900 – 4921

Biologically Active Molecules with a “Light
Switch”

Communications

Nanotube Growth

C. Ye,* Y. Bando, G. Shen,
D. Golberg 4922 – 4926

Formation of Crystalline SrAl2O4

Nanotubes by a Roll-Up and Post-
Annealing Approach

Molecular Magnets

A. M. Ako, I. J. Hewitt, V. Mereacre,
R. Cl8rac, W. Wernsdorfer, C. E. Anson,
A. K. Powell* 4926 – 4929

A Ferromagnetically Coupled Mn19
Aggregate with a Record S=83/2 Ground
Spin State
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A trick of the light : Photolabile protecting
groups, attached to a defined position of a
molecule, can be used to gain spatio-
temporal control over the concentration of
the active form of a molecule. Such
“caged compounds” can be applied for
the analysis of biological phenomena.
Together with synthesis strategies of bio-
molecules the caging strategy enables the
characterization of single molecules in
cells.

On a roll : Nanotubes of SrAl2O4, an
important phosphorescent host material,
are prepared. Nanoscrolls are first formed
through the roll-up of an artificial lamellar
precursor in solution. The layer interfaces
are then removed by high-temperature
annealing, resulting in single-crystalline
nanotubes.

Mixing it up : A ground spin state of
S=83/2 is found in the mixed-valent
manganese aggregate [MnIII12MnII7(m4-
O)8(m3,h1-N3)8(HL)12(MeCN)6]2+

(H3L=2,6-bis(hydroxymethyl)-4-methyl-
phenol; see polyhedral representation of
the core) and arises through ferromag-
netic coupling of all the metal centers.
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Asymmetric Catalysis

S. A. Rodgen, S. E. Schaus* 4929 – 4932

Efficient Construction of the Clerodane
Decalin Core by an Asymmetric Morita–
Baylis–Hillman Reaction/Lewis Acid
Promoted Annulation Strategy

Metal–Organic Frameworks

Y. Kubota,* M. Takata, R. Matsuda,
R. Kitaura, S. Kitagawa,
T. C. Kobayashi 4932 – 4936

Metastable Sorption State of a Metal–
Organic Porous Material Determined by
In Situ Synchrotron Powder Diffraction

Luminescence Marker

Y. Zhang, M.-K. So, A. M. Loening, H. Yao,
S. S. Gambhir, J. Rao* 4936 – 4940

HaloTag Protein-Mediated Site-Specific
Conjugation of Bioluminescent Proteins
to Quantum Dots

Supramolecular Chemistry

O. Mamula,* M. Lama, H. Stoeckli-Evans,
S. Shova 4940 – 4944

Switchable Chiral Architectures
Containing PrIII Ions: An Example of
Solvent-Induced Adaptive Behavior
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Linking rings : A general route toward the
clerodane diterpene core using an asym-
metric Morita-Baylis-Hillman (MBH)/
Lewis acid mediated ring-annulation pro-
cess has been developed. The scope of the

asymmetric Brønsted acid catalyzed MBH
reaction has been expanded to include
silane-containing aldehydes, which are
elaborated into the trans decalin core in
high diastereo- and enantioselectivities.

Guest-responsive framework : Gas
adsorption into a metal–organic porous
material was studies in situ. Structure
analysis of empty phase I, intermediate
phase M as a metastable state of gas
adsorption, and saturated phase S
showed rearrangement of guest mole-
cules and framework transformation in
response to guest size, shape, and
amount. The picture shows these changes
for the superimposed phases M and S.

On the dot : A genetically engineered
haloalkane dehalogenase was used to
conjugate Renilla luciferase to quantum
dots (see picture). The quantum dots can
emit light through bioluminescence reso-
nance energy transfer (BRET). This speci-
fic conjugation occurs upon simple
mixing under mild conditions, and may be
applied for specific in vivo labeling of
proteins with quantum dots for imaging.

Triangular or pyramidal? Solvent-induced
divergent self-assembly of a chiral ligand
and PrIII ions leads diastereoselectively to
two distinct but related superstructures,
in which the ligands form helical domains

attached to triangular (Pr3) or pyramidal
(Pr4) metallic scaffolds (Pr green). The
two structures are reversibly interconver-
ted simply by varying the amount of water
present in the solvent (CH3CN).
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Amino Acid Assay

N. Shao, J. Y. Jin, S. M. Cheung,
R. H. Yang,* W. H. Chan,*
T. Mo 4944 – 4948

A Spiropyran-Based Ensemble for Visual
Recognition and Quantification of
Cysteine and Homocysteine at
Physiological Levels

Visual Sensing

S.-Y. Lin, S.-H. Wu,
C.-h. Chen* 4948 – 4951

A Simple Strategy for Prompt Visual
Sensing by Gold Nanoparticles: General
Applications of Interparticle Hydrogen
Bonds

Model Diiron Protein

H. Wade, S. E. Stayrook,
W. F. DeGrado* 4951 – 4954

The Structure of a Designed Diiron(III)
Protein: Implications for Cofactor
Stabilization and Catalysis

Heterogeneous Catalysis

D. Zhao, B.-Q. Xu* 4955 – 4959

Enhancement of Pt Utilization in
Electrocatalysts by Using Gold
Nanoparticles
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Isomerization of the ligand, followed by
cooperative metal–ligand interactions
leads to the ternary ensemble shown on
the right, which has potential for the
recognition and quantification of cysteine

and homocysteine. The free ligand (left) is
red-violet in solution, but when metal ions
and cysteine or homocysteine are simul-
taneously introduced, the solution turns
yellow.

Local color : Gold nanoparticles (GNPs)
bifunctionalized with a crown ether and
thioctic acid can be used for the rapid
sensing of a target analyte with the naked
eye. A color transformation occurs when
the interparticle hydrogen bonds of
aggregated GNPs are broken forming a
dispersion. For example, the detection of
PbII takes only 1 s (see picture).

A closer look into the function of diiron
proteins, such as methane monooxygen-
ase and ribonucleotide reductase, is pro-
vided by the crystal structure of a
designed diiron protein (the picture
shows the Fe environment). Cofactor
rigidity may be a factor in O2 reactivity and
a possible role of HisCeH···O hydrogen
bonds in cofactor stabilization is impli-
cated.

Full employment of a Pt catalyst is
reached by depositing very small
(�1.0 nm) Pt particles onto Au nanopar-
ticles of about 10 nm in diameter (see
picture) then loading the Pt^Au particles
onto a conventional carbon support. Data
obtained from the electrooxidation of
methanol demonstrate that every Pt atom
assumes the function of an active site for
electrocatalysis.
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Channels in Micelles

G. Li, L. Shi,* R. Ma, Y. An,
N. Huang 4959 – 4962

Formation of Complex Micelles with
Double-Responsive Channels from Self-
Assembly of Two Diblock Copolymers

Template Synthesis

E. R. Parnham, E. A. Drylie, P. S. Wheatley,
A. M. Z. Slawin,
R. E. Morris* 4962 – 4966

Ionothermal Materials Synthesis Using
Unstable Deep-Eutectic Solvents as
Template-Delivery Agents

Asymmetric Synthesis

G. Bartoli,* M. Bosco, A. Carlone,
A. Cavalli, M. Locatelli, A. Mazzanti,
P. Ricci, L. Sambri,
P. Melchiorre* 4966 – 4970

Organocatalytic Asymmetric Conjugate
Addition of 1,3-Dicarbonyl Compounds to
Maleimides

Cyclization

P. A. Evans,* M. J. Lawler 4970 – 4972

Rhodium-Catalyzed Propargylic
Substitution: A Divergent Approach to
Propargylic and Allenyl Sulfonamides
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Getting to the core of the micelle : Phase
separation between the hydrophobic shell
and the hydrophilic corona leads to
channels in the shells of complex micelles
(see picture), through which ions and
other small molecules could pass. The
size of the channels can be regulated by
changing the environmental conditions or
by manipulating the composition of the
two diblock copolymers that form the
micelles.

It came from the deep : Deep-eutectic
solvents based on mixtures of derivatized
ureas and choline chloride can be used as
the reaction media and the source of the
organic template in the synthesis of
aluminophosphate and organophospho-
nate materials. The template (red in
structural formula) is formed by the
decomposition of the derivatized urea.

Nature, our teacher! The natural alkaloids
quinine (Q) and quinidine (QD) serve as
efficient bifunctional organocatalysts in
the asymmetric conjugate addition of 1,3-
dicarbonyl compounds to maleimides
(see scheme). Very high selectivity is

observed in this one-step construction of
highly functionalized compounds with
two adjacent stereogenic centers from
commercially available precursors.
R1,R3=alkyl, aryl, O-alkyl; R2=alkyl, Bn;
R4=Bn.

Construction work : Rh-catalyzed pro-
pargylic amination provides an efficient,
versatile method for the preparation of
aliphatic propargylic sulfonamides. This
Rh-catalyzed variant has a divergent
nature, from which aryl-substituted pro-

pargylic and allenyl sulfonamides can be
constructed. A one-pot two-component
Rh-catalyzed propargylic amination/iso-
merization followed by a [4þ2] carbocy-
carbocyclization demonstrates the syn-
thetic utility of this divergent behavior.
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T. Fukuzumi, N. Shibata,* M. Sugiura,
H. Yasui, S. Nakamura,
T. Toru* 4973 – 4977

Fluorobis(phenylsulfonyl)methane: A
Fluoromethide Equivalent and Palladium-
Catalyzed Enantioselective Allylic
Monofluoromethylation

Allylation

S. R. Waetzig, D. K. Rayabarapu,
J. D. Weaver, J. A. Tunge* 4977 – 4980

A Versatile Hexadiene Synthesis by
Decarboxylative sp3–sp3 Coupling/Cope
Rearrangement

Propellants

C. B. Jones, R. Haiges, T. Schroer,
K. O. Christe* 4981 – 4984

Oxygen-Balanced Energetic Ionic Liquid

Thermodynamics

A. Fattahi, L. Lis, Z. Tian,
S. R. Kass* 4984 – 4988

The Heat of Formation of Cyclobutadiene
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Selective introduction of fluorine : Mono-
fluoromethylation with the fluoromethide
equivalent fluorobis(phenylsulfonyl)me-
thane (1) was crucial in the syntheses of
the pharmacologically important com-
pounds monofluorinated (S)-ibuprofen
((S)-2) and 5-deoxy-5-fluoro-b-d-carbari-
bofuranose (3). The key step was a
palladium-catalyzed allylic monofluoro-
methylation reaction.

Have it both ways : The palladium-cata-
lyzed decarboxylative coupling of esters
with two allyl groups results in kinetic
allylation at a position a to electron-with-
drawing groups. Tandem allylation/Cope
rearrangement provides access to g-cou-
pling products (see scheme). Thus, the
desired regioisomer is obtained simply by
controlling the temperature of the reac-
tion mixture.

On the way to the perfect propellant : The
energetic oxidizer-balanced ionic liquid 1-
ethyl-4,5-dimethyltetrazolium tetranitrato-
aluminate (see scheme) has been pre-
pared and characterized. Oxidizer-
balanced ionic liquids are promising pro-
pellants with good performance and no
vapor toxicity.

How unstable can it be? Gas-phase
measurements on the 3-cyclobutenyl
cation were combined in a thermody-
namic cycle to provide the first experi-
mental determination of the heat of
formation of cyclobutadiene (see scheme,
IP= ionization potential, BDE=bond-
dissociation energy). The resulting value
of 428�16 kJmol�1 is in good accord with
previous predictions based upon similar
energetic determinations of benzo- and
phenylcyclobutadiene.
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O. L. Epstein, S. Lee,
J. K. Cha* 4988 – 4991

Formation of Seven-Membered
Carbocycles by the Use of Cyclopropyl Silyl
Ethers as Homoenols

Hydroamination

J. Sun, S. A. Kozmin* 4991 – 4993

Silver-Catalyzed Hydroamination of Siloxy
Alkynes

RNA Structures

A. Somoza, J. Chelliserrykattil,
E. T. Kool* 4994 – 4997

The Roles of Hydrogen Bonding and
Sterics in RNA Interference

Catalytic Hydrogenation

H. Guo, Z. Zheng, F. Yu, S. Ma,*
A. Holuigue, D. S. Tromp, C. J. Elsevier,*
Y. Yu 4997 – 5000

[Pd(Ar-BIAN)(alkene)]-Catalyzed Highly
Chemo-, Regio-, and Stereoselective
Semihydrogenation of 1,2-Allenyl
Phosphonates and Related Compounds
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Straightforward ring-closure : An expedi-
ent entry to seven-membered carbocycles
is achieved by the Kulinkovich cyclopro-
panation of acetal-tethered esters and the
subsequent addition of the resulting

cyclopropyl silyl ethers to the oxocarbe-
nium ion intermediates. Of particular note
is the effective use of a tert-butylsilylene
group for diastereoselective cyclization.

New catalytic process : The silver-cata-
lyzed hydroamination of siloxy alkynes
with secondary amides furnishes silyl
ketene aminals with high efficiency and
excellent diastereoselectivity (see
scheme), including some that are una-

vailable by conventional silylation meth-
ods. The reaction comprises a fast and
reversible silver–alkyne complexation, fol-
lowed by a rate-determining C�N bond-
forming step.

Better than normal : RNA-interference
studies with mismatched target RNA have
demonstrated sequence selectivity (at the
single-nucleotide level) at many different

positions of the RNA strand. The use of rF
in place of rU at position 7 appears to
enhance sequence selectivity beyond that
of the natural base.

Often elusive, trisubstituted (Z)-1-alkenyl
phosphonates can be prepared by the
semihydrogenation of allenyl phospho-
nates in the presence of Pd complex 1.
This reaction, which occurs in high yield
with high chemo-, regio-, and stereose-
lectivity, can be extended to related func-
tionalized allenes and the corresponding
Z alkene products (see scheme). R1=H,
alkyl, aryl, benzyl; R2,R3=H, alkyl;
FG=P(O)(OR)2, P(O)Ph2, SO2Ph,
COOEt.
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A hindrance no more : The direct asym-
metric synthesis of nitrogen heterocycles
containing b-quaternary stereocenters,
widely found for example in alkaloids, is
highly challenging. The novel approach
shown exploits the desymmetrization of
prochiral diketo azides to unmask the
asymmetric quaternary center, and repre-
sents the first reported examples of the
asymmetric aza-Wittig reaction.

Radically useful : The radical addition of
dithiocarbonates to branched allyl diphe-
nylphosphine oxides can be followed by
elimination of a diphenylphosphinoyl
radical, thereby giving rise to allylated

products (see scheme; Phth=phthali-
mido). Highly functionalized structures
can thus be rapidly assembled under mild
conditions and from cheap and readily
available substrates and reagents.

Proton control : Chemical oscillations
produced in a continuously stirred tank
reactor can be used to drive the confor-
mational changes of DNA nanoswitches
immobilized on a thin gold film (see
scheme). The autonomous switching
events of these substrate-bound actuators
are characterized in fluorescence mea-
surements by utilizing energy transfer
between the fluorophores and gold sub-
strate.

Without palladium or copper : A wide
range of functionalized Grignard com-
pounds were coupled by using dipheno-
quinone 1 as an electron acceptor. The
oxidative dimerization of alkenylmagne-

sium reagents proceeds with complete
retention of the stereochemistry (see
scheme; TBDMS= tert-butyldimethylsi-
lyl).
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Resistance is useless? The increasing
resistance towards (�)-spinosyns A (1)
and D (2) used as plant-protection agents
makes new derivatives of these natural
products necessary. On the basis of
investigations into the structure–activity
relationships a convergent approach to
the synthesis of novel spinosyn A analo-
gues (3) is developed. A double Heck
reaction is the key step in the construction
of the basic carbocyclic framework.
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L. Echegoyen To Head NSF
Chemistry

From August 2006, Luis Echegoyen
(Clemson University, SC, USA) will
head the Chemistry Division of the US
National Science Foundation (NSF). He
has previously served as a Program
Officer and on an Advisory Committee
at the NSF. Echegoyen completed his

PhD on the stability of
radical anions in solu-
tion in 1974 with G. R.
Stevenson at the Uni-
versity of Puerto Rico.
He then carried out
postdoctoral research
with S. F. Nielsen at
the University of Wis-
consin in Madison
before joining Union
Carbide in New Jersey
as an NMR specialist
(1975–77). Echegoyen
held faculty positions
at the University of

Puerto Rico (1977–83), the University
of Maryland (1982–83), and the Univer-
sity of Miami (1983–2001), before join-
ing Clemson University in 2002.
Echegoyen and his research group

are interested in the chemistry of full-
erenes as well as electrochemistry and
supramolecular chemistry. They synthe-
size new fullerene derivatives by elec-
trochemical methods and use electro-
crystallization techniques to prepare
new conducting materials derived from

transition metal complexes with bipyr-
idine-like ligands. His recent publication
on the retro-cycloaddition of pyrrolidi-
nofullerenes in collaboration with N.
Mart=n (Madrid) featured on the cover
of issue 1/2006 of Angewandte Chem-
ie,[1a] while his work on multilayer full-
erenes (“nano-onions”) was illustrated
recently on the cover picture of Chemis-
try – A European Journal.[1b] .

D. Curran in Paris

Dennis P. Curran (University of Pitts-
burgh, PA, USA) was recently honored
with a “Chaire Blaise Pascal”, which will
allow him to spend a year as a visiting
scientist in the
group of M.
Malacria at
the UniversitD
Pierre et
Marie Curie
in Paris.
Curran stud-
ied at Boston
College and
completed his
PhD in 1979 at
the University
of Rochester
(NY, USA) with A. S. Kende. Following
a two-year postdoctoral stay in the
group of B. M. Trost at the University
of Wisconsin, Curran joined the Univer-
sity of Pittsburgh in 1981 as Assistant
Professor. His research interests cover
radical chemistry, organic synthesis, and
fluorous chemistry, which capitalizes on
the ready separation of highly fluori-
nated reaction components from stan-
dard organic and inorganic molecules.
Such “strategy-level separations” were
discussed some time ago in a Review in
Angewandte Chemie.[2a] More recently,
he reported the total synthesis of eight
stereoisomers of passifloricins in Ange-
wandte Chemie.[2b]

Japanese honor R. Huisgen

Rolf Huisgen (Ludwig-Maximilians-
UniversitGt MHnchen, LMU) obtained

his PhD in 1943 under the guidance of
Nobel Laureate H. O. Wieland. He
completed his habilitation in 1947 and
joined the Eberhard-Karls-UniversitGt
THbingen in
1949. Huisgen
joined the
LMU as Profes-
sor in 1952 and
remained there
until his retire-
ment in 1988.
His research
interests lay
with 1,3-dipolar
cycloaddi-
tions,[3a] which
have undergone
a renaissance
recently with the development of “click
chemistry” by K. B. Sharpless. Huisgen
is still active: a computational study on
cycloadditions and methylene transfer
in substituted thiocarbonyl S-methylides
with thiobenzenes appeared in issue 8/
2005 of theEuropean Journal of Organic
Chemistry and featured on the cover.[3b]

Following appointment as an honorary
member of the German Chemical Soci-
ety (GDCh) in 1991, he has now been
named an honorary member of the
Japanese Chemical Society.
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Self-assembled monolayers (SAMs)
are well-ordered, single-molecule-thick
structures in two dimensions, which
form spontaneously at interfaces (usu-
ally at solid surfaces).[1] SAMs have
been used for controlling physical prop-
erties of interfaces, such as wetting,
adhesion, lubrication, and corrosion, as
well as understanding fundamental as-
pects of interfacial phenomena. In addi-
tion, SAMs comprise an excellent plat-
form for generating two-dimensional
micro- and nanostructures. For example,
SAMs are widely utilized for the spa-
tially resolved immobilization of bio-
molecules (i.e., DNAs, peptides, and
polysaccharides) and cells onto surfaces.
Although useful in these various do-
mains, these applications are based on
the “static” property of SAMs. In other
words, SAMs (especially the head
groups of SAMs) are designed to meet
the criteria of the applications because
the head groups intimately, but “stati-
cally”, interact with the outside environ-
ment. SAMs execute their predeter-
mined roles once they are formed on
surfaces, these roles are exemplified by
corrosion barriers, etching masks, and
recognition of biological entities.

One of the next challenges in the
study of SAMs was how to induce
surface reactions only when needed
(“surface reactions on demand”). These
surface reactions on demand have sev-

eral implications in surface science: 1)
we can generate dynamic surfaces (in
other words, stimuli-responsive surfa-
ces) in which the physical, chemical, and
biological properties of surfaces are
reversibly tuned at our disposal as we
dynamically tailor the functional groups
that interact with the environments, and
2) we can site-selectively localize chem-
ical reactions at surfaces, leading to
independent addressability of surface
reactions. Two reaction methods would
be obvious candidates for surface reac-
tions on demand: photochemically in-
duced and electrochemically induced
reactions. Photochemical induction can
be combined with photolithographic
techniques. The “static” property of
the SAMs manifests in the fabrication
of well-known DNA microarrays in
which photolabile protecting groups
are site-selectively removed by photo-
lithography. Recently, a light-induced
Wolff rearrangement of diazomethylcar-
bonyl groups was combined with photo-
lithography to generate micropatterns.[2]

In addition to the static surface, dynamic

changes in the water wettability of
surfaces were demonstrated by the use
of a light-induced, reversible cis–trans
transition of azo groups.[3]

On the other hand, electrochemical
induction has some advantages over
other methods for surface reactions on
demand. It is easily incorporated into
electronic devices because the electro-
chemically induced surface reaction in-
volves an electron transfer between a
surface (e.g., gold and silicon) and a
reaction site. The electrochemical con-
trol of surface reactions at electrodes
could generate independently address-
able electrodes because a reaction can
be induced electrochemically on a des-
ignated electrode. Furthermore, dynam-
ic control of surface properties could be
achieved easily by electrical potentials
and reversible oxidation–reduction re-
actions.

Initial attempts to use electrochem-
istry for SAM-based reactions were at
the early stage in the development of
surface reactions on demand. These
attempts were based on simple desorp-

Figure 1. Electrochemically controlled transition between straight (hydrophilic) and bent (hydro-
phobic) molecular conformations on gold. MHA: 16-mercaptohexadecanoic acid.
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tion/adsorption of alkanethiols on gold.
However, the methods were applied to
the construction of individually ad-
dressed electrodes.[4] For example, hex-
adecanethiol was electrochemically des-
orbed from a gold microelectrode and a
second thiol was adsorbed onto the
electrode.[4a] Electrochemically directed
formation of self-assembled monolayers
(SAMs) is another interesting approach.
Freund, Ferguson, and co-workers se-
lectively modified one electrode in the
close proximity of another by electro-
chemical oxidation of alkyl thiosulfates
to gold-reacting species, such as alkyl-
sulfide radicals and disulfides.[4b] In
addition, the accelerated formation of
SAMs of alkanethiols was achieved by
using a cathodic polarization.[4c] The
property of SAM-coated surfaces was
also dynamically tuned by electrochem-
ical control. Langer and co-workers
demonstrated that electrical potential
could be used for dynamically control-
ling conformational transitions of sur-
face-confined alkanethiols. To establish
sufficient spatial freedom for each alka-
nethiol at the surface, they elegantly
designed a low-density SAM of 16-
mercaptohexadecanoic acid. They re-
ported that electrochemically controlled
conformational reorientations of single-
layered alkanethiols at the surface were
amplified into a macroscopically detect-
able change in wettability (Figure 1).[5]

The concepts above are limited to
simple alkanethiols. Although SAMs of
more complicated, but technologically
useful alkanethiols (and other self-as-
sembling molecules) could also be gen-
erated, this approach requires a separate
solution-based synthesis of the required
molecules. In principle, the separate
synthesis of self-assembling molecules
in solution gives an opportunity to
introduce virtually any functional group,
but in practice, this approach requires
cumbersome syntheses and shows a
limited compatibility with functional
groups. In other words, practically, it is
not simple to introduce the large, com-
plex molecules and ligands needed for
wider applications. In this respect, it is
preferable to perform surface reactions
after the formation of SAMs, which
would be one of the solid approaches
to surface reactions on demand.

The first demonstration of electro-
chemically induced, surface reactions on

demand was Mrksich and co-worker;s
quinone chemistry (Scheme 1).[6] They
formed a SAM that presented hydro-
quinone (HQ) and studied electrochem-

ical characteristics of the SAM. Cyclic
voltammetry showed that HQ under-
went oxidation at 220 mV to give qui-
none (Q) and reduction at �150 mV,

Scheme 1. a) Electrochemical oxidation of hydroquinone to quinone, and introduction of the
RGD peptide by a Diels–Alder reaction. b) Selective release of the RGD ligand from the
monolayer presenting the O-silyl-hydroquinone by electrochemical oxidation and introduction of
a second ligand by a Diels–Alder reaction.
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and the oxidation–reduction was rever-
sibly controlled by voltages.[6a] The elec-
trochemically generated quinone has
been utilized for immobilizing various
functional molecules, such as small mol-
ecules, peptides, and polysaccharides,
through Diels-Alder reactions with cy-
clopentadiene (Cp)-containing mole-
cules. A salient demonstration would
entail electrochemically controlled
“turning-on” of cell migration at surfa-
ces by a surface reaction on demand for
the attachment of a cell-adhering tri-
peptide, Arg-Gly-Asp (RGD) (Sche-
me 1a).[6b] This report was the first
example of an electroactive substrate
that uses electrical stimulation to mod-
ulate the activity of ligands. The same
reaction was subsequently applied to the
pattern generation of two different cell
types.[6c] Mrksich and co-workers also
reported the release of one ligand and
the subsequent immobilization of a
second ligand by surface reactions on
demand (Scheme 1b).[6d] RGD-contain-
ing O-silyl-HQ was oxidized at the
surface. Upon the oxidation of HQ to
Q, the silyl ether was hydrolyzed and the
RGD ligand was selectively released.
After the release of the RGD ligand, the
electrochemically generated Q was cou-
pled with another Cp-containing ligand.

The electrochemical oxidation of
HQ to Q was also used for site-selective
conjugation of biotin onto silicon micro-
and nanoelectrodes.[7] Heath and co-
workers demonstrated that the surface
reaction on demand could be used for
differentiating 100-nm wide Si nanowire
electrodes (separated by 300 nm). They,
for the first time, applied the surface
reaction on demand to individual elec-
trodes. Similarly, the array of indium
oxide nanowires was selectively func-
tionalized by the oxidation of HQ to Q
and subsequent bioconjugation.[8]

Kwak and co-workers elegantly uti-
lized the HQ-based, surface reaction on
demand to selectively functionalize in-
dividual electrodes (Scheme 2).[9] They
oxidized the HQ group, which was used
as a protecting group for biologically
active biotin, to a hydrolysis-labile Q
group. Through this process, a biologi-
cally inactive surface was controllably
transformed to a biologically active sur-
face.

Recently, another ingenious ap-
proach to surface reactions on demand

was reported. Instead of activating sur-
face-bound reactants, such as HQ, Chid-
sey, Collman, and co-workers electro-
chemically activated a catalyst for cop-
per(I)-catalyzed Huisgen 1,3-dipolar cy-
cloaddition (Sharpless “click” chemis-
try) (Figure 2).[10] The click chemistry
between azido and acetylenyl groups,
leading to the formation of 1,2,3-tria-
zoles,[11] has been applied to SAM-based
reactions[12] because the reaction is fast
and proceeds under mild aqueous con-
ditions. To demonstrate individual ad-
dressability, they brought an electrode
in contact with a solution containing
copper(II) species, and biased the elec-
trode at �300 mV versus a Ag/AgCl/
saturated NaCl reference electrode
(roughly 300 mV negative of the copper-
(II/I) standard potential). This potential
ensured that copper(I) was formed at
the electrode surface. The electrode was
coated with a SAM terminating in azido
groups. Therefore, upon the selective
electrochemical induction of copper(I),
acetylenyl-containing compounds could
be coupled with the azido groups at the
electrode through the use of click

chemistry. The electrical potential of
+ 250 mV was applied to the other
electrodes for deactivating the catalyst
near the electrodes. By using electro-
active ethynylferrocene, they confirmed
a selective coupling at the designated
electrode. This approach is rather simple
and advantageously differentiated from
the activation of reactants in some
aspects. The stoichiometric amount of
electroactive reactants is not necessary
because a catalyst is activated. In the
system designed by Chidsey, Collman,
and co-workers, a single catalyst ampli-
fies the response due to a single elec-
tron. In addition, because surface-bound
reactants need not be electroactive,
design flexibility in immobilizing mole-
cules is increased. It is worth noting that
this work is the first report on the
catalytic version of SAM-based, surface
reactions on demand.[13]

In summary, recent advances in the
study of SAMs promise wider applica-
tions of SAMs to many areas in science
and technology. Especially SAM-based
surface reactions on demand would find
applications in the construction of dy-

Scheme 2. a) Electrochemical oxidation for the
generation of bioactive biotin. b) An optical
micrograph of the independently addressed,
interdigitated microelectrode array. The color
change resulted from catalytic precipitation of
4-chloro-1-naphthol by horseradish peroxidase
that was site-selectively immobilized to the
electrodes.
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namic surfaces and multianalyte-sensor
arrays for multiplexing. In addition to
the applications to electrode- and nano-
wire-based sensors, surface reactions on
demand can also be applied to other
technologically important areas, such as
cantilever-based sensors.[14] Electro-
chemically induced, surface reactions
on demand are one of the strong candi-
dates for the above-mentioned applica-
tions. They are largely insensitive to the
shape and spatial extent of surfaces to
be differentiated. All manner of three-
dimensional structures should be differ-
entiable as long as they have contact
with a fluid electrolyte. Therefore, indi-
vidual addressability of surface reac-
tions could be achieved by electrochem-
ical control. One problem that remains
to be solved is how one performs
parallel surface reactions on demand
because the serial processing might be
time-consuming and produce non-negli-
gible wastes.
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Figure 2. Selective functionalization of independently addressed microelectrodes. Copper(II)
was electrochemically reduced to copper(I), and copper(I) catalyzed the click chemistry between
surface-bound azido groups and acetylenyl-containing compounds (ethynylferrocene in the
figure).
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1. Introduction

A prerequisite for a continuing improvement in the
models of the processes in single cells and in organisms is a
constant improvement in the repertoire of available tools for
the design of experiments. An important general criterion is,
for example, how selectively a particular aspect in a cell or
organism can be manipulated. To achieve a spatiotemporal
control or to enhance the selectivity of a certain effect which
is caused by a biologically active compound one strategy is to
put the compound under the control of a conditional trigger
signal which can be either internal or external. Light is an
ideal external trigger signal: In many cases it is an orthogonal
trigger because the cells do not react to light unless highly
specialized cells, such as the photoreceptors of the eye or
certain plant cells, are used. Also, provided the wavelengths
used are not too short the cells are not harmed by light. In
addition, most of the cells which are commonly studied in
laboratories are transparent and the same is true for many
small model organisms, such as the nematode C. elegans or
the zebrafishD. rerio, which are transparent throughout their
lifetime, while others have at least some stages in their
development in which the interior of the organism is still light-
accessible (for example the embryos of D. melanogaster).
Under certain conditions, an application in animals and
humans is also possible. For example, 20 years ago cutaneous
T-cell lymphoma was treated with 8-methoxypsoralen (8-
MOP) in combination with UV-A irradiation, either directly
of the skin, or of blood samples which had temporarily been
removed from the body of the patient and treated with 8-
MOP.[1] Psoralens had even been used in ancient Egypt to
treat the skin disorder vitiligo.[1] Finally, the technology for
the highly spatiotemporally controlled application of light is
well-established: (Confocal) microscopes can be used both to
irradiate samples and to analyze changes. Applying two-
photon technology it is possible to restrict the region in a
sample which is irradiated with light even further, down to
cellular resolution.[2]

This Review will focus on two strategies for making a
biologically active molecule light-responsive: the first one is
nowadays usually referred to as “caging” and involves the
modification of a biologically active substance with a photo-
labile “protecting” group to make it temporarily inactive. The

second strategy makes use of bistable photoswitches. Thus,
this Review will not deal with naturally occurring light-
dependent (macro)molecules, such as phototropins[3] (from
flavin mononucleotide (FMN)-dependent light-activated kin-
ases) and photolyases,[4] or phenomena such as the light-
regulation of photosynthetic genes,[5] or other light-dependent
technologies, like for example photoaffinity labeling[6] (even
though some examples of this have been included where it
seemed appropriate). Also, because of the biological focus of
this Review, materials like light-sensitive polymers[7] will not
be discussed.

The term “caging” was coined in 1978 by J. F. Hoffman.[8]

Unfortunately this choice of word is not unproblematic for
several reasons: Unless somebody is already knowledgeable
in the field they will inevitably think that the molecules in
question are in fact inside of a cage in the topological sense—
for example inside of a C60 molecule. Also, they might be
erroneously reminded of the “cage effect” observed in the
recombination of radicals. Furthermore, since the term
“cage” is used very liberally in the biochemical literature it
is very difficult to conduct literature searches, especially since
we are dealing with a concept which can be realized with
many different chemical structures. Other authors choose not
to use this term at all and use “light-activated” or something
along these lines instead even though this can refer to much
more than just caged molecules in the sense of the above
definition.[9] However, after over 30 years it is too late to
propose a new technical term.[10]

Caged molecules can be irreversibly activated by irradi-
ation with light whereby the photolabile group is removed.
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Biologically active compounds which are light-responsive offer
experimental possibilities which are otherwise very difficult to achieve.
Since light can be manipulated very precisely, for example, with lasers
and microscopes rapid jumps in concentration of the active form of
molecules are possible with exact control of the area, time, and dosage.
The development of such strategies started in the 1970s. This review
summarizes new developments of the last five years and deals with
“small molecules”, proteins, and nucleic acids which can either be
irreversibly activated with light (these compounds are referred to as
“caged compounds”) or reversibly switched between an active and an
inactive state.

From the Contents

1. Introduction 4901

2. Caging Groups and Reversible
Photoswitches 4903

3. Caged and Light-Switchable
Small Molecules 4904

4. Caged and Light-Switchable
Proteins 4908

5. Caged and Light-Switchable
Nucleic Acids 4913

6. Summary and Outlook 4917

Photoresponsive Compounds
Angewandte

Chemie

4901Angew. Chem. Int. Ed. 2006, 45, 4900 – 4921 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Ideally, caged molecules are water soluble, the “cage” is
stable to hydrolysis, the photodeprotection occurs with high
quantum yield and at wavelengths which are not too short
(> 300 nm), and the byproducts are nontoxic.[11] For studying
light-induced kinetic events the photodeprotection must be
faster than the reaction to study.[12]

The first “caged molecule” was the adenosine triphos-
phate (ATP) derivative 1[8] (Scheme 1)—synthesized by
Hoffman et al. at Yale—even though a year earlier Engels
et al. at the University of Constance had synthesized the
cyclic adenosine monophosphate (AMP) derivative 2[13] but
did not use the word “caged” and the potential for light-
activation was not the main focus of the paper.[14] Of course,
by that time, photolabile protecting groups for synthetic
purposes were already known[15] but the new idea was to use
them for biochemical experiments with spatiotemporal con-
trol. Early studies with caged ATP included experiments in
which single turnovers of the Na+-pump could be observed.[16]

Caged ATP is commercially available today[17] and has been
used in a vast number of studies which cannot be discussed in
detail herein.

Even earlier than the studies by Hoffman or Engels
another very interesting series of studies took place in which
the peptidase a-chymotrypsin (CT) was incubated with cis-
cinnamoyl imidazole (3),[18] resulting in an acylation of the
active site of CT (Scheme 2). However, only the trans-

cinnamoylated adduct can be cleaved by the enzyme to
regenerate the active site for another turnover. Strictly
speaking, cis-cinnamoylated CT could also have been called
“caged” since upon irradiation the cinnamoyl-group under-
goes cis–trans isomerization and the active enzyme is
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Scheme 1. Top: The first light-activatable molecule 1 to be called “caged”.[8] Bottom: The very similar light-activatable cAMP derivative 2 had in
fact been published one year before.[13] For mechanistic details of the photoreaction see for example Ref. [12].

Scheme 2. Before the term “caging” was coined a-chymotrypsin (CT)
had already been temporarily deactivated by cis-cinnamoylation.[18] Only
upon isomerization to the trans-form is the cinnamoyl group cleaved,
regenerating the active enzyme which can then, for example, cleave a
tyrosine ester. The resulting tyrosine can then converted into the
pigment melanine by tyrosinase. This setup can be used to amplify
weak light signals.[20]
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liberated. Cis-cinnamoylated CT had no remaining peptidase
activity and was stable for several hours in the dark. Lee et al.
realized that this light-activated catalyst could be used to
amplify a light signal[19] by coupling to another enzymatic
reaction in which tyrosine, which was liberated upon activa-
tion of the CT, was converted by a tyrosinase to produce the
pigment melanin (Scheme 2).[20]

Also in the seventies the first experiments to reversibly
switch the activity of enzymes with light were carried out.[21]

Compounds of the spiropyran-type can be switched between
two states (see Section 2 and Scheme 3). In the case of normal

photochromism the ring opens upon irradiation with UV light
and it closes again in the dark or upon irradiation with visible
light. Enzymes such as a-amylase have been modified
(through their amine groups) with spiropyran substituents.[22]

Upon irradiation the activity of the enzyme, after modifica-
tion, decreased by one third. In the dark the full enzymatic
activity was recovered within one hour.

While the examples above show the first ideas to control
biological activity with light the aim of this Review is not to
give a full account of the beginnings of the field but rather to
illustrate the more recent developments of the last five years
(though publication date has not been used as a strict cutoff
criterion where it seemed inappropriate). Of course, since the
beginnings over 30 years ago the field has been reviewed
several times.[12, 23–25]

2. Caging Groups and Reversible Photoswitches

A comprehensive account of all known caging groups and
reversible photoswitches including synthetic access and
mechanisms of the light-dependent reaction would be
beyond the scope of this application-based Review. Thus,
only a brief overview of the respective systems is given
herein.[26]

The terms “caging group” and photolabile protecting
group are for all practical purposes synonyms because the
main difference is the intention behind the photorelease.
Thus, the most commonly used caging group—the ortho-
nitrobenzyl group with all its derivatives (4, R=H,
Scheme 4)—had already been widely used as protecting
group for synthetic purposes and as photolabile linker in
solid-phase applications.[15] One disadvantage of the ortho-
nitrobenzyl group is that upon photolysis a nitrosoaldehyde is
formed which can be harmful in a biological context.[12,27] The
nitrophenylethyl (NPE) group (4, R=Me) can be depro-
tected faster and results in the formation of a nitrosoketone.
However, a new stereogenic center is introduced into the
molecule. The wavelength of the absorption can be fine-
tuned, for example, by dimethoxy substituents.[28] Variants
exist for the protection of carbonyl groups (compound 5)[29] as
well as modifications which trap the resulting nitroso species
in a hetero Diels–Alder reaction (compound 6).[30] Very
recently the nitrodibenzofurane chromophore 7 has been
introduced which has very promising properties: Not only is
its extinction coefficient significantly higher in the near UV
region, which is commonly used for uncaging, but it has also a
very high quantum yield for the deprotection reaction and it is
suitable for two-photon activation.[31] An interesting alter-
native was also introduced by Pfleiderer et al.: the NPP group
(scheme 4) which upon irradiation yields a less harmful
nitrostyryl species.[32]

Other very versatile and commonly used caging groups
are based on the coumarin system 8.[33] For example, the
DMACM group releases its attached active compound in
nanoseconds.[34] Again variants for the caging of aldehydes
and ketones are available (compound 9)[35] as well as closely
related analogues (such as BHQ; Scheme 4).[36] Another well-
studied caging group is the pHP group.[37] The ketoprofen-
derived caging group 10 is a newcomer in the field which
could have great potential.[38] Scheme 4 also shows some
newer photolabile groups, not all of which have been used for
biological applications yet.

The advantage of the caging technology is the possibility
of a clean switching behavior: If the caging group is placed in
the correct position, completely inactive molecules can be
obtained. Upon uncaging the unmodified active molecule is
formed. However, this is an irreversible reaction affording
stoichiometric amounts of byproducts in the process. There-
fore a competing strategy is to put molecules under the
control of bistable photoswitches. In this case the price for the
apparent advantage of reversible switching is the difficulty of
finding the right location for the switching moiety. Since both
the “active” and the “inactive” form are derivatives of the
parent molecule it becomes difficult to obtain a binary on/off
behavior even if an ideally switchable system is used.

Scheme 3. Overview of some bistable photoswitches based on (from
top to bottom) azobenzene,[49] spiropyrans,[50] diarylethenes,[51] ful-
gides[52] and overcrowded alkenes[53] . Some of these systems have
already been used to create biologically active compounds which can
be reversibly activated and deactivated.
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Scheme 3 gives an overview of some known bistable photo-
switches. Not all of these systems have been used in biological
applications.

3. Caged and Light-Switchable “Small Molecules”

As mentioned in Section 1, the first molecules to be caged
were what would nowadays be called “small molecules”.
Many different classes of small molecules have been caged to
date. Among them caged ATP remains the most often used
compound of all. Its applications are so numerous that herein
we can only refer to other reviews.[23,24] Besides amino acids
also steroids, second messengers, sugars, and lipids have been
caged and used for the analysis of biological phenomena.[54,55]

3.1. Caged Compounds for the Analysis of Neurological Processes

The spatially well-defined and rapid change in the
concentration of caged agonists or antagonists of neuronal
receptors induced by flash photolysis is of great value, for
example, for the investigation of kinetic and mechanistic
aspects of receptors, transporters, and ion channels at a
resolution down to the single cellular level.[56,57] Therefore,
caging technology was applied to various neurotransmitters,
including glutamate, dopamine, carbamoylcholine, and other
neuroactive amino acids.[54,56]

One of the most intensively studied compounds in this
regard is the amino acid glutamate. A significant body of
literature exists in this field already. Caged glutamate variants
have been synthesized carrying different photolabile groups
(11, Scheme 5) and CNB-caged glutamate is already com-

mercially available.[17] Caged glutamate has been applied to
address different questions regarding the kinetics of neuronal
signaling and highly regulated spatiotemporal events. In
addition, with the CNB group glutamate has also been
caged with ONB, MNI (Scheme 4), and other groups[58] and
the resulting compounds have been used for the analysis of
receptor kinetics of ion channels gated by glutamate in
different neuronal cell lines.[56]

In this way Shao and Dudek analyzed the localization of
the excitatory synaptic input in CA1 pyramidal cells.[59] They
selectively stimulated different regions of subicular neurons
by focal flash photolysis thereby triggering the local release of
glutamate and thus the cellular stimulation. With a resolution
of approximately 100 mm they could assign the generation of
postsynaptic currents after CA1 pyramidal cell stimulation to
the somatodendritic region.

Scheme 4. Non-comprehensive overview of photolabile groups. Not all
of them have actually been used for caging of biologically active
compounds. (LG= leaving group, in some cases this includes a
carbonate or carbamate linker)

Scheme 5. Caged glutamate and serotonin derivatives which have been
used in neurological studies.
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In another study, the agonistic effects of caged compounds
on N-methyl-d-aspartate (NMDA) receptors were investi-
gated.[58] In this case, the authors compared the effects and
results obtained by different caging strategies: They used
MNI-caged glutamate[60] and CNB-caged variants. They
provide evidence for the usefulness of the MNI-caged
agonists and their results indicate that CNB derivatives of
caged glutamate were not as effective in this system. In
addition, they observed inhibitory effects of CNB-caged
glutamate on NMDA receptors which were not observed with
the MNI-caged glutamate variants. This result indicates that
the choice of the photolabile group is critical and depends on
the system under investigation and has to be adjusted
carefully with respect to the analyzed biological function
and receptor. However, the CNB-caged glutamate has a fast
deprotection rate (t1=2 = 21 ms), which makes it very practical
for kinetic studies.[61] The CNB–glutamate compounds were
used to analyze channel-opening kinetics of several glutamate
induced ion-channel receptor types such as the AMPA-type
(a-amino-3-hydroxy-5-methyl-4-isoxazole-propionate) iono-
tropic glutamate receptor.[62]

The NI (Scheme 4) and MNI photolabile groups were also
used to study the kinetics of metabotropic and ionotropic
receptors, for example (N-methyl-d-aspartate) NMDA, and
AMPA receptors, with respect to glutamate.[60,63] In another
study Lowe used NI-caged glutamate to investigate the
pharmacology and kinetics of mitral cell glutamate recep-
tors.[64] Ellis-Davies et al. used the MNI-caged glutamate to
stimulate the increase of the expression of postsynaptic
AMPA receptors after uncaging of the glutamate in isolated
dendritic spines.[65] In an interesting photoaffinity labeling
approach England et al.[66] used a cell permeable AMPA
receptor antagonist (instead of a receptor agonists), and its
photosensitive variant (6-azido-7-nitro-1,4-dihydrochinoxa-
line-2,3-dione) for the analysis of AMPA trafficking in
synaptic plasticity with high temporal (minute time scale)
and spatial resolution.

Brasnjo and Otis used a caged glutamate derivative for
the analysis of excitatory amino acid transporter (EAATs)-
dependent Purkinje-cell glutamate uptake in response to
single climbing fiber action potentials.[67] An earlier study by
Grewer and Rauen shows that glutamate translocation
mediated by the neuronal EAAC1 amino acid transporter
takes place on the millisecond timescale.[68]

Shimamoto et al. synthesized coumarin-based caged
derivatives of glutamate and demonstrated their use to
investigate glutamate transport upon light activation.[69]

Jayaraman et al. demonstrated that Fourier transform infra-
red (FTIR) spectroscopy can be used to monitor the
structural changes induced upon release of glutamate from
caged inactive glutamate precursors.[70]

MolnJr and Nadler chose a different approach to inves-
tigate processes at the synaptic area of neurons.[71] They used
the caged GABA (g-aminobutyrate) derivative (12 ;
Scheme 5) to analyze GABA receptors. The caged GABA
inhibited the polysynaptic inhibitory postsynaptic currents
(IPSCs) induced in dentate granule cells by antidromic
stimulation of the mossy fibres. In turn, no effect could be

observed on the excitatory postsynaptic currents (EPSCs)
induced through perforant path stimulation.

Hess et al. described the synthesis of caged serotonin.
They compared the deprotection kinetics of the O-derivative
13 with the N-derivative 14 (Scheme 5).[72] The O-derivative
13 could be deprotected in only 16 ms whereas the N-
derivative 14 showed rather slow kinetics (1.2 ms). Owing to
its high solubility (2 mm) in aqueous solutions and the fast
deprotection kinetics the caged serotonin was used for
effector storage. The quick release of the active compound
upon laser irradiation allows the analysis of receptor kinetics
of the serotonin 5-HT3 receptors in mouse neuroblastoma
cells (NIE-115). Lee et al. synthesized a caged dopamine for
the analysis of the influence of the dopamine concentration
on the endogenous dopamine release and they showed that
the endogenous dopamine release could be repressed by
photoinduced dopamine concentration jumps.[73]

3.2. Steroid Hormones, Lipids, and Membranes

Hormones and hormone analogues can regulate gene
expression upon binding to their cognate receptors, such as
the estrogen receptor. Hence, these molecules can be used for
the construction of gene expression systems.[74] Upon binding
to estradiol the receptor undergoes conformational changes
and then binds to promoter elements of distinct genes and
thus initiates gene expression. Koh and co-workers synthe-
sized a caged estradiol variant (15, Scheme 6) and showed

Scheme 6. Caged effectors for the regulation of gene expression.

Photoresponsive Compounds
Angewandte

Chemie

4905Angew. Chem. Int. Ed. 2006, 45, 4900 – 4921 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


that with this compound it is possible to trigger hormone-
dependent gene expression by light.[75] This strategy allows
the spatiotemporal analysis of gene expression and seems to
be superior to other methods that are either unspecific with
respect to the locality or initiation of gene expression. Caged
b-ecdysone-4 (16a,b ; Scheme 6) was synthesized by Law-
rence et al. and used (similar to the approach by Koh) to gain
control over the expression of genes by light.[74]

Selective estrogen receptor (ER) antagonists were used
by Shi and Koh to trigger ER-mediated gene expression.[76]

They synthesized caged 4-hydroxytamoxifen (17) and caged
guanidine tamoxifen (18 ; Schmeme 6) that both selectively
antagonize ERa- and ERb-mediated transcription triggered
by estrogen response elements (EREs). In a very recent study
they adopted the system for controlling the recombination of
genes by targeting the ligand controlled Cre-ERT (a tamox-
ifen sensitive recombinase variant) recombinase activity with
the caged 4-hydroxytamoxifen 17.[77] Inside cells and upon
addition of 4-hydroxytamoxifen, the Cre-ERT recombinase
becomes active, and after recombination, the expression of a
reporter gene can be monitored. Koh et al. showed that with
compound 17 this system can be controlled by light, however
in an irreversible manner.

In another study Koh et al. used the retinoic acid receptor
(RAR) and the thyroid receptor (TR) system to analyze the
duration of gene response after uncaging of an agonist,
derivatized with a photolabile group.[78] They synthesized
caged analogues of synthetic agonists of RAR and TR (19 and
20 ; Scheme 6) and used them to investigate the stability of the
cages under cellular conditions, as well as photoactivated
gene expression, mediated by TR and RAR after time-
dependent irradiation with light. They observed almost no
unintended uncaging under physiological conditions, whereas
the duration of the gene expression response could be
detected up to 35 h after irradiation in the TR system but
the duration of the RAR system was as short as 5 h. This
result demonstrates that the spatiotemporal control of gene
expression and its duration after photolysis of caged nuclear
hormone-receptor agonists depends on the system that is
under investigation.

The control of gene expression can also be obtained by the
regulation of translation. By this means Dore et al. synthe-
sized a caged variant of anisomycin (21), a compound that
interferes with the peptide-bond-forming step during eukary-
otic translation. They could show that with Bhc–anisomycin
the spatiotemporal inhibition of protein synthesis is possible
and these compounds might be useful for the analysis of
locally strongly regulated neuronal processes.[79]

Furuta et al. reported the synthesis of caged bile acids.
Bile acids are end products of cholesterol metabolism.[80]

These variants might be of importance for the analysis of
biological processes that depend on bile acid interactions. In
other studies the caging approach was applied to induce
conformational changes and structural reorganization of lipid
micelles or self-assembled structures.[81] Photoactivatable
analogues of cholesterol have been used for several applica-
tions,[82] however, their use in affinity labeling applications
predominates: A diazirine-containing cholesterol derivative
was used to identify cholesterol binding proteins in neuro-

endocrine cells and in living organisms such as C. elegans.[83]

In combination with UV-based cross-linking, the vitellogenin
protein family could be identified as the major interaction
partner of cholesterol in C. elegans. These proteins are also
responsible for the correct distribution of cholesterol, this was
determined by tracking the distribution and accumulation of
cholesterol with the fluorescent analogue of cholesterol,
dehydroergosterol. Simons et al. used the UV cross-linking
method to link proteins with the photoactivatable cholesterol
analogue. These compounds were used to pinpoint the
cholesterol-based association of proteolipid protein with a
low-density CHAPS-insoluble membrane fraction (CIMF)
which is enriched in the myelin lipids of oligodendrocytes.[84]

They identified the proteolipid protein as a major myelin
component. In contrast, no interaction (UV induced cross-
link) of proteolipid protein with phosphatidylcholin could be
detected.

3.3. Secondary Messengers and Cellular Signaling Molecules

Quite a significant number of studies deal with the
application of the light-induced release of Ca2+ ions. Typical
compounds are shown in Scheme 7. They are chelating
ligands which either change their complex-forming abilities
(nitr-5) or are cleaved upon irradiation.[12, 23,24] Again, a
comprehensive account of the many applications could be
the subject of a specialized review. Herein though, just one
study will be reported about photoreversible calcium binding
even though it might not exactly fall into the definition of
reversibly light-switchable systems as given in the Introduc-
tion: Gust et al. introduced a synthetic quinone-based Ca2+-
ion shuttle system that is able to establish light-driven ion
gradients across bilayer vesicles.[85,86] This system is uncharged
and membrane soluble in the Ca2+-bound state. After
complex formation at the outer membrane surface it diffuses
through the membrane. The complex formation is disrupted
by carotenoid radical cations (produced by the membrane-
embedded photoexcited carotenoid–porphyrin–naphtochi-
none 22), by oxidation of the complex to quinone. Thus
Ca2+ ions are released at the inner membrane. These
molecules are useful for the analysis of Ca2+-ion-dependent
biological processes. The shuttle molecule is subsequently
regenerated.

The control of NO levels has been identified as a possible
strategy to combat several diseases. One such approach
makes use of inhibitors that target nitric oxide synthases
(NOS) with inhibitory molecules such as 1400W. In a recent
study, caged derivatives of this inhibitor were synthesized and
used as photosensitive drugs (Bhc-1400W, Scheme 8).[91,92]

The group of Guillemette showed that the inhibitor molecule
can be efficiently released by illumination with light from the
caged 1400W and that the NOS inhibition can be restored.
This result indicates that photolabile groups might serve as
spatiotemporal drug-precursor molecules.

Another strategy is to directly liberate NO upon irradi-
ation (“caged” NO). Organic compounds from which NO can
be released have been known for quite some time[93] and have
already been reviewed.[12] In a recent study Yip used caged
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nitric oxide (potassium nitrosylpentachlororuthenate) to
analyze NO-dependent effects on proximal tubular fluid
reabsorption. He could demonstrate that the inhibition of the
proximal tubular reabsorption is NO-dose dependent and can
be triggered by flash photolysis of luminal caged NO.[94]

Cyclic nucleotides have been extensively studied[23,95,96]

and caged derivatives can be purchased from commercial
suppliers.[17] We focus herein on recent application of caged
cyclic nucleotidemonophosphates (NMPs) and on the use of
novel photolabile protecting groups: A recent study by Harz
et al. demonstrated the spatiotemporal effects of cyclic AMP
(cAMP) applied to neuronal growth cones, the terminal
structures of elongating neurites.[96] Since the growth-cone
turning is regulated by cAMP, Harz et al. generated an
intracellular concentration gradient of cAMP by irradiating
the growth cones of chicken sensory neurons with UV light at
distinct positions, for example, the cone ends. Using this
experimental setup they could show that only certain patterns
of cAMP release are able to induce turning of the growth
cones. This result indicates that the spatiotemporal pattern of
cAMP gradients is critical for the growth-cone turning.

Yoshimura and Kato used a caged cAMP derivative in
neurons to analyze effects of increasing cellular concentra-
tions of cAMP. Using this technology they were able to
pinpoint the synaptic up- or down-regulation of afterpoten-
tials after an increase of cAMP in neurons. The synaptic up-
regulation was detected in AHP-generating neurons and a
down-regulation could be observed in ADP-generating
neurons (ADP= after depolarization, AHP= after hyperpo-

larization).[97] Scott et al. compared the inward currents
activated in rat neurons by the cellular increase in cGMP
levels, maintained by the flash photolysis of caged cyclic
guanine monophosphate (cGMP) precursors.[95] They used
cultured dorsal root ganglion (DRG) neurons and investi-
gated the effect of cGMP on inward currents by comparison
of two differently caged cGMP molecules. Using this
approach they detected in 52% of DRG neurons an activated
delayed Ca2+ inward current through the generation of cyclic
ADP-ribose and mobilization of calcium from intracellular
stores. But rapidly activating inward currents only occurred in
a subpopulation of 12.5% of neurons, a result of cGMP gated
channels. These data indicate that the inward currents might
be induced by diverse mechanisms in DRG neurons.

In another study Takeuchi and Kurahashi investigated
secondary-messenger-based signal-transduction pathways in
the olfactory receptor system using caged cNMP molecules.[98]

They showed that the caged molecule was beneficial for the
observation that the olfactory response is modulated by a
uniform mechanism for many odorants. In a different study
Lagostena and Menini also used caged compounds to
investigate the olfactory system in neurons from mouse.[99]

They used the patch–clamp method to measure inward
currents induced by increasing concentrations of cGMP and
cAMP. The concentration increase was obtained through
flash photolysis of caged cNMP either in the soma or localized
at the cilia of neurons.

Besides the commercially available caged cAMP,[17]

efforts have been made to develop new caged derivatives of

Scheme 7. a) Typical compounds used for the light-triggered release of calcium ions which either change their ligand properties (nitr-5[87]) or are
cleaved upon irradiation (NP-EGTA,[88] DM-nitrophen,[89] DMNPE-4[90]). b) A reversible system for Ca2+ ion binding which can be photoswitched
between two states. Through asymmetric insertion of compound 22 this system can transport Ca2+ ions across lipid bilayers.[85]
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cNMPs. The groups of Hagen, Tsien, and Corrie investigated
other photolabile protecting groups, such as coumarin-based
ones and water-soluble derivatives of nitrobenzyl-derived
caging groups, that allow the fast and efficient photodepro-
tection and release of cNMPs (for example, compound 23,
Scheme 8).[34,100]

Gjerstad et al. used caged variants of inositol 1,4,5-
triphosphate (24 ; Scheme 8)[101] to study the effects of IP3 in
frog vomeronasal microvillar receptor neurons. They per-
formed whole cell recordings and observed that local IP3
molecules can trigger transient depolarization and induce
action potentials in neurons.[102] Advantageously and owing to
the spatially localized activation of IP3 in the terminal vesicle
of the dendrite, the effector region could be localized. Dinkel

and Schultz reported the synthesis of caged myo-
inositol 1,3,4,5-tetraktisphosphate.[103] Prestwich et al.
synthesized caged inositol hexakisphosphate[104] which
was used by Brearley et al. for studying intracellular
signaling in plants.[105]

Caged sphingosine (25, Scheme 8) and dihydros-
phingosine have been synthesized and reported for
elucidating neuronal inward currents.[106] For affinity
labeling experiments the group of Bittman now
synthesized a photoactivatable analogue of the lipid
mediator and secondary messenger sphingosine 1-
phosphate in which they used two different photo-
labile groups, benzophenone and diazirinyl.[107] Using
these molecules, different interaction patterns with
proteins could be demonstrated indicating the suit-
ability of these compounds for the identification of
binding sites of different proteins on the pharmaco-
phore of the sphingosines.

3.4. Other Small Molecules

Several other small molecules have also been
caged and used for the analysis of signaling pathways
or protein function. Conway et al. synthesized a caged
capsaicin analogue (26 ; Scheme 8) and showed that
upon irradiation, the analogue is capable of activating
the capsaicin receptor TRPV1.[108]

Goedhart and Gadella reported the usefulness of
caged phosphatidic acid (27; Scheme 8) to control the
flagellar excision in Chlamydomonas.[109] Addition of
caged phosphatidic acid showed no effect and only
after UV irradiation does the Chlamydomonas defla-
gellate. This approach opens a controlled way for the
investigation of phosphatidic acid dependent signaling
pathways.

Salerno et al. used a combination of a synthetic
and an enzymatic synthesis strategy to obtain caged
NADP cofactors (28 ; Scheme 8).[110,111] The synthetic
caged nicotinamides were able to act as substrates for
the solubilized NAD glycohydrolase transglycosidase
activity. By this means the generation of caged NADP
cofactors was demonstrated.

Gerwert et al. analyzed the mechanism of Ras
GTPase using caged guanine triphosphate (GTP).[112]

In combination with time-resolved FTIR difference spectros-
copy they could monitor the reaction pathway, form GTP to
GDP, in millisecond resolution.

Bendig and Giese et al. synthesized a caged variant of
cytidine-5’-diphosphate (29, CDP).[113] They applied the
coumarin-type photolabile protecting group and coupled
this to the b-phosphate group of CDP; upon irradiation
CDP can be efficiently released.

4. Caged and Light-Switchable Proteins

The irreversible photoactivation of proteins has been
described for several protein classes including hydrolases,

Scheme 8. Caged derivatives of a NO synthase inhibitor, secondary messen-
gers, and nucleotide cofactors.
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proteases, kinases, nucleases, toxins, cell-matrix proteins,
receptors, serum proteins, galactosidase, and antibodies.[114]

Herein we focus on recent developments in this area. Cages
and light-activatable photoswitches can be introduced into
proteins by different methods. In the simplest way caging can
be achieved by statistically modifying a protein through the
reactivity of functional groups of amino acid side chains with
caging agents. One such approach makes use of cysteine
residues of proteins and the sulfhydryl groups of caging
agents. In another approach, the multimeric properties of
proteins can be used to generate a caged variant, if one
subunit is synthetically accessible. Hence, the synthetic
peptide can be generated bearing a caged moiety at a desired
position. These peptides can then be used by replacing the
wild-type counterpart to form heterodimeric proteins, which
are caged. An elegant approach was introduced by Schultz
et al.[115] They used a nonsense-codon and a corresponding
tRNA, loaded with the desired caged amino acid. Slightly
earlier an artificial four-base codon approach had been used
by Endo et al.[116,117] By both these methods it is possible to
introduce caged amino acids into larger proteins in a site-
directed manner.

4.1. Kinases

The cAMP-dependent protein kinaseA (PKA) is neces-
sary for several signaling pathways including developmental,
neuronal plasticity, and hormone signaling. The catalytic
subunit of the tetrameric holoenzyme (consisting of two
catalytic and two regulatory domains) has been used to
develop caged variants.[118,119] Therefore two crucial amino
acid residues of the PKA catalytic domain, Cys199 and
phosphothio-Thr197, were derivatized with ONB groups. The
caged variants can be efficiently reactivated by the irradiation
with UV light, whereas the non-irradiated proteins were
almost inactive, showing a residual activity of only 5%.
Bayley et al. further reported that the choice of the protecting
group is critical for both the residual activity of the caged
protein and efficient reactivation by photolysis. In their study
the ONB group performed best whereas the CNB- and the
Nv-derivatives showed significant background activity. In a
step further, the same group expanded the caging principle of
kinases by aiming at the modification of phosphothreo-
nine 197 and thereby they generated a phosphothio-modified
kinase appropriate for modification with a pHP group.[119]

This caged kinase resulted in an inactive PKA protein and
upon irradiation the activity could be efficiently restored.

4.2. Ribonucleases

The group of Hamachi developed strategies for the caging
of ribonucleases. They used a synthetic approach for the site-
specific incorporation of ortho-nitrobenzyl-type groups. The
ribonuclease S consists of two domains, the S-peptide (1–20)
and the S-protein (21–124). By solid-phase synthesis several
positions of the S-peptide were replaced with amino acids that
bear caging groups. Subsequently they analyzed the activity of

the caged and irradiated peptides. By this means they
identified the positions Q11 and D14 to be suitable for
effective caging (30, Scheme 9) and suppression of RNase
activity. After irradiation the RNA-cleaving activity could be
restored.[120] In an other study, Hamachi et al. incorporated
phenylazophenylalanine at specific sites of the same S-
peptide (31, Scheme 9), resulting in on/off photoswitchable
ribonuclease S variants. One ribonuclease variant, carrying
the azophenyl moiety located in close proximity to a crucial
His12 of the S peptide, showed a clear on/off behavior after
alternating irradiation with UV and visible light.[121]

In a similar study Woolley et al. also used the phenyl-
azophenylalanine photoisomerizable group for the synthesis
of S-peptide variants. In accordance with the study by
Hamachi et al. they identified the position 13 of the S peptide
as being addressable for efficient introduction of a photo-
switchable azobenzene group.[122]

4.3. Caged Receptors and Receptor Agonists

Lesteer et al. incorporated an ONB group by derivatizing
the tyrosine residue 242 (Y242) of the Kir2.1 potassium
channel ofMus musculus.[123] They took advantage of the fact
that a cage at the critical position Y242 would provide both a
mode to investigate the direct phosphorylation of the
receptor at this position and the control of the activity of
the receptor by light. Interestingly, it was shown that the
tyrosine residue 242 is in fact involved in protein–protein
interactions and is not phosphorylated by tyrosine-kinases.

The ligand-gated ion channel nicotinic acetylcholin recep-
tor (nAChR) is composed of five homologous subunits
arranged in a pentameric fashion with a central pore. The
group of Lester used the nonsense suppression method to
introduce caged tyrosine and caged cysteine residues into
transmembrane segments of the nAChR.[124] The study
provided evidence that the caged tyrosine is more efficiently
deprotected than caged cysteine by light irradiation and with
the caged nACh receptors it was possible to analyze the
kinetics of acetylcholine-induced currents before and after
photolysis.

A different approach was followed by Trauner and
Kramer et al. They synthesized a thiol-reactive azobenzene
derivative that contains a tertiary amide and thus generated a
switchable K+-ion channel.[125] This approach allows a precise
spatiotemporal control for the analysis of neuronal firing over
neuronal circuits in a reversible manner.

4.4. Control of Conformation and Function of Peptides

The strategy of caging peptides and proteins can be used
to analyze the folding and unfolding processes of peptide
conformations in a time-resolved manner.[126] For example,
Chan et al. used the 3’,5’-dimethoxybenzoin group to cage a
mutant of the GCN4-1p protein that causes the disruption of
the coiled–coil structure of the wild-type protein.[127] In the
presence of the cage, the coiled–coil structure can be built,
since the mutation is masked and thus silent, whereas upon
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photolysis the a-helices, responsible for coiled–coil forma-
tion, are disrupted.

Zinth et al. used a different strategy to obtain switchable
cyclic peptides. They used an azobenzene moiety and
introduced them into cyclic bioactive peptides consisting of
eight amino acids (32 ; Scheme 9).[128] The folding kinetics of
the peptides by the photoinduced isomerization were moni-
tored by femtosecond transient absorption spectroscopy.

The group of Hilvert employed meta-substituted azoben-
zene-containing peptides 33 (Scheme 9) for the construction
of photoinducible b-hairpins.[129] When the azobenzene deriv-
ative was in its thermodynamically stable trans form no
distinct structure could be determined, but after photo-
isomerization a well defined b-hairpin was observed. They
claimed that this approach might be useful for the photo-
control of peptide hormone activity. A similar approach was
described by Gogoll et al. Instead of azobenzene they used
stilbene as a photoswitchable chromophore incorporated in a
b-hairpin peptide 34 and with circular dichroism (CD)
spectroscopy they visualized the cis and trans conformation
of the peptide.[130]

The studies of Woolley and Hamm made use of a 16 mer
peptide that binds to DNA, in combination with an intra-
molecular azobenzene photoswitch, to analyze the formation
of an a-helix.[131–133] They attached the azobenzene group
between two cysteine residues (35, 36 ; Scheme 9), thus
mimicking a disulfide bridge. The presence of the cis-isomer

of the photoswitchable group disrupts the a-helix, upon
photoinduced formation of the trans-isomer the a-helix is
reformed and thus DNA binding initiated.

The studies described above show that photoactivatable
molecules together with controlled photolysis, can be used to
investigate the folding of peptide secondary structures, such
as b-hairpins and a-helices and moreover, the control of the
formation of super structures, such as coiled coils. Since the
structures of peptides and proteins correlate with function,
the caging technique can be also used to modulate the
function of amino acid polymers.[114]

For this purpose, Pirrung et al. synthesized caged peptides
that are part of the chemotactic process.[134] They derivatized a
chemotactic trimer peptide at the N-formyl position with a
nitroveratryl group (37, Scheme 10). This peptide can be
useful to study lymphocyte movement, induced by a photo-
activated increase in the concentration of an active molecule.

A different approach was followed by the group of
Imperiali. They introduced NPE groups to the phosphoserine
moiety of a peptide (38 ; Scheme 10).[114, 135–137] Upon flash
hydrolysis the caged peptide variants were capable of
releasing phosphopeptides that then mimic the phosphoryla-
tion state of a protein and thus can be used to modulate kinase
signaling. In combination with fluorescent dyes, attached to
proximal peptide side chains, the reported principle can be
further used to monitor the binding state of phosphopeptides
to the targeted protein.[137] In a step further Yaffe and

Scheme 9. Caged peptides used for the analysis of ribonuclease function and peptide folding. For clarity, in some of the peptides the side chains
have been abbreviated with the respective one letter code for the amino acid in parentheses. Nle=Norleucine.
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Imperiali used this approach for the assignment of the
temporal role of 14-3-3 in G1 arrest and S-phase checkpoint
function.[138] They introduced the caged peptide 39
(Scheme 10) in cells as an inactive precursor which, after
uncaging, were able to sequester phosphoserine/phospho-
threonine binding proteins, in a temporally controlled
manner.

In an ongoing study Imperiali et al. demonstrated the
feasibility of tRNA derivatized with caged serine, threonine,

or tyrosine to be useful for the incorporation of the caged
amino acids into large proteins. This approach will open the
door to further investigations and spatiotemporal control of
large proteins.[135] Recently, they also applied the caged
phosphotyrosine peptide 40 (Scheme 10) for the local analysis
of focal adhesion kinase (FAK) and leading edge migration of
tumor cells.[139] The uncaged peptides are able to compete
with autophosphorylated FAK for its interaction with the SH2
domain of Src and phosphoinositide 3-kinase and thus
interfere with downstream signaling thereby causing the
arrest of cellular migration. A similar approach was reported
by Bayley et al. They used thiophosphotyrosine residues in
peptide sequences (41; Scheme 10) and derivatized them with
two different thiol-reactive photolabile groups.[140] Using
these peptides they explored the binding behavior to SH2
domains (which were coupled to solid resins) before and after
irradiation.

Sase et al. caged a peptidic nuclear localization signal that
was attached to the BSA protein (42 ; Scheme 10), and thus
obtaining light-induced nuclear delocalization.[141] As
expected, the caged peptide was found exclusively in the
cytoplasm of HeLa cells whereas upon irradiation the
translocation to the nucleus was observed. Similarly, but for
the multimerization of proteins, Hahn and Muir constructed a
caged Smad2-MH2/SARA-SBD protein by chemical ligation
using the peptide 43 (Scheme 10).[142] After irradiation the
caged protein releases the SARA-SBD moiety and thus the
formation of a homotrimer is induced which then trans-
localizes into the nucleus. This approach opens an elegant way
for the kinetic characterization of protein import and/or
export processes of the nucleus. In an earlier study, by
incorporation of both a fluorescent dye in proximity to a
quenching molecule and a photoreactive release site, Muir
et al. constructed Smad2 derivatives whose photoreactivity
can be monitored by increasing fluorescence signals.[143] This
method enables a direct correlation between fluorescence
signaling and deprotection efficiency.

4.5. Various Caged Proteins and Their Applications

The group of Muir used a native chemical ligation strategy
to obtain photosensitive proteins hence allowing the spatio-
temporal control of protein function (Scheme 10, bottom).[144]

They constructed a chimeric protein, consisting of EGFP-
NLS and a dipeptide containing a palmitoyl residue. Their
design strategy aimed at the light-induced separation of the
two components. As expected, after introduction of this
chimera into living cells, fluorescence signals can be detected
close to the membrane before and distributed intracellularly
after irradiation. This approach allows the induced separation
of two components in a spatiotemporal manner by light and
the controlled localization of proteins inside cells.

The groups of Endo and Majima recently applied an
artificial four-base codon to site-selectively incorporate
photoreactive moieties in restriction enzymes and cas-
pases.[116,117] By this means an inactive procaspase-3 was
obtained that, similar to the endogenous activation by
caspase-8, could be activated by irradiation with light.

Scheme 10. Caged peptides and phosphopeptides used for functional
characterization and for activation of signaling cascades. Ahx=amino-
hexanoic acid, FL= fluorescein tag.
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The restriction endonuclease BamHI was derivatized in a
way that allows the control of dimer formation of the protein.
Therefore, a nitroveratryl or azobenzene group was attached
to amino acids that reside in the dimerization region of
BamHI. It was observed that the positioning of the photo-
reactive moiety is important and most effective when amino
acids were caged that are involved in the formation of salt
bridges between the monomers. By this means it was possible
to gain photocontrol over the activity of the restriction
enzyme.[117]

Fournier et al. used a caged urotensin II peptide for the
generation of photoswitchable vasoconstrictors. Photolysis of
a caged urotensin II peptide was fast and photodependent
contraction of the thoracic aorta rings could be obtained.[145]

Advantageously, and as a requirement for in vivo application
of the caged peptide, the cage was very stable under
pharmacological conditions.

Cofilin induces the formation of protruding ends in actin
filaments and cofilin activity can be regulated by the LIM-
kinase. The phosphorylated cofilin is inactive and upon
dephosphorylation activity can be induced. Condeelis and
Lawrence et al. used a caged variant of a constitutively active
mutant of cofilin, bearing a cysteine instead of a serine
residue, which is inactive in the presence of the cage (CNB)
and can be activated by light.[146]

A very recent study nicely demonstrated the feasibility of
the light-activation approach for the analysis of channel
proteins. A spiropyran-merocyanine photoswitchable mecha-
nosensitive channel from E. coli was constructed and
imbedded in liposomes (Scheme 11a).[147] Upon irradiation
with UV light (366 nm) the channel could be opened and
closure, if desired, was obtained by repeated irradiation with
visible light at wavelengths above 460 nm. This system might
be useful for the light-gated delivery of bioactive molecules.

In another study the caging of an antibody (mAb), known
to bind to the brain-derived neurotrophic factor (BDNF), was
reported. In the study, the question addressed was whether
neurotrophins are cofactors in, or the real mediators of,
synaptic strengthening.[148] By applying the caging technique
they were able to activate the inhibition properties of a mAb
in a time-resolved manner. Activation of the mAb during
induction of synaptic enhancement leads to the inhibition of
endogenous BDNF and to a decrease of synaptic potential
after stimulation in the CA1 region of acute hippocampal
slices. This clearly indicates the role of BDNF in the
manifestation of early induction of synaptic plasticity.

Jacobson et al. studied cell locomotion by using caged
thymosin b4 (Tb4). Tb4 was caged by the treatment with (N-
nitroveratryloxy)chlorocarbamate. In vitro it could be dem-
onstrated that the photoactivated Tb4 inhibited actin poly-
merization but the caged variant did not.[149] Next, Jacobson
et al investigated the effects of locally activated Tb4 in wing
regions of locomoting keratinocytes and could observe a
specific turning at the sites of photolysis. Based on these
results they were able to propose a mechanistic model for the
turning behavior of keratinocytes in response to Tb4.

Bedel-Cloutour et al. investigated caged bovine haemo-
globin in enzymatic assays by analyzing 2,2-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) oxidation.[150] They

used unspecific caging with NPE groups to deactivate
haemoglobin. In part, they were able to specifically recover
enzymatic activity by time-dependent photolysis. However,
this method led only to the reactivation of a portion of the
enzyme and seems to be less efficient compared to
approaches that aim at the strategic caging of distinct amino
acid residues, for example, by nonsense codon-based techni-
ques.

By using site-specific incorporation of phenylazopheny-
lalanine the group of Sisido constructed variants of the
horseradish peroxidase.[151] They constructed an on/off switch-
able protein derivative and as a result of their strategy they
could define critical positions best suited to the caging
approach.

In a different manner, Goeldner et al. used N-methyl-N-
(2-nitrophenyl)carbamoyl chloride to obtain derivatized and
inactivated butyrylcholinesterase (BChE).[152] This reagent
was shown to be reactive towards alcohols and the corre-
sponding caging group could be efficiently cleaved by
photolysis. Subsequently, the structure of the caged BChE
was solved and allowed a detailed insight into the coordina-
tion of the cage molecule and hence its structural basis for
BChE inactivation.

In a very nice example Isacoff and Trauner et al. used the
compound 44 (Scheme 11b) to modify a cysteine residue in
the ionotropic glutamate receptor (iGluR) and covalently

Scheme 11. a),b) Reversible light-controlled opening and closure of
channels across lipid bilayers.
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attach the receptorNs cognate substrate glutamate to it.
However, the cis- or trans conformation of the linker—
which can be controlled by light—determines whether the
triggering glutamate is actually binding to the active site or
not.[153] By this means they constructed a reversibly light-
gated iGluR and gained control over its activity in a time-
resolved manner. The regulatory control over channel activity
obtained can be useful for the study of biological phenomena
and for application as a biosensor.

5. Caged and Light-Switchable Nucleic Acids

Compared to the other categories of compounds discussed
so far the field of caged and light-switchable nucleic acids is a
relatively new one. Apart from being a cellular information-
storage device, nucleic acids offer a richness of applications,
including, gene regulation (RNA interference,[154] micro-
RNAs,[155] riboswitches,[156] antisense approach,[157] DNA-
zymes[158]), the modulation of protein function (aptamers,[159]

DNA/RNA decoys[160]), molecular diagnostics (microar-
rays[161]) or the use as catalysts[162] or structural or functional
nanoscale materials.[163] To make the above-mentioned effects
light-responsive, a modification of the nucleic acid compo-
nents involved is not the only approach. Thus, to regulate
gene expression with light, caged hormones could also be
used (see Section 3). Other alternatives are the use of light-
regulated plant promoter systems[164] or caging of GAL4VP16
(a protein-based transcription activator),[165] or the use of
light-dependent delivery strategies, such as the “photochem-
ical internalization”[166] in which photosensitisers are used to
facilitate endosomal release of endocytozed molecules.

One of the existing strategies for the preparation of caged
nucleic acids relies on what could be called “statistical
backbone caging”: In a pioneering investigation by Haselton
et al. plasmid DNAs coding for luciferase or GFP were
modified with Nv-groups (Scheme 12).[167] The plasmid DNA
was allowed to react under benzylating conditions. Owing to
the unselective nature of these conditions the plasmids were
modified with caging groups with a statistical distribution of
modified positions—presumably mainly backbone phosphate
groups. For example, the plasmid coding for GFP was
modified with approximately 270 Nv groups. The modified
plasmids were introduced into either rat skin cells or HeLa
cells and were transcriptionally inactive prior to activation
with light. Irradiation with a laser at 355 nm induced tran-
scription in a dose-dependent fashion. However, the full
transcriptional activity could not be restored.

In a more recent publication Haselton and Monroe have
studied the influence of DNA modified in this way on
hybridization.[168] Using a caged 20-mer probe DNA with 14–
16 Nv groups and a 30-mer molecular beacon they found out
that hybridization of both partners was significantly reduced
when the probe DNAwas caged and that upon irradiation two
to four caging groups remain, accounting for the incomplete
restoration of hybridization compared to unmodified control
DNA.

The same strategy of backbone caging was pursued in the
group of Okamoto using Bhc-caged GFP-mRNA (ca. 30 sites

in a 1 kb RNA; Scheme 12).[169] Bhc-caged mRNA was
injected in the one-cell stage of zebrafish embryos and
turned out to be remarkably stable. The modified mRNA was
almost translationally inactive prior to uncaging. Again, upon
irradiation, the translational activity could be partly recov-
ered in the irradiated part of the embryo despite the fact that
mRNA injected in the one cell stage is distributed ubiqui-
tously in the whole embryonic body. Plasmid DNA was also
Bhc-caged and injected in the one-cell stage in this study and
it turned out that in contrast to caged mRNA the caged DNA
was not distributed evenly in all cells but rather in a mosaic
fashion—but again expression was almost only observed after
activation with light. Follow-up studies by the same group
deal with the perfection of the preparation and handling
procedures.[170] First attempts to use this method to study the
brain development in zebrafish embryos have already been
made.[169,171]

Friedman et al. have recently applied the strategy of
statistical backbone phosphate caging to small interfering
RNA (siRNA) (Scheme 12).[172] siRNA molecules are the key
players in “RNA interference”—a very powerful and broadly
applicable gene regulatory technique.[154] The double-
stranded siRNA interacts with the RNA induced silencing
complex (RISC) which will then degrade cellular mRNAwith
the same sequence as one of the siRNA strands. The rationale
behind FriedmanNs approach is to prevent the interaction
between the caged siRNA and the RISC complex. The caged
siRNA in this study contained an average of 1.4 caging groups
per duplex. As a model system, the silencing of GFP
expression in HeLa cells was used. It turned out that the
caged siRNA was not completely inactive but could be fully
activated upon irradiation. An increase in the number of

Scheme 12. One strategy to achieve light-dependent gene regulation is
the statistical caging of backbone phosphate groups of plasmid DNA,
mRNA, or siRNA. N=any nucleobase.
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caging groups made the siRNA inactive but then the full
activity could no longer be restored by irradiation.

The elegance of this approach of statistical backbone
caging clearly lies in its simplicity of preparation. However—
at least with the modifying reactions and the caging groups
used to date—a clean on/off behavior is not yet possible.

An alternative to circumvent these disadvantages is the
introduction of caging groups on well-defined positions in
nucleic acids, and indeed, even one year before the above-
mentioned experiments by Haselton et al. MacMillan et al.
used 2’-modified RNA to control the reaction of a ribozyme
with light (Scheme 13).[173] Ribozymes are RNA sequences

with catalytic activity.[162] In this case the so called hammer-
head ribozyme was used which is able to cleave RNA.[174] To
do this, it arranges the substrate RNA through base pairing in
such a way that the attack of one of the 2’-OH groups in the
substrate to the adjacent 3’-phosphate diester becomes
favorable. Via the generation of a cyclic phosphate species,
the substrate RNA strand is cleaved. Since the nucleophilic
quality of this particular 2’-OH group in the substrate is
important, MacMillan et al. decided to temporarily block it
with a nitrobenzyl group, and indeed, the caged substrate was
no longer processed by the ribozyme. Upon photolysis the
caged substrate was cleaved to the same extent as unmodified
substrate. In a later study MacMillan et al. used this technique
for a stepwise study of the spliceosome in action.[175] The
spliceosome is responsible for processing the so called pre-
mRNA which is formed immediately after transcription. In
doing so it removes the introns—parts of the pre-mRNA
which will not leave the nucleus. However, since the
spliceosome, which consists of several proteinogenic and
RNA subunits, assembles only around the pre-mRNA to be
processed (in an ATP-dependent stepwise fashion) its assem-
bly can normally not be studied independently of its catalytic
reaction. By caging a 2’-OH group in the substrate pre-
mRNA, which is again the key nucleophile in the reaction, it
was possible to introduce a breakpoint in this otherwise
concerted reaction and study the assembly of the spliceosome
independently.

The group of Pitsch has been studying different protecting
groups for the 2’-OH group in RNA for synthetic reasons.
Thus, they could demonstrate the superiority of their 2’-O-
[(triisopropylsilyl)oxy]methyl (tom) protecting group strategy
over the older (tert-butyl)dimethylsilyl (TBDMS) strategy.[176]

As one alternative to silyl protecting groups for the 2’-OH
groups they also evaluated photolabile protecting groups,
such as the NPEOM group[177] ([1-(2-nitrophenyl)ethoxy]-
methyl; Scheme 13) and they did not fail to recognize that
apart from being of synthetic interest these derivatives can
also be used to make RNA light responsive. Again the test
system was a ribozyme reaction, and with the caging group
attached no reaction took place. After photolysis the ribo-
zyme was fully active. In the 2’-position of RNA, the NPEOM
group is a superior protecting group to the nitrobenzyl group
because it is orthogonal to the silyl protecting groups for the
2’-positions of the other nucleobases. These groups are
deprotected with fluoride after RNA solid-phase synthesis,
and the nitrobenzyl group is also partly cleaved under these
conditions.

The examples by MacMillan and Pitsch already show very
nicely that by site-specific incorporation of caging groups it is
possible to have a “binary” off/on-behavior before and after
irradiation—albeit at the price of a somewhat higher synthetic
effort—but they still leave the very nature of the nucleic acids
intact: the Watson–Crick interaction capabilities. In our
opinion, the nucleobases play the central role in the majority
of the DNA- and RNA-based applications, simply because
they carry the information which comes along with the nucleic
acid. Thus, we have started our own projects to prepare caged
nucleic acids. In a first study a thymidine has been modified at
the O4-position with a photolabile NPP group (TNPP) and
introduced in a DNA oligonucleotide (Scheme 14; top
right).[178] The modified position can be seen as a temporary
mismatch. It could be shown that with only one such local
perturbation it was possible to prevent the T7 RNA poly-
merase from recognizing its cognate promoter region in
duplex DNA and thus fully prevent transcription of the DNA.
Upon photolysis the same amount of transcript RNA was
formed as was the case for unmodified DNA. The same caged
residue TNPP was then introduced in a DNA aptamer which
selectively binds and inhibits thrombin, one of the key players
in the blood clotting cascade.[179] DNA or RNA aptamers are
single-stranded nucleic acids which are obtained by evolu-
tionary methods and can have tailor-made properties, such as
selective binding and inhibition of proteins.[180] In the aptamer
the caged thymidine was no longer available for specific
interaction with the thrombin even though the secondary
structure, a G-quadruplex, was unharmed. The choice of the
position to modify was possible because it was well-known
which positions are responsible for the interaction with the
target thrombin. In another study we used the caged residue
dGNPP (Scheme 14, top right) to modify DNA oligonucleo-
tides which are able to form a G-quadruplex structure.[181]

With this approach it is far simpler to temporarily block
otherwise active nucleic acids because, while for the deter-
mination of the exact location of the active site elaborate
structural studies are necessary, it is most often easier to
determine elements of secondary structure and to introduce a
few cages at key locations to prevent the nucleic acid from
forming its active conformation.

In a similar study, and at about the same time, Schwalbe
and Pitsch used the similar GNPE residue (Scheme 14, bottom
right) to determine the tertiary folding kinetics of a bistable

Scheme 13. RNA cleavage by a ribozyme has been made light-depen-
dent by caging of the substrate RNA in the two similar approaches
show.[173, 177] MacMillan et al. have used this approach to study the
assembly of the spliceosome complex.[175]
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20 mer RNA sequence by NMR spectroscopy in real time.[182]

This method has been further developed by Silverman et al.
who were the first to come up with a complete set of caged
RNA residues in which the nucleobases were each modified
with NPE groups at their Watson–Crick hydrogen-bond
interaction surface (Scheme 14, bottom right).[183] Again the
caged residues were used to study tertiary folding in RNA.

The group of Dmochowski is also interested in nucleo-
base-caged nucleic acids.[184] In their approach, a cytidine
residue is modified with a fluorescence quencher (DABSYL)
through a photolabile, NPE-derived residue (Scheme 14,
bottom left). In this case, the caging group is not only
responsible for the modulation of the interaction capability of
the nucleic acid but also triggers the fluorescence of an
adjacent base-modified cytidine carrying a fluorescein moiety.
The advantage of this system is that the result of uncaging can
immediately be seen, for example, under a confocal micro-
scope. It could be shown that this system can be used to
photomodulate a primer extension reaction.[185]

The group of Perrin et al. finally used a very unconven-
tional caged adenosine residue to photomodulate the activity
of a DNAzyme (Scheme 14, top left).[186] This study is one of
the rare cases where a “traceless” cage has been used—
leaving only a C�H bond after cleavage.

Interestingly, Rebek et al. had long ago prepared a caged
adenosine derivative and used it for light-modulation of self-
replication but they did not introduce this derivative in
nucleic acids.[187]

Whereas the aim of the above-mentioned studies was to
temporarily mask the activity of nucleic acids, there is quite a
significant body of literature available on what was called
“caged strand breaks”. The idea of introducing nicks in DNA
by irradiation is not new[188] but the technique has been
improved significantly, for example by the work of Taylor
et al. In a very early study the ortho-nitrobenzene-containing
residue (Scheme 15, top left) was introduced and used in
phototriggered DNA hybridization.[189] Later they presented
another residue (Scheme 15, top middle) which is capable of
generating 3’-hydroxy- and 5’-phosphate-terminated strands
after light-induced breakage which are, after a possible
regrouping, available for a subsequent ligation strategy.[190]

Other residues (for example Scheme 15 top left and right)
give, after irradiation, phosphate groups on both the 3’- and
the 5’- end.[191, 192] In the meantime, quite a number of different
approaches to realize caged strand breaks have been devel-
oped (Scheme 15 gives an overview). For example, in the
system introduced by Sheppard et al. , after photoactivation a
2’-deoxyribonolactone is generated which can further

Scheme 14. Residues for the generation of nucleobase-caged nucleic acids. The resulting modified DNA or RNA has been used in the applications
listed on the right side.
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undergo elimination.[193, 194] A similar system is available for
RNA abasic site generation.[195] While some systems require
(partly) additional treatment after photoactivation,[196–198]

others do not.
Light-induced DNA strand breakage at specific sites was

also possible in a totally different approach in which caged
Mg2+ ions (in the form of a DM-nitrophen complex, see
Section 3 and Schema 7) was used together with the restric-
tion enzyme Sma1 (which needs Mg2+ ions for its cutting
activity) and free ethylene diaminetetraacetate (EDTA).[199]

Under a microscope, stretched-out DNA double strands were
then locally irradiated, liberating a short “flash” of Mg2+ ions
which were then again sequestered by EDTA. During this
time the restriction enzyme was able to cut the DNA—but
only in the irradiated area. The radius of that active region
could be determined by adjustment of the EDTA concen-
tration.

The concept of reversible photoswitches has also already
been applied to nucleic acids—mostly by Komiyama et al. In a
series of studies they used the azobenzene-containing replace-

ment nucleoside shown in Scheme 16.[200–206] By irradiating the
trans-configured form of an octamer poly-dA, the melting
temperature to a T8 counter strand could be reduced by 8.9 8C.
By irradiation with visible light the effect was fully
reversed.[200] This technique makes it possible to reversibly
interfere with duplex or even triplex[201] DNA formation. Such
a modified oligodeoxynucleotide can, for example, be used as
a light-dependent modulator of a DNA polymerase reaction:
By binding a modified oligodeoxynucleotide in the primer
extension region, it was possible to stop the primer extension
at its 5’-end (the T7 DNA polymerase which was used has no
5’!3’ exonuclease activity).[202] Whereas the flat trans-azo-
benzene moiety is able to stack comfortably within a DNA
double helix, the cis isomer, which is formed upon irradiation,
has a helical shape and weakens the base pairing at the 5’-end
of the modulator oligodeoxynucleotide so that the poly-
merase is able to knock off the modulator. Thus, depending
on the conformational state of the modulator, either full-
length or a shortened product strand was formed. Similarly, it
was possible to regulate the transcription with T7 RNA

Scheme 15. Overview of different approaches to generate DNA strand breaks upon irradiation. Black bars indicate which bonds are finally broken
(sometimes after additional treatment). The top middle strategy yields ligatable 3’-hydroxy-terminated and 5’-phosphorylated ends. N=any
nucleobase.

Scheme 16. A reversibly photoswitchable nucleotide replacement based on an azobenzene moiety. N=any nucleobase
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polymerase[204] or SP6 RNA polymerase[206] with light by
including the azobenzene-containing residue in the double
stranded promoter or TATA box region.

About at the same time as the first study by Komiyama
et al. was published, Lewis et al. showed that they could
trigger DNA hairpin formation with a stilbenediether-linked
bisoligonucleotide conjugate.[207] More recently Sen et al.
used the Komiyama method to build a light-regulatable
RNA-cleaving deoxyribozyme[208] and obtained a five- to
sixfold difference in the catalytic rate by irradiating with light
of different wave lengths.

Two more applications are discussed in this Section even
though they do not strictly deal with caged nucleic acids but
rather with nucleic acids which are modified with a caging
group, but it is not the nucleic acid which is released upon
irradiation: Saito et al. have used the molecular beacon
technique for conditional photorelease (Scheme 17).[209] For
this approach, a single-stranded DNA which forms a stem-
loop structure was used which was modified with a naphtha-
lene quencher on the 5’-end and on the 3’-end with a
photocleavable pHP group to which biotin, as a model for a
drug, was attached. In this stem-loop state no bond cleavage
takes place upon irradiation owing to the vicinity of the
quencher. In the presence of a complementary DNA strand
however, the stem-loop structure is opened and the quencher
is moved away from the p-hydroxyphenacyl moiety which will
now decay as usually upon irradiation—liberating the
attached “drug”. In a similar study Tanabe and Nishimoto
used the combination of a photocleavable o-nitrobenzyl
linker and a naphthylamine quencher which works with
light of a longer and hence less harmful wavelength.[210]

6. Summary and Outlook

Starting as an organic synthesis strategy the use of
photolabile groups has become a valuable tool for the
investigation of biological phenomena. Though the caging
technique was reported 30 years ago it has gained significant
impetus during the last five years. A number of recent
publications describe the functional investigation of caged

biomolecules, based on peptides, proteins, and nucleic acids.
Quite a few studies investigated neuronal signaling with caged
effector molecules and this approach already “illuminates”
the biology of receptors, ion channels, and the spatiotemporal
assignment of neuronal activation sites and the following of
synaptic currents. The commercial availability of caged
effectors further underlines the applicability of light-activat-
able molecules. It will be very exciting to see how caging
approach can help in the discovery of novel principles and
functions of biomolecules during the next years.

Further developments of synthesis strategies, for example,
the synthesis of novel caging moieties that are perfectly suited
for cellular environments, and the availability of highly
sophisticated analytical instrumentation enables the precise
analysis of biological functions in respect to time and location.
We believe that whenever synthetically and biologically
motivated scientists work hand in hand rapid progress can
be achieved within the field. The caging technique might
develop as an invaluable approach for the elucidation of
signaling cascades in a spatiotemporal manner.
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Soon after the identification of carbon nanotubes,[1] it was
demonstrated that many layered inorganic compounds could
be prepared in tubular morphologies.[2] The formation of
inorganic nanotubes was suggested to occur by a curving and
seaming process. Later, artificial lamellar structures were
prepared in solution, from which nanotubes (or nanoscrolls)
could be formed after heat treatment.[3] The thermally driven
roll-up of thin layers into scrolls as a result of lattice
expansion mismatch was also reported.[4] Such a process
occurs when a two-layer thin film of Si/SiGe is heated: the
film rolls up to form nanoscrolls, owing to the asymmetric
strain on its two sides.[4b,d]

The bending and roll-up of a thin layer to form tubular
nanoscrolls is a thermally driven process. A layer with
dangling bonds at its periphery is unstable. The decrease in
the number of dangling bonds and reduction in the area of the
active solid–vapor or solid–liquid interface that occur upon
bending compensate the energy barrier associated with the
strain of bending.[5] Thus, the formation of seamless nano-
tubes or nanoscrolls can be energetically favorable. As a
result of bending, defects are commonly generated within a
structure to allow strain release, which is beneficial for the
overall stabilization of the tubular structure.

From a kinetic point of view, the rolling of the lamellar
structure may be initiated by a stress of either a structural or
an electrical nature caused by the asymmetry of the layer.
Recently, Mallouk and co-workers demonstrated that the
free-energy difference between the coiled and uncoiled forms
of an exfoliated colloid was rather small; therefore, the
occurrence of rolled-up nanoscrolls or unrolled layers
depends on the chemical environment (such as the ionic
strength and pH).[3d,e]

To date, there has been much theoretical and experimen-
tal work relating to the synthesis of inorganic nanotubes from
layered or artificial lamellar structures and their mechanisms
of formation. However, direct evidence of the bending,
seaming, and roll-up processes is still lacking.[1–5] In addition,
controversial arguments have recently arisen; for example,
Kukovecz et al. have questioned the roll-up mechanism for
the formation of nanotubes from lamellar structures.[6] In fact,
these authors found nanoloop intermediates and proposed an
oriented-attachment mechanism for the formation of nano-
tubes. This hypothesis accounts for the fact that a smaller
driving force is involved in the formation of nanotubes than
that theoretically predicted for the roll-up of a layer. In
contrast, our present results explicitly demonstrate that the

roll-up of a whole layer has indeed taken place and has
contributed to nanoscroll formation.

Strontium aluminate (SrAl2O4) is one of the most studied
and most efficient host materials for long-lasting phosphor-
escence.[7] The low-temperature phase of SrAl2O4 adopts a
monoclinic structure (space group P21, a= 8.447, b= 8.816,
c= 5.163 9, and b= 93.428) that consists of a three-dimen-
sional network of corner-sharing {AlO4} tetrahedra contain-
ing connected open channels, in which the Sr2+ ions are
located.[7b] Rare-earth ions with the same valence and a
similar radius to Sr2+ (1.21 9), such as Eu2+ (1.20 9), can be
readily substituted for Sr2+ with minor (if any) local distortion
of the crystal lattice.[7b] This property makes SrAl2O4 an ideal
host material for long-lasting phosphorescence. The synthesis
and optical properties of SrAl2O4, in bulk form, or as films or
nanoparticles, have been extensively explored during the past
decades.[8] However, the production of one-dimensional
aluminate nanomaterials has lingered far behind. To date,
only one paper on the synthesis of SrAl2O4 nanorods has been
published; however, neither the details of the synthesis nor a
complete structural characterization of the nanorods were
provided.[9] Nanotubes of alkaline-earth-metal aluminates
have not yet been observed.

Herein, we report the rational synthesis of crystalline
SrAl2O4 nanotubes by a roll-up and post-annealing route
under hydrothermal conditions. In contrast to the synthesis of
BaAl2O4, a mixture of cetyltrimethylammonium bromide
(CTAB)/n-butanol/water, rather than CTAB/water, was used
as the reaction medium, allowing a high loading of ionic
reactants and a more efficient modulation of morphology.[10]

Urea was used as a slow-release pH-adjusting agent. The
products obtained after heating at 120 8C for 16 h possessed a
whisker-like morphology, as shown in a scanning electron
microscopy (SEM) image (Figure 1a).

To further investigate the product morphology and
structure, transmission electron microscopy (TEM) and
high-resolution (HR) TEM were employed. As shown in
the TEM image of Figure 1b, the products have a tubular
morphology. The selected area electron diffraction (SAED)
pattern shown in the inset reveals that the nanotubes are
amorphous. It is apparent that the nanotube diameter is not
uniform throughout the whole length, which will be discussed
below.

Figure 1. a) SEM image of the SrAl2O4 product synthesized at 120 8C;
scale bar=1 mm. b) TEM image of two as-synthesized SrAl2O4 nano-
tubes; corresponding SAED pattern in inset.
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Note that the nanotubes were not induced by the
sonication during the preparation of the TEM samples,
because nanotubes were observed in the as-synthesized
products (see Supporting Information).

In order to obtain well-crystallized SrAl2O4 nanotubes, we
annealed the product at 1300 8C for 4 h. From the TEM image
of an annealed nanotube shown in Figure 2a, it is clear that

the tubular morphology is preserved upon high-temperature
annealing. An SAED pattern taken along the [11̄0] zone axis
demonstrates the single-crystalline nature of the nanotube
(Figure 2b). The slight streaking of the diffraction spots
indicates that planar defects are present within the nanotube.
Energy dispersive X-ray (EDX) spectroscopy indicates that
the nanotube is composed of strontium, aluminum, and
oxygen in an atomic ratio that agrees with the stoichiometric
formula SrAl2O4 (Figure 2c; the copper signal is due to the
carbon-coated copper grid used as a sample holder). An
HRTEM image shows the lattice fringes corresponding to the
{001} and {220} planes, which have spacings of approximately

0.52 and 0.31 nm, respectively (Figure 2d). The nanotube
walls are not perfect single crystals; as indicated by the arrows
in Figure 2e, stacking faults and antiphase boundaries are
present, consistent with the streaking observed in the SAED
pattern. Note that antiphase boundary defects are common in
SrAl2O4 and related materials.[11]

The nanotube growth mechanism was investigated by
systematically studying the evolution of the product mor-
phology during the hydrothermal process. When the heating
time is shorter than 2 h at 120 8C, no solid product is
produced, because an incubation period is necessary prior
to nucleation. When the heating time is extended to 4–8 h,
nanoparticles and nanoplatelets appear (see Supporting
Information). A further extension of the heating time to
10 h results in the appearance of nanoscrolls. In Figure 3, both

nanoscrolls and nanoplatelets can be seen; the triangle
arrowheads indicate the roll-up of nanoplatelets, and the
diamond arrowheads indicate the roll-up of nanoscrolls. Note
that the nanoplatelets are flexible enough to bend, but are
rigid enough to bear the bending stress. It is rare to find a
broken platelet, such as the one indicated by the triangle
arrowhead with the thick tail in Figure 3c. From the TEM
images, it is clear that the nanoplatelets are not uniform in
shape; therefore, the diameter of the rolled-up nanoscrolls is
not axially uniform, as indicated by the round arrowhead in
Figure 3c. In Figure 3d, a nanoscroll near the end of the roll-
up process is shown; it is again apparent that the diameter of
the nanoscroll is not uniform throughout its length.

Figure 2. a) TEM image of a post-annealed SrAl2O4 nanotube. b) SAED
pattern of the area circled in (a), recorded along the [11̄0] zone axis.
c) EDX spectrum of the nanotube. d) and e) HRTEM images corre-
sponding to the marked regions in (a); in (d), lattice spacings
discussed in text are indicated; the arrows in (e) point out stacking
faults and antiphase boundaries.

Figure 3. TEM images of the roll-up of SrAl2O4 layers to form nano-
scrolls during hydrothermal synthesis at 120 8C; the arrows in (a)–(c)
point out structural features described in text.
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As discussed above, the as-synthesized nanoscrolls are
amorphous prior to high-temperature annealing, as is char-
acteristic for alkaline-earth-metal aluminates. After anneal-
ing at 1300 8C for 4 h, the nanoscrolls are fully transformed
into crystalline nanotubes of monoclinic SrAl2O4. Nanoscrolls
and nanotubes can be clearly differentiated: nanoscrolls are
rolled up from a single sheet, whereas the original layered
structure is lost in nanotubes, as a result of an atomic
rearrangement. When the amorphous samples are annealed,
{AlO4} tetrahedra are formed through a dehydration process.
During the rearrangement of the atoms within the layers, the
{AlO4} units may change their original positions and orienta-
tions to fit the resultant crystal symmetry of the monoclinic
phase. Long-range ordering is an energy-consuming process;
therefore, by virtue of the strain present in the nanoscrolls,
crystals exhibiting stacking faults and antiphase boundaries
are formed.

As stated above, the bending and roll-up of layers are
thermally driven processes; that is, thermal energy is needed
to overcome the potential-energy barrier associated with the
induced strain. According to Yada et al.,[3c] Sun and Li,[3i] and
Xiong et al.,[3j] hydrothermal reaction at higher temperatures
favors the formation of solid rods. Because of the larger
thermal energy input, the roll-up process begins at a smaller
starting diameter, leaving a smaller hollow space in the
nanoscroll. A small hollow space could be easily annealed out
to form solid rods, whereas a large hollow space would be
preserved to form hollow tubes upon annealing, as ob-
served.[3c,i,j]

We carried out hydrothermal reactions at 180 8C for 10–
48 h (without post-annealing) and invariably obtained solid
nanorods. As shown in Figure 4, the nanorods are generally
smaller than 50 nm in diameter, much thinner than the
nanotubes. Some nanorods are bundled. Our results agree
well with those reported previously.[3c,i,j]

In conclusion, single-crystalline SrAl2O4 nanotubes have
been synthesized by a roll-up and post-annealing approach.
We have found evidence for a roll-up mechanism driven by
thermal energy, which compensates the surface energy. We
have also found that the use of higher temperatures and
pressures during the hydrothermal treatment favors the
formation of solid nanorods over nanotubes. This facile
preparation method could be extended to other materials,

such as titanates and zirconates. The single-crystalline
SrAl2O4 nanotubes may find important applications in after-
glow and luminescence.

Experimental Section
All chemicals were used as received without further purification.

Growth of SrAl2O4 nanotubes: Al(NO3)3·9H2O (4 mmol),
Sr(NO3)2 (2 mmol), urea (0.01 mol), n-butanol (0.1 mol), and CTAB
(2 mmol) were dissolved in deionized water (50 mL) and stirred
magnetically for 2 h. Then, the solution was poured into two teflon-
lined autoclaves of 40-mL capacity. The two solutions were treated
under different experimental conditions, and were heated at temper-
atures in the range 100–1808C for 30 min to 48 h. Post-annealing was
carried out at 1200–1350 8C for 4 h in air.

Characterization: SEM images were recorded for as-synthesized
samples on a JEOL JSM-6700F microscope. TEM and HRTEM
images, and EDX spectra were recorded on a JEOL JEM-3000F
microscope at an acceleration voltage of 300 kV. Samples were
sonicated for several minutes in ethanol, and then several drops of the
sample solutions were dripped onto carbon-coated copper grids.
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The first evidence of single molecule magnet (SMM) behavior
was discovered in the mixed-valence compounds
[MnIII

8MnIV
4O12(O2CR)16(H2O)4] (R=Ph, Me), which pos-

sess the structural motif originally reported by Lis for R=Me
in 1980.[1] In the quest to synthesize SMMs that show
hysteresis at higher temperatures, it has been recognized
that large ground-state spins and a uniaxial anisotropy (large
negative D and small E considering the following Hamilton-
ian anisotropy term: H=DS2z+E(S

2
x�S2y)) are required.[1e,2,3]

It is thus of interest to discover how to obtain the largest-spin
ground state possible for a given size of aggregate. As well as
having four unpaired electrons in its high-spin state, the
MnIII ion is particularly useful for introducing large aniso-
tropies through the presence of Jahn–Teller distortions in this
configuration and has been the most thoroughly studied
candidate for synthesizing new SMMs. Amongst the large
number of aggregates containing manganese(III) in the
literature, a Mn25 cluster has been reported as having a
ground spin state of 51/2.[4] Herein we report on the
realization of the maximum-spin ground state of 83/2
for the aggregate [MnIII

12MnII
7(m4-O)8(m3,h

1-N3)8(HL)12-
(MeCN)6]Cl2·10MeOH·MeCN (1; H3L= 2,6-bis(hydroxy-
methyl)-4-methylphenol).

[*] Dr. A. M. Ako, Dr. I. J. Hewitt, Dr. V. Mereacre, Dr. C. E. Anson,
Prof. A. K. Powell
Institut f(r Anorganische Chemie der Universit/t Karlsruhe
Engesserstrasse Geb. 30.45, 76128 Karlsruhe (Germany)
Fax: (+49)721-608-8142
E-mail: powell@chemie.uni-karlsruhe.de

Dr. R. Cl?rac
Centre de Recherche Paul Pascal
CNRS–UPR 8641
115 Avenue Dr. A. Schweitzer, 33600 Pessac (France)

Dr. W. Wernsdorfer
Laboratoire Louis N?el-CNRS, BP 166
25 Avenue des Martyrs, 38042 Grenoble Cedex 9 (France)

[**] This work was supported by Bordeaux 1 University, the CNRS, the
Region Aquitaine, the DFG (SPP 1137 and the Center for Functional
Nanostructures), QuEMolNa (MRTN-CT2003-504880), MAGMA-
Net (NMP3-CT-2005-515767), and the Alexander von Humboldt
Foundation.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Communications

4926 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4926 –4929



The crystal structure of compound 1
(Figure 1) reveals that the aggregate is
mixed-valent and contains seven
MnII centers and twelve MnIII centers,
as derived from the metric parameters
and BVS (bond valence sum) calcula-
tions.[5] The core of compound 1 (Fig-
ure 2a) can be described as being based
on two Mn9 fragments that are linked
through a central MnII center, Mn1,

which is coordinated to six m-O and two m4-O donor atoms.
Each half of the molecule is derived from an almost perfect
cube in which the vertices consist alternately of MnII centers
and central N atoms of the terminally coordinating m3-N3

units. Thus, the MnII centers define a tetrahedron in each
half. At the center of each of the faces of the cube there is a
MnIII center defining an octahedron such that the faces of the
octahedron are capped alternately by m3-N3 and m4-O ligands,
the latter of which is linked to the MnII centers. Closer
inspection of the MnIII geometries reveals that the Jahn–
Teller elongation axes are those involving the two azido
ligands (Figure 2b, c) which result in a trigonal arrangement
for each MnIII octahedron. The resulting nanosized particle
has a structural arrangement corresponding to that found in
Chevrel phases.[6]

The magnetic properties were measured on a polycrys-
talline sample of 1. At room temperature, the c’T product
(Figure 3a) is 93 cm3Kmol�1, which is higher than the
expected value (66.625 cm3Kmol�1 taking gav= 2) for twelve
MnIII centers (S= 2) and seven MnII centers (S= 5/2). Owing
to the large magnetic susceptibility of the molecule and in
order to stay below the upper limit of detection of our SQUID
magnetometer, the mass of the sample had to be decreased
from 17.79 mg to 6.38 mg, and the temperature dependence of
susceptibility had to be measured in zero field by using the
ac technique. On decreasing the temperature, the c’T product
continuously increases to reach 894 cm3Kmol�1 at 1.8 K, thus
indicating dominant ferromagnetic interactions in the poly-

nuclear complex. This value is close to the one expected when
all the spins composing theMn aggregate are parallel, thus for
a ground spin state of ST= 83/2 (881.875 cm3Kmol�1 taking
gav= 2). The presence of strong ferromagnetic interactions
easily explains the high c’T product at room temperature.
Indeed, this unusually large magnetic susceptibility allows
crystals of 1 to be moved easily at room temperature by using
only a simple permanent magnet of 0.35 T. At 1.8 K, the field
dependence of the magnetization saturates very fast above
1.5 T to reach about 84.5 mB (inset of Figure 3a), a value in
good agreement with the expected value of 83 mB (with gav=
2) for a ground spin state of ST= 83/2. At this temperature, the
linear part of the plot ofM versusH does not exceed 300 Oe,
thus justifying the use of the ac technique.

Figure 1. Molecular structure of 1 in the crystal (MnIII dark pink,
MnII pale pink, O red, N blue, C gray, H white). Carbon-bound hydro-
gen atoms and noncoordinated solvent molecules have been omitted
for clarity.

Figure 2. a) Polyhedral representation of the core of 1 with emphasis
on the cubic-derived symmetry (same color scheme as above).
b) Highlighted Jahn–Teller axes (yellow) on the MnIII centers within the
core. c) The trigonal arrangement of the Jahn–Teller axes as viewed
along the crystallographic c axis.
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At high field, the magnetization is fully saturated and no
slope is observed, which proves the absence of significant
anisotropy in the material. The ferromagnetic exchange
energies thus seem to be much higher than the local
anisotropic energies, forcing the spins to be parallel. More-
over, the presence of isotropic MnII metal ions and the
triangular geometrical arrangement of the MnIII centers
probably make a significant contribution to the minimization
of the magnetic anisotropy. In agreement with this conclusion,
the data below 6 K which are presented as a plot of
M versusH/T (Figure 3b) are all superposed on one single
master curve. This result indicates that the ground state is
essentially the only one populated below this temperature.
This interpretation is further confirmed qualitatively by the
plot of c’T versus T, which is weakly temperature-dependent
below 6 K (see the Supporting Information).

In order to prove definitively the unprecedented ST= 83/2
ground spin state, theM versusH/T data below 6 K have been
fitted to a Brillouin function. The agreement with the
theoretical curve is close to perfect and represents a textbook
example of a paramagnetic S= 83/2 unit with an average

g value of 2.00(6). Additional field dependences of the
magnetization were measured below 1.8 K by using the
micro-SQUID technique on single crystals. Below 0.5 K, the
magnetization, which is independent of the field orientation,
shows hysteresis effects with a coercive field that reaches
300 Oe at 0.04 K (Supporting Information). The two obvious
possible sources of the hysteresis are the anisotropy of the
MnIII centers which is not completely compensated and the
anisotropy of the dipolar interactions that is induced by the
nonspherical shape of the molecule. This finding together
with the fact that the system also shows relaxation (Support-
ing Information) suggests that the molecule is, indeed, an
SMM but is dramatically influenced by the intermolecular
dipolar interactions which are always present in SMM-based
materials. However, in conventional SMMs the dipolar
coupling energy is much smaller than the anisotropy energy
while in compound 1 both energies are probably of the same
order of magnitude. The situation is further complicated by
the fact that all large molecules have small disorders which
give a distribution of easy-axis directions, thus making it
impossible to locate the easy axis by using the micro-SQUID
technique.

Azido ligands in the terminal m3-bridging mode as in
compound 1 are known to favor ferromagnetic interactions,[7]

and the m4-O bridges are likely to mediate weaker interac-
tions.[8] Thus, the combination of using an organic ligand
which can bridge to multiple metal centers and using azido
ligands has resulted in a Mn19 aggregate that exhibits
dominant ferromagnetic interactions with the maximum-
spin ground state possible, here 83/2. Achieving such a high
ground spin state is clearly one of the elusive goals in the
search for obtaining superior SMMs. However, although the
MnIII centers in 1 show a high degree of Jahn–Teller dis-
tortion, their geometrical arrangement and the strong ferro-
magnetic interactions between spin carriers lead to a system
with a very low anisotropy. The challenge now is to find a
means of introducing not only maximum spin but also greater
anisotropy. Nevertheless, 1 represents a remarkable milestone
in the quest for high-temperature SMMs.

Experimental Section
A solution of NaN3 (0.2 g, 3 mmol) in MeOH (5 mL) was added with
stirring to a slurry of 2,6-dihydroxymethyl-4-methylphenol (1 g,
6 mmol), MnCl2·4H2O (0.4 g, 2 mmol), and NaO2CMe (0.14 g,
1 mmol) in MeCN (20 mL). After the mixture had been stirred for
1 h at room temperature, the mixture was heated at reflux for 2 h. The
resulting dark brown solution was allowed to cool and was filtered.
After the solution had been left to stand in a sealed vessel for one
week, well-formed black crystals of 1 were obtained. Yield: 350 mg,
40%. Selected IR data (KBr disk): ñ= 3352 (b), 2922 (w), 2847 (w),
2062 (s), 1610 (w), 1469 (s), 1251 (m), 1224 (m), 1160 (m), 1026 (m),
989 (m), 863 (m), 810 (m), 634 (b,s), 556 (m), 475 cm�1 (w).
Compound 1 can also be synthesized by heating the reaction mixture
directly after adding NaN3, but this procedure results in a lower yield
and microcrystalline product. The compound can also be obtained
without the addition of NaO2CMe, but analysis of the resulting
crystals showed heavily disordered Cl� and N3

� ions, thus making a
satisfactory refinement not possible. The two compounds were
otherwise isostructural.

Figure 3. a) Temperature dependence of the c’T product (where
c’=dM/dH) measured in Hdc=0 Oe, Hac=3 Oe, and n=100 Hz
(inset: field dependence of the magnetization from 1.8 K to 300 K).
b) Semilogarithmic M versus H/T plot with data between 1.8 and 6 K;
the solid line is the best fit obtained with an S=83/2 Brillouin
function.
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Crystal data for 1: C132H181Cl2Mn19N31O54,Mr= 4180.84, rhombo-
hedral, space group R3̄, a= 20.9989(6), c= 34.7489(14) I, V=
13269.8(8) I3, T= 100 K, Z= 3, m= 1.418 mm�1, F(000)= 6393,
1calcd= 1.570 Mgm�3, 22436 data measured, 6751 unique (Rint=
0.0253), final wR2 (F

2, all data)= 0.1283, S= 1.036, R1 (4991 with I>
2s(I))= 0.0414. The structure was solved by direct methods and
refined by using the SHELXTL program suite.[9] The two chloride
counteranions were refined as disordered over the twelve lattice
solvent sites per Mn19 cluster to which the ligand OH groups form
hydrogen bonds through O5 and O8. CCDC-604216 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.

The measurements of magnetic susceptibility were obtained with
a Quantum Design SQUID magnetometer MPMS-XL. This magne-
tometer works between 1.8 and 400 K for dc applied fields ranging
from �7 to 7 T. Measurements were performed on two finely ground
crystalline samples of 6.38 and 17.79 mg. Measurements of M ver-
susH were performed at 100 K to check for the presence of
ferromagnetic impurities, which were found to be systematically
absent. Measurements of ac susceptibility were made with an
oscillating ac field of 3 Oe and ac frequencies ranging from 1 to
1500 Hz without applied dc fields. It is worth noting that the
ac susceptibility shows no out-of-phase signal above 1.85 K and no
frequency dependence of the in-phase component. The magnetic data
were corrected for the sample holder and the diamagnetic contribu-
tion which was calculated from PascalLs constants.[10] Magnetization
measurements on single crystals were performed with an array of
micro-SQUIDs.[11] This magnetometer works in the temperature
range of 0.04 to ca. 7 K and in fields of up to 0.8 Twith sweeping rates
as high as 0.28 Ts�1, and exhibits field stability of better than mT. The
time resolution is approximately 1 ms. The field can be applied in any
direction of the micro-SQUID plane with precision much better than
0.18 by separately driving three orthogonal coils. In order to ensure
good thermalization, a single crystal was fixed with apiezon grease.
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The clerodane class of natural products are diterpenes that
exhibit wide-ranging structural diversity.[1] Over 150 new
bioactive clerodanes have been reported since 2002.[2] Of
particular interest are asmarines A (1) and B (2)[3] and
popolohuanone E (3),[4] members of this class of natural
products that exhibit potent antiproliferative activity against
several types of human-cancer-cell lines (Scheme 1).[5] Popo-
lohuanone E is a topoisomerase II inhibitor,[4] whereas the
biological target of asmarine A or B is not known. Given their
biological activity and the prevalence of the structural motif
they display, a general and efficient strategy towards the core
structure of the clerodane would be attractive.
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Synthesis of the diterpene core structure has focused on
elaboration of the Wieland–Miescher ketone.[6] Complemen-
tary approaches have elegantly utilized diastereoselective
ring-annulation strategies towards substituted decalin struc-
tures; however, these approaches have mainly been race-
mic.[7] Recently, we reported the asymmetric Morita-Baylis-
Hillman (MBH) reaction of cyclohexenone with aldehydes
promoted by trialkyl phosphines and catalyzed by binapthol-
derived Brønsted acids.[8] We envisioned an asymmetric
synthetic strategy toward the clerodane decalin core through
a two-step ring-annulation procedure (Scheme 2).[9] The first

step would be an asymmetric MBH reaction of cyclohex-
enone with an aldehyde functionalized with an appropriate
nucleophile[10] followed by a Lewis acid promoted ring
formation.[11] The ring-annulation strategy we chose was an
intramolecular Hosomi–Sakauri reaction[12] that required the
synthesis and use of aldehydes containing allyl silanes in the
asymmetric MBH reaction. Herein, we report the construc-
tion of the clerodane decalin core through an asymmetric
MBH reaction/Lewis acid promoted annulation strategy.
The strategy relies on two key experimental observations.

First, the allyl silyl containing aldehyde must afford the MBH
product with high enantioselectivity. Second, the enantiomer-
ic excess of the product must be maintained during the ring-
annulation process. We initially evaluated the scope of the
MBH reaction of cyclohexenone with unsaturated silane
containing aldehydes (Table 1). We found the Brønsted acid
catalyzed phosphine-promoted MBH reaction conditions
were mild enough to tolerate a variety of silane-containing
aldehydes.[13]

We first considered alkynyl and vinyl silanes in the
reaction (Table 1, entries 1 and 2). Although the general
reaction conditions afforded the alkyne-containing product
8a in only 86% ee, the vinyl silane containing aldehyde
underwent a more selective reaction (98% ee). The MBH
reaction conditions proved general for allyl silane containing
aldehydes 6c–g (Table 1, entries 3–7). The reaction of these
aldehydes with cyclohexenone promoted by PEt3 and
10 mol% of catalyst 7 in THF at �10 8C afforded the
corresponding MBH products 8c–8g in good yields (75–
97%) and with high enantioselectivities (90–99% ee). The
successful MBH reactions of this substrate class illustrated
that acid-sensitive, multifunctional aldehydes of this type
could be tolerated in the reaction. With the successful
production of these MBH products, we began our investiga-
tion of the Lewis acid promoted ring annulation as a way to
access the desired decalin ring system.
Experiments were carried out to determine the feasibility

of a diastereoselective ring annulation of 8c. A selection of
Lewis acids (BF3·OEt2, [TiCl4], [Yb(OTf)3], [Sc(OTf)3], and
MgBr2; OTf= triflate) were evaluated in the reaction for their
ability to affect the intramolecular ring formation diastereo-

Scheme 1. Biologically active clerodane natural products.

Scheme 2. Retrosynthetic analysis of asmarine A (1), thus illustrating
the key MBH building block 5.

Table 1: Brønsted acid catalyzed asymmetric MBH reactions.[a]

Entry Aldehyde Yield [%][b] ee[c] [%]

1 8a (75) 86

2 8b (94) 98

3 8c (96) 93[d]

4 8d (80) 90

5 8e (75) 91[d]

6 8 f (94) 93

7 8g (97) 98

[a] Reactions were run with 6 (1 mmol), cyclohexanone (2 mmol), PEt3
(2 mmol), and (R)-7 (0.1 mmol) in THF (1m) at �10 8C for 48 h under
argon followed by flash chromatography on silica gel. [b] Yield of the
isolated product. [c] Determined by chiral HPLC analysis. [d] Enantio-
meric excess of the major olefin isomer. TBS= tributyldimethylsilyl,
TMS= trimethylsilyl.
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selectively and result in high yields while maintaining the
enantiomeric excess during the reaction.[7a] Although many of
these Lewis acids were capable of affecting ring formation,
BF3·OEt2 was found to be optimal for yield and chemo-
selectivity. Treatment of allyl silane 8c with BF3·OEt2 at �78
to�10 8C resulted in efficient ring formation to afford decalin
9 in 88% yield of the isolated product as a single diastereomer
(Scheme 3). The enantiomeric excess of the product was

determined to be 93% ee by chiral HPLC chromatography.
The formation of the trans decalin bicylic ring structure was
confirmed by X-ray crystallographic analysis of the corre-
sponding dinitrophenyl hydrazone 10. The observed selectiv-
ity can be rationalized by a chairlike transition state that
places the secondary alcohol in an equatorial position.
Protonation of the resulting enolate after the conjugate
addition affords the thermodynamically favored trans decalin
system. The reaction conditions using BF3·OEt2 proved
equally effective at promoting the ring annulation of allyl
silane 8g. The bicyclic product was formed in 85% yield
without a significant change in the enantiomeric excess. The
formation of trans decalin was confirmed by an observed
NOE interaction between the axial�CH3 group and the axial
methine hydrogen atom.
We next set out to construct the chiral aldehyde required

for the synthesis of the clerodane core structure through the
two-step asymmetric MBH reaction/Lewis acid promoted
ring-annulation strategy. Our strategy for the synthesis of 13
relied on an asymmetric reduction followed by a stereoselec-
tive [3,3] sigmatropic rearrangement of the corresponding
vinyl ether (Scheme 4).[14] The Gringard reaction of tiglic
aldehyde with ClMgCH2SiMe2Ph followed by oxidation of

the resulting alcohol with IBX[15] in ethyl acetate afforded the
ketone in 90% yield. Asymmetric reduction of the unsatu-
rated ketone with BH3 catalyzed by the Corey (R)-Me-CBS
catalyst[16] provided the requisite chiral allylic alcohol 12 in
95% ee. Formation of the vinyl ether was carried out in
refluxing ethyl vinyl ether and catalyzed by Hg(OAc)2.

[17] A
stereoselective [3,3] sigmatropic rearrangement was found to
proceed upon chromatography on silica gel to give the
aldehyde in 85% yield.[17] The asymmetric MBH reaction of
aldehyde 13 with cyclohexenone using the Brønsted acid
catalyst (R)-7 afforded alcohol 14 in 86% yield of the isolated
product and 99% de. The intramolecular Hosomi–Sakuari
reaction using BF3·OEt2 resulted in the clean formation of the
desired clerodane core structure 4 in 81% yield of isolated
product and 98% de. Based on our originally proposed
transition state, the new methyl substituent in the six-
membered transition state adopted an equatorial position
that reinforced the chairlike transition state to yield trans
decalin 4. The substituents on the allyl silane work synergisti-
cally to produce high levels of diastereoselectivity; an
approach that has previously been met with mixed suc-
cess.[7c–d]

In summary, we have developed a general route to the
clerodane diterpene core by using an asymmetric MBH/Lewis
acid mediated ring-annulation process. We have expanded the
scope of the asymmetric MBH reaction to include silane-
containing aldehydes that can be utilized in synthesis. We
have elaborated these MBH products into the trans decalin
core by using an intramolecular Lewis acid promoted ring
annulation. Utilization of this synthetic methodology in the
synthesis of bioactive clerodanes is underway and will be
reported in due course.

Received: March 19, 2006
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Scheme 3. Ring-annulation reactions of allyl silane containing MBH
products 1) 8c and 2) 8g. a) BF3·OEt2, CH2Cl2, �78!�10 8C; b) dini-
trophenylhydrazine, EtOH, RT. X-ray structure of 10.

Scheme 4. Synthesis of clerodane core 4. a) 1. ClMgCH2SiMe2Ph, Et2O,
0 8C; 2. IBX, EtOAc, 76 8C; b) (R)-Me-CBS (0.4 equiv), BH3, THF,
�50 8C; c) 1. Hg(OAc)2 (0.028 equiv), EtOCH=CH2, 35 8C; 2. chroma-
tography on silica gel; d) cyclohexenone, PEt3, (R)-7 (0.1 equiv), THF,
�10 8C, 48 h; e) BF3·OEt2, CH2Cl2, �78!�10 8C. IBX=o-iodoxyben-
zoic acid. (R)-Me-CBS= (R)-methyl oxazaborolidine.
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Metal–organic microporous materials (MOMMs)[1] have
attracted the attention of scientists for a number of reasons
including the creation of nanometer-sized spaces, discovery of
novel phenomena, and commercial interests such as their
application in gas separation,[2] gas storage,[2,3] and heteroge-
neous catalysis.[4] Recent activity in crystal engineering has
provided several examples of MOMMs which have rigid open
frameworks and therefore the potential to be functionally
related to zeolites. In fact, MOMMs often have a much more
dynamic framework than is generally believed, and this is
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characteristic of metal–organic species.[5] Dynamic pores
could come from a sort of “soft” framework with multi-
stability, whose states go back and forth between two
counterparts; or a system could exist in one or two states
for the same values of external field parameters. The
structural rearrangement of the host framework in response
to guest molecules proceeds from the “open” phase to the
“closed” phase. The MOMMs could also be a unique class of
materials with characteristics unlike those of rigid porous
materials. While sorption profiles of MOMMs with saturated
amounts of guests have been well characterized so far,[6] their
intermediate profiles are still unknown. It is important to
determine how guest molecules are recognized and finally
confined by nanopores. An in-depth understanding of the
intermediate state provides us with a feasible design for a
porous framework which changes its structure into one well
suited to a desired guest molecules and results in an efficient
accommodation system. Therefore, fundamental structural
information on not only the host framework but also the guest
molecules is required throughout adsorption phenomena. X-
ray diffraction is one of the most powerful methods that can
directly provide structural information on the adsorbed
molecules. Herein we report the structure analysis of an
intermediate phase in the process of gas adsorption in the
nanochannels of an MOMM by in situ synchrotron powder
diffraction.

Previously,[2] we reported adsorption of acetylene gas on
CPL-1 (coordination polymer 1 with pillared-layer structure:
Cu2(pzdc)2(pyz) where pzdc is pyrazine-2,3-dicarboxylate and
pyz is pyrazine).[7] From accurate structural analysis, acety-
lene molecules were found to be trapped by forming double
hydrogen bonds with uncoordinated carboxylate oxygen
atoms. In situ powder diffraction patterns for gas adsorption
between the anhydrous hollow phase (phase I) and the
saturated adsorbed phase (phase S) revealed another phase
mixed with phase S. It was also observed in the desorption
process. The acetylene gas adsorption isotherm for CPL-1 at
270 K shows a steep rise in the very low pressure region and
reaches saturation. During the rise, a step is evident at about
0.7 molecules per unit pore. These data suggest the existence
of an intermediate phase of adsorp-
tion, which we call intermediate
phase M. In the diffraction patterns
for an acetylene gas pressure of 10 kPa
reported previously,[2] phases S and M
are mixed. By careful adjustment of
both temperature and gas pressure, we
succeeded in obtaining phase M as a
single phase. Figure 1 shows the tem-
perature dependence of the diffraction
patterns of CPL-1 with acetylene
under a constant gas pressure of
150 kPa. The sample was cooled from 390 K. The change in
diffraction pattern at 360 K indicates that acetylene adsorp-
tion has started. Subsequently, another phase, assigned as
phase S, appeared below 360 K. The peak intensities of
phase M gradually decreased and those of phase S increased.
The diffraction pattern at 360 K for single phase M was
analyzed.

All the reflections were indexed with a monoclinic cell by
the indexing program DICVOL91.[8] The lattice parameters
were estimated to be a= 11.3050, b= 20.2747, c= 4.7272 C,
and b= 98.6698. The calculated figures of merit[9] were
M(20)= 12.7, F(20)= 57.4(0.0094, 37). These lattice parame-
ters are very similar to those reported for CPL-1.[7] The
structure was analyzed by the maximum entropy method
(MEM)/Rietveld technique.[10] The MEM calculation was
performed with the computer program ENIGMA.[11] The
Rietveld refinement with soft constraints on bond lengths and
angles was carried out by using sinq/l= 0.45 C�1. The final
Rietveld fitting of phase M of CPL-1 with acetylene mole-
cules at 150 kPa and 360 K shows a satisfactory fitting. The
reliability (R) factors based on the powder profiles RWP and
the Bragg integrated intensities RI were 3.27 and 4.70%,
respectively. The fundamental structures of the CPL-1 frame-
works of phases I, M, and S are all identical. The space group
of these phases is P21/c. The effect of acetylene adsorption on
the lattice parameters, unit cell volumes, and pore volumes of
CPL-1 is shown in Table 1. Lattice parameters b, c, and b

notably changed on acetylene adsorption. The unit cell of

CPL-1 was found to expand once in phase M and contract to
reach phase S, in which the acetylene molecules are trapped
by forming double hydrogen bonds with oxygen atoms in the
pore wall. On the other hand, the pore volume increased from
phase I to M and was almost constant on going to phase S.

Figure 2 shows the determined crystal structure of
phase M of CPL-1 with adsorbed acetylene. Acetylene

Figure 1. In situ synchrotron powder diffraction patterns of CPL-1 with
adsorption of acetylene at 150 kPa. The 2q ranges were a) from 4.2 to
5.18 and b) from 4.0 to 13.08.

Table 1: Lattice parameters, unit cell volumes, and pore volumes of CPL-1. P is acetylene gas pressure,
Vc is the unit cell volume, and Vp the pore volume.

Phase P [kPa] T [K] a [G] b [G] c [G] b [8] Vc [G
3] Vp [cm3g�1]

Phase I[a] 0 390 4.7331(2) 19.9244(4) 10.8678(3) 96.009(4) 1019.25(5) 0.0876
Phase M 150 360 4.7094(1) 20.2467(5) 11.2824(4) 98.827(4) 1063.03(6) 0.104
Phase S[a] 10 170 4.81352(4) 20.2355(2) 10.7165(1) 96.937(1) 1036.18(3) 0.109
Phase I[b] 0 120 4.71534(6) 19.8280(2) 10.7184(1) 95.1031(10) 998.15(2) 0.0790

[a] From ref. [2]. [b] From ref. [6a].
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molecules are located in the center of the nanochannel with
one molecular site per unit pore. The refined occupancy
factor of the acetylene molecule was 0.70(2) and shows very
good agreement with the step position in the adsorption
isotherm. The isotropic thermal factor B of the acetylene
molecule was refined to 17(3) C2. This large B value means
that the adsorbed acetylene molecules have pronounced
thermal motion. The molecular axis of acetylene is perpen-
dicular to the nanochannel direction and is on the line
connecting the two oxygen atoms O1 of carboxylate bonded
to a Cu ion. This orientation is different from that in phase S,
in which the molecular axis is on the line connecting the
uncoordinated oxygen atoms O2 of carboxylate. The intera-
tomic distance between the hydrogen atom of acetylene and
the neighboring O1 atom is 2.57 C, while the distance to the
O2 atom is 2.64 C. These values are approximately equal to
the sum of the van der Waals radii of hydrogen (1.2 C) and
oxygen (1.4 C), that is 2.6 C. Figure 3 shows a section through

the MEM charge density containing the molecular axis of
acetylene. Little electron density was observed between the
adsorbed acetylene molecules and O1 atoms. From these
results, the interaction of acetylene molecules with the oxygen
sites is much weaker in phase M than in phase S.

The assembled structures of rod-shaped molecules con-
fined in CPL-1 indicate that the dimers align approximately
parallel to the nanochannel direction.[6a,12] However, in the
most stable arrangement in acetylene adsorption, the molec-

ular axis of acetylene is perpendicular to the nanochannel
direction in phase S. Since the size of an acetylene molecule is
5.5 I 3 C and that of the rectangular nanochannel of CPL-1 is
4 I 6 C, there is not enough space to permit acetylene
molecules to adopt an orientation such as that allowed in
phase S in the initial stage of adsorption. First, acetylene
molecules are thought to be introduced into the nanochannels
with their molecular axis along the nanochannel direction.
Since the molecular size of 5.5 C is larger than the lattice
parameter a, which corresponds to the nanochannel direction
in CPL-1, the adsorbed amount of molecules does not reach
one molecule per unit pore and shows about 70% loading.
After the introduction of acetylene molecules, they can easily
rotate with thermal motion in the ac plane within the
nanochannels. By this motion, they can align with the O1
atom for the first time within the restricted space of the
nanochannel to form metastable phase M. Figure 4 shows

crystal structures of phases I, M, and S of CPL-1 with
adsorption of acetylene. Slight rotation of the pillar ligands,
that is, the pyrazine rings, and shearing of the crystal lattice in
the a direction indicate flexible transformation for efficient
guest accommodation. Subsequently, phase M changes to
phase S with a slight rotation of acetylene molecules, and then
hydrogen bonds are formed with the two uncoordinated
oxygen atoms. With this change, there is now sufficient space
for the pyrazine ring to rotate. The hydrogen bond between
the hydrogen atom of pyrazine and the neighboring O1 atom
is associated with rotation of the pyrazine rings. Their
interatomic distance is 2.3 C in phase S. This results in
rather a different orientation of pyrazine in phase S from

Figure 2. Determined crystal structure of phase M of CPL-1 with
adsorbed acetylene. Views from a) side and b) front of the nano-
channel directions. These figures show around one unit pore. Acety-
lene molecules (C gray, H white) and oxygen atoms (red; O1) of
carboxylate bonded to the Cu ion are shown as spheres. Other atoms
are connected by lines. Acetylene molecules occupy the sites with a
probability of 0.7.

Figure 3. Section through the MEM charge density of phase M of CPL-
1 with adsorbed acetylene. The section contains the molecular axis of
acetylene and the a axis. Contour lines are drawn from 0.00 to
1.00 eG�3 with intervals of 0.05 eG�3. Higher density regions are
omitted.

Figure 4. Crystal structures of CPL-1 with adsorped acetylene. a) Side
views of the nanochannels. Pillar molecules (pyrazine) and adsorbed
acetylene molecules are shown as CPK models. Otherwise, they are
connected by lines. b) Views from the nanochannel direction as CPK
model. Adsorbed acetylene molecules are omitted from lower central
pore in phases M and S (C gray, H white, N blue, O red).
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that in phases I and M. Shearing of the lattice also occurs
again to permit more efficient guest accommodation. In the
phase change from phase M to S, the unit cell volume
decreases, whereby the lattice parameter c contracts due to
the change in orientation of the acetylene molecule forming
double hydrogen bonds with two oxygen atoms on the pore
wall. However, rotation of the pillar ligand makes space
without changing the pore volume significantly. At the same
time, the change in size and shape of the nanochannel causes
more acetylene loading to reach saturation of adsorption.
This process is schematically shown in Figure 5.

Phase M is the metastable state in the process. The
molecular orientation changes within the restricted space in
the nanochannel to reach the saturated adsorbed phase S. The
CPL-1 framework expands once in phase M and contracts to
reach phase S. Then rotation of the pillar ligands and lattice
shearing occur to permit efficient guest accommodation.
Using X-ray structure analysis, we have succeeded in visual-
izing the rearrangement of guest molecules and the trans-
formation of the framework in the process of adsorption. We
also found that the flexible framework of MOMMs can vary
not only with guest size and/or shape but also with the amount
of guest molecules to form optimum structures for guest
accommodation. These findings will contribute to the devel-
opment of novel functional MOMMs responsive to guest
molecules. More structural studies on the gas adsorption
process should be performed to attain an in-depth under-
standing of the adsorption phenomena.

Experimental Section
The synthesis and fundamental crystal structure of CPL-1 were
reported previously.[7] The in situ synchrotron powder diffraction

experiment was carried out at BL02B2 SPring-8 with a large Debye–
Scherrer type diffractometer[13] equipped with a gas handling system.
The wavelength of the incident X rays was 0.801 C. The powder
sample was loaded into a soda glass capillary with 0.4-mm inner
diameter. The temperature was controlled by a low-temperature
nitrogen gas blower. Before the measurements, the sample was
heated to 390 K for 15 min in vacuum to remove water molecules
present in the nanochannels. The diffraction pattern at 390 K was
confirmed to be that of the anhydrous hollow phase of CPL-1. After
that, acetylene gas was dosed into the capillary sample through a
stainless steel tube. The amount of gas adsorption was controlled by
changing the sample temperature under constant gas pressure. The
exposure time of each temperature point was 5 min, and 10 min
intervals were maintained before measurements so as to reach the
equilibrium adsorption state. CCDC 294513 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Quantum dots are fluorescent semiconductor nanocrystals
that have attracted much attention as fluorescence imaging
probes owing to their unique optical properties such as high
quantum yield, high molar extinction coefficients, narrow
emission spectra, size-dependent tunable emission, and high
photostability.[1–8] To apply quantum dots to biological
detection and imaging applications, quantum dots have to
be conjugated to molecules (e.g. peptide ligands, carbohy-
drate, antibodies, small molecule ligands) that can specifically
recognize the biological target under study. Numerous
examples have been reported on the use of quantum dots
for both in vitro assays and in vivo imaging, but these

quantum dot conjugates are either assembled through non-
specific interactions or prepared through site-nonspecific
coupling reactions.[9–18] For example, for proteins, the con-
jugation typically involves random amide coupling with either
amino- or carboxylate-presenting quantum dots.[9,15,16] Non-
specific conjugation chemistry leads to chemical heterogene-
ity of synthesized conjugates, may compromise the protein
activity and even induce aggregations, and is not applicable to
specific labeling of target proteins in vivo.[19] Specific non-
covalent interactions between receptors and ligands, such as
carbohydrate–lectin and streptavidin–biotin, have been
applied to assemble quantum-dot complexes.[1,20–21] Herein,
we report a specific conjugation method that utilizes a
genetically engineered hydrolase to covalently immobilize a
bioluminescent protein at the quantum-dot surface. This
immobilized bioluminescent protein can efficiently produce
chemical energy to excite quantum dots through resonance
energy transfer.

Our method employs a commercially available, engi-
neered haloalkane dehalogenase, the HaloTag protein
(HTP).[22] The native enzyme is a monomeric protein (MW
� 33 KDa) that cleaves carbon halogen bonds in aliphatic
halogenated compounds.[22] Upon nucleophilic attack by the
chloroalkane to Asp106 in the enzyme, an ester bond is
formed between the HaloTag ligand and the protein
(Scheme 1). HTP contains a critical mutation in the catalytic
triad (His272 to Phe) so that the ester bond formed between
HTP and HaloTag ligand cannot be further hydrolyzed
(Scheme 1).[22] HaloTag ligands labeled with small organic
dyes, such as coumarin and fluorescein, have been developed
for in vivo labeling of target proteins.[22] Herein we apply this
technology for the specific conjugation of proteins to
quantum dots.

To take advantage of this specific protein–ligand inter-
action, quantum dots can be functionalized with HaloTag
ligands. A protein target can in turn be genetically fused to
HTP at either its N- or C- terminus. The resulting fusion
protein can then be conjugated to quantum dots through the
reaction between HaloTag ligands and HTP (Scheme 1).

To demonstrate the utility of this method for quantum dot
conjugation, we chose a bioluminescent protein, Renilla
luciferase, as our target. We have recently demonstrated
that when Renilla luciferase is conjugated to quantum dots,
bioluminescence resonance energy transfer (BRET) can take
place.[23] Such quantum dot conjugates can emit light without
light excitation and offer greatly improved sensitivity for in
vivo imaging. With Renilla luciferase as the target protein for
the conjugation, the conjugation reaction can be conveniently
evaluated from the BRET emission of the quantum dots—a
measure of both the conjugation chemistry and the function
of the conjugated luciferase.

A stabilized mutant of Renilla luciferase (Luc8) was
genetically fused to the N terminus of the HTP and expressed
to obtain the fusion protein HTP–Luc8. The C terminus of
HTP–Luc8 contained a 6 @His tag to facilitate its purification.
Gel electrophoresis analysis indicated that the molecular
weight of the fusion protein was consistent with the expected
value, approximately 70 kDa (Figure 1a). The biolumines-
cence activity of the fusion protein was estimated to be 1.2 @
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1023 photonss�1mol�1, which is approximately 86% of Luc8
(Figure 1b).

To minimize potential steric hindrance between the
quantum dots and HaloTag proteins during conjugation, we
designed a HaloTag ligand containing an amino ethylene
glycol group that would help orient the ligand away from the
quantum-dot surface (Scheme 1). The HaloTag ligand 1 was
prepared from 6-chloro-1-iodohexane and 2-(2-aminoethox-
y)ethanol by the synthetic route outlined in Scheme 2, and
was then immobilized through its amino group to the
carboxylate-presenting quantum dots (QD@COOH). The
resulting quantum dots coated with the HaloTag ligand 1
(QD@1) showed good solubility in neutral pH buffer solution.
The conjugation of the fusion protein HTP–Luc8 to QD@1
was carried out by a simple mixing of both at 37 8C, resulting
in the formation of an irreversible covalent bond between
ligand 1 on quantum dots and HTP–Luc8.

As successful immobilization of HTP–Luc8 to quantum
dots should allow BRET to occur, we measured the BRET
emission from the quantum dots to follow the conjugation
reaction. Addition of coelenterazine, the substrate for Renilla
luciferase, to the purified conjugate QD@1–HTP–Luc8
resulted in a dual-peak bioluminescence emission spectrum
(Figure 2). In addition to the Luc8 peak at 480 nm, there was
an emission maximum at 655 nm that overlapped well with
the fluorescence emission of the quantum-dot conjugates
excited at 480 nm.

To evaluate whether the observed BRET emission was
owing to specific conjugation between the quantum dots and
fusion proteins, we examined the dependence of the BRET
emission on the HaloTag ligand 1 that was used in the
conjugation. QD@COOH was first functionalized with var-
ious concentrations of 1. These modified quantum dots were
subsequently conjugated with 20 equivalents of HTP–Luc8.
Figure 3 shows that with increasing amounts of ligand 1 used
in the conjugation, the bioluminescence emissions from both
the immobilized HTP–Luc8 and the quantum dots through

Scheme 1. Schematic of the specific conjugation of proteins to quantum dots mediated by the HaloTag protein and its ligand. HTL=HaloTag
ligand.

Figure 1. Characterization of the size and function of the fusion
protein. a) Gel electrophoresis analysis confirmed the size of HTP–
Luc8. Both proteins (0.5 mg each) were run on a 4–12% Bis–Tris
(bis(2-hydroxyethyl)amino–tris(hydroxymethyl)methane) gradient dena-
turing gel and stained with Coomassie Blue. The expected sizes for
Luc8 and HTP–Luc8 were 37.1 and 70.3 kDa, respectively. b) Biolu-
minescence emission spectra of Luc8 (solid line) and HTP–Luc8
(dashed line). The inset shows the total photon production of Luc8
and HTP–Luc8.
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BRET increased. When quantum dots (without a HaloTag
ligand 1 attached) were similarly mixed with the fusion
protein, there was only a small emission from HTP–Luc8 at
480 nm and a small BRET emission from the quantum dots.
The small BRET emission probably arises from an electro-
static interaction between the 6 @His tag on HTP–Luc8 and
the negative carboxylate groups on the quantum dots. These
results confirm that the BRET emission reflects specific
conjugation occurring between the quantum dots and the
fusion protein HTP–Luc8, and that the fusion protein HTP–
Luc8. retains its enzymatic activity after conjugation.

The efficiency of the resonance energy transfer process
can be quantitatively estimated from the BRET ratio. The
BRETratio is defined by the acceptor emission relative to the
donor emission.[23,24] In the quantum dot and HTP–Luc8
conjugate, the donor is Luc8 and the acceptor is the quantum
dot. We calculated the BRET ratio by dividing the total
emission from quantum dots by the total emission fromHTP–
Luc8, shown in Figure 3b. With the increase in the number of
HaloTag ligand 1 and in turn the increase in immobilized
fusion protein, the BRET ratio decreased gradually from 0.6
to 0.4. In principle, the BRETratio should not depend on the

number of immobilized proteins if the
BRET distance remains unchanged.[23]

This small decrease in the BRET ratio
may be due to a shift in the orientation of
the conjugated fusion proteins on the
quantum dot surface.[25]

Finally, we examined the dependence of
the conjugation reaction on the amount of
fusion-protein present. Quantum dots were
reacted with 1000 equivalents of HaloTag
ligand 1, and then reacted with increasing
concentrations of HTP–Luc8. As expected,
the resulting conjugates showed increasing
bioluminescence emissions both from
HTP–Luc8 and from the quantum dots
(Figure 4). As a control, Luc8 (without
HTP fusion) was incubated with the QD@
1. The control reaction showed no biolu-

Scheme 2. Synthesis of HaloTag ligand 1. Reagent and conditions: a) Boc2O/EtOH, 0 8C, 2 h;
b) NaH/DMF-THF and 6-chloro-1-iodohexane; c) TFA/anisole in DCM; K2CO3/MeOH; d) NaH/DMF-
THF and iodoacetic acid sodium salt; e) N-Hydroxysuccinimide and DCC in DCM; f) DIPEA/THF;
g) TFA/anisole in DCM; K2CO3/MeOH. Boc= tert-butoxycarbonyl, DMF=N,N-dimethylformamide,
TFA= trifluoroacetic acid, DCM=dichloromethane, DCC=1,3-dicyclohexylcarbodiimide, DIPEA=
diisopropylethylamine.

Figure 2. Bioluminescence (dashed line) and fluorescence (black solid
line) spectra of conjugate QD@1–HTP–Luc8 in borate buffer solution.
The fluorescence emission was collected with excitation at 480 nm.

Figure 3. Dependence of the conjugation on the ligand 1. a) Represen-
tative bioluminescence emission spectra of the conjugates synthesized
at different concentrations of 1 (from bottom to top: 0, 20, 100, 500,
1000, and 2500 equivalents). b) Total bioluminescence emissions from
HTP–Luc8 and from quantum dots, and the calculated BRET ratios of
conjugates prepared in (a; in duplicate).
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minescence emission, therefore indicating no immobilization
of Luc8 on the quantum dots and further confirming that the
conjugation between quantum dots and HTP–Luc8 was
specific.

In our previous demonstration of self-illuminating quan-
tum dots for in vivo imaging, the quantum dots were
conjugated with Luc8 in vitro before their introduction into
living cells and animals. An important further step will be to
specifically conjugate luciferases with quantum dots for
functional imaging in vivo. The mild conjugation conditions
used to immobilize proteins to quantum dots, mediated by the
HaloTag protein and its ligand, may allow this method to be
applied to specific labeling of target proteins with quantum
dots in vivo. This method also offers an advantage in
comparison to a widely used conjugation method based on
biotin and streptavidin in that the HaloTag protein is
monomeric and relatively small.

In summary, this communication reports a new method,
based on the specific interaction between the HaloTag protein
and its ligand, to functionalize quantum dots for biological
imaging. By using this method, we successfully conjugated a
bioluminescent protein to quantum dots and produced self-
illuminating quantum dot conjugates. This specific conjuga-
tion under mild physiological conditions offers promises for
specific in vivo labeling of proteins or cells with quantum dots
for imaging.

Experimental Section
Chemicals for HaloTag ligand synthesis were from Sigma-Aldrich.
The coupling reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (EDC) was from Fluka. Quantum dots were
from Invitrogen and have typical CdSe/ZnS core-shell structures with
the quantum yield (determined in 50 mm pH 9 borate buffer solution)
of 83%. Coelenterazine was from Prolume. The plasmid pHT2
(HaloTag) was from Promega. NanoSep 100 K filters for quantum dot
purification were from Pall, Life Science.

Synthesis of 1: the compound was synthesized from 6-chloro-1-
iodohexane and 2-(2-aminoethoxy)ethanol according to Scheme 2.
1H NMR (400 MHz, CDCl3): d= 3.92 (s, 2H), 3.70–3.20 (m, 18H),
2.09 (m, 2H), 2.64 (m, 2H), 2.50 (m, 2H), 1.40–1.20 ppm (s, 4H); LC-
MS: m/z 369.2 [M+1]+; calcd M+: 368.2.

Conjugation of 1 to quantum dots: Quantum dots, HaloTag ligand
1, and EDC (400 equiv) were mixed together in borate buffer solution
(10 mm, pH 7.4) and incubated at room temperature for 1 h. QD@1
was separated from free HaloTag ligand and excess EDC by filtration
through a 100 K NanoSep filter. The quantum dot conjugates were
washed three times with pH 8.5 borate buffer solution for 1 h before
being recovered with pH 7.4 borate buffer solution. The concentra-
tion of QD@1 was determined from the fluorescence intensity.

Preparation and purification of HTP–Luc8: the plasmid pBAD–
Luc8–HaloTag encoded for the fusion protein was constructed from
plasmid pBAD–RLuc8 and plasmid pHT2 by PCR and ligation. E.
coli LMG194 cells transformed with this plasmid were induced with
0.2% arabinose and grown at 32 8C to an optical density at a
wavelength of 600 nm (OD600) of 0.7. Cells were lysed by thawing in
wash buffer solution (WB; NaCl (300 mm), 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid ( HEPES; 20 mm), imidazole
(20 mm), pH 8) containing lysozyme (1 mgmL�1), RNAse A
(10 mgmL�1), and DNAse I (5 mg/mL). Lysates were clarified by
centrifugation and allowed to bind to nickel affinity resin (Ni-NTA
Superflow, Qiagen) for 1 h at 4 8C with gentle mixing. After washing
with WB, the protein was eluted with elution buffer solution (NaCl
(300 mm), HEPES (20 mm), imidazole (250 mm), pH 8) and further
purified by anion-exchange chromatography (Source 15Q resin, GE/
Amersham) followed by gel-filtration chromatography with borate
buffer solution.

Conjugation of QD@1 with HTP–Luc8: Typically QD@1
(5 pmol) was incubated with of HTP–Luc8 (20 equiv) in borate
buffer solution (10 mm, pH 7.4) at 37 8C for 30 min. Free HTP–Luc8
was removed from the incubation mixture by filtration through a
100 K NanoSep filter at 4 8C. The filtered conjugates were washed
efficiently with pH 7.4 borate buffer solution at 4 8C. The final
quantum dot conjugates were recovered with ice-cold pH 7.4 borate
buffer solution.

Fluorescence and bioluminescence spectra were collected with a
Fluoro Max-3 (Jobin Yvon Inc.). Bioluminescence spectra were
acquired with the excitation light blocked.
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Switchable Chiral Architectures Containing PrIII
Ions: An Example of Solvent-Induced Adaptive
Behavior**
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and Sergiu Shova

Discrete metallosupramolecular architectures are attractive
synthetic targets and have found applications recently in
catalysis, cavity-directed synthesis, and chemical sensing.[1]

Some of these entities are the result of self-assembly
processes that respond to environmental changes (solvent,[2]

concentration,[3] template effect,[4] etc.) and represent inter-
esting examples of dynamic combinatorial libraries[5] of
interconverting self-assembled structures. As the lability of
the metal–ligand coordination bonds is a prerequisite for such
behavior, superstructures that contain arrays of lanthanide
(LnIII) ions are expected to be relevant toward this end.[6] On
the other hand, the complexation of f metal ions with chiral
ligands opens new, little-explored, perspectives in the lantha-
nide series for a) the synthesis of configurationally stable,
polynuclear, enantiopure species by using enantiopure
ligands[7] and b) the study of chiral recognition phenomena
when enantiomeric mixtures of ligands are employed.[8]

Recently, we demonstrated that a chiral bipyridine-
carboxylate ligand (+)-L� self-assembles in the presence of
EuIII cations to form a trinuclear helix, which displays an
interesting version of supramolecular
helical chirality.[9] Herein, we describe
a solvent-dependent process in which
a mixture of PrIII ions and the (+)-L�

ligand with the same metal-to-ligand
ratio (1:2.25) can follow two distinct
self-assembly pathways that lead dia-
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stereoselectively to two enantiopure architectures: a two-
dimensional trinuclear array (in methanol) and a three-
dimensional tetranuclear pyramidal polyhedron (in acetoni-
trile). Furthermore, the two polynuclear structures can be
reversibly interconverted in acetonitrile simply by varying the
amount of water that is present in the solvent.

In acetonitrile, the reaction between Pr(ClO4)3 and the
ligand (+)-HL·HCl (2.25 equiv) in the presence of triethyl-
amine (5.2 equiv) did not give a precipitate, as was the case
when the reaction was performed in methanol (see below),
but gave a clear solution. This solution was homogeneous
according to analysis by electrospray ionization mass spec-
trometry (ESI-MS), and the sole peak detected corresponded
to the formula [Pr4L9(OH)]2+ (see Supporting Information).
Slow evaporation of the acetonitrile under anhydrous con-
ditions (dessicator) led to the formation of crystals that were
suitable for X-ray diffraction studies.[10] The crystal structure
revealed a tetranuclear self-assembled compound, [Pr4{(+)-
L}9(m3-OH)](ClO4)2 (1), in which nine bridging ligands form
three distinct helical domains with predetermined configu-
ration (Figure 1).

The four metal ions, each displaying a coordination
number of nine, form a pseudo-trigonal-pyramidal poly-
hedron. The basis of this metallic framework is a pseudo-
equilateral triangle (metal–metal distances: 4.045(1),
4.076(1), and 4.070(1) ?), which is held together by a) six
bridging ligands that are divided into two sets of three and
b) a m3-hydroxy group, whose oxygen atom is situated on the
pyramidal pseudo-C3 axis and lies slightly above (0.96 ?) the
triangular base. The fourth metal cation, which is situated
5.5 ? above the triangular base on the pseudo-C3 axis on the
same side as the m3-OH group, represents the top vertex of the
pyramidal metallic framework (averaged edge 6.0 ?). Three
tridentate ligands (in gray), coordinated through the two
nitrogen atoms from the bipyridine and one oxygen atom

from the carboxylate, are wrapped helically around this
stereogenic metal center and induce a L configuration. Every
second carboxylate oxygen atom from these three ligands is
coordinated to one metal center from the triangular base to
create a small cavity (see Figure 1b). The other six ligands
included in this suprastructure are arranged in two distinct
sets (yellow and violet) and are coordinated solely to the
three basal PrIII cations. In one set (yellow), the three ligands
bridge symmetrically (m2-h1:h1) two adjacent metal ions
through the two oxygen atoms from the carboxylate groups.
Their uncoordinated bipyridine moities adopt a trans confor-
mation (dihedral angles vary from 2.05 to 16.438) and form a
supramolecular M helix. The term supramolecular as used
here refers to the chirality and indicates the propeller-like
arrangement of the ligands around a metallic core and not just
one metal center as seen in classical mononuclear helical
complexes. The three ligands of the other set (violet) are
coordinated not only through the carboxylate oxygen atoms
(one oxygen atom bridges asymmetrically two metal centers:
m2-h2:h1; the second is monocoordinated) but also through the
aromatic nitrogen centers. This set adopts a supramolecular
P-helical arrangement.

The 1H NMR spectra of the crystals and the powder
recovered from the reaction mixture displayed identical
patterns, that is, 39 distinct signals spread over a large field
(about 40 ppm in CH3CN or CH2Cl2) owing to the para-
magnetism of the PrIII ions (see Supporting Information).
Different 2D NMR techniques (COSY, ROESY) allowed the
grouping of these signals into three sets of 13 peaks (1:1:1).
This result is not only an indication that the polyhedral
structure is maintained in solution but also that the reaction
occurs with high diastereoselectivity (> 95%). To further
demonstrate this, we synthesized the complex by using an
isotopically marked ligand, with a 13C label at the carboxylate
carbon center. Indeed, the 13C NMR spectrum showed three

distinct signals that confirmed
the presence of three distinct
magnetic sites (Figure 2).

When the reaction
between Pr(ClO4)3 and the
ligand (+)-HL·HCl
(2.25 equiv) in the presence
of triethylamine (5.2 equiv)
was conducted in methanol, a
precipitate was obtained quan-
titatively. All the data col-
lected in solution (NMR,
ESI-MS) and in the solid
state (X-ray,[10] elemental anal-
ysis, IR) are in agreement with
the formation of a helical tri-
nuclear array with the formula
[Pr3{(+)-L}6(m3-OH)(H2O)3]-
(ClO4)2 (2 ; see Figure 3a and
Supporting Information)).
This C3-symmetrical com-
pound is isostructural with
the EuIII analogue[9] obtained
under the same experimental

Figure 1. a) Crystal structure of [Pr4{(+)-L}9(m3-OH)](ClO4)2 (1). Hydrogen atoms, perchlorate counterions,
and acetonitrile molecules of crystallization have been omitted for clarity. b) Pyramidal metallic framework
with the nine bridging carboxylic groups. Pr green, O red, N blue; the three sets of L ligands are colored
gray, yellow, and violet.
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conditions. Moreover the discrete trinuclear structure of 2 is
structurally very similar to the triangular base of the
pyramidal array 1. The main differences lie with the
uncoordinated bipyridine moieties: a) To accommodate the
new mononuclear unit PrL3, they adopt a more “flattened”
orientation in 1 as compared with 2 (Figure 3b). b) The

pseudo-cis conformation of the bipyridine, which is stabilized
in 2 by a hydrogen-bonded network that involves six water
molecules (three coordinated and three uncoordinated), is
replaced by the energetically more favored trans conforma-
tion in the anhydrous compound 1.

Compound 2 is stable in low-polar solvents, namely
CH2Cl2.

1H NMR spectroscopy of a solution of 2 in CD2Cl2
revealed 26 signals, which were attributed to the two
magnetically distinct sets of ligands and remained unchanged
with time. However, the spectrum recorded on a solution of 2
in dry CD3CN was time-dependent. After about three hours,
the initial 26 signals were completely replaced by 39 major
peaks accompanied by some minor signals. The similarities in
terms of chemical shifts and integration ratios between these
dominant signals and those recorded for the pure tetranuclear
species 1 (see Supporting Information) indicate the conver-
sion 2(trinuclear)!1(tetranuclear) + minor species.

This conversion was also confirmed by ESI-MS (see
Supporting Information) and 13C NMR spectroscopy on a
sample obtained from an isotopically marked ligand (see
above). In the 13C NMR spectrum of the 13C-labeled sample
(Figure 4), the two signals that correspond to the trinuclear
structure are replaced by three other signals that originate
from the three sets of ligands in compound 1. Four small
peaks are also visible therein and confirm that a part of the
ligands make up the composition of the minor species.
Detailed investigations by NMR and circular dichroism
(CD) spectroscopy aimed to gain insights into the nature of
the minor species as well as the reaction stoichiometry and
mechanism are in progress.

Interestingly, the mixture containing 1 and the minor
species in CD3CN could be reconverted into 2 in the presence
of water. After the addition of 40 equivalents of H2O per
equivalent of metal ion, the initial peaks in the 1H NMR
spectrum were replaced by those of the trinuclear species 2
together with a few minor sharp signals that are associated to
the decarboxylated ligand (see Supporting Information). In
fact, during the regeneration of 2, a small proportion of the
anionic ligand (less than 10%) is neutralized by the water
molecules and then decarboxylated according to a well-
known mechanism.[11] Thus, the trinuclear array is stabilized
in hydrated acetonitrile. A possible explanation is that the
removal of water from the first coordination sphere in 2,
which is a necessary step in building up the water-free
compound 1, is unlikely due to the presence of solvated water

Figure 2. 13C NMR spectrum (CD3CN, c=1·10�2
m) of a labeled

sample (13COOH) of 1.

Figure 3. a) Crystal structure of [Pr3{(+)-L}6(m3-OH)(H2O)3](ClO4)2 (2)
viewed perpendicular to the C3 crystallographic axis. Hydrogen atoms,
perchlorate counterions, water, and acetonitrile molecules of crystal-
lization have been omitted for clarity. Pr green, O red, N blue;
L ligands are shown in yellow and violet. b) Superposition of the
trinuclear bases of 1 (blue) and 2 (red) viewed down the C3 axis.

Figure 4. Superposed 13C NMR spectra (in CD3CN) of the labeled
(13COOH) sample of 2 before the conversion (dashed peaks, ~) and
after the conversion 2!1 + minor species (^ signals from 1;

* signals from minor species.
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molecules. This hypothesis is supported by another experi-
ment in which the water was removed from the acetonitrile
solution by using molecular sieves, again leading to the
conversion 2!1 + minor species. The trinuclear cluster
without water molecules in the first coordination sphere is
unstable and generates a mixture that contains mainly the
tetranuclear compound 1. Consequently, such successive
reversible cycles can be carried out simply by addition/
removal of the water from the medium (acetonitrile). The
number of interconversion cycles is limited only by the
decarboxylation of the ligand which leads to its “consump-
tion”.

Another interesting feature of the self-assembly processes
presented here is their aptitude for chiral self-recognition.
The reaction between the racemic ligand (� )-HL and PrIII

ions in methanol led to a racemate of 2 (rac-2). Its 1H NMR
spectrum, which is identical in every respect with that for the
enantiopure complex 2, as well as its CD spectrum, which is
devoid of any signal, denotes a high degree of chiral self-
recognition (homorecognition) between the ligands. The
same phenomenon takes place when rac-2 is converted into
rac-1 upon dissolution in acetonitrile. As expected and
furthermore demonstrated by X-ray analysis,[10] in rac-1
each of the two enantiomeric structures is made up from
one single enantiomer of the ligand to show opposite helical
orientations (Figure 5). In contrast to the observations made
above, the self-assembly of the racemic ligand (� )-HL and
PrIII ions in acetonitrile is highly perturbed. The tetranuclear
species, which is obtained quantitatively when the enantio-
pure ligand is used, are in this case a minor part of a
complicated mixture. This result shows the limits in terms of
chiral recognition capabilities of the system; these limits are
reached when a higher number of fundamental components
(metal ions and ligands; 13 in the case of tetranuclear
complexes and 9 in the case of trinuclear complexes) have to
recognize and self-assemble.

In summary, we have described the first example in the
lanthanide series of a solvent-adaptive system that can follow
two distinct reaction pathways that lead diastereoselectively
to discrete enantiopure polynuclear architectures 1 and 2,

respectively. In the pyramidal polyhedron 1, an original
combination of two types of helical arrangement of the
ligands was revealed: one classical—around one metal
center—and the other supramolecular—around a metallic
triangular core. Their helical sense is predetermined by the
ligand chirality. Facile reversible interconversion between the
two structures 1 and 2 can be carried out in acetonitrile by the
removal or addition of water, although no obvious templating
effects or intra-/intermolecular interactions are involved in
this process. If the racemic ligand is used instead of the
enantiopure ligand, either chiral recognition processes are
observed or the self-assembly is drastically affected.
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Spiropyrans and spirooxazines belong to one of the most
fascinating families of photochromic compounds; they
undergo reversible structural isomerization between a color-
less spiro form and a colored merocyanine upon either light,
heat, or chemical stimulus.[1] In organic solvents the con-

version of spiropyran into merocyanine can be induced by
complexation of a metal ion with cooperative ligation of
another chelating functionality attached at the 8’-position.[2]

Up to now, a number of such spiropyran receptors have been
designed and widely applied for the optical detection of
transition-metal and alkali-metal ions.[3] It should be pointed
out, however, that despite the large number of reports,
spiropyran structures have rarely been used to recognize
anions or small organic molecules such as biologically
important amino acids. Sunamoto et al. demonstrated early
on that the zwitterionic feature of the opened merocyanine
should enable it to bind with a polar amino acid molecule
through electrostatic interactions; this approach was utilized
for the photocontrolled transfer of amino acids across bilayers
and membranes.[4] Later, Inouye et al. designed a spiropyr-
idopyran capable of binding guanosine derivatives in non-
hydroxylic organic solvents by forming triple hydrogen
bonds.[5] And yet, development of new spiropyrans and
spirooxazines probes capable of efficient recognition and
quantification of amino acids in aqueous solution remains a
challenge.[1b]

Of the twenty amino acids used as building blocks for
proteins, the thiol-containing amino acids play crucial roles in
biological systems. For example, cysteine (Cys), homocysteine
(Hcy), and glutathione (GSH) have been proven to be linked
to various human diseases.[6] At present, a wide variety of
colorimetric and fluorescent probes for thiol-containing
amino acids and peptides are valuable. The majority of the
reported methods are based on redox chemistry or labeling
with chromophores or fluorophores and a combination of
separation techniques.[7] Recently, Strongin et al. as well as
several others have made pioneering advances in developing
highly selective probes for Cys and Hcy, as well as a thiol-
quantification enzyme assay based on the covalent interaction
between the probe molecule and the analyte,[8,9] which could
be used for the direct assay of the amino acid content and the
enzyme activity in body fluids. In addition, a sensing ensemble
for Cys was also recently developed by Kim et al. based on the
analyte competing for a metal receptor with a chromogenic
indicator.[10] The approach showed excellent selectivity for
Cys over other amino acids including Hcy. Although many
reactions and various techniques have been developed for
assaying Cys and Hcy,[7–10] there is still plenty of room for
improvement in term of selectivity, sensitivity, and perfor-
mance with a new interaction mechanism.

Here we present a new strategy for the efficient recog-
nition and determination of Cys and Hcy in neutral aqueous
solution using a spiropyran. In our proposed approach the
interaction of the free spiropyran with an amino acid is
comparatively weak, but the spiropyran molecule can bind a
metal ion, which can interact with an amino acid ligand. The
metal ion is thus expected to bind with both the spiropyran
and the amino acid molecule through cooperative metal–
ligand interactions. If the three components exist together,
the selectivity of the approach is essentially determined by the
binding affinity between the metal center and the amino acid,
as well as the relative size of the analyte. In this context, we
have shown that in the presence of Cu2+ or Hg2+ ions the
interaction of the spiropyran with Cys or Hcy is remarkably
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selective and sensitive, resulting in appreciable changes in
color and absorption properties.

We designed the free ligand (L) based on a 1,3’,3’-
trimethylindolino-6’-tert-butylbenzopyran derivative with a
N,N-dimethylaminomethyl moiety in the 8’-position
(Scheme 1), which was employed previously for optical

recognition of Cu2+ ions in ethanol.[11] Figure 1 shows the
changes in the absorption spectrum of L (1.0 < 10�4

m) in 10%
aqueous ethanol at pH 7.0 in the presence of metal ions and
amino acids. The absorption spectrum of the free L in ethanol/
water is characterized by an intense absorption band centered
at 532 nm (lge= 4.06m�1 cm�1) and a second band at approx-
imately 378 nm. The UV/Vis spectrum of L hardly changes
upon addition of 10 equiv of Cys (Figure 1, curves a and b),
indicating there is little interaction between L and the amino
acid. In contrast, when the same amount of Cys was added to
the ethanol/water solution containing L and Cu2+, or L and
Hg2+, the absorbance at 532 nm greatly decreased, while the

378-nm absorption band shifted to 405 nm concomitant with
an increase in intensity (Figure 1, curves e and f). In contrast,
in the presence of Zn2+ ions and Cys, the absorption spectrum
of L changes only slightly (Figure 1, curve c). For Hcy, similar
spectroscopic behavior was observed with both Hg2+ and Cu2+

ions (Figure 1, curves d and g), whereas the response sensi-
tivity of L in the presence of Cu2+ ions is higher than that in
the presence of Hg2+ ions. These results demonstrate that the
interaction of L with Cys and Hcy is highly metal-ion-
dependent. Cu2+ and Hg2+ ions can promote the binding of L
to two different amino acids, which constitutes the basis for
effective recognition of the amino acids with the proposed
approach.

The selectivity of L in binding amino acids was studied by
examining the amino acid induced changes in the color and
UV/Vis spectra of ethanol/water solutions of L in the
presence of Hg2+ or Cu2+ ions. The two metal ions show
quite different effects on the color and absorption spectra of L
in the presence of an amino acid; the most selective and
distinctive binding was observed with Hg2+ ions. Addition of
each amino acid, except glycine, to the ethanol/water solution
of L and Cu2+ resulted in the shift of the absorption band of L
and thus the color change.[12] Figure 2 shows a photograph of a

series of solutions of amino acids in buffered ethanol/water
solution containing 1.0 < 10�4

m L and 2.5 < 10�4
m Hg2+. Only

Cys and Hcy induce a distinct color change from red-violet to
yellow, which corresponds to the shift of the maximum
absorption band from 532 nm to 405 nm. To quantify the
spectral changes of L at 405 nm and 532 nm, the absorbance
ratio of L at the two wavelengths (R=A405/A532) in the
presence of 1.0 < 10�3

m of the amino acids and anions was
determined.[12] Here R0 is the value of R without the analyte.
In the absence of metal ions, the values of (R�R0) are
negligible except for solutions with Glu and GSH; in the
presence of Cu2+ ions, obvious enhancements of the (R�R0)
value are observed for each amino acid. The only selective
enhancement of the (R�R0) value for Cys or Hcy was realized
with Hg2+ ions. The results indicate that the L-Hg2+ system is
appropriate for selective recognition of Cys and Hcy.

The dynamic response range of L to Cys and Hcy strongly
depends on the amount of the metal ion present in the
solution. For the best response to the amino acids, we
optimized the metal ion concentration by holding the
concentration of L constant (1.0 < 10�4

m) and varying the
amount of Hg2+. At a molar ratio of metal ions to L under 3.0,

Scheme 1. The free spiropyran ligand L, its isomerization on irradi-
ation, and the proposed structure of the ternary complex containing L,
Cys or Hcy, and metal ions.

Figure 1. Effects of metal ions and amino acids on the absorption
spectra of L in 10% aqueous ethanol solution at pH 7.0. The spectra
correspond to: a) L, b) L + Cys, c) L + Zn2+ + Cys, d) L + Hg2+ + Hcy,
e) L + Cu2+ + Cys, f) L + Hg2+ + Cys, and g) L + Cu2+ + Hcy.
[L]=1.0 F 10�4

m, [Cys]= [Hcy]=1.0 F 10�3
m, [metal ion]=2.5 F 10�4

m.

Figure 2. Color changes of the ethanol/water solution of L-Hg2+ in the
presence of different amino acids. Labeled vials: 1) no amino acid,
2) Gly, 3) Leu, 4) His, 5) Glu, 6) Asp, 7) Met, 8) Cys, 9) Hcy, and
10) GSH. [L]=1.0 F 10�4

m, [Hg2+]=2.5 F 10�4
m, [amino acid]=

1.0 F 10�3
m.
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both the sensitivity (response slope) and response range
increase with increasing concentration of Hg2+. At higher
Hg2+ concentrations, the best response shifts from the lower
concentration range to higher concentration range. Figure 3

shows the typical UV/Vis spectroscopic response of a
buffered ethanol/water solution containing 1.0 < 10�4

m L
and 2.5 < 10�4

m Hg2+ to increasing concentrations of Cys. At
this metal ion concentration, a dramatic increase of the
absorbance at 405 nm and a decrease of the absorbance at
532 nm are observed for the Cys concentration range of 5.0 <
10�6

m to 2.5 < 10�4
m. The detection limit, defined as 3s in

blank solution, is 4.0 < 10�8
m. The results suggest that our

approach may be appropriate for quantification of Cys in
physiological settings.[7a, 8c] A similar response curve was
obtained for Hcy.[12] By following the absorption change at
405 nm and a curve-fitting analysis, we estimate the stoichi-
ometry of L with Cys or Hcy to be 2:2; the corresponding
association constants in ethanol/water at pH 7.0 are 2.04 <
104

m
�2 and 8.37 < 103

m
�2,[12] respectively.

An important prerequisite for an amino acid probe is its
ability to recognize a specific amino acid molecule in the
presence of other biologically relevant substrates under
physiological conditions. To further test the amino acid
specificity of our system, complexation experiments with a
range of other amino acids and anions were performed with
L-Hg2+ ([L]= 1.0 < 10�4

m, [Hg2+]= 2.5 < 10�4
m). The change

of the absorbance ratio (R�R0) was plotted against the
concentration of different amino acids and anions (Figure 4).
The (R�R0) values increase linearly with the concentration of
Hcy ((0.1–1.0) < 10�3

m, R2= 0.9903) and the concentration of
Cys ((0.025–1.0) < 10�3

m, R2= 0.9881), which covers the
upper limit of Cys concentration in normal organisms.[13]

Although the system also responds to Glu as well at a
concentration of 5.0 < 10�5

m, the value of (R�R0) is substan-
tially smaller than that caused by Cys or Hcy under the same
conditions. The association constant of L with Glu in the
presence of Hg2+ ions was 6.81 < 102

m
�1. The amino acid

selectivity factor for binding Cys over Glu, which was
evaluated by comparing the association constants and the

absorption signal changes at 405 nm with the relation
[KDe],[14] is approximately 206. Here K is the association
constant and e is the extinction coefficient of the amino acid
complex at 405 nm. The selectivity factors of L-Hg2+ for the
amino acids and anions studied here are in the order Cys>
Hcy>GSH@Glu>Asp�His�Met>Leu�Gly> succi-
nate�SCN� . Additionally, titrating Cys in the presence of
the potential biologically interfering ions Li+, K+, Ca2+, Zn2+,
and SCN� and amino acids such as Met and His� gave a curve
almost superimposable with that obtained in the presence of
Cys alone (Figure 5). These results clearly indicate that our

approach is not only insensitive to other cations, amino acids,
and anions but also selective towards Cys and Hcy when they
are present. Furthermore, it is possible to assay for Cys alone
without interference from Hcy under physiological condi-
tions. Although the response to HCy is linear in the
concentration range of 1.0 < 10�4

m to 1.0 < 10�3
m, the total

concentration of Hcy in human blood plasma is much lower
than that of Cys.[13] In reality, Hcy would not significantly
interfere with the measurement of Cys, which is important

Figure 3. UV/Vis absorption spectra of L-Hg2+ in ethanol/water solu-
tion at pH 7.0 upon addition of Cys at varying concentrations. The
arrows indicate the signal changes with increasing Cys concentration
(0, 2.5 F 10�8, 2.5 F 10�7, 1.0F 10�6, 2.5 F 10�6, 5.0 F 10�6, 1.0 F 10�5,
2.5 F 10�5, 5.0 F 10�5, 1.0 F 10�4, 2.5 F 10�4, 5.0 F 10�4, and 1.0 F 10�3

m).
[L]=1.0 F 10�4

m, [Hg2+]=2.5F 10�4
m.

Figure 4. The dependence of the absorbance ratio of L-Hg2+ at 405 nm
and 532 nm (R=A405/A532) on the increasing concentration of different
amino acids and anions. R0 is the value of R in the absence of amino
acids or anions.

Figure 5. UV/Vis spectra of L-Hg2+ in ethanol/water solution in the
presence of 1.0 F 10�3

m Li+, Na+, K+, and Ca2+, 1.0 F 10�4
m Zn2+, and

1.0 F 10�5
m Met, His, and SCN� with increasing amounts of Cys

(1.0 F 10�7
m to 1.0 F 10�3

m). (The dashed line corresponds to the
absorption spectrum of L-Hg2+ with only Cys). Inset: Absorbance ratio
plotted against the logarithm of Cys concentration.
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and helpful in validation of the method to meet the selectivity
requirements of a Cys assay.

The interactions of L, metal ion, and amino acid are pH
dependent. To observe the effect of pH on the amino acid
complexation, we conducted a more detailed study using an
acidic solution (0.001m HNO3, I= 0.1) containing 1.0 < 10�4

m

L, 2.5 < 10�4
m Hg2+, and 1.0 < 10�4

m Cys in 10% aqueous
ethanol solution, and subsequently the pH was adjusted by
addition of 0.001m NaOH. The pH values at which the
complex formation and color change take place are in the
range of 4.5–8.5 and thus a function of the pH of the medium.
The A405/A532 value reaches a maximum and remains constant
between pH 4.5 and 8.5.[12] To further determine the complex
equilibrium constant of L and Cys at various pH values, we
performed potentiometric pH titrations of L with Cys in the
absence and presence of Hg2+ ions using commercially
available glass electrodes.[12] The titration data were analyzed
with the “BEST” program,[15] and the resulting complex
formation constants are 2.03 < 102

m
�2 (without Hg2+) and

1.52 < 104
m

�2 (2.5 < 10�4
m Hg2+), respectively. The value in

the presence of Hg2+ ions shows little deviation from that
obtained by spectrophotometric titration at pH 7.0. In the
present work, we deemed pH 7.0 to be ideal.

The exact stoichiometry and mechanism of the interaction
between the metal ion, the ligand L, and the amino acid were
key aspects that were not clearly understood. We thus first
studied the effect of varying the concentration of the metal
ion on the absorption spectra of L in the ethanol/water
solution with and without Cys. In the absence of Cys, the
absorption spectrum of L in 10% aqueous ethanol solution is
hardly affected upon addition of Hg2+ or Cu2+ ions. In the
presence of Cys and with increasing metal ion concentration,
the absorbance of L at 532 nm decreases significantly and that
at 405 nm increases. In contrast, the effect of Zn2+ or Cd2+

ions on the absorbance of L at either 532 or 405 nm is
negligible even in the presence of excess of Cys or Hcy. By
following a curve-fitting analysis, we estimate the stoichiom-
etry of the complex of L with either Cu2+ or Hg2+ ions to be
2:2. In addition, in the ESI mass spectrum of an ethanol
solution containing 1.0 < 10�5

m L, 2.5 < 10�5
m Cu(NO3)2, and

1.0 < 10�5
m Cys, a peak at m/z 1269.4, which is assigned to [2L

+ 2Cu + 2Cys + 2NO3�2H]+, is clearly observed,[12]

indicating that in aqueous ethanol solution, the sulfhydryl
group of Cys may be deprotonated to form a S�S-linked
dimer (cystine) through a two-electron oxidation process.[16,17]

To clarify whether this oxidation process is the result of
dioxygen or Cu2+ (or Hg2+) interactions, we measured the
optical response of L to Cys under both aerobic and anaerobic
conditions with and without the metal ion.[12] In the absence of
Cu2+ or Hg2+ ions L exhibits minimal spectral changes at
increasing Cys concentrations even though the analyte
solution was saturated with dioxygen. On the other hand,
the response curves of L-Cu2+ or L-Hg2+ to Cys under
anaerobic conditions were almost the same as those obtained
under aerobic conditions.[12] This results suggest that the
oxidation of Cys in the present system is indeed promoted by
the redox-active Cu2+ and Hg2+ ions.[16, 17] Additional evidence
for the formation of the S�S bridge (cystine) in the complex-
ation process can be obtained from the spectroscopic

responses of L-Cu2+ to cystine and Met (it could not form
the S�S linked dimer). The response of L-Cu2+ with cystine is
similar to that with Cys, whereas that with Met is considerable
weaker under analogous conditions. Based on these results,
we thus could presume that in the present system Cys is
deprotonated at the sulfhydryl group to form a bridged dimer
(cystine) through the redox-active Cu2+ or Hg2+ ions, then the
metal center complexes with one cystine molecule and two L
molecules to form a 2:1:2 (Cu2+/cystine/L) ternary assembly.
Disappearance of the carboxyl and sulfhydryl absorptions of
Cys in the IR spectra, and the pronounced downfield shifts of
the methylene protons as well as the upfield shifts of the N,N-
dimethylamino protons of L in the 1H NMR spectra indicate
that the binding interactions among the metal center, L, and
cystine occur through the phenolate hydroxy group and the
dimethylamino group of L and the sulfhydryl groups of the
amino acid.

To further elucidate the roles of the binding sites of L in
the complex formation, a reference compound, 2-dimethyl-
aminomethylphenol (DAMP) was examined. Under compa-
rable conditions, DAMP exhibits a absorption maximum at
274 nm, the intensity of which is enhanced (� 12%) upon
addition of 0.5–10 equiv of Cys.[12] However, in the presence
of Cu2+, a great enhancement of the DAMP absorption at
274 nm was observed upon addition of 0.5–10 equiv of Cys
(3.29 times the initial value). The results clearly indicate that
involvement of the phenolate hydroxy group and the
dimethylamino group of L is reasonable in complex forma-
tion. A proposed structure of the assembled complex of L,
metal ion, and Cys is shown in Scheme 1. The formation of the
copper complex would lead to the disappearance of the L
charge-transfer band and the appearance of blue-shifted band
that probably arises from a new charge-transfer involving the
orbitals of the metal center, which causes the color change of
L from red-violet to yellow (lge405nm= 3.712m�1 cm�1).

In conclusion, we have proposed a new method that
allows simple and efficient recognition and quantification of
an amino acid in aqueous solution by a spiropyran derivative.
The molecular recognition process has been proven to be
sensitive to the presence of Cys and Hcy. To the best of our
knowledge, this is the first spiropyran–metal receptor for
amino acids, which might open up new opportunities for the
application of spiropyrans and spirooxazines. Current studies
in our laboratory along these lines include developing more
sophisticated systems based on the same mechanism for
recognition of amino acids or anions of various types and
complexities.
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A Simple Strategy for Prompt Visual Sensing by
Gold Nanoparticles: General Applications of
Interparticle Hydrogen Bonds**

Shu-Yi Lin, Sung-Hsun Wu, and Chun-hsien Chen*

Visual sensing based on gold nanoparticles (GNPs) is
important and attractive because the intense red color arising
from surface plasmon (SP) absorption[1] allows the outcome
of analytical measurements to be read with the naked eye.
The typical mechanism for such colorimetric sensing involves
a color change from red to blue through the analyte-triggered
aggregation of GNPs.[2–5] Herein, we report an opposite
transformation in which the GNPs are initially aggregated
and promptly become dispersive in response to an analyte. To
achieve the goal of rapid sensing, the interparticle attraction
for the initial aggregation should be easily weakened by the
analyte–GNP interactions. Scheme 1 illustrates the proposed
concept. The GNPs are bifunctionalized by ([15]crown-
5)CH2O(CH2)4SH (denoted 15c5-C4-SH) and thioctic acid
(TA), which are responsible for recognition and GNP
aggregation, respectively. PbII, a common environmental
contaminant that is detrimental to human health, is selected
as the target ion for this model system because its association
constants with 15c5 and acetic acid are 3630[6] and 500,[7]

respectively, which are considerably higher than those of most
metal ions. The affinity of PbII toward the functionalities
imposes positive electrostatics on the GNPs and leads to a
very fast aggregation-to-dispersion transformation. Herein,
we show that this methodology offers a rapid, highly selective,
and sensitive PbII sensor.

Chemical reduction of HAuCl4 by sodium citrate was
employed to synthesize water-soluble and spherical gold
sols.[8] The GNPs were then bifunctionalized by a two-step
method[9] in which the physisorbed anions are first displaced
by TA, which is subsequently exchanged by crown ether
thiols.[9,10] This approach typically yields GNPs with a
diameter of (18� 3) nm and ligated by nominally 14500
thiol legs, one third of which are crown ether thiols.[10] The
solvent system for immediate sensing of PbII ions was
prepared by mixing an aqueous solution of the GNPs with
methanol. An aliquot (1.80 mL) of the GNPs in the solvent
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mixture was subjected to a trial assay. Figure 1 shows that, one
second after exposure to PbII, the solution transformed from
blue to red, which is opposite to most sensing events of GNPs.
The Supporting Information includes a video clip that
demonstrates the promptness of the distinct color change.

The change in color signifies that the presence of PbII

triggers the events associated with a blue-shift of the SP
absorption, indicative of the transformation of GNPs from
aggregation to dispersion.[11–14] This scenario is supported by
the shift of the SP band from 700 to 525 nm (Figure 2a), and
confirmed by the size distribution of the GNPs whose average
hydrodynamic diameter is reduced from (700� 70) to (47�
17) nm (Figure 2b). To show the selectivity and sensitivity of
the bifunctionalized GNPs toward PbII ions, the extinction
ratios at 530 and 660 nm are plotted against the concentra-
tions of a variaty of metal ions in Figure 3. The extinction

coefficients at the two wavelengths
indicate the relative amounts of disper-
sive and aggregated GNPs.[11, 12] The
extinction ratio climbs sharply for PbII

within a narrow range between 0.25 and
2.50 mm, whereas they are unaffected by
other metals at a 100-fold or higher
concentration level. The narrow con-
centration range may offer a pass-or-
fail diagnostic test by visual determina-
tion. The results demonstrate the selec-
tivity of this sensing scheme toward PbII

ions.
The effect of the amount of water in

the methanol/water solutions of the
GNPs was examined. The GNPs
appear slightly purplish when the
water content is more than 20% and
become dispersive at 30% (see the
Supporting Information). For solutions
of GNPs containing less than 20%
water, ten recipes with water contents

Scheme 1. Proposed methodology for the recognition of metal cations by GNPs in methanol/
water. The GNPs initially aggregate as a result of hydrogen bonds between carboxylic acid
residues. The crown ether moiety selectively hosts metal ions whose positive charge produces
electrostatic repulsion and results in dispersive GNPs.

Figure 1. Photographs in chronological order that show the rapidity of
PbII sensing. The snapshot on the far left was taken prior to the
introduction of an aliquot (0.10 mL) of PbII (2.50 nmol) by micro-
pipette. The approximate time for each frame is noted under the
photographs. The concentration of the 15c5-C4/TA-GNPs in the vial is
0.22 mgmL�1. The solvent system is methanol/water (90%, v/v;
1.80 mL) buffered to pH 8.00 by 10 mm sodium Tris·HCl. Tris= tris(hy-
droxymethyl)aminomethane.

Figure 2. a) UV/Vis spectra and b) size distribution of the 15c5-C4/TA-
GNPs before (blue traces) and after (red traces) addition of PbII

(2.50 nmol). All experimental conditions, including the volume and the
concentrations of PbII and GNPs, are identical to those in Figure 1.

Figure 3. Selectivity and sensitivity of 15c5-C4/TA-GNPs toward PbII

ions. UV/Vis spectra for extinction ratios (530 over 660 nm) were
obtained about 3 min after the GNPs (1.80 mL) were exposed to the
metal cations. The x axis represents the concentration of the metal
cations in the solution (1.90 mL).
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ranging from 2% to 18% were studied to optimize the
sensing performance. However, to the naked eye they exhibit
almost identical color and the responsive range of PbII

concentrations, although a plot of extinction ratio (e530 nm/
e660 nm) against concentration differentiates their sensitivity by
UV/Vis spectrometry. Awater content of 10% is employed in
this study because with this quantity (that is, 1.0 mL aqueous
GNPs mixed with 9.0 mL methanol) it is easy to prepare the
assay with accuracy and thus minimize the experimental
deviation.

To clarify the effect of the crown ether and carboxylic
moieties on the sensing mechanism, control experiments
using GNPs with tailored surface functionality were carried
out. To limit the presence of carboxylic acid at the GNP/
solution interface, a crown ether thiol with a long spacer
(([15]crown-5)CH2O(CH2)12SH) was synthesized and used to
modify the GNPs such that the carboxylic moieties were
buried within the organic shell. In 90% methanol, this 15c5-
C12/TA-GNP solution appears red, which demonstrates that
hydrogen bonding between interparticle carboxylic moieties
is responsible for the initial aggregation of 15c5-C4/TA-GNPs.
The role of the carboxylic moieties in PbII sensing was further
investigated by using TA-GNPs that contained no crown
ether thiol. The color of these GNPs is blue, and shows no
discernible difference from that of 15c5-C4/TA-GNPs. How-
ever, the TA-GNP solution does not respond to PbII ions even
at a concentration 20-fold higher than that of Figure 1.
Therefore, the sensing activity of the 15c5 moiety, rather than
the carboxylic moieties alone, is indispensable to the signaling
of an aggregation-to-dispersion transformation.

It is well-documented that aggregation of carboxylic acid-
terminated GNPs takes place in organic solvents as a result of
the formation of interparticle hydrogen bonds.[15–18] How does
this attractive force become repulsive and why is this
transition selective for PbII over other common metal ions?
The key factors are electrostatic interactions between the
GNPs and the relative size of the crown ether cavity to the
diameter of the metal ion. The electrical potential at the
hydrodynamic shear plane around a particle, namely the zeta
potential, has been applied to predict the stability of nano-
suspensions.[19,20]

For example, the criterion for nanoparticles being stable
exclusively by electrostatic repulsion is a zeta potential larger
than+ 30 mVor more negative than�30 mV.[19,20] In the 90%
methanol solvent, the zeta potential of 15c5-C4/TA-GNPs
increases with the amount of metal ion (Figure 4), which
suggests some level of affinity of the ions toward either the
carboxylic acid or crown ether moiety. Among the metal ions,
only PbII can rapidly lift the zeta potential value higher than
+ 30 mV, an apparent driving force that impairs the inter-
particle hydrogen bonding and triggers dispersive GNPs.
Although other ions might also be caged in the crown ether
cavity, the electrostatic repulsion appears insufficient to break
the hydrogen bonds between the GNPs. Alternatively, GNPs
may develop aggregates on account of a 2:1 15c5-to-cation
sandwich complex when the crown ether cavity (1.70–
2.20 ?)[21] is too small to accommodate the metal cations,
for example, KI (2.76 ?).[22] In either pathway the blue color
of the GNP solution remains unchanged.

The diameter of PbII is 2.38 ?,[23] only slightly larger than
that of the 15c5 cavity (1.70–2.20 ?),[21] and the structures of
1:1[7,24] and 2:1[7,25] 15c5–PbII complexes have both been found
in the literature. To further elaborate the sensing mechanism,
zeta potential measurements were carried out for the afore-
mentioned 15c5-C12/TA-GNPs. After exposure to PbII

(2.50 nmol) in 90% methanol, the zeta potential of the
GNPs jumps from less than 10 mV and instantly reaches a
plateau of + 30 mV, indicative of the formation of a 15c5–PbII

complex. The color is red throughout the concentration
examined (0.0–1.0 mm), and thus the possibility of interpar-
ticle sandwich complexation is ruled out. On the contrary, 2:1
sandwich complexation takes place in aqueous medium,
where the same 15c5-C12/TA-GNPs (3.0 mL, 0.40 mgmL�1)
are also sensitive to PbII (2.50 nmol) and the solution turns
from red to blue.

The intriguing solvent-dependent response is consistent
with how the solvent polarity may shape the microstructures
of the highly flexible ethylene glycol moiety. The polar water
molecules attract and exteriorize oxygen atoms of the crown
ether, and thus expedite a 2:1 sandwich complexation of 15c5-
functionalized nanoparticles to metal ions.[10,22,26] In meth-
anol, the hydrophobic ethylene units become the exterior of
the crown ether cavity.[27] The PbII ion is hosted by one crown
ether or sandwiched by neighboring crown ether moieties at
the same 15c5-C12/TA-GNP. Therefore, the value of the zeta
potential increases and the GNPs do not aggregate.

In addition to the above 15c5–PbII complexation schemes,
there is an alternative for 15c5-C4/TA-GNPs. Note that the
crown ether thiol has a short methylene spacer. The relative
chain length of crown ether thiol and TA configures a
cooperative sensing scheme (the enlarged frame of
Scheme 1), in which the electrostatic attraction of PbII and
carboxylate is facilitated by the chelation of a proximal crown
ether moiety. The PbII takes over the hydrogen-bonding sites,
and therefore the driving force for the initial aggregation is
weakened and is displaced by electrostatic repulsion, which
leads to dispersive GNPs.

In summary, we have demonstrated a novel and simple
signaling scheme that promptly activates the color trans-

Figure 4. Zeta potential of 15c5-C4/TA-GNPs in response to metal
ions. The measurements were performed 3 min after the metal ions
were added to the 90% methanol solvent system.
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formation of GNPs by breaking the interparticle hydrogen
bonds. By taking advantage of the favorable diameter ratio of
PbII to the crown ether cavity of the 15c5 moiety, the
bifunctionalized GNPs are shown to be highly selective to PbII

ions. The high extinction coefficient of GNPs allows the
determination of PbII down to 1 mm using the naked eye. This
methodology can be generalized for other analytes of interest
by using moieties such as assorted macrocycles, cyclodextrins,
and many host functionalities.
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The Structure of a Designed Diiron(III) Protein:
Implications for Cofactor Stabilization and
Catalysis**

Herschel Wade, Steven E. Stayrook, and
William F. DeGrado*

The de novo design of model metalloproteins provides a
powerful approach to examine the functional consequences of
metal cofactor–protein interactions.[1, 2] Despite extensive
work in this area, to date the structures of designed non-
heme Fe proteins with bound cofactors have not been
determined, rendering it difficult to fully develop structure–
function relationships. Here we investigate structural proper-
ties of diiron(III) DF2t.[3] DF2t is a dimeric member of the
due-ferri (DF) family of highly simplified models[3] of the
more complex natural diiron enzymes. These systems, which
include methane monooxygenase (MMOH),[4] ribonucleotide
reductase (RNRR2),[5] and stearoyl ACP D9-desaturase
(D9D)[6] show highly similar ligand sets (almost invariably,
4-Glu,2-His) and encapsulate the diiron cofactors within four-
helix bundles (Table 1).[7] As shown for the natural enzymes,
DF2t binds two iron(II) ions using a 4-Glu,2-His ensemble to
generate an O2-reactive binuclear cluster. The spectroscopic
properties of the diiron(III) DF2t product implicate an oxo-
bridged cofactor, structurally akin to those presented by the
diiron(III) enzymes.[8] The crystallographic structure of the
diiron(III) DF2t cofactor is presented here, providing a
simplified model of diiron enzymes.

DF2t idealizes the otherwise inexact symmetrical four-
helix bundle motifs and arrangements of the Glu and His

Table 1: Diiron enzymes.

Enzyme Abbreviation Ligand set

methane monooxygenase MMOH 4-Glu, 2-His
ribonucleotideR2 RNRR2 3-Glu, 1-Asp, 2-His
rubrerythrin Rbr 4-Glu, 2-His
bacterioferritin BFR 4-Glu, 2-His
stearoyl ACP
D9-desaturase

D9D 4-Glu, 2-His
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ligands found in more complex diiron enzymes.[10] In aggre-
gate, the structures of di-MnII-, di-CoII-, di-ZnII-, and di-CdII-
bound DF variants[3b] show variations about a “canonical bis-
divalent” cluster consisting of two m-1,3-bridging Glu carbox-
ylates, two chelating Glu carboxylates, and two dN-bound His
ligands (Figure 1). Each metal ion has a labile coordination

position trans to the Fe�dNHis bonds. These sites are either
vacant or they can accommodate exogenous ligands in either
bridging or terminal geometries. Computational studies on
RNRR2 and DF2t[11] suggest that the adjacent sites are
configured optimally for facile two-electron reductions of Fe-
bound O2 to peroxide. The divalent metal-bound enzyme
clusters are consonant with the “canonical” view, despite
showing deviations resembling “carboxylate shifts”,[12] which
are particularly accentuated in the diiron(III) proteins.[7,13]

Smaller departures from the “canonical” view are observed in
metal-bound DF proteins; the structure of diiron(III) DF2t
permits the analysis of analogous deviations in a trivalent
metal-bound DF complex. The structural simplicity and well-
defined chemical properties of DF2t should facilitate an
understanding of the minimal requirements for oxygen
reactivity.

The structure of diiron(III) DF2t was solved to 2.1 @
using diffraction data collected at wavelengths shown to
disfavor the photoreduction of diiron(III) enzyme centers.[15]

The Fe environments (Figure 2a and Figure S1 in the
Supporting Information) are consistent with those observed
in diiron(III) enzymes and small-molecule models.[13,16] How-
ever, the DF2t center is more symmetric and displays fewer
deviations from the “canonical” view than the diiron(III)
enzyme clusters (Figure 3).[7] The close similarity between the
divalent metal-bound and diiron(III) DF cofactors contrasts
with the natural systems, which show more asymmetric
diiron(III) centers featuring larger shifts of the Glu ligands.[17]

The largest DF2t changes include minor perturbations of

Glu41 torsion angles, which afford Glu41 as a monodentate
ligand that interacts strongly with only one iron center
(d(Fe1-O)= 2.1 @; d(Fe2-O)= 2.4 @).

Two exogenous ligands were apparent from positive peaks
in the electron density maps (Figure 2a). An oxo ligand was
modeled at the m-bridging position, cis to both Fe-dNHis
bonds. This assignment is consistent with the UV/Vis absorp-
tion spectrum of diiron(III) DF2t[8] and similarly bound m-
oxo/m-hydroxo ligands observed in the diiron(III)
enzymes.[16, 18] As compared to natural systems, we observe
an atypically wide Fe1-O-Fe2 angle of � 1468 and Fe1�Fe2

distance of � 3.6 @ (vs. � 1208 and � 3.2 @). The Fe1�O and
Fe2�O distances of 1.8 and 2.0 @, respectively, are within the
range typically reported for FeIII-bound m-oxo/hydroxo
ligands.[7]

An acetate ion from the crystallization buffer was
modeled as the other non-protein ligand (Figure 2a); acetate

Figure 1. “Canonical bis-divalent” views of a) di-MnII·DF1L13A (1OVR),
b) di-FeII Rbr (1LKO), c) di-MnII BFR (1BCF), d) di-FeII RNRR2 (1KIX),
and e) di-FeII D9D (1AFR). The structures were generated with Pymol.[9]

Figure 2. DF2t–cofactor interactions. a) The diiron(III) cluster ligands
and sA-weighted Fo�Fc omit map peaks modeled by acetate and m-oxo
ligands (4.0s). b) Second-shell hydrogen bonds (dashed lines). Sym-
metry-related His-Asp (right) and Tyr-Glu (left) acceptor–donor pairs
are shown as ball-and-stick representations (yellow and green, respec-
tively). Noninteracting ligands are represented by lines. The structures
in part (a) were generated with Molscript and Raster3D;[14] those in
part (b) with Pymol.[9]

Figure 3. The Fe environments in diiron(III) DF2t, MMOH (1FZ1), and
RNRR2 (1MXR). The m-oxo/m-hydroxo and solvent-derived ligands are
depicted by light-blue and dark-blue spheres, respectively. The struc-
tures were generated with Pymol.[9]
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is also known to bind weakly to diiron(III) DF2 in solution.
The acetate coordinates to Fe2 (d(Fe2�O)= 2.2 @) and
interacts more weakly with Fe1 (d(Fe1�O)= 2.4 @). Compa-
rable lengthening of the Fe�Fe distance was observed in an
acetate-bound diiron(III) MMOH,[19] which also showed a
widened Fe-O-Fe angle and comparable Fe�Ooxo distances.
The net �1 charge on diiron(III) DF2t cluster raises the
possibility of a protonated m-oxo bridge; this is deemed less
likely as the m-oxo absorption features are only slightly
diminished upon acetate binding.[20]

Significantly, acetate interacts with the Fe coordination
positions occupied by peroxide in structures of DF2t and
RNRR2 peroxodiiron(III) intermediates optimized by
DFT.[11] Excluding the m-oxo ligand, the acetate-bound
diiron(III) DF2t cluster may recapitulate interactions impli-
cated in catalytically relevant peroxodiiron(III) species.[21]

An extensive series of second-shell hydrogen bonds
(Figure 2b) restrain the protein Glu ligands to nearly the
same positions as those observed in divalent metal-bound DF
proteins despite the accommodation of exogenous m-oxo and
acetate ligands. The observed rigidity does not appear to
affect the reactivity of the cofactor. Stopped-flow kinetic
experiments show that diiron(II) DF2t reacts rapidly with O2,
suggesting that cofactor flexibility does not influence largely
the initial O2-binding steps.[11] Although relatively rigid
compared to natural systems, DF2t is able to react with O2

and rapidly funnel the reaction towards the diiron(III)
product, apparently without large nuclear motions. The
larger rearrangements observed in natural systems may not
be required for the initial O2-binding steps, but instead for
modulating the reactivity of enzyme–peroxo intermediates,
facilitating the formation of high-valent species and promot-
ing the oxidation of substrates.

Furthermore, the simplified DF2t cluster displays a
feature that might be of structural and mechanistic relevance
to natural diiron proteins. The m-oxo ligand appears to be
stabilized by second-shell CH···O hydrogen bonds[22] between
the m-oxo ligand and two HisCeH groups (Figure 4). The
HisCeH proton is among the most acidic of the C�H groups in
amino acid side chains and is potentially capable of partic-
ipating in hydrogen bonds that are energetically on par with
CaH···O interactions[23] proposed to play a significant role in
protein stabilization.[24] Hydrogen bonds involving HisCeH
groups are also conserved in serine proteases, where they are
believed to play an important role in catalysis.[25]

In DF2t, two HisCeH groups clamp the m ligand in
pincerlike interactions. The distances and angles are
restrained somewhat by the five-membered ring but lie

within the ranges observed for analogous systems (Table S2
in the Supporting Information).[22] Geometrically similar
interactions are present in m-oxo/hydroxo-bridged diiron(III)
and dimanganese(III) clusters of all structurally characterized
O2-activating enzymes, including dimanganene catalase[27]

and toluene monooxygenase hydroxylase,[26] which displays
an atypical combination of Fe�eN and Fe�dNHis bonds. The
HisCeH pocket appears to be primed to stabilize negatively
charged species; enzyme clusters that lack m-oxo/hydroxo
bridges show comparable interactions with other anionic
ligands. In divalent metal-substituted enzymes, the pocket is
partially filled by m-1,1 oxygen bridges donated by coordina-
tively flexible Glu residues.[19, 28] Moreover, an azide ion
participates in two short HisCeH···N bonds in the diiron(II)
E238A RNRR2 cluster, where the side chain of the Glu238
ligand is replaced by a methyl group.[29] Significantly, the
HisCeH···O interactions display geometric variability among
numerous diiron(III) and diiron(II) enzyme systems
(Tables S2 and S3 in the Supporting Information), under-
scoring the flexibility to form one or two CH···O hydrogen
bonds with the HisCeH pair.

Possible mechanistic implications of the second-shell
HisCeH···O interactions are shown in Scheme 1. As the

metal-bound oxygen atoms are reduced to O2�, the HisCe-H
groups are positioned to stabilize the developing anionic
character of oxygen atoms. Thus, HisCeH···O bonds resem-
bling those found in diiron(III) enzymes structures may serve
to stabilize catalytic transition states and reactive cofactor-
bound intermediates, including the Q and X species.[5,30]

Although CH···O hydrogen bonds are considered weak (on
the order of 1 kcalmol�1), they may serve to tune more
energetically dominant primary interactions to specify a given
reaction mechanism or product, particularly in systems such
as diiron enzymes where different pathways can have com-
parable energetics.[4] The structural and mechanistic roles of
these interactions may now be examined through theoretical
and biochemical studies.

In conclusion, the structure of diiron(III) DF2t provides
the framework for further elaboration of designed diiron
model proteins. The oxidized diiron DF2t cluster shows the
hallmarks of natural diiron(III) enzymes and inorganic
models. The center also displays unusual rigidity and is able
to accommodate two additional non-protein ligands, while
preserving the “canonical” appearance. Furthermore, the m-
oxo bridge has access to functionally important DF2t Fe
coordination sites cis to both Fe�dNHis bonds, while the
metal-bound acetate supports the binding capabilities of
binuclear cofactors.

Figure 4. Second-shell interactions (dashed lines) involving HisCeH
atoms and m-oxo/m-hydroxo ligands in diiron(III) DF2t, MMOH
(1FZ1), and toluene monooxygenase hydroxylase (ToMOH, 1T0S). See
Table S2 in the Supporting Information for geometric details. The m-
oxo/m-hydroxo ligands and Fe atoms are depicted by blue and orange
spheres, respectively. The structures were generated with Pymol.[9]

Scheme 1. The stabilization of metal-bound catalytic intermediates
through HisCeH···O hydrogen bonds.
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Experimental Section
Protein purification and crystallization: Crystals of diiron(III) DF2t
(50 mm H75 mm H80 mm) grown by vapor diffusion using the sitting-
drop method were used in the diffraction experiments. DF2t was
expressed in E. coli and purified as previously described.[3a] Diiron-
(III) DF2t was reconstituted from apo-DF2t and Fe(NH4)2(SO4)2 in
0.1% H2SO4 in 50 mm 3-(N-morpholine)propanesulfonic acid
(MOPS), 150 mm NaCl, pH 7.0. Following the oxidation of diiron(II)
DF2t, the sample was centrifuged to remove iron oxide precipitates.
The sample was gel-filtered to remove nonspecifically bound Fe and
dialyzed in 50 mm MOPS, 50 mm NaCl, pH 7.0. The dialysis buffer
was exchanged into a salt-free 10 mm HEPES, pH 7.0 buffer by gel
filtration. The final sample consisted of 1.5–2.0 mm diiron(III) DF2t.
Crystals were obtained from 8.25 mm Mg(OAc)2, 24–28% PEG1500,
and 100 mm HEPES, pH 7.5 at 19.0 8C. The crystals were cryopro-
tected by soaking in 8.25 mm Mg(OAc)2, 32–36% PEG1500, and
100 mm HEPES, pH 7.5. Crystals were obtained over four to seven
days.

Diffraction data collection and refinement: The diffraction data
were collected at �1608 at the Advanced Light Source (beamline,
8.3.1), Lawrence Livermore Laboratories, Berkeley, CA. Data
collected at 0.96 and 0.98 @ produced nearly identical models,
whereas data collection at 1.08 @ produced features consistent with
photoreduction (this will be reported separately). The data were
integrated using DENZO and scaled with SCALEPACK. The initial
phases were obtained by molecular replacement (di-ZnII·DF2turn-
1Y47, search model).[8] All water molecules, metal ions, and
exogenous ligands were removed as the Glu ligands from the
coordinate file of the search model. The initial round of refinement
using the CNS suite included a rigid-body refinement, simulated
annealing, conjugate gradient minimizations, and an overall B-factor
refinement against maximum likelihood targets.[31] Anomalous and
sA-weighted Fo�Fc omit difference maps were used to determine
positions of the metal ions. Positional and B-factor refinements of the
ions were performed using the Lennard–Jones potential for FeIII.
Geometrical, thermal parameter, and strict noncrystallographic
symmetry (NCS) restraints were imposed during early stages of
refinement and relaxed as judged by Rfree at later stages. Well-defined
electron density for all ligands was observed in maps generated with
Fourier coefficients 2Fo�Fc and Fo�Fc and phases calculated from in-
progress models built using coot and O. During later stages of
refinement, sA-weighted 3Fo�2Fc, 2Fo�Fc, Fo�Fc, and composite
omit maps were used to guide model building. Water picking was
guided by sA-weighted Fo�Fc difference maps; geometric consider-
ations and B-values served as additional validation criteria. Final
rounds of refinements were performed with REFMAC5, maximum
likelihood residual, anisotropic scaling, bulk-solvent correction, and
the “translation, libration ,and screw rotation” (TLS) method.[31]

Each DF2t monomer was treated as a rigid group, while all water
molecules, metal ions, and exogenous ligands were excluded.

The final Rwork and Rfree values are provided in Table S1 in the
Supporting Information along with rmsd values from ideal bond
lengths and angles. Table S1 also lists estimated coordinate errors
derived from Luzzati plots (Rfree values) and final maximum-like-
lihood functions. Ramachandran plots (CCP4), WHATIF, and
PROCHECK were used for validation and conformational analyses
of the final models. The models exhibit good geometry with 100% of
the residues in the most favored or additionally favored regions. The
Fe�NHis and Fe�OGlu bonds in the metal cluster are within the range
expected based on data from high-resolution structures of small-
molecule and protein–metal ion complexes extracted from the
Cambridge Structural Database.[32]
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Many important reactions are strongly dependent on noble-
metal catalysts, such as electrochemical reactions on the Pt
electrode in proton-exchange membrane fuel cells
(PEMFC).[1] The development of this promising application
has been hampered because of the high cost of the catalyst.[2,3]

One way to lower costs is to make the most efficient use of the
noble metals so that every metal atom is used in the catalytic
process. Because catalysis at the electrode of a fuel cell is a
surface phenomenon, the utilization of Pt in electrocatalysts
can be defined as the dispersion or exposed percentage of Pt
atoms in the catalyst, which is approximately equal to the
reciprocal of the Pt particle size in nanometers.[4, 5] According
to a number of recent reports, the most favorable particle size
for Pt-based electrocatalysts is in the range of 2–4 nm.[6–9]

Therefore, the utilization or exposed percentage of Pt atoms
in these state-of-the-art electrocatalysts is in the range of 25–
50%, far below a 100% utilization or dispersion of the ideal
model. To enhance Pt utilization, it would be necessary to
further decrease the particle size of Pt-based electrocatalysts.

A reasonable expectation would be that for Pt particle
sizes of about 1 nm or smaller a 100% Pt utilization in
electrocatalysts could be theoretically possible. In practice,
however, metal particles smaller than 2 nm are readily
pocketed by the micropores (� 2.0 nm) of the conductive
carbon supporting material and consequently become inac-
cessible for electrochemical reactions,[10–12] which leads to a
significant lowering of the overall Pt utilization. Furthermore,
the behavior of very small metal particles (ca. 1.0 nm or
smaller) would deviate significantly from that of metallic
particles owing to their strong interaction with the surface of
the supporting material.[13–15] Therefore, it is important to seek
alternative approaches for enhancing Pt utilization in carbon-
supported electrocatalysts.

Herein, we present a method to enhance Pt utilization in
Pt/C-based electrocatalysts by using Au nanoparticles to
support the Pt. Gold is chosen because it is inert in the acid

electrolytes[16] and its surface favors the reductive deposition
of Pt.[17–19] By depositing very small Pt particles or clusters
onto Au nanoparticles of about 10 nm and by loading the
Pt^Au particles onto a conventional carbon support, we have
discovered a synthetic approach that prevents finely dispersed
Pt particles from being pocketed in the micropores of the
supporting carbon materials. By adjusting the Pt loading on
the Au nanoparticles, we demonstrate that the exposed
percentage of Pt atoms in such a model electrocatalyst can
be enhanced to nearly 100%, that is, virtually every Pt atom in
the electrode becomes available and catalytically active for
the electrochemical reactions. This method makes the most
efficient use of Pt in electrocatalysis and may also be
exploited to improve the utilization of precious metals in
other catalysts.

The deposition of Pt onto Au nanoparticles was carried
out by reducing K2[PtCl6] with hydrogen in a solution that
contained Au particles with a narrow size distribution (10.0�
1.2 nm) and polyvinylpyrrolidone (PVP). The prepared
samples were coded as Ptm^Au, in which m denotes the
atomic Pt/Au ratio within the nanoparticles. Figure 1 shows

the UV/Vis and X-ray photoelectron spectroscopy (XPS)
spectra of Au particles with varying amounts of deposited Pt.
In the UV/Vis spectra (Figure 1A), the deposition of Pt onto
the Au surface is characterized by a continued weakening of
the gold plasmon absorption at around 520 nm.[17, 20] At about
m= 2.0, the plasmon absorption becomes almost invisible. In
the XPS spectra (Figure 1B), continued weakening of the
Au04f signals at 83.9 and 87.8 eV[21,22] is accompanied by the
appearance and strengthening of the Pt04f signals at 70.8 and
74.3 eV with increasing Pt content. These results suggest that
the surface of the Au nanoparticles becomes completely
covered with Pt overlayers that shield the underlying Au
surface from the XPS detection when the number of
deposited Pt atoms reaches twice the number of Au atoms
of the supporting Au nanoparticles (that is, m= 2.0).

Using the atomic Pt/Au ratios measured by XPS, we
estimated the number density of Pt atoms (NPt : number of Pt
atoms per nm2 of Au surface) at the Au surface by considering
the initial Au particles as spheres and by assuming that the

Figure 1. UV/Vis (A) and XPS (B) spectra of: a) Pt0.05^Au; b) Pt0.2^Au;
c) Pt1.0^Au; d) Pt2.0^Au.
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area for a single Au atom is 7.87 B 10�2 nm2.[23–25] For example,
the NPt values are 3, 12, and 62, respectively, for Pt0.05^Au,
Pt0.2^Au, and Pt1.0^Au particles (see the Supporting Informa-
tion). As the size of a Pt atom is basically the same as that of
an Au atom, the atomic density of the metallic platinum
surface is 1.3 B 1015 per cm2 (that is, 13 Pt atoms per nm2),[26] so
the data clearly indicate that the deposited Pt atoms in the
samples with m� 0.2 are highly dispersed. In particular, the
deposited Pt atoms at m= 0.2 may form a complete monoa-
tomic layer (about 12 Pt atoms per nm2 of Au surface) that
covers the Au particles. When m is sufficiently small, for
examplem� 0.05, the density of the deposited Pt atoms is less
than 3 Pt atoms per nm2 of the Au surface, which suggests that
the deposited Pt would exist as very small cluster islands or
two-dimensional rafts.

Figure 2 shows transmission electron microscopy (TEM)
images of the as-prepared and carbon-supported Ptm^Au
particles, which assume an approximately spherical shape.
Although the size of Ptm^Au particles generally tends to
increase with an increase in m, the sizes of Pt0.05^Au
(Figure 2b) and Pt0.03^Au (not shown) particles are appa-
rently very close to that of the original Au particles
(Figure 2a). According to Henglein,[17] the size of the spheric
Ptm^Au particles (dPtm^Au) can be estimated by using Equa-
tion (1) in which nPt/nAu is the number ratio of Pt and Au

dPtm Âu ¼ ½ðnPt=nAuÞ ðVPt=VAuÞ þ 1	1=3 dAu ð1Þ

atoms in the particles (nPt/nAu=m); VPt/VAu is the volume
ratio of Pt and Au atoms, which is 0.89;[25] dAu in our case is
10 nm; and the calculated dPtm^Au sizes are 14.1, 12.4, 11.3, and
10.7 nm at m= 2.0, 1.0, 0.5, and 0.2, respectively. These sizes
agree well with the TEM sizes of the Ptm^Au particles (see
Figure 2 and the Supporting Information). In particular, the
particle size of Pt0.2^Au (that is, dPtm^Au= 10.7 nm) suggests a
thickness for the deposited Pt layer in this sample of 0.35 nm.
This value also agrees well with the calculation based on the
atomic Pt/Au ratio measured with XPS when the Au particles
are completely covered with a monoatomic layer of Pt, as the
thickness is equivalent to the diameter of a Pt atom
(0.36 nm).[25]

In reference to the sample of m= 0.2, the deposited Pt in
samples ofm= 0.1, 0.05, and 0.03 would correspond up to 1/2,
1/4, and 1/6 monoatomic Pt layers, respectively, and thus
would be insufficient to fully cover the Au surface. The
indistinguishable particle sizes between Au and Pt0.05^Au
samples in the TEM images (Figure 2a and b) also support
that the deposited Pt exists as very small cluster islands or 2D
Pt rafts.

To study the potential of Ptm^Au nanoparticles in the
enhancement of Pt utilization in Pt-based electrocatalysts, the
as-prepared Ptm^Au particles were supported with the Vulcan
XC-72 carbon blacks to make Ptm^Au/C catalysts for electro-
chemical characterization. TEM images of the Ptm^Au/C
samples (Figure 2e and f) show that the Ptm^Au particles in
the catalysts are isolated from each other and maintain their
original high dispersion.

An important parameter for Pt-based electrocatalysts is
the electrochemically active surface (EAS, m2 per g Pt) of Pt
in the electrode catalyst. As in most electrochemical stud-
ies,[27, 28] we measured the EAS of Ptm^Au/C catalysts by using
the hydrogen-desorption or hydrogen-electrooxidation peaks
on the cyclic voltammetry (CV) curves in acidic media (0.5m
H2SO4; see the Supporting Information). Any hydrogen
electrooxidation peak in the CV curves should arise from
the presence of Pt in the Ptm^Au/C electrocatalyst as carbon-
supported gold nanoparticles (Au/C) without Pt are inactive
for the adsorption and electrooxidation of hydrogen.[16] Thus,
the EAS of Ptm^Au/C catalysts can be obtained according to
Equation (2),[29] in which QH is the charge consumed for the

EAS ¼ ðQH=QeÞAPt=WPt ¼ ðAPt=QeÞQH=WPt ð2Þ

electrooxidation of adsorbed hydrogen on the Pt surface (i.e.,
the electrode catalyst), which is equivalent to the calibrated
area of the hydrogen-electrooxidation peak; Qe is the
elementary charge or charge of an electron (Qe= 1.602 B
10�19 C); APt is the averaged atomic area of surface Pt
atoms, which is 7.69 B 10�2 nm2 according to the atomic
density of a Pt surface which is 1.3 B 1019 per m2;[26] and WPt

is the Pt loading at the working electrode. This equation is
based on the well-established hydrogen-adsorption stoichi-
ometry at a Pt surface (H:Pt= 1:1).[4,30]

Therefore, the data of CVmeasurements allow us to count
the number of exposed Pt atoms (Ns) as the number of
adsorbed H atoms (NH) on the electrode catalyst, that is, Ns=

NH=QH/Qe. Thus, the ratio ofNs orNH to the total number of
Figure 2. TEM images of: a) Au; b) Pt0.05^Au; c) Pt0.2^Au; d) Pt1.0^Au;
e) Pt0.05^Au/C; f) Pt1.0^Au/C.
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Pt atoms (Nt) in the electrode catalyst gives the utilization
percentage of Pt [Eq. (3)].

Upt ¼ Ns=Nt ¼ NH=Nt ð3Þ

Listed in Table 1 are the Pt utilization data from the CV
measurements. It is apparent that the EAS and UPt data for
the Ptm^Au/C samples are close to those of a Pt/C catalyst at
m
 0.5. Prominent enhancement in EAS and UPt emerges
when m becomes lower than 0.2. In particular, when m is
further decreased to 0.05 or less, the EAS and UPt increase to
approach 234 m2 per g Pt and 100%, respectively, which are at
least twice those of the Pt-based electrocatalysts documented
in most reports.[28, 31]

The Ptm^Au/C catalysts were used for the electrooxida-
tion of methanol. Figure 3 shows half curves of the normal-

ized cyclic voltammetry of this electrooxidation. It is evident
that the normalized current increases remarkably with
decreasing value of m, and that the current varies little from
the normal Pt/C electrode when m
 0.5. The current
variation over the Ptm^Au/C catalysts mimics the change of
UPt in these catalysts. The last column of Table 1 shows the
quantitative mass activity of Pt in the Ptm^Au/C catalysts,
which is defined as the current of methanol electrooxidation

over a milligram of Pt in the electrode. The mass–activity data
follow the same trend as the EAS andUPt results, thus proving
that the electrocatalytic activity of Pt is directly associated
with the utilization or dispersion of Pt in the electrode
catalyst. It is not surprising that Pt in Pt0.03^Au/C and
Pt0.05^Au/C catalysts exhibit virtually the same mass activity
for the electrooxidation of methanol as the Pt utilization in
these two catalysts already approaches 100%.

To understand the electrocatalytic stability of the Ptm^Au/
C catalysts, the Pt0.05^Au/C electrode catalyst was subjected to
long-term repeated scanning by cyclic voltammety in 0.5m
H2SO4 with 2m CH3OH at 298 K, as described previously by
Lebedeva and Janssen.[32] The change in peak current density
(0.65 V vs. SCE) of the electrooxidation of methanol is shown
in Figure 4 for 240 cycles. The working period of the
electrocatalyst in this specific type of measurement is propor-

tional to the number of scan cycles; each scan cycle lasted for
2 min, and the total working period was about 8 h. The data in
Figure 4 show stable electrocatalytic activity of the catalyst
electrode; variation in the current density was less than 5%.
Therefore, the finely dispersed Pt cluster islands prepared for
this study are suitable electrode catalysts for the electro-
oxidation of methanol.

It is not known at present whether the Pt in Ptm^Au/C
exists as 3D clusters of about 1 nm or smaller in diameter or as
2D atomic rafts at the gold surface. Although small particles
of transition metals have a long history in heterogeneous
catalysis, supported metal particles with sizes smaller than
1 nm have rarely been investigated even in the field of
heterogeneous catalysis. A few reports show that metal
clusters of smaller than 1 nm would have significantly differ-

Table 1: Loading, surface concentration, and utilization of Pt and the electrochemical properties of the Pt electrocatalysts.

Catalyst [Pt] [mgcm�2] Nt [ G 1017 cm�2] QH [mCcm�2] Ns [ G1016 cm�2] EAS [m2 g�1] UPt [%] Catalytic activity[a] [mAmg�1]

Pt/C 0.22 6.79 11.2 7.00 24.2 10.3 7.3
Pt2.0^Au/C 0.29 8.95 12.9 8.06 21.2 9.0 9.5
Pt1.0^Au/C 0.19 5.86 10.6 6.63 26.6 11.3 8.5
Pt0.5^Au/C 0.11 3.39 6.5 4.06 28.1 12.0 11.6
Pt0.2^Au/C 0.05 1.54 6.1 3.81 58.1 24.7 26.2
Pt0.1^Au/C 0.03 0.93 8.2 5.13 130.2 55.4 83.1
Pt0.05^Au/C 0.02 0.62 9.9 6.15 233.3 99.2 162.5
Pt0.03^Au/C 0.012 0.37 5.9 3.68 234.1 99.5 161.6

[a] For methanol oxidation, at 0.65 V.

Figure 3. Cyclic voltammetric curves for the electrooxidation of meth-
anol (scan rate: 20 mVs�1, 0.5m H2SO4, 2m CH3OH, 298 K) with the
following electrocatalysts: a) Pt0.05^Au/C; b) Pt0.1^Au/C; c) Pt0.2^Au/C;
d) Pt0.5^Au/C; e) Pt1.0^Au/C; f) Pt2.0^Au/C; g) Pt/C.

Figure 4. Stability of the Pt0.05^Au/C electrocatalyst over 240 cycles of
methanol electrooxidation.
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ent chemical properties than larger metallic particles as a
result of their strong interaction with the supporting mate-
rial.[13–15] Nevertheless, very small Pt entities (� 1.0 nm)
supported on Au nanoparticles are still very effective for
the electrooxidation of methanol. This activity may be related
to the inert nature of the supporting gold surface. Surface-
enhanced Raman spectroscopic studies of chemisorptions on
ultrathin Pt-group metal films of 2–3 monolayer thickness
deposited on Au substrates show that surface chemical
properties of the Pt-group metals were not significantly
affected by the presence of an underlying Au substrate.[33,34] It
is also interesting that the very small noble-metal clusters on
the Au particles did not react with each other, which may have
important implications in understanding the role of the metal
in conventional chemical catalysis of particles smaller than 1–
2 nm in diameter.

In conclusion, we have demonstrated an approach to
enable the most efficient use of Pt in electrocatalysts and to
allow every Pt atom to assume the function of a catalytic site
for an electrochemical reaction. The approach makes use of
Au nanoparticles of about 10 nm in diameter as an immediate
support for very small Pt entities with 100% dispersion.
Although the highest dispersion of Pt is realized only with low
Pt loadings (m� 0.05), loadings could be significantly
increased by decreasing the size of the supporting Au particles
(e.g., 2–5 nm). The effect of changing the size of the Au
particles is being investigated and progress will be reported in
the near future.

Experimental Section
The deposition of Pt onto Au nanoparticles was carried out by
reducing K2[PtCl6] with hydrogen in a solution containing Au
particles (ca. 10.0 nm in diameter) and PVP. Au nanoparticles were
prepared according to the methods of Enustun and Turkevich.[35] The
gold concentration was kept constant at 1.25 B 10�4 molL�1 for each
preparation, whereas the amount of K2[PtCl6] in the solution was
varied to change the overall atomic Pt/Au ratios from 0.02 to 2.0. For
comparison, Pt-only nanoparticles were also prepared under the same
conditions in the absence of Au nanoparticles, as described in our
earlier work.[36]

Colloids (Au, Pt, Ptm^Au) were supported on high-surface-area
Vulcan XC-72 carbon (ca. 250 m2g�1) by combining a dispersion of
the colloids with a suspension of the carbon support in ethanol. The
mixture was vigorously stirred for 48 h after sonication (30 min). The
powdered product was isolated by filtration, washed extensively with
deionized water, and dried at 110 8C for 2 h. Inductively coupled
plasma–atomic emission spectroscopy (ICP–AES) showed that the
atomic Pt/Au ratios in the final catalysts agreed well with those in the
preparation mixtures, thus indicating that Pt deposition from the
mixture was complete.

Cyclic voltammetry was performed in 0.5m H2SO4 with a
thermostated three-electrode glass cell at room temperature. The
working electrode was prepared by using ultrasound to disperse the
catalyst powders in 5% Nafion solution (Aldrich). The resulting
dispersion was spread over PTFE-treated carbon paper (DuPont) and
then dried in air. The catalyst loading at the working electrode was
4 mgcm�2. A saturated calomel electrode was used as the reference
electrode and a Pt foil of 1 B 1 cm2 was used as the counter electrode.

Before CV measurements were recorded, the electrolyte was
purged with nitrogen (99.9%) for 30 min, and several tens of CV
cycles (sweeping rate: 50 mVs�1) were performed between�0.24 and
1.0 V to stabilize the electrode surface. Methanol was electrooxidized

in an electrolyte containing 0.5mH2SO4 and 2m CH3OH in a potential
range from �0.20 to 1.0 V at a sweeping rate of 20 mVs�1.

Received: January 14, 2006
Revised: April 25, 2006
Published online: June 28, 2006

.Keywords: cyclic voltammetry · electrochemistry ·
heterogeneous catalysis · nanostructures · platinum

[1] R. J. Spiegel, Transportation Res. Part D 2004, 9, 357.
[2] L. Carrette, K. A. Friedrich, U. Stimming,ChemPhysChem 2000,

1, 162.
[3] R. Dillon, S. Srinivasan, A. S. AricJ, V. Antonucci, J. Power

Sources 2004, 127, 112.
[4] M. Boudart, G. DjKga-Mariadassou, Kinetics of Heterogeneous

Catalytic Reactions, Princeton University Press, Princeton, 1984,
chap. 1.

[5] G. A. Somorjai, Introduction to Surface Chemistry and Catalysis,
Wiley-Interscience, New York, 1994, chap. 1.

[6] H. BMnnemann, R. M. Richards, Eur. J. Inorg. Chem. 2001, 2455.
[7] Z. H. Zhou, S. Wang, W. J. Zhou, G. X. Wang, L. H. Jiang, W. Z.

Li, S. Q. Song, J. G. Liu, G. Q. Sun, Q. Xin, Chem. Commun.
2003, 394.

[8] M. Arenz, J. Karl, K. J. J. Mayrhofer, V. Stamenkovic, B. B.
Blizanac, T. Tomoyuki, P. N. Ross, N. M.Markovic, J. Am. Chem.
Soc. 2005, 127, 6819.

[9] Z. C. Tang, D. S. Geng, G. X. Lu, J. Colloid Interface Sci. 2005,
287, 159.

[10] M. L. Anderson, C. A. Morris, R. M. Stroud, C. I. Merzbacher,
D. R. Rolison, Langmuir 1999, 15, 674.

[11] M. L. Anderson, R. M. Stroud, D. R. Rolison,Nano Lett. 2002, 2,
235.

[12] G. Wu, B. Q. Xu, Electrochem. Commun. 2005, 7, 1237.
[13] K. Kinoshita, P. Stonehart,Mod. Aspects Electrochem. 1977, 12,

191.
[14] Z. Xu, F. S. Xiao, S. K. Purnoll, O. Alexeev, S. Kawl, S. E.

Doutsch, B. C. Gates, Nature, 1994, 372, 346.
[15] C. R. Henry, Surf. Sci. Rep. 1998, 31, 235.
[16] D. B. Laurence, Gold Bull. 2004, 37, 125.
[17] A. Henglein, J. Phys. Chem. B 2000, 104, 2201.
[18] C. Damle, K. Biswas, M. Sastry, Langmuir 2001, 17, 7156.
[19] L. Y. Cao, L. M. Tong, P. Diao, T. Zhu, Z. F. Liu, Chem. Mater.

2004, 16, 3239.
[20] G. Schmid in Nanoscale Materials in Chemistry (Ed.: K. J.

Klabbunde), Wiley-Interscience, New York, 2001, p. 30.
[21] S. Mandal, A. B. Mandale, M. Sastry, J. Mater. Chem. 2004, 14,

2868.
[22] Y. D. Jin, Y. Shen, S. Dong, J. Phys. Chem. B 2004, 108, 8142.
[23] This area number was calculated by using the atomic density of a

metallic gold surface, which is about 12.7 Au atoms per nm2.[24, 25]

[24] G. C. Bond, Catal. Rev. Sci. Eng. 1999, 41, 319.
[25] D. R. Lide, CRC Handbook of Chemistry and Physics, 84th ed.,

CRC, Boca Raton, 2003.
[26] P. Stonehart in Power Sources: Reasearch and Development in

Non-Mechanical Electrical Power Soerces, the 5th International
Symposium (Ed.: D. H. Collins), 1966, p. 514.

[27] T. R. Ralph, G. A. Hards, J. E. Keating, J. Electrochem. Soc.
1997, 144, 3845.

[28] A. Pozio, M. de Francesco, A. Cemmi, F. Cardellini, L. Giorgi, J.
Power Sources 2002, 105, 13.

[29] This equation is equivalent to the equation frequently used in
the electrochemical evaluation of metal catalysts: EAS=QH/
([Pt]0.21),[28] as APt/Qe represents the contribution to the EAS
associated with a unit charge consumption in electrooxidation of
the adsorbed hydrogen atoms. Qe/APt= 2.1 when the units of

Communications

4958 www.angewandte.org � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4955 –4959

http://www.angewandte.org


charge and surface area are C and m2, respectively. The value
becomes 0.21 when mC and cm2 are used.

[30] J. Bett, K. Kinoshita, K. Routsis, P. Stonehart, J. Catal. 1973, 29,
160.

[31] F. Gloaguen, F. Andolfatto, R. Durand, P. Ozil, J. Appl.
Electrochem. 1994, 24, 861.

[32] N. P. Lebedeva, G. J. M. Janssen, Electrochim. Acta 2005, 51, 29.
[33] S. Z. Zou, C. T. Williams, E. K.-Y. Chen, M. J. Weaver, J. Phys.

Chem. B 1998, 102, 9039.
[34] M. J. Weaver, Top. Catal. 1999, 8, 65.
[35] B. V. Enustun, J. Turkevich, J. Am. Chem. Soc. 1963, 85, 3318.
[36] D. Zhao, G. Wu, B. Q. Xu, Chin. Sci. Bull. 2005, 50, 1846.

Angewandte
Chemie

4959Angew. Chem. Int. Ed. 2006, 45, 4955 –4959 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Channels in Micelles

DOI: 10.1002/anie.200600172
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The establishment of an effective method to prepare desirable
nanostructures and to eventually convert them into designed
architectures is of increasing interest in nanotechnology,
chemistry, and biology. Proteins that are located in the
phospholipid bilayer of cell membranes are important in
forming transient pores or channels to achieve ion transport,
ion regulation, energy transduction, signal recognition, and
other biological processes. Numerous functional materials,
including nanoporous membranes and synthetic transmem-
brane channels, have been designed based on these important
gating structures in order to mimic biological processes.[1–4]

It is now well established that amphiphilic block copoly-
mers can self-assemble into lipid-like membranes with
tunable channels, which considerably expand on the proper-
ties of natural biomembranes.[5–8] However, few studies have
involved block copolymer micelles with channels. Typical
polymeric micelles consist of a compact core formed by the

insoluble blocks of the polymer and a stretched shell formed
by the soluble blocks so that the inner core can serve as a
nanocontainer for various substances.[9, 10] Many efforts have
been made to broaden the range of potential applications by
altering the properties of the core and the shell and to
fabricate novel types of micelles with special and controllable
structures.[11–15] For example, Jiang and co-workers reported
core-stabilized polymeric micelles with a mixed shell made
from two incompatible copolymers.[13] Liu and co-workers
prepared water-soluble porous nanospheres from block
copolymer micelles and nano- or microspheres bearing
small hemispherical bumps with surface-segregated
chains.[14,15] If the multifunctionality of channels is considered,
more advantages would be offered if we combined the
properties of polymeric micelles with tunable channels.

Environmental stimuli-responsive polymers are an inter-
esting class of materials since their physical and chemical
properties can be adjusted by external stimuli, such as
temperature, pH value, and ionic strength; the design of
these polymers has been based on lipid-like bilayer mem-
branes.[16–19] We present herein a simple and effective method
to prepare complex micelles with tunable channels from the
self-assembly of two diblock copolymers, namely, poly(tert-
butyl acrylate)-b-poly(N-isopropylacrylamide) (PtBA-b-
PNIPAM) and poly(tert-butyl acrylate)-b-poly(4-vinylpyri-
dine) (PtBA-b-P4VP).

The diblock copolymers PtBA45-b-PNIPAM91 (polydis-
persity index (PDI)= 1.25) and PtBA60-b-P4VP80 (PDI=
1.23) were synthesized by atom-transfer radical polymeri-
zation (ATRP). Both are molecularly dispersed in N,N-
dimethylformamide (DMF). With the addition of acidic water
(pH 2.5), opalescence appeared, which indicates the occur-
rence of micellization in the solutions. Since P4VP is
protonated and soluble in aqueous solution at low pH
values and PNIPAM is soluble at room temperature, the
hydrophobic PtBA blocks of the two polymers associate
together to form a dense core, protected by the mixed soluble
P4VP/PNIPAM blocks acting as a shell. With an increase in
temperature or pH value, the core–shell micelles convert into
a new type of micelle, where soluble chains stretch out from
the core through the now collapsed shell. The formation of
the complex micelles is shown in Figure 1.

Dynamic light scattering (DLS) and static light scattering
(SLS) are used to measure the scattered light intensity, which
can indicate the aggregation of polymers in solution. The

Figure 1. Formation of the complex micelles from self-assembly of
PtBA45-b-PNIPAM91 and PtBA60-b-P4VP80.
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diameter distributions of PtBA45-b-PNIPAM91 micelles,
PtBA60-b-P4VP80 micelles, and the complex micelles are
shown in Figure 2. The average hydrodynamic diameters
(Dh) of these micelles are 79, 60, and 84 nm, respectively.

Clearly, each of the micelles shows a narrow diameter
distribution, while the average diameter of the complex
micelles is somewhat larger than either of the two individual
micelles.

From the fitted lines of the Berry plots for PtBA45-b-
PNIPAM91 micelles, PtBA60-b-P4VP80 micelles, and the com-
plex micelles at pH 2.5 and 25 8C (see the Supporting
Information), the radii of gyration (Rg) of these micelles are
calculated to be 36, 26, and 31 nm, respectively. The Rg/Rh

(Rh= 0.5Dh) value can reveal the morphology of particles
dispersed in solutions.[19] The values of Rg/Rh for these
micelles are 0.91, 0.87, and 0.74, respectively, results suggest-
ing that the micelles are spherical. Moreover, the Rg/Rh value
of the complex micelles is much lower than that of either
individual micelle, which indicates that the structure of the
complex micelles is more compact.

With increasing temperatures, water progressively
becomes a poor solvent for PNIPAM blocks, so the stretched
chains collapse from an extended-coil conformation to a
shrunken conformation. Figure 3 shows the temperature
dependence of the Rg value during one cycle of the heating-

and-cooling process when the polymer solution was equili-
brated for about two hours at each temperature. The values of
Rg/Rh at different temperatures were also calculated, with
results shown in the insert of Figure 3. The decrease of the Rg/
Rh value from 0.74 to 0.60 indicates that the structure of the
micelles has changed to a more compact state. The values of
Rg in the cooling process reveal the reversible globule-to-coil
transition of the PNIPAM chains, although there is a slight
hysteresis as compared to the results of the heating process.

For individual PtBA45-b-PNIPAM91 micelles, large aggre-
gates form when the temperature rises above 33 8C due to the
insolubility of both PtBA and PNIPAM. However, the Dh

value for the complex micelles remains nearly constant with
increasing temperatures because the hydrophilic P4VP chains
can stabilize the micelles at pH 2.5. This result further
confirms the formation of complex micelles between
PtBA45-b-PNIPAM91 and PtBA60-b-P4VP80. The values of
Dh, Rg, and Rg/Rh for the complex micelles measured under
different temperature conditions are listed in Table 1.

In addition, the stretched P4VP chains collapse due to
their deprotonation when the pH value is increased from 2.5
to 7.8 at 25 8C. Individual PtBA60-b-P4VP80 micelles would
precipitate at pH 7.8, but the complex micelles remain stable
and suspended because the PNIPAM block is still soluble. The
values of Dh, Rg, and Rg/Rh for the complex micelles at pH 7.8
and 25 8C are also listed in Table 1. The remarkable decrease
in the Rg and Rg/Rh values for the complex micelles at higher
pH values reveals the collapse of the P4VP chains.

1H NMR spectra recorded in D2O at different temper-
atures and pH values were used to further study the thermo-
and pH-responsive behavior of the complex micelles. In
Figure 4a, peaks a and b, due to the PNIPAM blocks, and
peaks c and d, due to the P4VP blocks, are all evident, which
means that the two blocks are completely water soluble at
pH 2.5 and 25 8C. The proton signals from the PtBA blocks
are invisible, which suggests that they form the immobile and
nonsolvated micellar core. The disappearance of the
PNIPAM signals at 50 8C and the P4VP signals at pH 7.8
indicates the much lower mobility and decreased solubility of
PNIPAM chains at 50 8C and P4VP chains at pH 7.8.

The fact that the complex micelles remain stable at high
temperatures or pH values makes us believe that the
PNIPAM chains and P4VP chains are mixed in the shell. If
PNIPAM and P4VP were separately attached to different
regions of the core to form Janus micelles, the complex
micelles would further associate into much larger aggregates,
as shown in Scheme S2 in the Supporting Information.[20]

From the above discussion, we conclude that core–shell
complex micelles self-assembled from mixtures of PtBA45-b-

Figure 2. The hydrodynamic diameter distribution, f(Dh), for PtBA45-b-
PNIPAM91 micelles (*), PtBA60-b-P4VP80 micelles (&), and the complex
micelles (~) at pH 2.5 and 25 8C.

Figure 3. Temperature dependence of Rg (and of Rg/Rh, inset) for the
complex micelles.

Table 1: DLS and SLS data for the complex micelles under different
conditions.

Conditions Dh [nm] Rg [nm] Rg/Rh

pH 2.5, 25 8C 84 31 0.74
pH 2.5, 50 8C 84 25 0.60
pH 7.8, 25 8C 86 27 0.63
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PNIPAM91 and PtBA60-b-P4VP80 convert into a new type of
micelles with increasing temperature or pH value. The
resultant micelles are expected to have a structure with the
hydrophobic PtBA blocks as a dense core surrounded by
collapsed PNIPAM or P4VP blocks as the shell with soluble
P4VP or PNIPAM chains stretching outside as the corona to
protect the micelles (see Figure 1).

It should be noted that P4VP and PNIPAM are attached
to a common core, which means that hydrophilic P4VP chains
or PNIPAM chains are stretching outside from the core
through the collapsed shell. Phase separation between the
hydrophobic shell and the hydrophilic corona leads to
channels in the shell, as shown in Figure 5a. The hydrophilic

chains are embedded in the hydrophobic shell, just as the
channel proteins through which ions and other small mole-
cules can pass are embedded in a lipid-like membrane
(Figure 5b). The solubility of the hydrophilic P4VP or
PNIPAM chains depends on the pH value, ionic strength,
and temperature of the solutions and, as a result, the size of
the channels can be regulated by changing the environmental
conditions or by manipulating the composition of the two
diblock copolymers. Although the functions of the channels in
this case are not as perfect as those of the protein channels in
cellular membranes, these novel nanostructures may prove to
be useful and versatile in applications such as controlled-
release devices. A preliminary study on the release of
bilirubin from the micelles has been performed, as discussed
in the Supporting Information.

In summary, a new type of complex micelles with tunable
channels is formed through the self-assembly of a binary
mixture of PtBA45-b-PNIPAM91 and PtBA60-b-P4VP80 diblock
copolymers upon increasing the temperature or pH value of
the solution. The size and permeability of the channels may be
regulated by manipulating the composition of the diblock
copolymers or by changing the environmental conditions.
These new complex micelles with controllable channels may
be promising candidates for use in controlled-uptake/release
processes. Detailed studies on the selective permeation of
substances into these micelles is in progress.

Experimental Section
Preparation of block copolymers: The macroinitiator PtBA-Cl was
prepared by ATRP by using 1-chlorophenylethane (1-PECl) as the
initiator and CuCl/N,N,N’,N’’,N’’-pentamethyl diethylenetriamine
(PMDETA) as the catalyst in a solvent mixture of butanone and 2-
propanol (7:3 v/v).

Block copolymers of PtBA-b-PNIPAM and PtBA-b-P4VP were
obtained by using PtBA-Cl to initialize the polymerization of NIPAM
or 4VP with CuCl/tris[2-(dimethylamino)ethyl]amine (Me6TREN) as
the catalyst. A typical polymerization procedure for obtaining PtBA-
b-PNIPAM is as follows: PtBA-Cl (5.0 g) was added to a reaction
flask and then the solvent mixture of butanone and 2-propanol (6:4
v/v; 6 mL) was added. Subsequently, CuCl (0.15 g), Me6TREN
(0.35 g), and NIPAM (10.0 g) were introduced into the flask and
degassed with a nitrogen purge. Polymerization was performed at
40 8C for 48 h. The product was purified by passing the mixture
through an Al2O3 column and was then deposited in a methanol/water
mixture.

The molecular weights and PDI values of PtBA-b-PNIPAM and
PtBA-b-P4VP were determined by a Waters 600E gel permeation
chromatography (GPC) analysis system with tetrahydrofuran or
CHCl3 as the eluent and polystyrene as the calibration standard. The
composition of the block copolymers was determined in CDCl3 by use
of 1H NMR spectroscopy on a Varian UNITYplus 400 MHz NMR
spectrometer.

Preparation of the complex micelles: PtBA-b-PNIPAM and
PtBA-b-P4VP with a weight ratio of 1:1 were first dissolved in
DMF to make a polymer concentration of 0.1 mgmL�1. Subsequently,
a given volume of acidic water (pH 2.5) was added into the polymer
solution with stirring. The formation of micelles occurred, as
indicated by the appearance of opalescence in the solution, and
then the solution was dialyzed in acidic water for four days to remove
the DMF.

DLS and SLS measurements were performed on a laser light
scattering spectrometer (BI-200SM) equipped with a digital correla-

Figure 4. 1H NMR spectra of the complex micelles at a) pH 2.5 and
25 8C, b) pH 2.5 and 50 8C, and c) pH 7.8 and 25 8C. The peak labels
are explained in the text.

Figure 5. Illustration of double-responsive channels self-assembled
from a) a complex micelle and b) a typical lipid-like bilayer membrane.
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tor (BI-10000AT) at 514 nm. All samples were first prepared by
filtering solutions (about 1 mL) through a 0.45-mm Millipore filter
into a clean scintillation vial and were then characterized at the given
temperatures.
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The use of organic templates (also called structure-directing
agents) remains one of the most successful methods of
preparing new inorganic materials.[1,2] Many of the most
important recent advances in porous solids in particular
depend on the clever use of organic species as templates to
produce new zeolites,[3–5] transition-metal phosphates[6] or
oxides,[7] and to make synthetic methods more efficient.[8]

Ionothermal synthesis, where an ionic liquid is both the
solvent and source of the template, provides opportunities to
develop new synthetic routes that are based on different
chemistry to traditional hydrothermal approaches.[9–12] Herein
we describe the controlled use of deep-eutectic solvents
(DESs) that are unstable at high temperatures as the media
for ionothermal reactions. The organic template is not added
to the reaction mixture in the normal way, but is delivered to
the reaction by the breakdown of one of the components of
the DES itself, demonstrating how the unique solvent
properties of these ionic liquids can be harnessed to produce
new types of solid.

A DES is a mixture of two compounds where there is a
depression in the freezing point of the mixture compared with
that of the separate components. One class of DES comprises
mixtures of organic halide salts with hydrogen-bond donors,
such as amides, amines, alcohols, and carboxylic acids.[13,14]

The freezing-point depression in the mixture results from the
formation of halide ion–hydrogen-bond-donor supramolec-
ular complexes that alter the free energy of the solid phase
compared to the liquid. DESs are therefore predominantly
ionic liquids, with properties that differ markedly from those
of molecular liquids and salts dissolved in molecular solvents.
Such DESs have features that make them excellent choices
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for use in the preparation of materials of different kinds. Their
ionic nature and relatively high polarity mean that many ionic
species, such as metal salts, show high solubility. They also
have some significant advantages over other types of ionic
liquid, particularly their ease of preparation as pure phases
from easily available (and toxicologically well characterized)
components and their relative unreactivity towards atmos-
pheric moisture.[14] Our previous report on zeolite synthesis
used a urea/choline chloride eutectic to prepare a new zeolitic
material[9] and Liao and co-workers have used the same
method to prepare a new organophosphate material.[15]

Herein we report how thermal decomposition of various
urea derivatives as components in DES can be used to deliver
particular organic templates to the reaction mixture in a
controlled manner, leading to new types of structure and
providing some insight into potential synthesis mechanisms of
such materials.

Several urea derivatives (structural formula in Figure 1
and 2), including 1,3-dimethyl urea (DMU), 2-imidazolin-
done (IMI, ethylene urea) and tetrahydro-2-pyrimidione
(THP, N,N’-trimethylene urea) were investigated as eutectic
mixtures with quaternary ammonium halides (choline chlo-
ride or tetraethylammonium bromide). IMI and THP are, we
believe, used for the first time in deep-eutectic solvents. The
expected decomposition products, and thus the expected
templates delivered to the synthesis, of DMU, IMI, and THP
are methylamine, ethylene diamine, and propylene diamine,
respectively.

Aluminum phosphate materials can be prepared using all
three urea derivatives, (Figure 1 and 2). Single-crystal X-ray
diffraction, magic-angle spinning (MAS) NMR spectroscopy
and elemental analysis indicate that the expected templates
were occluded in the final solids (see Supporting Informa-
tion). The materials vary from one-dimensional chains
through to three-dimensional zeolitic-type structures and
can be altered by adding suitable mineralizers, such as water
or fluoride, to the systems. The dependence of final structure
on mineralizer content mirrors the behavior seen in other
ionothermal systems[9] and illustrates the rich potential of this
system to produce different materials in a controlled manner.
However, one difference between this system and other
ionothermal methods is that templated materials are formed
right across the range of water content from very low to very
high. We have not seen any evidence for templating being
stopped by intermediate water content, as is the case for
imidazolium-based ionic liquids.[9]

A DMU/tetraethylammonium bromide DES can be used
to prepare three different aluminophosphate solids, 1, 2, and 3
(Figure 1). A DMU/choline chloride DES can also be used to
prepare 2. In each case the template is the methylammonium
cation as expected.

A DES containing the cyclic urea derivative IMI yields
ethylene diammonium cations as the template at moderate
temperatures, plus some ammonium cations above 200 8C.
This approach produces two closely related aluminophos-
phate solids 4 and 5 (Figure 2). Using a DES with one extra
carbon center in the cyclic urea component (TMP, Figure 2)
leads to the crystallization of four different solids. Three of
these materials, 6–8 have the expected propylene diammo-

nium template. However, if a large excess of water is added to
the system, breakdown of the urea derivative proceeds
further at temperatures of 200 8C to produce a material 9
that has only ammonium as the templating cation.

The nine aluminophosphate materials prepared in this
way include five previously unknown compounds, although
some related topologies are known, and four known materi-
als, 3, 4, 7, and 9. Full details of the synthesis and
crystallography of these materials can be found in the
Supporting Information.

Interestingly, the different structures fit rather well with
some proposed mechanistic pathways postulated in previous
work. Oliver et al.[16] proposed that the crystallization of
aluminophosphates proceeds through the initial formation of
chains. Vidal and co-workers postulated exactly such a
mechanism for the synthesis of Mu-7[17] by the hydrolytic
condensation of so called parent chains. However, there was
no evidence for the existence of the parent chain in any
experiments Vidal and co-workers carried out. In our work,
compound 3 (Figure 1) has the same structure as Mu-7 and
compound 1 has the structure of the parent chain, which is
isolated at lower temperatures. The reason given for the non-
detection of the parent chain by Vidal was that the parent
chain was “probably very labile”.[17] That the parent com-
pound can be isolated using the eutectic mixture indicates
rather milder hydrolysis conditions than in the hydrothermal
or solvothermal synthesis. This situation suggests that syn-
thesis in DES may be more controllable than other synthetic
methods and perhaps more compounds that are not isolable
under normal conditions can be recovered. Other workers
have postulated different mechanisms of framework syn-
thesis, in particular those based on crystal growth by
condensation of small clusters rather than by condensation
of chains or layers as proposed by Oliver et al. Indeed, FBrey,
Taulelle, and co-workers have shown from very elegant in situ

Figure 1. The synthesis of materials using dimethyl urea based eutectic
mixtures. Dimethyl urea based eutectic mixtures with tetraethylammonium
bromide or choline chloride decompose to give methylammonium cations as
the templates for the preparation of three aluminophosphate materials, 1–3.
The portion of the urea derivative that delivers the template on decomposition
is shown in bold in the structural formula. The conditions for the reactions are
given in the Supporting Information.
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NMR spectroscopy in real time that the mechanism proposed
by Oliver et al. is certainly not possible in all cases.[18] The
isolation of the parent chain in our work is not evidence of the
mechanistic pathway (since we only characterize the final
products) but does raise some interesting points that may
require further work.

Time studies using X-ray diffraction indicate that the
crystallinity of the products reaches its maximum between 12
and 48 h after the reactions started, with overall yields of 50–
70% after 48 h (see Supporting Information). Interestingly,
1H NMR spectra of the DESs recovered after the reactions
show that at 12 h the breakdown products are only just visible
above background. However, after six days the DESs show
quite complex 1H NMR spectra indicating extensive degra-
dation of the solvent systems. Clearly the nucleation and
crystallization of the materials takes place at relatively low
levels of solvent degradation under conditions where the
concentration of the template species is slowly increasing as
more of the DES decomposes.

While aluminophosphates are of special interest because
of their close relationship to zeolites, other materials are also
attractive targets for various reasons. Using a DES we have
successfully synthesized 10, the gallium phosphate version of
the zeolite-A framework (Figure 3). Zeolite-A is an impor-

tant industrially used framework with emerging applications
in, for example, gas storage for medical applications.[19] This
material was prepared using a fluoride-free synthetic route,
and is unusual in that it is, we believe, the first time this
material has been prepared without fluoride at the center of
the double four-ring secondary building units (SBUs) present
in the structure.[20,21] We believe the only previous double
four-ring unit occluding an atom other than fluorine are not
linked into three-dimensional structures but are isolated
anions.[22, 23]

Carboxylic acid/quaternary ammonium eutectic mixtures
seem to be more stable and do not contribute decomposition
products as templates to the reactions. Using this approach a
succinic acid/choline chloride DES can be used simply as a
solvent to prepare the new transition-metal dibenzyldi-
phosphonate solid 11 (Figure 3) that contains no template.
Such inorganic hybrid materials are of particular interest for
their structural architectures[24–28] and potentially useful gas-
adsorption characteristics.[29] Liao et al.[15] have recently
shown that a choline chloride/urea mixture can be used to
prepare a zinc organophosphate where ammonium acts as the
temple. Our work herein shows that we can control whether
or not templating takes place by judicious choice of the
eutectic solvent.

The use of deep-eutectic mixtures reported herein allows
the ionic nature of the liquid, with the advantages this brings

Figure 2. The synthesis of aluminophosphate materials from cyclic
urea-based eutectic mixtures. a) Materials prepared from 2-imidazolin-
done-based eutectics templated by ethylene diammonium cations
b) Four materials prepared from tetrahydro-2-pyrimidone. In com-
pounds 6–8 the template is a propylene diammonium cation while in
compound 9, prepared at higher temperature, the template is ammo-
nium. For clarity the location of the templates in 6 and 8 are not
shown. The key is as for Figure 1 The portion of the urea derivative
that delivers the template on decomposition is shown in bold in the
structural formula. The Conditions for the reactions are given in the
Supporting Information.

Figure 3. Phosphate and phosphonate and metal–organic solids pre-
pared from eutectic mixture or related systems. Compound 10 is a
gallium phosphate with the zeolite-A framework, and 11 is a cobalt
organophosphonate material prepared from a chlorine chloride/suc-
cinic acid DES.
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in terms of solvent chemistry and control of mineralizer
concentration to be retained while also providing a new
mechanism by which the template is delivered to the reaction
mixture. The synthesis technique has proved to be very
versatile, delivering a number of different templates to aid in
the preparation of a number of types of material. Several
hundred functionalized ureas are commercially available and
many of these will be suitable for this type of work, illustrating
the scope of this method. The ease of preparation of eutectic
mixtures and the different chemistry involved, as evidenced
by, for example the non-fluoride preparation of gallium
phosphate zeolite-A, indicate that this route may be useful for
targeting materials that are difficult to prepare in traditional
hydrothermal synthesis. This work also shows beyond doubt
that the template comes from the urea part of the DES, as this
is the only way in which the chemical structure of the
templates can be explained. In work based on urea/choline
chloride mixture there was the possibility that the ammonium
ions could originate from the urea or the choline chloride.
Thus this issue is now resolved. Further work aimed at
preparing other types of material are currently underway to
explore more fully the potential of this synthesis method.

Experimental Section
Synthesis of DESs: The required amount of as bought amide and
quaternary ammonium salt was measured out in a 2:1 ratio (or 1:1 in
the case of the succinic acid based DES) and ground in a mortar.
Melting points of the different DES are given in Table 1.

Aluminophosphates 1–9 : A Teflon-lined autoclave (volume
23 mL) was charged with eutectic mixture, Al[OCH(CH3)2]3
(Aldrich), and H3PO4 (85 wt% in H2O, Aldrich). HF (48 wt% in
H2O, Aldrich) and distilled water were added if required. The
stainless steel autoclave was then heated in an oven to the required
temperature. The reagent masses, temperatures, and length of time
left in oven are as detailed in the Supporting Information. After
cooling the autoclave to room temperature the product was sus-
pended in distilled water, sonicated, filtered by suction, and washed
with acetone. The products were white, crystalline solids.

Gallium phosphate zeolite-A 10 : The method was followed as for
the aluminophosphates but the Al[OCH(CH3)2]3 was replaced by
Ga2(SO4)3 (0.105 g, Aldrich). Tetrahydro-2-pyrimidione (2.0 g,
0.020 mol, Fluka)/Choline Chloride (1.4 g, 0.010 mol, Avocado)

constituted the DES. H3PO4 (0.173 g, 85 wt% in H2O), molar ratio
of Ga2(SO4)3:H3PO4 was 1:6.1. The reaction was heated at 170 8C for
72 h.

11: A Teflon-lined autoclave (23 mL) was charged with the urea/
choline chloride eutectic mixture (4 g), (4,4’-biphenylylenedimethy-
lene)diphosphonic acid (0.12 g, 3.51I 10�4 mol) and cobalt acetate
tetrahydrate (0.22 g, 8.83 I 10�4 mol) The autoclave was heated at
150 8C for three days. After cooling to room temperature the eutectic
mixture was dissolved in distilled water and the resultant powder
recovered by filtration, washed with distilled water and acetone then
air dried. An isostructural material using nickel as the metal salt
(nickel acetate tetrahydrate (0.23 g, 9.24 I 10�4 mol) can be prepared
in a similar way using a 1:1 molar DES of succinic acid and choline
chloride

Single-crystal X-ray diffraction data for all materials except 3
were collected using MoKa radiation using a Rigaku rotating anode
single-crystal X-ray diffractometer at the university of St Andrews or
using a wavelength of � 0.7 K station 9.8 at the Synchrotron
Radiation Source (SRS), Daresbury Laboratories, Cheshire, UK.
The structures were solved using standard direct methods and refined
using least-squares minimization techniques against F2. When
ordered template molecules could not be refined the program
SQUEEZE was used to remove the scattering from the channels/
voids in the structures before the final cycle of least-squares
refinement. Framework phase identification for 3 (which has the
Mu-7 structure) was accomplished from the unit cell given by single
crystal X-ray diffraction. Further details on the crystal structure
investigation may 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-416132 (10), CSD-416133 (1), CSD-
416134 (2), CSD-416135 (6), and CSD-416132 (9). CCDC-295436,

CCDC-295437, CCDC-295438,
CCDC-295439 and CCDC-295440
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.
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The enantioselective construction of quaternary stereogenic
centers bonded to four carbon atoms by efficient asymmetric
methods is a great synthetic challenge, as the creation of such
complex fragments is complicated by steric factors.[1] Cur-
rently, despite the substantial progress that has been made in
the last few years, only a few catalytic asymmetric C�C bond-
forming strategies have proven to be useful for forming
quaternary carbon centers.[2] Among them, the catalytic
conjugate addition[3] of compounds with a prochiral trisub-
stituted nucleophilic carbon atom to b-substituted Michael
acceptors constitutes an effective approach for the asymmet-
ric construction of highly functionalized products with
adjacent quaternary and tertiary carbon centers. The stereo-
controlled, one-step synthesis of such important congested
motifs from simple precursors is a formidable synthetic
challenge, as the catalyst must provide high levels of
stereoselectivity in a sterically demanding C�C bond-forming
process.[4] To date, the acceptors employed in this powerful
type of strategy have been enones,[5] nitroalkenes,[6] and
unsaturated imides.[7] Expansion of the scope of such an
efficient strategy to other classes of Michael acceptors is a
useful and challenging objective.

Herein, we report the development of the first asymmetric
direct conjugate addition of 1,3-dicarbonyl compounds to
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maleimides promoted by natural cinchona alkaloids as chiral-
base catalysts.[8] The reaction affords highly functionalized
products with two adjacent stereogenic carbon atoms, one of
which is quaternary with only carbon-centered substituents
[Eq. (1)]. This organocatalytic[9] approach affords high levels

of both enantio- (up to 98% ee) and diastereoselectivity
(d.r.= up to > 98:2) with both cyclic and acyclic b-ketoesters
and with cyclic b-diketones. Furthermore, the strategy is
based on an operationally simple procedure in which
unmodified cheap and commercially available starting mate-
rials and catalysts are used.

The asymmetric conjugate addition of carbon-centered
nucleophiles to maleimides should provide a practical route
to synthetically and biologically important chiral a-substi-
tuted succinimides.[10] Therefore, it is surprising that, to our
knowledge, just one effective asymmetric strategy has been
described to date.[11] The feasibility of our organocatalytic
asymmetric approach was first tested bymixing methyl-2-oxo-
1-indanecarboxylate (1a) and maleimide (2a) in dichloro-
methane (0.5m) in the presence of a catalytic amount of a
cinchona alkaloid derivative (10 mol%); representative
results of the extensive screen of reaction conditions using
the alkaloids shown in Scheme 1 are listed in Table 1. The
natural cinchona alkaloid quinine (Q) proved to be the most
promising catalyst and afforded the 1,4-adduct with relatively
good diastereo- and enantioselectivity (Table 1, entry 2). The
synthetic cinchona alkaloid derivatives A and B, which are
broadly effective bifunctional organocatalysts for several
asymmetric C�C bond-forming reactions,[12] gave poor results
(Table 1, entries 3 and 4). The rigid phenolic quinidine
derivative b-isocupreidine (C; Scheme 1)[13] promoted the
conjugate addition with satisfactory selectivity (Table 1,
entry 5), but the results obtained when the reaction was
performed at �20 8C indicated a significant difference
between Q and C in terms of catalytic activity (Table 1,
entries 6/7 and 8/9).

Next, we identified the nature of the substituent on the
N atom of the maleimide as a critical parameter for the
stereochemical outcome of the process (Table 1, entries 8, 10,
and 11). The presence of a benzyl substituent had a dramatic
impact on the enantioselectivity and, more importantly, on
the diastereoselectivity: When the quinine-catalyzed reaction

was performed at �20 8C in CH2Cl2, the product was isolated
after 24 h in quantitative yield, with considerable preference
shown for one of the two possible diastereomers (d.r.= 94:6)
and with high enantioselectivity (92% ee ; Table 1, entry 11).
Importantly, the use of “pseudoenantiomeric” quinidine
(QD) allowed access to the opposite enantiomer of the 1,4-
adduct with similar selectivity (Table 1, entry 12). Further
optimization of the reaction conditions revealed that apolar
solvents favored optimal stereoselectivity (Table 1,
entries 11–14); CH2Cl2 was selected as the solvent of choice
for its ability to increase reactivity. The use of hydrogen-bond-
accepting solvents led to a drastic decrease in stereoselectivity
(Table 1, entries 15 and 16).

The result obtained by using benzoylquinine (BQ) as the
catalyst (Table 1, entry 17) clearly demonstrated that the
presence of the free hydroxy group on Q is essential for high
levels of reactivity and selectivity. This experimental evi-
dence, together with preliminary kinetic studies, which
established a first-order rate dependence on the catalyst,
nucleophile, and electrophile for the conjugate addition (see
the Supporting Information for details), is consistent with an
acid–base bifunctional mode of catalysis by quinine. Impor-
tantly, although the double-activation ability of natural
cinchona alkaloids was established 25 years ago by the
seminal studies of Hiemstra and Wynberg,[14] there have been
no previous reports of a very stereoselective (> 90% ee)
conjugate addition reaction catalyzed by these compounds.[15]

We then examined the generality of this new organo-
catalytic asymmetric strategy under the optimized reaction
conditions. Experiments that probe the range of possible 1,3-

Scheme 1. Alkaloid catalysts and 1,3-dicarbonyl compounds 1b–1 i
used in this study.
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dicarbonyl substrates are summar-
ized in Table 2. Both enantiomers
of the 1,4-adducts were synthesized
efficiently with high selectivity by
appropriate selection of the cata-
lyst (Q or QD). The cyclic b-
ketoesters 1b–d were all converted
into the corresponding 1,4-adducts
in good yields and with very high
levels of both diastereo- and enan-
tioselectivity (Table 2, entries 1–6).
The protocol also proved to be
effective for acyclic b-ketoesters;
the expected products were formed
with high selectivity, although
decreased reactivity was observed
(Table 2, entries 7 and 8). Interest-
ingly, we found that the size of the
ester group had a significant effect
on the stereoselectivity: the reac-
tion of the acyclic tert-butyl
ketoester 1g occurred in a highly
enantio- and diasteroselective
fashion even at room temperature
(92% ee, d.r.= 92:8; Table 2,

entry 9).[16] Outstanding results were obtained with b-dike-
tones (Table 2, entries 10–13), a particularly challenging class
of substrates, for which, to our knowledge, just two examples
of effective asymmetric organocatalytic conjugate addition
have been reported.[17]

As the conjugate addition products 4 are generally solid
substances, it is possible to obtain a single stereoisomer in
essentially enantiomerically pure form after a single crystal-
lization, as demonstrated for adducts 4c and 4d (Table 2,
entries 4 and 6).

The absolute configuration of compound 5, generated by
the quinine-catalyzed addition of 1g to N-(4-bromophenyl)-
maleimide [Eq. (2)], was assigned by X-ray crystallographic

analysis.[18] The relative configuration of 4d was determined
unequivocally by X-ray crystallographic analysis,[18] whereas
the relative configurations of 4b and 4h were assigned by
NMR spectroscopic analysis with extensive NOE interaction
studies (see the Supporting Information for details).

The synthetic utility of our organocatalytic approach was
evaluated by a gram-scale experiment (10 mmol), which gave

Table 1: Screening of reaction conditions for the organocatalytic asym-
metric conjugate addition of 1a to maleimides 2.[a]

Entry Catalyst R Solvent Conversion
[%][b]

3 d.r.[b] ee [%][c]

1 – H (2a) CH2Cl2 0 a – –
2 Q H (2a) CH2Cl2 >95 a 74:26 69/28
3 A H (2a) CH2Cl2 30 a 77:23 14/17
4 B H (2a) CH2Cl2 65 a 75:25 33/34[d]

5 C H (2a) CH2Cl2 75 a 65:35 62/45
6[e] Q H (2a) CH2Cl2 75 a 82:18 81/70
7[e] C H (2a) CH2Cl2 25 a 75:25 74/–
8[e] Q Ph (2b) CH2Cl2 >95 b 87:13 63/40
9[e] C Ph (2b) CH2Cl2 13 b 70:30 –/–
10[e] Q tBu(2c) CH2Cl2 15 c 95:5 –/–
11[e] Q Bn (2d) CH2Cl2 >95 (97)[f ] d 94:6 92/5
12[e] QD Bn (2d) CH2Cl2 >95 (95)[f ] d 94:6 87/4[d]

13[e] Q Bn (2d) toluene 80 d 95:5 92/6
14[e] Q Bn (2d) THF 56 d 95:5 90/5
15[g] Q Bn (2d) CH3CN >95 d 85:15 66/0
16[g] Q Bn (2d) MeOH >95 d 44:56 24/0
17 BQ Bn (2d) CH2Cl2 45 d 81:19 5/12

[a] The formulae of the catalysts can be found in Scheme 1. Experimental
conditions (0.2-mmol scale): The reactions were carried out open to the
air in undistilled solvent with a 1:1.2 ratio of 1a to 2. [b] Conversion and
d.r. were determined by 1H NMR spectroscopic analysis of the crude-
product mixture. [c] Determined by HPLC analysis on commercially
available chiral stationary phases; values for both diastereomers are
given. [d] The opposite enantiomer was obtained. [e] Reaction time:
24 h, reaction temperature: �20 8C. [f ] Number in parenthesis indicates
the yield of the isolated product 3d. [g] Reaction time: 16 h, reaction
temperature: �20 8C.

Table 2: Highly stereoselective conjugate addition of 1,3-dicarbonyl compounds 1 to 2d catalyzed by
natural cinchona alkaloids.[a]

Entry 1/4 Cat. (mol%)[b] T [8C] t [h] Yield [%][c] d.r.[d] ee [%][e]

1 b Q (10) �30 24 99 84:16 94
2 b QD (10) �60 40 99 87:13 98
3 c Q (10) �60 38 98 91:9 94
4 c QD (10) �60 38 99 90:10 95 (>99[f ])
5 d Q (15) �60 40 99 >98:2 89
6 d QD (15) �60 40 91 >98:2 93 (>99[f ])
7 e QD (20) �15 50 52 (55) 93:7 85
8 f QD (20) �15 88 63 (65) 77:23 85
9 g Q (20) RT 72 75 (78) 92:8 92
10 h Q (15) �30 24 72 (80) 92:8 82
11 h QD (15) �60 40 99 92:8 91
12 i Q (20) �15 48 55 (58) 95:5 82
13 i QD (20) �30 66 72 (75) 95:5 84

[a] The formulae of 1b–1 i can be found in Scheme 1. Experimental conditions (0.2-mmol scale): The
reactions were carried out open to the air in undistilled dichloromethane with a 1:1.2 ratio of 1 to 2d.
[b] The catalysts Q and QD gave opposite enantiomers of the product diastereomer. [c] Yield of the
isolated products 4. Numbers in parenthesis indicates reaction conversion, as determined by 1H NMR
spectroscopic analysis. [d] Determined by 1H NMR spectroscopic analysis of the crude-product mixture.
[e] Determined by HPLC analysis on commercially available chiral stationary phases; values for the
major diastereomer are given. For the ee values of minor diastereomers, see the Supporting
Information. [f ] After a single crystallization.
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4d in quantitative yield (Scheme 2). A single crystallization
from an EtOH/Et2O mixture afforded the optically pure
product. Subsequent highly stereo- and chemoselective
reduction of the keto group allowed access to compound
(�)-6, which has three consecutive stereogenic centers of
defined absolute configuration.[19]

In summary, we have developed an operationally simple
protocol that employs unmodified and commercially avail-
able materials and catalysts for the first asymmetric organo-
catalytic conjugate addition of 1,3-dicarbonyl compounds to
maleimides. The enantioselectivity of the reaction is the
highest reported to date for this class of Michael acceptors.
Natural cinchona alkaloids proved to be highly efficient
catalysts. They promoted the one-step construction of func-
tionalized products with two adjacent stereogenic carbon
atoms with very high diastereo- and enantioselectivity.
Investigations are currently underway toward a mechanistic
understanding of the process and fully defining its utility as a
synthetic tool in asymmetric synthesis.
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Rhodium-Catalyzed Propargylic Substitution: A
Divergent Approach to Propargylic and Allenyl
Sulfonamides**
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The transition-metal-mediated substitution of propargylic
alcohol derivatives using a stoichiometric cobalt–alkyne
complex, represents a fundamentally important synthetic
transformation that is often referred to as the Nicholas
reaction.[1] The catalytic version of this process, in which a
number of late-transition-metal complexes have been shown
to be effective catalysts, has also been described.[2, 3] None-
theless, a key and striking feature with many of the catalytic
variants is the preponderance of aryl-substituted propargylic
alcohols, which presumably circumvents the problem of b-
hydride elimination with alkyl derivatives.

We envisioned that the rhodium-catalyzed version would
prove interesting, given the unique reactivity often observed

with this particular transition metal for related transforma-
tions.[4, 5] Herein, we describe the first rhodium-catalyzed
propargylic amination of secondary propargylic alcohol
derivatives 1, which provides a divergent approach for the
preparation of propargylic sulfonamides 2 (path A: R1=

alkyl/aryl, R2=H; Scheme 1) and 1,1-disubstituted allenyl
sulfonamides 3 (path B: R1= aryl, R2=H).[6]

Preliminary studies examined the feasibility of the
rhodium-catalyzed propargylic amination of 1a (R1=Ph-
(CH2)2; R2=H) using N-benzyl toluenesulfonamide
(Table 1). Although the attempted amination of propargylic

alcohol 1a (Lg=H; entry 1) with the Wilkinson catalyst was
completely unsuccessful, the acetate 1a (Lg=Ac; entry 2)
furnished a trace amount of the desired propargylic sulfona-
mide 2a. Despite the fact that the yield was not particularly
encouraging, we envisioned that additional improvement
would be achieved through the modification of the catalyst
with trimethyl phosphite in an analogous manner to the
related allylic substitution reaction.[4, 5] Indeed, the trimethyl
phosphite modified Wilkinson catalyst afforded 2a with an
improved yield of 27% (entry 3), albeit with significant
quantities of the propargylic alcohol derived from trans-
acylation. This result prompted the examination of alternative
leaving groups (see entries 3–5). Gratifyingly, treatment of
the propargylic carbonate 1a (Lg= tBuOCO) with the
modified Wilkinson catalyst and the lithium anion of N-
benzyl toluenesulfonamide, furnished the propargylic sulfo-
namide 2a in 82% yield (entry 5). Additional studies focused
on the effect of the terminal alkyne substituent R2. Interest-
ingly, although a trimethylsilyl group provides the propargylic

Scheme 1. General approach for the divergent construction of propar-
gylic and allenyl sulfonamides.

Table 1: Optimization of the rhodium-catalyzed propargylic amination
reaction.[a]

Entry R2 Additive (mol%) Lg Yield of 2a [%][b]

1 H – H 0
2 H – COMe trace
3 H P(OMe)3 (40) COMe 27
4 H P(OMe)3 (40) CO2Me 66
5 H P(OMe)3 (40) CO2tBu 82
6 Me3Si P(OMe)3 (40) CO2tBu 20
7 Me P(OMe)3 (40) CO2tBu 0
8 Ph P(OMe)3 (40) CO2tBu 0

[a] See Scheme 1; 1a R1=Ph(CH2)2; R=PhCH2, Ar=p-CH3C6H4. All
reactions were carried out on a 0.25-mmol scale with 10 mol%
[RhCl(PPh3)3] and 2.0 equivalents of the lithium anion of N-benzyl
toluenesulfonamide (LiN(Ts)Bn; Ts=p-toluenemethanesulfonyl) at
30 8C. [b] Yield of the isolated product.
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sulfonamide 2a (entry 6), albeit in low yield, the aryl- and
alkyl-substituted derivatives are completely unreactive under
the analogous reaction conditions (entries 7 and 8).

Table 2 summarizes the application of the optimized
reaction conditions (Table 1, entry 5) to a variety of nucleo-
philes and aliphatic propargylic carbonates (see below). This

transformation proved tolerant of both N-alkyl and aryl
sulfonamides (entries 1 and 2), in which the p-toluenesulfo-
namide could be substituted for the more readily removed p-
nitrobenzenesulfonyl group to improve the synthetic utility of
this protocol (entry 3).[7,8] The N-sulfonyl hydrazone, phtha-
limide, and dimethyl malonate also provided suitable nucle-
ophiles, thus clearly illustrating the scope of this process
(entry 4–6).[9] Another impressive feature of this transforma-
tion is the range of aliphatic propargylic substituents that can
be utilized. For example, linear (entries 7–10) and branched
(entries 11–13) aliphatic substituents, including the tert-butyl
(entry 14) and benzyloxymethyl (entry 15) substituents,
afford the corresponding propargylic sulfonamides 2 in good
yield.[10,11] Hence, the ability to accomplish the rhodium-
catalyzed propargylic amination of a wide range of aliphatic
propargylic alcohol derivatives represents an important
addition to the area of metal-mediated propargylic substitu-
tions.

Although the propargylic substitution of alkyl-substituted
propargylic carbonates was straightforward, the aryl deriva-
tive 1m (R1=Ph) furnished the 1,1-disubstituted allenyl
sulfonamide 3m as the major product under analogous
conditions (Table 3, entry 5). The origin of the divergent
reactivity was attributed to a base-induced isomerization of
the initially formed propargylic sulfonamides 2m to the
corresponding allene 3m.[12] We reasoned that the isomer-
ization could be suppressed with a weaker base. Gratifyingly,
the propargylic amination of 1m with potassium carbonate as

the base furnished the propargylic sulfonamide 2m in 74%
yield (entry 6). A series of para-substituted aryl propargyl
alcohol derivatives 1k–o were examined to determine the
scope of this divergent behavior. This study indicates that the
isomerization may be directly related to the relative acidity of
the a-proton in the propargylic sulfonamide 2. For example,
strongly electron-donating substituents suppress the isomer-
ization (entries 1–4), whereas the strongly electron-withdraw-
ing groups are prone to isomerization to the allene with even
a weak base, albeit to a much lesser extent (entries 7 and 8
versus 9 and 10). The napthyl (Np) 1p and furyl 1q derivatives
demonstrate analogous behavior to the phenyl and p-bromo-
phenyl derivatives 1m and 1n and facilitate the selective
formation of either derivative (entries 11–14).

We developed a sequential one-pot two-component
rhodium-catalyzed propargylic amination/isomerization fol-
lowed by a [4+2] carbocyclization [Eq. (1)][12–15] to highlight

the synthetic utility of the base-induced isomerization of aryl-
substituted propargylic sulfonamides to the corresponding
1,1-disubstituted allenes in situ. Treatment of the aryl-
substituted propargylic carbonate 1p under the standard
reaction conditions and with the lithium anion of sulfonamide
derivative 4 afforded the bicyclohexadienes 5/6 in 74% yield
with 19:1 selectivity for 5 (d.r.� 19:1, as determined by
1H NMR spectroscopy). The relative configuration of 5 was
determined by X-ray crystallography. Although allenes have

Table 2: Scope of the rhodium-catalyzed propargylic amination reac-
tion.[a]

Entry R1 1 MN(SO2Ar)R
[b] 2 Yield [%][c]

1 Ph(CH2)2 a LiN(Ts)Bn a 82
2 Ph(CH2)2 a LiN(Ts)PMP ab 74
3 Ph(CH2)2 a LiN(Ns)Allyl ac 72
4 Ph(CH2)2 a LiN(Ts)N=C(Me)Ph ad 83
5 Ph(CH2)2 a KPhth ae 71
6 Ph(CH2)2 a NaCH(CO2Me)2 af 83
7 PhCH2 b LiN(Ts)Bn b 85
8 CH3 c LiN(Ts)Bn c 76
9 CH3(CH2)2 d LiN(Ts)Bn d 74
10 CH2=CH(CH2)3 e LiN(Ts)Bn e 78
11 (CH3)2CHCH2 f LiN(Ts)Bn f 86
12 (CH3)2CH g LiN(Ts)Bn g 70
13 c-C6H11 h LiN(Ts)Bn h 74
14 (CH3)3C i LiN(Ts)Bn i 83
15 BnOCH2 j LiN(Ts)Bn j 72

[a] See Scheme 1; 1 Lg=CO2tBu, R
2=H. All reactions were carried out

on a 0.25-mmol reaction scale using 10 mol% [RhCl(PPh3)3] modified
with 40 mol% P(OMe)3 in THF at 30 8C. [b] 2.0 equivalents of the lithium
anion of the N-substituted sulfonamide. [c] Yields of the isolated
product. Phth=phthalimide.

Table 3: Divergent approach to propargyl and allenyl sulfonamides
through rhodium-catalyzed propargylic substitution.[a]

Entry R1 1 Base 2/3[b] Yield [%][c]

1 p-MeOC6H4 k LiHMDS �19:1 51
2 p-MeOC6H4 k K2CO3 �19:1 78
3 p-MeC6H4 l LiHMDS 1:1 63
4 p-MeC6H4 l K2CO3 �19:1 72
5 Ph m LiHMDS �1:19 77
6 Ph m K2CO3 �19:1 74
7 p-BrC6H4 n LiHMDS �1:19 70
8 p-BrC6H4 n K2CO3 �19:1 69
9 p-CF3C6H4 o LiHMDS �1:19 48
10 p-CF3C6H4 o K2CO3 2:1 61
11 Np p LiHMDS �1:19 82
12 Np p K2CO3 �19:1 83
13 1-furyl q LiHMDS �1:19 63
14 1-furyl q K2CO3 �19:1 55

[a] See Scheme 1; 1 Lg=CO2tBu, R
2=H. All reactions were carried out

on a 0.25-mmol reaction scale with 10 mol% [RhCl(PPh3)3] modified with
40 mol% P(OMe)3 in THF at 30 8C with TsNHBn (2 equiv) and the
requisite base (2 equiv). [b] Ratio of amination products was determined
by NMR (400 MHz) spectroscopic analysis on the crude reaction
mixture. [c] Yield of the isolated products. HMDS=hexamethyldisila-
zane.
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been utilized in an array of metal-catalyzed carbocyclization
reactions, the ability to utilize 1,1-disubstituted derivatives in
this manner represents a novel process.[15,16]

In conclusion, we have demonstrated that rhodium-
catalyzed propargylic amination provides an efficient and
versatile method for the construction of aliphatic-substituted
propargylic sulfonamides. This study also demonstrates that
the divergent behavior in the rhodium-catalyzed variant of
the propargylic substitution, in which either aryl-substituted
propargylic or allenyl sulfonamides can be prepared is
dependent upon the acidity of the propargylic proton. Finally,
the synthetic utility of the isomerization of aryl-substituted
propargylic sulfonamides in situ was demonstrated in a one-
pot two-component rhodium-catalyzed propargylic amina-
tion/isomerization followed by a [4+2] carbocyclization. We
anticipate the ability to prepare functionalized bicyclohex-
adienes in this manner will have significant synthetic utility
for target-directed synthesis.
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Fluorobis(phenylsulfonyl)methane: A
Fluoromethide Equivalent and Palladium-
Catalyzed Enantioselective Allylic
Monofluoromethylation**
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The development of efficient methodology for the synthesis
of fluoroorganic compounds has attracted considerable
attention particularly in the field of medicinal chemistry.[1]

Owing to their unique and significant biological properties,
fluorinated drugs have been commonly used in the treatment
of a variety of diseases. Fluorination and fluoroalkylation
reactions are two straightforward operations for the con-
struction of fluorine-containing molecules, and their asym-
metric versions are particularly useful.[2] Enantioselective
electrophilic fluorination and enantioselective nucleophilic
trifluoromethylation reactions probably represent the most
versatile methodologies available for this purpose;[3] however,
we are not aware of any reports of successful enantioselective
monofluoromethylation reactions.[3d] Compounds with a
monofluoromethyl unit are of great importance with regards
to isostere-based drug design.[4] Indeed, monofluoroacetic
acid is responsible for “lethal synthesis”, and it blocks the
tricarboxylic acid cycle (Krebs cycle).[5] Monofluoromethy-
lated amino acids such as d-fluoroalanine are well known to
act as “suicide substrates” causing inactivation of the enzyme
by alkylative capture of the aminoacrylate-pyridoxal-P spe-
cies.[6] In connection with our work on the asymmetric
syntheses of fluorine-containing organic compounds,[7] we
required a novel methodology for an enantioselective mono-
fluoromethylation reaction. Herein we disclose our first step
toward achieving this goal by demonstrating that 1-fluorobis-

(phenylsulfonyl)methane (1) acts as a synthetic equivalent for
the monofluoromethide species. We found that the palladium-

catalyzed asymmetric allylic fluorobis(phenylsulfonyl)methy-
lation reaction of allyl acetates 2 utilizing 1 smoothly proceed
to afford the fluorobis(phenylsulfonyl)methylated com-
pounds 3 with very high enantioselectivity up to 97% ee.
We also show how this methodology can be applied to the
synthesis of monofluoromethylated compounds, enantiopure
methyl-fluorinated ibuprofens (S)- and (R)-4 by reductive
desulfonylation and oxidation of 3a. An efficient access to
fluorinated b-d-carbaribofuranose 5 from 3 f is also de-
scribed.

Inspired by the reports on difluoromethylation by the
groups led by Prakash,[8a] Olah,[8a] and Hu,[8a,b] with difluor-
ophenylsulfonylmethane,[8] we envisaged that 1-fluorobis-
(phenylsulfonyl)methane (1) would be a useful reagent for
enantioselective monofluoromethylation in the palladium-
catalyzed allylic substitution reaction, which has been studied
in detail by us[9] and others.[10] The previously unknown
compound 1 was easily prepared in good yield from bis(phen-
ylsulfonyl)methane, CH2(SO2Ph)2, by monofluorination with
Selectfluor or molecular fluorine.[11a] Palladium-catalyzed
fluorobis(phenylsulfonyl)methylation of (2E)-1,3-bis(4-iso-
butylphenyl)-2-propenyl acetate (2a) with 1 was carried out
in the presence of catalytic amounts of [{Pd(C3H5)Cl}2] and
(S)-1-(1’-diphenylphosphino)ferrocenyl-1’’-naphthyl sulfox-
ide ((S)-PHFS)[9] or (4S)-2-(2-diphenylphosphinophenyl)-4-
isopropyl-1,3-oxazoline ((S)-PHOX)[10c–e] at 0 8C (Table 1).

First, the allylic substitution was examined under our
previously optimized conditions using (S)-PHFS in the
presence of cesium carbonate; however, the result was
disappointing (Table 1, run 1). Next, (S)-PHOX was used as
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a chiral ligand. Bis(trimethylsilyl)acetamide (BSA) and a
catalytic amount of cesium acetate were examined as
promoters for the reaction according to the procedure
established for palladium-catalyzed allylic substitution using
bis(phenylsulfonyl)methane.[10a] After overnight stirring at
0 8C, the desired 1-fluorobis(phenylsulfonyl)methylated prod-
uct (R)-3a was obtained with 90% ee, while the conversion
was only 14% (Table 1, run 2). With potassium carbonate or
sodium hydride as a base, the enantioselectivities increased to
96% ee, but the conversion was still low (Table 1, runs 3 and
4). Then the reaction was examined using cesium carbonate as
a base in the concentration range 0.1–1.0m (Table 1, runs 5–
9). The adduct (R)-3a was produced in satisfactory yield with
very high enantioselectivity when the reaction was carried out
with Cs2CO3 at a concentration of 1.0m (Table 1, run 9).[11b] It
should be noted that fluorine substitution has a striking effect
on the reactivity and enantioselectivity of 1 (Table 1, cf. runs 9
and 10). As mentioned above, the allylic substitution reaction
with 1 proceeds smoothly at temperatures below 0 8C within
several hours and with very high enantioselectivity. In
contrast, the non-fluorinated bis(phenylsulfonyl)methane,
CH2(SO2Ph)2, has rather poor reactivity in allylic substitution
reaction even at room temperature over 24 h, and therefore,
the corresponding addition requires heating at, for example,
73 8C for 48 h.[10a] Only trace amount of the non-fluorinated
analogue of 3a was obtained with lower enantioselectivity
(65% ee) (Table 1, cf. runs 9 and 10). On the other hand,
when the reaction of 2a with 1 was carried out at elevated
temperatures[10a] (i.e. the optimal conditions for CH2-
(SO2Ph)2), the yield and enantioselectivity decreased
(Table 1, run 11). It may be possible to explain the difference
in reactivity between 1 and CH2(SO2Ph)2 in terms of the
acidity of 1 relative to CH2(SO2Ph)2 and the stability of its

conjugate base. The high reactivity of 1 even
at low temperatures might arise from the
increased acidity of 1 as a result of the
electron-withdrawing ability of fluorine.
However, the effect of a-fluorine substitu-
tion on the stability of an anion generally
arises from a compromise between its
inductive electron-withdrawing ability and
the repulsion between its electron pair and
that on the carbanionic center.[12] The low
stability of the conjugate base of 1 at higher
temperatures could be the reason for the
poor yield in run 11.

The 1-fluorobis(phenylsulfonyl)methy-
lation reaction was also applied to a variety
of allylic acetates (Table 2). Allylic acetates
2b–f having methoxyphenyl, bromophenyl,
and naphthyl groups were smoothly mono-
fluoromethylated to furnish the desired
fluorobis(phenylsulfonyl)methylated prod-
ucts 3b–f in acceptable to high yields with
high enantioselectivities (Table 2, entries 1–
8).[13a] The reason for the loss in chemical
yield for 3c,d (Table 2, entries 2 and 5) is the
partial decomposition of 2c,d. The yield was
improved when the reaction was carried out

under slightly modified conditions (amounts of reagents,
reaction temperature; Table 2, entries 2–6). The opposite
enantiomer, (S)-3a, is accessible from 2a when (R)-PHOX is
used as a catalyst ligand (Table 2, entry 9).[13b]

After testing acyclic electrophiles in our enantioselective
allylic 1-fluorobis(phenylsulfonyl)methylation reaction with
1, we next examined a similar process with cyclic electro-
philes. Those with five- or six-membered rings are especially
interesting since the products should be useful for the
synthesis of fluorinated analogues of biologically important

Table 1: Optimization of the palladium-catalyzed enantioselective allylic fluorobis(phenylsulfonyl)me-
thylation of 2a.

Run Ligand Base Solvent[a] t [h] Yield [%]/ee[b] [%]

1 (S)-PHFS Cs2CO3 CH2Cl2 (0.1m) 6 30/9[c]

2 (S)-PHOX BSA[d] CH2Cl2 (0.1m) 17 14/90
3 (S)-PHOX K2CO3 CH2Cl2 (0.1m) 14 31/94
4 (S)-PHOX NaH[e] THF (0.1m) 9 39/96
5 (S)-PHOX Cs2CO3 THF (0.1m) 9 16/94
6 (S)-PHOX Cs2CO3 CH2Cl2 (0.1m) 6 12/97
7 (S)-PHOX Cs2CO3 CH2Cl2 (0.1m) 12[f ] 50/94
8 (S)-PHOX Cs2CO3 CH2Cl2 (0.5m) 6 33/95
9 (S)-PHOX Cs2CO3 CH2Cl2 (1.0m) 6 83/94
10[g] (S)-PHOX Cs2CO3 CH2Cl2 (1.0m) 24[f ] trace/65[h]

11[i] (S)-PHOX NaH[e] dioxane (0.3m) 48 23/89

[a] The concentration refers to 2a. [b] The ee value was determined by HPLC analysis using CHIRALPAK
AD-H. The absolute stereochemistry was tentatively assigned by comparing the optical rotation of 3a
with that of a non-fluorinated derivative of 3a.[10a, 13b] [c] (S)-3a was obtained. [d] The reaction was carried
out in the presence of CsOAc (0.1 equiv). [e] Preformed NaCF(SO2Ph)2 was used. [f ] The reaction was
carried out at room temperature. [g] CH2(SO2Ph)2 was used as a nucleophile instead of 1. [h] A non-
fluorinated analogue of (R)-3a was obtained. [i] The reaction was carried out at 73 8C.

Table 2: Palladium-catalyzed enantioselective allylic fluorobis(phenylsul-
fonyl)methylation of allylic acetates 2a–f.

Entry 2 Ar 3 Yield [%] ee [%][a]

1 2b Ph 3b 92 96 (R)[e]

2 2c 4-MeOC6H4 3c 58 94
3[b] 2c 4-MeOC6H4 3c 22[b] 97
4[c] 2c 4-MeOC6H4 3c 74 91
5 2d 4-BrC6H4 3d 54 95 (R)[e]

6[b] 2d 4-BrC6H4 3d 69[b] 94 (R)[e]

7 2e 2-naphthyl 3e 89 92
8 2 f 2-(6-methoxynaphthyl) 3 f 72 91
9[d] 2a iBuC6H4 3a 89 91 (S)[e]

[a] Determined by HPLC analysis using CHIRALPAK AD-H or OD-H.
[b] Reaction conditions: 1 (1.0 equiv), 2 (2.0 equiv), Cs2CO3 (2.0 equiv),
2.5 mol% [{Pd(C3H5)Cl}2] , and 5 mol% (S)-PHOX at room temperature
for 6 h. Yield is based on 1. [c] The reaction was carried out at room
temperature for 6 h. [d] (R)-PHOX (5 mol%) was used instead of (S)-
PHOX. [e] See reference [13b].
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molecules.[10b] A series of chiral ligands commonly employed
were examined under conditions similar to those described
above. We found that (+)-1,2-bis-N-[2’-(diphenylphosphino)-
benzoyl]-(1R,2R)-diaminocyclohexane ((R,R)-DPPBA)[10f]

was effective for the desymmetrization of the meso diester
2g with 1 in the presence of [{Pd(C3H5)Cl}2] and Cs2CO3 to
afford the 1-fluorobis(phenylsulfonyl)methylated adduct 3g
in 87% yield with 95% ee (Scheme 1). Similarly, racemic
acetate 2h underwent efficient enantioselective reaction with
1 under the same conditions to provide enantioenriched 3h in
75% with 96% ee.[13c]

With facile access to this range of enantioenriched
monofluorinated organic compounds, we next considered
synthetic applications. Ibuprofen, a widely marketed non-
steroidal anti-inflammatory drug (NSAID), is an interesting
compound in terms of the pharmacokinetics of its enantio-
mers.[14] Ibuprofen exists as both R and S enantiomers, and it
was revealed the metabolic chiral inversion of (R)-ibuprofen
to the pharmacologically active S enantiomer occurs in
humans. Racemic ibuprofen has been prescribed worldwide,
and the S isomer, called dexibuprofen, is marketed in Austria
and Switzerland. The physico-chemical and pharmacological
properties and metabolic profiles of racemic ibuprofen and
dexibuprofen are quite different, and a better understanding
may be possible from studies of chiral derivatives of
ibuprofen. A variety of ibuprofen derivatives have been
prepared for this purpose including fluorinated ibuprofens;[15]

we are interested in the previously unknown ibuprofen
derivative 4, which bears a fluoromethyl group.[16] Only the
R enantiomer of 4 could potentially an act as a suicide
substrate by b elimination of HF by the enzyme during the
chiral-inversion step, and it might consequently shed new
light on the study of the pharmacokinetics of the enantiomers.
To show the utility of our palladium-catalyzed enantioselec-
tive fluorobis(phenylsulfonyl)methylation reaction, we next
applied the method for the synthesis of the ibuprofen
analogues (S)- and (R)-4 (Scheme 2). Similar to the conven-
tional synthesis of ibuprofen,[10a] ozonolysis of (R)- and (S)-3a
in MeOH/CH2Cl2 (3:1) at �78 8C followed by reduction with

NaBH4 gave the monofluoromethylated alchohols (S)- and
(R)-6 in yields of 87% and 85%, respectively, without major
loss of enantiopurity (91% ee). The removal of the sulfonyl
group at the fluorinated carbon by reaction with activated Mg
in methanol afforded the chiral monofluoromethylated com-
pounds (S)- and (R)-7, and subsequent oxidation with the
Jones reagent gave the S and R enantiomers of 4,[17] which
were previously unknown.[16]

Carbafuranose is a synthetic target attracting much recent
interest in view of both its enzyme inhibitor activities and
antiviral properties.[18] Fluorinated carbohydrates have also
recently received attention for their important role in the
study of enzyme–carbohydrate interactions as well as their
biological activities.[19] Therefore, fluoro sugars with a carbo-
cyclic framework have emerged as important tools in this
area. We examined the synthesis of 5-deoxy-5-fluoro-b-d-
carbaribofuranose (5). The 1-fluorobis(phenylsulfonyl)me-
thylated adduct 3g (Scheme 1) underwent an osmium-cata-
lyzed diastereoselective dihydroxylation; subsequent treat-
ment with 2,2-dimethoxypropane furnished acetonide 8 in
71% yield (Scheme 3). Reductive double-desulfonylation of 8

using Mg/NiBr2/MeOH[20] gave monofluoromethylated 9 in
61% yield. Finally, the acetonide moiety on 9 was removed by
acid treatment to afford (+)-5, a previously unknown fluoro
isostere of b-d-carbaribofuranose, quantitatively.[21] The
enantiopurity of (+)-5 was determined to be 95% by chiral
HPLC analysis of triacetate 10.

In conclusion, 1-fluorobis(phenylsulfonyl)methane (1), a
newly designed synthetic equivalent for the fluoromethide
species, affords the enantiopure fluoromethylated products 3

Scheme 1. Palladium-catalyzed enantioselective allylic fluorobis(phenyl-
sulfonyl)methylation of cyclic acetates 2g,h.

Scheme 2. Enantioselective synthesis of methylfluorinated ibuprofen 4.

Scheme 3. Enantioselective synthesis of 5-deoxy-5-fluoro-b-d-carbaribo-
furanose (5).

Angewandte
Chemie

4975Angew. Chem. Int. Ed. 2006, 45, 4973 –4977 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


in a palladium-catalyzed allylic fluorobis(phenylsulfonyl)me-
thylation reaction. The effect of fluorine substitution on the
reactivity and enantioselectivity of the reagent 1 is remark-
able. The products 3a were readily converted to chiral
methylfluorinated ibuprofens (S)- and (R)-4 by reductive
desulfonylation and oxidation. The biologically important
fluoro-b-d-carbaribofuranose 5 was also synthesized from 3g
by dihydroxylation and reductive desulfonylation. The pres-
ent methodology can be applicable for a wider variety of
monofluoromethylated derivatives of NSAIDs and fluoro
sugars. The biological activities of (S)- and (R)-4 as NSAIDs
and the pharmacokinetics of the enantiomers of 4 will be
evaluated and reported in due course.
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Decarboxylative sp3–sp3 Coupling/Cope
Rearrangement

Shelli R. Waetzig, Dinesh K. Rayabarapu,
Jimmie D. Weaver, and Jon A. Tunge*

The sp3–sp3 coupling of two allyl fragments is a potentially
powerful way of generating 1,5-dienes, which are found in a
host of biologically active natural products.[1] However, there
are surprisingly few catalytic transformations that couple two
different allyl groups with high selectivity.[2–4] Seminal studies
by Schwartz showed that electrophilic p-allyl palladium
complexes, which are conveniently accessed by oxidative
addition of allylic acetates, underwent stoichiometric cou-
pling with nucleophilic magnesium allyl reagents.[4] Presum-
ably this reaction proceeds by transmetalation from Mg to
give bis(allyl) palladium complexes which reductively elim-
inate the hexadiene.[5] Transmetalation from tin was also
possible, and allowed the catalytic Stille-type coupling of
allylic bromides with allyl stannanes.[4] However, this method
is clearly nonideal because it suffers from poor yields and
requires the synthesis and use of stoichiometric quantities of
toxic allyl stannanes.

Recently, our group developed an sp3–sp coupling of allyl
electrophiles with acetylide nucleophiles (Scheme 1).[6] In
doing so, it was demonstrated that decarboxylative metalation
can be used to access organometallic intermediates, and is

thus an alternative to transmetalation. Such decarboxylative
coupling reactions are advantageous because they allow the
use of readily available carboxylic acids or esters (as opposed
to organometallic reagents), occur under neutral conditions,
and produce CO2 as the only by-product.

[7,8]

As decarboxylative metalation can potentially be used to
circumvent transmetalation, it is desirable to determine what
other types of organometallic intermediates can be accessed
by decarboxylation. With the goal of developing an alter-
native to the Stille-type allyl–allyl coupling, we became
curious as to whether the loss of CO2 from 3-butenoates could
be used to produce bis(allyl) palladium complexes, thus
allowing the coupling of two allyl species (Scheme 2).

Our research in this area has led us to believe that the rate
of decarboxylation correlates with the pKb of the anion
generated following loss of CO2.

[7] Therefore, the develop-
ment of a decarboxylative sp3–sp3 coupling was initiated using
substrates 1, where the allyl anion generated by decarbox-
ylation is potentially stabilized by an electron-withdrawing
carbonyl group such as a ketone.[9] Such substrates are readily
prepared by the In(OTf)3-catalyzed vinylation (TfO= tri-
fluoromethanesulfonate) of b-keto esters with acetylenes.[10]

Decarboxylation of these substrates could lead to two
possible unsaturated ketones: one derived from alkylation
of the a position of the dienolate generated upon decarbox-
ylation (2), and the other generated from g alkylation of the

[*] S. R. Waetzig, D. K. Rayabarapu, J. D. Weaver, Prof. J. A. Tunge
Department of Chemistry
University of Kansas
1251 Wescoe Hall Drive, Lawrence, KS 66045-7582 (USA)
Fax: (+1)785-864-5396
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Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Scheme 1. Decarboxylative sp3–sp coupling of allyl electrophiles with
acetylide nucleophiles.

Scheme 2. Decarboxylative sp3–sp3 coupling. EWG=electron-withdraw-
ing group.
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dienolate (3, Scheme 2).[11] It was gratifying to find that
treatment of 1a with 10 mol% [Pd(PPh3)4] in CH2Cl2 resulted
in the formation of a-allylated product 2a in 84% yield of
isolated product (Scheme 3).

A variety of vinyl-substituted b-keto esters likewise
provided the a-alkylation product as the only isolated
product. As shown in Table 1, the reaction allows coupling
of a variety of substituted allyl fragments with an unsubsti-
tuted allyl group. In fact, the chemistry was only limited by the
variety of substrates that could be prepared by the vinylation
of b-keto esters.[10]

As a consequence of the success of the catalytic decar-
boxylation of vinylic b-keto esters, our focus shifted to other
compounds that incorporate electron-withdrawing groups

capable of facilitating decarboxylative metalation. Addition-
ally, we were curious as to whether electron-withdrawing
groups could initially be integrated at the olefinic position of
the nucleophilic allyl fragment rather than at the position a to
the ester group. As nitrile groups are expected to stabilize the
incipient charge during decarboxylation and can be further
manipulated by reduction or hydrolysis, alkylidene malono-
nitriles 4 were chosen as promising substrates. Moreover, the
starting materials are easily prepared by a simple Knoevena-
gel condensation of malononitrile[12] with readily available
allylic b-keto esters.[13] To test the feasibility of the proposed
reaction, 4a was allowed to react with 5 mol% [Pd(PPh3)4] in
CH2Cl2 (Scheme 4). After 1.5 h at ambient temperature, the

reaction was complete and the product was isolated as a single
regioisomer in good yield. Importantly, the analogous control
reaction of 4a, which was run in the absence of catalyst at
150 8C for 30 min, showed no degradation or product
formation. Thus, the reaction is palladium-catalyzed, and
the predominance of a alkylation indicates that the regiose-
lectivity is the result of kinetic control.
We further examined the reactivity of other alkylidene

malononitriles in the presence of a catalytic amount of
[Pd(PPh3)4] and found that the reaction was tolerant of a
variety of electrophilic allyl fragments (Table 2). Primary,
substituted, cyclic, and acyclic allylic esters were all used, and
the substitution pattern had no substantial effect on yields or
reaction rates. Esters of disubstituted allylic alcohols exhibit
excellent regioselectivity in favor of a alkylation, while those
of terminally unsubstituted allylic alcohols give rise to
mixtures of a- and g-alkylated products.[14] These results
suggest that the a position is sterically less hindered and
g alkylation can be avoided if one employs a sufficiently large
allylic alcohol fragment. Additionally, as might be expected
for a reaction involving p-allyl palladium intermediates, ester
4 i of a monosubstituted allylic alcohol undergoes highly
regioselective alkylation at the less substituted allyl terminus.
Thus, decarboxylative coupling results in regioselective
a coupling at the cyanoallyl fragment and coupling at the
electrophilic allyl fragment occurs at the less hindered site.
In addition to the regioselectivity of C�C bond formation,

the utility of decarboxylative coupling lies in the ability to
kinetically and regiospecifically generate allyl anion equiv-
alents (Scheme 5). In contrast, generation of the equivalent
anions by metalation with a strong base would produce
mixtures of regioisomers (Scheme 5).[2a] By utilizing decar-
boxylative metalation, a variety of cyclic and acyclic dicya-
noallyl anion equivalents are generated regiospecifically at
the site that carries the carboxy group. One current limitation
of this chemistry is that substitution at the a position of the

Scheme 3. Decarboxylative dienolate allylation.

Table 1: Decarboxylative allyl–dienolate coupling.[a]

Substrate Product Yield [%]

65

77

86

61

79

80

69

82

[a] Yields of isolated products for reactions carried out using [Pd(PPh3)4]
(0.05 mmol) and allyl b-keto esters (0.50 mmol) in CH2Cl2 (3.0 mL) at
room temperature under N2 for 0.5–1 h.

Scheme 4. Decarboxylative dicyanoallyl allylation.
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substrates is necessary to prevent decomposition of the
starting materials. However, Table 2 shows that compounds
that are a-substituted undergo coupling in good to excellent
yields. Furthermore, NOE measurements indicate that the
resulting olefinic products are preferentially formed as the
E isomers.
The a-selective decarboxylative allyl–allyl coupling is an

efficient route to 1,5-dienes, whereas the development of an
analogous g-selective transformation would provide a versa-
tile synthetic method for the synthesis of 1,5-hexadienes. In
this regard, it was expected that Cope rearrangements could
be used to access the thermodynamically favored g-allylation
products directly from the a-allylation products. The resulting
a,b-unsaturated nitriles and ketones are expected to be
versatile synthetic intermediates as a result of the electronic
differentiation of the two olefinic double bonds. With this in
mind, the optimal conditions for Cope rearrangement of the
a-alkylation products to produce g-alkylation products were
briefly investigated. Specifically, a number of the products
were treated to either thermal conditions in a microwave
reactor or conditions for PdII catalysis as described by
Overman and Renaldo,[15] to afford the a,b-unsaturated 1,5-
dienes.[16]

The PdII-catalyzed Cope rear-
rangement occurs under mild con-
ditions with substrates such as 2 i,
but the rearrangement is limited
to substrates that are substituted
at the 2- or 5-position as outlined
by Overman and Renaldo.[17] For
substrates that do not meet the
criteria necessary for PdII-cata-
lyzed rearrangement (that is, 2a),
the Cope rearrangement was
effected in excellent yield by heat-
ing at 180 8C in a microwave
reactor.[18]

The a-alkylated isomers of
alkylidene malononitriles likewise
underwent thermal Cope rear-
rangement to give the g-alkylated
isomers in a microwave reactor at
150 8C in essentially quantitative
yields (Scheme 6). Moreover, the
Cope rearrangements occurred

with the expected stereochemical control to provide sub-
strates with contiguous stereocenters in good diastereoselec-
tivity.
In addition to more standard thermal and PdII-catalyzed

Cope rearrangements, Yamamoto and co-workers have
demonstrated that it is possible to catalyze a Cope-like
rearrangement of a-alkylation products resembling 5 by using
Pd0.[2a] As our decarboxylative coupling method allows the
synthesis of a wide variety of a-allylated products, we are able
to subject these substrates to modified conditions for Pd0-
catalyzed Cope rearrangements. For example, the a-allylation
product 5j underwent rearrangement to the g-allylation
product 6 j upon treatment with [Pd(PPh3)4] in toluene at
70 8C (Scheme 7).

Table 2: Decarboxylative coupling of alkylidene malononitriles.[a]

Substrate a/g Yield [%] Substrate a/g Yield [%]

78:22 80[d] 79:21 58[d]

>97:3 97 62:38 76[d]

93:7 84 86:14 97[d]

>95:5[b] 84 84:16 91[d]

>95:5[c] 92 >95:5 93

[a] Yields of isolated products for reactions carried out using [Pd(PPh3)4] (0.05 mmol) and b-alkylidene
malononitrile (1.0 mmol) in CH2Cl2 (5 mL) at room temperature under N2 for 1–2 h. [b] E/Z=15:1.
[c] E/Z=8.3:1. [d] Combined yield of two isomers.

Scheme 5. Regiospecific generation of allyl anion equivalents.
B=base.

Scheme 6. Microwave-assisted Cope rearrangement.

Scheme 7. Pd0-catalyzed tandem allylation/Cope rearrangement.
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The control reaction without [Pd(PPh3)4] resulted in
< 5% rearrangement under identical conditions. The fact
that the decarboxylative coupling and the Cope-like rear-
rangement are both Pd0-catalyzed suggested that a one-pot
tandem decarboxylative allylation/Cope rearrangement was
feasible. Indeed, reaction of the alkylidene malononitrile 4j
with [Pd(PPh3)4] in toluene at 70 8C provided the g-allylation
product 6j as the exclusive regioisomer (Scheme 7).
Finally, the ability to perform a tandem decarboxylative

coupling/Cope rearrangement suggested that an asymmetric
rearrangement might be possible through appropriate choice
of a chiral ligand. To test the feasibility of this approach, the
rearrangement of rac-4e was performed using Pd0 modified
with the Trost ligand, which led to product formation in good
yield with high diastereoselectivity and modest enantioselec-
tivity (Scheme 8). While the enantioselectivity is not optimal,

this reaction represents the first asymmetric rearrangement of
this type. Moreover, the ability to set contiguous stereocen-
ters by Pd0-catalyzed allylation is rare, and thus tandem
allylation/Cope rearrangements will potentially allow exten-
sion of allylation strategies to new substrates. Current efforts
are directed toward maximizing the enantioselectivity of the
allyl–allyl coupling while maintaining high diastereoselectiv-
ities.
In summary, we have shown that Pd0-catalyzed decarbox-

ylation is a simple and convenient way to trigger the
formation of nucleophilic allyl species in the presence of
electrophilic p-allyl palladium complexes. The resulting sp3–
sp3 coupling reaction favors kinetic allylation at a position a
to electron-withdrawing groups, and the analogous g-allyla-
tion products can be obtained by conversion to the thermo-
dynamic product under conditions of microwave irradiation
or PdII catalysis. With sufficiently stabilized allyl nucleophiles,
the Cope rearrangement can be catalyzed by Pd0, which leads
to the development of a tandem allylation/Cope rearrange-
ment. Thus, either a- or g-coupling products are available in
high yield from methylene malononitrile nucleophiles, and
the desired regioisomer is obtained simply by controlling the
temperature of the reaction mixture.

Experimental Section
General procedure for the palladium-catalyzed decarboxylation of
vinylic b-keto esters: A round-bottom side-arm flask (25 mL)
containing [Pd(PPh3)4] (0.050 mmol, 10.0 mol%) was evacuated and
purged with argon gas. An allylic b-keto ester (0.50 mmol) and
dichloromethane were added to the system and the reaction mixture
was stirred at room temperature for 0.5–1.5 h. Next, the mixture was
diluted with dichloromethane and filtered through a short Celite and

silica gel pad. The filtrate was concentrated and the residue was
purified on a column of silica gel using hexane/dichloromethane
(85:15) as eluent to afford the decarboxylative coupling products 2.

General procedure for the palladium-catalyzed decarboxylation
of alkylidene malononitriles: In a dried Schlenk flask under argon,
[Pd(PPh3)4] (0.025 mmol) was added to substrates 4 (0.5 mmol)
dissolved in dichloromethane (5 mL). The reaction mixture was
stirred at room temperature for 1–2 h, then concentrated and directly
purified by flash chromatography (SiO2, 5% EtOAc/hexane).
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Energetic ionic liquids (EILs) are of great interest.[1–3] They
offer enhanced stability, higher densities, no vapor pressure,
and, hence, no vapor toxicity. As a general principle, the
stability of energetic ionic compounds can be greatly
enhanced by making the cation the fuel and the anion the
oxidizer. The formal positive charge increases the ionization
potential of the fuel cation, and the formal negative charge
decreases the electron affinity of the anion. In this manner,
the fuel cation becomes more oxidizer-resistant, and the
oxidizer anion is protected against premature reduction by
the cation. For environmental reasons, it is also desirable to
avoid halogen-containing ingredients, such as perchlorates.

The previously known EILs consist of small oxidizing
anions, such as ClO4

� , NO3
� , or N(NO2)2

� , and large fuel
cations containing quaternary nitrogen heterocycles with
long, asymmetric, poorly packing side chains. The most
serious drawback of these EILs is that they are under-
oxidized. The small anions do not carry sufficient oxygen for
complete oxidation of the large fuel cations to carbon
monoxide, resulting in poor performance. In rocket propul-
sion, a low molecular weight of the exhaust products is very
important.[4, 5] Furthermore, at high flame temperatures CO2

is dissociated almost completely to CO and O2 (Boudouard
equilibrium).[6] Therefore, it is often sufficient to oxidize the
carbon content only to CO and not to CO2 to achieve near-
maximum performance.[5] The aim of this study was the
preparation of halogen-free, CO-balanced, EILs.

In 1998, the concept of oxidizer-balanced EILs was
proposed, and in 2002, its practicability was shown by the
preparation of 1-ethyl-3-methylimidazolium tetranitratobo-
rate,[7] a compound that turned out to be indeed an ionic
liquid with a freezing point of �25 8C. However, its energy
content and thermal stability were marginal. Herein, we
report on a significantly improved compound using the
tetranitratoaluminate anion as a thermally more stable high-

oxygen carrier and the 1-ethyl-4,5-dimethyltetrazolium cation
as a more energetic counterion (imidazole, DH

o

f =

+ 49.8 kJmol�1;[8] tetrazole, DH
o

f =+ 237.1 kJmol�1 [9]).
These are the first CO-balanced EILs. Although an oxygen-
balanced tetrazolium salt, 5-aminotetrazolium nitrate, was
recently reported,[10] its melting point of 173 8C does not
classify it as an ionic liquid.

Polynitratoaluminates were first studied in the 1960s in
the USA[11] and, subsequently, during the 1970s in the
USSR.[12–23] Several examples of alkali metal,[12–21] NO2

+,[22,23]

and ethylammonium salts[24] of tetra-, penta-, and hexanitra-
toaluminate anions are known. The tetranitratoaluminate
anion contains 12 oxygen atoms; of these, 10.5 are available to
oxidize a fuel cation.

Alkylated tetrazolium cations were used in this work
because of their large positive heats of formation and their
potential to form ionic liquids. Ionic salts of the tetranitrato-
aluminate anion can be prepared in essentially quantitative
yields in one-pot reactions in nitromethane solution. The
starting materials are the chloride salt of the cation, aluminum
trichloride, and dinitrogen tetroxide. The synthesis of 1-ethyl-
4,5-dimethyltetrazolium tetranitratoaluminate (3) is shown in
Scheme 1. The starting material 1-ethyl-4,5-dimethyltetrazo-

lium chloride (1) was prepared by alkylation of 1,5-dimethyl-
tetrazole with ethyl iodide, followed by anion exchange of
iodide for chloride using an anion-exchange resin. The
alkylation places the ethyl group primarily into the 1 position,
but 16% is also found at the 2 position of the tetrazolium
cation. The percentage of the minor isomer was reduced to
6% by recrystallization from ethanol and might be reduced
further by additional recrystallizations. This relatively small
isomeric impurity was not removed from the product. It offers
the benefit of lowering the melting point of the salt without
drastically altering its energetic or chemical properties.

The reaction of the tetrazolium chloride in nitromethane
with one equivalent of anhydrous aluminum trichloride gives
the tetrachloroaluminate salt 2, which is a viscous ionic liquid.
This intermediate can then be reacted directly with an excess
of N2O4 in nitromethane. Compound 3 is obtained as a clear,
nearly colorless, viscous liquid by pumping off the volatile

Scheme 1. Synthesis of 1-ethyl-4,5-dimethyltetrazolium tetranitrato-
aluminate (3).
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compounds, NOCl, CH3NO2, and excess N2O4, at ambient
temperature. It is stable in dry air, hydrolyzes in water, and is
soluble in CH3NO2 and moderately soluble in CH2Cl2. The
identity and purity of the product were established by Raman,
infrared, 1H, 14N, 15N, and 13C NMR spectroscopy, and the
observed material balance.

The 14N NMR spectrum of 3 shows a strong signal at d=
�25 ppm, which is attributed to the four nitrogen atoms of the
tetranitratoaluminate anion. The signals at d=�134 and
�144 ppm, assigned to N1 and N4, respectively, of the
tetrazolium cation, are much broader. Additional signals
from N2 and N3 of the tetrazolium cation are obscured by the
strong broad signal at d=�25 ppm.

The 15N NMR spectrum of the neat liquid shows the
expected five signals, at d=�15.6 (N2), �18.2 (N3), �25.3
(Al(NO3)4

�), �134.2 (N1), and �145.8 (N4) ppm. The tetra-
nitratoaluminate anion contains two monodentate and two
bidentate nitrato ligands, as shown by us by a crystal structure
analysis of [N(CH3)4][Al(NO3)4].

[25] In this pseudo-octahedral
structure, the two monodentate ligands are cis to each other.
The observation of a single nitrogen resonance for the
monodentate and bidentate nitrato groups is attributed to
fast intramolecular exchange. Even at�30 8C in CH3NO2, this
exchange could not be slowed sufficiently to observe line
broadening or separate signals for the nitrato groups. The
assignments for the 1H and 13C NMR signals are given in the
Experimental Section.

The presence of the tetranitratoaluminate anion was also
confirmed by vibrational spectroscopy. The observed infrared
and Raman spectra are shown in Figure 1, and the frequencies
are listed in the Experimental Section. The anion part of the
infrared spectrum is in good agreement with those previously
reported for Rb[Al(NO3)4]

[15] and Cs[Al(NO3)4].
[12] Addi-

tional support came from calculations at the MP2/6-311+
G(d) level of theory. Two minimum-energy structures were
obtained with C2 and C1 symmetry, respectively. Contrary to
the tetranitratoborate anion, which possesses four monoden-

tate nitrato ligands,[26] both tetranitratoaluminate isomers are
hexacoordinated with two monodentate and two bidentate
ligands in cis configuration. These isomers differ only in the
orientation of the NO2 groups of the monodentate ligands
with respect to each other and, at theMP2 level, differ only by
2.5 kJmol�1. The energetically favored C2 structure agrees
with the crystal structure of [N(CH3)4][Al(NO3)4],

[25] and its
calculated spectra are in better agreement with the observed
ones.

Individual modes are difficult to assign because of the size
of the anion and strong vibrational coupling. In the region of
the N�O stretching modes, three clusters are observed at
about 1650–1500, 1350–1290, and 1030–990 cm�1, with each
cluster containing four fundamental vibrations. These clusters
are characteristic for covalently bound mono- and bidentate
nitrato ligands and distinguish them from ionic nitrates.[27] The
highest-frequency cluster contains the N=O stretching vibra-
tion of the bidentate ligands and the antisymmetric stretching
vibration of the terminal NO2 part of the monodentate
ligands. The medium-frequency cluster contains the O�N�O
antisymmetric stretching vibration of the bidentate ligands
and the symmetric stretching vibration of the terminal NO2

part of the monodentate ligands, while the lowest-frequency
cluster is composed of the O�N�O symmetric stretching
vibration of the bidentate ligands and the stretching vibration
of the coordinating N�O part of the monodentate ligands.
Although the spectra of the mono- and bidentate ligands
exhibit different intensity patterns and the frequency separa-
tion between the first and the second cluster is somewhat
larger for the bidentate nitrates, distinction between mono-
dentate and bidentate nitrato ligands becomes difficult when
dealing with molecules that contain both types of ligands at
the same time.

For energetic materials, stability and physical properties
are very important. The thermal stability of 3was investigated
with thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The DSC trace showed a glass
transition temperature (Tg) at �46 8C and a strongly exother-
mic decomposition with a maximum at 217 8C and an onset at
183 8C. In accord with the DSC data, the TGA showed
catastrophic weight loss to start at 183 8C; however, very slow
weight loss also occurred at much lower temperatures, but the
exact onset was difficult to ascertain. When a sample of 3 was
held isothermally in the TGA apparatus at 75 8C for 4 h, a
10.4% weight loss was observed. This slow weight loss is
attributed to the loss of NO2 and oxygen, accompanied by the
formation of Al�O�Al bridges. Similar observations were
previously reported by Shirokova and Rosolovskii for the
cesium polynitratoaluminates.[13]

Ignition of EILs often presents major problems. The
ignition of compound 3 and self-sustained burning were
readily achieved by either thermal heating of 3 to about
200 8C or by the use of a hot 40-gauge Ni/Cr wire wrapped
around the sample container, a glass melting-point capillary.
The capillary was filled to the top with the sample, and a
direct current passed through the wire. After a few seconds,
compound 3 ignited quite spectacularly, giving off flames and
light, fluffy alumina, in accord with the predicted idealized
combustion process [Eq. (1)]. Obviously, the composition of

Figure 1. IR (upper trace) and Raman (lower trace) spectra of liquid 3.
The stars indicate bands assigned to the cation.
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the combustion products at a given flame temperature would
significantly deviate from those given in Equation (1).

2 ½N4C5H11�þ½AlðNO3Þ4�� ! Al2O3 þ 8N2 þ 11H2Oþ 10CO ð1Þ

When samples were heated in the TGA apparatus to their
decomposition temperature, a false small mass increase was
observed right before the catastrophic mass loss, due to the
thrust of the burning liquid pushing down the TGA pan.

The theoretical performance of 3 as a propellant can be
estimated from the calculated heats of formation of the free
gaseous cation (836 kJmol�1) and anion (�1486 kJmol�1),
calculated at the MP2/6-311+G(d) level of theory, an
estimate[28] of the Coulomb energy of the ions in the liquid
of about 419 kJmol�1, using publicly available performance
calculation codes.[29] Based on these estimates, the perfor-
mance of this system significantly exceeds those of state-of-
the-art materials, such as hydrazine.[30]

Experimental Section
Caution! Although no difficulties were encountered when handling
these materials, they are highly energetic and potentially explosive!
They should be handled on a small scale while using appropriate safety
precautions (safety shields, face shields, leather gloves, protective
clothing, such as heavy leather welding suits and ear plugs).

Materials and apparatus: All reactions were carried out in Pyrex
glass ampoules that were closed by Teflon/glass high-vacuum valves.
Volatile materials were handled in a Pyrex glass vacuum line.
Nonvolatile materials were handled in the dry argon atmosphere of
a glove box.

Raman spectra were recorded directly in the glass reactors in the
range 3600–80 cm�1 on a Bruker Equinox 55 FRA 106/S FT-RA
spectrometer, using a Nd-YAG laser at 1064 nm with power levels of
400 mW. Infrared spectra were recorded in the range 4000–400 cm�1

on aMidac, M Series, FT-IR spectrometer. For liquid samples, aWilks
minicell with AgCl windows was used. Solids were recorded as AgCl
or KBr pellets. The cells were filled inside the glove box using an
Econo minipress (Barnes Engineering Co.) and transferred in a
closed container to the spectrometer before placing them quickly into
the sample compartment which was purged with dry nitrogen to
minimize exposure to atmospheric moisture and potential hydrolysis
of the sample. 14N and 15N NMR spectra were recorded at 36.13 and
50.68 MHz, respectively, on a Bruker AMX 500 spectrometer.
Samples were either externally referenced to CH3NO2 or dissolved
in CH3NO2. TGA thermograms were measured on a Shimadzu TGA-
50 instrument using a flow rate of 20 mLmin�1 of nitrogen. DSC
measurements were recorded on a Shimadzu DSC-50(SH); the
temperature was ramped at a rate of 10 Kmin�1. Densities were
measured with a pycnometer.

The starting materials, N2O4 (Matheson), ethyl iodide, AlCl3, and
5-methyltetrazole (Aldrich), were used without further purification.
Deuterated solvents (Cambridge Isotopes) were dried using standard
methods. Nitromethane (Fisher) was dried over CaCl2, vacuum-
distilled and stored over 4-I molecular sieves before use. All volatile
materials were handled using standard high-vacuum techniques. 1,5-
dimethyltetrazole was prepared by a literature method;[31] its identity
and purity were confirmed by IR, Raman, and 1H NMR spectroscopy.

1-Ethyl-4,5-dimethyltetrazolium chloride (1): 1,5-dimethyltetra-
zole (28 mmol) and ethyl iodide (15 mL) were placed into a 250-mL
glass ampoule equipped with a high-vacuum valve and degassed by
three freeze-pump-thaw cycles. The ampoule was immersed into a hot
water bath at 100 8C for 10 h. The volatile material was removed
under vacuum at room temperature, to give a yellow solid (5.466 g).

The solid was dissolved in a minimum amount of methanol, and
passed through a column containing 15 g (55.5 meq) AMBER-
JET 4200 (Cl) ion-exchange resin, using methanol as eluent. The
bulk of the methanol was removed under vacuum, and the anion
exchange was repeated until the effluent was free of iodide, as shown
by the absence of an NH3-insoluble precipitate with AgNO3. All
volatile material was pumped off, and the residue was recrystallized
from ethanol. Yield: 1.412 g (31%); 1H NMR (CD3CN): d= 1.56 (t,
3J= 7.4 Hz, 3H, CH3), 2.95 (s, 3H, CH3), 4.23 (s, 3H, CH3), 4.61 ppm
(q, 3J= 7.4 Hz, 2H, CH2); minor isomer, 2-ethyl-4,5-dimethyltetra-
zolium chloride: 1H NMR (CD3CN): d= 1.60 (t, 3J= 7.4 Hz, 3H,
CH3), 3.00 (s, 3H, CH3), 4.27 (s, 3H, CH3), 4.86 ppm (q, 3J= 7.4 Hz,
2H, CH2). Raman (400 mW): ñ= 2986 (7.4), 2953 (10.0), 2887 (2.5),
2814 (1.0), 2763 (0.4), 1589 (1.8), 1530 (1.0), 1474 (sh), 1456 (1.8), 1416
(1.0), 1396 (0.8), 1363 (2.9), 1324 (0.5), 1307 (0.5), 1287 (0.7), 1229
(0.2), 1116 (0.3), 1088 (0.3), 1065 (0.8), 1041 (0.5), 980 (0.8), 808 (0.3),
788 (0.2), 747 (1.0), 724 (3.9), 699 (0.6), 655 (0.6), 594 (1.1), 503 (0.7),
388 (0.6), 296 (1.5), 246 (0.8), 229 (0.8), 153 (sh) cm�1. IR (KBr): ñ=
2997 (m), 2946 (w), 2888 (w), 1629 (br), 1587 (s), 1526 (m), 1467 (sh),
1453 (m), 1409 (w), 1388 (w), 1360 (m), 1323 (w), 1287 (w), 1229 (w),
1181 (w), 1151 (w), 1113 (w), 1084 (vw), 1058 (sh), 1034 (s), 975 (m),
805 (w), 745 (s), 720 (w), 696 (vw), 648 (w) cm�1.

1-Ethyl-4,5-dimethyltetrazolium tetrachloroaluminate (2): In the
glove box, compound 1 (3.25 mmol) and AlCl3 (3.25 mmol) were
placed into a 9-mm (outer diameter) glass ampoule. The ampoule was
connected to the vacuum line, and evacuated at �196 8C. Nitro-
methane (� 1 mL) was added at �196 8C, and the ampoule was
allowed to warm slowly to room temperature, which led to an orange
solution. The nitromethane was removed under a dynamic vacuum
overnight at ambient temperature, giving a quantitative yield of 2 as
an amber viscous liquid.

1-Ethyl-4,5-dimethyltetrazolium tetranitratoaluminate (3): In the
glove box, compound 2 (1.68 mmol) was loaded into a 9-mm glass
ampoule. The ampoule was connected to the glass vacuum line and
evacuated. After cooling to �196 8C, N2O4 (39.92 mmol) was
condensed in, followed by CH3NO2 (27.06 mmol). The mixture was
allowed to slowly warm to room temperature and stirred for 1.5 h.
The volatile material was removed under a dynamic vacuum for 24 h,
giving an almost colorless clear viscous oil. Expected mass 0.674 g,
found mass 0.651 g. 1H NMR (CD3NO2): d= 1.62 (t, 3J= 7.4 Hz, 3H,
CH3), 2.95 (s, 3H, CH3), 4.90 (s, 3H, CH3), 4.67 ppm (q, 3J= 7.4 Hz,
2H, CH2); minor isomer, 2-ethyl-4,5-dimethyltetrazolium tetranitra-
toaluminate: 1H NMR (CD3NO2): d= 1.70 (t, 3J= 7.4 Hz, 3H, CH3),
2.82 (s, 3H, CH3), 4.33 (s, 3H, CH3), 4.91 ppm (q, 3J= 7.4 Hz, 2H,
CH2);

13C NMR: d= 8.77, 13.95, 37.53, 47.84, 153.87 ppm; 14N NMR
(CD3NO2): d=�144, �134, �25 ppm; 14N NMR (CD2Cl2): �141,
�26 ppm; 15N NMR (neat liquid): d=�145.8 (s, 1N, N4), �134.2 (s,
1N, N1), �25.3 (s, 4N, Al(NO3)4), �18.2 (s, 1N, N3), �15.6 ppm (s,
1N, N2). Raman (400 mW): ñ= 2973 (9.9), 2951 (10.0), 2887 (1.0),
2761 (0.5), 1630 (1.0), 1611 (1.0), 1585 (1.6), 1547 (0.9), 1453 (1.6),
1422 (1.0), 1387 (1.0), 1367 (2.3), 1321 (2.0), 1092 (0.9), 1057 (sh), 1021
(7.0), 970 (0.8), 808 (0.8), 775 (0.7), 743 (0.9), 715 (3.0), 703 (2.0), 703
(2.0), 589 (1.2), 508 (0.5), 317 (1.3), 300 (1.2), 271 (0.9), 237 (1.1) cm�1.
IR (AgCl plates): ñ= 3032 (sh), 2995 (w), 2944 (w), 2850 (w,br), 2627
(w,br), 2547 (w,br), 2282 (w,br), 2004 (w,br), 1945 (sh), 1694 (sh), 1630
(sh), 1611 (s), 1583 (s), 1550 (s), 1466 (w), 1451 (m), 1388 (w), 1320 (s),
1275 (s), 1182 (w), 1142 (w), 1093 (w), 1047 (sh), 1021 (sh), 1001 (s),
806 (sh), 796 (m), 773 (w), 739 (m), 711 (w), 664 (w), 516 (sh), 489 (m),
450 (sh) cm�1.
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Cyclobutadiene (1) and its derivatives have beckoned to
chemists ever since Kekule�s deduction of the structure of
benzene and his attempt to synthesize 1 in 1872.[1] Pioneering
efforts by Willst%tter and Finkelstein were followed by a
century of studies which produced many remarkable findings.
Room temperature stable derivatives such as tri-tert-butylcy-
clobutadiene[2] and tetra-tert-butylcyclobutadiene[3] were suc-
cessfully prepared and spectroscopically characterized,
whereas the parent compound was found to be more elusive.
It dimerizes in solid matrices at � 35 K, is a transient reactive
intermediate in solution, and has a lifetime of only 2 ms at
0.1 Torr in the gas phase.[1a] Nevertheless, trapping[4] and
spectroscopic results have revealed that cyclobutadiene has a
ground-state singlet configuration and adopts a rectangular
D2h structure which rapidly undergoes automerization. An
isolable and room temperature stable complex consisting of 1
in the cavity of a spherical crown ether (that is, a hemi-
carceplex) has even been prepared,[5] but the thermodynamic
stability of cyclobutadiene remains experimentally unknown.

Conventional calorimetric methods are precluded when it
comes to cyclobutadiene and its simple derivatives because of
their high reactivity. Electrochemical,[6] pKa,

[7] and kinetic[8]

measurements of model compounds have been carried out
and interpreted as indicating that 1 has a negative resonance
energy of at least 50–67 kJmol�1. This conclusion is in accord
with many of the early computational findings and a
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preliminary derivation of DH�
f (1)= 377 kJmol�1 based on

tentative mass spectrometry data.[1a] However, this proposal
has been questioned and a small positive resonance energy
has been suggested.[9] More recently, a photoacoustic calo-
rimetry study was reported in which the heat liberated in the
photochemical generation of cyclobutadiene was measured
[Eq. (1)].[10] The resulting reaction enthalpy can be directly

converted into the heat of formation of 1 if the energies of 2–4
are known. Unfortunately, these quantities are unavailable,
and there is not enough information in the literature to
estimate them by using additivity approaches such as the
Benson�s group equivalents method.[11] To solve this problem,
Deniz et al.[10] computed the geometries and energies of 2–4
by using molecular mechanics (namely, the MM3 force field)
and semiempirical AM1 calculations, respectively. These data
enabled DH�

f (1)= (477� 46) kJmol�1 to be derived. This
value has an unusually large uncertainty and does not
represent an experimental determination, despite the claim
to the contrary.

Gas-phase measurements in which thermodynamic cycles
were employed to provide the heats of hydrogenation of
benzocyclobutadiene[12] and phenylcyclobutadiene[13] have
also been reported. By comparing these results to 1 by
ab initio (MP2) and density functional theory (the Becke 3-
parameter hybrid exchange and Lee–Yang–Parr correlation
density functional, that is, B3LYP)[14] calculations, DH�

f (1)=
427 and (402� 21) kJmol�1 were predicted. Thus, a range of
values for the heat of formation of cyclobutadiene spanning
from 377 to 477 kJmol�1 can be found in the literature.

The experimental uncertainty revolving around the ener-
getics of cyclobutadiene is mirrored by computational data
which span an even larger range from 364 (BLYP/6-311G-
(2d,2p) to 519 kJmol�1 (HF/4-31G).[15] More sophisticated
methodologies (CCSD(T), CBS-Q, and G2)[15e,j,k,r] lead to
predictions of 414–435 kJmol�1, but a recent detailed analysis
dealing with the factors responsible for the destabilization of
cyclobutadiene (s versus p electrons) is compatible with a
heat of formation of 477 kJmol�1.[15n] To resolve and settle this
issue, we now report the first experimental determination of
the heat of formation of cyclobutadiene as well as high level
G3[16] and W1[17] computations, which typically are accurate to
within 4–8 kJmol�1.

Electron ionization (EI) of a static pressure of 3-chloro-
cyclobutene (5) leads to a signal at m/z 53, which was assigned
as the cyclobuten-3-yl cation (6+) [Eq. (2)]. This allylic ion is

stabilized by delocalization and has no apparent low-energy
isomerization pathways available to it that would give more-
stable species. To establish the identity of this ion hydrogen–
deuterium exchange experiments were carried out. Isopropyl-
amine-ND (iPrND2) was found to induce up to five hydro-
gen–deuterium exchanges in 6+, as expected for the proposed
structure. This result also confirms that the deprotonation of
the cyclobuten-3-yl cation affords cyclobutadiene, otherwise
five H/D exchanges would not be observed. This finding was
anticipated because a p bond is formed on converting 6+ into
cyclobutadiene, and its energetic benefit (ca. 272 kJmol�1)
should outweigh the additional strain energy and antiaroma-
ticity of 1 (ca. 167 kJmol�1, see below). High level G3 and W1
computations are in agreement with this result in that they
indicate that deprotonation of 6+ to afford the corresponding
carbene (7, �HB) or allene (8, �HC) is much less favorable
(Scheme 1).

The acidity of the cyclobuten-3-yl cation corresponds to
the proton affinity of cyclobutadiene, and this quantity was
measured by treating 6+ with standard reference bases and
observing the occurrence or absence of proton transfer.
Strong bases such as ammonia (proton affinity (PA)= (854�
8) kJmol�1) and isopropylamine (PA= (924� 8) kJmol�1)[18]

do not abstract a proton from the cyclobuten-3-yl cation,
whereas more basic reagents such as pyrrolidine (PA= (948�
8) kJmol�1, k= 5.9 F 10�10 cm3molecule�1 s�1) and diisopro-
pylamine (PA= (972� 8) kJmol�1) are rapidly protonated.

Scheme 1. Computed deprotonation energies of the cyclobuten-3-yl
cation [kJmol�1] .
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Pyridine (PA= (929� 8) kJmol�1) is also observed to abstract
a proton, but the rate is modest (k= 1.3 F
10�10 cm3molecule�1 s�1 or about 7 in 100 collisions lead to
reaction),[19] which indicates that this is a slightly (4–
8 kJmol�1) endothermic process. In bracketing experiments,
such a result is taken as a “no” and thus isopropylamine and
pyrrolidine are the limiting reagents and PA(1)= (938�
11) kJmol�1 is assigned. This value is much larger than for
other olefins (for example, PA((Z)-2-butene)= 753 kJmol�1,
PA(1,3-butadiene)= 783 kJmol�1, and PA(isobutene)=
802 kJmol�1), which is not surprising because of the antiar-
omaticity of cyclobutadiene. It is also in nearly perfect accord
with computed results of 937 (G3) and 938 (W1) kJmol�1.

The ionization potential of the cyclobuten-3-yl radical (6C)
was also measured by bracketing. In particular, 6+ does not
abstract an electron from N,N,N’,N’-tetramethyethylenedi-
amine (ionization potential (IP)= (7.59� 0.04) eV) or 1,1-
dimethylhydrazine (IP= (7.29� 0.05) eV), but rapidly does
so from diphenylamine (IP= (7.19� 0.05) eV, k= 9.9 F
10�10 cm3molecule�1 s�1), N,N-dimethylaniline (IP= (7.12�
0.02) eV, k= 1.2 F 10�9 cm3molecule�1 s�1), and reagents with
smaller ionization potentials. This finding leads to IP(6C)=
(7.24� 0.06) eV, which is in excellent agreement with com-
puted values of 7.29 (G3) and 7.24 eV (W1).

By combining the measured proton affinity of cyclo-
butadiene and the ionization potential of the cyclobuten-3-yl
radical with the recently determined allylic C�H bond
dissociation energy (BDE) of cyclobutene (6H, (382�
10) kJmol�1)[20] and well-known ancillary data (IP(HC)=
1312 kJmol�1 and BDE(H2)= 436 kJmol�1), one can obtain
an experimentally determined heat of hydrogenation for 1 of
(271� 16) kJmol�1 (Scheme 2). This value compares favor-

ably with predicted values of 266 (G3) and 271 (W1) kJmol�1.
It also leads to an experimentally determined heat of
formation for cyclobutadiene of (428� 16) kJmol�1, since
the enthalpy of formation of cyclobutene (DH�

f = (157�
2) kJmol�1)[21] has been determined by combustion calorim-
etry. The heat of formation of 1 was also computed from its
atomization energy, and the G3 and W1 results (435 and
427 kJmol�1, respectively) are within the experimental uncer-
tainty and the expected accuracy of these methods. This

observation provides a high level of confidence both in the
experimental and computational results, and should serve to
establish the energetics provided herein.

From the data above, the antiaromatic destabilization
energy (ADE) of cyclobutadiene can be derived from the
definition illustrated in Equation (3). A value of (143�
16) kJmol�1 is obtained, which is in good accord with G3

and W1 predictions of 131 and 136 kJmol�1, respectively. In
the latter case, all but 1.7 kJmol�1 of the 7.1 kJmol�1 differ-
ence can be attributed to the discrepancy between the
experimental and computed heat of formation of cyclobutane
(9 ; that is, DH�

f = (28.4� 0.6) (expt) versus 19.6 kJmol�1

(W1)).[22,23]

It is important to add that the definition of the ADE used
here is arbitrary, and that there is no model-free way of
obtaining this quantity. Moreover, the implicit assumption
made in Equation (3) is that the strain energy (SE) is the same
in the reactants and products. This assumption seems
reasonable since each species in the comparison is a four-
membered ring and the difference in strain between cyclo-
butene (SE= 125 kJmol�1) and cyclobutane (SE=

112 kJmol�1) is only 13 kJmol�1.[11] Of course, there is no
reason why the strain energy of 1 need be additive (that is,
SE(1)=SE(6H) + SE(6H�9)) and the addition of two
formal sp2 centers to cyclobutene might lead to more than
13 kJmol�1 of additional strain. This would make 137 kJmol�1

a lower limit for the strain energy of cyclobutadiene.
Alternatively, one could equate the measured strain energy
of 3,4-bismethylenecyclobutene (10, 160 kJmol�1)[24] to that
of 1 since each ring carbon atom is formally sp2 hybridized in
both compounds. In this case, a 23 kJmol�1 correction would
need to be applied to the ADE, but this presumably is an
upper limit because of the built in 1,4 hydrogen–hydrogen
repulsion in 10. Consequently, an average value of (149�
12) kJmol�1 is adopted for the strain energy of 1, which leads
to a 12 kJmol�1 correction to the ADE derived by way of
Equation (3) and a destabilization or delocalization energy of
(131� 20) kJmol�1.

An alternative approach to obtaining the ADE of 1 is to
compute its heat of formation by an additivity method.
Benson�s group equivalents were used for this purpose and
lead to DH�

f = 113.5+ x kJmol�1, where x is the sum of the
strain energy of cyclobutadiene and its antiaromatic destabi-
lization energy.[11] By substituting the measured heat of
formation into this equation one obtains x= (314�
16) kJmol�1, which cannot be separated into its two compo-
nents in a model-independent way. If SE= (149�
12) kJmol�1 is adopted as above, than an ADE or Dewar
resonance energy of (165� 20) kJmol�1 is obtained. This
value is larger than the one derived from Equation (3), but

Scheme 2. Thermodynamic cycle for the heat of hydrogenation of 1
[kJmol�1] .
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this is expected since conjugation is built into this model. If a
nonconjugated reference is used (that is, Cd-(C)(H) (the
energy equivalent for a double-bonded C atom attached to an
sp3-hybridized C atom and an H atom) rather than Cd-
(Cd)(H)) than ADE= (136� 20) kJmol�1, which is in excel-
lent accord with the previous determination.

The gas-phase heat of hydrogenation for cyclobutadiene
has been determined experimentally by making measure-
ments on the cyclobuten-3-yl cation and applying the results
in a thermodynamic cycle. Since the heat of formation of
cyclobutene is well established by combustion calorimetry,
this provides the first experimental determination of the heat
of formation of cyclobutadiene. The resulting value, (428�
16) kJmol�1, is in good accord with previous predictions of
427 and (402� 21) kJmol�1 based upon similar energetic
determinations of benzocyclobutadiene and phenylcyclobu-
tadiene.[12, 13] In contrast, an early estimate of 377 kJmol�1 is
significantly too low and a recent photoacoustic calorimetry
determination of (477� 46) kJmol�1 is too large.[1a, 10] The
former value is incorrect presumably because the structure of
the C4H4

+C ion formed by the photoionization of pyridine is
not ionized cyclobutadiene whereas the latter result is
sensitive to the computational approach used to determine
the energetics of 2–4. The results reported herein are also in
excellent agreement with G3, W1, and other very high level
ab initio calculations, and were inspired in part by the G2-
computed acidity of 6+ reported by Maksic et al.[25] A very
recent detailed analysis of the s–p separability problem in
1,[15n] however, leads to energetics (DH�

f and ADE) which are
too large because electron correlation was thought to be
unimportant and was omitted. Finally, a strain energy of
(149� 12) kJmol�1 is suggested for 1, and this leads to an
ADE value of 131–136 kJmol�1 when a nonconjugated
reference model is employed and 165 kJmol�1 when conju-
gation is included. These findings indicate that the SE is
similar in size to the ADE and that the latter is larger but in
accord with the electrochemical, pKa, and kinetic measure-
ments carried out on complex model systems.[6–8]

Experimental Section
Gas-phase experiments: A dual cell model 2001 Finnigan Fourier
transform mass spectrometer (FTMS) equipped with a 3 T super-
conducting magnet and operated with a Sun workstation running
Odyssey 4.2 software or a similar instrument controlled by an IonSpec
data system running IonSpec99 Ver. 7.0 software were used for these
studies. 3-Chlorocyclobutene[26] was added into the first (analyzer)
cell at a static pressure of approximately 4F 10�8 Torr and ionized
with 50 eV electrons for 20 ms. All of the resulting ions were
transferred to the second (source) cell and translationally and
vibrationally cooled with two pulses of argon, each leading to a
pressure of about 1F 10�5 Torr. The desired [M�Cl]+ ion at m/z 53
was subsequently isolated with a stored-waveform inverse Fourier
transform (SWIFT) excitation.[27] Neutral reagents were added into
the source cell through a solid probe inlet or slow leak valves, and the
resulting reactions were monitored as a function of time. To confirm
the results of bracketing experiments, the reactions were monitored
by continually ejecting the m/z 53 ion and observing the effect on the
product ions (that is, double resonance experiments) and by not
transferring the reactant ion to the second cell. Rate constants
reported in this work are estimated to have an uncertainty of � 50%,

largely because of the uncertainty in measuring reagent gas pressures
with an ionization gauge.

Computations: G3[16] and W1[17] calculations were carried out as
previously described in the literature using Gaussian 2003[28] on IBM
and SGI workstations at the Minnesota Supercomputer Institute. All
of the resulting energies are reported as enthalpies at 298 K, and were
obtained by using scaled Hartree–Fock (0.8929, G3) and B3LYP
(0.985, W1) vibrational frequencies. In both cases, small vibrational
frequencies which contribute more than 1=2(RT) to the thermal energy
were replaced by 1=2(RT).
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Formation of Seven-Membered Carbocycles by
the Use of Cyclopropyl Silyl Ethers as
Homoenols**

Oleg L. Epstein, Sejin Lee, and Jin Kun Cha*

The presence of heteroatom substituents on cyclopropanes
enhances their reactivity toward electrophiles. Ring-opening
reactions of cyclopropanols and siloxy derivatives have been
extensively investigated.[1] An interesting variation involves
the addition of other functionalities (e.g., vinyl or ethynyl) to
cyclopropanols, which offers unique composite groups for the
formation of C�C bonds.[2,3] The use of a cyclopropanol,
which could be viewed as a “homoenol” or “homoenolate”
equivalent, in the nucleophilic addition to a carbonyl
compound or an acetal, has been limited primarily to 1-
alkoxy-1-siloxycyclopropanes.[4] Little was known about the
cognate homologous aldol or Mukaiyama reaction of parent
cyclopropanols or siloxycyclopropanes.[5, 6] We report herein
an expedient entry to seven-membered carbocycles by the
Kulinkovich cyclopropanation of acetal-tethered esters and a
subsequent Lewis acid mediated ring expansion of the
resulting cyclopropyl silyl ethers.

In an initial experiment, cyclopropanol 2a was first
prepared in 84–89 % yield by the Kulinkovich cyclopropana-
tion[7,8] of commercially available methyl 5,5-dimethoxyval-
erate (1) with ethylmagnesium bromide (Scheme 1). Follow-
ing silylation (96 %), treatment of the resulting siloxycyclo-

Scheme 1. Annulation of seven-membered carbocycles. TBS= tert-
butyldimethylsilyl, OTf= trifluoromethanesulfonate.
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propane 3a with TiCl4 afforded 4-methoxycycloheptanone
(4a) in 86% yield. The yield (63 %) was lower when the
corresponding trimethylsilyl (TMS) ether was employed. The
use of a silyl ether proved to be necessary: cyclopropanol 2a
was quickly converted into 5 and its hemiacetal at �78 8C
upon exposure to TiCl4, but 5 gave only trace amounts of 4a
under several different conditions. This observation is in
contrast to the interesting synthesis developed by Minbiole
and co-workers of oxepanes from the respective endocyclic
acetals.[6] These results suggest that the siloxycyclopropane is
indeed the actual nucleophile that adds to the oxocarbenium
ion intermediate.

Diastereoselectivity by a resident stereocenter was next
examined with 3b–e under two different conditions (Table 1).
Both yields and stereoselectivity were improved by main-

taining the reaction mixture at low temperature (�78 8C;
condition B). Unfortunately, 1,2- and 1,3-diastereoselectivity
was surprisingly low (entries 1–4).[9] Enantioselective syn-
thesis was achieved, albeit in modest selectivity, by means of a
nonracemic C2-symmetric acetal (entry 5). The stereochem-
istry of the major product 4 f was secured by X-ray analysis.[10]

(R,R)-(+)-Hydrobenzoin was chosen as a chiral auxiliary
primarily because of its commercial availability and ease of
removal. At present, the origin for the observed 1,3-diaster-
eofacial selectivity is unclear.[11]

Regioselectivity was also examined: it is the less-substi-
tuted C�C bond of the three-membered ring that reacts with
the oxocarbenium ion (entries 6–8).[12] It is interesting to note
that the major products 4h and 4 i, obtained from 3h[13a] and
3 i,[13b] are diastereomeric (Table 1).

Table 1: Diastereo- and regioselectivity of seven-membered-ring formation.

Entry Substrate Conditions[a] Major product Yield [%] Diastereoselectivity

1 3b : R=Me A 4b 77 1:0.9
B 4b 91 1.7:1

2 3c : R=OTBS A 4c
+6[b]

45
22

1:0.9

3 3d : R1=TBS A 4d 58 1.3:1
B 4d 65 1.5:1

4 3e : R1=TIPS A 4e 67 2:1

5 3 f A 4 f 72 3:1
B 4 f 84 3.5:1

6 3g : R2=Me A 4g 82 2.5:1
7 3h : R2= (CH2)2OTIPS A 4h 76 2.5:1

8 3 i : R2= (CH2)2OTIPS A 4 i 68 3:1

[a] Condition A: TiCl4 (1.2 equiv), �78!�20 8C; condition B: TiCl4 (2.0 equiv), �78 8C. [b]
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The surprisingly modest diastereoselectivity in the cycli-
zation might be attributed to competing stereochemical
pathways that involve chair, boat, and/or twist-boat (not
shown) conformations (Scheme 2).[14] Assuming that a chair-

like transition state is of lower energy, the configuration of the
major isomers I is tentatively assigned as shown in Table 1.
The minor isomers II could arise from a boatlike transition
state; for example, when Ra=H (e.g., 3d and 3e), the
indicated boat conformation might become competing. At
present, one cannot discount the involvement of a gauche
conformation of the oxocarbenium ion in a chairlike tran-
sition state in the formation of the minor isomers. Elucidation
of important factors that influence diastereocontrol might be
possible by judicious placement of multiple substituents but
must await further investigations.

Toward eventual applications in natural product synthesis,
such as the stereoselective syntheses of skipped polyols, we
developed an effective strategy for diastereoselective cycliza-
tion by relying on di-tert-butylsilylene as a conformational
lock (Scheme 3). Subsequent to the Kulinkovich cyclopropa-

nation of 7,[9] the resulting cyclopropanol 8 was converted into
silylene 9 by standard methods. The key cyclization pro-
ceeded cleanly by the action of TiCl4 to deliver 10 as a single
diastereomer, but as an inconsequential mixture of 10a and
10b. The stereochemistry of 10 was tentatively assigned by
consideration of the most plausible transition state. As
additional support, 10 was converted into 11, which proved
to be identical to the minor isomer from the cyclization of 3d
(Table 1, entry 3). Together with diastereoselective hydroxy-
cyclopropanation of secondary homoallylic alcohols,[13b] this
diastereoselective approach should be useful in a rapid
increase in molecular complexity by the coupling of two
large segments.

In conclusion, a concise synthesis of multifunctionalized
seven-membered carbocycles has been achieved by sequen-
tial application of the Kulinkovich cyclopropanation of
acetal-tethered esters and the Lewis acid mediated addition
of the resulting cyclopropyl silyl ethers to the oxonium ion
intermediates. Particularly noteworthy is the effective use of a
tert-butylsilylene group for diastereoselective cyclization.
Mechanistic studies and applications in natural product
synthesis will be reported in due course.
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Transition-metal-catalyzed hydroamination of alkynes has
emerged as a valuable method for C�N bond formation.[1]

While significant progress in this area has been made,[2]

several important limitations remain to be addressed. The
majority of the previously developed catalytic processes
employ highly nucleophilic primary amines that afford the
corresponding imines as a result of tautomerization of the
initially produced enamides.[3–5] We describe herein the first

example of hydroamination of electron-rich alkynes by using
a silver-based catalyst that enables syn-selective addition of
secondary amides and carbamates to furnish the correspond-
ing silyl ketene aminals with high efficiency and excellent
diastereoselectivity. Our mechanistic studies demonstrate
that the reaction proceeds by a fast and reversible silver–
alkyne complexation, followed by a rate-determining C�N
bond-forming step, which provides an important mechanistic
platform for further development of d10 catalysts for alkyne
and alkene hydroamination.

During our continuing investigation of the development
of new catalytic C�C and C�X bond-forming reactions with
electron-rich alkynes,[6] we discovered that treatment of siloxy
alkyne 1 (TIPS= iPr3Si) with carbamate 2 in the presence of
either a silver- or a gold-based catalyst resulted in the
formation of silyl ketene aminal 3 (Table 1). Initial inves-

tigations revealed that the use of AgNTf2 (Tf=CF3SO2)
proved to be superior to that of AuCl and AuCl3 (Table 1,
entries 1–3).[7] This finding is especially noteworthy as silver-
based catalysts have not been used extensively for the
hydroamination of alkynes and alkenes.[8] The hydroamina-
tion product, 3, was obtained in 86 % yield after 30 min at
room temperature by using only 1 mol % of AgNTf2 (Table 1,
entry 4). The catalyst loading could be further decreased to
0.3 mol% without significant loss of efficiency (Table 1,
entry 5). Furthermore, subjecting the reactants to HNTf2

(5 mol%) produced only a trace of enol silane 3, which
ruled out a possible involvement of the conjugate Brønsted
acid in the alkyne activation (Table 1, entry 6). Interestingly,
PdCl2 and PtCl2 proved to be much less effective at catalyzing
this reaction (Table 1, entries 7 and 8).

Having established a standard reaction protocol, we
examined the scope of this catalytic process. The reaction of
either 5- or 4-substituted oxazolidinones, 4 and 6, with siloxy
alkyne 1 afforded the desired products, 5 and 7, respectively
(Table 2, entries 1 and 2). Hydroamination of 1 with secon-
dary amide 8 afforded silyl ketene aminal 9 with good
efficiency (Table 2, entry 3), thus demonstrating that the

Table 1: Hydroamination of siloxy alkynes: catalyst evaluation.

Entry Catalyst Catalyst loading Reaction time Yield [%][a]

1 AuCl 5 mol% 1.5 h 51
2 AuCl3 5 mol% 30 min 75
3 AgNTf2 5 mol% 30 min 91 (82[b])
4 AgNTf2 1 mol% 30min 95 (86[b])
5 AgNTf2 0.3 mol% 2 h 81
6 HNTf2 5 mol% 3 h <5
7 PdCl2 5 mol% 3 h <5[c]

8 PtCl2 5 mol% 3 h 40[c]

[a] Determined by NMR integration with respect to an internal standard.
[b] Yield of isolated product (reaction giving best yield highlighted in
bold). [c] The reaction was conducted in toluene at 80 8C.
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reaction is not limited to the use of cyclic carbamates.
Furthermore, lactams 10 and 12 were used to produce the
corresponding enol silanes, 11 and 13 (Table 2, entries 4 and
5), thus illustrating the ability of this method to produce silyl
ketene aminals that would not be available by using conven-
tional silylation methods due to the problems associated with
chemoselective generation of the required enols or enolates.

We next examined the scope of siloxy alkyne substitution
(Table 3). Subjecting arene- or alkene-conjugated alkynes, 14
and 16, to the standard reaction conditions with carbamate 2
afforded the corresponding ketene aminals, 15 and 17,
respectively (Table 3, entries 1 and 2). Hydroamination of
diyne 18 proceeded to give enyne 19 with complete chemo-
and diastereoselectivity (Table 3, entry 3). Other alkyl-sub-
stituted alkynes, 20 and 22, gave the expected hydroamination
products, 21 and 23 (Table 3, entries 4 and 5). The lower
efficiency of the reaction in entry 5 of Table 3 is attributed to
the significant increase in the steric bulk in direct proximity to
the reaction site. While the current protocol is highly effective
for hydroamination of a wide range of siloxy alkynes,
ynamides and simple internal alkynes proved to be unreactive
under its conditions.

To gain further insight into the mechanism of the Ag-
catalyzed hydroamination and the nature of the observed

high syn selectivity, we carried out a series of kinetic studies of
the reaction of alkyne 1 with carbamate 2 in the presence of
AgNTf2 at �20 8C. We found that the reaction was first-order
with respect to both carbamate 2 and the silver catalyst, and
zero-order with respect to alkyne 1, thus providing the
empirical rate law: r=kobs[AgNTf2][2], in which kobs = 1.52 =
10�2

m
�1 s�1.[9] Furthermore, using deuterated oxazolidinone 2,

we found no primary deuterium isotope effect (kH/kD = 1.03).
We propose that the reaction begins with a fast and

reversible complexation between 1 and AgNTf2 to give silver–
alkyne complex A (Scheme 1), which is supported by our
previous stoichiometric studies.[6b] At high concentrations of
alkyne, the catalyst is saturated with the alkyne and the
equilibrium favors intermediate A, which explains why the
reaction is zero-order with respect to the alkyne. The alkyne
activation is followed by the rate-determining step, which
entails the addition of the carbamate 2 to the silver–alkyne
complex A. We believe that this reaction proceeds via a six-
membered chelated transition state, B, which explains the
high syn selectivity of the hydroamination process.[10] Subse-
quent release of the proton from intermediate C, followed by
protodemetallation of the alkenyl–silver compound D affords
the observed product, 3, and regenerates the silver catalyst.
The proposed rate-determining step is fully consistent with
the absence of any primary deuterium isotope effect.

Table 2: Ag-catalyzed hydroamination: nucleophile scope.[a]

Entry Nucleophile Product Yield [%][b]

1 72

2 86

3 71

4 80

5 86

[a] General reaction protocol: siloxy alkyne (0.40 mmol) and amide
(0.36 mmol) were dissolved in CH2Cl2 (5 mL) and treated with AgNTf2
(0.0036 mmol) at 20 8C. The resulting solution was stirred for 30 min,
then treated with one drop of Et3N. The solvent was removed under
reduced pressure and the crude product was purified by flash
chromatography on silica gel. [b] Yield of isolated spectroscopically
pure products that were fully characterized by NMR and IR spectros-
copies and mass spectrometry.

Table 3: Ag-catalyzed hydroamination: alkyne scope.

Entry Alkyne Product Yield [%][a]

1 86

2 81

3 76

4 73

5 45

[a] Refers to yields of isolated spectroscopically pure products that were
fully characterized by NMR and IR spectroscopies and mass spectrom-
etry.
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In summary, our study demonstrates for the first time the
ability of a silver-based catalyst to promote a syn-selective
hydroamination of electron-rich alkynes with either secon-
dary amides or carbamates. This process represents an
efficient method for the synthesis of a range of synthetically
useful silyl ketene aminals and provides an important
mechanistic platform for further development of hydroami-
nation reactions with late-transition-metal catalysts.[11]
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RNA interference (RNAi) has become one of the most
important new tools for biological research in the past
decade.[1–5] This methodology is used widely for “knocking
down” (regulating) expression of specific genes in cell
cultures, and it can be carried out conveniently by using
synthetic RNA oligonucleotides (short interfering RNAs or
siRNAs) that are complementary to a segment of a desired
messenger RNA target. When the appropriate double-
stranded 21mer RNAs (the sense and antisense strands) are
added to a cell culture, they are taken up by the cellular RNA-
induced silencing complex (RISC), which presents the
separated antisense (“guide”) strand for binding and subse-
quent cleavage of the target mRNA.[1–5,6] One of the most
useful features of this approach is that the resulting mRNA
cleavage occurs with sequence selectivity[7, 8] so that one gene
can often be knocked down to low levels of activity with little
effect on the rest of cellular gene expression.[9, 10]

Recent RNA-interference studies with mismatched target
RNAs have demonstrated sequence selectivity (at the single-
nucleotide level) at many positions on the standard 21-
nucleotide probe length.[8] The origins of this selectivity are
not known; selectivity may arise from base-pair hydrogen
bonding, which contributes to selective hybridization,[11] or
from steric complementarity of nucleobases, which is impor-
tant in replication by DNA polymerases.[12] Furthermore,
selectivity could come chiefly from the RNA itself, or could
be modulated by the RISC complex. Beyond this, it is not
clear why responsiveness to mismatches varies along the
siRNA strand.[8] Although recent structural studies of Piwi/
Argonaute/Zwille (PAZ) domains[13] and Argonaute pro-
teins[14] (parts of the RISC complex) have led to models of
RNA cleavage, no structures of the RISC complex bound to
siRNA and mRNA are yet available.

Herein, we describe experiments that give insights into
the origins of RNAi activity and selectivity. We have
evaluated this with a nonpolar, non-hydrogen-bonding ribo-
nucleoside isostere (rF; Figure 1)[15,16] that we have incorpo-

rated into a siRNA guide strand in place of natural uridine.
We found that this analogue can maintain near-wild-type
activity in human cells at a number of positions in the strand
and importantly, we observe that it can retain and even
enhance sequence selectivity.

The analogue rF contains difluorobenzene, a uracil
isostere, in place of the earlier-used difluorotoluene deoxy-
riboside (dF) as a thymidine mimic in DNA.[17] This nonpolar
structure serves as a probe for the importance of hydrogen
bonding and electrostatics in the RNA context.[15,16,18] RNA
hybridization studies have shown that rF pairs have little or
no inherent selectivity and are destabilizing to the RNA
duplex[15] consistent with its nonpolar properties; this is also
consistent with the behavior of dF in DNA.[19] In separate
experiments, we incorporated rF into eleven different posi-
tions in place of natural rU along an RNA guide strand that
was complementary to a luciferase reporter gene in an A-rich
site (Figure 1).

Thermal denaturation studies of synthetic RNA duplexes
showed that rF is destabilizing to 21mer double-stranded
siRNAs when it is placed near the center (see the Supporting
Information). However, this destabilization lessened near the
duplex ends (positions 1, 3, and 19), and virtually no
destabilization was seen at unpaired positions 20 and 21.
This is similar to the positional effects of mismatches on the
helix stability of RNA duplexes,[20] and is reminiscent of the
behavior of dF in DNA.[11] To measure selectivity, studies
were also carried out with RNAs mismatched at a central
position (position 7), where destabilization by rF is high.
Results confirmed (see the Supporting Information) that this
nonpolar nucleoside gives no pairing selectivity for ade-
nine.[15,16,18,19] By comparison, natural uridine showed sub-
stantial pairing selectivity for adenine.

We then carried out separate RNA-interference studies in
HeLa cells with the eleven modified guide-RNA strands

Figure 1. Modified RNA structures and sequences used in this study.
A) 2,4-Difluorobenzene ribonucleoside rF, a uridine nonpolar isostere,
is shown next to uridine (rU). B) Sequences of siRNA duplexes used in
RNAi experiments. Sites of rF substitutions in various experiments are
marked with “Fn”. The “guide”-strand sequence (antisense to the
mRNA) is above; “passenger” strands (corresponding to the target
mRNA and mutants) are below. The shown sequence corresponds to
nucleotides 501–519 in Renilla luciferase mRNA.
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containing single rF substitutions. Experiments were carried
out in triplicate. The cells were first transfected with dual
reporter plasmids that express Renilla luciferase and firefly
luciferase, the activities of which could be separately quanti-
tated by their luminescence.[21] The synthetic RNAs were
complementary to positions 501–519 of Renilla luciferase
mRNA[22] and not complementary to the firefly mRNA. The
effects of the different RNAs on luciferase expression were
evaluated after dosing with 0.21–21 ng of RNA in the cell
media, and measuring relative luminescence responses after
22 h. The firefly luminescence is an internal control that rules
out possible indirect effects of the different siRNAs, such as
selective cell toxicity, variable cellular uptake, or differential
enzymatic degradation.

Results showed that the rF substitution disrupted Renilla
luciferase-specific RNA interference activity at two central
positions of the guide RNA; surprisingly, however, a number
of other positional substitutions retained near-wild-type
activity (Figure 2). Substitutions of rF at positions 10 and 11

caused loss of most of the interference activity even with a
higher 21-ng dose of siRNA (see the Supporting Informa-
tion); these positions flank the expected cleavage site in the
target mRNA.[3] In contrast to this, all other substitutions
retained substantial activity within 2–4-fold of the natural
uracil-substituted strand. Especially remarkable is substitu-
tion at position 7, which showed near-wild-type activity
despite the strong destabilization that this substitution
causes (Figure 3). At the higher (21 ng) dose, guide RNAs
containing rF at positions 1, 7, 19, 20, and 21 all showed near-
wild-type activity (see the Supporting Information). Inter-
mediate effects were found at positions 3, 5, 13, and 14. These
results suggest that canonical hydrogen bonding is not
necessary at several positions for the RISC complex to
maintain high levels of RNA interference activity with the
intended target.

The retention of strong activity at position 7 with the rF
analogue, despite its central location in the siRNA, offers a

unique opportunity to test the chemical origins of sequence
selectivity in RNA interference. The corresponding position
in the Renilla luciferase mRNA is universally variable in the
gly171 codon. We therefore prepared three new mutant
plasmids encoding Renilla luciferase with singly mismatched
mRNAs. Measurement of activity with these four targets
showed that the naturally substituted guide RNA did indeed
distinguish single mismatches (Figure 4); the mismatches led
to as much as a 2-fold drop in activity at a 2.1-ng RNA dose.
This is consistent with a report for a different RNA target in
which target mutations at position 7 led to significant
selectivity.[8] In our experiments, a U–U mismatch was well
tolerated, whereas a U–C mismatch was most disruptive to
activity.

Remarkably, experiments with rF (position 7) showed
that it also displayed selectivity, and more surprisingly, the
level of selectivity was higher than that of the natural base. A
selectivity of nearly threefold greater that the F–C mismatch
was seen (Figure 4), and the rF-containing strand also showed
significant selectivity for cleavage of the G mutant, which rU
discriminated poorly. Thus, we conclude that, at least at
position 7 of the RISC complex, mRNA-target-sequence
selectivity does not require canonicalWatson–Crick hydrogen
bonding.

These experiments give new insight into the mechanism of
RNA interference. We have shown that a nonpolar nucleo-
base analogue can maintain substantial cellular RNAi activity
at nine of eleven sites tested, establishing clearly that
canonical Watson–Crick hydrogen bonding is not crucial at
all positions. We do note a general correspondence of Tm with
mRNA-suppression activity, however (Figure 3), suggesting
that not many simultaneous substitutions in guide RNA
would be well tolerated. Notably, two positions tested (7 and
10) deviate markedly from this correlation, suggesting con-
siderable changes in RNA–protein interactions across this

Figure 2. Histogram of gene-specific RNA interference activity for rF-
substituted siRNAs at one site in the Renilla luciferase mRNA
expressed in HeLa cells. The numbers refer to the position of rF in the
guide-RNA strand. Data were normalized by an internal control of a
noncomplementary firely luciferase gene. Data are for the 2.1-ng RNA
amount, and were measured in triplicate; standard deviations are as
indicated. See the Supporting Information for the full data. wt=wild
type.

Figure 3. Dual plot comparing helix stability (Tm) and RNA gene
knockdown activity (% suppression) with rF substitution along the
guide strand of siRNA duplexes at the positions shown. Data at the far
right (“wt”) are for the natural rU-substituted siRNA. See the Support-
ing Information for the original Tm data. Suppression data are from
2.1-ng siRNA amounts (see the Supporting Information).
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localized part of the RNA. The overall profile of rF-
substitution responses suggests that guide-RNA positions 10
and 11, in particular, may require hydrogen bonding or base-
pairing stability with the target (or both) for efficient RNA
cleavage activity.

After submission of this manuscript, a report appeared
testing difluorotoluene riboside, closely related to the current
rF, in siRNA activity.[18] This study found similar positional
effects on RNA interference, with the base analogue causing
strong disruption of activity at positions 10 and 11, and little
or no effect at position 7. The consistency of findings between

the two studies, carried out with different targets, suggests
that these effects are general for the RISC complex. Sequence
selectivity with mismatched targets was not examined in that
study.

The current results strongly suggest that at position 7, the
sequence selectivity of RNA interference arises not from the
selectivity of hydrogen bonding, nor from selectivity caused
by the RNA backbone alone. A possible hypothesis is that the
selectivity arises instead from an enforced steric selection by
the RISC complex (and Argonaute in particular[14]). Experi-
ments with base analogues with varied size or shape could test
this steric hypothesis explicitly. At this point, it is unknown
whether selectivity at other positions depends on hydrogen
bonding or not.

Finally, we note with interest the observation that use of
rF in place of rU at position 7 appears to enhance sequence
selectivity beyond that of the natural base. We suggest that
this may be due to the general destabilization of the guide–
target duplex by the nonpolar base analogue; it is known that
a nearby mismatch can increase specificity of DNA hybrid-
ization,[23] perhaps by a similar destabilization mechanism. In
any case, the result suggests a more-general practical utility of
nonpolar isosteres in RNA interference studies.

Experimental Section
Nucleoside phosphoramidite synthesis: The rF ribonucleoside was
prepared as described.[15,16] For automated RNA synthesis, the
previously unknown 5-dimethoxytrityl, 2’-O-TOM (TOM= [(triiso-
propylsilyl)oxy]methyl), 3’-O-phosphoramidite derivative was pre-
pared. Details are given in the Supporting Information.

Modified oligoribonucleotides: RNA sequences were made
following standard protocols for 2’-O-TOM-protected phosphorami-
dites[24] and were purified by polyacrylamide gel electrophoresis and
characterized by MALDI-TOF mass spectrometry. Details are
supplied in the Supporting Information.

RNA interference studies and mismatched luciferase vectors:
The dual reporter Renilla/firefly assay was carried out by using HeLa
cells transfected with reporter expression plasmids purchased from
Promega (San Luis Obispo, CA). Sequence mutant plasmids were
prepared following standard methods and were characterized by
sequencing. Details are given in the Supporting Information.
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Allenes are an important class of compounds with many
applications in organic chemistry.[1,2] However, the hydro-
genation of allenes is challenging, as there are issues of
chemo-, regio-, and stereoselectivity to be addressed
(Scheme 1).[2d] Only a very limited number of studies in this
area have been reported, and the selectivity in the reported
cases is low.[3]

Scheme 1. The hydrogenation of allenes.
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One of the authors and co-work-
ers have previously reported the
hydrogenation of alkynes catalyzed
by [Pd(Ar-BIAN)(alkene)] com-
plexes 1 (Ar-BIAN= bis(arylimi-
no)acenaphthene) to afford Z-
alkenes in excellent yields with high
stereoselectivity.[4] Herein we report
a highly chemo-, regio-, and stereo-
selective hydrogenation of 1,2-
allenyl phosphonates to give di- or
trisubstituted (Z)-1-alkenyl phos-
phonates with the same catalysts.
Such trisubstituted alkenes are oth-
erwise difficult to obtain.

We first chose the 1,2-allenyl phosphonate 2a as the
model substrate to study the solvent effects of the reaction at
20 8C. In most solvents, such as diethyl ether, dioxane, N,N-
dimethyl formamide, dimethyl sulfoxide, CH2Cl2, CH3CCl3,
toluene, CH3NO2, CH3OH, AcOH, and Et3N, the hydro-
genation did not proceed. Fortunately, when the reaction was
conducted in CH3CN or THF, only the trisubstituted (Z)-1-
alkenyl phosphonate (Z)-3a was formed, in excellent yield
with excellent chemo-, regio-, and stereoselectivity (Table 1,

entries 1 and 2). As the yield in THF was slightly higher than
that in CH3CN, THF was chosen as the solvent for this
reaction. When we increased the reaction temperature, no
obvious changes were observed (Table 1, entries 3 and 4). It
was also found that the activity of catalyst 1b was the same as
that of 1a for the hydrogenation of 2a (Table 1, entry 5).

We next investigated the hydrogenation of various 1,2-
allenyl phosphonates 2b–j (Table 2). It was surprising to note
that 1a failed to catalyze the hydrogenation of the methyl-
substituted 1,2-allenyl phosphonate 2b (Table 2, entry 1). As
the lack of hydrogenation activity may result from the
stronger coordination of the fumaronitrile ligand, we decided
to attempt the reaction with palladium complex 1b, which has
a more labile alkene ligand. Indeed, 1b catalyzed the partial
hydrogenation reaction to afford alkene (Z)-3b in 91% yield
(Table 2, entry 2). Therefore, the same conditions were used

for the other substrates. Interestingly, the hydrogenation of
2k under these conditions gave the (Z)-1-alkenyl phospho-
nate (Z)-3k in 93% yield as the only product, in which the
isolated allylic C=C bond in 2k had also been hydrogenated,
but the conjugated electron-deficient carbon–carbon double
bond remained (Scheme 2). The configuration of the C=C
bond in the products 3 was determined by analysis of the 1H-
1H NOESY spectra of (Z)-3 i.

The hydrogenation of the 1,3-disubstituted 1,2-allenyl
phosphonate 2 l and 1,3,3-trisubstituted 1,2-allenyl phospho-
nates 2m and 2n under the conditions indicated in Table 2
was also studied. Compounds (Z)-3 l, (Z)-3m, and (Z)-3n
were formed highly selectively in 92, 95, and 85% yield,
respectively (Scheme 3).

On the basis of these and previous results, a mechanism
for this reaction is proposed in Scheme 4. The catalytic cycle
starts with the loss of the alkene ligand from 1b. Next, the
more electron rich C=C bond in 2 coordinates to palladium in

Table 1: [Pd(Ar-BIAN)(alkene)]-catalyzed hydrogenation of 2a under
various conditions.[a,b]

Entry Solvent Catalyst T [8C] Yield [%]

1 CH3CN 1a 20 92
2 THF 1a 20 94
3 THF 1a 30 94
4 THF 1a 50 92
5 THF 1b 20 94

[a] The reaction was carried out at the temperature stated with 2a
(0.2 mmol) and 1a or 1b (1 mol%) in 3 mL of solvent under H2 (1 atm)
for 24 h. [b] The chemo-, regio-, and stereoselectivities were determined
by 1H NMR spectroscopic analysis of the crude reaction product.

Table 2: Hydrogenation of 2b–j.[a,b]

Entry Allene R Product Yield [%]

1[c] 2b Me – n.r.
2 2b Me (Z)-3b 91
3 2c tBu (Z)-3c 90
4 2d n-C7H15 (Z)-3d 94
5 2e Ph (Z)-3e 95
6 2 f p-MeOC6H4 (Z)-3 f 99
7 2g p-MeC6H4 (Z)-3g 93
8 2h p-NO2C6H4 (Z)-3h 90
9 2 i p-MeO2CC6H4 (Z)-3 i 93
10 2 j H (Z)-3 j 91

[a] The reaction was carried out at room temperature with 2 (0.2 mmol)
and 1b (1 mol%) in THF (3 mL) under H2 (1 atm) for 24 h. [b] The
chemo-, regio-, and stereoselectivities were determined by 1H NMR
spectroscopic analysis of the crude reaction product. [c] The reaction
was conducted with 1a (1 mol%) as the catalyst. n.r.=no reaction.

Scheme 2. The hydrogenation of 2k.

Scheme 3. The semihydrogenation of 2 l–n.
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place of the alkene ligand to form a [Pd(Ar-BIAN)(allene)]
complex 5. In analogy with the mechanism for alkyne
hydrogenation studied by one of us and co-workers,[4c] we
propose the heterolytic hydrogen cleavage of 5 to afford the
monohydridopalladium complex 6, which may undergo highly
stereoselective hydropalladation to generate the palladium
hydride 7a or 7b after transfer of the N�H hydrogen atom to
Pd.[5] The final product 3 is produced by reductive elimination
from 7a or 7b. Meanwhile, the catalytically active [Pd(Ar-
BIAN)(allene)] species 5 is regenerated through the inter-
action of 8 with the starting allene. On the basis of the
stereoselectivity observed, we reason that the reaction most
likely proceeds via the intermediate 7a, in which the mutual
trans orientation of the palladium and phosphonate moieties
may determine the stereoselectivity.

This protocol was successfully extended to allenes sub-
stituted with other functionalities, namely, the 1,2-allenyl
phosphine oxide 9, the 1,2-allenyl sulfone 11, and the 2,3-
allenoate 13 (Scheme 5). In these cases the semihydrogena-
tion also proceeds with very high chemo-, regio-, and
stereoselectivity. Note that toluene should be used as the
solvent for the 2,3-allenoate 13.

In conclusion, we have demonstrated a novel, highly
chemo-, regio-, and stereoselective [Pd(Ar-BIAN)(alkene)]-
catalyzed hydrogenation of 1,2-allenyl phosphonates[6,7] and
other 1,2-allenyl compounds to form di- or trisubstituted (Z)-
1-alkenyl phosphonates, sulfones, and esters in excellent
yields. Further studies in this field are being carried out in our
laboratories, including investigations into synthetic applica-
tions of the reaction.

Experimental Section
Typical procedure: Catalyst 1b (1 mg, 0.002 mmol), 2a (46 mg,
0.2 mmol), and anhydrous THF (3 mL) were added to a Schlenk

tube under a nitrogen atmosphere. The nitrogen atmosphere was
replaced with a hydrogen atmosphere (1 atm), and the solution was
stirred at 20 8C for 24 h. The reaction mixture was then filtered.
Evaporation of the solvent and flash chromatography on silica gel
(petroleum ether/diethyl ether 1:2) afforded (Z)-3a (44 mg, 94%) as
a liquid. 1H NMR (300 MHz, CDCl3): d= 6.24 (dtq, J= 0.9, 7.2,
50.7 Hz, 1H), 4.13–3.96 (m, 4H), 2.22–2.12 (m, 2H), 2.03–1.98 (m,
3H), 1.48–1.38 (m, 2H), 1.35–1.23 (m, 8H), 0.88 ppm (t, J= 7.2 Hz,
3H); 13C NMR (CDCl3, 75.4 MHz): d= 142.2 (d, JPC= 11.8 Hz), 129.8
(d, JPC= 170.3 Hz), 61.0 (d, JPC= 5.8 Hz), 35.0 (d, JPC= 12.1 Hz), 31.7
(d, JPC= 3.0 Hz), 22.2, 16.3 (d, JPC= 4.4 Hz), 16.2 (d, JPC= 2.6 Hz),
13.8 ppm; 31P NMR (121.5 MHz, CDCl3): d= 21.0 ppm; IR (neat):
ñ= 1632, 1444, 1391, 1245, 1026 cm�1; MS: m/z : 234 (M+, 9.87), 44
(100); HRMS (MALDI): m/z calcd for C11H23O3P

+ [M+]: 233.1385;
found: 234.1400.
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Polysubstituted nitrogen heterocycles are prevalent in phar-
maceuticals and biologically important natural product tar-
gets, and new approaches to these systems are in constant
demand. A frequently occurring motif is the presence of an
asymmetric all-carbon quaternary center in the 3-position of
pyrrolidines, piperidines, and their polycyclic derivatives. All-
carbon quaternary stereocenters are amongst the most
challenging constructs in modern synthesis,[1] and a new
approach to such functionality would be of considerable
utility. It occurred to us that this moiety could potentially be

introduced from simple prochiral 1,3-dicarbonyl precursors 1
bearing an amine equivalent by the desymmetrizing forma-
tion of a keto imine 2 (Scheme 1).[2]

Bonjoch and co-workers have demonstrated that a
diastereoselective variant of this strategy is possible by
using a-chiral amines in their studies on reductive amination
of 2-(2-oxooethyl)cycloalkyl 1,3-diones.[3,4] A conceptually
much more powerful and general strategy would employ
external chiral reagents in place of nonrecyclable chiral
amines and further would leave the imine intact for subse-
quent derivatization. Given the rapid and reversible nature of
imine formation, the potential for reagent-based acceleration
of the reaction and/or retention of the stereochemical
integrity of the products that are formed seems low. The
aza-Wittig reaction of iminophosphoranes with carbonyl
compounds,[5, 6] however, is an irreversible imine-forming
reaction and also allows for the introduction of external
chirality through the use of chiral ligands on phosphorus.
Thus, the Staudinger reaction of azidodiketones 3 with an
appropriate chiral phosphorus reagent 4 would generate a
chiral iminophosphorane, which undergoes selective meta-
thesis with one of the two (now diastereotopic) carbonyl
groups to yield, irreversibly, enantioenriched 2 and the
corresponding phosphorus(V) oxide (Scheme 2). The anal-

ogies with asymmetric variants of the carbon-based Wittig
reaction are clear,[7,8] but to our knowledge there have been
no reports of asymmetric variants of the aza-Wittig reaction.
Herein we outline the successful demonstration of the first
examples of this process.

The azido-1,3-diketone substrates 3a–d were prepared in
four steps commencing from either pentane-1,3-dione or
cyclohexane-1,3-dione as shown in Scheme 3. For the chiral
phosphorus(III) reagents, we chose the known and readily
available proline-derived diazaphospholidine 4a[9] and oxa-
zaphospholidine 4b,[10] and the cyclohexyldiamine-derived
diazaphospholidine 4c (Scheme 3).[11]

Scheme 1. Desymmetrizing imine formation by amine equivalent
“NH2” for the construction of quaternary asymmetric centers.

Scheme 2. Asymmetric aza-Wittig reactions mediated by chiral
phosphorus(III) reagents 4.
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Initial studies with diketo azide 3a and diazaphospholi-
dine 4a showed that the reaction proceeded to conversion
after about 56 hours at room temperature. Initially we
attempted to assay the enantiomeric purity of the keto
imine product from the crude reaction mixture by chiral shift
NMR spectroscopic studies using BINOL as an additive.
These studies showed that significant asymmetric induction
was occurring (up to ca. 57% ee), but the values were found
not to be reproducible between runs of identical experiments.
We suspected that trace moisture was catalyzing racemization
through imine hydrolysis to the achiral aminodiketone, and
the viability of this pathway was verified by monitoring the
ee value of a sample of the crude imine which was left exposed
to atmospheric moisture. The enantiomeric purity decreased
steadily from 50–60% to 0% over a period of three days. We
therefore repeated the experiments with rigorous exclusion of
water and further trapped the crude keto imine product as the
stable N-methanesulfonyl enamine 5 by treatment with
methanesulfonyl chloride and triethylamine (Scheme 4).

Upon chiral GC analysis of 5 we were delighted to find that
the enantiomeric purity of the crude imine had been retained
in the isolated product. It should be noted that the trapping
strategy not only safeguards the enantiomeric integrity of the
products but also further differentiates the two desymme-
trized functional groups—the remaining ketone is electro-
philic whereas the newly formed enamine is nucleophilic.

Encouraged by these results, we further optimized the
reaction by a) utilizing the more reactive phosphorus(III)
reagents 4b and 4c to shorten the reaction times and
b) changing the trapping regime from mesylation to the
higher-yielding and more reliable N-acetylation. These opti-

mized conditions were applied to the range of substrates 3a–
d, and the results are shown in Table 1.

The reproducibility of the reaction was verified by
carrying out duplicate runs—the ee values shown are the

average of the two runs with a maximum variance of� 2%. In
all cases the yields of the isolated products were good to
excellent. In general the oxazaphospholidine 4b gave higher
asymmetric induction for the acyclic substrates whereas the
diazaphospholidine 4c gave higher asymmetric induction for
the cyclic substrates. The maximum levels of asymmetric
induction were around 60% ee. Though this value is not yet at
the high levels observed in many modern asymmetric trans-
formations, this result represents the first successful demon-
stration that the asymmetric aza-Wittig reaction is a viable
process. We anticipate that further tuning of the reagents and/
or substrates will lead to enhanced enantioselectivity.

The absolute sense of asymmetric induction was deter-
mined for keto enamide 6d. We exploited the differentiated
reactivity of the ketone and enamine by carrying out chemo-
selective reduction of the ketone with sodium borohydride to
afford 7 (Scheme 5). Derivatization of the resulting equatorial
alcohol with (1S)-camphanic chloride gave ester 8
(Scheme 5). The material that was formed had 58% de by
1H NMR spectroscopy and HPLC, thus confirming the

Scheme 3. Synthesis of substrates 3a–d. Reagents and conditions:
a) aqueous NaOH, MeI or BnBr; b) 1m NaOH, allyl bromide, Bu4NI,
room temperature; c) Cy2BH, THF, 0 8C, then NaOAc, I2 ; d) NaN3,
Bu4NI, aqueous acetone, room temperature. Overall yields: 3a 44%,
3b 41%, 3c 29%, 3d 18%. Bn=benzyl; Cy=cyclohexyl.

Scheme 4. Trapping of the initially formed keto imines leads to
preservation of the enantiomeric integrity of the reaction. Ms=metha-
nesulfonyl.

Table 1: Desymmetrization of diketo azides 3a–d to yield 6a–d.[a]

Entry Azide Reagent Yield [%][b] ee [%][c]

1 3a 4b 67 43.0
2 3a 4c 74 29.5
3 3b 4b 69 60.5
4 3b 4c 71 24.5
5 3c 4b 75 29.0
6 3c 4c 78 43.0
7 3d 4b 92 38.5
8 3d 4c 95 57.0

[a] Reactions carried out in Et2O or THF, at room temperature or elevated
temperature; for individual reaction conditions, see the Supporting
Information. [b] Yield of isolated purified product (average of two runs).
[c] Average of two runs (all values �2%) as determined by chiral HPLC
analysis on Chiralcel OD or OJ columns. Ac=acetyl.

Scheme 5. Chemoselective manipulation of keto enamides and proof
of absolute stereochemistry. Reagents and conditions: a) NaBH4, room
temperature (93% yield); b) (1S)-camphanic chloride, DMAP, DCE,
reflux (98% yield). DMAP=4-(dimethylamino)pyridine; DCE=1,2-
dichloroethane.
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measured asymmetric induction. The major diastereoisomer
was isolated by preparative HPLC, and crystals were grown
for X-ray diffraction analysis.[12] The obtained crystal struc-
ture confirmed that the iminophosphorane had attacked the
pro-R carbonyl group of 3d.

In summary, we have disclosed the first example of a new
class of asymmetric transformation, the asymmetric aza-
Wittig reaction, in the context of the desymmetrization of
prochiral azido-1,3-diketones. Further work to improve the
levels of enantioselectivity, to extend the range of substrates
for desymmetrization, and to apply this reaction in target
synthesis is in progress.

Experimental Section
A thoroughly flame-dried two-necked flask, fitted with a dry reflux
condenser and connected to a Schlenk line through a rotaflo stopcock,
was charged with an azidodiketone substrate 3a–d (0.5 mmol,
1.0 equiv), and the apparatus was evacuated and then purged with a
positive pressure of nitrogen. Freshly distilled dry solvent (see the
Supporting Information for individual experimental details) was
added to the flask by a septum, and a solution of the phosphane 4b or
4c (0.6 mmol, 1.2 equiv) was added, the total volume of solvent being
5 mL. The septum was replaced with a glass stopper, and the reaction
was allowed to proceed either at room temperature or with heating
(see the Supporting Information). At the end of the reaction, solvent
was removed in vacuo to give the crude imine. The apparatus was
then purged with a positive pressure of nitrogen, the glass stopper was
replaced with a rubber septum, and DCE (5 mL), NEt3 (4.0 equiv),
Ac2O (2 equiv), and DMAP (0.1 equiv) were successively added to
the flask. The septum was replaced with a glass stopper, and the
mixture was heated in an oil bath at 85–90 8C for 5–9 h. The mixture
was then cooled to room temperature, diluted with dichloromethane
(40 mL), washed with water (50 mL) and brine (50 mL), and dried
with MgSO4. The solvent was evaporated to give a residue, which was
preadsorbed on silica gel and purified by flash column chromatog-
raphy.
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efficiency and compatibility of this methodology with a wide
number of functional groups.[2] Nevertheless, the reaction
suffers from some limitations, especially in respect to the
substitution pattern around the allyl group. g-Substituted
allylstannanes rapidly rearrange under the reaction condi-
tions into their more stable a-isomers [Eq. (1)], and these
were found to react mostly through abstraction of the allylic
hydrogen atom [Eq. (2)] rather than by the desired addition
fragmentation (Scheme 1).[2c,3, 4]

Several systems using allylcobalt,[5] allylgallium,[6] allyl-
halogen,[7] or allylsulfur[8] derivatives have been examined in
an attempt to overcome these limitations. Nevertheless, most
of these processes require a stoichiometric amount of a tin-
based promoter[9] (or other heavy-metal derivatives) and have
usually been applied to the introduction of simple allyl
moieties.[10]

Our method to devise a new, tin-free allylation process
was initially to separate the addition and fragmentation steps.
This approach would eliminate the possibility of rearrange-
ment of the allylating agent and thus obviate the shortcomings
of the previous methods.[11] We thus needed an allylating
agent substituted with a relatively poor leaving group (in the
radical sense), which would undergo intermolecular addition
and transfer of a dithiocarbonate unit and b-elimination in the
second step.[12] In this respect, a phosphorus-centered leaving
group appeared suitable. The reversible addition of phos-
phines to olefins is well known.[13] More recently, we and other
groups found that a diethylphosphinyl group could be
expelled when adjacent to nitrogen- or oxygen-centered
radicals.[14] Other related observations include that of Clive
and Kang, who reported the elimination of an aryl phosphinyl
radical from a cyclohexadienyl system,[15] and the isolation of
a minor (8% yield) by-product that arises from an apparent b-
elimination of a methylphenylphosphinoyl radical located on
a tertiary carbon atom, as reported by Malacria and co-
workers.[16] All cases these were especially favorable, but did
not foretell the generality of the elimination process in
ordinary situations.

We initially envisaged the use of a simple diethyl
phosphonate as the departing group and chose to study the
behavior of phosphonate 3 derived from the addition of p-
bromophenacyl dithiocarbonate 1 to diethyl allylphosphonate
2. The choice was dictated by the possibility of the inter-
mediate radical undergoing closure to the aromatic ring to
give tetralone 4, and this process, although unwanted in the
present case, should act as an internal clock and give us an

idea of the rate of b-elimination.[17] We also chose to use the
higher-boiling chlorobenzene as the solvent to favor the
fragmentation pathway, which has a large, positive entropy of
activation. In the event, heating adduct 3 with lauroyl
peroxide in chlorobenzene resulted in the formation of 4
and the reduced derivative 5 as the major products. No
elimination of the phosphonate group was observed
(Scheme 2).

Weakening the carbon–phosphorus bond by substitution
of the phosphonate group was the next logical step. Obtaining
substituted derivatives was also more interesting synthetically
and the purpose of our study in the first place. The radical
addition of the same dithiocarbonate 1 to allylphosphonate 6
occurred fairly efficiently to give adduct 7 in 60% yield, but
when this product was heated in 1,2-dichloroethane with
lauroyl peroxide, neither elimination nor ring closure to the
tetralone was observed. Instead, hydrogen abstraction from
the side chain occurred to ultimately give compound 8 in 36%
yield (Scheme 3). Steric hindrance in this case had clearly
slowed down tetralone formation, and a Thorpe–Ingold effect
had facilitated the 1,5-hydrogen shift. Switching to a higher-
boiling solvent was obviously not going to overcome this
unwanted radical translocation.

Decidedly, the phosphonate entity was too poor a leaving
group for our objectives. It remained for us to examine the
influence of the substituents around the phosphorus center on
its leaving ability. The use of a diphenylphosphine oxide
group seemed the most judicious choice as, in addition to
ready availability, the bond we wanted to break would now
acquire some benzylic character and perhaps be weakened
sufficiently to undergo b-scission. Strain relief upon cleavage
of such a bulky group should provide an extra driving force.
Radical addition of dithiocarbonate 9 to allyl diphenylphos-
phine oxide 10 took place in high yield, and exposure to

Scheme 1. Some side reactions during allylations with substituted
allyltriorganotin reagents.

Scheme 2. Negative experiments with allyl phosphonate reagents.
DCE=1,2-dichloroethane.

Angewandte
Chemie

5003Angew. Chem. Int. Ed. 2006, 45, 5002 –5006 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


peroxide in refluxing chlorobenzene gave the corresponding
tetralone 12 and the desired elimination product 13, both in
low yield. The formation of ally-
lated derivative 13 was neverthe-
less a good start, as it was expected
that substitution would make the
elimination step more efficient.
Indeed, when substituted diphenyl-
phosphine oxide 14 was employed
as the radical trap, the intermolec-
ular addition proceeded quite sat-
isfactorily; more pleasing, it was
observed that smooth elimination
of the diphenylphosphinoyl group
took place upon heating 15 with
lauroyl peroxide in refluxing chlor-
obenzene to give unsaturated
ketone 16 in 63% yield as a
mixture of geometric isomers with
the expected preponderance of the
E isomer.[18]

The diphenylphosphine oxide
group thus possessed the requisite
properties we sought, and the
desired allylation could at last be
achieved. In principle, the process
can be a chain reaction, propagated
by the reaction of the diphenyl-
phosphinoyl radical with the
dithiocarbonate moiety. The addi-
tion–fragmentation of phosphorus-
centered radicals on thiocarbonyl
derivatives is well documented in
the pioneering studies of Barton
et al.[19] In practice, however, this
approach did not turn out to be
efficient, and nearly stoichiometric

amounts of the peroxide (0.5 equiv) were needed. It seems
that the properties that make the diphenylphosphinoyl radical
a good “leaving group” cause it to be a poor chain-propagat-
ing agent. All our attempts at determining the fate of the
phosphorus species failed.

No elimination occurred in the absence of peroxide, so a
purely thermal mechanism can be discarded. Furthermore,
the mixture of the two diastereoisomers of 15 could be
separated, and only one of the two was in fact subjected to the
fragmentation process. Monitoring by thin layer chromatog-
raphy (tlc) indicated that a rapid equilibration occurred
between the two diastereoisomers 15a and 15b before
elimination of the diphenylphosphinoyl group. Thus, the
relative stereochemistry of the initial addition product will
have no consequence on the elimination process. Finally, it
turns out that it is not even necessary to isolate the addition
product 15, as the allylation can be accomplished directly by
heating dithiocarbonate 9 and phosphine oxide 14 in chlor-
obenzene at reflux using the much longer lasting di-tert-butyl
peroxide instead of lauroyl peroxide. The yield of enone 16
was 69%, based on 9, thus representing a significant improve-
ment on the two-step procedure.

We next explored the scope of this reaction by varying the
dithiocarbonate and allylic diphenylphosphine oxide. The

Scheme 3. First successful allylations with allyl diphenylphosphine
oxides.

Table 1: Examples of allylations with branched allyl diphenylphosphine oxides.

Dithiocarbonate Phosphine oxide Allylation product Yield [%][a]

9 17 18 58

9 19 20 52

21 19 22 72

23 17 24 68

23 25 26 67 (9:1)

27 25 28 70

27 30 31 66

27 30 32 71 (83:17)

[a] Ratio of the E/Z isomers is given in brackets.
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results are summarized in Table 1. It can be seen that
prenylation is readily accomplished with phosphine oxide
17, whereas allyl and homoallyl acetates can be introduced
with the corresponding phosphine oxides 19, 25, and 30. The
dithiocarbonate moiety itself can bear a number of useful
functional groups. Besides the initial phenacyl derivative 9,
substrates can contain a lactone (as in 21), a protected
aldehyde ester (as in 23), or, perhaps most interestingly, a
masked a-aminoketone (as in 27; Phth= phthalimido). a-
Aminoketones are at the centre of several classical syntheses
of heteroaromatic rings, such as pyrroles and pyridines, and
are not always readily accessible. Moreover, the introduction
of many of these allylic fragments would not be trivial by the
more common ionic processes, especially with the more
functionalized substrates.

Our initial attempt to extend this approach to the
formation of C�C bonds at the anomeric position of
carbohydrates, such in the 2-deoxyglucose derivative 33, was
frustrated by the premature elimination of the dithiocarbon-
ate group at the temperature of refluxing chlorobenzene to
give glucal 34 as themajor product (Scheme 4). The C�S bond

is weakened by an anomeric effect of the lone pair of
electrons on the oxygen atom and thus introduces an element
of fragility into the substrate. This complication could be
circumvented in a large measure by reverting to the lower-
boiling 1,2-dichloroethane as the reaction solvent. In this
unprecedented anomeric prenylation of a carbohydrate, the
phosphine oxide is tertiary and therefore the addition–
fragmentation occurs readily at 80 8C.

A preliminary reaction that involved a simple secondary
dithiocarbonate moiety gave rather disappointing results.
Thus, the attempted allylation of dithiocarbonate 36 gave
mostly reduced piperidine 37 and only a low yield of the
normal product 38. Hydrogen abstraction could take place
from the solvent or from the benzylic position of the
phosphine oxide reagent 30. Further studies are needed to
ascertain the source of the hydrogen atom.

These preliminary results represent a promising approach
to a generalized allylation process and highlight the impor-
tance of the substitution around the phosphorus center in
determining its leaving-group ability. From a synthetic stand-

point, access to numerous substituted allyl diphenylphosphine
oxides can be accomplished by direct reaction of the anion
derived from the simplest member 10 with various electro-
philes (alkylating agents, epoxides, aldehydes, and so
forth).[20] Another powerful route is through the Arbuzov–
Tripett rearrangement starting from allylic alcohols.[21] The
radical reaction itself is flexible, convergent, and takes place
under mild neutral conditions.

Experimental Section
Typical procedure for the radical allylation: Di-tert-butyl peroxide (a
few drops, ca. 100 mg) was added to a solution of the dithiocarbonate
(1.0 mmol) and allyl phosphine oxide (2.0 mmol) in refluxing
degassed chlorobenzene (10 mL) in a nitrogen atmosphere. A few
more drops (ca. 100 mg) of di-tert-butyl peroxide were added after 4 h
at reflux if the reaction is not yet complete (tlc). The reaction mixture
was then cooled to room temperature, concentrated in vacuo, and
purified by flash chromatography.
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A Surface-Bound DNA Switch Driven by a
Chemical Oscillator**
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The fabrication of autonomously moving molecular structures
is one of the central challenges in the field of DNA
nanodevices.[1] Some of the concepts introduced recently to
achieve this goal rely on the sequence-dependent catalytic
action of DNA-modifying enzymes such as restriction endo-
nucleases or nicking enzymes[2] while others use the catalytic
power of DNA itself by incorporating DNA enzyme sequen-
ces into DNA devices.[3] Both approaches have also been used
to realize autonomous molecular computers.[4] Another
strategy is based on controlled inhibition of DNA hybrid-
ization by formation of secondary structure and its acceler-
ation by catalytic DNA strands.[5] These concepts were
developed for the autonomous operation of DNA devices
fueled by DNA hybridization. A different approach was
recently taken by our research group[6] and we could show
that the pH-sensitive conformational transition of a cytosine-
rich DNA strand between a random conformation and the so-
called “i motif” could be driven by the oscillating proton
concentration generated by a chemical oscillator. In such a
system, the temporal succession of the states of the DNA
devices is determined by a nonlinear dynamical system rather
than by an external operator. We report here how this system
can be significantly improved by attaching the DNA con-
formational switches to a solid substrate. This attachment
allows us to operate the chemical oscillator in a continuous
flow stirred tank reactor (CSTR) into which a glass chip
supporting the DNA devices is placed. In principle, the
surface-bound DNA structures can undergo an infinite
number of autonomous conformational switching events in
this configuration.

We showed recently how proton-fueled DNA devices can
be driven by an oscillating chemical reaction[6] by using a
variant of the Landolt reaction to periodically change the
pH value in a continuously fed reactor. To retain the DNA
switches within the reaction solution, a reactor without an
outlet had to be used. In such a configuration, one cannot
reach a steady state since the continuous influx of reaction

solution means the average concentrations of the reactants
vary. As a result, this dynamic chemical system is driven out of
its oscillatory region, thus causing the oscillations to die away
after a few periods.

To overcome this limitation in the present work we
operated the oscillator in a CSTR with two inlets and one
outlet. In principle, an infinite number of homogeneous pH
oscillations can be generated by using a continuous filling
combined with the simultaneous removal of waste materials.
However, the DNA devices had to be attached to a solid
substrate to prevent loss of the DNA through the reactor5s
outlet. For these experiments, we used thiol-modified, fluo-
rescently labeled DNA switches bound to an ultrathin
transparent gold layer on a glass substrate. This allowed a
firm covalent attachment of the DNA to the surface while at
the same time energy transfer between the fluorophores and
the gold layer[7] could be used to characterize the conforma-
tional transitions of the switches.

Schematic representations of the surface-bound DNA
switches in their two states at low and high pH values are
shown in Figure 1a. The switches consist of 21 nucleotide (nt)

long DNA strands with the sequence 5’-CCCTAACCC-
TAACCCTAACCC-3’ (strand M). Below pH 6.5, DNA mol-
ecules of this sequence are known to undergo a conforma-
tional transition to the so-called “i motif”, in which four DNA
strands are held together by a number of semiprotonated
C·C+ base pairs (in this case six intramolecular C·C+ pairs).
This particular DNA sequence has been utilized previously
for the fabrication of other DNA-based nanodevices[8] and is
also the same sequence as used in our previous bulk experi-
ments.[6] The DNA strands were modified with a thiol-C6

Figure 1. a) Schematic representation of single-stranded DNA bound to the gold/
glass substrate through a 5’-thiol-C6 spacer. In the closed i motif conformation at
low pH values the dye attached to the 3’ end is in proximity to the surface and is
thus quenched. In contrast, the fluorescence strongly increases at higher pH val-
ues where the DNA strand adopts a random single-stranded conformation.
b) Emission spectra recorded from the i motif attached to the substrate at pH 8
(random) and pH 5 (i motif). c) Fluorescence microscopy images of the i motif
(top) and a control strand (bottom) at pH 5 (left) and pH 8 (right). d) Correspond-
ing normalized fluorescence intensities.
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spacer at the 5’ end and with the fluorescent dye Rhodamine
Green (RG) at the 3’ end. The fluorescence of RG is pH-
insensitive between pH 4 and 9 (see the Supporting Informa-
tion). At low pH values, the transition to the i motif brings the
3’ end of the molecule into proximity to the 5’ end
(ca. 1.5 nm[9]). The fluorophore is brought closer to the
substrate when the DNA switches are attached to a surface
through the 5’ end.

A glass coverslip with an ultrathin layer of gold was used
as the substrate. To prepare the substrate, first a thin gold
layer was evaporated onto a clean coverslip, and then nearly
completely removed by sputtering with argon ions (exper-
imental details are given in the Supporting Information). The
substrate is then nearly transparent, but it is still possible to
attach DNA strands to the remaining gold on the surface (see
the Supporting Information). The modified coverslips were
mounted on an epifluorescence microscope and the fluores-
cence was monitored while subsequently adding
phosphate buffer of pH 8 and pH 5. Switching the
DNA strands between a random conformation at
high pH values and the i motif at low pH values
resulted in strong changes in the fluorescence
intensity (Figure 1c,d). Such clear changes in the
intensity could be monitored only at sites on the
chip spotted with the i motif strand. Sites spotted
with a control strand with a random sequence only
showed a small change in intensity.

A fluorescence spectrometer was extended
with a custom built module which allowed charac-
terization of the sample when placed in a CSTR to
allow for fluorescence spectroscopic and energy-
transfer measurements during the operation of the
pH oscillator. The setup is shown schematically in
Figure 2. Fluorescence spectra recorded with this
setup for the substrate-attached i-motif switches at
low and high pH values are displayed in Figure 1b.

The pH oscillator was operated by pumping
two separate solutions at 150 mLmin�1 into the
cuvette, which was initially filled with 20 mL H2O.
One solution contained 19 mm NaIO3 while the
other contained 30 mm Na2SO3, 21 mm Na2S2O3,
and 5 mm H2SO4. A second pump removed excess
volume at 300 mLmin�1. Typically, after a period of
4 h prior to oscillation, the pH value started to
oscillate between pH 6.3 and pH 5.5 with a period
of 20 minutes. The oscillations persisted until the
reactant reservoirs were exhausted (typically after
24 h).

Figure 3 shows the fluorescence intensity
recorded from the surface-immobilized DNA
switches together with the oscillations in the
pH value. The fluorescence strongly oscillates in
concordance with the pH value, thus indicating
that the chemical oscillator enforces the conforma-
tional transition of the switches as designed. We
performed a variety of test experiments to verify
that these fluorescence oscillations are indeed caused by the
conformational transitions of the switches to the i motif and
back. A conventional fluorescence titration experiment shows

that the immobilized DNA switches undergo a conforma-
tional change when the pH value is lowered below about 6.5,
as expected (see the Supporting Information). A plot of the

Figure 2. Experimental setup: Excitation light coming from a fluores-
cence spectrometer is focused onto the sample chip with a long
working distance objective. Light emitted from the chip is collected by
the same objective and reflected into the spectrometer with a beam
splitter. The sample chip resides in a CSTR which consists of a large
volume (V=25 mL) fluorescence cuvette with two inlets and one
outlet for the reactants. The pH value is monitored with a conventional
pH meter.

Figure 3. Left: In the CSTR setup, a large number of pH oscillations can be
generated (bottom, black trace). The simultaneously recorded fluorescence inten-
sity originating from the i motif bound to a gold/glass chip follows the pH
oscillations (top, black trace). The simulated pH values (bottom, gray trace)
coincide with the measured values except for regions where the low pH spikes
occur. This deviation is caused by the slow response of the pH meter. The
simulated fluorescence trace in the top graph (gray) is generated from data from a
titration experiment (see the Supporting Information). Inset: In an experiment at
higher time resolution it became apparent that the fluorescence intensity at the
position of the low pH spikes indeed drops to 20% of its maximum value, as
expected from the simulation. Right: Measured (bottom, black trace) and predicted
(bottom, gray trace) pH oscillations and corresponding fluorescence intensity (top,
black trace: experimental data, gray curve: calculated values) of the control
strands. The fluorescence is normalized to the maximum value at pH 7.4 for both
the device and control strand. In the case of the device strand, the i motif is
already partly formed under the conditions of the oscillator, which results in a
decreased fluorescence signal. The fluorescence values of both strands are in
complete agreement with the titration experiments (see the Supporting Informa-
tion), which shows that the strands essentially behave in the same way in the
CSTR as under ordinary buffer conditions. The fluorescence of the device strand is
consistent with its transition to the i motif, while the control strand does not show
such a behavior.
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fluorescence intensity obtained in the CSTR during the
operation of the pH oscillator essentially shows the same
transition (see the Supporting Information). By contrast, the
immobilized control strands show a less pronounced response
to pH changes, in particular no transition around pH 6 is
observed. Accordingly, a different fluorescence trace is
recorded when they are put under the influence of the
oscillator (Figure 3). The fluorescence for the control strand
only drops to about 50% of its maximum value, whereas the
signal decreases to below 20% for the device strand. Both
fluorescence traces are fully consistent with those obtained by
conventional titration experiments, thus indicating that the
immobilized DNA molecules undergo the same conforma-
tional changes when driven by the oscillator. It has to be
noted, however, that when the pH is below 4 the fluorescence
may not reflect conformational changes of the DNA alone,
but can be influenced by a variety of other factors (see the
Supporting information).

Simulated time traces of the pH oscillations based on a
model developed by Rabai and Beck[10] are also shown in
Figure 3. Experimentally obtained data agree well with the
model5s prediction at pH values above 5.5. However, the
model also predicts sharp “spikes” down to pH values of
about 3. In fact, these spikes also occur experimentally, but
their short duration (t1/2� 2 s) means they cannot be resolved
by our pH meter, which has a response time of 30 s. We
independently checked the occurence of the spikes at low
pH values with the pH-sensitive dye methyl orange, which
changes its color from yellow to pink at pH 4.4.[10] Indeed,
during the operation of the oscillator we observed this color
change for fractions of a second at the position of the low pH
spikes. This also explains why we observe fluorescence values
at the minima of the pH oscillations which are lower than
those expected from the recorded pH values. For comparison,
the upper panel of Figure 3 contains time traces calculated
from the simulated pH values and the titration curves for
DNA strand M and the control strand. The experimental
intensities agree well with the simulated values, except that
the experimental traces again do not follow the low intensity
spikes. This is simply caused by “undersampling”. Only a
limited number of data points could be taken for observations
over long times, because of excessive photobleaching, and
therefore the spacing of the data points is not close enough to
resolve the pH spikes. In the inset of Figure 3, a fluorescence
trace recorded at a higher rate is shown which reproduces
very well the predicted values. This also indicates that the
response time of the immobilized switches is on the order of a
second.

Further evidence for the formation of the i motif in the
surface-bound DNA switches is obtained from temperature-
dependent measurements: a sharp melting transition is
observed for DNA switches immobilized on the chip surface
and in solution, whereas no such transition is seen for the
control strand (Figure 4). These observations are in agree-
ment with previous circular dichroism studies on the
i motif.[11]

In summary, a chemical oscillation generated in a
continuous flow stirred tank reactor was utilized to periodi-
cally switch a DNA molecular structure immobilized on a

glass chip between two distinct conformations. In a CSTR,
these oscillations occur with a regular period and can in
principle occur infinitely often. To realize and characterize
this molecular-switching system experimentally, the DNA
oligonucleotides were immobilized on a glass surface covered
with an ultrathin gold layer, which allowed characterization of
the surface-bound switches within a CSTR in an epifluor-
escence setup. This system represents the first example of an
autonomously driven DNA switch immobilized on a solid
substrate. It was shown recently in a related study by Shu
et al.[8b] that an immobilized DNA device based on the i motif
can cyclically generate forces during the consumption of
H+ ions and can thus even be construed as a periodically
working motor. Such and similar systems may find application
as actuators or sensors in biomolecular hybrid nanostructures.
It is expected that surface-immobilized DNA switches could

Figure 4. Fluorescence intensities of the i motif and the control strand
in a melting experiment at pH 5.8 and comparison between surface-
bound and solution-phase switches. Top: The surface-bound i motif
unfolds at 37 8C, while a surface-bound control strand does not show
any change in fluorescence. Bottom: For the experiment in solution,
the i motif strand labeled with a dye on one end and a quencher on
the other end[10] displays essentially the same behavior and unfolds at
a slightly higher temperature than on the surface. The control strand
exhibits only a small change in the fluorescence in the solution
experiment.
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also display spatiotemporal patterns and oscillations under
the influence of chemical reaction waves.
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C�C coupling reactions are among the most powerful tools in
modern organic chemistry.[1, 2] For most types of cross-
couplings, transition metals are required as mediators or
catalysts.[3] Usually CuI salts[4] (for Ullmann-type coupling
reactions[5]), TiCl4,

[6] or the addition of catalytic amounts of
other transition metals is needed.[2,7] The importance of
finding new catalytic systems[8] and using atmospheric
oxygen[9] or its derivatives[10] for the performance of oxidation
reactions is well-recognized. However, such oxidations are
often unselective since they are governed by the chemistry of
high-energy zwitterions, (di)radicals, or by electron-transfer
reactions without stereochemical control.

Herein, we report a new concept which allows the
performance of coupling reactions by using only main-
group-metal derivatives. We have envisioned that the coor-
dination of a main-group-metal center with a readily reduci-
ble ligand would function as an electron shuttle and would
allow a reductive coupling to take place. Thus, the organic
oxidant (Ox) converts the intermediate A to the key
intermediate B, which can undergo an intramolecular redox
process leading to C�C bond formation (oxidative coupling)
and reduction of the ligand Ox, which is thereby converted
into the reduced ligand (Red) by accepting two electrons
(Scheme 1). The main-group metal keeps the same oxidation
state during the entire process.

Thus, mono- and diorganomagnesium reagents that are
complexed with lithium chloride[11] can be efficiently coupled
by treatment with readily available 3,3’,5,5’-tetra-tert-butyldi-
phenoquinone (1),[12] which acts as a two-electron acceptor
(Scheme 2 and Table 1).
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The resulting biphenyldiolate 2 can be easily separated
(> 90% yield) from the reaction mixture by the addition of
pentane and subsequent filtration. By oxidation of 2 with air,
1 can be recovered in nearly quantitative yield,[13] which
makes this methodology especially attractive from ecological
and economical standpoints.

The reaction of phenylmagnesium bromide with
0.5 equivalents of 1 at �20 8C led to the formation of biphenyl
(4a ; Table 1, entry 1) in quantitative yield. The reaction
proceeded well with electron-rich (3b) and electron-poor
(3c) arylmagnesium halides and afforded the corresponding
biaryls 4b and 4c, respectively, in high yields (Table 1,
entries 2 and 3). At low reaction temperature functionalized
organomagnesium compounds that bear a nitrile (3d) or an
ester group (3e) could be coupled in excellent yields (4d and
4e ; Table 1, entries 4 and 5). Functional groups in the ortho
position do not disturb the reaction, and the corresponding
ortho,ortho’-disubstituted biaryls 4 f and 4gwere formed in 85
and 88% yield, respectively (Table 1, entries 6 and 7). Even
the sterically hindered ortho-tert-butyl- (3h) and mesitylmag-
nesium (3 i) derivatives gave biaryls 4h and 4 i in 83 and 88%
yield, respectively (Table 1, entries 8 and 9). 1-Naphthylmag-
nesium reagents 3j and 3k are also suitable substrates and
afforded the corresponding binaphthyls 4j and 4k, respec-
tively, in good yields (Table 1, entries 10 and 11). Heterocyclic
organomagnesium reagents could also be coupled by 1. Thus,
5-bromopyridin-3-ylmagnesium chloride led to the corre-
sponding dipyridine 4 l in 80% yield (Table 1, entry 12). The
organomagnesium reagent 3m, which was generated from
1,1’-oxybis(2-iodobenzene), underwent selective intramolec-

ular coupling with quantitative formation of dibenzofuran
(4m ; Table 1, entry 13).

Although coupling of the ortho-iodophenyl Grignard
reagent 5a led only to a moderate yield of biaryl 5b,
compound 5b was obtained in 80% yield when the diorga-
nomagnesium reagent 5c was used (Scheme 3). Coupling of
the allyloxy-substituted organomagnesium reagent 6b, which
was prepared by selective Br/Mg exchange from the corre-
sponding dibromide 6a and iPrMgCl·LiCl,[14] gave rise to
biaryl 6c. We did not observe any ring-closure products
arising from radical cyclization. The diester 7a could be
selectively deprotonated with the mixed Mg/Li base 8[15] and
coupled to form the highly substituted biaryl 7b. This example
shows that the presence of an NH group (2,2,6,6-tetramethyl-
piperidine) is tolerated.

We have also examined the coupling of alkynylmagne-
sium compounds, which are easily available by deprotonation
of the corresponding acetylenes with iPrMgCl·LiCl. Although
the Glaser coupling,[16] the Eglinton procedure,[17] and modi-
fications thereof[18] are well-known, each of them necessitates
the addition of a transition metal (usually CuI) that requires
subsequent recycling or disposal. Reactions of alkynylmag-
nesium reagents with 1 proceed cleanly with the formation of

Scheme 1. Coupling reactions of MgII reagents.

Scheme 2. Coupling of organomagnesium reagents with 1.

Table 1: Formation of biaryls.

Entry Grignard reagent Biaryl (4) Yield [%][a]

1 3a : FG=H, X=Br 4a : FG=H 96
2 3b : FG=MeO, X=Br 4b : FG=MeO 94
3 3c : FG=CF3, X=Cl 4c : FG=CF3 92
4 3d : FG=CN, X=Cl 4d : FG=CN 96
5 3e : FG=CO2Et, X=Cl 4e : FG=CO2Et 93

6 3 f : FG=CN 4 f : FG=CN 85
7 3g : FG=CO2Et 4g : FG=CO2Et 88
8 3h : FG= tBu 4h : FG= tBu 83

9 3 i 4 i 88

10 3 j : FG=H 4 j : FG=H 99
11 3k : FG=OMe 4k : FG=OMe 90

12 3 l 4 l 80

13 3m 4m 96

[a] Yield of isolated, analytically pure product.
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only the desired diacetylenes and easily
recyclable 2. Thus, phenyl- (9a), n-hexyl-
(9b), trimethylsilyl- (9c), and cyclohexenyle-
thynylmagnesium chloride (9d) react with 1
within 12 hours at 25 8C to give the corre-
sponding diynes 10a–d in 80–90% yield
(Scheme 4).

Alkenylmagnesium reagents also could
be coupled in this way. Bis(a-styryl)magne-
sium (11a) reacted with 1 to afford 2,3-
diphenyl-1,3-butadiene (12a) in 87% yield.
Stereoselective couplings of terminal alkenes
are of great interest since the resulting
isomerically pure 1,3-dienes cannot be prepared by conven-
tional Wittig reactions.[19] This methodology allows the
coupling of E- (11b, 11d) or Z-alkenylmagnesium reagents
(11c, 11e) with complete retention of the double-bond
stereochemistry to afford the isomerically pure E,E (12b,
12d) and Z,Z dienes (12c, 12e), respectively (Scheme 5).

Interestingly, the coupling reaction could also be per-
formed by using organozinc reagents. Thus, the reaction of
2,5-dibromothiophene (13a) with iPrMgCl·LiCl (25 8C, 1 h)
and subsequent transmetalation with ZnCl2 produced the zinc
reagent 13b. The reaction of this thiophene–zinc species with

chloranil (14, 1.05 equiv, �60 8C!�10 8C, 12 h)
afforded the expected dimer 13c in 90% yield
(Scheme 6). The use of the zinc reagent in association
with chloranil is complementary to the homocoupling
of Grignard compounds, since attempts to perform
the coupling with the Grignard reagent corresponding
to 13b and 1 did not lead to 13c.

The mechanism of this reaction is still under
investigation. By using a stopped-flow instrument
with a UV/Vis detector, we were able to show that the
interaction of 1 with Grignard reagents proceeds via
the intermediate radical anion 1a (Scheme 7).

When 1 was mixed with a large excess of
mesitylmagnesium bromide 3 i, the UV/Vis spectrum,
which was taken 7 ms after mixing of the reagents,
showed the complete consumption of 1 (lmax=

423 nm, Figure 1b). A new species with an absorption
maximum at lmax= 459 nm had appeared, which is
assigned to 1a (Scheme 7). Treatment of 1 with

Scheme 3. Formation of biaryls.

Scheme 4. Formation of diynes.

Scheme 5. Stereoselective coupling of alkenylmagnesium reagents; TBDMS= tert-butyldi-
methylsilyl.

Scheme 6. Coupling of an organozinc compound.
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sodium metal in THF gave a green solution with a UV/Vis
spectrum (Figure 1c) that was identical to that from the
reaction of 1 with organomagnesium reagents (compare
Figures 1a and 1c). Since both 1 and 1a have previously
been reported to have very similar absorption coefficients at
lmax,

[20] one can conclude that immediately after mixing, the
concentration of 1a is similar to the initial concentration of 1.

In all cases studied, the formation of 1a proceeded faster
than the mixing of the reagents in the stopped-flow instru-
ment. Assuming that the mixing time of the stopped-flow
system (ca. 7 ms) corresponds to more than three half-lives of
the substrate 1 in the presence of 0.08m Grignard reagent, the

pseudo-first-order rate constant for SET1 must be greater
than 300 s�1, thus corresponding to a second-order rate
constant of greater than 3700m�1 s�1. The consumption of 1a
is much slower and can be followed photometrically (Fig-
ure 1a). It was not possible, however, to find a simple rate law
which describes SET2 (Scheme 7).

The reaction of 1 (c= 1.25 D 10�5
m) with 1-naphthylmag-

nesium bromide (c= 0.042m) also proceeded with immeasur-
ably fast formation of 1a, which disappeared within 3 s, which
is much faster than in the corresponding experiment with
mesitylmagnesium chloride (Figure 1). Since 1a, generated
from 1 and Na in THF, did not react with 1-naphthylmagne-
sium bromide, a mechanism in which the arylmagnesium
reagents are oxidized by 1a can be ruled out.[21]

The oxidation of the organomagnesium reagents does not
yield a significant amount of free radicals as only traces of by-
products, which emerge from the abstraction of HC from THF,
are detected by GC–MS analysis of the crude reaction
mixtures. Complete retention of the configuration of the
C�C double bonds in the coupling of alkenylmagnesium
reagents (Scheme 5) also indicates that free radicals are not
involved in this homocoupling reaction. These findings are in
line with the mechanism in Scheme 8.

The species that are formed by fast transfer of an electron
from RMgX (or R2Mg) to 1 ([Eq. (1)], Scheme 8) can be
formally considered as radicals RC that are bound to the
cationic magnesium center. The formation of analogous
intermediates, in which the C�Mg bond is retained, was
proposed in reactions of organomagnesium reagents with
benzophenones and benzils.[22] These highly reactive species
were reported to effect transfer of the RC group to a radical
center of the reduced carbonyl group or form stable dimeric
dications that contain two ketyl molecules as counterions.[23]

Furthermore, it was reported that exchange of ligands in these
intermediates (analogous to [Eq. (2)]) is fast and precedes the
product-determining step.[24]

It is likely that the transfer of the RC group to the radical
center of 1a is hindered by the a-tert-butyl groups. This
hindrance may favor the consumption of the radical species
through oxidative dimerization (SET2, [Eq. (3)]). Similar
dimerization pathways that give rise to the formation of
biaryls or biaryl anion radicals are known.[25]

In conclusion, we have shown that the use of 3,3’,5,5’-
tetra-tert-butyldiphenoquinone (1) as an electron acceptor
allows a simple, high-yield preparation of a broad range of

Scheme 7. Stepwise reduction of 1 in the course of homocoupling of
Grignard reagents; SET=single-electron transfer.

Figure 1. a) UV/Vis monitoring of the interaction of mesitylmagnesium
bromide (c=0.079m) with 1 (c=1.25 I 10�5

m). b) UV/Vis spectrum of
1 (c=2.01 I 10�6

m). c) UV/Vis spectrum of 1a, obtained from the
reduction of 1 (c=5.12 I 10�6

m) with Na in THF.

Scheme 8. Mechanism of homocoupling of organomagnesium
reagents; Ox=oxidizing agent, 1.

Angewandte
Chemie

5013Angew. Chem. Int. Ed. 2006, 45, 5010 –5014 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


functionalized biaryls, diynes, and dienes through coupling
reactions of readily available organomagnesium reagents. The
coupling of alkenylmagnesium reagents proceeds with high
stereoselectivity. All of the reactions take place within a
convenient range of temperatures (�20 8C to room temper-
ature) and can be easily extended to large-scale preparations.
We have performed for the first time an effective transition-
metal-free coupling of a broad range of organomagnesium
reagents by using a conceptually new process (Scheme 1).
Extension of this work to other organometallic compounds,
such as zinc reagents, has already been demonstrated
(Scheme 6), and further such investigations are currently
underway.

Experimental Section
Representative procedure: Synthesis of 4e : A dry and argon-flushed
flask (10 mL), equipped with a magnetic stirrer and a septum, was
charged with ethyl 4-iodobenzoate (552 mg, 2.0 mmol) in THF
(2 mL). The reactionmixture was cooled to�20 8C, and iPrMgCl·LiCl
(2 mL, 1.05m in THF, 2.1 mmol) was added dropwise. After 20 min at
�20 8C, the I/Mg-exchange was complete (checked by GC analysis of
reaction aliquots), and a solution of 1 (449 mg, 1.1 mmol) in THF
(5 mL) was added dropwise. The reaction mixture was stirred for 2 h
at 0 8C. Conventional work up of the crude residue by flash
chromatography (pentane/CH2Cl2 1:1) yielded 4e (184 mg, 93%) as
white crystals.
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The natural product class of spinosyns comprises a group of
more than 20 structurally related compounds that have been
isolated from culture broths of the bacterium Saccharopoly-
spora spinosa.[1,2] These include spinosyn A (1) and D (2),

which are used world-wide in agriculture as extremely potent
and highly selective insecticides[3] under the name Spinosad.[4]

The spinosyns attack the neuronal activity of insects by a
novel mechanism; interaction with the g-aminobutyric acid-
(GABA) receptor plays a role, but it is the nicotinergic
acetylcholine receptors (n-AchR) that are mainly affec-
ted.[2a, 5]

In 2000 the development of the first cases of resistance
towards Spinosad was observed,[6] which has made the
preparation of new, active spinosyn derivatives necessary.

The total syntheses of spinosyns[7] are, however, not very
flexible, and are moreover very complex. Herein we report a
convergent approach to the synthesis of structurally simpli-
fied analogues, such as 3, which offers numerous variation
possibilities and in whose key step ring B is constructed in a
double Heck reaction.
The decision to exchange the five-membered aliphatic

ring A in 1 and 2 for a benzene ring was made on the basis of
investigations into structure–activity relationships on 2. It was
shown that an additional C�C double bond in ring A of 2
hardly affects the biological activity, whereas in contrast, the
cis linkage of rings B and C is important for insecticidal
activity.[2] One strategy for the efficient construction of cis-
annelated ring systems with the arrangement of the double
bonds necessary in 3 comes from the double Heck reaction
developed by us and first used in the total synthesis of
estradiol.[8] As substrates for the synthesis of spinosyn
analogues we used the bromoarene 7 (derived from 3-
methoxybenzaldehyde (6)) with an iodovinyl side chain, and
the enantiomerically pure cyclopentene derivative 5, which
was obtained in six steps starting from the monoacetate 4
(Scheme 1); 4 was accessible from 1,4-dihydroxycyclopentene
with 99% ee by enzymatic acetylation.[9] The intermolecular
Heck reaction of 5 and 7 with Pd(OAc)2 in DMF provided the
desired coupled product 8 diastereomerically pure in 51%
yield.[10] A regioisomer of 5 with a coupling at the 3’-position
and the corresponding compounds with an E-configured
styrene double bond were isolated as further products.
Carrying out the reaction at the unusually low temperature
for Heck reactions of �25 8C gave the highest selectivity and
yield. After cleavage of the acetate group, the tricyclic ring
system 11 was constructed stereoselectively in 90% yield in
an intramolecular Heck reaction with the cyclic palladium
system 10.[11,12] The cis connection of the rings in 11 was
established by a NOESY-NMR spectroscopy experiment.
After protection of the phenolic hydroxy group in 11 as

TIPS ether, cleavage of the TBS ether, and oxidation of the
resulting primary alcohol the aldehyde 12 was obtained into
which the C-3 fragment 13was inserted as boron enolate in an
Evans aldol addition.[13] The reaction took place with high
diastereoselectivity, presumably through a closed six-mem-
bered transition state,[14] with exclusive formation of 14 in a
yield of 89%. By use of a racemic mixture of aldehyde 12 in
the aldol addition with 13, two enantiomerically pure
diastereoisomers were obtained as expected in a ratio of
approximately 1:1 (in a total yield of 82%) and could be
separated by chromatography on silica gel.
The secondary hydroxy group in 14 was then protected as

a TBS ether and the imide converted into a primary alcohol
with LiBH4/EtOH in Et2O (Scheme 2). Oxidation with Dess–
Martin periodinane gave the aldehyde 15. Reaction of 15 with
the enantiomerically pure organomagnesium species 16 and
subsequent transformation of the secondary alcohol thus
formed into a pivaloyl ester provided the two coupled
products 18 and 19 in a ratio of approximately 4:1 in a total
yield of 78%. The preferred formation of diastereoisomer 18
with S-configuration at C-3’’ required for further synthesis can
be explained by a Felkin–Anh transition state. Compound 16
can be prepared in four steps from the known alcohol 17.[15]
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The MEM protecting group in 18 was removed with
trimethylsilyl iodide (TMSI) prepared in situ, subsequently
the tert-butyl ester group was cleaved with TMSOTf
(Scheme 3). The hydroxy acid obtained was converted into
the mixed anhydride with trichlorobenzoyl chloride
(TCBzCl) by the method of Yamaguchi et al. ,[16] from which
the macrolactone 20a was formed by slow addition to a
solution of DMAP.
To conclude the synthesis of the analogues of Spinosyn-A

aglycone the silyl protecting groups were cleaved and the
enone unit constructed. The two silyl groups in 20a were
removed with HF·pyridine in pyridine at 60 8C. The subse-

quent oxidation of the secondary allylic alcohol by the
method of Parikh and Doering[17] with SO3·pyridine in DMSO
afforded the desired enone 21a which, after protection of the
phenolic hydroxy group as acetate 21b, could be isolated over
two steps in 34% yield. The low yield is attributed to the
sensitivity of the phenolic hydroxy group towards oxidation.
In contrast, by use of the methyl ether 20b and DMP as the
oxidizing agent the spinosyn analogue 21c was obtained in
86% yield.
The synthesis described, with a double Heck reaction as

the key step, allows rapid access to a structurally new spinosyn
analogue. Future investigations will involve variation of

Scheme 1. Synthesis of 14 : a) 5 Mol% Pd(OAc)2, 1.0 equiv. TBACl, 3.0 equiv. NaOAc, DMF, �25 8C, 6 days, 51%; b) 2.0 equiv. NaHCO3, MeOH,
room temperature, 7 h, 99%; c) 7 Mol% 10, 2.0 equiv. nBu4NOAc, DMF/MeCN/H2O 5:5:1, 130 8C, 3.5 h, 90%; d) 1.5 equiv. TIPSOTf, 3.0 equiv.
DMAP, CH2Cl2, 0 8C, 30 min, 96%; e) 10 mol% TsOH·H2O, MeOH, 0 8C, 4 h, 95%; f) 1.75 equiv. DMP, CH2Cl2, 0 8C, 2.5 h, 91%; g) 1.25 equiv. 13,
1.3 equiv. nBu2BOTf, 1.45 equiv. NEt3, CH2Cl2, �75!�25 8C, 89%. TBS= tert-butyldimethylsilyl, TBACl= tetrabutylammonium chloride, oTol=or-
tho-tolyl, TIPS= triisopropylsilyl, OTf= trifluoromethane sulfonate, DMAP=4-dimethylaminopyridine, TsOH= toluene-4-sulfonic acid,
DMP=Dess-Martin periodinane, Bn=benzyl, EA=Evans’ auxiliary.

Scheme 2. Synthesis of 18 : a) 5.0 equiv. TBSOTf, 10 equiv. DMAP, CH2Cl2, room temperature, 20 h, 84%; b) 10 equiv. LiBH4, 20 equiv. EtOH,
Et2O, room temperature, 15 min, 63%; c) 1.75 equiv. DMP, CH2Cl2, 0 8C, 2 h, 91%; d) 1.25 equiv. 16, THF, �35 8C, 1.5 h; e) 10 equiv. PivCl,
1.0 equiv. DMAP, pyridine, 60 8C, 14 h, 63% (two steps). MEM= (2-methoxyethoxy)methyl, PivCl=pivaloyl chloride.
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ring A, for example by use of five- and six-membered
heteroarenes.
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OTBS), 5.51 (t, J= 11.0 Hz, 1H; 1’’-H), 5.62–5.68 (m, 1H) and
5.74–5.81 (m, 1H) (3’-H, 4’-H), 6.45 (d, J= 11.4 Hz, 1H; 2’’-H),
6.88 (dd, J= 8.6, 2.6 Hz, 1H; 4’’’-H), 6.97 (d, J= 2.7 Hz, 1H; 6’’’-
H), 7.54 ppm (d, J= 8.4 Hz, 1H; 3’’’-H); 13C NMR (50 MHz,
CDCl3, 25 8C): d=�5.7, �5.6 (Si(CH3)2), 18.0 (Si(C(CH3)3)),
21.1 (OC(O)CH3), 25.7 (Si(C(CH3)3)), 28.0 (CO2(C(CH3)3)),
34.6 (C-2), 44.7 (C-1’), 48.7 (C-5’), 49.4 (C-2’), 62.5 (C-5’-CH2-
OTBS), 80.1 (CO2(C(CH3)3)), 120.4 (C-2’’’), 121.6 (C-4’’’), 123.5
(C-6’’’), 129.2 (C-2’’), 133.2 (C-3’’’), 134.0, 134.1 (C-3’, C-4’), 137.0
(C-1’’), 138.7 (C-1’’’), 149.4 (C-5’’’), 169.0, 172.9 ppm (C-1,
OC(O)CH3); MS (DCI): m/z (%): 584.3 (42) [M+NH4]

+, 567.3
(100) [M+H]+; HRMS (ESI): calcd for [M+Na]+: 587.17988;
found: 587.17989; Elemental analysis (%) calcd for
C28H41BrO5Si (565.61): C 59.46, H 7.31; found: C 59.60, H 7.23.

[11] W. A. Herrmann, C. Broßmer, K. Ofele, C.-P. Reisinger, T.
Priermeier, M. Beller, H. Fischer, Angew. Chem. 1995, 107,
1989 – 1992; Angew. Chem. Int. Ed. Engl. 1995, 34, 1844 – 1848.

[12] 11: A degassed mixture of 9 (4.55 g, 8.69 mmol), 10 (572 mg,
610 mmol, 7 mol%), and nBu4NOAc (3.31 g, 17.4 mmol,
2.0 equiv.) in DMF/MeCN/H2O (220 mL, 5:5:1) was heated for
3.5 h in an oil bath pre-heated to 130 8C under an argon
atmosphere and with the exclusion of light. After cooling to
room temperature Et2O (150 mL) and H2O (250 mL) were
added after which the organic phase was separated and the
aqueous phase extracted with Et2O (2L 150 mL). The combined
organic phases were dried over MgSO4, filtered, and the filtrate

Scheme 3. Synthesis of the spinosyn analogues 21: a) 4.0 equiv.
TMSCl, 4.0 equiv. NaI, MeCN/CH2Cl2 4:1, �35 8C, 1.5 h, 84%;
b) 25 equiv. TMSOTf, 30 equiv. NEt3, THF, room temperature, 1 h;
c) 4.0 equiv. TCBzCl, 6.0 equiv. NEt3, THF, room temperature, 1.5 h,
then slow addition to 10 equiv. DMAP, toluene, 75 8C, 5 h, 50% (two
steps); 20a : d) HF·pyridine/pyridine 1:3, 60 8C, 14 h, 88%;
e) 6.0 equiv. SO3·pyridine, 10 equiv. (iPr)2NEt, DMSO, room temper-
ature, 1 h; f) 5.0 equiv. Ac2O, 10 equiv. NEt3, 0.5 equiv. DMAP, CH2Cl2,
0 8C, 30 min, 34% 21b (two steps); 20b : d) HF·pyridine/pyridine 1:3,
60 8C, 14 h, 91%; e) 1.5 equiv. DMP, CH2Cl2, room temperature,
20 min, 86% 21c.
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evaporated under reduced pressure. After column chromatog-
raphy on SiO2 (60 g, 4.5 L 8 cm, P/Et2O 5:1) 11 was obtained as a
yellow oil (3.45 g, 7.79 mmol, 90%). Rf= 0.23 (P/EE 10:1);
[a]20D =�126.28 (c= 1.0 in CHCl3); UV (MeCN): lmax(lge)=
227.5 (4.425), 256.5 (3.656), 265.0 (3.735), 275.0 (3.668), 303.0
(3.368), 313.0 nm (3.307); IR (Film): ñ= 3392, 2929, 1727,
1462 cm�1; 1H NMR (300 MHz, CDCl3, 25 8C TMS): d= 0.03
(s, 6H; Si(CH3)2), 0.88 (s, 9H; Si(C(CH3)3)), 1.47 (s, 9H;
CO2(C(CH3)3)), 2.29 (dd, J= 15.3, 9.9 Hz, 1H; 2-HB), 2.61 (dd,
J= 15.2, 4.4 Hz, 1H; 2-HA), 2.94–3.04 (m, 1H; 3’-H), 3.09 (mc,
1H; 3a’-H), 4.02 (mc, 1H; 9b’-H), 4.20 (s, 2H; 5’-CH2-OTBS),
5.38–5.45 (m, 2H; 1’-H, OH), 5.71 (dd, J= 9.8, 3.2 Hz, 1H; 4’-H),
6.18 (dd, J= 9.8, 2.0 Hz, 1H; 5’-H), 6.46 (d, J= 2.7 Hz, 1H; 6’-
H), 6.62 (dd, J= 8.1, 2.7 Hz, 1H; 8’-H), 6.95 ppm (d, J= 8.1 Hz,
1H; 9’-H); 13C NMR (75 MHz, CDCl3, 25 8C): d=�5.4, �5.4
(Si(CH3)2), 18.3 (Si(C(CH3)3)), 25.9 (Si(C(CH3)3)), 28.1 (CO2(C-
(CH3)3)), 39.3 (C-2), 44.2, 44.6 (C-3a’, C-9b’), 50.5 (C-3’), 61.1 (C-

5’-CH2-OTBS), 80.7 (CO2(C(CH3)3)), 113.5, 114.0 (C-6’, C-8’),
125.4 (C-5’), 126.7 (C-9a’), 128.9 (C-9’), 129.1 (C-1’), 131.9 (C-4’),
133.1 (C-5a’), 144.2 (C-2’), 154.3 (C-7’), 172.4 ppm (C-1); MS
(ESI): m/z (%)= 467.1 (8), 466.2 (30), 465.2 (100) [M+Na]+;
HRMS (ESI): calcd for [M+H]+: 443.26121; found: 443.26129;
C26H38O4Si (442.66).

[13] D. A. Evans, J. M. Takacs, L. R. McGee, M. D. Ennis, D. J.
Mathre, J. Bartroli, Pure Appl. Chem. 1981, 53, 1109 – 1127.

[14] H. Danda, M. M. Hansen, C. H. Heathcock, J. Org. Chem. 1990,
55, 173 – 181.

[15] P. Knochel, W. Brieden, M. J. Rozema, C. Eisenberg, Tetrahe-
dron Lett. 1993, 34, 5881 – 5884.

[16] J. Inanaga, K. Hirata, H. Saeki, T. Katsuki, M. Yamaguchi, Bull.
Chem. Soc. Jpn. 1979, 52, 1989 – 1993.

[17] J. P. Parikh, W. E. Doering, J. Am. Chem. Soc. 1967, 89, 5505 –
5507.
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